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1. ABSTRACT

The newly comm ssioned Type 500 SAR CQutters used by the
Canadian Coast @Quard to patrol the western coast of Canada
unexpectedly exhibited severe rolling behavior when in severe
weat her conditions, at cruising speeds of 13 - 16 knots, and wth
followng or stern quartering seas. This paper describes the steps
taken to determne the cause, plan renedial action, inplenent
corrective nmeasures, and reports the results of sea trials conducted
to determne the effectiveness of the neasures taken.

2. | NTRODUCTI ON AND H STORI CAL PERSPECTI VE

The Type 500 SAR Cutters were conceived to replace a series of
aging 95 foot patrol cutters to serve the needs of Canadi an Coast
Quard on the west coast of British Colunbia. These vessels had to
be capable of fulfilling a nulti-role mssion in this service, which
i ncl uded:

» Search and Rescue

* Environnental Protection

e Checking and servicing floating aids to navigation
e Enforcenent of Federal |aws and regul ati ons.

O these tasks, the primary role was Search and Rescue, however, the
need to be able to operate effectively in the other duties had
definite inplications on the overall design.

The cutters were put into service on the Pacific Coast in 1991,
and very soon displayed an extrene rolling characteristic. Al though
the wvessels nmet all regulatory requirenents, they had |ess
freeboard, were wetter on the aft operating deck than intended, and
had insufficient dynamc roll damping. The vessels' performance in
weat her has net or exceeded all expectations, however in follow ng
seas, and especially 1in stern quartering seas, single rol
anpl i tudes of over 40 degrees have been reported in severe weat her.
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This paper describes the developnent, inplenentation, and
testing of corrective actions to reduce this rolling. The vessel
desi gn S descri bed al ong with its post construction
characteristics. The corrective actions considered, tested, and
i npl enented are reviewed. Rol| danping features of the origina
design included a Flune® passive roll stabilization system and a
deep box keel. Retrofit considerations included a Hyde active

rudder roll stabilization system and fixed bilge keels. Ext ensi ve
nmodel and full-scale testing was conducted to evaluate the
ef fectiveness of these systens. The results of this analysis are
presented in this paper.

2.1 Ship Service Requirenents

The original statement of requirenents for these vessels
defined the foll ow ng perfornmance objectives:

e to respond year-round to energency calls and perform its
assigned tasks in the prevailing environnental conditions of
the North-East Pacific coastal waters.

* vessel to have structural integrity and stability to survive
storms of a continuous wi nd speed of 60 knots and associ ated
seas up to 14 netres (Sea State 8).

e capable of maintaining a continuous speed of 15 knots in Sea
State 5.

e capable of maintaining full manoeuvrability in Sea State 6.
* have a m ni num conti nuous speed of 4 knots in Sea State O.
* be able to turninits owm length in confined waters.

* have a range of 2500 nautical mles at economcal cruising
speed plus a fuel reserve of 10%

2.2 \Vessel Design
In 1987, Robert Allan Ltd., Naval Architects of Vancouver, B.C

were awarded a contract as a result of a national design contract
conpetition to undertake the design of this new class of vessel
The design consisted of four distinct phases conprising:

e concept eval uation phase

e concept design phase

* prelimnary design phase

« detail design phase

I ncl uded throughout these various phases were an extensive
series of analytical and nodel tests to verify that the performance
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obj ectives could be net. Robert Allan Ltd. (RAL) contracted wth
O fshore Research Ltd. of Vancouver, B.C. to undertake a test
program whi ch consisted of the foll ow ng experinents:

e conputer-based anal ysis of Ship notions and accel erations for a
variety of hull forns

e evaluation of wvarious types of static and dynamc rol
stabilization systens

e prelimnary nodel tests (1:20 scale) of the preferred hull form
for:

flowine nmeasurenents in the vicinity of bow thruster and
shaft struts

measur enment of heave, pitch, and accelerations at FP and
AP in head seas only

« final nodel tests (1:10 scale) for
seakeepi ng and notions anal ysis
Fl ume® stabilizer tank testing
manoeuvrei ng tests
These latter tests were conducted using a 1:10 scale, self-
propel | ed, manned nodel in open water in the vicinity of Vancouver.
A conplete description of the process of devel oping the design of
these SAR CQutters, and the evaluation studies perforned is contained
in Ref. [1].
After nore than 12 nonths of design, devel opnent, and testing,
t he desi gn was conpleted and the Type 500 Cutters were put to public
tender for construction. The final arrangenent of the vessels, as
desi gned, was as shown on Figures 1 and 2.

Principal particulars for the vessels were as foll ows:

Length Overall - 49.95 Metres
Length LW - 46.00 Metres
Beam noul ded - 11.00 Metres
Dept h, noul ded - 6.14 Metres
Draft, nean - 4.50 Metres

The final design calculation values for performance critical
paraneters were the foll ow ng

Li ght shi p Wi ght - 693 Tonnes
Load D spl acenent - 897 Tonnes
Load draft, nean - 4.403 Metres
GMin full load condition - 1.03 Metres
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Due to an enphasis in the Statenment of Requirenents on vesse
manoeuvrability at a wi de range of speeds and conditions, the vessel
was designed with |arge spade rudders, one behind each of two
propel | ers. Rudder area totalled nearly four percent of |ateral
underwat er area. The final hull form due to the requirenent for
hi gh speed in rough conditions, was one with fairly deep, but quite
slack bilge sections and fairly fine waterlines.

2.3 Post-Construction Characteristics

In 1989, a contract was awarded to Versatile Pacific Shipyards
Ltd. of VMctoria, B.C (VPSL) to construct two vessels to this
desi gn. Part of the contractual requirenent of the shipyard under
the Canadi an Governnent's ship procurenment process is to perform a
"Desi gn Check"” on the tendered design docunents.

As a consequence of the design check, VPSL identified the
following differences in the estinmated design paraneters to those of
t he desi gners:

Li ght shi p Wi ght - 738 Tonnes
Load D spl acenent - 896 Tonnes
GMin Full Load Condition - 0.865 Metres

The above differences were accounted for by relatively mnor
differences in the estimated weights of steel and outfit, and by
nore significant differences in weights of nmachinery due to the yard

proposing alternatives to the main and auxiliary machinery. The
above differences having been identified, and accepted as legitinate
by the Omers and the designers, inexplicably there was no

alteration made to the vessels lines to accommodate the added wei ght
nor to maintain the desired GW.

At delivery, the two Type 500 SAR Cutters, christened CCGS
"Gordon Reid" and CCGS "John Jacobson", had the follow ng
characteristics:

Li ght shi p Wi ght - 776 Tonnes
Full Load D spl acenent - 985 Tonnes
Full Load draft - 5.00 Metres
GMin Full Load Condition - 0.96 Metres

The reasonabl e GV val ue above was achi eved only through the use
of a double bottom fuel oil tank as a permanent fuel storage tank
whereas its original function was as a designated reserve fuel tank
for extended mssions beyond the originally specified range.
Wthout using this tank, nost operating conditions would not neet
all regulatory conditions.

Sone of the nore significant changes to the design which
occurred during the construction process to account for the
substantial weight growh were the foll ow ng:

e constructing the wheel house with fully enclosed bridge w ngs,
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instead of the open wings originally demanded by the Omner.

e constructing the entire upper funnel casings in steel instead
of al um num

* reconfiguring the engine roomair intakes to an el evated steel
pl enum necessitating the further elevation of the ship's boat
and its launching davit.

e changing the fire suppression systens in machi nery spaces from
Hal on 1301 to CQ.

2.4 (Qperational Characteristics

In spite of the additional weight, and the erosion of stability
characteristics fromthose defined at the design stage, the vessels
satisfied all the provisions of the Canadian Coast @ard (CCQ
Statenment of Qperational Requirenents. Their construction was in
full conpliance with the applicable CCG Ship Safety Regul ations as
well as the requirenents of the American Bureau of Shi pping.

During the construction phase it becane necessary to nake
several design nodifications to satisfy revised regulatory and
operational requirenents and these had the effect of increasing the
weight of the vessels over their designed lightship weight, as
di scussed in Section 2. 3.

Subsequent to the conpletion and delivery of the vessels to the
Canadi an Coast Quard and upon being deployed on full Search and
Rescue duty, violent rolling wth large heel angles at certain ship
speeds and sea states was reported. The crew reported roll single
anplitudes of up to 40-45 degrees in severe weather, particularly in
followi ng seas. The resulting crew disconfort and fatigue
significantly inpaired the ability of the crew to perform their
duties during SAR m ssions. Qoviously, it was necessary to effect
corrective neasures at the earliest opportunity.

2.5 Evaluation and Testing of Perfornmance

In order to effect any renedial neasures, it was essential to
have an accurate assessnent of the ships' behaviour in the "as
built"” condition to serve as baseline for evaluation of the proposed
i nprovenents. The ships' designer, Robert Allan Ltd. (RAL) and its
consultant, Ofshore Research Ltd. (ORL) were conm ssioned by the
Canadi an Coast Quard to conduct dedicated sea trials to neasure the
capability of the vessel to performall SAR operational requirenents
and, at the sane tinme, to assess the seakeeping performance of the
vessel in the nost severe design sea state. Measurenents of rol
angle and roll frequency were to be recorded during these trials.

As a result of these trials, several significant problens were
identified:
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 Extrene roll characteristics were displayed when operating in
foll owi ng seas at speeds in excess of 12 knots.

 The F une® tank appeared to be enhancing roll in the above
condi ti ons.
e The autopilot appeared to be causing rudder induced roll in

foll owi ng seas.

The roll notion was severe in anplitude, but the ships did not
di splay any |l ack of righting nonent.

Subsequently, evaluations were perforned to determne the
effects on vessel stability and trim of a |arge nunber of weight
reduction itens, sonme involving "major surgery"” to the vessels, and
others being rather nore nodest 1in scope. Prelimnary cost
estimtes were nade for each of the options studied, and an attenpt
was made to establish a basis of cost-effectiveness for the
i npl enentati on of each option.

Al so evaluated were the possible beneficial effects of bilge
keel s, a bul bous bow, bilge "chines" to inprove roll-danping and add
buoyancy, and of tankage and ballast re-distribution. The adverse
seakeeping capabilities experienced and observed during this tria
as well as recommendations for corrective actions noted hereafter
were included in the consultant's (ORL) report, Ref. [2].

2.6 Recommended Corrective Actions

An evaluation of the problens identified by the previously
described "diagnostic" test program permtted the devel opnent of
potential solutions. The follow ng recommendati ons were proposed to
CCG as a neans by which the Type 500 Cutters could be nmade to
fulfill their operational nmandate. The principal recomendations
arising from[2] were

* Inprove the righting lever characteristics of the ship by
i ncreasi ng GM and reduci ng and/or redistributing weight.

* Reduce any unnecessary top hanper to reduce w nd-heel effects.

e Tuning the Flune® systemto better suit the new weight and GV
characteristics of the ship.

 Fit a "fast-fill" systemto the Flune® tank to conpl enent the
exi sting "dunp" system so that the tank could be filled or
dunped to better suit the operating conditions.

e Fit arudder roll stabilization system

 Fit roll danping appendages (e.g. binge keels) to the hull.

Wth the exception of certain weight reduction itens and the
addition of roll danping appendages, the Canadian Coast @uard has
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inplenmented all the corrective neasures. The roll danping
appendages in the formof bilge keels will be added at the earliest
opportunity.

3. APPROACHES TO ROLL DAMPI NG

Vessel roll notions can be addressed in a nunber of ways. Sone
of these are inherent in the basic design characteristics of the
vessel (GW, roll nonment of inertia, etc.). Sone are inherent in
the formof the hull (round bilge vs. chine form keel projection
bil ge keels, etc.). Qhers are 'systens', either active or passive,
whi ch react to and hopefully counteract the vessels' roll notions.

As previously noted, the design of the Type 500 Cutters
incorporated sone of these neasures, primarily a Fume® rol
stabilization system The conbination of a hull formwth inherent
low roll danping and the passive roll stabilization tank was clearly
not effective in followng seas, and it was perceived that the
Flume® tank was anplifying roll at long periods of encounter which
wer e beyond the design period of the tank.

3.1 Flunme® Stabilization System

The Flunme® Stabilization Systemis a passive free surface type
anti-roll or stabilizer tank. It is passive in that the novenent of
water in the tank is caused by the roll notion of the ship, there
are no punps or control devices. The termfree surface is used to
denote an open tank or channel and distinguish this type of tank
stabilizer from others, such as Utubes. The main advantage of a
free surface type tank is that its response period can be changed by
changi ng the anount of liquid in the tank.

When the ship rolls, the stabilizing tank is configured so that
when filled wth the proper anmount of liquid, the novenent of the
liquid will be delayed behind the roll of the ship. It is this
delay, called phase lag, that creates the stabilizing force to
reduce the roll of the ship.

Since there are no noving parts in the Flunme® tank, the anount
of liquid in the tank is the one variable that affects the correct
phase | ag. The phase lag for any liquid level will change as the
resonant roll period of the ship changes. The system perforns at
peak efficiency only when the correct phase lag is naintained.
Therefore, if the natural roll period changes, the liquid |evel nust
change.

The Fl une® System for the Type 500 SAR ships consists of a tank
| ocated above the bridge deck forward of the wheel house between
Frames 53 and 59 (see Figure 3). As originally built, the tank was
filled to the recommended level with fresh water through P/'S hose
connecti ons. Liquid level readings are taken at a sounding tube
| ocated near the centerline, or by nmeans of a liquid |level nonitor
installed in the wheel house. Dunp lines (P/S) are



as praesentad to the Tenth Ship Control Systems Symposium, Ottawa, Canada, October 1933.

HOSE CONNECTION

FILL B/S VENT P/S

%ﬁﬁ-
/ >
] <<INSPECTION :
MANHOLE
~
53 S
o
% RN =
</ 6‘}-
REMOTELY ACTUATED 2y
VALVE P/S o

DUMP LINE P/S

Figure 3. Flume® Tank and Piping Arrangement

10



as presented to the Tenth Ship Control Systems Symposium, Ottawa, Canada, October 1993.

installed for rapid discharge of water fromthe tank.

The system was designed for a specific range of |oading
conditions, up to 1400 tonne netres (displacenent x GV). The Fl unme®
tank design GM range was from 1.0 to 1.75 netres which corresponds
toroll periods from6 to 9 seconds and it was optimzed for a range
of GMs between 1.0 and 1.3 netres (roll periods between 7 and 8
seconds) . The optinmum tank design water level was 0.64 netres of
fresh water. The current operating conditions have GMs below 1
nmetre; the roll periods are between 9 and 10 seconds. The | onger
roll period calls for a lower Flune® tank liquid | evel which is not
possible with the installed tank design.

3.2 Hyde Rudder Roll Stabilization System

The Hyde Rudder Roll Stabilization System (Hyde RRS System) is
a mcroconputer based electronic control system for a ship's
rudder(s). |Its objective is to nove the rudder in such a way that
the ship's roll notions are reduced w thout adversely affecting the
ship's course. The system includes an advanced adaptive autopil ot
for the purpose of accurately nmaintaining the vessel's course.
Together, the Hyde autopilot and the Hyde RRS system work to both
reduce roll and keep the vessel on course.

On nost ships, novenment of the rudder does not imediately
affect the heading. On nearly all ships, however, novenent of the
rudder causes the vessel to heel or roll in the direction that the
rudder was noved. In fact, a vessel can often be induced to roll by
frequently noving the rudder from side to side while the ship is
underway. Together, these effects can be used to reduce roll and at
the same tinme maintain a desired course. Hyde RRS does this by
precisely timng rudder commands so that the rudder noves in a
manner to oppose the roll notions that are sensed by its roll
sensor. The vessel is kept on course by adjusting and naintaining
appropri ate average rudder angl es.

A nore conplete technical description of the system on which
the Hyde RRS is based may be found in Ref. [3]. Figure 4 shows the
Control Panel of the Hyde RRS System

3.3 Wight Reduction and Redistribution

In order to increase freeboard and |lower the VCG corrective
actions were recommended to reduce and redistribute weight,
specifically for itens located in the upper areas of the ship's
structure. Such inprovenents both increase GM and decrease the rol
peri od.

A nunber of itens were identified for renoval and these were
categorized into three groups, nanely:

* Itens readily renoved by crew at m ni num cost

11
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e TItems which required structural modification but did not
affect ship operations

e Items requiring redesign and significant cost to effect

All items and the consequence of removal or relocation were
examined and the most beneficial items identified. From this
activity it was estimated that a lightship weight reduction of
approximately 6.1 tonnes could be accomplished.

The result of this reduction would be to increase the vessel’s
GM by an average of 80mm for all conditions of loading.

Computer modelling indicated that the weight reduction of 6.1
tonnes would result in an estimated roll reduction of 4% of that
measured during the sea trials.
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Figure 4. Hyde RRS Control Panel

3.4 Bilge Keel Evaluation

In the initial evaluation phase it was not considered that
bilge keels would be particularly effective in reducing roll angles
in those conditions which were proving problematic. However, in
order to assess thoroughly the potential benefit of such fixed
appendages, a number of bilge keel options were evaluated and
tested at model scale. The options evaluated included:

¢ Single plate vs. double skin construction
e High aspect vs. low aspect ratios
Two alternative representative designs were tested. Somewhat

surprisingly, the results indicated that roll amplitudes could be
reduced by as much as 30 percent in quartering seas at 13 knots.

12
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Roll reduction was sonmewhat |ess at higher speeds, but stil
substanti al .

As a consequence of this study, which enphasized the
significant potential benefit of bilge keels, the fitting of these
was raised in the order of priority. The recomrended configuration
was for a double plate structure, approximately 16 netres |ong and
0.75 netres deep.

4, SYSTENS | MPLEMENTED
4.1 Flume® Stabilization System

In service trials of the Flune® Stabilization System on board
CCGS "CGordon Reid" were conducted in March 1992. At that tinme, the
ships' trim and stability book limted the maximum | evel of fresh
water in the tank to 0.40m Al t hough energency valves allowed
dunmping of the tank to the sea, there was no practical nethod of
adding fresh water to the tank at sea.

Rolling trials were conducted in Queen Charlotte Straits on
March 19, 1992. The ship had a GM of 0.84m which corresponds to a
9.25 second roll period. Low wave conditions were encountered
during the trials with swells of 1 netre during the tests.

Al tests were conducted with the Flunme® tank filled to a 0.40

metre liquid level with fresh water. Tests were conducted in
followng and beam seas. Noticeable rolling occurred in the
following seas while the ship was solely under control of the
exi sting autopilot. Rolling was observed to be correlated wth

rudder notions (in the order of 5 to 10 degrees doubl e anplitude).

The Type 500 Cutters have two rudders and their observed
rolling in following seas is considered to be partly due to rudder

i nduced rolling. The coupling between rudder angle and roll in
followng and quartering seas is well known, particularly when the
ship has relatively low stability, see Ref. [4]. This is terned a

"cyclic static phenonenon” since there is no magnification factor
i nvol ved. The period of encounter is relatively long in conparison
to the resonant roll period of the ship. The Flume® tank has a
small effect on roll in this case. Roll nonments due to rudder
forces are proportional to the square of the water velocity over the
rudder and directly proportional to rudder angle and area.

Figure 5 conpares trial results in follow ng seas at 13.4 knots

and 6 knots. Rol | double anplitude peak angles are sorted in
descendi ng order of magnitude and plotted versus cunul ative cycles
(see Section 5.1 for further discussion of the analysis). The

observed roll periods in both tests were simlar and ranged from 10
to 16 seconds. The ship was operating with the EMI autopilot; two
rudders were active during the tests. Conparison of significant
roll double anplitude indicated that the 7.8 knot reduction in

13
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speed (55% resulted in a 60% reduction in roll.

It is well known that roll danping is reduced when speed is
reduced and tests for roll due to waves show increased roll when
speed is reduced. Ship speed also affects the period of wave
encounter and in followng and stern quartering seas the encounter
wave period is longer than the actual wave period. For exanple, at
13.4 knots in following seas a 9 second wave period in encountered
as a 17.65 second wave while at 6 knots it is encountered with an 11
second period. This effect noves wave encounter periods away from
roll resonance as speed is increased over 6 knots and therefore
| eads to higher wave induced roll at |ower speeds. Accordi ngly,
these results indicate that roll-yaw coupling fed back through the
autopil ot was contributing to the observed roll.

4.2 Stabilizer Tank Pi ping Mdifications

The original design intent was that the Type 500 Cutters woul d
operate with the Flunme® stabilization tanks at their optinmm
operating level of approximately 0.5 netre in all conditions and at
all headings. This proved inpossible for the reasons enunerated and
it was recommended to the Omers that the use of the Flune® tank be
limted to those conditions where it would be beneficial. In other
circunstances, such as prolonged heading into weather or in
followng seas, the tank could be "dunped'" and the subsequently
"stiffer" ship would perform better in those attitudes where rol
reduction was not necessary (head seas) or where roll reduction was

better addressed by alternate neans (follow ng seas). In order to
acconplish this capability, a 'fast-fill' piping system conplete
with level nonitoring devices was installed. This enabled the

stabilizer tank to be filled fromthe ship's fire main system
4.3 Hyde RRS System

A Hyde RRS System (HRRSS) was installed on the CCGS "Gordon
Reid", first as a rental for evaluation only in Cctober 1992, and
|ater as a permanent installation in February 1993. Installation of
a second systemon the CCGS "John Jacobson" followed in April 1993.

The evaluation trials, done aboard the CCGS "Gordon Reid" in
Cctober 1992, involved thorough performance testing of the RRSS
al gorithm Tuning of the autopilot was not of concern in these
tests and thus peak performance fromthe autopilot was not sought.
It was later revealed that autopilot performance, particularly
adaptive gain adjustnment, has a substantial inpact on the RRSS
performance of the system Fortunately, the RRSS al gorithm showed
substantial roll danping capability in the service for which the
system was targeted; nanely, duty in heavy stern quartering seas
where roll periods can becone elongated to nore than 13 seconds.

15
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Due to the success of the initial trials wth the RRSS, CCG
decided to install these systens permanently on both ships. It was
deci ded that the nost econom cal, and |east disruptive, approach for
this installation would be to interface the Hyde RRS System to the
EMRI steering system as sinply another source of rudder comand
si gnal s.

The per nanent installation on the CCGS "Gordon Reid"
incorporated the Hyde RRS into the central steering console as one
of the helm control sources selectable by a button. In this
configuration, control can be switched away from either autopil ot
(EMRI or Hyde) at any tine by pressing a button near the hel mlever
at the central console or either bridge wing console. The Hyde RRS
conputer and roll sensor are nounted in the 'tween decks equi pnent
space i medi ately beneath the ship's bridge.

Installation on the CCGS "John Jacobson"” proceeded in a simlar
fashion with system tuning and comm ssioning sea trials imediately
followng the installation. Installation was arranged to coincide
with a normally scheduled crew change at the Canadi an Coast Quard
Station in Victoria, B.C Calm water tuning and adjustnents for
each ship were conpleted in the sheltered waters near Esquinalt
Har bor . On both occasions, sea conditions suitable to stinmulate
lively ship notions were readily available after only a short run up
t he west coast of Vancouver | sl and.

5. RESULTS FROM SEA TRI ALS
5.1 Oiginal Performance of Fl une® System

The Fl une® systemwas originally tested during the first set of
sea trials of the CCGS "John Jacobson”™ in Novenber 1990 as the
vessel entered the Strait of Juan de Fuca. The predom nant wave at
the test location was a swell of about 1.5 netres height, 46 netres
| ength, and approximately 5.5 seconds period entering the strait.
There were also sone wind waves from the opposite direction which
were short and choppy, containing little energy.

The stabilization tests were conducted on a heading of 190
degrees, crossing the strait with the swell on the starboard beam
The speed was 16 knots. The first test conducted was with the tank
enpty (unstabilized). For the second test, the tank was filled to a
| evel between 0.4 - 0.5m and the tests were repeated on the sane
cour se. The duration of each test was 15 mnutes, |ong enough to
obtain a reliable statistical sanple.

During both tests the roll notions of the ship were neasured
with a gyroscope and recorded on a pen recorder. A roll period of
about 9 to 10 seconds was obtained fromthe data without the Fl unme®
tank which corresponds to a GV of 0.80m Anal ysis of the test
results are shown in Figure 6. Analysis of the tests included
readi ng peak to peak roll angles fromthe charts and sorting them
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in descending order of nmagnitude. Approximately 180 points were
obt ai ned fromeach test. The naxi mum val ue and the average val ue of
the one-third highest rolls (defined as the significant roll angle)
were obtained fromthe data for the two runs.

Figure 6 shows roll double anplitude versus cunul ative nunber
of occurrences for tests with and wthout stabilization. For
exanple, roll greater than or equal to 12 degrees peak to peak
occurred 90 times when the Flune® tank was enpty and only 4 tines
when it was operational. Over 50% roll reduction was achieved,
which net the design objectives despite the lower stability and
| onger roll period.

5.2 Description of Sea Trial Procedure

In April 1993, instrunentation was installed on the bridge of
the CCGS "John Jacobson” to nonitor |ateral acceleration, rudder and
roll angle. The data was recorded on nmagnetic tape and printed as a
time series trace during the trials.

After the Hyde RRS system was installed on the vessel, calm
water roll-up and roll decay trials were conducted at several speeds
in the protected waters off Esquinmalt Harbour to determne the
optimum RRS control paraneters. Comm ssioning trials were then
conducted the next day in the vicinity of the La Pérouse wave buoy

| ocated at 48° 50" north 126° 00" west off Barclay Sound. The
trials area is shown in the chart -- Wst Coast, Vancouver |sland,
reproduced as Figure 7.

During the trials, the wnd speed and wave hei ght were obtai ned
fromthe hourly marine weather forecast. At the conpletion of the
trials, the statistical weather data and the wave spectra were
obtained from the Marine Environnental Data Service (MEDS) in
OGtawa. The wave spectra for the trials period is shown in Figure
8. Fromthis it can be seen that the significant wave hei ght was
approximately 4m at a peak wave period of 11.1 to 13.5 seconds.
These wave conditions correspond to the |ower boundary of sea state
6 and are at the upper |limt of specified ship service requirenents
described in Section 2.1 for maintaining speed and nanoeuvrability.

5.3 Presentation of Data (btained

Two series of trials were conducted in beam and stern
gquartering seas, at discrete speeds of 10, 13, and 16 knots. The
first series with the stabilization tank filled with 0.38m of salt
water, the second with it enpty. For each series, the first set of
data was acquired wth the vessel controlled by the EVMR autopil ot
(EVMRI). Control was then switched to the Hyde autopilot (H PILQOT)
and another set of data acquired after sufficient tinme had el apsed
for it to be inits adaptive node. Control was then switched to the
Hyde RRSS (H RRSS) and a third set of data acquired. The

18



R S
.Nz‘a..”..,.g.::.;_m.m

T fa JAM A7 175
) . s \4 7“ _wmi 55

£ st \\ o »,.\ / =
K . 5\ \\ a2
ey ; / / ;
. S ;
S s \ \ | S
{ " . Sow S wf

7 I

w?

)
FMIND gy ity T PR 0HA,

as presented to the Tenth Ship Control Systems Symposium, Ottawa, Canada, October 1933,

Lt

A

0

w’

S

Chart of the West Ceoast of Vancouver Island

7.

Figure

19



as presented to the Tenth Ship Control Systems Symposium, Ottawa, Canada, October 1983,

Station C46206

18.70- 16-APR-93 1644 GMT
Sig Wave Ht 4.0m
514'96' | Peak Period 13.5 sec
e I
r
g
g11.22
D
S 7,48
s
1
t
y 3.74.
O T { l ] T 1
0 0.1 0.2 0.3 0.4 0.5
Freguency (Hz)
17.64, 16-APR-93 2044 GMT
Sig Wave Ht 4.0 m
E14.11] Peak Period 12.2 sec
é
§10.59
0
€ .06l
s
]
t
Yy 3.53]
N
0 0.1 02 03 0)4a 0)s

Frequency (Hz)

Figure 8.

La Perouse Bank

12.52, 16-APR-93 1844 GMT
Sig Wave Ht 4.1 m
510-02— Iy Peak Period 13.5 sec
l: h
9]
g 7.514
D
S 5.0
S
1
t
Yy 2.504 )
\\\
™,
0 T T T T 1
0 61 0.2 03 0.4 0.5
Frequency (Hz)
14.31- 16-APR-93 2244 GMT
Sig Wave Ht 3.5m
511-45—  Peak Period 11.1 sec
: i
g
¥ 8.584
0
£ 5.724
s
i
t
Yy 2.86.
O T T. T 1 1
0 0.1 0.2 0.3 0.4 0.5

20

Frequency (HzZ)

Wave Spectra at time of Trials



as presented to the Tenth Ship Control Systems Symposium, Ottawa, Canada, October 1993.

summary of results is presented in Table 1. Figure 9 shows the
first 150 seconds of the time series data obtained during Runs 1, 2,
and 3 when the Flune® tank was filled to 0.38m with sea water.
Fi gure 10 shows Runs 29, 30, and 31 where the Flune® tank is enpty.

From the tine series data it can be seen that the adaptive
autopilot (H PILOT) generally used |ess rudder angle than the non-
adaptive autopilot (EWMRI); this was to be expected, especially for
| onger roll periods. As a consequence, less roll and Ilateral
accel eration was experienced. Al though the H RRSS used nore rudder
than the EVRI or H PILOI, the roll angle and |ateral acceleration
were reduced. The tine series data were analyzed to determne the
average roll period, significant double anplitude roll angle, and
t he percentage roll reduction when controlled by the H RRSS conpar ed
to either the EMRI or H PILOI. These calculated results are
summari zed in Table 1. Fromthis it can be seen that at all speeds,
a substantial roll reduction was achieved with the H RRSS The
percentage roll reduction was cal cul ated as:

Reduction (%9 = 1 - significant roll with H RRSS x 100
significant roll w thout H RRSS

Note that the wunstabilized roll, or "significant roll wthout
H RRSS', acquired using the adaptive autopilot (H PILOT) is usually
smal ler than the unstabilized roll acquired using the non-adaptive
autopilot and is thus likely to be nore representative of the true
unstabilized roll situation. This is reflected in the snaller
percentage roll reduction values reported for the RRSS when the
adaptive autopilot 1is wused to acquire the wunstabilized roll
esti mat es.

5.4 Trial Conditions

Although it has been noted that the trials were conducted in
beam and stern quartering seas, the trial data indicate that a nore
conpl ex situation was encountered. Roll notion is quite sensitive
to wave direction, especially when the ship is underway. Provi ded

the encounter and natural roll frequencies are the sane,
unidirectional beam seas always produce the largest resonant
rol I'i ng. It should be noted that resonant roll at this heading

decreases when speed increases due to increased roll danping with
speed.

Large anplitude roll can also occur in stern quartering seas
for high speed ships, especially when coupled with low GM As noted
previously, the Type 500 Cutters were especially susceptible to this
probl em which was al so exacerbated by the relatively |arge rudders
and their effect on ship notions. Rudder induced roll generally
will not be a problem in bow and head seas since the period of
encounter is short and autopilots don't respond to these higher
frequency wave excitations.

Keeping this sensitivity of roll to wave heading in mnd, the
doubl e peaks in the wave spectra neasured during the trials (see

21
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SEAKEEPING TRIALS WITH EMRI, HYDE AUTOPRILOT & RRSS ON APRIL 18, 93.

22

RUN [HEADING| WAVE [BTEER AUTO |FLUME| SPEED SIGROLL| RRSS | 9% RRSS| % ROLL
ND IDEGREES|DIRECTIONPUME PILOT | TANK | KNOTST ANAE | EMRIREDUCTIH PILOTIREDUCT PERIOT
m SeC
1 316 |SSQUAR| 4 | EMRI [0.381 13 25.6 |0.67| 33 8.5
2 316 |SSQUAR} 4 HPILOTO0.38] 13 23.1 0.741 26 |10.2
3 316 |SSQUAR| 4 [H RRSS[0.381 13 17.1 9.6
4 30 SBEAM| 4 | EMRI 10.38] 13 43.4 {0.34] 66 12.4
5 30 SEEAM} 4 HPILOTI0.38} 13 24.3 0.a0} 40 |10.6
6 20 SBEAM| 4 |H RRSS[0.38) 13 14.7 9.4
7 30 SBEAM| 4 | EMRI | C.38) 10 30.1 |0.53 | 47 10.7
8 30 SBEAMY! 4 HPILOTIO.38] 10 16.6 0.97 3 8.6
9 30 SBEAM| 4 |H RRSS|0.38] 10 16.1 2.9
10 275 |PSQUAR| 4 ' EMRI [0.38} 10 20.1 |0.54| 46 9.5
11 275 [PSQUAR| 4 HPILOT|0.38}1 1D 19.7 0.551 45 9.1
12| 275 |PSQUAR; 4 |H RRSS{0.381 10 10.9 8.2
13 275 [PSQUARL 4 | EMRI [0.38] 13 27.5 10.3
16 275 |PSQUAR! 4 | EMRI 10.38] 13 24.5 10.56 | 44 9.1
171 275 |PSCQUARY 4 H PILOT|0.281 13 25.6 C.54] 46 | 10.1
181 275 |PSQUARY 4 |H RRSS{0.38] 13 13.7 9.5
20| 275 |PSQUAR| 4 | EMRI {C.38} 186 33.4 |0.63) 37 11.2
21 275 IPSQUAR] 4 HPILOTIQ0.381 16 26.6 0,801 20 8.9
22 275 |PSQUAR| 4 |H RRS5!/0.381 16 21.2 9.9
23 50 SBEAM | 4 | EMR!I |C.38] 16 23.8 {0.686 | 34 9.9
24| 50 |sSBEAM]| 4 HPILOT|0.38] 16 | 25.8 t0.60] 40 1111
25 50 SBEAM | 4 iH RRES|0.28) 16 15.6 9.3
26 250 [PS QUARI 4 | EMRI G 10 26.7 10.481 52 3.3
27 250 PSQUAR) 4 HPILOTL © 10 19.7 0.65 1 325 8.9
28 250 |PSQUAR] 4 [H RRSS| © 10 12.8 8.7
29 |1 250 |PSQUARY) 4 | EMRI 8] 13 34.7 |0.501 50 8.8
30 { 250 [PSQUAR| 4 HPILOT| © 13 | 25.3 0.67] 33 | 8.6
31 250 PSQUAR| 4 |H RRSST QO 13 16.9 8.5
32 250 {PSQUAR| 4 | EMRI Q 16 44,4 10511 49 9.7
33 250 JPSQUAR] 4 HPILOT] C 16 29.8 0.76) 24 9.1
34 | 250 [PSQUAR| 4 [HRRSS| O 16 22.6 8.52
35 30 SBEAM}| 4 | EMR) 6] 16 | 32.3 10,67 33 9.04
386 30 SBEAM]| 4 HPILOT| C 16 [RUN ABORTED
37 30 SBEAM) 4 |H RRSS) © 16 | 21.7 8.9
38 30 SBEAM| 4 | EMR{ Q 12 33.7 10.61} 39 9.7
39 30 SBEAM| 4 HPILOT| O 12 29.7 0.691 31 [10.1
40 30 SBEAM] 4 |HRRSS| O 12 20.4 8.3
41 30 SBEAM | 4 | EMRI 0 10 1 21.5 10.94 S 8.6
42 30 SBEAM| 4 HPILOT O 10 21.1 0.96 4 9.2
43 30 SBEAMYt 4 |H RRSS| O 10 20.2 9.3
Table 1. Table of Results from Trials
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Figure 8) indicates that a conbination of swell and w nd waves
comng from different directions was encountered. The 12 to 13
second spectral peak observed in Figure 8 is probably due to swell
with the secondary 7 and 8 second spectral peak present being due to
| ocal wind waves. Visual observations of wave direction, included
with the test data, tend to represent the wind waves since they are
easier to see than swells.

Anal ysis of ship and wave direction data in Table 1 indicates

that the observed true wave direction varied between 110° and 140°
which follows the coast fromthe Strait of Juan de Fuca to the wave
buoy at La Pérouse. Data for swells in the trials area indicate
that they came from the southwest. Recorded wi nd speed and
direction at the La Pérouse wave buoy show that the wi nd encountered

by the ship canme from directions between 117° to 130° which 1is
simlar to the encountered wave direction. The w nd speed varied
between 23 and 26 knots (12 to 13.5 ms). Based on this
information, Figure 11 shows probable wave encounter patterns for
the trials.

Referring to Figure 11, trials 1in starboard beam seas
encountered an additional |onger period swell on the port stern
quarter. Because of this, sonme rudder induced roll is likely in
these trials, especially those with a non-adaptive autopilot active.

The Runs affected include nunbers 3 to 9, 23 to 25, and 34 to 43.

For trials in port stern quartering seas, swell is encountered
as head to bow seas and will have a negligible effect on roll. The
Runs conducted at this heading include nunbers 10 to 22 and 26 to
34.

5.5 Expected System Perfornmance

In order to assist in evaluation of trial results, the expected
design and system performance of the EMR autopilot, the Hyde
autopilot, the Hyde Rudder Roll Stabilization system and the Fl unme®
Stabilization Systemare summarized in the follow ng sections:

5.5.1 EMR Autopilot

The EMRI nmain steering and autopilot system installed during
construction is a 2 rudder, 4 punp control system The autopilot is
interfaced to the gyro conpass and is not adaptive. Duri ng
autopilot control, its rudder order is simultaneously transmtted to
bot h rudders to ensure synchroni zati on.

Qperational experience with the system indicated that, due to
its non-adaptive nature, relatively |arge rudder angles were ordered
in following and stern quartering seas. As a result, rudder induced
roll has been experienced. Initially, sone of the observed
difficulty in followng and stern quartering seas was due to
inproper initial settings.
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5.5.2 Hyde Autopil ot

The Hyde autopilot is an adaptive autopilot which has a
"l earning"” capability that allows a reduced rudder angle to be used
to maintain heading in waves. Considering the large rudder area
provided, only small rudder angles are required to nmaintain the
course constant.

5.5.3 Hyde Rudder Roll Stabilization System (RRSS)

The Hyde RRSS senses the roll notion of the ship and generates
a corrective signal for the rudder to counteract wave roll
excitations w thout affecting course or speed. The center frequency
of the roll sensing filter for the RRSS in these trials was 10
seconds. The system corrects for longer or shorter roll periods
adaptively, but is optimzed for roll periods centered about 10
seconds.

It should be noted that the RRSS stabilizing nonment 1is
proportional both to rudder angle and to the square of the ship
speed. The RRSS control system has a £20 degree rudder oscillation
limt and is optimzed for a 13 knot cruising speed.

5.5.4 Flune® Stabilization System

The operating principles of the Flunme® Stabilization Systemare
described in Section 3.1. At the 0.4 netre water |evel used during
the trials, it is tuned to a ship resonant roll period of 9 seconds
and has been denonstrated to reduce rolling by 50% in beam seas.
Wen the ship rolls with a 11 second or higher period, such as
occurs during rudder induced rolling in stern quartering seas, the
tank water noves with the ship and does not provide a stabilizing
nonent . It acts as any other tank with a static free surface and
increases the static heel angle. The free surface nonent of the
tank is 140 netre tons wth a correction equal to about 18% of the
GV increasing the "static" heel angle by the sane anount.

5.6 oserved Performance

Overall performance characteristics of the systens observed
during the trials are discussed in the follow ng sections:

5.6.1 EMR Autopilot

Trial results in beam seas with the original, non-adaptive
autopilot active show a definite correlation between rudder angle
and roll angle. For exanple, examnation of the time trace for Run
7 in Figure 12 (starboard beam seas at 10 knot speed) shows the
rudder angle in phase with roll angle and thus contributing to the
roll. As noted in Section 5.3, swell fromthe port stern quarter
was present in addition to beam wind waves. This condition causes
excessi ve rudder action.
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The | argest roll angle nmeasured during the trials, 44.4 degrees
doubl e anplitude, occurred in Run 32 at a speed of 16 knots in stern
gquartering seas using the non-adaptive autopilot. Again, the tine
traces in Figure 12 for Run 32 shows the rudder angle to be in phase
with the roll angle.

5.6.2 Hyde Autopil ot

Examnation of time traces for runs in beam seas using the
retrofitted adaptive autopilot shows a considerably reduced rudder
activity conpared to the original, non-adaptive autopilot. For
exanple, conparing Run 8 in Figure 12 (Hyde autopilot in beam seas)
with Run 7 in Figure 12 (EMR autopilot in beam seas) shows much
| ower rudder and roll angles with the adaptive autopil ot.

Many of the test sequences were such that runs wth one
autopi l ot were acconplished imediately after runs with the other.
This close proximty means simlar wave conditions were encountered
and conparison of results can be used to estimate the anmount of rol
i nduced by roll-yaw coupling to the rudder via the autopilot.

For trials in starboard beam seas, conparison of Runs 4 and 5
at 13 knots, and Runs 7 and 8 at 10 knots indicate that rudder
i nduced rolling accounts for 44 percent of the total. In addition,
the roll period wth the adaptive autopilot active is about 2
seconds shorter than roll period with the non-adaptive autopil ot
active. This clearly denonstrates that forced rolling at a period
i nfluenced by the steering gear characteristics has been occurring
on these vessels.

5.6.3 Hyde Rudder Roll Stabilization System

It is considered appropriate to evaluate RRS performance based
on conparisons with the Hyde autopilot since this data is nore
representative of the natural roll of the ship. Considering results
in stern quartering seas at 13 knots, the speed for which the RRS
System was tuned, roll reductions of 40 to 46 percent were achieved
in tests with the Flune® tank operational. Rol| reductions of
approxi mately 30 percent were achieved in tests with the Fl une® tank
enpty under the sanme conditions.

5.6.4 Flune® Stabilization System

The trials programwas conducted with the Flune® tank filled to
a 0.38 netre level at the start of the trials. Runs nunber 1
through 25 at various speeds, headings, and system configurations
wer e acconplished and the tank was then enptied. Runs 26 through 43
were simlar runs with the tank enpty. This trial procedure neans
that conparable runs with the Flume® tank filled and enpty took
place with a considerable tine delay between them It is noted from
Figure 8 that the waves may have been lower at the end of the test
which would act to reduce the apparent roll reduction due to the
Fl ume® stabilization system
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Two of the nine pairs of runs operating with the non-adaptive
autopil ot showed higher roll with the Flume® filled to 0.38m in
conparison to runs with an enpty tank (run pairs 7 and 31 at 10
knots and run pairs 4 and 38 at 13 knots). Refering to Figure 11
the vessel was encountering wind waves on the starboard beam and
swell on the port stern quarter. Exam nati on of the chart records
for these runs shows that rudder notion was in phase with roll.

The observed roll periods for runs with water in the tank were
12. 4 seconds for run 4 and 10.7 for run 7. Lower roll periods were
observed when the tank was enpty, 9.7 seconds for run 38 and 8.6
seconds for run 41. As noted in Section 5.5.4, when the ship rolls
with an 11 second or |onger period the Flunme® tank acts as any ot her
tank with a static free surface. It has a free surface correction
to the GV of 18 percent which can increase the resonant roll period
from 9 seconds to 10 seconds. This noves the roll resonant period
closer to the forcing period of the steering system and can
contribute to the higher roll observed. 1In addition, since the GM
is less than design, static heel angles wll also increase in
proportion to the reduction in GV

Considering tests in beam seas with the Hyde RRSS active, rol
with the Flune® tank filled to 0.38 netres was approximtely 20
percent |ower than conparable tests with the tank enpty contri buting
to an overall roll reduction of 60 percent in one instance. As
noted previously, the tank is not effective for forced roll at
periods at or above 11 seconds and will do little to reduce such
rudder induced roll when the EMRI autopilot is active.

6. CONCLUSI ONS AND FUTURE PLANS

The Type 500 SAR Cutters failed to performto expectati on when
placed into service in 1990/1991. The fundanental problem was one
of extrenme rolling notions which occurred in followng seas.
Contributing to this problemwere the foll ow ng:

» Excessive weight built into the ship

e Reduced GM bel ow design objectives, and below that for which
the Fl une® stabilizing systemhad been desi gned

* Rudder induced rolling (roll-yaw coupling through the
aut opi |l ot)

An extensive program of full scale testing and analysis was
conducted on behalf of the Canadian Coast Q@uard, which indicated
that the desired performance characteristics of these new ships
coul d be regained through a conbination of corrective neasures which
woul d: (1) reduce weight, (2) increase stability, and (3) elimnate
rudder induced rolling.

Trial results show that the adaptive gain Hyde autopilot has

reduced rudder induced rolling; that is, rolling caused by the
effect of waves on vessel yaw notions coupl ed through the autopil ot
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to the rudder. Conpared to use of the non-adaptive autopilot, rol
reductions of 20 to 40 percent in beam and stern quartering seas
wer e observed.

Qperation of the Hyde Rudder Roll Stabilization System under
simlar conditions reduced roll by 30 percent conpared to use of the
adaptive autopilot only with the Flune® tank enpty. Wth the Fl unme®
tank at 0.38m the Hyde RRS System reduced roll by as nuch as 46
percent wunder the sane conditions. Thus, the Flunme® and Hyde
systens are shown to operate cooperatively in their roll reduction
ef fects. Note that the roll periods observed during the conbined
runs ranged from8.2 to 9.9 seconds. At longer roll periods their
conbi ned effects have been observed to diverge.

Referring to the ship service requirenents outlined in Section
2.1, it is apparent that the corrective neasures eval uated have nade
substantial progress toward the design objectives. It is expected
that the conbination of corrective nmeasures including installation
of the Hyde Rudder Roll Stabilization System Flune® System
nodi fication, weight reduction, and the addition of bilge keels wll
significantly inprove the seakeeping characteristics of the vessel
This result will provide a sea-kindly platformto allow the crew of
these vessels to perform their duties during SAR mssions in the
wor st design sea state w thout undue disconfort or fatigue.

The Canadi an Coast @uard will continue to inplenent all the
reconmended corrective actions when vessel mssion priorities
permt.

7. ACKNONLEDGEMENTS

The authors gratefully acknow edge the col |l aborative efforts of
O fshore Research Ltd., Vancouver, B.C Canada, which conducted the
April 1993 trials and provi ded the anal yzed dat a.

8. REFERENCES

[1] Robert G Alan, P.Eng. "Concept Design Studies for the
Canadi an Coast Quard 'Type 500" Search and Rescue Cutter™
presented to the Society of Naval Architects and Marine
Engi neers, Pacific Northwest Section, Septenber 1989.

[2] "Type 500 Instrumented Seakeeping Trials", prepared by Ofshore
Research Ltd., Vancouver, B.C , Canada, April 1992.

[3] C G Kallstrom W L. Schultz, "An Integrated Rudder Control
System for Roll Danping and Course Miintenance", 9th Ship
Control Systens Synposium Bathesda, Maryland, U S A, 1990,
Proceedi ngs Vol 3, pp 278-296.

[4] R Taggart, "Anonalous Behaviour of Merchant Ship Steering
Systens”, Marine Technol ogy, Vol 7, No. 2, April 1970.

31



