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DISCLAIMER

The contents of this report reflect the views of the acthors, who are responsible for
the facts and the accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Washington State Transportation Comenission,
Department of Transportation, or the Federal Highway Administration. This report does

not constitute a standard, specification, or regulation.
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SUMMARY

The purpose of this study was to help ferry landing designers understand how
vessel charaétéristics affect berthing maneuvers. This knowledge should assist in
improving both ferry landing designs and vessel @pémtiug policies.

The study included a literature review, mathematical modeling, and a review of
previously performed physical model tests and sea trials. The investigation concentrated on
Washington State Ferry's Super Class vessels (capacity-160 automobiles, length-382 ft,
beam-73 ft, draft-16 ft, displacement-3,283 long tons). Full-scale measurements were aiso
collected with global positioning system (GPS) equipment. Finally, the research team
developed a protocol to assist researchers in making futﬁre GPS measurcmems.

Sea trials provided information on vessel stopping and vessel turning
characteristics. The diameter of the turning circle was determined for throttle settings of full
ahead and half ahead. The stopping distance from maximum speed using full reverse
propulsion was also obtained. From existing Super Class vessel sez trial records, the
turning circle was 1,900 ft to 2,600 ft, and the stopping distance was 900 ft.

Mathematical modeling of stopping situations produced similar results for stops
using full reverse power. However, modest efforts at mathematical modeling for stops
using half astern and slow astern power settings did not produce results that corroborated
actual observations. For this reason, the research team recommends that GPS observations
be made during stops using half astern and slow astern to improve these mathematical
models and to provide empirical data on vessel deceleration characteristics at these throttle
settings.

The resuits of the physical model teéts were the preferred source of information for
estimating vessel drag for mathematical models. The estimates of Super Class vessel drag
obtained from tables in the literature varied considerably from the results of previously

performed physical model studies.

vii



The researchers recomemend that W3DOT develop 2 vessel guidebook for ferry
landing designers that includes the basic characteristics of all vessels and the results of sea
trials and physical model tests. (P8 observations should be obtained for distressed vessel
situations, soch as a vessel attempting to turn with limited or no power, or a vessel drifting
with no power under the influence of the wind and current. These observations could be
made in open water under safe conditions. The resulis of these observations could then be
anatyzed, and ferry landing designs and operating policies could be improved so that

operatoss could better handle distressed vessel situations.



CHAPTER 1
INTRODUCTION

Understanding vessel characteristics is a vital part of ferry landing design. The
vessel approach path and velocity are influenced by the vessel characteristics. The
approach velocity is important because the fender system a: the landing facility must
absorb the energy associated with the approach velocity; the approach path is important
because the placement of the landing structures is dependent upon the location of the
ferry during its approach into the berth. (1) Ferry landing structures should be tailored to
the velocity and paths of the ferries for which they are designed. Since velocity and
approach paths are influenced by ferry characteristics, better understanding of these
characteristics can allow the designer to improve the geometric arrangement of landing
structures and to select appropriate design berthing forces.

To understand how vessel characteristics influence the vessel approach path near
the landing structures, one may examine both the effects of normal berthing maneuvers
and the berthing maneuvers of distressed vessels. Examples of distressed vessels are
those that are off-course, or those that are experiencing propulsion malfunctions.
Because berthing maneuvers involving distressed vessels are rare, it is difficult to study
them by observation. Instead, the research team at the University of Washington
Department of Civil Engineering analyzed approaches related to these types of berthing
maneuvers by using simulation methods. (1)

The objective of the study was to assist ferry landing designers in understanding
how vessel characteristics affect berthing maneuvers. This knowledge will allow
designers to plan more effective landing structures and to develop appropriate vessel

operating policies. Such policies may limit vessel speed and paths; they may also enable



recemmended procedures for future full-scale measurements taken with
GPS instrumentation to test other berthing scenarios, or to provide a
greater understanding of vessel characieristics and vessel maneuverability;
recommendations regarding the development of ferry landing design
criteria that are similar to some geometric design criteria for roadways;

recommendations for further research.



CHAPTER 2
RESEARCH APPROACH

Information gleaned from the lterature search suggested to the researchers that
changes in vessel velocity with respect o time can be estimated if approximate resistance
and thrust values are known. Application of this knowledge enables designers to estimate
a given vessel's approach velocity in the given circumstances. The literature review also
revealed a relationship, known by naval architects, between vessel resistance and vessel
velocity. A graph depicting total resistance/tons (R/Tons) vs. velocity/length (VAL) can
be prepared for most vessels. A sample curve of this relationship is shown in
Figure A.5. (3)

Although mathematical equations can be applied to estimate vessel resistance, the
resistance is more accurately obtained from physical model resistance test data. Once
vessel resistance is estimated from physical model resistance test results, the total force
acting on the vessel can be calculated. Equations of motion can be employed to calculate
final velocity from initial vessel velocity. These equations represent a mathematical
model to predict the vessel velocity on the basis of vessel characteristics.

Review of existing documentation showed that it is possible to obtain additional
information on vessel characteristics by examining the results of sea trials and full-scale
measurements. During exploratory fuli-scale tests, information derived from
mathematical models and sea trials was confirmed. Additionally, recommendations for
data collection procedures were developed for future full-scale tests.

Demonstrated as part of this study was the principle that design criteria for ferry
landing structures can be developed by considering vessel characteristics in a manner
similar to that employed in developing design criteria for roadways. However, vessel

characteristics should not govern the design of ferry landing structures.



Mathematical models created {o estimate vessel velocities on the basis of vessel

characteristics for specific berthing scenarios will be discussed in the following section.

These berthing scenarios represent both normal approaches and approaches that involve

vessels in distress. Berthing scenarios studied as part of this project are listed below:

i

a ferry decelerating after a throttle-setting change from full ahead to stop
{a distress scenario),

a ferry decelerating after a throttie-setting change from full ahead to slow
ahead,

a ferry decelerating after a throttle-setting change from slow ahead to slow
astern,

a ferry decelerating after a throttle-setting change from full ahead to full |
astern,

a ferry turning at full-ahead speed resulting from a rudder position change
from midships to 35 degrees right,

a ferry turning at full-ahead speed resuiting from a rudder position change
from midships to 33 degrees left,

a ferry turning at full-ahead speed resulting from a rudder position change
from midshi?s to 25 degrees right, and

a ferry turping at slow-ahead speed resulting from a rudder position

change from midships to 20 degrees right.

All of the scenarios listed above were tested as part of this study or a previously

performed sea trial. Other possible maneuvering scenarios that couid be tested in the

future include the following:

9.

10,
il

a ferry drifting on a calm day without steering control,
a ferry drifting on a windy day without steering control, and

a ferry drifting on a windy day with steering control.



Testing procedures for these scenarios will be discussed in Chapter 4.
During the berthing scenarios, evasive maneuvers might aid in preventing or

minimizing potential damages. Possible evasive maneuvers are as follows:

1. reversing propulsion to full astern to decelerate the vessel,
2. using the rudder to return to course and avoid collision, and
3. using the rudder to turn the vessel away from the approach path.

Understanding a vessel approach path as the vessel nears the landing facility is
important in understanding the berthing scenarios. As part of a continuing research effort
at the University of Washington, a preliminary study of the approach paths of WSF
ferries was performed. A detailed description of this study is included in Appendix .
The study showed that ferry approach paths can be plotted by using video cameras and
simple survey techniques. The study described in Appendix D provided a quick and easy
means of cstimating a vessel's location within 3200 feet. (4) The study also
recommended the use of the Global Positioning System (GPS) to provide more accurate
vessel positioning. A description of the GPS installation on the WSF ferries is also
provided in Appendix D. GPS is a measuring system that locates the position of an
object on earth by measuring the object's distance from a group of satellites in space.
GPS, A Guide to the Next Utility, by Jeff Hurn for Trimble Navigation Ltd., provides a
more complete description of GPS. (3)

Other research teams have tracked vessel locations with GPS in their studies as
well. Ship Simulation of the Houston Ship Channel, Houston, Texas, by D.W. Webb and
J.C. Hewlett, describes the GPS installation that was used to track two loaded vessels
meeting and passing in a constricted channel. (§) The Danish Maritime Institute
simulates vessel motion with computer programs. In this application, a vessel captain
navigates a simulated path in a laboratory setting. The captain's actions are recorded, and
the computer simulation program then plots the course of the simulated path. A more

detailed description of the Danish Maritime Institute's facilities is provided in



Reference 2. An example of a plot generated on the basis of the computer simulations are

given in Appendix E.

As part of this study, R/Tons vs. VWL curves were generated for WSF Super
Class ferries. Curves of Rg/Tons vs. VL, Rw/Tons vs. VAL, both RgfTons and
Ry/Tons vs. VAL, and Ry/Tons vs. VAL generated from calculations by this method are
shown in Figures 2.1, 2.2, 2.3, and 2.4, respectively. Additionally, an existing graph of
RyfTons based on physical model resistance test data for WSF Super Class ferries was
- reviewed during this study. (Z) This graph is shown in Figure 2.5. The field testing
indicated that the resistance values from the physical moedel test results produce a more
accurate estimate of resistance (used to predict vessel velocity) than do the mathematical
equations. Although the mathematical equations were found to have shortcomings in this
study, they may be useful for other applications. Therefore, the application of these
equations for estimating vessel resistance is described in this section. .

To develop curves of RgfTons vs. VAL for a WSF Super Class ferry, the
Reynolds Mumber, R, the frictional resistance coefficient, Cy, the frictional resistance, Ry,
and the frictional resistance per ton, R¢fTons, were calculated for different velocities
using Equations 3, 4, and 5. Summary calculations performed to compute values to
develop these curves are provided in Appendix F. The values of Rg/Tons were plotted
against values of VL for the corresponding velocity. The resulting curve as shown in
Figure 2.1 is similar in shape to the published curve for frictional resistance that is
presented in Figure A.5. For the range of values of ¥//L in Figure 2.1, the R¢/Tons
values are similar to those obtained from the published curve shown in Figure A.S.

The research team generated the Ry,/Tons vs. VAL curve shown in Figare 2.2 by
using the values of Ry/Tons and values of VA'L obtained from Table A.4. Once plotted,
the set of data points were fitted with an exponential regression curve using a least

squares fit approximation. The coefficient of correlation for the resulting
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exponential equation was 0.979, which indicates the curve equation’s relative accuracy.
A correlation coefficient of 1.00 represenis complete accuracy. (8) The resulting curve fit

equation is shown on the graph in Figure 2.2 and is described as follows:

Ry/Tons = 0.037 * 10191 * (VA/D) ®
where Ry = wave-making resistance (1bs}

Tons = vessel weight displacement (tons)

A = vessel velocity (knots)

L = vessel length (fi)

For the curve shown in Figure 2.4, Ry/Tons was computed by adding RyfTons and
Rw/Tons calculated from Equations 5 in Appendix A and 1, respectively. Values of
Ry/Tons were plotted against corresponding values of VAL, The curve in Figure 2.4 is
sirnilar in shape, for a similar range of values, to the published curve presented in
Figure A.S.

The curve of Ry/Tons vs. V/JL obtained by this method was compared 1o & graph
of Ry/Tons vs. VAL developed from towing tank model resistance tests. The graph
shown in Figure 2.5 presents results of Ry/Tons for ferry model tests performed at the
Ship Hydrodynamics Laboratory at the University of Michigan. The tests were
performed on a model representing a WSF Super Class ferry. The resistance tests were
conducted over a speed range of 13 knots to 23 knots (fuli-scale). The models were fitted
with a dummy hub in place of the stern propeller and a ﬁ“@@ wheeling bow propeller. (I)
A complete description of the model tests and the test results is given in Appendix G.

A comparison of the two methods of estimating the resistance of 2 WSF Super

Class ferry at fuli-ahead speed (17 knots or 28.7 fi/sec) renders the following results:

Method Reflons B
Mathematical Model 7.46 24.456.56 Ibs
Model Tests 16.66 54,7701.21 Ibs

14



The values obtained through the application of mathematical equations to compute values
of Rf, Ry, and Ry, differed considerably from the model test results; differences in values
for Ry represented the largest differences.

The values of Rf, Ry, and R obtained from mathematical equations reflected a
simplified approach. Possible sources of error include the following: (1) exclusion of
appendage resistance, air resistance, and eddy resistance; and (2} use of approximate
methods to calculate the frictional resistance coefficient. In addition, the tabular daw
pertaining to Ry were developed for vessels other than ferries, and as such, they may not
be appropriate for the estimation of Ry for ferries.

The results from the model tests, as presented in Appendix G, were used as part of
this study. Values of Ry/Tons obtained from the model test results were plotted against
corresponding values of VA'L. The resulting graph is shown in Figure 2.6. An example
of the data that were plotted is contained in Appendix G, under the heading, "Table AS5."
These data were plotted, and the data points were fitted with an exponential regression
curve, using a least squares fit approximation. The correlation coefficient for the
resulting exponential equation was 1.00, which indjcaies an excellent fit. (§) However, a
more precise fit would be one that passes through the origin. The resulting curve fit

equation for the model test data is shown in Figure 2.6 and is as follows:

RyTons = 121 * 10131*(VA/L) @
where Ry = total vessel resistance (ibs)

Tons = vessel displacement (tons)

A" = vessel velocity (ft/sec)

L = vessel length (ft)

In general, these curves are used when velocity is known and resistance is
required. However, the curves may also be used to simulate velocity changes. If the
vessel's initial velocity is known, then the total resistance at that velocity may be

estimated from the curve. The total resistance force is caiculated from Equation 2.

15
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This total resistance force represents the drag force on the vessel at a given
velocity. If the imbalance between the force created by the propulsion system and the
drag force is known, then the vessel's acceleration or deceleration can be calculated. The

acceleration or deceleration is calculated from the following equation:

A = F/M (3}
where A = vessel deceleration (ft/sec?)

F = net force on vessel (Ibs)

M = vessel mass (Ebsf(ft/swz})

Apparent vessel mass consists not only of the actual ship mass, but of 2 certain
mass of water surrounding and moving with the ship as well. This mass of surrcunding
water is referred to as added mass, denoted by the symbol Cy, and is estimated to be in
the range of 50 to 80 percent of the actual vessel mass when the vessel is in its final
approach maneuver. (9) Added mass applies whenever there is vessel acceleration and
not just during the final approach to a landing facility. For the model developed in this
~ study, the vessel was considered to be at a distance from the landing facility, not in its
final approach maneuver, and where added mass was noﬁ significant. Therefore, the
added mass was not considered when the vessel mass was calculated for use in Equation
3. But, added mass is a hydrodynamic property of the vessel that is independent of
location.

Velocity as a function of distance can then be computed from eguations of motion
integrated over a short increment of distance. Velocity can be computed from the

following equation:

Vi2 = Vg2+2%A*s 4
where Vi = vessel final velocity (ft/sec)

Vo = vesselinitial velocity (ft/sec}

A = vessel acceleration (or deceleration) (ft/sec?)

s = incremental distance travelled (ft)
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As the velocity changes, the resistance force changes; therefore, the calcnlaton of
| V1 must proceed iteratively. For s given distance, the net vessel force, and therefore the
acceleration, are considered to be constant. At the end of the distance interval, the final
velocity is calculated from the beginning velocity, the distance travelled, and the net
vessel force. The new velocity then represents the beginning velocity for the next
distance interval. (1)) This model assumes steady-siate thrust during the distance

travelied and, as such, represents a simplification to vessel deceleration.

The principles of geometric alignment of highways are well understood by
wansportation engineers. Yehicle performance characteristics play an important role in
the design of virtually all roadway elements. (11) Current roadway design standards are
presented in detail in Reference 12,

Some ferry landing design siandards could be developed in 3 manner similar to
the design of roadway standards. For example, practical stopping distance is a concern
for designers of both roadways and ferry landing stuctres. The roadway designer must
provide for adequate driver sight distance to permit safe stops. The braking behavior of
vehicles is critical in the determination of adeguaie stopping distance. (11) Similarly, the
stopping behavior of a ferry should be of interest to ferry landing designers. However,
vessel characteristics should not dictate the design of ferry landing facilities, but be
considered in the development of design criteria,

The practical stopping distance uvsed in roadway design is calculated by the

following equation:

d = V14300 + V(D &)
where d = distance in which vehicle comes 1o a complete siop (ft)

Vi = initial velocity (ft/sec)

£ = coefficient of friction

£ = reaction ame {sec)
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For safety reasons, a highway design should provide drivers with sufficient sight distance
to allow them to safely stop their vehicles to avoid collision with objects obstructing the
forward progress of the vehicle. (123

Vessel designers also define the vessel stopping distance. This distance, known
as headreach, provides a measure of the vessel's ability to stop forward progress to avoid

collision. Headreach is calculated from the following equation: (13}

s = Di*M*ViZ(2*R) (6)
where s = headreach {ft)

D; = dynamic potential

M = apparent vessel mass (Ib-secZ/ft)

R = vessel resistance (Ibs)

Vi = initial véssei velocity (ft/sec)

Dynamic potential is a dimensionless combination of several variables and is often
estimated from curves, as shown in Figure 2.7. Because R varies with V2, the curve
marked "2" in Figure 2.7 is used to estimate D (V?® indicates use 6f the curve marked
"n"). Dynamic potential is a function of the ratio of the vessel's resistance divided by the
astern thrust (R/T). Reaction time and the time required to reach full-astern thrust from
ahead thrust are accounted for in the graph presented in Figure 2.7. (13)

The following equation constitutes an approximate method of calculating

headreach.
s = 80*Vi2*DyT+15%V, )
where s = headreach (ft)
Vi = initial vessel velocity (fi/sec)
Ti1 = astern thrust (Ibs)
D = vessel displacement (tons)
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A further explanation of the derivation of this approximate method is provided in
Reference 13. Equation 7 assumes 20 seconds for the time to establish astern thrust.
Equation 7 has the advantage of containing only quantities that are readily available.

The headreach used by vessel designers and the stopping distance used by
roadway designers are similar. Both enable designers to calculate the distance required to
stop the moving vessel, or vehicle, at various speeds. As roadway designers use the safe
stopping distance in roadway design, ferry landing designers can use headreach in the
development of design criteria for ferry landing structures.

Researchers have studied the stopping characteristics of the ferry MV
Deutschland. Figure 2.8 shows results of two stopping maneuvering tests with this ferry.
These test results furnish general information on stopping times and vessel deceleration.
(® Similar results could be expected for WSF ferries. The graphs in Figure 2.8 indicate
that velocity decreases and distance increases with time. This graph also shows that the
propeller direction is not reversed instantly, but that it takes approximately 20 seconds
before it starts to tumn in reverse. Comparison of the two stopping maneuvers reveals that
the ferry stops after approximately 600 meters when the initial speed is ahead, but that the
ferry stops after approximately 300 meters when the initial speed is astern.

Ferry landing designers are also interetested in the turning radius of a vessel.
Transportation engineers have long used vehicle turning radius information in their
roadway designs. The principal vehicle characteristics affecting horizontal highway
design are: vehicle width, whsclbase? and minimum wrning radii. Longer vehicles
require turning paths of greater widths. A typical minimum turning radius diagram for a
BUS design vehicle is depicted in Figure 2.9. In this case, the minimum turning radius
and transition lengths are for turns that occur at speeds of less than 10 mph. This radius
is considered minimum for this application. The turning dimensions shown in Figure 2.9

were derived from scale models and computer plots. (12}
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THIS TURNING TEMPLATE SHOWS THE TURNING PATHS OF THE AASHTO DESIGN
VEHICLES. THE PATHS SHOWN ARE FOR THE LEFT FRONT OVERHANG AND THE

QUTSIDE REAR WHEEL. THE LEFT FRONT WHEEL FOLLOWS THE CIRCULAR CURVE;
HOWEVER, ITS PATH IS NOT SHOWN.

081

SCALE IN FEET

Source: Texas State Department of Highways and Public Transportation

Figure 2.9. Minimum Turning Path for BUS Design Vehicle (12)
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The turning test resulis derived from sea trials can provide ferry landing designers
with similar turning information. Turning test results provide information related to the
vessel turning radius for two different shaft RPMs. Turning test results for the WSF
Super Class ferry, Yakima, are shown in Appendix H, and an example of turning test
results for this ferry are shown ir; Figure 2.10. The minimum turning radius for the
Yakima is approximately 1893 feet at a speed of 17 knots, A diagram simdlar to that
shown in Figure 2.9 can be created from this test result. The information gained from
turning test resulis can assist ferry landing designers in developing plans that allow for

sufficient turning radii, given operative ferrv approach speeds.

As pazt of this study, full-scale measurements were performed with the WSF Super Class
ferry, Yakima, using the GPS system, which was referenced previously {(Appendix D).
These measurements were taken during regular sailings between Edmonds and Kingston.
Figure 2.11 shows the location of the terminals at each of these sites and the approximate
ferry path on this route. The full-scale tests were exploratory in nature; the research team
hoped that the initial round of tests would provide information that would be useful in
making recommendations for further full-scale testing,

GPS inspumentation recorded the Yakima's position and velocity throughout each
sailing. The standard route between Edmonds and Kingston involves travel at constang
heading, and aiso involves heading changes. In particular, the ferry encounters a change
of heading into Appletres Cove as it approaches the Kingston terminal. The ferry also
changes course from a northeasterly heading {approximately) to an easterly heading
{approximately) as it approaches the Edmonds terminal. The location of these heading
changes is shown in Figure 2.11. GPS instrumentation tracked the ferry position over the
entire saifing.

Buring the data collection period, the ferry alsc travelled through nonstandard

courses on some sailings. For example, during a demonstration of vessel rudder
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response, the ferry was turned to the left, to the right, and back on course, when the
rudder position was set hard left, hard right, and midships, respectively, While at
full-ahead speed. Another example was a 90 degree turn from an easterly direction
(approximately) to a northerly direction (approximately) while at full-ahead speed. The
vessel rudder response at slow-ahead speed was demonstrated when the captain altered
the rudder position on the final approach to the landing facility.

Once measurements had been collected with the GPS instrumentation, the raw
data were differentially corrected with Trimble Navagation Lid.'s POSTNAV I sofiware.
Differential correction involves calculating the error associated with the system for a
known reference point and applying the correction to the mobile reference point. A more
complete description of the POSTNAV 1I software and differential correction methods is
provided in Appendix D. POSTNAV II provides coordinates of the vessel's position, as
well as the north and east components of velocity at one-second intervals. Position and
velocity results were imported into Microsoft EXCEL for Windows; a spreadsheet was
then created. Data manipulation in the spreadsheet resulted in absolute values of distance
and net velocity at one-second intervals. The research team generated graphs of velocity
vs. distance from the distance and net velocity data. The data were then imported into the
- AUTOCAD software program, which produced plots of the vessel's path. Examples of
the EXCEL graphs and AUTOCAD graphics are shown in Figures 2.12 and 2.13.

The methodologies presented in this chapter cover a variety of tasks related to
increasing understanding of vessel characteristics and their role in ferry landing design.
The selection of possible berthing scenarios and the creation of mathematical models to
estimate vessel velocity during these scenarios constitute the first step in this process.
Review of existing sea trials results provides additional insight regarding vessel
maneuvers. Data gathered during the preliminary full-scale measurements provide a

point of comparison for some of the previously developed mathematical models.
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Adaptation of certain sea trials might zlso offer addidonal data that would enable ferry
landing designers to predict the maneuverability of a distessed vessel. Finally, review of
existing geometric roadway design criteria indicates that similar design criteria could be
developed for ferry landing facilities. The results of each of these tasks are presented in
the following chapter. Recommendations for further research are presented in a

subsequent chapier.



CHAPTER 3
FINDINGS

The curves shown in Figures 2.1, 2.2, 2.3, and 2.4 are sources of information that
may be used to calculate vessel resistance from the common coefficients and ratios that
describe the vessel's form. The results of model resistance tests for WSF Super Class
ferries are another source of information regarding the resistance of ferries. The physical
model test results are more precise than mathematical equations in estimating vessel
resistance for WSF Super Class ferries.

The calculations described in Chapter 2 indicate that velocity can be predicted
from the net force on the vessel. The net force used in Equations 3 and 4 is derived from
the drag force, which is representative of total resistance. Total resistance is estimated
from the vessel characteristics and is calculated using Equation 2. Hence, velocity can be
predicted from a given vessel's resistance characteristics. Sample calculations using
Equations 2, 3, and 4 are shown in Appendix I. Scenarios described in the next section
show results of the application of these mathematical models, which depict the
deceleration characteristics of WSF Super Class ferries.

The existing sea trials results are another source of information useful in
understanding vessel maneuverability. Stopping distance and turning characteristics
reported in the sea trials results can be compared to results obtained with mathematical
models. The sea trials results offer insight with respect to other vessel maneuvers that
could provide ferry landing designers with additional information.

Full-scale measurements provide a source of data that can be used to test the
validity of the mathematical models. The research team observed turns and decelerations
during six trips on board a WSF Super Class ferry, under normal operating conditions.

These observations were compared to sea trials results and mathematical models.

31



Comparing data collected during actual maneuvers with mathematical model simulations
constitutes a credible way of verifying the validity of the mathematical model
simulations. The preliminary full-scale measuremnents that were completed as pan of this
study provide another source of information about further testing applications. Full-scale
measurements provide data related to actual vessel maneuvers in actual sea conditions.
Current principles of geometric roadway design provide yet another source of
information useful in developing design criteria for ferry landing facilities. Design
criteria for ferry landings could be developed in 2 manner similar to that of geometric
roadway design principles by considering vessel characigristics. Ultimately, the research
team set limits for approach paths and speed Hmits for approaches on the basis of the

principles just described, the results from mathermadeal models, and on ses frials results.

Berthing scenarios were created to simulate simple berthing maneuvers. Fowr

such scenarios were created; they are lisied below,

° power reduction from full ahead to stop while on course,

® power mdamﬁm from full ahead to slow ahead while on course,

° power reduction from slow ahead to slow astern while on course, and
s power reduction from full ahead to full astern while on course.

&

The first berthing scenaric represents a vessel travelling at full ahead that loses
power. When power is unavailable, it iz assumed that the propellers rotate without
providing thrust or drag, and that the vessel is slowed by its hull resistance alone. Thus,
the net vessel force defined in Equation 2 becomes the vessel drag force because the
propulsion force is zero. A graph of velocity vs. distance for this scenario (full ahead to
stop) is shown in Figure 3.1, The calculations required to determine the values used to
create this graph are detailed in Appendix J.

The graph in Figure 2.1 can be used to develop design criteria. For example, the

graph shows that the ferry slows from 17 knots to 12 knots in approximately 1500 feet (or
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approximately one quarter mile). WSF ferries adopt what is known as the
"one-quarter-mile rule”, which suggests that the power should be reduced from full ahead
to slow ahead at approximately one quarter mile from the landing structure. The ferry is
brought to a stop by reverse power when the ferry is within a boat length from the dock.
If this rule is followed, then the closest that a ferry would come to a dock at the full speed
of 17 knots, is one quarter mile. If the ferry lost power and could only coast in the last
quarter mile, then the ferry would reach the landing structure at a velocity of 12 knots, as
reflected in Figure 3.1.

Another scenario was created to simulate a vessel decelerating from a reduction in
power from full ahead to slow ahead. This scenario is relevant because it simulates the
WSF "one-guarier-mile rule” situation described above.

The vessel steady-state velocity at slow ahead was estimated from the vessel's Ry
vs. VWL curve. The ferry travels at 17 knots at full ahead. The force required to
overcome total resistance at 17 knots is 55,000 Ibs {from Appendix J); thus, 55,000 lbs
must be the propulsive force at full ahead. The shaft RPM for full ahead is 150 RPM; the
shaft RPM for slow ahead is 50 RPM. From the graph of speed vs. shaft RPM given in
Appendix H, the velocity corresponding 1o 30 RPM is 5 knots. Using this velcciiy,
Equation 2 results in 2 resistance of 10,500 Ibs. Therefore, for a steady state velocity of
5 knots (50 RPM], the thrust is 10,500 lbs.

With Vg = 17 knots as the initial velocity, calculations using Equation 4 were
repeated to predict the velocity from resistance characteristics for the scenario of a vessel
decelerating from full ahead to slow ahead. For the purpose of performing these
calculations, it is assumed that the force or resistance changes from 55,000 1bs to
10,5@0 Ibs. Actually, the thrust may drop below 10,500 Ibs while the propeller RPM and
vessel speed are adjusting to the new steady state condition. If this is true, the calculated
speeds would be higher than the actual speeds. This would result in conservative design

criteria. A graph of velocity vs. distance for this scenario is shown in Figure 3.2a. The
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calculations required to determine the values used 1o create this graph are shown in
Appendix K. In the first 5300 £t of wavel, the velocity change is similar to that of the
previous scenario, shown in Figure 3.1,

The simulation of the power reduction from full ahead to slow ahead indicates
that, after initial noticeable deceleration, the vessel is slowed very gradually. The initial
noticeable deceleration is to be expected because the wave-making and friction resistance
forces are great, and as such, slow the vessel. As the vessel speed decreases, the wave-
making and friction resistance forces decrease rapidly and are not as effective in
decelerating the vessel. (14)

The graph shown in Figure 3.2a can also be used to develop design criteria for
ferry landing swructurss. This graph is useful because it shows the speeds that can be
expected during a normal approach. The locations of the landing structures are known,
and the velocity of the ferry as it passes these locations can be estimated. According to
this graph, if the ferry reduced power to slow ahead at one quarter mile from the landing
facility, travelled 1o within one boat length of the facility, and was not able to decelerate
further, then the graph indicates that the ferry would be travelling at a speed of
approximately 13 knots when it approached the landing facility. Although the ferry does
not decelerats significantly past this speed, it does retain steering control while at
slow-ahead speed. |

The graphs shown in Figures 3.1 and 3.22 can be combined to illustrate the
siowing characteristics of a WSF Super Class ferry. An example of such a graph is
shown in Figure 3.2b. This graph indicates that the ferry decelerates at a similar rate for
the first 500 feet of wavel for the two scenarios. Afier the first 500 feet of travel, the
scenaric representing a power reduction from full ahead to slow ahead shows less
deceleration. Therefore, if the ferry is within 500 fee: of the landing structure and
travelling at full-ahead speed. & throttle setting of slow ahead, or stop, does not

significantly change the ferry's deceleration. The advantage of using the slow ahead
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throttle setting is that the ferry retains steering control even at close proximity to the
ianding structare.

A third scenario was created to simulate a vessel decelerating after a change in
power from slow ahead to slow astern. This scenario is 2 relevant one, since WSF ferries
decrease velocity as they near the dock by reversing power. Slow astern is the first
reverse power setting, and is usually applied when the ferry is within approximately one
boat length from the dock. Using Vo = 13.0 knots as the initial velocity, calculations
using Equation 4 were repeated to predict velocity from resistance characteristics for the
scenario involving a vesse! decelerating from slow ahead to slow astern. The initial
velocity of 13.0 knots, as estimated from Figure 3.2a, is the velocity after approximately
1,000 feet of wravel, which is equivalent to two-and-one-half boat lengths. WSF ferries
usually travel two to three boat lengths at slow ahead speed before applying reverse
power. The reverse power setting o slow astern is often made at one boat length from
the landing facility. These calculations assume that the ‘vessei develops the steady state
reverse thrust of 10,300 Ibs immediately after the throttle setting ié changed. However, a
real propelier requires time to reverse its motion, and the non-steady thrust probably
differs from the steady state thrust. A full-scale test could not be found for comparison.
Therefore, one must view the following z*esuits with caution. A graph of velocity vs.
distance for this scemaric is provided in Figure 3.3. The calculations required to
determine the values used in f:reaﬁng this graph are shown in Appendix K. This graph
shows that the vessel could decelerate from 13.0 knots to 8.0 knots (23.6 fifsec to
13.5 ft/sec) in approximately 1,400 feet if the power setting were changed from slow
ahead to slow astern with no further reverse propulsion.

A fourth séenari@ was created to simulate a vessel decelerating from a change in
power from full ahead to full astern. This scenario is relevant since it is similar to a crash
stop test. The crash stop test, explained elsewhere in this report, provides information on

vessel stopping ability. During the crash stop test, the power setting is changed from full
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ahead to full reverse, and the time and distance reguired 1o stop the vessel are recorded.
(See Reference 15 for a complete description of a crash stop test and Appendix H fora
description of the crash stop test procedures adopted by WSF.)

The vessel steady-state velocity at full ahead is 17 knots, and the total resistance
at this velocity is 55,000 lbs (from Appendix J). The propulsive force available at full
ahead is 55,000 Ibs, as described previously. This thrust is achieved when the shaft speed
is 1530 RPM, which is the shaft speed that corresponds to full ahead. For full-astern
power, the shaft speed is 180 RPM; the corresponding velocity is 18 knots. The
propulsive force available at steady statwe velocity at full astern is 70,000 Ibs, as
calculated from Eguation 2.

Using Vg = 17 knots as the initial velocity, calculations using Equation 4 were
repeated to predict the velocity from resistance characteristics for the scenario of a
change in power from full ahead to full astern. A graph of velocity vs. distance for this
scenario is given in Figure 3.4. The calculations reguired to determine values used in
éreatirag this graph are shown in Appeﬁdix K. This graph indicates that é WSF Super
Class vessel could decelerate from a velocity of 16.3 knots to 6.3 knots (27.5 feet/sec to
10.6 feetfsec) in a distance of approximately 800 feet. The crash stop test for the WSF
Super Class vessel, included in Appendix H, indicates that the vessel decelerates from
16.3 10 6.3 knots in 892 feet. The difference could be due to the time required for the
propeller’s rotation to change from ahead to astern motion,

Information from the graph in Figure 3.4 should be useful to ferry landing
designers. Figure 3.4 can be used o estimate valocity for ferries that cannot decelerate in
accordance wﬁh normal operating procedures. If, for example, the ferry passes the one
quarter mile point and does not reduce power (o slow ahead, but is forced to use full
astern power, then the graph indicates that the ferry could slow to a velocity of

approximately 0.5 knots in 1,000 feet.
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Appendix H contains a detailed example of sea trials resulis, é.s well as a single
page summary. The page entitled "Super Class Maneuvering Data" shows turning
maneuver results for each pilot house, opposite m directions, and throttle settings. Also
shown in this document are crash stop test results for two throttle settings, and speed vs.
shaft RPM graphs. This document provides ferry landing designers with information,
simply presented, that should be useful in developing design criteria for ferry landing
aids. The sea trials results for the WSF Super Class ferry, MV Yakima, contained in
Appendix H, include speed trial, turning maneuver, and crash stop measurements; each of
which is described in the following paragraphs.

Results from the speed trials, often summarized and presented graphically,
provide information on the steady-state velocity for a given shaft RPM. During the
berthing maneuver the throttle setting is altered as necessary to bring the vessel to a stop
at the landing structure. As described previously in this report, vessel power is generally
altered from full ahead, to slow ahead, o slow astern during a WSF ferry's normal
landing facility appreach. For sach throttle setting, the RPM is known; thus, the
steady-state velocity may be estimated from the graph.

Resuits from the turning maneuver (also referred to as the turning circle) provide
data regarding speed loss, time to change heading (13), the tactical diameter, advance,
and oansfer (Figure 2.10). The results from the turning maneuver are reported for 130
RPM and 120 KPM, and for both stern and bow machinery. They should allow designers
1o predict possible vessel approach paths and to make suggestions about the placement of
landing aids. After reviewing turning circle results, it may also be possible to estimate
translational velocity loss, and to estimate how guickly a vessel could change heading for

a possible evasive maneuaver.
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Vessel ruddcr response, at a specified power setting, is tested by measuring the
time and heading change for given rudder angles. Rudder response is measured in a
different manner than the turning maneuver. Rudder response is measured with the
zigzag test. A complete description of both test procedures is given in References 15 and
16. Typical zigzag test results are shown in Figure A.11. Information gleaned from
rudder response tests is also useful in the study of possible berthing scenarios. If, for
example, a vessel approaching the landing facility deviates from the normal course
because of wind or current, then application of rudder can allow the vessel to correct its
course prior to a collision. Knowing the rudder response would aid in the path correction.

If a vessel approaching a landing facility is travelling at a higher than normal
speed, then a series of turns could aid in reducing the vessel's velocity. A series of
zigzags may be used as an evasive maneuver to slow the vessel. Hence, knowing the
velocity loss in a turn is germane to the :study of evasive scenarios. An example of
velocity loss in a series of turns is shown in Figure A.12.

The results from the crash stop/emergency stop test provide quantitative measures
of the minimum distance in which the vessel can be stopped in case of emergency. (15)
Ferry landing designers could use this information to estimate the distance from which a
vessel can avoid collision with the landing structures during a berthing maneuver by
relying on full-astern power to stop the vessel. Since this is not the normal approach
procedure, it represents a maneuver involving a vessel in distress. Hence, the resuits of

the crash stop test could provide useful information with respect to simulation of berthing

scenarios.

Data from actual full-scale measurements were analyzed to provide
- recommendations for future full-scale tests. The full-scale measurements also provided a
means of verifying the results of the mathematical models for specific scenarios. The

tests were conducted during regular sailings; the sailings that were studied are plotted and
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shown in Figure 3.3, each denoted with a code name to distinguish each sailing. The
code name indicates the date, destination (E = Edmonds, K = Kingston), and letter
combinations representing different captains.

The specific vessel maneuvers analyzed include the following:

° turn resulting from a rudder position change 0 20 degrees left while at

siow-ahead speed,;

e wurn resulting from a rudder position change 1o 35 degrees left and 33

degrees right while at full-ahead speed;

@ turn resulting from a rudder position change to 23 degrees left while at

full-ahead speed; and

© coast resulting from lose of shaft RPM.

Figure 3.5, although general in nature, provides information regarding the possible range
of approach paths to & specific location. This information could be used in developing
design criteria related to the layout of new facilities,

The path of the ferry executing turns resulting from hard left (33 degrees) and
hard right (35 degrees) rudder settings at full-ahead speed is shown in Figure 3.6.
Detailed ferry paths at the location of cach turn are shown in Figures 3.7 and 3.8. A
graph of velocity vs. distance for this sailing is shown in Figure 3.9.

The graphs and plots shown in these figures reflect that the ferry had a turning
rate of 25.5 ft/degree and a velocity loss of 3.8 fi/sec when the rudder position was
35 degrees left at full-ahead spsed. The same graphs and plots indicate that the ferry had
a turning rate of 18.3 ft/degree and a velocity loss of 5.9 fi/sec when the rudder position
was 35 degrees right at full-ahead speed. The differences in the turning rate and velocity
loss for these wrns in opposite directions on the same sailing could be due to conditions
that were not recorded, such as wind direction, wind speed, and current.

The information in Figures 3.6, 3.7, 3.8, and 3.9 could also be used to develop

design criteria for ferry landing facilities. Knowledge of the distance required to execute
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Vessel rudder response, at a specified power setting, is tested by measuring the
time and heading change for given rudder angles. Rudder response is measured in a
different manner than the turning maneuver. Rudder response is measured with the
zigzag test. A complete description of both test procedures is given in References 15 and
16. Typical zigzag test results are shown in Figore A.11. Information gleaned from
rudder response tests is also useful in the study of possible berthing scenarios. I, for
example, a vessel approaching the landing facility deviates from the normal course
because of wind or current, then application of rudder can allow the vessel to correct its
course prior to a collision. Knowing the radder response would aid in the path correction.

If a vessel approaching a landing facility is travelling at a higher than normal
speed, then a series of turns could aid in reducing the vessel's velocity. A series of
zigzags may be used as an evasive maneuver to slow the vessel. Hence, knowing the
velocity loss in a turn is germane 1o the ?study of evasive scenarios. An example of
velocity loss in a series of turns is shown in Figure A.12,

The results from the crash stop/emergency stop test provide guantitative measures
of the minimum distance in which the vessel can be stopped in case of emergency. (13}
Ferry landing designers could use this information to estimate the distance from which a
vessel can aveid collision with the landing structures during a berthing maneuver by
relying on full-astern power to stop the vessel. Since this is not the normal approach
procedure, it represents a maneuver involving a vessel in distress. Hence, the results of

the crash stop test could provide useful information with respect to simulation of berthing

scenarios.

Data from actual full-scale measurements were analyzed to provide
- recommendations for futare fuli-scale tests. The full-scale measurements also provided a
means of verifying the results of the mathematical models for specific scenarios. The

tests were conducted during regular sailings; the sailings that were studied are plotted and
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shown in Figure 3.5, each denoted with a code name io distinguish each sailing. The
code name indicates the date, destination (E = Edmonds, K = Kingston), and letter
combinations representing different captains.

The specific vessel maneuvers analyzed include the following:

v tarn resuiting from a radder position change to 20 degrees left while at
slow-ahead speed;
. turn resulting from a rudder position change to 35 degrees left and 35

degrees right while at full-ahead speed;

® turn resulting from a rodder position change to 2§ degrees left while at
full-ahead speed; and
® coast resulting from loss of shaft RPM.

Figure 3.5, although general in nature, provides information regarding the possible range
of approach paths to 2 specific location. This information could be used in developing
design criteria related to the layout of new facilities.

The path of the ferry executing turns resulting from hard left (35 degrees) and
hard right (35 degrees) rudder settings at full-ahead speed is shown in Figure 3.6.
Detailed ferry paths a¢ the location of each turn are shown in Figures 3.7 and 3.8. A
graph of velocity vs. distance for this sailing is shown in Figure 3.9.

The graphs and plots shown in ihese figures reflect that the ferry had a turning
rate of 25.5 f/degree and a velocity loss of 3.8 fifsec when the rudder position was
35 degrees left at full-ahead speed. The same graphs and plots indicate that the ferry had
a turning rate of 18.3 fi/degree and 2 velocity loss of 3.9 fifsec when the rudder position
was 35 degrees right at full-ghead speed. The differences in the turning rate and velecity
loss for these turns in opposite directions on the same sailing could be due to conditions
that were not recorded, such as wind direction, wind speed, and current.

The information in Figures 3.6, 3.7, 3.8, and 3.9 could also be used to develop

design criteria for ferry landing facilities. Knowledge of the distance required fo execute
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Velocity loss due

Velocity loss due —

0 357 left turn to 35° right turn
30 25 20 15 10 5
Kingston Distance from Edmonds Edmonds
Terminal {feset x 1000)
Figure 3.9.  Velocity vs. Distance During Sailing Involving

Turn with Rudder at 35°
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a turn, from the location at which the rudder position is changed, would aid the designer
in the layout of new facilities where the approach involves turns around natural features
such as rocks, reefs, buoys, and underwater obstructions for one ferry class.

The paths of the ferry executing turns resulting from a rudder setting of
20 degrees left at slow-ahead speed and from a rudder setting of 25 degrees right at
full-ahead speed are depicted in Figures 3.10 and 3.11, respectively. Detailed paths of the
ferry at the location of each these turns are shown in Figures 3.12 and 3.13. Graphs of
velocity vs. distance for each of these sailings are shown in Figures 3.14 and 3.15.

At slow-ahead speed, the ferry had 2 turning rate of 359.3 fi/degree and a velocity
loss of 10.3 fi/sec. At full-ahead speed, the ferry had a turning rate of 31.1 ft/degree and
a velocity loss of 2.6 fi/sec for a turn resulting from a rudder position of 25 degrees left.
Figures 3.10, 3.11, 3.12, 3,13, 3.14, and 3.15 provide information about turning rates for
ferries at both full-ahead speed and slow-ahead speed. These turning rates are valuable
because ne other source provides information related to 25 degree turns at full-ahead
speed or 20 degree turns at slow-ahead speed. Further, no other source provides
information on any turns at siow-ahead speeds.

The loss of vessel power, whether intentional or unintentional, may occur during a2
routine sailing. Figures 3.16a, 3.16b, 3.17a, and 3.17b show graphs of velocity vs.
distance for two sailings during which the ferry experienced a loss of power.

Figure 3.16b degpicts a loss in power from approximately 150 RPM to O RPM; the
value of 150 RPM corresponds to a full-ahead throtile setting, In‘ this situation, the
velocity decreased from 27.0 fifsec to 6.0 fi/sec over a distance of approximately
2250 feet. This situation is sirnilar to the scenario represented by the velocity vs. distance
graph shown in Figure 3.1 Figm‘é 3.1 depicts a velocity change from 27.0 ft/sec to
6.0 fi/sec in a distance in 2800 feet for a vessel decelerating from a throttle setting change

from full ahead to stop (150 10 0 RPM).
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VELOCITY VS. DISTANCE
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Velocity (ft/s)
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Distance from Edmonds Terminal (it}

Figure 3.14. Velocity vs. Distance During Sailing Involving Right Turn
with Rudder at 20°
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VELOCITY VS. DISTARNCE
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Figure 3.15. Velocity vs. Distance During Sailing Involving Right Tum
with Rudder at 25°
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VELOCITY VS. DISTANCE
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Figure 3.16a.  Velocity vs. Distance During Sailing Involving Power Loss
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Figure 3.16b. Velocity vs. Distance During Sailing Involving Power
Loss (detail of section between 2,000 and 5,000 £t}
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Figure 3.17a.  Velocity vs. Distance During Sailing Involving Power Loss
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Figure 3.17b. Velocity vs. Distance During Sailing Involving Power
Loss (detail of section between 22,000 and 23,000 ft)



Figure 3.17b represents a loss in power from approximately 150 RPM 10 0 RPM.
In this situation, the ferry's velocity decreased from 26.0 ft/sec to 18.0 ft/sec over a
distance of 800 feet. Previous calculations (Figure 3.1) predict a change in velocity from
26.0 ft/sec to 18.0 ft/sec in a distance of 1000 feet for a similar scenario.

The information related to loss of velocity during specific power losses, as shown
in Figures 3.16b and 3.17b, could aid in developing ferry landing design criteria. As
described in the previous section, this information indicates the stopping abilities of
ferries. In a possible evasive maneuver, including the requirement of stopping from
full-ahead speed, the distance in which a ferry is able to stop can be obtained from these
graphs.

A summary of the results from these preliminary full-scale tests is presented in
Tables 3.1 and 3.2.

Table 3.1 Summary of Full-scale Turning Measurements

. Distance to
Run Throttle g‘;ﬁgﬁ; Vi}ggw Turning Rate Begin
Setting (degrees) (fi/sec) (ft/degree) Taggng
728EZZ3A | Full Ahead | 35 Left 59 18.3 2337
728EZZ3B | Full Ahead 35 Right 3.8 25.2 3313
728EYY1 Slow Ahead | 20 Right 10.3 39.3 135.5
730EXX1 Full Ahead 25 Right 2.6 311 198.3
Table 3.2 Summary of Full-scale Deceleration Measurements
.l . . Distance
Initial Throttle | Final Throttle | Velocity Loss
Run Setting Setting (ft/sec) Tng}ed
729EZZ1 Full Ahead Stop 21.0 2250
730EXX2 Full Ahead Stop 8.0 800

Preliminary full-scale measurements utilizing GPS instrumentation to record
position and velocity data have provided information on turning capabilities and vessel

deceleration without power. The latter provides a point of comparison with the
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mathematical models presented in a previous section. The comparison shows that ferries
actually decelerate faster than predicted by simulations based on physical model
resistance data. Thus, the calculations provided by Equation 4 give an upper limit for the
approach velocity. The full-scale measurements have also provided insight that should
prove useful in developing procedurss for future tests. Recommendations based on the

results of these full-scale measurements are presented in Chapter 4.

A review of roadway design criteria provided ideas for developing similar criteria
for ferry landing design. In particular, practical stopping distances concern both
designers of roadway systems and ferry landing facilities. Stopping sight distance is of
tnost interest to ransportation engineers while crash stop distance {(or headreach) would
be relevant for ferry landing designers and vessel operators. A comparison of these two
principles is presented in this section.

Table 3.3 sumumarizes stopping sight distance design values used by transportation
engineers. In highway design, any length of stopping sight distance within the range of
values established by Table 3.3 is acceptable for a specific speed. (J1) The values in
Table 3.3 were computed using Equation 5, which includes allowance for reaction time
and for braking distance.

Similar information can be prepared for use by ferry landing designers. For
different velocities during 2 normal approach, the headreach can be calculated from
Eguation 6 and presented in’ tabular form. An example of such information, for 2 WSF
Super Class Ferry, is given in Table 3.4. hems included in Table 3.3, but not presented in
Table 3.4, are reaction time and braking time. Similar values for these items could be
added to Table 3.4. However, Equation 6, and the value of D; obtained from Figure 2.7,
account for the time required for engines to reverse from ahead to astern.

Table 3.4 was developed by calculating headreach for a range of speeds, using

Equation 6. Sample calculations used to compute the values in the table are shown in
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Appendix L. The value of D was estimated from the graph shown in Figure 2.7, using
R/T =0.8. R/T is the ratio of total resistance at the approach velocity to full-astern thrust
(54,701/69,752).

The headreach calculated from Equation 6 for 2 WSF Super Class ferry travelling
at full-ahead speed is 1032 feet, 2s shown in Table 3.4. The stopping distance calculated
from the mathematical model presented previously is approximately 1000 feet, as shown
in Figure 3.4. Both of these distances are greater than the crash stop distance of 892 feet
{for a velocity change from 16 to 6.3 knots) reported in the sea trials resulis found in

Appendix H.

Table 3.4. Headreach Calculations for WEF Super Class Ferry

Mass = 228.382.6 ib/secd/fs.
s = D ¥ RA%Y2
2%R

v VNL] v R T s
knots | knots | fps | Wion| g | R Di} g

170 ¢ 09 | 287 [ 167 1547167 08 | 0.6 | 1032.3 | (full ahead)

(two boat lengths
130 07 §| 220 8.0 {29519 04 0.4 748.8 after power
reduction from full
ahead)

6.25 A2 ¢ 108 32 1104291 02 | 02 246.1 | (slow ahead)

Note: R/Tons calculated from Equation 10, D estimated from Figure 3.7

Headreach values derived from Eguation & must be used with caution. The
headreach values derived from this eguation are higher than those predicted from the
mathematical models. The mathematical models have been compared to the crash stop
results reported in Appendix H and are considered to provide a conservative estimate.
Therefore, the values computed from Eguation 6 are not precise for WSF Super Class
ferries. Possible reasons for these differences could be related to the following factors:

¢ Eqguation 6 was derived from information for navy vessels.
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° WSF Super Class ferry machinery differs dramatically from the machinery
that was assumed to be in use on the vessels upon which Equation 6 was
based. |

° Graphs such as that shown in Figure 2.7 are not applicable to WSF Super
Class ferries with respect to reaction time and time required to achieve
astern thrust.

. Graphs used to estimate D; represent approximate methods.

Vessel stopping distance provides the ferry landing designer with information on
the ferry's ability to stop at a given speed. Knowing the distance required to stop enables
the designer to establish a location, on the approach path, that could define a collision
avoidance point. Figure 3.18a shows such a possible location. If, during a berthing
scenario, for example, a ferry travelling at full-ahead loses power control, then the
collision avoidance point defines the point at which a ferry must restart its engines and
use full-astern power to avoid collision. In the case of the WSF Super Class ferry MV
Yakima, the collision avoidance point would be 1000 feet from the landing facility. The
distance of 1000 feet is the crash stop distance calculated from the mathematical model
presented in Chapter 2—Background. This point cmﬁd also be used to limit vessel
velocity during the approach to the landing facility. Specifying that Super Class ferries
must reduce power from full ahead at a minimum distance of 1000 feet from the landing
structure may, for example, be advisable as an operating procedure. The preceding
provides one example of how design criteria could be developed on the basis of stopping
distance information. Note, however, that vessel stopping characteristics should not
dictate the design but should be considered in developing design criteria.

Turning away from the landing facility to avoid collision requires knowledge of
the vessel's turning ability. The results of the turning test, as presented in Appendix H,
provide such information. Figure 3.18b indicates the approximate turning radius required

by the MV Yakima, as described in the turning test results. The MV Yakima requires
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Figure 3.18B. Possible Turn Avoidance Path
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approximately 1,946 feet (worst case), along the original heading, from the time the tum
is initiated to the time the ferry is turned at right angles to the original paﬁa, This ferry
also reguires approximately 915 feet (worst case}, perpendicular to the original heading,
from the time the turn is initiated to the time the ferry is turned at right angles to the
original path. These values indicate the distance from the landing facility at whick this
ferry must turn to avoid collision with the landing facility.

Figures 3.10, 3.11, 3.12, 3.13, 3.14, and 3.15 provide yet more information that
could be used to develop design criteria. For example, if the approach to a specific
landing facility invelves a right-hand turn, @%@m the information from these figures will
aésist the designer in specifying an acceptable approach speed; one that will enable the
ferry to decelerate appropriately.

One way to preserd stopping-distance mformaﬁam for various throttle settings is to
generate velocity vs. distance curves for different throttle settings on a single graph. Such
a graph is depicted in Figure 3.19 shows. This graph represents stopping distances for a
WSF Super Class Ferry, initially travelling at full ahead speed, and experiencing
reductions in power to the following throttle settings:

1. full astem,

2. haif astern,

2

slow astern, and

4. stop.

Information related to throttle settings 1 and 4 was obtained from Figures 3.4 and
3.1, respectively. Information for settings 2 and 3 was similarly obtained. Velocity vs.
distance graphs for each situation were overlayed to create Figure 3.19. These plots may
serve as speed envelopes to provide ferry landing designers with valuable information
about ferries’ deceleration characteristics. For example, consider a ferry travelling at
fuli-ahead speed at a distance of 2,000 feet from the landing structure. A power

malfunction forces the ferry to coast. If the engine is not started, then the ferry would

68



Velocity (knots)

1 L i i i 3 i g

4000 3000 2000 1000 g
Distance from Dock (f1.)

Figure 3.19. Speed Envelopes for WSF Super Class Ferry
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coast into the landing structure at a velocity exceeding 8 knots. However, if power could
be z*esamed; then the graph in Figure 3.19 could be used to estimate the minimum amount
of coasting distance that the ferry could endure and still experience a safe landing. In the
example described, the ferry could coast for 1,500 feet to 2 speed of approximately
11 knots, use full-astern power, and reduce speed to acceptable ranges within the last
500 feet. In a less extreme example, the ferry could coast for 1,000 feet to a speed of
approximately 13 knots, use half-astern power, and reduce speed to acceptable ranges.
Hence, the speed envelope curves could be used to develop design criteria for ferry
landing facilities.

In Figure 3.1%, the curve for stopping at half astern indicates that more than
2,000 ft are required to stop a vessel. This seems unlikely after a comparison is made
with the normal stopping procedure. The researchers found WSF vessels start to slow
down in preparation for a landing at a distance of 1,500 ft from the dock. The first
throttle reduction is from full ahead to siow ahead. At 600 £t to 700 £t from the dock, the
throttle is set from slow ahead to slow astern. Within 200 ft from the dock, the throttle is
varied as necessary to land the vessel, but full astern is rarely used. This indicates that
actual vessels stop in less distance, using primarily the slow ahead, slow astern, and half
astern throttle settings.

Figure 3.19 was developed assuming the reverse thrust waé 17,000 1bs when the
throttle is set at half astern and 10,500 Ibs when the throttle is at slow astern. These are
thrusts caliculated for a steady state speed. Apparently, greater amounts of reverse thrust
are obtained during the berthing maneuver. Figure 3.19 should be revised after more
information regarding the actual thrust during various parts of the berthing maneuver is
obtained. However, the results for stopping at full astern are corroborated by the sea trial
crash stop test. Fuil-scale measurements taken in this study indicate that actual vessels
lose speed more quickly than indicated in Figure 3.19, when the throttle is set to the stop

position.
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

A review of the existing literature, sea trials results, physical model resistance
tests, full-scale tests, and current roadway design criteria has provided resources for
understanding vessel characteristics and how such characteristics may influence the
design of ferry landing facilities. Investigation of these resources, and development of
mathematical models, have provided tools with which to simulate vessel approaches.
The results of these simulations provide infomaﬁon that can be used as design criteria for
ferry landing plans. The following list summarizes the results of this study:

. Ferry approach velocities can be estimated using simple, iterative
simulations. By knowing the ferry's thrust, resistance, and mass, the
acceleration can be estimated for z short distance. Thus, the velocity
change can also be estimated. New résistance and acceleration values are
determined for the next segment, and the process is repeated. Difficulties
in estimating the amount of propeller thrust limits the usefulness of this
method. However, the calculated distance for stopping a vessel using full
astern thrust and the results of a crash stop test from sea trials corroborated
with the results of these calculations.

° Vessel resistance estimates that are based on tabular data found in
reference books can not be relied upon to produce simulations that are
satisfactory for developing design criteria. Estimates of resistance based
on physical modeling results are more reﬁabic.

° In situations where the WSF's "one-quarter-mile” rule is observed, the

maximum approach velocity for a WSF Super Class ferry can be estimated
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from the simulation methods as 12 knots if the ferry loses power at the
one-guarter-mile point.

By mavelling at slow-ahead speed after the one-guarter-inile point, the
ferry maintains steering control. Comparing the slow-ahead and stop
deceleration curves show that the deceleration characteristics are similar
for the inital 500 feet of wavel. ' Thus, the ferry obtains the benefits of
deceleration without sacrificing steering control.

Safe speed vs. distance envelopes, based on stopping distances for various
reverse throttle settings, can be developed. These can be used as the basis
of operating policies, These envelopes would functon in a manner simdlar
1o caiculations that set roadway speed Hmits © amémm&dam stopping
distances. To develop such envelopes, further full-scale testing will be
reguired.

Headreach calculations can be used 1o define a vessel's stopping distance,
Sea trials can be used to confirm stopping distance calculations and to
provide information on the ferry's mmmg, ability.

The "advance” dimension is the distance required for a vessel 1o execute a
90 degree course change. This dimension can be used to estimate the last
point at which a vessel may turn to avoid possible collision with the berth.
A portion of the sea trials turning circles results could be used by
designers @ map out preliminary approaches to landing facilities that
involve turns. This would be similar to the process of developing roadway
geometry to accommodate the furning requirements of standard vehicles.
The research team did not find any information that described the ferry's
turning ability ar slow-ghead speed or while coasting. Such information

would be helpful 1o evaluate the maneuverability of a distressed vessel.
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° The research team found no specific information that would help to predict
a distressed vessel's reactions to wind or current.

° Full-scale GPS measurements to track the ferries' paths could be used to
obtain information for the two previous items. GPS may also be used

during sea trials to track the vessel's location during specific maneuvers.

The researchers recommend that WSDOT develop a guide book on vessel
characteristics to aid ferry landing designs. This guide book should include the
following:

. Tables giving basic dimensions and vessel coefficients:

capacity,

tonnage,

length,

beam,

waterline beam,
draft,

wetted surface,
block coefficient,
prismatic coefficient,
displacement,

mass,

power,

top speed,

RPM at top speed, and
power;

. A narrative describing the operation of the steering and propulsion systerm;
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° Drawings of the vessels; and

® Resulis of sea trials and physical model test.

Further understanding of vessel characteristics and their influence on ferry landing
structure design could be gained by performing full-scale tests using GPS
instrumentation. It is expected that the vessel maneuvers similar to those simulated in
this study and maneuvers involving more complex motions could be recorded during
full-scale tests. Recommendations and suggestions for further tests are presented in this
chapter.

Before performing the tests recommended it would be advisable to complete
preliminary tests during regular sailings. Data should be collecied while the vessel turns
or slows during a regular sailing, and then analyzed, using methods similar o those
presented in & previous section of this report. An example of a scheduled sailing in the
San Juan Islands is provided in Appendix M. During such a sailing, researchers could
record and analyze typical maneuvers with GPS instrumentation; they could then
compare the results with preliminary mathematical models. A familiarization exercise of
this type would be modest in terms of cost and effort, but would allow researchers the
oppertunity 10 become familiar with the ferry, the crews, and the data collection
procedures.

The prelirninary full-scale tests completed as part of this study provided insight
into the type and amount of éa‘e::«: that should be collected. (Sesz References 15 and 16.)
The following should be noted during the data collection process:

date,

tirne,

captain,

ship name,

weather conditions,
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sea conditions,

the vessel's heading,

throttle setting,

shaft RPM,

rudder position,

wind speed,

wind direction,

tide,

current,

current direction,

vessel draft,

verbal commands, and

general visual observaﬁons.
Researchers could record much of this information directly, with the GPS data, if an
electronic interface is provided between the ferry controls and the data recorder.
Alternately, researchers could record the data manually. This approach's disadvantages
include the possibility of inaccurate and incomplete records as well as the considerable
effort required to coordinate manual records with GPS records. If researchers are
preoccupied with manual data collection, they will miss opportunities to learn from
conversations with the crew on the vessel and from observing general operations.
Researchers could collect more complete and accurate records with video cameras. A set
of video cameras could be set up to view and record the displayed data, such as
tachometer, rudder angle indicator, and gyro (gives vessel's heading readings); the view
out the front of the piiot hoﬁse, and verbal comments. The study described in Reference
6 made use of such video recording equipment.

Full-scale measurements may be used to define vessel deceleration characteristics.

Such measurements should include the following:
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stop,

slow ahead,

slow astern, and

full astern.
These measurements can be compared to the simulations described in Chapter 3. The
preliminary full-scale measurements collected as part of this study and as part of
Margaroni and Jahren's study (17) provided sufficient information é@ imply that these
mathernatical models were valid for WSF Super Class ferries in some cases, but not valid
in other cases. Additional measurements could be taken to improve the mathematical
models and to obtain information for additional vessel classes. | |

Tests described in the previous paragraph could be performed during a regular
sailing. For example, the vessel power could be reduced from full ghead to stop,
allowing the vessel o coast for a short distance. Vessel power could be reset to full
ahead and the regular sailing could be resumed. In addidion ¢o full ahead to stop, other
variations could be tested. Additonal tests would only be a minor disruption, yet they
would provide valuable information about the vessel's deceleration characteristics.
However, special sailings would be required for more elzborate tests.

To test vessel rudder response, researchers could monitor specific turns with GPS.
The results would give vessel heading and speed; vessel wrning rate and loss of speed
could then be calculared with this information. These tests should be performed at all
forward throttie settings. An example would be to perform zigzag tests (described in
another section of this report) at full ahead, slow ahead, and without power. The results
would give researchers a better understanding of the effects of throttle setting on
maneuvers. By collecting data for slow-ahead and stop-throttle positions, researchers
could better understand how to maneuver a distressed vessel. Such information is not

normally available from sea trials; nor is it covered in the literature.
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Rcsearchers could also observe vessel response to wind during special sailings. A test
could be performed wherein the throttle is moved from full ahead to stop while the ferry
is in a cross wind. This test would provide information about vessel ability to hold a
course in a side wind during a propulsion failure. ~ Another test could be performed
wherein the stern is moved by wind while the bow is fixed. This would provide
information about the rotational motion of the ferry; a berthed ferry can experience this
type of motion if it is lying against dolphins on one side and experiences a sudden shift in
cross wind. This vtest could be performed at a location away from the landing facility so
that the stern could swing freely. Figure 4.1 shows the anticipated motion of a ferry in
such conditions, at both the landing facility and at a location away from the landing

facility.

The simulation methods used to determine deceleration and turning characteristics
-should be tested for each ferry by taking fuli-scale measurements. The measurements
may be taken far away from the landing structure to minimize the risk of an accident.
Some of these tests could be performed during regular sailings with minimal disruption;
special sailings may be required for others. GPS instrumentation could be employed to
track vessel position, while researchers record other data manually or with video cameras.
The results of the tests could be used to validate simulations and to develop design

criteria for specific ferries and landings.
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APPENDIX A
VESSEL CHARACTERISTICS

A preliminary investigation relating to vessel characteristics was performed to
find information concemning the relationship between the vessel approach velocity and
vessel characteristics; and between vessel steering response and vessel characteristics.
The researchers anticipated that this information could be used to develop design criteria
for ferry landing facilities. The study included a literature search related to vessels
generally, and a literature search related specifically to ferries.

Automobile ferries differ from other vessels. Their distinctive characteristics
include permanent fendering exténding around the hull, a low length to width ratio,
vehicle decks above the waterline, and loading/unloading at the bow and/or stern.
Because ferries normally operate on inflexible schedules, they require high horsepower to
displacement ratios to ensure that crossing times are met under adverse weather
conditions. The hull shape and the propulsive é;zrangement must be selected carefully so
that the vessel can perform at required speeds with minimum horsepower. A
combination of lmé resistance and high propulsive efficiency is attained by proper
matching of the hull and the propeller.

As part of this study, hypothetical berthing scenarios were developed using the
vessel characteristics of Washington State Ferry (WSF) Super Class ferries. Figure A.1
shows each WSF vessel by class, complete with information related to year it was built,

its length, speed, automobile capacity, and passenger capacity.

The shape of the surface of a ship's hull determines its form. Ship form is

expressed in terms of typical coefficients and/or ratios. These coefficients are calculated
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Jumbo Class

Name AV Placs Year Length Beam Oraft  Auto  Spesd Maln Type of Capaclty Tong

Buils SBull Glear  (Knnis) Enoings Propulsion  Cacsl Pags. 0108820
Spokane Seattle 1872 440° &7 18 1&g 18 4 DiggebElge.  206/2000 3246/1168
Walla Walla Seatte 1972 440° 8r i@ 18 8 4 Diegal-Elgs. 208/2000 3248/1198

Super Class

Name MY Plans Year Length Beam

Buily =18
Hyak San Diego 1867 gy W 173 W 7 4 Dissel-Elec. 180/250¢ 20471214
Kalogtan San Diego 1867 agze T 173 8 7 4 Dissel-Elec., 160/2500 270471244
Yalima San Diego 1987 gy 7T iTE e 7 4 Disgal-Elec. 160/2500 270471214
Elwha San Diego 1867 sy TEZ 17 18 7 4 Dlesel-Elge.  160/2500 270441214

Issaguah Class

Name MY Placa Yosr Length Bsam Draft

Bl Built
{ssaquah Seattle 1872 328 78 156" 18 1€ 2 Diese! 10041200 2469/1748
Kittitas Seattle 1980 328 78 156 16 18 2 Diegel 10075200 246911758
Kitsap Sesttle 1980 328 78 158 18 i6 2 Diesel 10071200 2475/1756
Cathlamet Seatile 1881 328 78 156" 16 16 2 Digsel 10071200 247711772
Chelan Seattle 1881 328 78 196 1€ 16 2 Diesel 10074200 247711772
Sealth Seattie 1982 328" 78 158° 18 16 2 Dissgel 100/1200

Figure A.1. Washington State Ferry Vessel Specifications
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Evergreen State Class

Name MV Place Year Length Beam Draft  Auts  Spsed Maln Type of Capacity Tons
Bl&m_ Bl{m Clear _ (Knows) Engcines . Propulsing  Cars! Pass Groas/Ne

Evergreen State Seattie 18954 3t 7¥ 15 12e" 18 2 Diesel-Elec. . 100/1000 1488/1017
Kiahowya Seattie 1958 3102 73T 58" 1310 13 2 Diesel-Elec. 10071140 1334/807
Tiltikum Seattie 16859 e we 158" 1810 13 2 Diessi-Elec. 100/1140 13345807

Steel Electric Class & Reburbished Steel Class

Name M/V Place Yoar Length Beam Draft  Auic  Speed Main yp@ef Capacity Tons ‘

Bt Bugt Clogr  [Knota) En
Quinault Cakland 1927/58 256" 730" 12 1310 12 2 Dissel-Elec. 75665 1368/930
fiiahee Cakiand 1927/58 256'2 730" 12 1310 12 2 Disgel-Elec. 75/800 1368/831
Nisquaily San Fran, 1927/58 256 Ycala iz 1310 12 2 Diesel-Elec. 75/685 1368/830
Klickitat San Fran. 1827/58 258" 7310 iz 1340 12 2 Diesel-Elec. 75/800 1431/873
/81

Rhododendron

Name MV Place Year Length Beam Draft  Auto  Speed Main Type of Capacity Tons
Bl Buil Clear  {Knots) Encines  Pronulsior {ars/ Pass  Gross/

Rhododendron Balimore 1947 225" 6% &g” 280 12 2 Dieset 65/548 9371435

Figure A.1. Washington State Ferry Vessel Specifications (cont.)



MNama MV Place Year Length Beam
Bialit Bialls,
Olymplc Balimore 1238 2078 62

MName MY Place Yo
Bt =354

Length Beam Drealt & Speed Type of ty T

Hiyu Portiand 1887

150" 831 e e 10 2 Diessi 40/200 4387238

Figure A.1. Washingion State Ferry Vessel Specifications (cont.)
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from the following basic parameters:

®

°®

®

e

°

L =

=

£ U w =
[ I |

Am-':
AW =

designed waterline length

draft (vertical distance) from the bottom of the ship to the waterline
beamn, or breadth at the waterline

volume displacement at draft T

weight displacement at draft T

area of midsection at draft T

area of waterplane at draft T

The following coefficients and ratios are most commonly used o describe the ship's

form:

[

midship coefficient Cyp = Ap/(B¥*T)
block coefficient Cy = D/(L*B*T)
prismatic coefficient Cp = D/(Ap*L) = Cy/Cyy

waterline coefficient Cuyp = Aw/(B*L)

length
length

beam -

- beam ratio = L/B

- draft ratio = L/T

draft ratio = B/T

displacement - length ratio = D/(L.)3

speed -

length ratio = VAL (note: V= velocity (knots), L = length (feet))

The naval architect determines basic ship parameters during the design process.

In addition to being used by the naval architect during the design, the parameters are also

used to express characteristics of the ship's form, to calculate propulsion, and to estimate

the vessel resistance to motion. Figures A.2 and A.3 illustrate basic ship

parameters. (Al) Table A.1 lists some basic ship parameters for WSF Super Class

ferries, as well as other parameters germane to this study.
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~  hiidship Section

Figure A.2. Basic YVessel Parameters [Ref. 1]
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Walerplane

Figure A.3.  Vessel Waterplane {Ref. 1]
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Table A.1 Vessel Data for WSF Super Class Ferries

Value

Length L 382.25

Volumetric Displacement D | 114905 £13 of sea water Caig;ii‘%ggnﬁfiom
Weight Displacement W 3283 tons Reference (7)
Mass W/g 228382.6 Ib/ft/sec? Calculated
Prismatic Coefficient Cy 0.3405 Reference (&)
Block Coefficient Cy (.343% Reference (8)
Beam B 7328 WSF Brochure
Waterline Beam B 3308 Estimated
Draft T 17.25feet WSF Brochure
Wetted Surface S 18706 12 Appégggggff’m
Density of sea water p 1.9905 1b sec?/ft4 Appendix B
Kin@matic Yiscosity of sea 1.279x10-5 £2/sec Appendix B
water v

Gravitational Constant g 32.2 fifsec? Constant

The weight displacement of a given vessel constitutes that vessel's actual weight.
The volumetric displacement is the volume of salt water that equals the vessel weight
(salt water displaced by the vessel). The weight displacement and the volumetric

displacement are related by the following eqguation (A1)

D = 35(W) ey
where I = volumeiric displacement (ft3)

Vi = weight displacement (tons)

35 = conversion of £ seawater/tons (1 ton = 2240 lbs)

A wvessel's beamn constitutes its widest breadth and is usuvally located at the
waterline. For most vessels the waterline breadth is the only breadth describing a vessel.
However, ferries are unusual in that their widest breadth is located at the vehicle deck,
just above the waterline. This breadth is greater than the breadth measured at the
waterline. Both the breadth of the vessel at the widest point (the vehicle deck) and the
breadth of the vessel at the waterline describe the vessel's beam. Figure A.4 illustrates

the difference between these two parameters.
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The wetted surface is a vessel's 1otal area of outer surface that is in contact with the water.

The wetted surface can be approximated by the following eguation (2):

S = 1T7*L*T+D/T @
where S = vessel wetted surface (£t2)

L = vessel length (ft)

D = vessel volumetric displacement (f3)

T = vyessel draft (ft)

The block coefficient, Cyp, is the ratic of the volume displacement of the molded
form of a vessel {up to a given waterling) 1o the volume of a rectangular solid whose
length is equal 10 the waterline length, whose breadth is egual to the molded breadth at
that waterline, and whose depth is equal o the molded draft of the vessel up to that
waterline. Values of Cp vary from about .38 for high-powered yachts to about .80 for
slow-speed cargo vessels. Oy for WSF Super Class ferries is 0.3432. The midship
’coefﬁcicm, Cry, is the ratio of immersed area of the midship section to the area of the
circumscribing rectangle, the width of which is the molded beam at the waterline, and the
depth of which is the molded draft at the waterline for which Cy, is caiculated. The
prismatic coefficient, Cp, is the ratio of the volume of the displacement of the molded
form of a vessel {up to a given waterline) to the volume of a solid that has a length equal
10 the load waterline length and a constant cross-sectional area equal to that of the vessel's
midship section up to the given waterline. Cp expresses and measures the vessel's

fineness longirudinally. (2}

A vessel's resistance is defined as the force required to tow the vessel at a given
speed in smooth water. Vessel resistance to motion through water must be overcome by
an equal and opposite propelling force 1o move the vessel forward. Vessel total

resistance consists of four main components: 1) frictional resistance, 2) wave-making
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resistancé, 3) eddy resistance, and 4) air resistance. Wave-making resistance and eddy
resistance combined constitute residual resistance. (2) .

Two of these components, residual resistance and frictional resistance, make up
the majority of total resistance. Although wind affects the vessel's maneuvers, it has little
effect on the resistance that must be overcome by propulsive force. Therefore, it is not

.considered further in this report. Total resistance is determined by addingvfrictional
resistance to residual resistance. The majority of the residual resistance is wave-making
resistance, not eddy resistance (flow separation or form drag effects). Hence, for the
purpose of this investigation, residual resistance is assumed to consist of wave-making
resistance only, and total resistance is assumed to consist of frictional resistance and

wave-making resistance combined (R; = Rf+ Ry).

Frictional

Wave-making Total Resistance
Residual

Eddy

Air (ignored)

The relationship between frictional and wave-making resistance is illustrated in
Figure A.5. (1

Frictional resistance is the resistance to the motion of the hull through a viscous
fluid; it is the largest single component of vessel total resistance and is a result of
tangential fluid forces. Frictional resistance accounts for 80 percent to 85 percent of total
resistance in slow-speed ships (vessels with speed/length ratios of less than 0.5, such as
freighters) and accounts for 50 percent of total resistance in high-speed ships (vessels
with speed/length ratios of greater than 0.5, such as passenger liners). (2) Figure A5

shows the proportions of wave-making resistance and frictional resistance for given

speed/length ratios. (1) 4
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Operating at their maximum speed, WSF Super Class ferries have a speed/length
ratio of 0.87. The speed/length ratios for other WSF ferries, travelling at maximum
speed, are shown in Table A.2

Table A.2. Speed/Length Ratios for WSF Ferries

Class Maximum Speed Length VAL
Super 17 knots 382.25 ft 0.87
Issaquah 16 knots 328.0 ft 0.88
Evergreen State 13 knots 3100 ft 0.74
Refurbished Steel

Electric 12 knots 256.0 ft 0.75
Rhododendron 12 knots 229.75 ft 0.79
Olympic 11 knots 2075 ft 0.76
Hiyu 10 knots 190.0 ft 0.73

Frictional resistance is a function of the surface roughness, the area of surface, the
velocity of the fluid over the surface, and the density of the fluid. The Reynolds Number
governs the frictional resistance of a vessel. The Reynolds Number is a parameter that
can be calculated from the speed of the vessel and the kinematic viscosity of the sea

water. The Reynolds Number is calculated from the following equation:

R = V*Lp 3)
where R = Reynolds Number

A" = vessel velocity (ft/sec)

L = vessel length (ft)

v = kinematic viscosity of sea water (ft%/sec)

Hence, the Reynolds Number can be easily calculated from known quantities.

The Reynolds Number is mathematically related to frictional resistance by the frictional

resistance coefficient. The frictional resistance coefficient is calculated from the
Reynolds Number according to the following equation (2):

Ct = 0.075/(log(R)-2)2 4)
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where Cg frictional resistance coefficient

R

Reynolds Number

The frictional resistance can be calculated from the frictional resistance coefficient from

the following equation:
Rf = Cf"‘p/Z"‘S"‘_V2 )
where Rg = frictional resistance (Ibs)
Cs = frictional resistance coefficient
p = density of sea water (lbs*séc2/ft4)
\"% = vessel velocity (ft/sec)
S = vessel wetted surface (ft2)

Sample calculations of the Reynolds Number, the frictional resistance coefficient, and
frictional resistance are provided in Appendix C.

The wave-making resistance portion of a ship's residual resistance is the result of
fluid pressures acting normally on all parts of the hull, and is the net and aft force on a
ship due to these fluid pressures. Wave-making resistance depends on the vessel's shape
and on its waterline and transverse sections. The Froude Number, which governs the
vessel's wave-making resistance, can be calculated from the vessel's speed, length, and
gravitational constant. However, the calculation of the wave-making resistance is
complex and cannot be computed directly from the Froude Number. (2) A simplified

version of an equation to compute the wave-making resistance is as follows (3):

Ry = ﬂ?ﬁ x [ sin2(%KgLCp cosh u)
x e2Kof cosh? y cosh2 udu (6)
where Ry = wave-making resistance
Cp, = prismatic coefficient
g = acceleration of gravity (ft/sec?)
p = density of sea water (Ib-sec2/ft4)
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Ko = g2

c = vessel velocity (ft/sec)

A = area of midship section (ft2)

L = vessel length (ft)

f = depth of velocity source (or sink) under the free surface of the
fluid (ft)

u = horizontal component of the absolute fluid velocity (ft/sec)

Reference 3 provides a complete description of the above variables. The computation
detailed above was considered too complex for the purpose of this study. (3) A simpler
and commonly éccepted mcfhod for estimating wave-making resistance is the use of
published tabular data; the research team used this approach in this study. The table used
in an attempt to estimate wave-making resistance in this study is shown in Tables A.3 and

A4.(4 Sample calculations related to the use of the table are provided in Appendix D.
As explained in the Résearch Approach section, values used from these tables
underestimated wave-making resistance for the WSF Super Class ferry.

The B/T ratio determines which table to use to estimate wave-making resistance;
one must know the vessel's waterline beam and draft to use this ratio. Different tables are
available for different B/T ratios. The vessel's prismatic coefficient, Cp, determines
which group of data within the table is applicable, and the ratio of D/(.01)(L)3 determines
which horizontal row is appropriate for the vessel. With thisb information, the vessel's
Residual Resistance/Ton can be determined for a given value of VL. For reasons
discussed earlier, this study considers residual resistance to consist of wave-making
resistance only; hence, values read directly from the table were interpreted to be
wal‘ons. |

A vessel's wave-making resistance is sensitive to the éffects of shallow water. (2)
In shallow water, restricted passage for water flow around the hull brings about greater

water velocities, greater pressure differences, and waves of greater height. At vessel
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speeds higher than the critical speed (the speed of translation of a2 wave in the depth of
water in question), the increase in shallow water resistance rapidly diminishes to zero,
and the vessel may encounter less resistance in shallow water than in deep water. At

moderate speeds an effective depth-speed relationship is calculated from the following

equation: '
v = 04+g*h 7
where V = critical vessel speed (knots)
h = depth of water (feet)
g = gravitational constant (ft/sec2)

For power and standardization trials, a location is usually selected wherein the depth of

the water is greater than that computed from Equation 7. (1)

In addition to vessel resistance, the influence of propulsion was also reviewed.
Resistance to motion must be overcome by a propelling force. Propeller thrust is the
force that overcomes the vessel's resistance. The power necessary to overcome the
vessel's resistance is measured in terms of effective horsepower (EHP). EHP is

calculated from the vessel's resistance according to the following equation:

EHP = R *V/550 | (®)
where EHP = effective horsepower

R¢ = total resistance (1bs)

A" = vessel velocity (ft/sec)

550 ft-1b/sec. = 1 HP (constant)
TypicaHy, a plot of EHP vs. speed is generated for a vessel in the course of
designing that vessel. The curve is refined during the design process as the design itself
is refined. A typical curve of EHP vs. speed for a large displacement ship is shown in

Figure A.6. (1) Such a curve is then used in power calculations.
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EHP varies with total resistahce, and hence, with a ship's form. An example of
how EHP is affected by changes in vessel parameters is shown in Figure A.7a. (2) The
graphs in this figure indicate the variations in EHP for different values of VAL, B/T, and
Cp. The ship from which these curves were generated is similar in length and
displacement to WSF Super Class ferries.

With EHP estimated, as from curves in either Figure A.6 or Figure A.7a, R; can
be calculated, and vessel velocity can be estimated from the vessel's resistance vs.
speed/length curve. Hence, the EHP curves can be used as a tool to estimate the initial
vessel velocity.

The shaft RPMs (which correspond to various throttle settings) for the WSF Super

Class ferries that were used in this study are shown in the following table.

Table A.5 Shaft RPMs and Throttle Settings for WSF Super Class Ferries

Throttle Setting Shaft RPM
Full Ahead 150 RPM
Half Ahead 100 RPM
Slow Ahead 50 RPM

Stop 0 RPM
Slow Astern 60 RPM
Half Astern 100 RPM
Full Astern Maximum RPM

A graph of velocity vs. shaft RPM for the WSF Super Class MV Yakima is shown in
Figure A.7b.

RUDDERS

The influence of the rudder and of the rudder-propeller interaction were also reviewed as
part of this study. Ferry vessels must have good maneuverability, and as such, generally

have larger rudders than do seagoing merchant vessels. (4) The rudder
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