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David Hickerson

ABSTRACT

This study looks at the fluid interactions from the wake of a sail boat performing the
heavingto storm tactic in heavy weather seas with the waves. This interaction causes the
wave height in the wake to be reduced. The fluid flow in the top layer ofdiie \w seen

to move with the wake as the hull drifts with the wind. This movement of the top layer of
the wave provides a vertical momentum cancelation affect with the portion of the wave
that it moves over reducing the wave height.

STAR-CCM+ CFD softwae is used to perform the simulations of the steep waves with
wavelength of 25 meters, 55 meters, and 67 meters. In the simulation, a propulsive force
is used to simulate the wind force on the boat.
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For hundreds of years, sailing ships and boats have been ysincedurecalled
heavingto. Heavingto is used for stopping the boat. It allows the crew to rest, conduct
repairs, pull in a fishing net, wait out a fog, or weather a strislike pulling to the

side of the road and pulh the emergency brak&o affect this maneuvethe vessewill
reducesailsand back sailssothat the ship begins making leay without forward
progress. The leeway causes a wake that disturbs the propagation of waves towards the
vessel lessening their impact.i¥heducebreaking waves, which can causearwater

to wash onto the deck @wr a vessel tdose stabilityon acrest as a wave breaks
underneath itFor this reason, heavirg is considered a storm tactic. This research
studies this storm tactic using Computation Fluid Dynamics (CFD) to model the
condition in which its use would be most important.

1.1 Motivation and Background

1.1.1 1979 Fastnet Race

The events of the 1979 Fastnet Race included over 300 yhahtncountered the storm
(Forbes, Laing and Myatt 1979)uring the race, 158 of the boats competing reported
usingspecial storm tactics to protect themselves from breaking seas when a storm
intensified beyond meteorological predictions. Of th&®@reported being knocked

down and over 77 reported being eallover. From the 158 boats, 26 hdvainder salil

alone, 86 lay &ull, and 46 ran before the wind, some towing warps or other gear to slow
their speed. The 26 baathathoveto did not report being rolled or suffering major
damage, though one reportesirny knocked down twic@Pardey and Pardey 2008)
Strohmeier in his paper analyzes the data correlating size with storm damage and
survivability (Strohmeier 1985)

This event spurred some studiesrmprove sailboat stability in breaking seas and to
modify racing boat criteria. In 200fhe International Standar@rganization released the
Small crafti Stability and buoyancy assessment and categoriza@n122172:2002
standard.

1.1.2 Previous Scientific Studies

Heavingto has the characteristic that no other storm tactic uses, which is the reduction of
the incoming wave due to the boats wdReeviously, here hae been litle to no

documented studies beavingto. Most information on the topic is @eedural Lin and

Larry Pardey, providérst-handknowledge and account of using heaviogn storms

and breaking waves in their bo@&iorRM TACTICS HANDBOOK , MODERN METHODS

OF HEAVING -TO FOR SURVIVAL IN E XTREME CONDITIONS (Pardey and Pardey 2008)

Herveyand JordarfHervey and Jordan 1988pnducted a related study of drogues use to
prevent capsizing, whetbey observed the wake effect on the drogue itself with regard

to entanglemeniTheir study was conducted using model testing for capsizing with and
without a drogue. They also conducted full size load testing on both series and standard
drogues at the mouth of the Columbia Ri(iéervey and Jordan 1988)



Another study based on the 1979 Fastnet race was by Strohmeier, who analyzed the data
from the event anthe research from othefferts that came after the radée made
recommendations for designers and race committees for capsizing stability. Tiis wo
focuses on the rotational inertia of the boat and the moment arm of the wave on the free
board to the center of gravi($trohmeier 1985)

The lack of more studies on the udestorm tacticxould be attributed to the difllty of
obtaining information in the right conditions. Additionally, advances in weather
prediction, communication, and weather radar have made studies in this area less
imperative, since ships and boats can maneuver to avoid large storms. Theresare time
however when storms develop quicklymove unpredictaly, and smaller boats that do
nat have the speed or position to avaidtorm will have to endutbe storm

2.000D1 OA

The purpose of this study is to determine the fluid mechanisms and fastaked in

reducing the wave height using CFD. The advantages of using CFD for this study are that
it can be conducted at full scale, and obtaining flow information is relatively easy. The

disadvantages are that the modeling of the physics is not exaglatson time is
measured in days; and computational and data storage requirements are high.

It was found during the study that the hull added momentum to water in the wake in the
direction that the boat is drifting. This water moved faster than the bel@w it

becoming out of phase with the wave and providing vertical momentum cancelation
reducing the height the wave attained.

Thefollowing sections will cover the heavirtg procedure and some of its
characteristics, ocean wave characteristics pertinent to the study, physics of the
simulation,description oSimulation with mesh refinement study, results of the
simulation and finally conclgions drawn from the research and resilte first sections
describe the attributes and the ratierthbt will be used in the simulatien
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In this section the processes involved with the heatorrocedure and the

environmentatonditions will be discussed to provide background parameters for the
simulation. The last part of this section covers the equations used in the simulation.

3.1 Heavingto Procedure

In light to medium windg3 to 6 m/s¥or a sloop rigged boaheavingto is entered from

sailing at about 45 degrees to the windlose hauld. Thehelm t he boat s steer
mechanismis put over tacause the bow of the boat to come through the anubnto

the opposite close hauled course to the w@itthnging course throughe wind like this

is called tacking or changing tack. The opposite which brings the stern of the boat

through the wind is called jibing-heforward sail calledhe jibis left in its previous
setingforthelastcbo s e haul ed cour sewindfbrbesthgboat 6s angl e t
backwards; this is called backing a s@the main sail, which is aft of the mast, swings

normally to the downwind side of the boat, known as the lee side. The main sail in this

position catches some of the wind forcing the boat &dwAs a result of the jib push

backvardandto the downwind sideThe main sail pushing forward and to the downwind

side, theesails are set to balance the forces to push the boat in the direction of the wind.

Adjusting sails andetting thenelm to10 to 15 degree to the lee side of the boat

accomplishes this balancthis results in the boataintainingabout 50 degreemngleto

the wind. At this point, the boat will start to side slip in the direction of the vidathe

boats may tentb try to starsailingforward and then to tack due to all of the forces and

motions not being quite balanced. This is caftaéreacimg. Forereacing will cause a

boat to move out of the side slip wake, which is not important in these winds. However, it
becomes verymportant to control this, when using this maneuver for breaking seas.
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Figure 1: Sailboat in astorm in a heaveto position (Nauticed.org, 2011) Courtesy of NauticEd.

Salil, rig configuration and hull desigmvill cause variabns in a good heavintp
maneuver, and a good skipper shaadgeriment with the setting of their boat to
determine what works bedthe book,STorM TACTICS HANDBOOK 3%° ED, M ODERN
METHODS OF HEAVING -TO FOR SURVIVAL IN EXTREME CONDITIONS, by Lin and
Larry Pardey(Pardey and Pardey 200§)es irto detait for various sailboat
configurations including many other aspects of surviving a storm at sea.

In storm conditions with breaking seagavingto needs to be controlled so the boat

stays within the wake that it creates as it side slips with the wind. The Pardeys
recommend using a sea anchor and setting it to hold the boat at the desired angle to keep
the boat from driihg fore or aft oubf its wake. The wake should be perpendicular to the
waves, which they call a square drift. They alsotkaythe sea anchor is not necessary,

if the boat can be trimmed to hold a square drift. The result will be a faster drift rate,

which in seas nearlae shore, is not desiralfleardey and Pardey 2008)

Roth differs in his description of heavitig by saying that the boat drifts 90 degrees from
the wind to thelownwind orleeward sidef the boat This would mean sailingut of the
wakées protection. He goes on to recommend only using hedwing to Force 7 winds,
then toput all sails down and secure the helm, which is c&jieg a-hull, for windsup

to Force 8 Beyond thahe recommendsinning off which is steeringhe boat with all

sails down and trying to avoid dangerous watReh also describes theakebeing



produced by a boat lyingfaull as well. In lying ahull the boat lies broadside to the
waves adt is pushed along by the wind acting on the KiRbth 2009)

Drift rate will vary for hreeexternal reasons: wave flow actjamave and wind

blanketing and gravity The waves have circular currents that are described later, which
draw a boat towards the upwelling portion of the wave. The boat is most influenced by
the wind on the crest and back side of the crest. As thedmaies the trough, the wave
shadows theails feefed orstorm sails) from the wind reding the force it imparts to the
boat. Gravity force will pull the boat towards the trough. For aspects with the boat alone,
the shape of the hull and depth and shape of the keel will influence the drag force
resisting these external forces. With all of these differing forces acting on the boat to
differing degrees, the actual over the ground drift rate will vary significanttytime.
Average over the ground drift ratis actual sail boats in specifiedraditionswere

given byTablel.

Table 1: Drift rates ofsail boats(Pardey, 2008)Courtesy of Lin and Larry Pardey, from Storm
Tactics Handbook 3° ed. Modern Methods of Heavingto for Survival in Extreme Conditions p. 116.

Boat Estimated Wind Drift Rate (hove- Drift Rate (sea

Speed (knots) to, sail only) anchor) (knots)
(knots)

Serffyn, 24foot Gusts ta80 1.2 0.6

heavydisplacement (8-foot paraanchor)

classic cutter

Taleisin, 29foot 75-80 1.1 0.6

heavydisplacement (12-foot para

classic cutter anchor)

Lavarnos 36, racer 45 2.0 0.6

(similar to S&S 36) (8-foot para anchor

Charger 33, 35t0 45 1.2 0.7

IOR-type sloop (5-foot diameter sed

(similar to Peterson anchor, cone type)

33)

Hunter 40, Winds to 45 2.0 0.8

Modern racing (12 paraanchor)

sloop

J/30 ultralight Above 55 4.0 0.6

race boat (8-foot paraanchor)

Brooks 44, Above 50 15 0.76

Modern racing (15-foot para

sloop anchor)

Goodjump I, Sustained at 60 NA 1.0

75-foot steel (28-foot C-9

schooner military chute)

For the simulation, the area of interest is the reaction of the waves encounteviads¢he
and to a lesser degree area around the hull. To be able to use symmetry, the boat is
positioned at 90 degrees to the waves, not at 50 degrees as recommended in literature.



The hullin this positionstill produces the slicthat is being studied’he drit rate chosen

is about 1 meter per secofmd/s), which equates to about 2 kndExact control of drift

rate both in practice and in the simulation is difficult due to the combination of wind,
wave and gravity forces on the hull. In the simulation, thi¢ idrcreated through a

propulsion force added to the hull via the software. This propulsion force was adjusted to
get an approximate 1 m/s relative speed to the fluid flow.

3.2 Ocean Waves

The waves that are of interest are those driven by wind over thesudtsre. As wind

travels over the surface areas of turbulence create pockets of low and high pressure that
lift and puslonthe waterand along with shear stresau® the waves to fon. Wind

speed, time, ankgéngth of the area callddtchdetermine waveharacteristicef

wavelength and wave height. As the wind starts out, small waves are generated and grow
into larger ones until the energy being transferred from the wind is balanced out by
dissipative forces. This correlates wind speed to size of wietis.compiled the

following two tables Table2 andTable3) from H. O. Publications 603 and 604 showing

this relationshigRoth 2009)



Table 2: Sea Conditions 1 from Handling Storms at Sea, The Secrets of Heavy Weather Sailing

Force 4 (11-16 knots)  Force 5 (17-21) Force 6 (22-27) Force 7 (28-33)

Fetchin timein height perodin

n.miles hows infeet seconds fime height period time height period time height  period

10 37 |24 24 22 |35 2.8 27 50 | 3. 2.5 6.0 34

20 62 |32 29 54 | 49 33 4.7 70 | 38 42 8.6 43
30 83 |38 33 72 |58 3.7 62 BD | 4.2 58 | 100 | 46
40 [103 |39 3.6 89 |62 |41 78 | 90 |46 Alm S22 549
S50 | 124 |40 |38 11.0 | 6.5 4.4 2.1 9.8 |48 84 | 122 | 52
60

70

80

140 |40 |40 120 [68 |46 102 1103 [5.1 96 | 132 | 85
158 |40 |41 185 |70 |48 [11.92 [108 |54 |105 | 188 | 57
170 |40 |42 150 [72 |49 130 |11.0 |56 |120 [145 | 6.0

90 | 188 |40 [43 [165 (78 |&.1 141 |11.2 [58 [130 [15.0 | 63
100 [200 |40 |44 175 |73 |53 |151 |11.4 |60 |140 |155 | &5
120 | 224 | 4.1 47 1200 |78 |54 (170 |11.7 |62 |159 |160 | 67
140 | 258 |42 |49 225 |79 [58 [19.1 |11.9 |64 |17.6 |162 | 7.0
160 | 284 |42 |52 |[243 |72 |60 [211 (120 |66 |195 [16.5 | 7.3
180 [30.%2 |43 |54 |27.0 |80 |62 231 |121 |68 |213 [17.0 | 7.5
200 [335 |43 [56 |290 |80 |64 254 (122 (7. 230|175 | 7.7
220 | 365 |44 |58 |3l |80 |66 272|123 |72 |250 [179 | 80
240 1392 |44 |59 (331 [80 |68 |290 (124 [73 |268 {179 | 82
260 (419 |44 (60 |349 180 |69 305 |126 [7.5 |[280 |180 | 84
280 | 445 |44 |62 |368 |80 |70 [324 [129 |78 |295 |180 | 85
300 |47.0 |44 |63 385 |80 |71 34.1 [13.1 |80 |81.5 [180 | 87

320 40.5 |80 |72 |360 |133 |82 |330 [180 | 89

340 424 |80 |73 (376 [134 |83 842 [180 | 9.0
360 442 |80 |74 |[3388 [134 |84 |857 [18.] | 91

380 46.1 |80 |75 [402 [135 |85 |371 [182 | 93
400 480 |80 |77 [422 [135 |86 |388 [184 | 9.5
420 500 |80 |78 [435 [13.6 |87 400 |187 | 2.6

440 520 |80 |79 |447 |13.7 |88 |[413 |188 | 2.7

460 540 |80 |80 |462 [13.7 |89 [428 |190 | 2.8

480 560 |80 |81 478 |13.7 |90 [440 [190 | 99

500 580 |80 |82 |492 |138 [9.1 45.5 |19.1 | 10.1
550 530 | 138 [93 [485 |19.5 | 103
600 563 | 138 [9.5 [51.8 |19.7 |10.5
650 550 | 198 | 10.7
700 585 | 1928 |11.0
750

800

850

900

950

1000

These tables are partially derived from H.O. Publications 603 and 604. The wave heights are
significant wave heights, which are defined as the average wave height (trough to crest) of the
highest one-third of the waves.



Table 3: Sea Conditions 2rom Handling Storms at Sea, The 5 Secrets of Heavy Weather Sailing

Force 8 (34-40 knots)  Force 9 (41-47) Force10 (48-55) Force 11 (56-63)
Fetchin timein height periodin
n.mies hours infeel seconds lime  height perod time height  period fime height peiod

10 2.3 7.3 3.9 20 | 8.0 4.1 1.9 100 | 42 18 | 10.0 5.0
3.9 [ 100 | 4.4 35 | 120 | 50 3.2 | 140 |52 30 | 150 | 59
52 | 121 | 5.0 47 |158 | 55 44 | 180 | 60 4.1 |19.8 6.3
6.5 [14.0 | 5.4 o8 | 17.7 | 59 54 | 21.0 | 63 A1 22:5 1167
7.7 11587 | 5.6 69 |19.8 | 63 6.4 | 23.0 | 67 6.1 |125.0 | 7.1

8.7 [17.0 | 60 80 |21.0 | 5 7.4 |1 250 |70 LOMIE27:58|87:S
99 1180 | 64 90 | 225 | 68 83 | 265173 L8RI5 N7 7

110 [189 | 6.6 [ 100 [240 | 7.1 93 | 28077 8.6 (315 | 79
90 120 [200 [ 6.7 |11.0 |25.0 | 72 |10.2 | 30.0 [ 7.9 9.5 | 340 | 82

100 | 128 [20.5 | 6.9 |11.92 [265 | 76 |11.0 | 320 |8.1 10.3 [35.0 | 85

120 | 14.5 [21.5 | 7.3 180 [27.5 | 79 |123 | 33.5 (84 |11.5 |37.5 | 88

140 | 160 [22.0 | 7.6 | 148 [22.0 | 83 | 139 [ 355 |88 |13.0 |[40.0 | 2.2

160 [18.0 (230 | 80 [164 |30.5 | 87 [15.1 | 37.0 |9.1 14.5 | 42.5 | 9.6

180 | 19.9 |233 | 83 |180 | 3815 [ 90 [145 [ 385(95 [160 |455 |100

200 [21.5 | 235 | 85 [193 |325 | 92 [18.1 [ 400 (98 |17.1 | 460 |103

220 229 (240 | 88 |209 |34.0 | 2.6 |19.1 [41.5 | 10.1 |18.2 |47.5 | 10.6

240 244 [24.5 | 9.0 |220 | 345 | 98 120.5 [430 [10.3 | 19.5 |49.0 | 10.8

260 [26.0 [250 | 9.2 [235 | 345 |10.0 |[21.8 |44.0 | 10.6 [20.2 [50.5 | 11.1

280 |27.7 |250 | 9.4 |250 |35.0 [10.2 [23.0 [450 (102 [22.0 |51.5 |11.3

300 [29.0 [250 | 9.5 [263 | 350 |10.4 [243 [450 |11.1 [23.2 |53.0 |11.6

320 [30.2 (250 | 9.6 [27.6 | 355 |10.6 [25.5 | 455 |11.2 | 245 | 54.0 | 11.8

340 [31.6 [250 | 98 [290 |30 |10.8 [26.7 | 460 |11.4 | 255 |550 | 12.0

360 |33.0 [250 | 9.9 |3D0 | 365 |10.9 |27.7 (465 | 11.6 | 266 |55.0 |12.2

380 |34.2 [255 |100 |313 |37.0 | 11.1 |29.1 [47.0 [11.8 | 27.7 |55.5 | 12.4

400 [35.6 [26.0 |102 [325 |370 |11.2 [30.2 |47.5 | 120 |28.9 |56.0 |12.6

420 |[36.9 |265 [103 | 337 [37.5 |11.4 [31.5 | 475 | 122 [29.6 |56.5 | 12.7

440 |38.1 |27.0 | 104 | 348 | 3875 [11.5 [32.5 [480 [123 [30.2 |57.0 | 129

460 | 39.5 |27.5 | 106 | 360 | 375 |11.7 [33.5 | 485 | 125 | 818 |57.5 | 13.1

480 | 41.0 |27.5 [ 108 |37.0 | 375 |11.8 [34.5 |49.0 | 12,6 |32.7 |57.5 | 13.2

500 |[42.1 (275 | 109 (383 |380 |11.9 [355 |49.0 |127 | 339 |580 | 134

550 [449 (275 |11.1 (410 |385 | 122 [38.2 | 500 | 130 [36.5 |58.0 |13.7

600 |[47.7 1275 [113 | 436 |39.0 | 125 [40.3 | 500 | 133 [38.7 |60.0 |14.0

650 | 503 |27.5 [11.6 | 464 |39.5 | 128 [43.0 | 50.0 [ 13.7 | 41.0 |60 14.2

700 | 503 |27.5 [11.8 |42.0 | 40.0 | 13.1 [454 |50.5 | 144 | 43.5 | 60.5 | 14.5

750 | 56.2 |27.5 | 121 [51.0 | 400 |13.3 | 48.0 [51.0 | 142 | 458 |61.0 | 148

800 |[59.2 [27.5 | 123 (538 | 40.0 |18.5 [50.6 |51.5 | 145 | 47.8 [61.5 | 15.0

8[3|5(8|5(8|8

850 562 [ 40.0 | 13.8 [52.5 | 520 | 14.6 | 50.0 | 62.0 | 15.2
200 58.2 | 40.0 | 14.0 [ 54.6 | 520 | 142 | 520 |62.5 | 155
950 57.2 | 520 [ 15.1 | 54.0 | 63.0 | 15.7

1000 593 | 520 [ 153 | 563 |63.0 |16.0




3.2.1 Ocean Wavelengths
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Figure 2: Wave Notation

The size of the body afater and the size of the area the wimidating on the water
determinghe fetch Fetchinfluences wavelength and as a redifferent bodies of water
have different average wavelengtMcCormick(McCormick 2010)gives araverage
wavelength for deep water waves as 108 m or a period of 8 sedtrdWashington

State Department of Ecology references an average Pacific storm wavelength of 180 to
200 meters.(Washington State Department of Ecology 20R&)ers found that the Gulf

of Mexico and Caribbean Sea had modal wavelengths of ~70 meters, and the Atlantic had
a modal wave length of ~120etergPeters and Loss 2012Bales, Lee, and Voelker
produced a report shomg graphs of significant wave heights over time for particular
NATO operational areas. The North Atlantic shows probabilities of exceeding significant
wave heights of 8 meters at about 13%. It also shows a graph for the number of
occurances over a ten ygaariod where 10 meters height or greater occyiBetkes, Lee

and Voelker 1981)These area fall within the transit lanes for boats traveling between the
US and Northern Europe.

Conducting a short survey of wave chaegstics from the National Data Buoy Center
shows wavelengths ranging from ~25 meters @rh8tersThe table belowvas

collected on 3 June 20H3 about 5pm MDTNOAA 2013)from buoys that were
providing wave height datdhe reason for collecting thidatawas to provide an

additional sebf wavedata in areas where sailbsfequenly travel. The goal was to
determine possible wavelength ranges that do not show up in reports about dwetrages
would still affectthe sailing @mmunity.



Table 4: Wave characteristics collected from National Data Buoy Center on 3 June 2013

Buoy Station Water Depth (m) Dominant Wave Wavelength (m)
Period (sec)
Atlantic Ocean
41049 5376 9 126
41047 5315 7 76
41061 5292 8 100
62095 3000 7 76
Caribbean Sea
41051 32 4 25
41115 33 5 39
41052 45 6 54
42028 4161 8 100
Gulf of Mexico
42001 3365 7 76
42003 3282 7 76
42055 3566 4 25
Pacific Ocean
46011 411 11 189
46246 4253 9 126

Table 5: Wave characteristics collected from National Data Buoy Center for Tropical Storm Andrea

Buoy Water Dominant | Wavelength Wave H/ g Date
Station Depth(m) Wave (m) height
Period(sec) (m)

42099 93.9 9.1 129 3.69 0.029| 6 Jun

13

41004 38.4 9 122 3.7 0.03 | 7 Jdun

13

Table5 shows entries for tropical storm Andrea, when it came over Florida and up the
Eastern coast. This shows storm waves reaching 3.7 meters in height with wavelengths of
122 metersBetween thewo tables above and the work previously sited, ships and boats
would encounter wagthat range in wavelength from 25 meters to 200 meters. For
simulation, waves of 25 meters, 55 meters and 67 me@eused. The wavelength of

67 meters marks the longegave that the simulation could accommodate due to mesh
configuration and computational equipmemhich is described in th@imulationsection

3.2.2 Wave Heights

The waveéngth and height influence the breaking point for a wave, in wh&trest of
the wave moves faster laterally than the wave can fall. It is at this point that waves
become more dangerous to smaller shipd boats. McCormiciMcCormick 2010)
shows the breaking limit for deep water waves

1C



aHpo
ae—0 = 0.14245!
G O=y
Equation 1

The storm tactic heavinw is used forsituations, whergvavesarenear the breaking
limit. This ratio will allow for simulation wave choices to be narrowed down to relevant
characteristics of wavelengthad wave height.

3.2.3 Wave Flow Behavior

The fluid flow of the wave is in the direction of the wave at the crest ane iopjbosite
direction in the troughs. The direction changes are at the inflection points. This flow
behaviorand gravityaffectthe instantaneous speed of the boat or ship, though a boat or
ship heavingo should have a positive velocity with regard to¢heent it feels.

3.3 Waves and CFD

As a basis of comparison, the wave area was tested without a hull body phésesd.
propagated as expected and when steep enough the waves broke. The initialization of the
waves did leave fluid momentum artifacts from sterting point of the wave that faded

with time.

3.4 Physics

This study involves waves in a CFD simulation. The equations and the assumptions
describing this system will be discussed below starting with the assumptions and
followed byequations for the CFDmiulation. The StokeFifth Order Wave equation
will be discussed in sectidh4.2.4

3.4.1 Assumptions
In thesesimulatiors, the assumptions are

1 Incompressible flow,
71 Constant temperaturand
1 Constant viscosity per fluid phase.

The incompressibility assumptias based omir flow velocity beingunder the 0.3 Mach
number limit for compressibility and the watsgingnear a free surfaceo no excessive
pressures are being exerteccompress the watefhe simulatios do notaddor subtract
energy from the fluidsandit alsoassunesthat frictional processes involvedeate
negligible heat. In aaturalbody of water, temperature does'y with depth, however
for simplicity temperatures assumedo beconstant with depttBoth air and water have
viscosities that vary with temperature, so viscosity for this simulatialsé@ssumed to
be constant.
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3.4.2 Equations

The Finite Volume Method §AM) is an industry standard approach to modeling fluid
flows. This approach uses conservation laws to account for changes in the fluid
characteristics of a volume cell in the simulati8iiAR-CCM+ utilizes this method for
multi-phase fluid modeling, andithsoftware was used based on industry acceptance and
availability for study.

The Volume of Fluid method is an algorithm that works with FVM, where the fluid
characteristic for fluid phases is accounted for from cell to cell. This method has
advantages a@r fluid height mapping because it can model complex fluid topologies. It is
also part of the muHlphase fluid model ISTAR-CCM+

ThekU turbul ence mo 8TRCGMa solver $election,rsinceorticesn

were considered a possible contributothie reduction of waveMulti-phase examples

for STAR-CCM+ used this model instead oftheek t ur bul ence model , and
documentation only included Standartlk and Relh |l madedllse &s being
compatible with the Eulerian Multiphase model for version {@B-Adapco 2013)

During postprocessing pressure gradients around 606,000 Pa/m were Tauenkl)

turbulence model does have trouble with high pressure gradients, but is good with free

stream simulations’he k¥ t u r bmodeledoes leetter with the pressure gradients,

though has trouble with the free stream conditions as the turbulent eddy viscosity goes to
infinity in the free stream. The shear stress transport (88T) t ur bul ence model
combinesthed) t ur bul withthekymadielbul ence model whi ch
suitable in further studies.

The waves involved in the study were expected to be at or near breaking in the
simulation. Waves at the breaking limit are steyes The Stokes FifthOrderwave
equationsnodel thesesteep wavesSTAR-CCM+ has boundary condition wave models
for flat, Stokes Second 1@er wave Stokes FifthOrderwave, superposition, and irregular
waves.In the wave regimdesired for the simulatignhe Stokes FifthOrder wave
equationis thebest matchor theselectiors provided in STARCCM+.

3.4.2.1 Finite Volume Method

The equations of motion for th&/M were used in the software chosen to perform the
simulations Versteeggives the following general equations for this method in the
differentialand integral form¢Versteey and Malalasekera 2007)

E@r ) +divir @) = div(Grad(j )) + §
pt
Equation 2
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Equation 3

whered i s a general variable for a flow proper

energy variable i, T orgwith the appropriate diffuse coefficiefit) and source terms

(Su), the continuity, momentum and energyverning equations are obtain&ime (t),

density (3J), volume (V), area (A), velocity
attributes of thgoverningequations.

STAR-CCM+ uses thesEinite Volumeforms for the continuity and momentum
equationgCD-Adapco, 2013)

po . 0" s 0
Eg r@dv+o ndQu- Uj)dA=06 S§,dv
o

Ht Oy %A v
Equation 4
uo o . N
Ho radudv + 6 n(bcmcéu-ug) dA=¢ npddA +4 ndTdA . . .
|Jt0V 0] OA OA
A
5
+6 (f + T+ T+ fy +fyy + 1) av
(0]
V
Equation 5

These equations are more general and incorporate terms for various dwae s i ty (6 )
influences the transient terms of both the continuity and momentum equétrassin

STAR-CCM+ can move and have a velocity of, Which affects the net rate of flow term

of each equationThe first T inEquation5 is the transpose operator and the secortkis t

viscous stress tensor. Eguation5, | is the identity matrixf;, fg, fp, fu, fy, and f are the

body force due to rotation, body force due to gravity, porousarestly force, user

defined body force, vorticity confinement specific force, and Lorentz fartamace

Force, respectivelfCD-Adapco 2013)

The Segregated Flow model is used for this simulation. For that model, the flow
equations are solved for pressure and each component of velocity in an uncoupled
manner. The momentum and continuity equations are linked using a predicecstor
approachlin this approach, the Rhend Chowtype pressurgelocity coupling are
combined with the Senrimplicit Method for Pressurkinked Equations (SIMPLE)
algorithm.
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3.4.2.2 Volume of Fluid

In addition to M, Volume of Fluid (VOF) methodHirt and Nichols 1981)vas
employed to track the water and air boundaiiéss method uses the substantial
derivative of the fluid quality for volume fraction of water, which is set to ZHrne.
volume fraction of water has a value range of 0 fbhils equation is shown below.

Hr+ubr+vdiF+wdlF=c
pt X Hy Hz
Equation 6

This equation is solved after the other equations are solved.

STAR-CCM+ uses a modified version of this approach that allows for more than two

fluids. This method uses segregated flm@deling for velocity components and pressure.

This formulation assumes that all of the immiscible fluid phases in a control volume

share velocity, pressure and temperature fields. The §dMrningequdions are solved

using the Segregated Approach fag gquivalent fluid with following physical

properties, density (J), moj€bAdapaa2018)i scosi ty

r = a (rIQI)
[
Equation 7
m= & (ma)
[
Equation 8
;;icpi(Di ¢
- Aae_ _pl
cp_ ag . cal_
[
Equation 9
Where the volume fraction is
Vi
a.= —
v
Equation 10
The transport equation is given as
0 o ~
.. .. 2 a. Dr.
q9o o | ) 0 % i 8
—9 adv+g a@uU- U )@da= g - — - dv
vV IS 8 g I =+
\Y
Equation 11
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3.4.2.3 Turbulencek* a2 RSt

In this simulationSTAR-CCM+ uses the4J mo d tarbuleficGD-Adapco 2013)
This model uses the Boussinesq approximation:

T tin= - rQUd) = 2GS - cénr[a»_cun r@)(l
Equation 12

udé is fluctuating vel oci tyastheaddygvistdsity. Thet he av e
strain tensor (S) is given by

1&—U +“ Uc

I,j ?(
Equation 13
The transport equations for turbulent kinetic energy (k) and dissipation of turbulent
kinetic energy () are

0’
) (0]

d_o a(D(BdV+o a.®.a.du. - g)cadA=é agf"n+—GDk(DdA
dtOV 6A 11 é
0

[+ ..
+0 a @8+ G, - e - o) + Yme + S+ Sagdv.
[0}

Equation 14

5 .
ds a(D@dV+o a@@((JU U)ChdA 6 a(%h+—®e(hdA
dto 0 O -

Y A 8 ¢

>

+
O o OO

a.
?'igcel%qi+qﬂi+c8@bp Co e, - }j+ror " S, * S gdV.

auj (.3, mJ,iéﬁ

Equation 15
Ssand3ar e t he user s pesdahe nmbierd turbutence valegg® e r ms 0
Cy sqare coefficients of the model, ang /% the Yap correction termsed with boundary
layers Gy, Gy, and G are the turbulet production, nofinear production and buoyancy
production terms.

3.4.2.4 Fifth Order Stokes Wave Equation

STAR-CCM+ provides Flat, First Order Stokes, Fifth Order Stokes, Superposition, and
Irregular wave simuaition choices. Since the study focusedsteep waves, the Fifth
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Order Stokesvave equationvas seleted The superposition and irregular wave types
create varying wave patterns that would complitagestudy.

The formulation for the Fifth Order Stokes wave use@bAR-CCM+ is givenin the
paper by Fenton(Fenton 1985y he equati ons for the velocity

velocity, u, agvenashe surface, d, are
1
2 g .2 5 i ( 6)
j(xy) =-u,a+ CO(%_Q,O (a. (Ai,j(bosh(J @Q)Gin(j 01(2)) + Ol\e
Ck'+ j=1j=1
Equation 16
1
2k 52 2 4 6
UW@&Q =CGte @+e @+ O(e )
cg-+
Equation 17
k@ () = k@ + e@os(k@) + e B, £005(20G) + e B4 Qcos(kG) - cos(3RA)) . |
+e"(¥B, fa0s(20B) + By foos(4dR) . . .
+e° (Bga+ Bge)GoS(k@) + Bg £00s(3G) + Bggbos(5haY + de
Equation 18
Where U is the dimensionless wave height gi
kM
e=—
2
Equation 19

The wave number is k and the depth is d. The variables represented by A, B, and C with
subscripts are defined @large able inthe paper by Fenton(Fenton 1985)
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4.3 EIl Ol AOEI |

The boatthewaves,and the wake make up the system under study. It is the boats motion

through the water that causes the wake that disturbs the waves reducihgigiirThis

has been observed in nature. To model this phenomenon, there must be a water and air

free surface for waves to travel through. The boat needs to be propelled in the direction of

the wind and be able to float at the water s

In these Bnulations the world environment is set up with thaxis as the direction of
wave travel, theaxis as the perpendiculaxisparallel to the wavesnd thez-axis as
vertical axis with positive agp.

4.1 Ideal Model

In the ideal case, the environment Wbhe created with a region over the water known

as a fetch of sufficient size to generate waves from the wind and wide enough to dissipate
wave energy laterally that would not be reflected by walls or other surfaces. The length
would be long enough so mawave cycles could be obseryeohd then have a long

region beyond that to dissipate the wave energy without refleclibesdepth of the

water would match that of the ocean bottdine boat would be a typical shape for ocean
going sailing yachtand woud havesails. The wind would be at storm veloeg

generating waves and pushing the boat.

4.2 Simulation Constraints

4.2.1 Hardware

The computer equipment used for this simulation was an Intel quad e®r&073.50

GHz with Hyperthreading processor with 32 GB of RAM and 5.5 TB of hard disk space
running an Ubuntu 12.0dperating systendS). The RAM size satthe upper limit on

the rumber of cells the simulation could process without resulting in substantial time
costs.The limit for this set of equations and fluid properties was found to be alRout 1
million cells. The simulationsvereprocessed on six of the eight available processor
made available by the Hyp#reading the quad cores. The two other processors ran the
STAR-CCM+java GUI process and the OS. Running more than six processors caused
more context switching which slowed down the overall simulaiibe. processor

utilization was later reduced to 3 out of 4 cores with Hytheeading off due to
performance recommendations by-@dapco.The number of processors set the time
required to process a simulation.

The physical dimensions of the simulation volume were set by th@tthe waves

being studied. Height, depth, and length were considered for the wave to propagate from
the inlet to the outlet. These factors plus the cell size had totheaaemory limit of the
computer being use@&TAR-CCM+ provides controls on meshing allow for reducing

cell number.
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4.2.2 Software

STAR-CCM+ is an endo-end fluid dynamics solving software application. It supports
pre-processing with its own simple geometry engine and meshers, simulation with
multiple fluid dynamic solvers including Eulan, NavierStokes, Lagrangian,

turbulence, etc., and pegtocessing with several flow visualization displays.-CD
Adapco makes STARECM + and also produces several other CFD and Finite Element
Analysis software product¥ersion 7.06.009 a5 TAR-CCM+ was sed for this study.

Validationstudies have been performed for several flow types. NASA conducted the
study,Experimental Validation 68 TAR-CCM+ for Liquid Container Slosh Dynamics
which they asssedas showing good agreement with experimental re@uiéssell

2013) Jeong and Jeon studied the resistance of a tanker to experimental results. Their
assessment ofie CFD model was that it agreed well with experimentation having the
largest discrepancy on the order of (3éong and Jeon 2013)

The geometry modeler on STARCM+ was used to create a prismatic hull form from an
extruded profile. This and some geometric boxes were combined to create the mesh. The
boundary conditions were applied to thesh for the solver to simulate. The process for
STAR-CCM+ visualization is to create the displays prior to starting the simulation. These
displays were set to automatically copy to disk on a time step. The simulations took about
7-10 days to run dependjron the amount of inner iterations needed to maintain
convergence.

4.3 Simplified Model

Since computing resources and techniques are limited, the ideal model must be simplified
for the resources availabl&emory restricts the number of cells in simulatitherefore

length, width, and height plus depth of the simulat@rereducedBy using a wave
generating boundary condition, the wind generation of the wave is unneeded reducing the
length of the mesh. This leaves the mestgthto encompass a wave sii@ation run up

to a test section followed bydissipationrun out ction. The wavecoming out of the

inlet stabilizesnumerically in the run up sectidrefore being used in thest section. The

test section contains most of a wavelength. The runeatibs ismadelong enough to
reducethereflection from the outlet back into the test section.

Width of the simulation ideally would contain a section for the wave and a dissipation
section beyond the edge of the wake and wave interaction ending ih @onattempt to
reduce this further, symmetryboundary is usedn both sidesThis has the

consequences ofiodeling not one but a fleet of boats in a line. Also to maintain the
symmetry around the boat, it mustdmnstrained in motion in pitch, yawp@surge. The
boat must also be at 90 degrees to the wind, not 50 as the procedure uses. The
simplification for symmetry around the boat is a reduction in accuracy, but will generate
the wake to interact with the wave. Constraining the motion is accepaide the
operational behavior observed is for the boat motion to become much calmer during this
procedureln further studes the outer wall simplification should not be dssince it

will reflect energy back into the simulation.
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The depth and heiglof the mesh is constrained down to the needs of the wave, both in
height and depth. The height of the mesh must contain the height of the wave plus the
distance above the water line for the hull and for air flow. The depth needs to contain the
wave fluidflow.

Also affecting the cell number is the size of the cells in the valdmis is controlled in

the software by creating volumes in the mesh for finer cells. The run up and test sections
have this finer cell volume up to the height of the wave anchdowhe depth of wave

fluid motion. The run out section does not have this volume mesh control.

In the following sections, each of these simplifications to the simulation will be
discussed. These will include studies to justify simulation decisions.

4.4 Mesh

The 3Dwave simulatiormesh volume models a wawea rectangulafiume withinlets

at the top, bottom and side perpendicular to the x axis on the negative end. The outlet is
on the positive end perpendicular to the x axis. The other two sidsgnaneetry planes.

The flume mesh contains a finer meshed volume in the region that the wave and hull
interaction would be studied starting at the inlet sides finer meshed region is called a
volumetric control in th& TAR-CCM+ product and in the simulan is called the water
surface STAR-CCM+ also allows for solid models to be surrounded with their own mesh
that moves with the solid modehis is called an overset mesh. This feature was used to
surround the hull. During the simulation the hull overseshwasstitched to the flume
mesh. The simulation works better when the cell sizes at the boundaries of these two
meshes are closely matched.

4.4.1 Cell Size Selection

Thebasecell sizefor the watesurface volumetric contrelas selected based thesize
of flow features that were to be studesirecommended in training prdedby CD-
Adapco makers @ TAR-CCM+ andvalidated using grid independencstudy The grid
independence study is documented inrteetsection.To assess thgarticle motion, 2
Order Stokes Wave equations were used to give an approximate size of the motion
involved in the wave flow.

The overalfflume base cell size was set anach higher level for volumes where flow
velocities were very low or as a run out area for waves.

Forthe two extremes dhestudy, 25 and 65 meters, particle motion for breaking waves
is shown in the next two graphs. Thésacket the particle motidior the wavesets.The

hull with a keel extends abolit4 meters into the water depending on heave motion. This
limits theeffect the motion of thaull hason the flowat or around té hull, though these
flows may drift deeper as these effects interact with other flows downstream of the hull.
For this reasoparticle motionat1.5,2 and 5 meters deep is being adesed.
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2nd Order Stokes Wave Particle Motion for H=3.56m, h=50m and lambda:
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Figure 3: Particlemot i on for H=3.56.,, h=50m and &=25m

For the small waves encountered in areas with small fetches, the 25 meter wavelength
wavehas smaller influece on particle motion as the particles go deeper. Here the surface
particle moves about 5 meters horizontally and a little over 3 meters vertigalhy.the

depth of 1.5 meters, particle motion is at 2.5 meters vertically and horizoAtzihe 2

and 5metes depth the particle moves approxirely 2 meters and 1 meter, respectively,
horizontally andrertically. By selectinga cell size of 0.12meters, thisncrements ta
motionat thel.5 and2 meter depthinto 20 andl16 cells horzontally andvertically,
respectivelyand at 5 meters depth this gees cellshorizontally and vertically
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Particle Motion Velocity for H=3.56m, h=50m and lambda=2
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Figure 4: Particle velocityforH=3.56 h=50m and &=25m
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2nd Order Stokes Wave Particle Motion for H=9.26m, h=50m and lambda:
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Figure 5: Particle motion for H=9.26, h=0ma nd ®.=65

In Figure5, the approximate particle motion at the surface for the wave is about 13
meters in the x direction with abo® meters in the z direction. Rtmeters depth, the
particle motion isabout 9and 7 metes for x and z, respectivelyVith the cell size at
0.12%5 meters, thisizeincrements movemeiat thel.5 meter deptiio 76 and60 cells in
the horizontal and verticalt 2 meters, it is Zand %. At bmeters deept becomes
about5 metersvertically and6 metershorizontallywith 40 and48 increments
respectively.
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Particle Motion Velocity for H=9.2m, h=50m and lambda=6
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Figure 6: Particle velocity for H=9 . 2, h=50Bm and &=6

The overset mesh cell size for the volume around the hull wasGé&2tonetersSTAR-

CCM+ meshing algorithms provide for reducing cell size at object boundaries to closer
match flow around objects, and as a result these zones will be of smaller size. Cell sizes
close to the hull start at 0.03 or 0.06 meters depending on hull surface fedtdaubte

in size until 0.12neterss reached.

Early inthe studyan effort to reduce cetlumber found that usiran outer band of
courser cells of 1 meter on a saféected the waved hisouter band slowed the
propagation of the wave. As a resultgficells were used from wall to wall.

4.4.2 Grid Size

This grid size was confirmed by a mesh refinement study. The original mesh for the 67
meter wave was resized from a width of 10 meters to 0.5 meters. This reduction allowed
for a three mesh set to be creatlt size 0.125, cell size@, and cell size 0.075 for

the water surface mesh region and overset nidshoutelbuffer regionsin each of the
meshesemained the same 1.0 metetl size. Using a courser me#tan 0.125vas ruled

out due to the possility of not capturing flow feature€ach refinement used a 0.01

second time step.

Below inFigure7 is the layout with the issurface wave shown. The wave flume

consists of an outer mesh volume with the course 1 meter mesh. This volume is either an
area of low velocity flow or a run out area for the wave to reduce reflection back into the
test section. The test section uses the finer mesh to capture the wanesfBatween

the outer and inner mesh volume there is a transition régamgradually increases cell

size between the inner to outer volumesSTAR-CCM+, the Template Growth Rate is

set to slowThisinnervolume and the overset mesh are alteredfemtesh refinement

study.
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Figure 7: Mesh refinementstudy mesh

In Figure8, the velocity profilauses colors for two parameters: the vislom the vertical
direction painted on the vertical symmetry plane using the color scale on the left and the
velocity vector using the color scale on the right. For the vertical velocity, the scale varies
from red to blue for ascending and descendingaiies. The colors were capped at 0.75
m/s in this figure to help show patterngioé slower velocitiesGreens on the symmetry
plane are vertical velocities at or close to z&twe finemeshencompassdown to the

0.65 m/s vertical velocity flow areahich isthe second blue band after the cEipe

wave in this graphic is moving from right to left in direction of thaxxs. An isesurface

for the air and water boundary is shown as dark wave line in the upper half of the picture
which then goes horantal near the left sidd’he wave is initialized through the mesh to

a point three quarters of width of the graphic from the righis results in a volume of

zero velocity water, where the wave has not entered. Also in the picture is the hull form
in the upper right. It is surrounded by the overset mesh showing up as a box around the
hull.
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0.0011175/

Figure 8: Velocity profile at end of 7time steps

The point at [0,0.2515.0] meters was selected as the probe point for the monitheng
velocity. The center of the hull is at [0.0,0.0,0.0] meters, which puts the probe below the
hull outside of the overset mesh. The following graphs show the x and z velocities at this
point for each iteration. There are i&€rations per time step wigeven0.01 secondime

steps which amounts to 7/400 of the wave peridese graphs show agreement on the
velocity values. In the graphs, there are iterations close to the beginning of time step
where the values being divided by zero going to a valuerizky*10"38.However,

there also appears to be a bug in the data extraction for the point probe, which may or
may not always pull a correct value from the volume mesh. This is most evident in the
0.09 meters cell size results, where two points were priodete at different y positions,
one at 0.251 and one at 0.10 meters. The later,miyenvn in a solid cologame back

more often with reliable result¥hese meshes were ronultiple times and the iterations
that did not return good data changed fmum to run indicating a possible race condition

in the software between the different threads of execuliois.was later confirmed and
resolved during the time step refinement process by disabling-ttyjeaxding in the CPU
settings.
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Figure 9: x and zvelocity vs.iteration for cell size 0.125 meters

Fluid Velocity at both points [0,0.1_0.251,-5]
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Fluid velocity at a point [0.0.25,-5]

Velocity (m/s)
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Figure 11: x and zvelocity vs.iteration for cell size 0.075
In Figure12 andFigure13, thecombined graphishow all of the velocities for each mesh

and their differenceS hese show that velocities at this point are nearly identical, except
for the iterations where data was extracted incorrectly from the mesh.

u and w Velocity vs. lteration at [0, 0.251, -5] meters
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Figure 12 Combined graph of velocities for meshes with cell size 0.075, 000@nd 0.125 meters
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Difference in Velocity Between Half Size and Three Quarter Size Meshes anc
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Figure 13: Velocity differences between base mesh and finer meshes

A line probe from points [0,d.25,-2.0] to [10, 0.25;15.0] metersgneasuedu andw
velocitiesand pressuréor each of the cell size meshes at the endtohe steps with 50

inner iterationsThese are shown fRigure14 andFigurel5 below. Both graphs show
agreement in values between the meshes, and as a result the 0.125 cell size mesh is used

for the wave study.

Velocity vs. position along a line from [0, 0.25, -2] to [-10, 0.25, -1
1 T T T T

Velocity (m/s)

oo w : 0.075
.3 I I I I
710 -8 -6 -4 -2 0

X position along the line (m)
Figure 14: Velocity along a probe line starting at 0, 0.25:2 to-10, 0.25;-15 meters for cell size0.075
0.090, and 0.12%netersafter 7 time steps over 350 iterations
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Pressure vs. position along a line from [0, 0.25, -2] to [-10, 0.25, -
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Figure 15: Pressure along a probe linestarting at 0, 0.25,-2 to-10, 0.25-15 meters for cell size
0.075 0.090, and 0.125netersafter 7 time steps over 350 iterations

4.4.3 Meshes

The meshes used were createddoommodate the wave size. The height of the mesh

was set for théeight of thewave with air flow at the top and depthtbt@ point where

low to zero vertical motiowasin the fluid flow. The vertical fluid flow motion was

chosen as indicator, since this vertical motion translates to wave Heightnesh sizes

were used for the miulations; both with the general layoutfigure16. The Table6

shows the dimensions of these two meshes and refined volume. The water surface refined
volume is the test section with other volume outside providing support in low velocity
wave motion and ave run outBoth of these meshes were used with a 0.01 second time
step, which was verified with a time step refinement below.

Table 6: Dimensions of flume, water surface, and overset meshes.

Values relativg Flume 1 | Overset 1| Water | Flume 2| Overset 2| Water
to [0,0,0] Surface 1 Surface 2
(Meters)

Top 5 1.5 1.5 10 1.5 5

Bottom -16 -1.5 -8 -40 -1.5 -20

Outlet side 30 2.5 20 70 2.5 40

Inlet side -30 -2.5 -30 -40 -2.5 -40

Width 10 4.5 10 10 45 10
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Figure 16: Mesh used in 25m through 50 m wavelength wave simulations.

Figure 17: Close up of overset mesh at the end of a simulation.

The overset mesh contains the hull. Its boundaries interface with the main mesh on a time
step by time step basis being stitched into the main mesh. This allows for the motion of
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the hull to have a mesh aligned with it. The symmetry face and the hudl of/énset

mesh can be seenkigurel?. The outline of the overset mesh boundary can be seen on
the isesurface that represents the VORwater boundary. It linespuwith the symmetry
edge and wraps around the end.

4.4.4 Hull Form

L I

Figure 18 Hull CAD model and overset mesh.

The hull is a simple rectangle 1.5 meters high and 2 meters wide with bottom corners
filleted at 0.2 meters radius. & then extruded to a length of 4 meters. The face at [0,0,0]
is the symmetry end. For the smooth hull this results in the length of 8 meters, a draft of
0.5 meters and beam of 2 metétar the keeled hull, a keel of 0.9 meters by 0.02 meters
is added tohte bottom for a draft of 1.4 metefihe CAD hull is subtracted from a block

3.5 meters high, 5 meters wide, and 4.5 meters long. This is shéwgune18: Hull

CAD model and overset mesh.

In the simulation the hull is kept in symmetry with the flume mesh by constraining the
surge motion and by constraining the rotation in pitch and yaw. This is acceptable, since
the wake anthe wave motion are the focus of the study. The continued surge motion
would move the hull out from behind the wake, which is counter to the recommendations
for the maneuver. While pitch and yaw may affect the characteristics of the wake,
elimination of tkese additional variables allows for a clearer picture of the base
mechanics of the flowt has also been observed in practice that the boat motion calms
down significantly during this maneuver.

The meshing options for the overset mistthe majority ofthe simulation runsvere:

1 Models
o Surface Remesher:
A Do curvature refinement on
A Do proximity refinement on
A Do compatibility refinement off
A Retain geometric features on
A Create aligned meshes on
A Minimum face quality 0.05
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A Enable automatic surfacepair on
A Choose a mesh size table none
o Trimmer
A Template mesh type hexahedra
A Template mesh growth type simple
1 Reference values
o0 Base size 0.12
o Surface growth rate 1.3
o0 Surface proximity
A # points in gap 2.0
A Search floor 0.0m
o Surface size
A Relative minimum size
1 Percentage of base 25.0
1 Absolute size 0.03m
A Relative Target size
1 Percentage of base 100
1 Absolute size 0.12
o Template Growth Rate
A Default growth rate slow
A Boundary growth rate slow

These setting yielded a y+ value of 1366 when considering the surface length from water
line to the tip of the keel. This value is not in the optimal ran@®db 150 for the high
y+ wall treatment. This is an area for refactoring of the mesh to bettdlrturbulence.

A simulation run was conducted with a y+ value targeted at 45, which prescribed a prism
layer starting at 0.001 m. This was used to compare the results of the previous runs with a
simulation optimized for the turbulent boundary layerlmhull. For this simulation run
the followingmesh options were added:
1 Models
o Prism Layer Mesher

A Stretching Function Geometric Progression
A Stretching Mode Wall Thickness
A Gap Fill Percentage 25.0

A Minimum Thickness Percentage 10.0

A Layer Reduction Peentage 50.0

A Boundary March Angle 50.0

A Concave Angle Limit 0.0

A Convex Angle Limit 360.0

A Near Core Layer Aspect Ratio 0.0

A Generate Standard Cells Only  off

A Improve Subsurface Quality on

1 Reference Values
0o Maximum Core/Prism Transition Ratio

A Limit cell size by prism layer thickness  off
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0 Number of Prism Layers 5
0 Prism Layer Thickness
A Relative size

1 Percentage of Base 35.0
1 Absolute Size 0.04375m
o0 Thickness Near Wall Prism Layer
A Value 0.0010 m

1 Volumetric Controls
o Mesh Conditions
A Prism LayemMesher
1 Customize prism layer mesher  off
A Surface Remesher

9 Customize surface remesher off
A Trimmer

1 Customize isotropic size off

1 Customize anisotropic size on

0 Mesh Values
A Trimmer Anisotropic size
I Relative X size
o Percentage of Base 40.0
0 Absolute Size 0.05m
I Relative Y size
o Percentage of Base 40.0
0 Absolute Size 0.05m
I Relative Z size
o Percentage of Base 40.0
0 Absolute Size 0.05m

With the prism layers and volumetric control for the wake of the keel, similar patterns in
the overall flow were observed withore detail around the hull.

4.5 Time Step Refinement

To refine the time step, the baseline mesh refinement mesh was used for this series of
simulations. The baseline time step is 0.01 seconds. This was halved and quartered
yielding 0.005 and 0.0025 secondibe same probes used for the mesh refinement were
also used here: a line of 20 points fromQ®5 -2] to [-10,0.25,-15] and a point g0,
0.251,-5]. The line gathered both velocity and pressure data at time step 0.07s, which is
shown inFigure19 andFigure20. Both of these are in good agreement between the time
step incements used. The point collected data at each iteration for each time step
increment. This is displayed Figure21 with data alignment for the larger time steps.

This also shows good agreement.

In using an overset mesh, the time step should be small enough that the mesh does not

travel more than the width of a single cell. With the mesh size at 0.125 m on a side, the
overset mesh can move up 12 m/s for a timeat@®01s before it is moving an entire

33



cell width. For the largest wave used, 8 to 9.5 m/s woultidspeed that the overset

mesh would reach. Considering these two constralmdyase line time step of 0.01s is
used in the simulations.

Velocity vs. position along a line from [0,0.25,-2] to [-10,0.25,-
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Figure 19: Time step refinement using velocity along the line from [0, 0.252] to [-10, 0.25-15].
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Fluid Pressure vs. position along a line from [0,0.25,-2] to [-10,0.2¢
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Figure 20: Time step refinement usingpressurealong the line from [0, 0.25;2] to [-10, 0.25-15]
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Velocity vs. Iterations for [0, 0.251, -5]
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Figure 21: Time step refinement using velocity at the point [0, 0.2515].

4.6 Solvers

STAR-CCM+ was set to use the following software settings for the solvers:
Eulerian Multiphase

Gradients

Gravity

Implicit unsteady

k-epsilon turbience

Realizable kepsilon twelayer
Multiphase mixture

Multiphase interaction
Reynoldsaveraged NavieStokes
Segregated flow

Three dimensional

Turbulent,

Two-layer all y+ wall treatment

=2 =2 =42-0_9_9_9_9_42_2_-49_-2._-2-
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VOF waves: Fifth order Stokes wave
Volume of Fluid

6-DOF Solver

6-DOF Motion

= =4 =4 -4

The simulation was™ order accurate in space aritiatder in time 2" order accurate

time solver was tried on a mesh used for mesh refinement and on a 3 meter wave height
simulation mesh and was found to be unstable. No attempt was made to resolve the
stability problem for the ™ order time accurate solver, though thisasnething that

shouldbe tried for a follow on study by adjusting the relaxation fac#msther factor to
consider when using thé%rder scheme with an overset mesh will be the need to insure
that the overset mesh only moves one half a cell width instead of the full fardet
schemeThe time step for the simulation was 0.01 secoRdseach time step, there are

inner iteratims that converge the steady state solution before another time step taken. For
most simulations 1ihner iterationsrought the normalized residuals down to a knee in

the curve. In cases where residuals would trend upward, more inner iterations were added
to control the convergence. This was done on an observational manner, since no
automated trigger was available to increase or decrease the inner iterations. Most times
that a rise occurred, turbulence solvers residiasalghe turbulent kinetic energyke)
andturbulent kinetic energy dissipation rate (Tad®re the ones that rose. This generally
happened around times that a wave broke and the water from the crest plunged back into
the lower part of the wava@his however is not the best way to determioeegtable
convergenceFurther studies should use probe points in both the main mesh and overset
mesh areas collecting velocity and pressure. dditis data should be plottegrses

iteratiors to help determine the number of inner iterations neénteaceptable

convergence on a time step.

4.7 BoundaryConditions

The inlet for the mesh is at the negative x side normal to that vector. It was set as a
velocity inlet with aStokes Kth Order wave. The surfacgasat z = 0 in the mesh
coordinate system. The deptfas set to 50 meters. The length and height were varied
depending on the simulation rurhe air velocity for the inlet was set to 2.0 meter per
secondThe air velocity was set low as so as not interfere with the waawssolate the
contributors of theffects in the simulatiarA positive flow was desired to minimize
recirculating conditions at the outlétsing higher velocitiearound 25 meters per second
would be useful in following studie¥he bottom and top were also aswelocity inles,
and teir conditions were set for water and air, respectively. The walls were set as
symmetry planesThe outlet at the opposite end from the inleias set as pressure
outlet. The process and settirfgr these boundary conditiomgeretaken from the
STAR-CCM+ tutorial exampls, DFBI: Boat in Head Waveg€<D-Adapco 2013and
DFBI: Lifeboat with Overset MesfCD-Adapco 2013)

During simulation runs, theuterboundaryfrom the end of the huWas observed to be

still within the interaction region of the wake. This lead to taking measurements of wave
height in previous time steps before the wave encountered the wake. As a result, a study
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of the wave and wake interaction width is needed in éustudies to set this boundary
outside of this region.

4.8 Initial Conditions

The initial conditions set in the mesh volume were for the wave, which set the velocities
and pressures. Early in the study, the wave was started at the boat. This was found to
causehe second wave crest to encounter the boat much further down the test section.
Additionally, the initialization leaves a velocity residue that can be seen in the results at
the starting point of the wave. From these factors, it was found that clearts nese
acquired by starting the boat on the backside of the first crest. All of the keeled hull boat
simulations were done this way.

4.9 Simulation Sets

Early on short wavelength waves were used to explore the software and to determine the
viability of thestudy. Waves of 7 meters, 10 meters and 25 meterssivetiedin

smaller flumes. These showed indications that heatamwgould show interaction results

with waves This lal to scaling upgo waves that would be encountered in the

environment.

The wave chracteristics with the hull type for the stualgshown inTable7.

Table 7: Simulation ses.

Hull H (m) a(m) h (m)
Smooth- drifting 3 25 50
Smooth 3 25 50
Keeledi 1.4 3 25 50
Keeledi 1.6 3 25 50
Keeledi 1.4 6.5 55 50
Keeledi 1.6 6.5 55 50
Keeledi 1.4 8.0 67 50
Keeledi 1.6 8.0 67 50

Each simulation ran for about one wave period. it long enough for the boat to

reach astable periodic motion with the waves or for studying the wake on waves greater
than one wavelength away. As a result, this study confines its results to short term effects
of the wake on the waves. Longer meshes will be required for studying the long term
effects in order to create a wake of more than one wave period long.

4.10 Convergence and Forward Simulation Progression

As mentioned before, convergence and simulation progression had to be balanced. The
residues were monitored for tas1 If the residalsindicatederrorsor increased in value,
thenmore inner iterations were added. If there were long periods of nearly flat trends,
inner iterations would be reduced to speed up the simulation progress.
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5.2 A001 00

Two display methods/ereused to visualize thedivs and waves within the simulation.
Vertical velocity translates to wave height. To visualize this in the flow, the symmetry
plane and wall plane are used to show patterns of vertical velocity using color. Reds in
these planes indicate ascending flowsilevblues indicate descending. Colors close to
green on these planes are values close to zero. The vertical velocity scale is on the left
andis labeled Velocity(k). Overlaid on these planes are velocity vectors showing
magnitude using both length and aoldhe color scale for the vectors is on the rayd
labeled Velocity. The use of the symmetry plane shows flows on the centerline of the
wake, while the wall shows flows 6 meters out of the wake. The wave surface was
displayedn both visualizations. Mvascreated as an issurface mapping the volume of
fluid characteristic value at 0.5 units out of a 0 to 1 scale. In the velocity prtiies,

water surfacés colored the same as the vertical planes showing a transverse view of the
vertical velocities on the surfade. all of the velocity profiles, the wave is moving from
right to left in the direction of the-axis. The other view is a base surface view fo
measuring the wave height and visualizing wave and wake surface disturbances. For
measuring wave height, vertical planes display horizontal lines of vertical position in
meters, which can be used to estimate the wave height.

5.1 Results for Smooth Hull

There aretwo simulationdor the smooth hullThe simulatiorwith the hull drifting
provides abaselinecomparison othe flows caused bylaull in the waves without a
wake The views created by this simulatiare meant to be comparedth the views
created g the simulations withvakesof bothsmoothandkeeled huk.

5.1.1 Smooth Hull on 25 meters long and 3meters high wave drifting

Thestarting point for the simulation of tlaifting smooth hull was on the back side of
the previousvavecrestat 0 meters verti¢ddneight. The hull was allowedtb drift as the
wave pasedwithout any added propulsive forCEhe hull was constrained in surge, pitch
and yaw.For thedrifting test, the constraints which were consistent with observed
behavior of a boat heavirtg were lept in place for consistencyhis simulatiorstudied
theflows around the waveithout a wake to determine what kind of changes that a hull
alonewould cause. This simulatiarharacterizea boat lying a hujlwhich is when the
sails are down and the helmtied in place to prevent the rudder from swinging
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Figure 22: Velocity profile closeup on centerline for H=3.0m,h =5 0 m, 2&mmvdth ssneothhull at
time 345s.

In Figure22, Figure23, andFigure24, each wave vertical velocity profile is nearly

identical. The hull makes very little difference in the vertical momentum of the wave.

This can be seen both in the profile and on the coloring of the wave surface. On the wave
surface ofFigure22, there is a change to the vertical flow on the face of the wave due to
the velocity the wave imparted to the hull and transmitted back to the water on the front
sideof the waveRipples on the water surface at the wave node points are caused by the
poor alignment of the mesh with the water surface and is a form of numerical noise.
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Figure 23: Velocity profile on centerline for H=3.0m,h =5 0 m, 2&mwdth seneothhull at time

3.45s.
BetweenFigure23 andFigure24, the patterns of vertical flow below the waterline are

nearly identical aside from zoom level and framing. The flow above the waterline is air
move with an inlet velocity of 2 meters/second.
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Figure 24: Velocity profile at the wall for H=3.0m,h =5 0 m, 2&mvdth saneothhull at time 3.45s.
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Figure 25: View of wave surface deformation for H=3.0m, h=50me=25m with smoothhull at time
345s.

Here inFigure25, the profile of the wave is nearly unchanged. The hull appears to have
no effect on the wave. IRigure26 andFigure27, very little change is occurring to the
wave from the hullFigure26 shows a wave size decrease of 0.2 meters due to the
presence of the hull. The speed of the flow at the crest is about 4.2 to 4.3 as shown in
Figure22, which is about the same as the speed shown for the Htitjime28.
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Figure 26: Wave defbrmation amount showing about 2.0meter height on the unaffected area and.8
meters on the affected area for H=3.0m, h=50nand a=25m with smoothhull at time 2.70s. All
heights are in meters from still water level.
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Figure 27: Hull cresting wave at time 3.45dor H=3.0m, h=50m,and a=25m. All heights are in meters
from still water level.
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5.1.2 Smooth Hull on 25 meters long and 3 mete rs high wave moving at
~1 m/s

This simulation shows indications of the cause of wave height reduction by the wake, but
with the smooth hull these reductions are smalkijure30, the dark blue color on the
vertical symmetry plane and on the wavessoface represesitvater with a larger

downward velocity. Red indicates larger upward velocity, and the colors from orange to
light blue represent lower velocities with green representing near zero.

In Figure29, the column of water in near green colors is beginning to bend towards the
boat, and looking at the crest of the water surface from below the water is starting to take
on a descending velocity near the symmetry wall. Comp&iogre29to Figure30, a

finger of dark blualong the symmetry waié comirg from the main descending flow

region ands going towards the hull as it crests the wavEigure30. This too is seen on

the isasurface of the water in the waketbe hull. These are all indication of the forces
thatis causing the wave reduction.
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Figure 3

The figures to follow show a time series at an interval of 0.06 seconds between frames. In
these the lowering of the wave crest in the wake of the hull can be seen taking place on
the left.On the right, the effects of the wake on the wave are being displayed. The wake
appears to be pulling the top layer of the wave with it. Looking at theligace, this

effect is seen as a color change behind the hull advancing to the left. On thergymmet
plane, the depth of the wake pulling the wave is also visualized. Also, there is a line of
fluid momentum left over from the initialization of the simulation. This fades slowly over
time. In later simulations the wave was initialized to the left ohtiik so as to avoid the

area where the hull encountered the wave.

The time series is iRigure31throughFigure37. Each slide on the left is matched by
time step to the slide on the right.
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Figure 31 Time 5.63s to 5.75 for a wave: H=3;'r'hr, h=50rﬁ, a'h‘(b:=\25\m and\'?af_svrﬁboth hull
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Figure 32 Time 581st0593 f or a wave: H=3m, h=50m, and & =25m
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Figure 33 Time 599s1t06.11s f or am ' : ﬁ:Sm h=50m,. and & =25m
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Figure 34: Time 6.1%t06.2% f or a waQe: Hzér\n,'\;h:SOm,. and\ & =25m an

52



=25m an

o

and

H=3m, h=50m,

a wayve:

or

f

Figure 35: Time 6.35s to 647s
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Figure 36: Time 653sto665 f or a wave: H=3m, h=50m, and & =25m an
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