MEASUREMENT OF SCOUR-DEPTH NEAR BRIDGE PIERS

By John V. Skinner

U.S. GEOLOGICAL SURVEY

Water-Resources Investigations Report 85-4106

Prepared in cooperation with the

FEDERAL HIGHWAY ADMINISTRATION

Minneapolis, Minnesota

1986




UNITED STATES DEPARTMENT OF THE INTERIOR
DONALD P. HODEL, Secretary
GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information Copies of this report can be
write to: purchased from:

Hydrologist in Charge U.S. Geological Survey

U.S. Geological Survey, WRD Books and Open-~File Reports
St. Anthony Falls Hydraulic Laboratory Federal Center, Bldg. 41
Hennepin Island & Third Avenue S.E. Box 25425

Minneapolis, Minnesota 55414 Denver, CO 80225

Telephone: (612) 349-3352



CONTENTS
Page

ADStract ccecciecsccercaccesstasessvsssassessacscssssssnsssscscrancarsnnns
IntrodUuction t.eecieeeeeeeeesvaceasassscescnnscascascnssascsnsasossssnassssssas
Nature of the problem ....cccceeeeeeresesesstsssasccscscsasscscncenns
Review of field-measurement techniques «.vieceecscsrsccscscscsacssanns
Purpose and scope of this Study ..cceerevececececccccsccsoccasensnn
Acknowledgments «cceeccssesnsssecsessccnccssessasssssscsnsssnasssscns
Boat design and operation ....cceerieecccecceccsscsssscscascacsssscscncans
Design of a remotely controlled boat .....ccveeeeccccsceoscsccncens
Inner-tube boat ..ccierterececeassccccscecacserssccnscsnsncnnsess

Five-foot long catamaran ...ccevececescoscscssescsscsscscnsaas
Fifteen-foot long catamaran . ...ceeecoceessccssccsssssssasnane

Six-foot long planing hull ...ccceececcccccaascsccascssncssnses

Boat propulsive Systel ...cceeeececcecccesccncasscssosscnscnsosscnns
Ducted fan ..viiesteacsesssenssesssassasessscassassossscassnsss
Nordstrom's logarithmic propeller ......ccceececsccesccscsanss
Wageningen's B-series propeller ....ccececcescoscscrssscccnsans

POWEr SOUPCES cvtevescosestssenarsescarsesscscsasssossesascnancsacnsasesse

Use of a tethered boat ...iceeennceecersecccscnnccnscanssnasssacennnsns
Data transmission ..c.cceiereceessecsescasescaccacsassassasssasensan
Point measurements of scour depth ...cceeevcicncccsnsccnasscsccnsanns
Ground-penetrating radar .(..cccececeescassccccssosvsesecsccccsa
Heat-dissipation gage ..cceceeiiectacsssccsacnsccacscassassaanns
Casting-resin Zage ...cceeececcececcessascrsescsnssssansssansasns
CONClUSIONS tevererecesscrsssccasssccnssasssesasacsssscsasssssssnsasssssces
References Cited cuciveereeatcotecessenssccesscssenscassscnsassacansssss

DNV MNDN =
ErEEFOLOLWOOAEN==2WVWOUIVNIEEEZWN= =

w w
w N

ILLUSTRATIONS

Figure 1. Drag on boat hUllS ccceveeeevesossccccaorssscsccnsssscscenansns 7
2. Drag on small hulls carrying 150-pound Cargos ...ceeoeecccsces 8
3. Design chart for Nordstrom's propeller ...c.ceeceececccsssans 13
4. Design chart for a Wageningen propeller ......ceeeeceeeececces 15
5. Schematic drawing of boat fitted with a rudder

and a tether 1ine ...cceeecceeccersscccescacencscasasscccnnnae 19
6. Computer program for tether-line CUrve .....ceccceecceccvcees 20
T. Locus of boat tethered on a 1/8-inch line ....cceeeeececoccans 22
8. Depth records obtained with a ground-penetrating

radar SyStell .cccccecesrscacscnccsnscscsssasssasscsascasssans 25
9. A heat-dissipation point-gage for monitoring scour .......... 26
10. Heating and cooling records for heat-dissipation gage ....... 27
11. An improved version of the heat-dissipation gage ..cveceeesee 28
12. Characteristics of a special casting resin ......cceceeeeecss 30
13. A resin-type SCOUP MELtEr ..cc.coesecscccnssscsssccacssaccccnas 31

iii



CONVERSION FACTORS

For readers who prefer to use metric units, conversion factors for terms
used in this report are listed below.

Multiply By To obtain

foot (ft) 0.3048 meter (m)

foot per second (ft/s) .3048 meter per second (m/s)
square foot (ft2) .09294 square meter (m?)
horsepower (hp) (550 ft-1bf/s) T45.7 watt (W)

knot 514 meter per second (m/s)
pound, avoirdupois (1b) 453.6 gram (g)

pound-foot (1lbf-ft) 1.356 joule (J)

ton, long 1.016 megagram (Mg)

SYMBOLS AND ABBREVIATION

V8C= = = = = = = = = = volts of alternating current or
volts root-mean-square

iv



MEASUREMENT OF SCOUR-DEPTH

NEAR BRIDGE PIERS

By John V. Skinner

ABSTRACT

River-bed scour is a major source of damage to bridge piers and bridge
abutments. When scour depth exceeds design limits, the supporting material
around the footings is washed away and the structure becomes unstable.
Equations for predicting scour-depth show a significant lack of agreement so
portable equipment for measuring scour is needed.

This report discusses the design of an instrumented, unmanned boat that
(a) can be launched and controlled from a bridge and (b) can be maneuvered in
flood flows that reach velocities of 15 feet per second. Calculations indicate
the battery-powered propulsive system alone will weigh about 300 pounds and
that the craft must be about 15-feet long.

Because a free-running craft will be undesirably heavy and large, other
methods of obtaining scour data are proposed. A tethered craft fitted with a
controllable rudder and some methods of measuring scour at a point are
presented for future study and development.

INTRODUCTION

Nature of the Problem

River-bed erosion is a major source of damage to bridge piers and
abutments. During a flood, water velocities may reach levels high enough to
1ift bed-material particles and sweep them downstream. At the base of the
piers, deep scour-holes may develop because the concrete structure restricts
the area through which the flood water must pass., If the depth of a scour hole
exceeds design limits, the pier may settle or collapse.

Bridge designers have several equations for estimating depth of scour;
unfortunately, the designers face some agonizing decisions because the



equations yield different results. Davis (1984) summarizes the engineer's
dilemma. "Scour is an elusive subject because of its complexity. Formulas and
mathematical models are still based primarily on theoretical approaches and
laboratory tests because of the lack of verifiable field data. Accurate field
measurements have been difficult to obtain because of the severe three-
dimensional flow patterns that occur at bridges during flooding, and the
problems and costs associated with recording instruments or with attempts to
get skilled personnel at bridge sites during periods of peak flow." Jones
(1984) computed results from 10 predictive equations and found a significant
lack of agreement. His final recommendation emphasizes the need for field
data. "There is still a need to document field data for both pier scour and
abutment scour. Field data should be collected during floods and should as a
minimum include a full cross section at several flood stages."

Review of Field-Measurement Techniques

Mapping scour holes is a challenging task in instrumentation. Because
sediment transport is a dynamic process, the stream bed may degrade and then
aggrade before a flood passes. Degradation usually occurs during the period of
rising flood flow: aggradation usually occurs during the recession.
Dangerously deep scour holes may develop and then be completely filled by the
time the flow recedes to normal levels. All or much of the mapping process
must be performed during the crest of a flood when the scour holes are deepest.
At this time, the water carries a heavy load of trash that complicates the
process of making field measurements. Instruments attached to the bridge piers
may be broken or torn free by the impact of trees and other debris.

Several types of scour-measuring instruments were proposed by the staff of
Science Applications, Inc. (Anonymous, 1976) and a few of these instruments
have been tested. For example, a pulsed-laser beam was studied as a means of
making depth measurements; unfortunately, the field measurements showed that
the beam was almost entirely absorbed by clay-size particles suspended in river
water. In contrast with high-technology instruments, simple equipment such as
sounding-weights have been used with limited success. Unfortunately, the
weights can be used to map only a very small area below the bridge railings.
The suspension cables may break or they may have to be cut if the weight
becomes entangled with heavy objects such as floating branches.

A special conductivity sensor was tested for the purpose of monitoring
scour at a fixed point. The sensor, which was built by researchers in Arizona,
consisted of several electrodes fitted one above the other along the side of a
tube planted vertically in the streambed near a pier. Wires leading from the
electrodes to the bridge deck were attached to an instrument that measured
conductivity between pairs of electrodes. The sensing scheme was straight-
forward: compared to the conductivity of clear water, the conductivity of
tightly packed sand is very low. The approach consisted of comparing
conductivity readings and thereby determining the number of electrodes exposed
to flowing water. Records show two field tests were conducted; however, it is
difficult to assess the overall feasibility of the technique. Apparently,
electrode corrosion and broken wires created many problems.



A technique involving heat-flow measurements was proposed by the Sedi-
mentation Project and is discussed later in this report. The instrument, which
has not been fully developed, involves a group of electrical heaters and
temperature sensors mounted in a tall, slender cylinder which can be driven
into the streambed. The heaters are actuated for a short time, then the
temperatures at several points along the cylinder are monitored. Sections of
the cylinder above the streambed cool much faster than sections below the bed.
Theoretically, the depth of scour can be gaged by comparing the temperature
records.

Acoustic fathometers have been tested on several occasions. In one test,
a fathometer was permanently fastened to a bridge pier; however, only a few
readings were obtained before debris broke the sensing head away from its
mounting. In another test, Hopkins and others (1980) fastened a fathometer to
a float tethered to a trolley mounted on a long boom. The boom was canti-
levered over the bridge railing and the float was maneuvered by pulling it
upstream with the aid of the trolley. Depth readings were occasionally
disrupted by the tilting and swaying motion of the float. This problem was
eliminated by swinging the float upstream and then taking readings only while
the float was drifting back toward the bridge. The boom was awkward to move;
however, Hopkin's report indicates the fathometer worked quite well.

Future development of scour meters should include a re-examination of all
possible alternatives. The long-range objective is to develop a portable
sensor that can be mounted a safe distance above the water and that can be
tilted in an upstream and downstream direction to map large areas of the river
bottom. Development of a sensor having these capabilities will doubtlessly
require a considerable amount of time, money, and talent.

To meet pressing short-range needs, improved methods for deploying
fathometers should be investigated. Field tests show fathometers can be used
to obtain the depth readings; the main difficulty is moving the fathometer from
one point to another on the water surface. Several bridge engineers have
suggested the possibility of using a remote-controlled boat to carry a
fathometer between and around the piers. This report explores the feasibility
of using such a craft and then suggests some other avenues of development that
seem promising.

Purpose and Scope of This Study

The scope of this study is divided into the following sections:

1. Calculating the size and shape of the hull of a remotely controlled
boat for carrying a fathometer.

2. Calculating the size of propulsion system for the boat.
3. Investigating methods of sending information to and from the boat.

4, Investigating a tethered boat.



5. Proposing new methods for making point-measurements of scour.
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BOAT DESIGN AND OPERATION

Design of a Remotely Controlled Boat

The following design objectives are believed to be important in the design
of the boat and its propulsive system.

1. The boat must be portable so that it can be quickly moved to the site
of a flood. ‘

2. The hull must be narrow so that it can be safely moved along bridge
walkways.

3. The boat must be lightweight so that it can be lifted and lowered by
hand or with a portable crane.

4, The boat, its propulsive system, and its cargo of instruments must be
inexpensive.

5. The boat must be maneuverable and stable in flow velocities of 15 ft/s.
6. The boat must support a cargo of about 150 pounds. As we will see
later, most of this weight will be in the propulsive system and not
in the instruments.

7. The boat hull and the propulsive system must operate in debris-laden
flow.



Inner-Tube Boat

A boat hull made from an automobile inner-tube has several attractive
features; the craft will be rugged, portable, and inexpensive; however, as we
will see later, the boat's small size and its blunt shape will produce drag
forces that are rather large. To make the craft serviceable, the inner tube
must be changed slightly by covering its bottom with a sheet of material strong
enough to serve as a deck for the instruments and the propulsion system. The
fabric will also reduce drag by straightening the flow pattern under the boat.

The drag on a closed-bottom inner tube has not been measured; however,
bodies with a similar shape have been tested by Hay (1947). More precisely,
Hay's test-bodies were right-circular cylinders with flat ends. Hay tested
each cylinder after fastening it to a dynamometer mounted on a towing carriage
resting on rails aligned with a flume. The dynamometer registered drag force
as the cylinder was pulled through still water ponded in the flume. Each
cylinder was only partly submerged and its axis was vertical.

Drag computed from Hay's data will, to some degree, differ from the drag
on an inner-tube boat. For one thing, Hay's cylinders were clamped so the
cylinders could not pitch or move vertically. A free-running inner tube boat
will not be constrained in this manner: the boat will be free to pitch, roll,
and heave in response to flow forces. The submerged end of Hay's cylinders had
sharp, square corners that added a considerable amount of drag. By comparison,
an inner tube has smooth, rounded corners. The last point of difference is in
regard to size. Hay's biggest cylinder was 8 inches in diameter, considerably
smaller than an inner tube. Fortunately, Hay's curves are plotted against
dimensionless length ratios and Froude numbers so the drag forces can be scaled

upo

Based on Hay's data, the drag force on a 3-foot diameter inner tube with a
draft of 0.41 foot is given by Rp = 0.84V2, In this equation, Rp is the total
drag in pounds and V is the boat's advance speed in ft/s. The boat must
overcome a drag of 84 pounds in order to travel at a speed of 10 ft/s. Data
presented in the next few sections reinforce the notion that a chubby-shaped
boat is not compatible with high-speed travel.

Five-Foot-Long Catamaran

Boat designers agree that a catamaran is ideally suited for high-speed
travel. Consisting of a slender float mounted on each side of a broad
platform, a catamaran is both streamlined and stable. For scour-measurement
applications, a catamaran can probably be built from two 5-foot sections of
plastic pipe bolted under a plywood deck. The length of the pipes (5 feet)
was chosen arbitrarily, then the diameter of the pipes (10 inches) was selected
to provide the required displacement added to a generous safety factor, With
the dimensions of the pipe hulls in hand, we turn to the computation of drag
forces.,



Computing accurate values for drag is a complicated process that falls in
the realm of naval architecture. Fortunately, a simple method can be used if
we are willing to accept approximate values. Saunders (1957) compiled drag
values for several large vessels (such as tankers and destroyers) and several
smaller vessels (such as tug boats and high-speed motor boats). He found that
all drag data plotted along one curve, which is reproduced on figure 1 of this
report. His curve shows that the total drag of a ship (RT,) is determined
primarily by the craft's displacement (A), its length (L), and its speed
through the water (V).

It's reasonable to wonder if Saunders' chart, which is based on data for
large ships, is applicable to small boats of the type we are considering. Two
experimental data points seem to indicate the curve should be shifted upward to
yield higher values of RT/A. One data-point pertains to a 17-ft aluminum canoce
loaded with 150 pounds of cement blocks. The author of this report measured
the drag on the canoe by towing it behind a small fishing boat. The canoe's
water-line length (L on Saunders' chart) was about 14 feet; the displacement
(a) was 0.10 long tons, computed from the weight of the cargo plus the weight
of the canoce. At a speed of 3.6 knots (V on Saunders' chart) the total drag
was about 7 pounds. The vertical distance between the canoe point (see fig. 1)
and Saunders' "tentative meanline" curve is surprisingly large; however, data
on an eight-oared racing shell (Saunders, 1957) also falls above the "tentative
meanline." Drag values for the racing shell (Saunders, 1957, p. 752) are as
follows: Ry =77 1b, A= 0.81 long tons, L = 62 ft and V = 10. knots. Figure
1 shows the data point for this small, slender craft.

The reason for the high Rp/A values for the canoe and the racing shell is
probably related to skin drag. On the canoe and racing shell, much of the
total resistance is produced by skin friction: on larger vessels, most of the
resistance is produced by form drag and waves shed from the bow and stern.
Doubtlessly, data on the racing shell is more accurate than data on the canoe.
The canoe moved forward with a yawing motion: most of the time the craft was
misaligned with the direction of travel. In one sense, the length of the canoe
measured in the direction of motion was foreshortened by this yawing action.
If foreshortening had been taken into account, the Tq for the canoe would plot
to the right of the point shown on figure 1.

The canoe and shell data points indicate a drag curve for small craft
probably lies above the "tentative meanline" on figure 1; however, locating the
exact position of the curve is difficult because of so little experimental
data. Pending the completion of additional tests, the "small craft" line on
figure 1 will be used.

We now return to the drag computations for the catamaran. Dividing the
weight of the cargo and the weight of the deck in half and then adding this
value to the weight of one pipe hull, we obtain a displacement per hull of 120
pounds or about 0.054 long ton. Next, an arbitrary value of speed, V, is
selected and the ratio Rp/a is read opposite V/y L. If the pipe-hulls are
separated far enough to eliminate mutual interference from bow waves, we can
double the RT value from the chart and thereby obtain drag on the two pipes.
Figure 2 shows drag values plotted for a range of speeds.
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Digressing for a moment, let us return to the inner-tube boat and chart
its location on figure 1. Moving at a speed of 15 ft/sec (8.9 knots), a 3-ft
diameter inner tube has a V/ L ratio of 5.14. Notice that a ratio of 5 is
exceeded only by high-speed motor boats. Again, we see that high speeds and
short hulls form unsuitable combinations.

Fifteen-Foot Long Catamaran

Figure 1 shows that if a boat's displacement cannot be reduced signi-
ficantly, the best way of reducing drag is to increase the length of the boat's
hull. 1In this section we examine the drag on a catamaran having two hulls made
of 15-ft plastic pipes.

The 15-ft version will develop sufficient displacement if the pipe hulls
are 6-inches in diameter. The drag computations follow the format outlined for
the 5-ft long catamaran. The total weight of the cargo, deck, and hulls is
about 300 pounds so the displacement of each hull is about 0.067 long tons. We
enter the chart on figure 1, read Ry/a values for several V/{L values, and
then double the Ry values to account for two hulls. Figure 2 shows the
computed drag values plotted against speed.

The width of a catamaran is another factor that influences the boat's
drag. If the hulls are close together the bow waves from the hulls intersect
in a zone that lies between the hulls. The disturbance created in this zone
reflects back toward the hulls and disturbs the flow pattern near the stern.
This phenomenon, known as mutual interference, is detrimental because it
creates an additional component of drag. The critical value for hull-spacing
is determined by drawing a line that starts from one bow and forms an angle of
20° with the keel. This line, which coincides with the hull's bow wave, must
not intersect the other hull, Designating the length of the hulls as "L" and
the critical spacing between the hulls as "W", we obtain the following
relationship: W = 0.34 L. Based on this equation, the critical spacing for a
15-ft catamaran is about 5.1 ft. A boat this wide will be difficult to move
along a narrow walkway on a bridge.

Six-Foot Long Planing Hull

A planing-hull boat travels in two modes. When standing still or moving
at low speeds, the boat is buoyed up by hydrostatic pressure developed by the
hull's displacement. The craft sits low in the water and plows its way through
the approaching flow. When moving at high speeds, the boat is supported by
reaction forces that develop as water accelerates downward and away from the
hull. The craft now rides high in the water and moves forward with a skimming
action.

One form of planing hull has a flat bottom that slopes forward and upward
at an angle of only a few degrees. This type of hull is easy to build;
however, it is rather unstable at high speeds. The hull responds as if



balanced on a single fulcrum. The location of the fulcrum depends on the
center of gravity of the cargo and the forward speed of the boat. Even small
perturbing forces may cause the hull to alternately pitch up and down with a
porpoise-like motion.

A more stable craft is built with a notch-like step running laterally
across the bottom of the hull. The notch divides the hull into two planing
surfaces--one near the bow and one near the stern. This hull, which was first
proposed by C. M. Ramus (Saunders, 1957, p. 425), responds as if supported on
two fulcrums. Details of the design are rather sketchy; however, the
literature stresses the importance of ventilating the notch. At high speeds,
water traveling under the notch tends to entrain air and reduce the pressure.
If the air lost through entrainment is not continuously replenished, suction
pulls the water surface up into the notch and, thereby, destroys the planing
action. The literature also stresses the importance of sharp-edged chines, the
edges formed where the sides of a boat intersect its bottom. The high pressure
under the keel of the boat produces a lateral flow that appears as spray thrown
to the left and right. Curved chines inhibit flow separation and cause the
lateral flow to sweep around the chines and up along the sides of the craft.
This type of flow increases the wetted surface of the hull and, thereby,
increases drag.

A few "rules of thumb" (Saunders, 1957, p. 424) have been established for
setting the overall dimensions of a planing hull. To maintain a reasonable
degree of stability, the length/beam quotient should lie between 3 and 6.2.
The draft at rest is another important factor. A craft having a deep draft
will obviously require an excessive amount of power to push the craft through
the transition speed that divides displacement-hull operation from planing-hull
operation. To establish a low planing speed, the draft/beam quotient should
lie between 0.17 and 0.36.

The maximum safe speed of a planing hull is set primarily by the craft's
overall length. Figure 1 indicates that a V/ ¥ L quotient of five is not
unusual. According to Saunders (1957, p. 423), the quotient may exceed 20,
however; in all likelihood, this value applies only to hulls that are
meticulously shaped to yield the ultimate in high-speed performance.

A planing hull with a water-line length of 6 £, a beam of 2 ft, and a
draft of about 0.25 ft, comes close to meeting the "rules of thumb". The draft
is based on a total weight of 190 pounds--a 40-pound hull carrying a 150-pound
cargo. The speed at which the hull begins to plane is of major interest
particularly when the craft must move upstream against fast currents.
According to one estimate, a craft reaches planing speed when the V//T
quotient is about 2.5. This criterion indicates the boat will plane at any
speed higher than about 6.1 knots (10 ft/s).

The drag on a planing hull is usually determined experimentally by towing
the craft in a special test facility. Lacking tow-test data, we must settle
for rough estimates of the drag forces. On figure 1, the boats and ships are
not explicitly classified according to hull type; however, it is reasonable to
assume that the upper end of the "tentative meanline," which is based on
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performance data on high-speed patrol vessels and high-speed motor boats,
applies to planing hulls. Data from this meanline were used to compute the
"planing hull"™ curve on figure 2.

Boat Propulsive System

Any water craft is acted upon by two horizontal forces--the drag exerted
by the water and the thrust exerted by the propulsive system. When the craft
is moving at a steady speed, these two forces are balanced. Having established
values for drag, we now examine some propulsive devices and the power required
to operate them.

Essentially all types of propulsive devices operate on the same
principle--they develop thrust by accelerating a liquid, a gas, or a solid. In
this report, we consider screw-type propellers that accelerate air or water.

Ducted Fan

Large fans are commonly used to propel swamp-boats designed to run through
shallow, debris-laden water. A fan's immunity to fouling from such debris is
an attractive feature for bridge-scour work; however, measurements indicate the
size of the fan and its power requirements will be rather large.

Experimental data were collected on a 19-inch diameter window fan having
five blades driven by a shaded-pole induction motor. The motor was rated at
2.6 amperes, 115 vac; however, it actually drew 2.1 amperes at rated voltage
and speed. The power delivered to the shaft of the fan was about 0.06 hp,
obtained by computing the volt-ampere input to the motor and then applying
corrections for power factor and electro-mechanical efficiency. Thrust was
measured by first suspending the fan from wires and then measuring the force
with spring scales. Running at rated voltage, the fan developed a pull of
about 0.85 pounds.

Figure 2 indicates a fan must develop a thrust of about 40 pounds to
propel the 15-ft catamaran at a speed of 15 ft/s. Assuming that a fan's power
requirements and thrust are proportional to its disc area if speed remains
constant, we obtain the following two equations:

4p

P

In these equations, A, T, and P refer to disc area, thrust, and power,
respectively. Subscripts "m" and "p" refer to model and prototype,
respectively. Evaluating these two equations, we obtain

Ap(Tp/Tp)

Pp(Ap/Ap)

and

4p

(1.96)(40/0.85)
(0.06)(93/1.96)

93 square feet.

2.85 horsepower.

Pp

11



The calculated value for A, is probably too large because the assumption
neglects the fact that 1engthe%ing the blades on a fan improves its thrust
efficiency. By taking this fact into account and by optimizing blade shape,
blade pitch, and blade speed it is possible to reduce the disc area; however,
power requirements climb as disc area decreases. As the size of the fan
decreases, the weight of the power source increases. Later, we will see that
weight poses some serious problems. Although the value of 2.85 hp was
determined by crude methods, it agrees reasonably well with values determined
for underwater propellers discussed in following sections.

A fan has a disadvantage related to its interaction with wind. Strong side
winds may blow the craft off course: strong head-winds will lower the fan's
thrust and may cause the craft to lose headway and gradually drift downstream.

Shifting to an underwater propeller is one way of making the propulsive
system more compact. The advantage of a propeller over a fan is shown by the
equation T = pQ(AU) which relates thrust "I", fluid density "p", flow rate
through the propeller (or fan) "Q", and change in velocity imparted to the
fluid "aU", As this equation shows, accelerating water instead of air gives
rise to a dramatic increase in thrust because the density of water is much
greater than the density of air. The following two sections discuss the size
and thrust of underwater screw-type propellers.

Nordstrom's Logarithmic Propeller

Figure 3 is a design chart for Nordstrom's propeller, one of many under-
water propellers that have been tested under controlled conditions. For a par-
ticular boat speed, characteristics of the propeller are determined by drawing
a vertical line upward from the appropriate J-value on the abscissa of the
chart. This line is extended until it intersects the curves labeled n, K¢,
and K5, Then perpendiculars are dropped from the intersection points to the
straigh'-line scales. The pattern for the perpendiculars is shown by the
arrowed lines on figure 3.

Let us apply the chart to the 15-ft catamaran. To drive the craft at 15
ft/s, the propeller must develop 40 pounds of thrust and should operate at or
very hear its maximum open-water efficiency "no". A vertical line drawn
upward from a "J" value of 0.72 meets this efficiency requirement. A value of
0M4T for Cr;, is read from the perpendicular line drawn from the intersection on
the Ky curve. Next, we insert values for thrust "T", water density "p", (1.94
for fresh water), and advance speed "Va" into the following equation:

Crp = T/(0.5 p AV,2)

Solving this equation for the disc area of the propeller "AO", we obtain 0.39
ft2, In other words, the propeller must have a diameter of 0.71 ft--a
dimension that is compatible with the portability requirement.
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