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ABSTRACT A series of laboratory experiments were conducted to determine the
scouring properties of submerged jets. Five cases were considered: (1) a jet rotating
in still water; (2) a fixed jet in a fluid moving parallel to the jet (coflow); (3) a fixed
jet in a fluid moving perpendicular to the jet (crossflow); (4) a fixed jet in a fluid
moving against the jet (counterflow); and (5) a jet rotating in a moving fluid. In each
case, dimensionless equations were developed to estimate the applied shear stress at
the bed as a function of distance from the jet. The test results showed that a fixed
coflow jet scoured the greatest distance, and rotating a jet in a mean flow scoured the
greatest area. A summary of test results for each jet/current combination is provided
in tabular form.
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INTRODUCTION

Maintenance dredging of unwanted sedimentation in harbor berthing 4

areas represents a serious problem for the Navy. The highest rates of

sedimentation typically occur in quiet-water areas such as along quay

walls and within cul-de-sac berths. These areas also have higher

dredging costs due to their restricted access.

Scour jet arrays represent a new method of dealing with unwanted

sedimentation in harbor berthing areas. Each array is designed to

prevent or reduce sedimentation within one or more berths. An array

consists of a series of underwater jets powered by a conventional water

pump (Figure 1). Flow from the pump is sequentially fed to each jet for

a period of 5 to 10 minutes at the start of ebb tide. The scouring

action of the jets acts to resuspend newly deposited flocculated clay

sediments; the ebbing current sweeps the sediment out of the berthing

area.

Previous laboratory and field experiments have shown that the

scouring action of a jixed submerged wall-mounted jet is a function of

the jet diameter, the jet discharge rate, and the jet orientation rela-

tive to the bottom. Van Dorn et al. (Ref 1) conducted a series of

experiments to determine the scour pattern associated with a fixed,

bottom-mounted scour jet oriented parallel to the bottom. Van Dorn used

a thin layer of diatomaceous earth (DE) (threshold stress = I dyne/cm2)

to observe the variation in scour distance and scour width as a function

of jet diameter and jet discharge rate. He found that the jet scour

pattern was tear drop in shape with the maximum width, Ym approximately
1/3 of the maximum scour distance, r (Figure 2). Jenkins et al. (Ref 2)

m
generalized these results, producing a dimensionless equation which

S.'

predicts the applied shear stress at the bottom as a function of dis-

tance from the jet, jet diameter, and jet discharge rate (Appendix A).
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Bailard and Camperman (Ref 3) conducted additional scour jet

experiments examining two factors: the vertical elevation of the jet

nozzle, and the angle of the jet nozzle relative to the horizontal

(Figure 3). These tests showed that the maximum scour distance was

achieved with a slightly elevated jet having a small downward angle.

They developed a dimensionless scour equation similar in form to the

equation by Jenkins et al. (Ref 2), but including jet elevation and jet

angle as independent variables (Appendix A).

Existing design procedures for a scour jet array system assume

fixed jets operating in a still fluid. While a number of jet array

systems have been designed using these procedures, additional improve-

ments are needed to insure more effective system performance. For

example, field tests indicate that tidal currents moving across the

discharge path of a jet may significantly reduce the scour distance of

the jet. Alternatively, tidal currents moving in the same direction as

the jet discharge may enhance the scour distance. Tests are needed to

quantify these mean current effects so that the design scour distance is

achieved under realistic operating conditions.

A second shortcoming in existing design procedures is the limitation

posed by fixed scour jets. Simple geometry suggests that a scour jet

array fitted with rotating jet nozzles might significantly reduce overall

system costs. In theory, a rotating jet can cover approximately ten

times the area of a fixed jet using the same amount of hardware and

energy. Before this concept can be evaluated, tests are needed to

quantify the effects of jet rotation rate on scour distance.

Recognizing the potential benefits of improved scour jet array

design procedures, the Naval Facilities Engineering Command (NAVFAC)

funded the Naval Civil Engineering Laboratory (NCEL) to conduct an

experimental investigation to determine the behavior of rotating and

fixed jets in moving fluids.

OBJECTIVE

The overall objective of the experimental investigation was to

evaluate the effects of a steady current and jet rotation rate on the

2



performance of a submerged scour jet as a means of improving design

procedures for scour jet array systems. Specific objectives included:

observing the scour patterns of a rotating jet in the laboratory (with

and without a mean current); observing the scour patterns of a fixed jet

in a steady current; and developing equations to predict the scour

patterns of fixed and rotating jets in steady currents. The performance

of a fixed jet in a still fluid was not considered, having already been

studied in detail by Van Dorn et al. (Ref 1) and Bailard and Camperman

(Ref 3).

APPROACH

The ideal approach to the stated problem would be to start from

first principals and derive analytic expressions describing the distri-

bution of shear stress associated with a submerged, near-bottom wall jet

(i.e., a scour jet). A series of experiments could then be performed to

verify these relationships and supply the necessary experimental coeffi-

cients. Unfortunately, the complexity of the flow field associated with

a scour jet (rotating or fixed) in a mean current places this type of

approach well outside the scope of the present investigation.

In the present investigation, an empirical approach was taken

consisting of a series of small scale laboratory experiments with fixed

and rotating scour jets in a mean current. The results from these

experiments were then generalized for full-scale applications based on

the work by Van Dorn et al. (Ref 1), Jenkins et al. (Ref 2), and Bailard

and Camperman (Ref 3). The approach used in analyzing the experimental

data was to seek a series of dimensionless coefficients which could be

applied to the estimated scour distance for a fixed jet in a still

fluid. This would correct for the effects of mean current and jet

rotation. These coefficients were expressed as a function of the

dimensionless mean current and rotation rate.

The investigation consisted of two parts. In Part I, scour

patterns were generated with a jet rotating in still water (no current).

Independent variables included: jet rotation rate, jet discharge rate,

3
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jet angle relative to the horizontal, and jet elevation above the bed.

In Part II, scour patterns were generated with fixed and rotating jets

in a moving fluid. For the fixed jets, independent variables included

mean current velocity, jet discharge rate, and jet orientation. For the 0

rotating jet, independent variables included mean current velocity, jet

discharge rate, and jet rotation rate. In all cases with nonzero current,

the jets were positioned horizontally, flush with the bottom.

EXPERIMENT INVESTIGATION - PART I

Equipment Test Setup For Rotating a Jet in Still Water

The jet assembly consisted of a 5-foot long, 3/4-inch brass pipe

connected to a 4-inch long, 3/8-inch ID brass pipe by a reducing elbow

(Figure 4). The 3/8-inch ID pipe served as the jet nozzle rotating in a

horizontal plane. A protractor was used to adjust the jet nozzle angle

(8) at the elbow (Figure 3 shows the jet nozzle angle). Two greased

pillow blocks allowed the raising or lowering of the jet nozzle in the

vertical plane and provided smooth rotation.

A high torque, variable speed motor connected to a chain drive

rotated the jet assembly; the jet nozzle rotation rate was controlled

from the working deck by a throttle cable. The actual rotation rate

during each test was measured by timing a fixed number of revolutions.

A water swivel attached to the top of the 5-foot pipe prevented the

supply hose from becoming twisted.

All tests were peformed in NCEL's 30-foot diameter Seawater Dive

Tank. The motor and jet assembly were clamped to a 4-foot square by

3-foot high table placed on the tank floor. The water level was raised

to 2.5 feet; enough to submerge the nozzle in 1 foot of water. The test

bed was a 4- by 8-foot (122- by 244-cm) sheet of galvanized metal with a

5-cm yellow grid painted on the galvanized surface (Figure 4).

A pump driven by a 5-hp motor provided controlled flow to the jet

assembly. The test tank served as a reservoir supplying seawater through

a 4-inch diameter suction hose to the pump located on deck. The seawater

4
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passed through a flowmeter manifold (one 12 gpm and one 2.2 gpm) then

discharged through the jet nozzle (Figure 5). The flowmeters were

calibrated by measuring the filling time of a known volume.

Diatomaceous earth (DE) was used to indicate bed stress. Previous

tests by Van Dorn et al. (Ref 1) had shown DE to have a threshold move-

ment stress of 1 dyne/cm2 . One quart of DE was mixed in an 8-foot long

by 6-inch wide enclosure that rested over the test grid. Once the DE

had settled (about 5 minutes), the enclosure was removed from the water

to begin the tests.

Test Procedures For Rotating a Jet in Still Water

Preliminary tests were conducted to determine the following limits

for the experiment:

1. The maximum jet discharge rate from a fixed jet that scoured DE
completely off the test bed. Scouring the DE off the test bed left
nothing to measure; this test defined an upper limit of the discharge
rate for the experiment.

2. The maximum jet rotation rate above which no change in scour
radius occurred. A high rotation rate resulted in a small scour radius
but as the rotation rate descreased the scour radius increased. This
test defined the point where the scour radius reached an equilibrium.

3. The jet discharge and rotation rate combination that produced
the smallest scour radius. The time consuming effort of lowering the
enclosure into the water needed to be minimized to deposit DE for each
test. The approach was to scour a small radius for the first test and
gradually increase the scour radius with each additional test without
adding DE. This defined the starting point for each individual test in
the experiment.

The results showed that fixed jet discharge rates greater than

8 gpm caused DE to scour off the end of the test bed. Jet rotation

rates greater than 2 rpm produced no change in scour radius. Test

results also showed a 2-gpm jet discharge rate combined with a 2-rpm jet

rotation rate produced the smallest scour radius. These two values

(2 gpm and 2 rpm) were applied at the beginning of each test to ensure a

common starting point. For the next test, without adding DE to the

*water, the discharge rate was increased and the rotation rate decreased;

this produced a larger scour radius.
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Based on the above findings and the work conducted by Bailard and

Camperman (Ref 3), the following independent variable sets were evaluated:

1. Jet discharge rate (2, 5, and 8 gpm)

2. Jet rotation rate (0, 1/2, 1, and 2 rpm)

3. Jet angle measured downward from the horizontal (0, 5, and
15 degrees)

4. Jet height above the scour surface (0, 7.5, and 15 cm)

The jet nozzle and height pairs were selected from previous test results

(Ref 3): 0 degrees, 0 cm; 5 degrees, 5 cm; 15 degrees, 15 cm.

Three jet discharge rates and four jet rotation rates (no rotation

included) for each jet angle and height pair were evaluated. The following

procedures were applied for each test:

1. Adjust equipment to produce independent variables with starting
values of 2 gpm, 2 rpm, 0 degrees, and 0 cm.

2. Lower the DE enclosure over the test bed.

3. Add a quart of DE to the water in the enclosure.

4. Mix the water and DE together.

5. Wait 5 minutes then remove the enclosure from the water.

6. Turn on the pump and variable speed motor to commence scouring.

7. After 10 minutes, record the maximum scoured radius and width.

8. Adjust the equipment to produce a discharge rate and jet rotation
rate (e.g., 5 gpm, 2 rpm, and 0 degrees, 0 cm).*

9. Continue to test the rates for (0 degrees, 0 cm).

The data from Part I is tabularized in Appendix B.
.9

S *The section on Equipment Test Setup for Rotating a Jet in Still Water
describes how these adjustments were made.
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EXPERIMENT INVESTIGATION - PART II

Equipment Test Setup for a Fixed or Rotating Jet in a Current

The same test equipment from Part I was used in Part II, except for

the addition of a flow channel, which was 15-feet long by 2-feet high by

8-feet wide (Figure 6). A 30-inch diameter centrifugal pump controlled

by a 12-hp hydraulic power source was used to generate flow in the

channel. Figure 6 shows the pump orientation and direction of flow.

The channel was supported in the NCEL dive tark by an overhead gantry

crane; the still water level in the channel was 18 inches. The variable 6-

speed motor and jet assembly from Part I were installed as shown in

Figure 7.

The channel currents were monitored with a Marsh McBirney electro-

magnetic current meter hardwired to a deck readout box. The current

meter location can be seen in Figure 7. DE was mixed into the water

bounded by the channel walls and after 5 minutes the DE had settled and

testing could begin.

Test Procedures For a Fixed or Rotating Jet in a Current

The experiment consisted of four channel flow conditions, combining

either a fixed or rotating jet with a constant jet angle and jet height

(0 degrees, 0 cm).* The following channel flow conditions were applied:

1. Coflow - flow in the same direction as the jet stream.

2. Crossflow - flow perpendicular to the jet stream.

3. Counterflow - flow opposing the jet stream.

4. A jet rotating in uniform flow.

*Past test results for fixed jets in still water showed (0 degrees,
0 cm) jet orientation promoted nearly maximum scour (Ref 3).

.
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Prior to conducting tests, the minimum current velocity required to

resuspend DE with no jet stream was experimentally determined. Too fast

a current would have removed DE independent of the jet stream. To

verify this, a thin layer of DE was deposited on the channel grid. The

current flow was gradually increased until insipient motion of the DE

occurred. The point of insipient motion defined the upper limit for

current induced scour and was found to be 0.35 fps.

Based on the above result, mean current magnitudes of 0.1, 0.2, and

0.3 fps were selected for the scour jet tests.

We chose jet discharge rates and jet rotation rates from the test

results in Part I which were 2 and 4 gpm, and 1/2 and 1 rpm. The following

*" independent variable sets were applied in Part II:

1. Three current magnitudes (0.1, 0.2, and 0.3 fps).

2. Two jet discharge rates (2 and 4 gpm).

3. Two jet rotation rates (1/2 and 1 rpm) including a fixed jet.

4. Four different jet orientations in the flow channel.

The following procedures were applied for the coflow tests:

14

1. Center the variable speed motor and jet assembly at the
entrance to the flow channel (Figure 7).

2. Adjust the fixed jet discharge to 2 gpm, and the current
velocity to 0.1 fps.

3. Operate the jet for 10 minutes, then record the results.

4. Repeat steps 2 and 3 with current velocities of 0.2 and
0.3 fps.

5. Adjust the fixed jet discharge to 4 gpm and test with the
three current velocities.

The jet assembly was moved to one side of the channel for the

crossflow tests. All three current velocities and two jet discharge

rates were tested with the fixed jet pointing perpendicular to the flow

(Figure 8). The counterflow tests consisted of the same current velocities

8
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and fixed jet discharge rates; however, they opposed each other

(Figure 9). For the rotating jet tests, the jet assembly was positioned

in the center of the channel as shown in Figure 9, but the jet rotates.

Jet rotation rates (1/2 and 1 rpm) were examined with the three current

and the two jet discharge rates.

DATA ANALYSIS

The design of a scour jet array system depends critically on the

distribution of bottom stress imposed by the submerged jets. Van Dorn

et al. (Ref 1) and Jenkins et al. (Ref 2) derived a simple equation to

predict the shear stress distribution for a fixed, bottom-mounted,

horizontal jet or arbitrary size operating in still water. Results from

the present study show that this distribution is changed when the jet is

rotated or when the surrounding fluid is in motion.

In order to account for the effects of mean currents and jet rotation

on the scour pattern associated with a scour jet, dimensionless expressions

were sought for a series of modification coefficients using a least

squares estimation procedure. The modification coefficients were defined

as the ratio of the observed scour distance divided by the scour distance

for an equivalent fixed jet operating in a still fluid. Thus, in the

case of the maximum scour radius,r , the modification coefficient, K,

was defined as

r
K 03 (1)r

m
0

where rM is the observed maximum scour radius corresponding to a type

of jet/flow condition and r is the scour distance for a particularm
0

fixed jet operating in a still fluid. A similar expression was derived

from the width of the jet, where the modification coefficient, J, becomes

9
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J - m (2)
Ym

0

where Ym is the observed maximum scour width corresponding to a

particular jet/flow condition and ym is the corresponding width for a

fixed jet operating in still water. 0

The basic concept of this approach was that the fixed jet/still

water scour distance could be predicted from existing equations (see

Appendix A), while the modification coefficients could be expressed as

simple functions of the jet/current parameters. Combining the two, the

modified scour distance could then be predicted from known jet/current

parameters.

Modification coefficients were developed for the following cases:

1. A rotating, horizontal bottom jet in still water (scour
*. radius only).

2. A fixed, horizontal bottom jet in a coflow current (scour
radius only).

3. A fixed, horizontal bottom jet in a crossflow current (scour
radius and scour width).

4. A fixed, horizontal bottom jet in a counterflow current
(scour radius and scour width).

5. A rotating, horizontal bottom jet in a current (scour radius
at each quandrant).

The approach used in each case was to plot the modification coeffi-

cient as a function of the following dimensionless variables:

1. The dimensionless rotation rate, w = w d/U0

2. The dimensionless mean current, P = u/U°

3. The dimensionless undisturbed (i.e., fixed jet/still fluid)
scour distance, r /dm

0

10
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where w is the jet rotation rate, d is the jet diameter, U is the jet

discharge velocity, and u is the mean current velocity.

In most cases, visual inspection of the experimental data plots

suggested the appropriate form for an equation describing the modifi-

cation coefficient. A multiple linear regression technique was then

used to estimate all undetermined parameters in the equations. One

constraint in this procedure was that each equation had to be expressed

as a linear function of its undetermined parameters (often after suit-

able transformation). More specific details of this procedure are

discussed below.

*Rotating a Jet in Still Water

Tests of a jet rotating in still water showed the scour radius to

be a strong function of the rotation rate. Increasing the rotation rate

of the jet caused a sharp decrease in the resulting scour radius. This

effect gradually decreased with increasing rotation rate, with the

modification coefficient eventually approaching a constant value.

Figure 10 is a plot of the rotation modification coefficient, K ,

as a function of the dimensionless rotation rate, w. Visual inspection

of the data shown in Figure 10 coupled with a simple momentum flux

analysis led to the following equation for K :

w+

=( 12- le18) -0.417 (3)

In the above equation, the coefficients -18 and -0.417 were least

squares estimated from the data, while the coefficients -11 and 12 were

derived from the momentum flux analysis. Equation 3 is plotted in

Figure 10, showing a relatively good fit to the overall trend in the

data (coefficient of determination R = .83). A complete summary of

this data may be found in Appendix B.

11
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Fixed Jet/Coflow Current

Tests with a fixed jet oriented parallel to the current (coflow)
showed the maximum scour radius to increase with increasing mean current

strength, and the maximum scour width to decrease with increasing mean

current strength. The rate of increase in the scour radius was found to

be a function of the flowrate of the jet, alternatively expressed as the

scour distance ratio, rm /d. The experimental data on the width

of the jet were insufficient for analysis.

Figure 11 shows a plot of the coflow modification coefficient, K co

as a function of the dimensionless mean current, P, and the jet flow-

rate. Visual inspection of the data coupled with dimensional analysis

led to the following equation:

r 0.885
1.57

K = 1 + 0.913 ( (4)

The coefficients 0.913, 1.57, and 0.885 were least squares estimated

from the experimental data. Equation 4 is shown plotted in Figure 11 as

two lines, one corresponding to a jet discharge rate of 2 gpm and the

other to a jet discharge rate of 4 gpm. The fit is judged to be good

for the latter case (R = 0.98) and somewhat poor for the former case
2(R = 0.79). All of the data plotted in Figure 11 are summarized in

Appendix C.

Fixed Jet/Crossflow Current

Tests of a fixed jet in a cross current were surprising. Before

testing it was anticipated that a cross current would enhance the scour

distance of a fixed jet. In fact, test results showed that the scour

distance of the jet decreased with increasing current strength. In

contrast to the coflow situation, changing the jet flow rate had rela-

tively little effect on the modification coefficient.

12
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Figure 12 shows a plot of the crossflow modification coefficient,

Kcr , plotted as a function of the dimensionless mean current strength,

0, and the jet discharge rate. Visual inspection of the data suggested

an equation which was cubic in the variable and independent of the

discharge rate. A polynomial regression fit to the experimental data

led to the following equation for K
cr

Kcr = I + 41.4 -3,310 02 + 46,900 p3  (5)

Figure 12 contains a plot of Equation 5. The fit to the data is

excellent (R2 = 0.98).

F.gure 12 also showL. a plot of the crossflow scour width modifica-

tion coefficient, Jcr' as a function of the dimensionless mean current

strength and the jet discharge rate. Again, the coefficient is seen to

be principally a function of the mean current strength, 0, but not the

discharge rate. Visual inspection of the data coupled with a polynomial

regression fit to the data led to the following equation:

Jcr = I + 120 -7,330 02 + 104,000 P3  (6)

The fit to the data is relatively good (R2 = 0.83). The crossflow

current also induces a deflection of the jet scour pattern. Figure 12

shows a plot of this deflection angle, 0c, expressed in radians, as a", cr'

function of the dimensionless mean current strength and the jet discharge

rate. Visual inspection of the data coupled with regression analysis

led to the following equation which is quadratic in P and independent of
the jet discharge rate:

0 cr = -4.64 + 612 P 2  (7)

The fit to the data is adequate (R2 = 0.72). All of the data

contained in Figure 12 are summarized in Appendix C.
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Fixed Jet/Counterflow Current

Counterflow currents were found to significantly diminish the scour

radius of a submerged jet. At the same time, the width of the jet was

enhanced. Figure 13 shows a plot of the counterflow scour radius modi-

fication coefficient, Kct , as a function of the dimensionless mean

current strength and the jet discharge rate. Visual inspection of the

plotted data coupled with regression analysis led to the following

equation which is a function of both 0 and the undisturbed dimensionless

scour radius:

0.228 r'o-0336U
K = 1 + 1.75 0 (8)

weect (d..3 8

where the coefficients 1.75, -0.228, and -0.336 were least squares

estimated from the experimental data. Equation 8 is shown plotted as

two lines in Figure 13; the lines refer to a 2 gpm and 4 gpm jet dis-

charge rate. The fit to the data is excellent (R2 = 0.93).

Following a similar procedure, Figure 14 shows a plot of the

counter-flow jet width modification coefficient, Jct' as a function of

the dimensionless mean current strength, 0, and the jet discharge rate.

Visual inspection of the data and application of multiple regression

analysis led to the following equation:

/ro\1.43 /r \2.43

Jct = 1 - 0.0161 _ + 0.003 2 \jdo)24 (9)

Equation 9 is shown plotted in Figure 14 for a 2 and 4 gpm dis-

charge rate. The fit to the data is excellent (R = 1.0). The data

plotted in Figures 13 and 14 are summarized in Appendix C.

Rotating a Jet in a Steady Current

Tests of a rotating jet in a mean current showed the current to

cause a distortion in the jet scour pattern. What was originally a

14



circular scour pattern became a diamond-shaped pattern as the mean

current increased. This distortion has been characterized by the four

quandrant radii (i.e., the radius in line with the mean current, the

radius counter to the mean current, and the radii perpendicular to the

mean current). Interestingly, the latter were found to be unequal, due

to the rotation of the jet.

Tests were conducted by varying the jet discharge rate, the jet

rotation rate, and the mean current velocity. Values for each parameter

are summarized as follows:

Jet Flowrate Jet Rotation Rate Mean Current Case
(gpm) (rpm) (cm/sec) Number

2 0.90 0 1
2 0.90 38.1 1
2 0.90 68.6 1
2 0.90 99.1 1

4 0.90 0 2
4 0.90 38.1 2
4 0.90 68.6 2
4 0.90 99.1 2

2 0.53 0 3

2 0.53 38.1 3
2 0.53 68.6 3
2 0.53 99.1 3

4 0.53 0 4
4 0.53 38.1 4
4 0.53 68.6 4
4 0.53 99.1 4

Figures 15, 16, 17, and 18 contain plots of the four modification

coefficients, Krcl K K and K as a function of the dimension-
rc'rc2' rc3' rc4

less current strength and the above-mentioned case numbers. Note that

the coefficients are numbered consecutively moving in a clockwise direc-

tion, starting in the direction of the mean current. The modification

coefficients plotted in Figures 15 through 18 are defined somewhat

differently than for the rotating jet, zero current case. Instead of

being nondimensionalized by the fixed jet, zero current scour radius;

they are nondimensionalized by the rotating jet, zero current scour

radius, i.e.,
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r

M.

K'. - r (i=1, 2, 3, 4) (10)Ei r
m.

01

If Kri is the modification coefficient as originally defined, then

K = K'. K (i = 1, 2, 3, 4) (11)ri ri r

Plotting the data in terms of K'. was found to be a convenienceri

since it removed the effects of rotation and jet discharge.

Visual inspection of the data plotted in Figures 15, 16, 17, and 18

coupled with regression analysis led to the following equation in the

parameter 0:

____________\.417

Kri (1+ A p3 + B 2 + C 12 -11e 18.Y (12)

where

i A B CR2

1 -6,666 503 -00.6 0.85
2 -2,701 372 -20.2 0.90
3 -2,356 316 -16.5 0.84
4 -7,206 500 -12.9 0.79

2
The above values of R indicate a relatively good fit to the data.

Appendix C contains a summary of all the data plotted in Figures 15

through 18.

DISCUSSION

0

The test results show that the scour radius of a submerged jet is a

function of the jet rotation rate and the velocity of the surrounding

16



fluid. For rotating jets, reducing the rotation rate increases the

scour distance while increasing the time to complete one revolution.

Depending on the erosional characteristics of the sediment, there should

be an optimum rate of rotation which will produce the greatest sedimen-

tation protection for the least amount of energy. From a practical

standpoint, however, for typical field conditions (i.e., jets having a

scour radius of approximately 75 feet), rotation rates of 0.5 to 1.0 rpm

should produce less than a 5% reduction in scour radius.

While most of the laboratory tests of scour jets have been con-

ducted in still water, most scour jet arrays operate in either a coflow

or crossflow condition. For the jet array systems tested at Mare Island

Naval Shipyard (Jenkins et al. Ref 2), velocity ratios (B) ranged from

0.01 to 0.02. The present tests show that for coflow jets, scour radii

can be enhanced from 5 to 15% by the presence of the mean current. For

crossflow jets, scour radii are changed less than 5%, while scour widths

are increased from 30 to 40%. The deflection angles are typically less

than 10 degrees.

The present tests show that the presence of a mean current reduces

the relative advantages of a rotating jet over a fixed jet. Nevertheless,

under typical field conditions (i.e., jets having a scour radius of

75 feet and mean currents rf about a knot or less), the relative advan-

tage of a rotating jet over a fixed jet is about a factor of 7.

The present test results are subject to a number of limitations.

For example, the two-dimensional scour patterns produced by the resus-

pension of a thin layer of DE are only partially representative of scour

conditions in the field. In harbor berthing areas, the bottom is com-

posed of relatively soft clay sediments. The scouring action of the

submerged jets will create a three-dimensional depression in the bottom,

thereby modifying the hydrodynamics of the scour jet flow. Under such

circumstances, the plan dimensions of the scour depression may be con-

siderably different than the predicted dimensions.

Another limitation of the present tests was the constant jet diameter.

Although changing the jet diameter may have some effect on the predicted

results, this effect is thought to be negligible.

17



The results of the present laboratory study will be verified through

comprehensive testing of a full scale prototype system to be installed

at Mare Island Navy Shipyard (MINSY). The test bed has been designed to

systematically vary the jet discharge rate, the jet diameter, the jet

elevation, and the jet angle. Rotating jets as well as fixed jets will

be examined.

*The scour jet array test bed at MINSY will consist of 13 jets and

will be powered by a vertical turbine pump. Flow to each jet will be

controlled by a separate butterfly valve connected to a common manifold.

The pneumatically-actuated valves will be sequenced by a digital control

system which will also act as a data logger and monitoring system. The

system will be installed at Berth 9 along a 200-foot section of quay

wall. Monitoring of the system will begin in FY87 and continue through

FY88.

CONCLUSIONS

A series of experiments were conducted to determine the effects of

rotation rate and mean current strength on the scour distance behavior

of submerged jets. The scour distance of a jet was found to decrease

with increasing rotation rate of the jet. Although the greatest scour

distance occurs with a fixed jet, a rotating jet can scour a greater

area. For most field applications of the scour jet arrays, rotation

rates of 1/2 to I rpm are optimum.

The effect of a mean current on fixed and rotating jets was found

to be a function of the orientation and discharge velocity of the jet

relative to the mean current. For jets directed with the current (coflow),

the relative scour distance was increased. Increasing the jet velocity

relative to the mean current was found to reduce the effect of the mean

current.

A series of equations were developed to predict the effects of mean

current and jet rotating on the scour pattern for a jet. Dimensionless

coefficients defined as the ratio of the maximum scour distance (with

steady currents and/or jet rotation) divided by the scour distance for

18
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an equivalent fixed jet in a still fluid are expressed as functions of

the dimensionless current strength, the dimensionless rotation rate, and

the dimensionless scour distance. Although based on laboratory data,

similar studies suggest that these equations will be valid for prototype-

sized jets as well. Table 1 contains a useful summary of these experimental

results.

These equations form the basis for a significant improvement in

existing design procedures for scour jet array systems. The ability to

estimate the effect of mean currents on the maximum scour distance of a

jet will ensure acceptable system performance and more optimum system

design. Incorporation of rotating scour jet nozzles into existing

design practice holds the promise for significant reductions in system

costs.

One of the remaining uncertainties in the design procedure for a

scour jet array is the minimum shear stress needed to resuspend newly

deposited flocculated clay sediments. Laboratory experiments suggest

that a stress of about 0.004 psf should be adequate; however, this value

needs to be better defined. NCEL is currently developing a Shear Test

Device which can be deployed at a site to determine the minimum necessary

shear stress. Initial testing of this device looks promising.

A full scale scour jet array test bed is currently being installed

at MINSY for the purpose of evaluating component and system performance.

The test bed will be used to systematically examine the effects of jet

flowrate, jet height, and jet angle on the scour distance of a jet. The

results of these tests will be used to evaluate the predictive equations

presented in this report.

REFERENCES

1. Scripps Institute of Oceanography. Reference Series No. 7532,

77-10, 78-18: Evaluation of sediment management procedures; Phase I,

II, and III, final report, 1974-75, 1975-76, 1976-77, by W.G. Van Dorn,

D.L. Inman, and S. NcElmury (1975, 1978). La Jolla, Calif., 1975, 1976,

1978.

19 h

V.



2. Scripps Institute of Oceanography. Reference Series No. 81-22: The

evaluation of sediment management procedures, Phase IV-VI final report,

1978-1980, by S.A Jenkins, D.L. Inman, and W.G. Van Dorn (1981). La Jolla,

Calif., 1981.

3. Naval Civil Engineering Laboratory. Technical Report R-899: A

design for a test bed scour array for are Island Naval Shipyard, by

J.A. Bailard and J.M. Camperman. Port Hueneme, Calif., May 1983.

S..

S.

20

NA A, . . .



0. 4 . . 0

- 0. 0 owl .r4L I t0-

0

3. c 0

0 0.

C C 6.

4.1 "0 -

'C .4w ft9 441 N.

C 4. 4.0 0.0 C

CZ44 04 0.

4A - V v0 0. C 0. --

S C0.

0 0 4A0,4

'. 0 0 0 40 t~j -o ..
.04. C, m40z L,.0 .

.4 00

010
- 4. i I

- .0 40.0 0 -
4~ ~~~ u . . -.K~~~ * 0C

0~~ +

-. ~~~ +4 ~ CC .

C 44.04..04.4. 4 .0CD

oV 4 0 . .



'7T,7 
-

7T-

pumnp

butterfly valves

jetm

M

Figure 1.Sketch of a linear 
scour jet array system with 

a length L

and scour radiu's r .(A 
typical scour jet array 

has a

length of 300 fetada 
scour radius of 75 feet.)

22



)et nozzle . ""
jetoze -- - " jet plume

* 1 -"

side view

scour pattern

300 r N:1
. -S I

r~y

rm = maximum scour radius

ym maximum scour width

top view

Figure 2. Sketch of ideal jet plume and scour pattern boundaries
for horizontal bottom-mounted jet.

23N



jet nozzle

ts
Ns -

je plm

sid vie

scu patr

loo,-

te plm maiu corrdu

* sidp view

Figure3. Skech ofideal et plue ndscour pattern budre

for ~ ~ -anged elvaed et

24 -



On .7 27, 1 I - -

0 K1

0 0
N

U0
0

41

- -- -- I

- ----- ------- 4- -I

F

25U



44

d4. 2.2 gpm flowmeter

6. 0- 120 psi gauge

4,h

rotates

Ym 13.

Vr

Figure 5. PUMP with flowmeter manifold.

26

* 2;



Pu
.,4

- CL

ioI

27U



U

1
21 0 ____

_______ ________ I
No 2 N - -- -- -~ -0 &

U U.~ -~ -

.- ~- U 4)-'--4 i ------ -

I 0

_I ii a
0 4*-v-i

- -- -- U
4,
I.e

- -~ b--- -

__ __ I _ 7-~--j--~- -

4,
0 _ __ -- - _ -- -~ . -4---i 4.)2 _I I . *v.4

2 U -- - -- U a.0
-~ -~ _ 4)

U

[F 7 - 1 -i-t-T-~- -~ - _ 4.)

I--. I-2--- III - I]1--~ -- -~----+- -~ -- -- U
*r4
4.1 -

-a---- -~ 0 PUp ,
4,

- - -- - -

- -- 4.)

04J

4.4 I.i

- - 4--------- - _ _ _ -

9
-~ tTh ~ -- - ---1---

4,

- -- -- 00-t
iiik2L

I i
I i
I I

S I I
- S
'~ .- ~- .5'.3
U

U

p

b

I.

00 H
28

- p -* -, ****~*** -,.,-.S **~** * *** - -



0 

o

14.

0 10

44
* 1A

1.4

22



-U

U

" I.

1 U

Sn .n

__ ___._
-I0

30 0



0 S90,

'4)

.,I

-A* 4)

w 14

o
- stlo 0r4

5.41
D 0
a.4

- otlo .1

4)

4 A4

00
;44

.0

313

d$.



Fixed Jet/Coflow Current
2.2 r 0.885 4(gpm) .]
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/

1.8 /

0
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1.0 1I
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Figure 11. Equation and graph for predicting scour radius given a
jet (discharge rate and diameter) and mean current velocity.

1.6 Fixed Jet/Crossflow Current Jcr 1 +1200-7,3300 +104,0000

1.4 / Ocr =-4.64 0+ 612 0
2

/

1.2

1.0 
K cr = + 41.10 - 3,130

20 +46
,9000 

3

N. 2

* .8

.6 40

.4 

.

.22

., - " I I I I II
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Figure 12. Equations and graph for predicting scour (radius, width, and
angle) given a jet (discharge rate and diameter) and mean
current velocity.
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Figure 13. Equations and graph for predicting scour radius given a jet
(discharge rate and diameter) and a mean current velocity.
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Figure 14. Equations and graph for predicting scour width given a jet
(discharge rate and diameter) and a mean current velocity.
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Appendix A

EQUATIONS DESCRIBING SCOUR PATTERN (WIDTH AND RADIUS) DERIVED BY

VAN DORN, BAILARD, AND CAIPERHAN

Van Dorn et al. (Ref 1) used a thin layer of diatomaceous earth to

indicate a shear stress level of 0.1 Pa (1.45 x 10-5 psi). These results

were generalized in the form of an equation for maximum scour radius:

r 2.4 120 p u 
(

-do T R 0.4 (A-1)

e

where T = induced shear stress on the bed

u = jet discharge velocity

d = jet diameter

p = fluid density

Re = Reynolds number for the jet, (U d/v)

v = fluid kinematic viscosity

r = maximum scour radius in still fluid
0

Referring to Figure 2, the maximum width, y , of the scour pattern

equals r /3 and is located a distance of 0.67 rM0 from the jet nozzle.
00Bailard and Camperman (Ref 3) showed that the jetoscour pattern is also a

function of the jet height from the bottom, h, and the jet angle relative

to the horizontal, e. For a raised, angled jet (Figure 3), the maximum

scour distance is:

A-1



e 0(A-2)
d)= Co P Uo2

.1 where C = 10 2/ 1) (A-3)
0

C1 = 0.0533 sin (5.59 0) - 0.385 (A-4)

+ (-0.0201 + 0.00593 e 0356) (hid)

C2  = 2.442 + 0.0108 (h/d) - 1.266 x 10- 4 (h/d) - 0.0118 8
- 9.33 x 10- 5  2(A-5)

Laboratory tests have shown that small jet angles (just below

horizontal) and low heights (just above sediment surface) are most

effective in producing scour over a significant distance.

Referring to Figure 3, a new variable, S, described the horizontal

distance from the jet to the point initiating scour. Despite considerable

effort, analytic expressions such as Equations A-1 and A-2 could not be

derived for predicting pattern width, Ym' maximum radius width, ry, nor

the distance to initial scour, S. Instead, graphical solutions were

required.

A-2

I"~,~d



Appendix B

SCOUR DATA FROM EXPERIMENTAL INVESTIGATION - PART I

Recorder Start Finish e Height w' Q r Comments/

No. Date Time Time (deg) (cm) (rpm) (gpm) (cm) Observations

1 5/8/84 1357 1407 0 0 2 2 50-55 Q = 2.25
2 5/8/84 1413 1423 0 0 1 2 60-65
3 5/8/84 1428 1438 0 0 0.5 2 65-70
4 5/8/84 1440 1450 0 0 0 2 88-95

5 5/8/84 1458 1508 0 0 2 5 88-95
6 5/8/84 1514 1524 0 0 1 5 100-110
7 5/8/84 1526 1536 0 0 0.5 5 120-125
8 5/8/84 1538 1548 0 0 0 5 170-175 I,

9 5/8/84 1608 1618 0 0 2 8 115
10 5/8/84 1621 1631 0 0 1 8 140-145
11 5/8/84 1634 1644 0 0 0.5 8 160-170
12 5/8/84 1646 1650 0 0 0 8 210 spotted

13 5/9/84 1025 1035 15 15 2 2 23-33
14 5/9/84 1042 1052 15 15 1 2 40-47 first 25 cm

no scour
15 5/9/84 1101 1111 15 15 0.5 2 50-52
16 5/9/84 1112 1122 15 15 0 2 83

17 5/9/84 1127 1137 15 15 2 5 85-90
18 5/9/84 1145 1155 15 15 1 5 98-99
19 5/9/84 1204 1214 15 15 0.5 5 110-115
20 5/9/84 1215 1225 15 15 0 5 155-165 spotted

pattern

21 5/9/84 1328 1338 15 15 2 8 115-118
22 5/9/84 1347 1357 15 15 1 8 140-145
23 5/9/84 1402 1412 15 15 0.5 8 160-165
24 5/9/84 1413 1423 15 15 0 8 220 spotted

e = Jet Angle w. horizontal
w = Rotation Speed
Q = Flowrate
D = Scour Distance
C = Current Speed

(continued)

B-1



Recorder Start Finish e Height wt Q r Comments/

No. Date Time Time (deg) (cm) (rpm) (gpm) (cm) Observations

25 5/10/84 0918 0928 5 15 2 2 spotty at 32
no scour

26 5/10/84 0935 0945 5 15 1 2 30-40 spotted
27 5/10/84 0959 1009 5 15 0.5 2 35-50 spotted
28 5/10/84 1010 1020 5 15 0 2 75-80

29 5/10/84 1023 1033 5 15 2 5 68
30 5/10/84 1038 1048 5 15 1 5 87-95
31 5/10/84 1053 1103 5 15 0.5 5 110-125
32 5/10/84 1104 1114 5 15 0 5 180 spotted

33 5/10/84 1129 1139 5 15 2 8 105-115
34 5/10/84 1144 1154 5 15 1 8 135
35 5/10/84 1159 1209 5 5 0.5 8 187-210
36 5/10/84 1210 1220 5 15 0 8 220

*Scour began at 30 cm for all tests due to the 5-degree jet angle and

15 cm height

37 5/10/84 1323 1333 5 7.5 2 2 35-39
38 5/10/84 1344 1354 5 7.5 1 2 45-52
39 5/10/84 1359 1409 5 7.5 0.5 2 55-60
40 5/10/84 1410 1420 5 7.5 0 2 92

41 5/10/84 1424 1434 5 7.5 2 5 87
42 5/10/84 1437 1447 5 7.5 1 5 103
43 5/10/84 1453 1503 5 7.5 0.5 5 117
44 5/10/84 1504 1514 5 7.5 0 5 165

45 5/10/84 1539 1549 5 7.5 2 8 120-125
46 5/10/84 1555 1605 5 7.5 1 8 142-143 V

47 5/10/84 1608 1618 5 7.5 0.5 8 165-170
48 5/10/84 1619 1629 5 7.5 0 8 230

*Scour began at 17 cm for all tests due to the 5-degree jet angle and

15 cm height

9 = Jet Angle w. horizontal
w = Rotation Speed
Q = Flowrate
D = Scour Distance
C = Current Speed

B-2
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Appendix C

SCOUR PATTERNS FROM EXPERIMENTAL INVESTIGATION -PART 11
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10-in, circle not scoured due
to jet nozzle length

Test - Q 2 gpm, C 0-.5 w 67 sec/rev
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Q4- 70 cm

Test 9 - Q =2 gpm, C = ,w =114 sec/rev

60 cm

237 n

Test 10 -Q 2 gpm, C=0.1-0.15, w 114 sec/rev

Rotating Flow cont'd
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1.5 in.

Test 1 - Q=2 gpm, C =0.-0.25 fps, w =114 se/rev
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Q 108 cm

42.50 in.

Test 13 - Q= 4 gpm, C = 0, w = 114 sec/rev

I 95 r cm 
114 cm, i

33.75 in.

Test 14 - Q= 4 gpm, C = 0.1-0.15 fps, w = 114 sec/rev
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Test 16 -Q 4 gpm, C =0.2-0.35 fps, w= 114 sec/rev
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NAS Code (IL. Alameda. ('A; Code 182. Bermuda; Code 187(k). Brunswick. ME; (ode 83. Patuxent Ri~cr. MD;
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* (Code 183). NI. San Diego. CA; P&E (Code 1821H). Miramar. San Diego, CA; PWI) Maint Di%. NeA
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NAVFACENGCOM - NORTH DIV. ('0. Philadelphia. PA; Code (14. Philadelphia. PA; ('ode II4AL.
Philadelphia. PA; Code If. Philadelphia. PA; Code Ill., Philadelphia. PA; ('ode 20)2.2. Philadelphia. PA;
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NAVOCEANO Code 3432 (J. DePalma). Bay St. Louis MS: Code 62(W (M Paige). Bay St. Louis. MS; Library
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NRL Code 5800 Washington. DC
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Equip Div (Code 43) Oakland. CA; SCE. Charleston. SC: SCE. Norfolk. VA
NSD SCE, Subic Bay. RP
NUSC DET Code 3232 (Varley) New London. CT: Code 401 (RS Munn). New London. CF: Code TAI31 (G.

De la Cruz). New London. CT
OFFICE SECRETARY OF DEFENSE ASD (MRA&L) Code CSS/CC Washington. DC
CNR DET, Code481. Bay St. Louis, MS DET, Dir, Boston. MA
OCNR Code 421 (Code E.A. Silva), Arlington. VA; Code 70OF. Arlington. VA
PACMISRANFAC PWO. Kauai. HI
PERRY OCEAN ENG R. Pellen. Riviera Beach. FL
PHIBCB 1, CO. San Diego. CA: 1. ELCAS Offer. San Diego, Ca: I. P&E. San Diego. CA: 2. Co. Norfolk. VA
PMTC Code 5041. Point Mugu. CA: Code 5054-S. Point Mugu, CA
PWC Code 10, Great Lakes, IL; Code 10, Oakland. CA: Code IN0. Guam, Mariana Islands: Code 101
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Code 400, Pearl Harbor, HI: Code 4W, San Diego, CA: Code 420, Great Lakes. IL: Code 420. Oakland.
CA: Code 422. San Diego, CA; Code 423. San Diego. CA: Code 424. Norfolk. VA: Code 425 (L.N. Kaya.
P.E.). Pearl Harbor. HI; Code 438 (Aresto). San Diego. CA: Code 5WX), Norfolk. VA: Code 5(X), Oakland,

CA; Code 505A, Oakland. CA; Code 590, San Diego. CA: Code 7(X), San Diego. CA: l)ir Maint Dept
(Code 500), Great Lakes, IL: Dir. Serv Dept (Code 400). Great Ldkes. IL: Dir, Util Dept (Code N(K),
Great Lakes. IL; Fac Plan Dept (Code 1011). Pearl Harbor, HI: Library (Code 134). Pearl Harbor. Il:
Library. Guam. Mariana Islands: Library, Norfolk. VA: Library. Pensacola. FL: Library, Yokosuka JA:
Prod Offr. Norfolk. VA: Tech Library. Subic Bay. RP: Util Offr, Guam, Mariana Island

SEAL TEAM 6. Norfolk, VA
SUBASE SCE. Pearl Harbor. HI
SUPSHIP Tech Library, Newport News, VA
HAYNES & ASSOC H. Haynes, P.E.. Oakland, CA
UCT ONE CO, Norfolk, VA
UCT TWO CO, Port Hueneme, CA
COMDT COGARD Hqtrs Library, Washington. DC
U.S. MERCHANT MARINE ACADEMY Reprint Custodian. Kings Point. NY
US DEPT OF INTERIOR Bur of Land Mgmnt (Code 583). Washington. DC
US GEOLOGICAL SURVEY Marine Geology Offc (Piteleki), Reston, VA
USCINC PAC, Code J44, Camp HM Smith, HI
USDA Ext Serv (T Maher), Washington, DC: Forest Prod Lab (DeGroot). Madison. WI: Forest Serv. Reg 8,

Atlanta, GA
USNA Chairman, Mech Engrg Dept. Annapolis, MD: Mech Engrg Dept (Hasson), Annapolis, MD: Mgr.

Engrg, Civil Specs Br. Annapolis. MD; PWO. Annapolis. MD
USS FULTON WPNS Rep. Offr (W-3) New York. NY
WATER & POWER RESOURCES SERVICE Smoak. Denver. CO
ADVANCED TECHNOLOGY Ops Cen Mgr (Moss). ('amarillo. CA
CALIF DEPT OF FISH & GAME Marine Tech Info Cen. Long Beach. CA
CALIF DEPT OF NAVIGATION & OCEAN DEV G Armstrong, Sacramento. CA
CALIF MARITIME ACADEMY Library. Vallejo, CA
CALIFORNIA INSTITUTE OF TECHNOLOGY Environ Engrg Lib. Pasadena. CA
CALIFORNIA STATE UNIVERSITY C.V. Chelapati, Long Beach. CA: ('E Dept (YC Kim), Los Angeles.

CA; Energy Tech Dept (Kohan), Menlo Park, CA
CITY OF BERKELEY PW, Engr Div (Harrison). Berkeley, CA
CITY OF LIVERMORE Project Engr (Dawkins). Livermore. CA
CLARKSON COLL OF TECH CE Dept (Batson). Potsdam, NY
COLORADO SCHOOL OF MINES Dept of Engrg (Chung), Golden. CO
COLORADO STATE UNIVERSITY CE Dept (Nelson). Ft Collins. CO: CE Dept (W Charlie). Fort ollins.

MD
CORNELL UNIVERSITY Library. Ithaca, NY: Civil & Environ Engrg (F. Kulhway). Ithaca. NY
DAMES & MOORE LIBRARY Los Angeles. CA
DUKE UNIV MEDICaL ('ENTER CE Dept (Muga). Durham. NC
FLORIDA ATLANTIC UNIVERSITY Ocean Engrg Dept (Hartt). Boca Raton, FL: Ocean Engrg Dept

(McAllister). Boca Raton. FL: Ocean Engrg Dept (Su). Boca Raton. FL
FLORIDA INSTITUTE OF TECHNOLOGY ('E Dept (Kalajian). Melbourne. FL
GEORGIA INSTITUTE OF TECHNOLOGY CE Scol (Kahn), Atlanta. GA: CE Scol (Mazanti). Atlanta. GA
INSTITUTE OF MARINE SCIENCES Dir, Morehead City. NC: Dir. Port Aransas. TX; Library. Port Aransas.

TX
IOWA STATE UNIVERSITY CE Dept. (Handy). Ames. IA
WOODS HOLE OCEANOGRAPHIC INST. Proj Engr. Woods Hole. MA
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LEHIGH UNIVERSITY CE Dept. It"draulics Lab. Bethlehem. PA. Linderman Iibr. Ser (ataloguer.
Bethlehem. PA; Marine Geotech Lab (A. Richards). Bethlehem. PA

MAINE MARITIME ACADEMY Lib, (astine. ME
MICHIGAN TECHNOLOGICAL UNIVERSITY CE Dept (laas). Ioughton. MI
MIT Engrg Lib. Cambridge. MA; Lib. Tech Reports. Cambridge. MA; RV Whitman. C(amhridgc. MA
NATURAL ENERGY LAB Library. honolulu, III
NEW MEXICO SOLAR ENERGY INSF. Dr. Zwibel Las Cruces NM
NEW YORK-NEW JERSEY PORT AUTH R&D Engr (Yontar). Jersey Cily. NJ
NY CITY COMMUNITY COLLEGE Library. Brooklyn. NY
OREGON STATE UNIVERSITY CE I)ept (Bell). Corvallis. OR; CE I)ept ((irace). Corvallis. OR:

Oceanography Scol. Corvallis. OR
PENNSYLVANIA STATE UNIVERSITY Applied Rsch Lab. State College. PA; Gotolski. Univcrsit% Park.

PA: Rsch Lab (Snyder). State College. PA
PORT SAN DIEGO Prot Engr. Port Fac. San Diego. CA
PORTLAND STATE I.NIVERSITY Engrg Dept (Migliore). Portland. OR
PURDUE UNIVERSITY CF- Scol (Altschaeffl). Lafayette. IN; CE Scol (leonards). I.afayetti. IN: Engrg Lib.

Lafayette. IN
SAN DIEGO STATE UNIV. CE Dept (Krishnamoorthy). San I)iego. CA: CE Dept (Noorany). San Diego. CA
SEATTLE UNIVERSITY CE Dept (Schwaegler). Seattle. WA
SOUTHWES' RSCH INST Energetic Sys Dept (Esparza). San Antonio. TX King. San Antonio, TX R.

S I )ellart. San Antonio TX
STATE UNIV OF NEW YORK CE Dept (Reinhorn). Buffalo. NY Maritime ('ol (I.ongobardi). Bronx. NY
TEXAS A&M UNIVERSITY CE Dept (Ledbetter). College Station. TX: CE Dept (Niedzwecki). College

*, Station. TX: Ocean Engr Proj. College Station. TX
*• UNIVERSITY OF ALASKA l)oc Collect. Fairbanks. AK; Marine Sci Inst. Lib. Fairbanks. AK

UNIVERSITY OF CALIFORNIA CE Dept (Gerwick). Berkeley. CA: CE Dept (Mitchell). Berkeley. CA; CE
Dept (Taylor). Davis. CA; Naval Arch Dept, Berkeley. CA; Prof E.A, Pearson, Berkeley. CA; Trans Engrg
Dept (Duncan). Berkeley. CA

UNIVERSITY OF CONNECTICUT Library. Groton. CT
UNIVERSITY OF DELAWARE CE Dept. Ocean Engrg (Dalrymple). Newark. DE: Engrg Col (Dexter).

Lewes, DE
UNIVERSITY OF FLORIDA Florida Sea Grant (C. Jones), Gainesville, FLI
UNIVERSITY OF HAWAII Library (Sci & Tech Div). Honolulu. HI
UNIVERSITY OF ILLINOIS Arch Scol (Kim). Champaign. IL. CE Dept (Hall). Urbana, IL: Library. Urbana.

Ii.: M.T. Davisson. Urbana. IL: Metz Ref Rm. Urbana. IL
UNIVERSITY OF MASSACHUSETTS ME Dept (Heroneumus). Amherst. MA

* UNIVERSITY OF MICHIGAN CE Dept (Richart). Ann Arbor. MI
' UNIVERSITY OF NEBRASKA-LINCOLN Ross Ice Shelf Proj. Lincoln. NE

UNIVERSITY OF NEW HAMPSHIRE P. LaVoie, Durham. NH
UNIVERSITY OF NEW MEXICO NMERI (Falk). Albuquerque. NM
UNIVERSITY OF NOTRE DAME CE Dept (Katona). Norte Dame. IN
UNIVERSITY OF PENNSYLVANIA Dept of Arch (P. McCleary). Philadelphia. PA; Schl of Engrg & Applied

Sci (Roll). Philadelphia. PA
UNIVERSITY OF RHODE ISLAND CE Dept (Kovacs). Kingston. RI; Pell Marine Sci Lib. Narragansett. RI
UNIVERSITY OF SO CALIFORNIA Hancock Library. Los Angeles. ('A
UNIVERSITY OF TEXAS AT AUSTIN Breen. Austin. IX: C'E Dept (R Olson), Austin. TX; CE Dept

(Thompson). Austin. TX
UNIVERSITY OF WASHINGTON App Physics Lab. Seattle. WA: CE Dept (Mattock). Seattle, WA; CE

Dept. Seattle. WA; Library. Seattle. WA; RL Terrcl. Everett. WA; Scol of Oceanography (Halpern).
d, Seattle. WA
4I UNIVERSITY OF WISC'ONSIN Great l.akes Studies. C'tr. Milwaukee. WI
4J VENTURA COUNTY Deputy PW Dir, Ventura. ('A: PWA (Brownie). Ventura. CA

VIRGINIA INST. OF MARINE SCI. Library. Giloucester Point. VA
WESTERN ARCHEOLOGICAL ('ENTER Library. Tucson AZ
WOODS 1OLE OCEANOGRAPHIC INST. Doc lib. Woods Hole. MA
ALFREI) A YEE & ASSOC Librarian. Honolulu, HI
AMERICAN CONCRETE INSTITUTE Library. Detroit. MI
AMETEK OFFSIIORE RS('It Santa Barbara. CA
APPLIED SYSTEMS R. Smith. Agana. Guam
ARCAIR (O 1). Young. Lancaster. OI
ARVID GRANT & ASSOC Olympia. WA
ATI.ANTI( RICHFIELD CO RE. Smith. Dallas. TX
AUSTRALIA Ssdney Untv. Scol CE & Mine (Poulos). Sydney
BAlt TELLE-COIUMBULS LABS I) Frink. Columbus. OIl; I) Ilackman. Columbus. Oil
BETHLEHEM SIEEI. CO. Engrg Dept (Dismuke). Bethlehem. PA
BRITISHI EMBASSY Sci & Tech )ept (Wilkins). Washington. I)C
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BROWN & ROOT Ward, Houston. TX
CANADA Viateur De Champlain, D.S.A.. Matane. Canada
CHEVRON OIL FLD RSCH CO Brooks, La Habra, CA
COLUMBIA GULF TRANSMISSION CO. Engrg Lib. Houston. TX
CONCRETE TECHNOLOGY CORP. A. Anderson, Tacoma. WA
CONSTRUCTION TECH LAB A.E. Fiorato. Skokie. IL
CONTINENTAL OIL CO 0. Maxson. Ponca City. OK
DILLINGHAM PRECAST F McHale, Honolulu. HI
DRAVO CORP Wright, Pittsburg, PA
EASTPORT INTL, INC Mgr (JH Osborn), Ventura, CA
EVALUATION ASSOC. INC MA Fedele, King of Prussia. PA
GEOTECHNICAL ENGINEERS INC. (R.F. Murdock) Principal, Winchester. MA
GLIDDEN CO. Rsch Lib. Strongsville. OH
GOULD INC. Ches Instru Div, Tech Lib. Gen Burnie. MD
GRUMMAN AEROSPACE CORP. Tech Info Ctr. Bethpage. NY
HALEY & ALDRICH. INC. HP Aldrich, Jr. Cambridge, MA
JOHN J MCMULLEN ASSOC Library. New York. NY
KATSURA. Y. CE. Ventura. CA
KTA-TATOR. INC Pittsburg. PA
LAMONT-DOHERTY GEOLOGICAL OBSERVATORY McCoy. Palisades. NY
LIN OFFSHORE ENGRG P. Chow, San Francisco CA
LINDA HALL LIBRARY Doc Dept. Kansas City. MO
M.C.D. F. Marek, Orangevale. CA
MARATHON OIL CO Houston TX
MARINE CONCRETE STRUCTURES INC. W.A. Ingraham. Metairie. LA
MOBIL R & D CORP Offshore Eng Library, Dallas. TX
MOFFATT & NICHOL ENGRS R Palmer, Long Beach, CA
MUESER RUTHLEDGE. CONSULTING ENGRS Richards, New York. NY
EDWARD K NODA & ASSOC Honolulu, HI
NEW ZEALAND New Zealand Concrete Research Assoc. (Librarian). Porirua
PROF SVCS INDUSTRIES, INC Dir. Roofs (Lyons), Houston, TX
PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall, WA
PORTLAND CEMENT ASSOC Corley. Skokie. IL; Klieger, Skokie, IL; Rsch & Dev Lab Lib. Skokie, IL
R J BROWN ASSOC R Percra. Houston. TX
RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken, NJ
SANDIA LABORATORIES Library. Livermore. CA, Seabed Prgms (Hickerson). Albuquerque. NM
SAUDI ARABIA King Saud Univ. Rsch Cen. Rivadh
SCHUPACK SUAREZ ENGRS INC M. Schupack, South Norwalk, CT
SEATECH CORP Peroni, Miami. FL
SHANNON & WILSON, INC Librarian. Seattle, WA
SHELL OFFSHORE INC E Doyle. Houston. TX
SHELL OIL CO Boaz. Houston. TX; E&P Civil Engrg. Houston, TX
SIMPSON. GUMPERTZ & HEGER. INC E Hill. CE, Arlington, MA
TIDEWATER CONSTR CO J Fowler. Virginia Beach. VA
TILGHMAN STREET GAS PLANT (Sreas). Chester, PA
TREMCO. INC M Raymond. Cleveland, OH
TRW SYSTEMS Dai. San Bernardino. CA; Engr Library. Cleveland, OH
WESTINSTRUCORP Egerton, Ventura. CA
WISS, JANNEY. ELSTNER. & ASSOC DW Pfeifer. Northbrook, IL
WM CLAPP LABS - BATTELLE Library. Duxbury. MA
WOODWARD-CLYDE CONSULTANTS R Cross, Walnut Creek, CA; R Dominguez, Houston, TX; W Reg.

Lib. Walnut Creek. CA
BARTZ. J Santa Barbara. CA
BRADFORD ROOFING T. Ryan. Billings. MT
BULLOCK. TE La Canada, CA
CHAO. JC Houston. TX
DOBROWOLSKI. JA Altadena. CA
F.W. MC COY Woods Hole. MA
BEN C. GERWICK. INC San Francisco, CA
HAYNES. B. Austin. TX
HEUZE, F Alamo, CA
LAYTON. JA Redmond. WA
MARINE RESOURCES DEV FOUNDATION N.T. Monney. Annapolis, MD
NIEDORODA. AW Houston, TX
PAULI. DC Silver Spring, MD
PETERSEN, CAPT N.W. Camarillo. CA
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R.F. BESIER CE. Old Saybrook. (T
SETHNESS. D Round Rock. TX
SPIELVOGEL, LARRY Wyncotc, PA
STEVENS. TW Long Beach. MS
T.W. MERMEL Washington, DC
TEDESKO. A Bronsxvillc. NY
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