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EXECUTIVE SUMMARY

The lakes in Minnesota are consideragiongli KS a4+ 6SQa Y2ad @ fdzofS
are utilized ly many visitors and citizens throughout the year. The protection and preservation

of surface water resourcetake and shoreline ecosysteprend lakeshore propertgare shared

goak for many in Minnesota. Recreational boating is a highly popular activity and includes
motorized and normotorized watercraft In recent years, with the growth of recreat@ain
activitiesincludingthe emergence dthe sport ofwakesurfing, therénas been gpwingconcern

over theimpact of boat-generated waves and propeller wash on thesgural resources.The

research reported here was motivated by a need to better understand the characteristics of
wakes and waves produced by recreatbhoats common orlakes and rivers, in particulan

the state of Minnesota.

In the summer of 20@, the University of Minnesot@JMN)launched a program titledHealthy
Waters Initiative¢ through the St. Anthony Falls Laboratory, an interdisciplinary research
laboratory as®ciated with the College of Science and Engineering. The mission of the initiative is
to establishmulti-year research effodfocusing on issuethat havethe potential to adversely
affect Minnesota lakes and rivers. The Initiatisan independent reseah programfocused on

producing targeted, unbiase@geerreviewed publications of data and research findings.

The initial research performed underthe Healthy Waters Initiativevas focused on the
characterization of boagienerated waveg-unded bya crowdunding campaign launched in the
summer of 2020, the program ca&d out a sixweek, fieldbased researcktudyexamining the

wake characteristics of fodmoats. This report is the first product of the Healthy Waters Initiative.

The field component of theesearch wasonductedin September and Octob&t0200n Lake
Independence, Maple Plain, MN. A study site was selected on the-eastern shoreline of the
lake that provideddeal conditions for a fieldtudyof this magnitude Thelake depth increased
gradualy with distance from shoré Yy R g1 & Sl aAifte | 0O0SaaAiroftsS FTNRY

fixed-sensoipositionswere established at the sit® measure wave heiglgtwo of thesesensors

vii
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were submerged éoustic Doppler Current Profilers attach&dpadsthat rested on the bottom

of the lakeand three were submergegressure sensors fixed to masts

Fourboats were evaluatedTwoof the boats were typical recreational boafise., nonrwakesurf)
that arecommonly operatede.g., tubing, waterskiing, kaboarding)on Minnesota lakesnd

the two additional boats werevakesurf boatslesigned specifically for the sport of wakesurfing

Testing involved operating eatdoat at four distances fronthe shoreline (225 ft, 325 ft, 425 ft,
and 625 ft)under various conditions (e.g.speed, ballast weight, trirsetting, etc). Test boats
were selected based on thesize,operational characteristicgypical usage, anavailability and
were evaluated under three operating condition€ondition &, Condition 1band Condition 2.
Conditions 1aand 1bincludedboat speeds of 141 mph and boat configurations that yielded
either the largest wake wavepossibé or settings that aretypically used for wakesurfing.
Condition 2 icludedspeeds of 20nph and configurationghat resulted in the boaplaning on
the water surfaceEach condition and distaneeererepeated four times and averageake wave
characteristicgi.e., maximum wave height, total wave energy, and maximum wave paveze

computed.

An onboard Inertial Navigation SystenfINS)with an integrated Global Navigation Satellite
System(GNSSyvas mounted toeach test boat and recorded boat attitudee., roll, pitch, and
yaw), location, andspeedduring each pass. The boat positions and mast/pad locaticere
analyzed to determine the precise location of boat passes thei associatedoperational

distances.

Maximumwave height and maximum wave power within eagakewave packeandthe total

wave energy content withithe packetwere calculated for each sensor location and for each
boat passThewakewave packet is defined as the series of individual waves produced by a single
boat passThese wake wave characteristiwgere computed for each boat conditiort aach of

the four dstances from shoreline. The data fralme sensors at eachnastpad location were
aggregated and evaluated. The results fronstiesearch providenew information on the
characteristics of boagenerated waves and reveal interesting and potentially impdrtan
differencesbetween nonwakesurf and wakesurf boats. The key findings are summarized here:

viii
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1 The two Malibu Wakesettgwakesurfingpoats produced the largest waves undgithe
conditions studied Condition la(largestwave/surfing) and @ndition 2 planing). The
longer and heavier of the wakesurf boats, the MalWakesetterMXZ, produced the
highestwaves with the greatest total wave energy and maximum wave power.

1 The smallesinaximumwaveheights, lowestiotal wave packeenergiesand lowestwave
powers occurredwhen boats were planing on the water surface (Condition 2). This was
true for all four test boats.

1 For an individual boat, the difference in maximum wave height, total wave energy, and
maximum wave power between Condition {largestwave/surfing) and Condition 2
(planing was largest for the wakesurf boats. The Larson LXI 210 and the Malibu Response
LXalso showedncreasedn these wavecharacteristicshowever, the magnitude of the
changswassmaller for these boatd his is attributabléo the large and enegic waves
produced by the wakesurf bostinder Condition 1a, whicisthe primary design feature
of these boats.

1 Thedecrease (attenuation) imaximum wave height, total wave enetg@nd maximum
wave power over distance wa wellchaacterized by the data and indicate longer
operationaldistanceqe.g.,distances from sha; other boats, etg.are required for larger
and more energetic weesto reach the same heightenergies, and powersf smaller
wakes

1 Operating with full ballastanks (Condition 1a) versus empty ballesiks(Condition 1b)
hadlittle impact on maximum wavieeight, total wave energy, anthaximum wave power
for the two Malibu Wakesetteboatsat operationaldistancegyreater than 100 ft

1 The aftermarketwake shapr attached to the Malibu Response Lhad a measurable
impact on the wave characteristicsesultingin increasel maximum wave height, total
wave energy, and maximum wave powe€his suggests aftermarket produatstalled on
non-wakesurfing boats can creawake wavessimilar to wakesurfing boats.

1 Based on the data and oexamplemethod fordetermining recommendedperational
distance, we show that when operating under typical wakesurfing conditaakesurf

boats required distances greater tha®00 ft to attenuate wake wave characteristics
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(height, energy, and power) to levels equivalent to wveakesurf boats operating under
typical planing conditiors. A second example, in which the largestwavas used as
reference for the norwakesurf boats (Conditiola), an operational distance of 425 ft or

greater was required. These results are summarized in the table below.

Results for required operational distance illustrating how data from this study mayused

" Operational distance required by wakesurf
Reference condition "
boat to attenuate to reference condition level
Example 1 Maximum Wave Height: >500 ft.
non-wakesurf boat planing at an operational Total Wave Energy: >575 ft.
distance of 200 ft (Condition 2 - planing) Maximum Wave Power: >600 ft.
Example 2 Maximum Wave Height: >425 ft.
non-wakesurf boat transition to planing at an operation| Total Wave Energy: >425 ft.
distance of 200 ft (Condition 1a - largest wave) Maximum Wave Power: >425 ft.

In addition to these conclusionthis documat offersa summary of research priorities pertaining

to the topic of boatgenerated waves otakes and rivers.
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the final version was produced and publishédK N2 dz3 K (G KS | yAGSNEAGE 27
Conservancgn February 12022

Xi



FINAL REPORT February2022

(This page intentionally left blank)

Xii



FINAL REPORT February2022

TERMINOLOGY

Acoustic Doppler Current Profile(ADCP), sensor system that usegsulsed, higHrequency
sound to measurehe velocity field in the water colummand vertical position of the water

surface.
Boat Wakeg surface water waves produced by a boat as it travels on the water surface.
Crestg highestwater surfaceelevation of a single wave.

Dispersiong spreading out or lengthening of the wake wave packet witlmeasinglistance from

the source(boat).

Mast ¢ rigid structure used to deploy submerged pressure sensoiring testing. Above the
water surface, the mastkeld a datalogger, 12v battery, charge controller, solar panel system,

GPS receiver, and wind speed and direction sensors.

Operating Conditiong set ofboat parameters selected and used within a test. The parameters
included: speedirim setting, ballast setting, hydrofasletting, wake shapesetting, and number

of people aboard.

Operational Distance¢ distance maintained between the boat and anothesatercratft,
shoreline,dock lift, raft, or person(s)/animal(s) in the watd¥or this study, perational distance

is the perpendicular distance measdrigom the boat track line to the object/sensor.

Pad¢ Acoustic Doppler Current ProfilehDCPdeployment structure, which sat on the bottom

of the lake duringesting

Pasg; single instance of test boat driven along a track line (e.g., 22%d&m shorg under one

of the operating conditions
Trough¢ lowestwater surfaceelevation of a single wave.

Track Line line marked by two buoys that ran parallel to the shoreline and perpendicular to the
masts/padsThere were four track lines distanced at 225325 ft, 425 ft, and 625 ft from shore,
that the test boat followed while making a single pass.

Xiii
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Trim ¢ angle of the boain relation tothe water surface measured in the direction of travel.

Wake Wave Packet ¢ seriesof individual waves generated by a single boat pass. The group of

waves within the packet mowmutward from the boat track line.

Wave dtenuation ¢ decrease in wave height, energy, and povasrthe operational distance

increasedrom the boat track line.

Wave Energy a quantifiable attribute of a single wave or series of waves that represents the
ability of the wave(s)}o do work or make changeln physics, work is often quantified as force

appliedover a distance.
WaveHeight ¢ vertical distance measuddrom trough to crest of a wave

Wave Powerg the rate at which energy is transferrexnt used. For wake waves, it is the rate at

which energy is transferred away from the track line.

XV
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1.0 INTRODUCTION

The state of Minnesota, located the north central United Statg is recognized for having the
largestnumberof natural,inland freshwatedlakes and pristine river systesonf any state in the
lower 48 states of theaJS(MNDNR 2021)it follows that access, usagand management of
surfacewatersare highly important subjeawithin the state. This report is motivated layneed
for sciencebasel information on theimpacts ofmotorized recreatioal boatson surface water

resources.

Motorized recreationaboats(referred to hereafter aboats) are prevalent on Minnesota waters.
In all its forms, including cruisingibing, waterskiingwakeboardimg, wakesurfing, fishingor just
anchoringto sunbathte and swim, recreational boating is enjoydy young and old, state
residents and visite individuals and groups, families, neighbors and frieri®lsating and

associated activitiealsorepresent meastable component of the state) @&onomy.

A

¢tK2aS GlraiSR 6AGK YIyFr3aAay3a GKS adl S Qsof Lidzo f A ¢
balancingpublic access longterm protection and preservation of theesources, ensuring

protection of property and public safetyAs thepopularity of recreational boating continues to

grow in Minnesota so too does thesize of boats antheir motors. Moreover,new designs of

watercraft, specifically, boats engineerad create large wakes for the primary purposef
wakesurfingare elevatingconcerrs around impacts to safetyake and riveihealth, shareduse
accessibility, andegradation oproperty. Research to address these concernstgrentlylacking

or difficult for managers/practitionesto access and ajy

All boatsgenerate wake associated with the displacement of water by the boat hull. The wake
and associated wagproduced by doatarecomplex hydrodynamic phenomena thatuebeen
the subject of research for over a centuagd have been examinedoim bothfundamental and
applied perspectivegsee Section2.0). In this report we include a briebverviewof the salient
aspects oboat-generated waves, referred tioereafteraswakewaves,howeverour main focus
is on a more pragmatiavestigationof commonrecreationalboats operated undetypicalusage

conditions.
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2.0 BACKGROUND

Manybooks, research reports, theses, and journal papers have been published examining various
aspects of boapgenerated wake wavesThis section provides a summaof the relevant

literature on boat wake waves

2.1 Fundamental research on surface waves, wave energy and power, coastal

engineeringand marine architecture

Fundamental researchnesurfacewaves and wavattenuationextends back 150 years including
fluid mechanics, analytical model develoent, field investigations, laboratory experimengnd
numerical simulatios (Lord Kelvin Thonson) 1887; Stoker 1957Lt.ighthill 1978;Dingemans
1997 Madsenet al. 2006) This body of fundamental research and theory yields physsd
understanding and mathematical relationships that have enabled practical fields such as naval
architecture and coastal and marine engineering. Development of linear wave theory, for
exampe, elements of which are employed in this project, as well as more complexjneam
wave theorieandadvancechumerical simulation of waves, continue to be expanded upon today
by researckrs across the worldin addition,technicalguides for the managment of coastal
areas, such as th8hore Protection Manual (USACE 198Ad Coastal Engineering Manual
(USACE 2@) provide useful informatiorand practical equations for computing and modeling

surface water waves and applyititeseto coastal and shorele engineering problems.

Our study utilized two published doctoral theses in the design of the project Nladrarlane
2012 and Co2020). Maéarlane (2012) is a comprehensive document that provides important
and clear summaries of the fundamental thexwito the problem of vessgienerated wake
waves and the impacts of waves on shoreline environmentssiftesis provides insights, among
other topics, into the treatment of wave height and practical methods for calculating total wave
energy as well as gdance on proper field deployment of sensors and gastcessing methods

to field data. Similarly, Cox (2020) offers a wealth of information relevant to this studiz as
vessel characterizations, description of surface wave dynamics and classificatidngave

energydispersionand attenuation.
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2.2Field studies on the impacts of bagnerated wakevaveson water quality and

shorelines

There are a significant number of published reports and journal articles examining the impacts of
boat-generatal wakewaves on shorelins and nearshore environments. We focused on papers
examining transportation vesseldike highspeed or conventional ferriesand on papers
examining recreational watercraft. For research published prior to about 2014, wakesais

and the sport ofwakesurfingwere not specifically identified. Several repsdnd papers after

2014 focusd on wakesurfingwhichwill be discussedn Section2.3.

The University of New South Wales, Water Research Laboratt#yeloped a management
suppot tool for boat wake impacts on shoreline zonesing standardizedfield-based
measurements of boagenerated wake wavesnd assessment of impacts on shorelines
(Glamore 2008; Glamore and Badenhop 2013). The papers sumthégke experience and
detailed data collection conducted by the authors awdtlined a standardized approach to
conduct wake wave assessmesimicludng post processing of wave height measurements and

calculation of wave energy. Glamaeeal.(2013)extendedthe work to riverbank erosioas well.

We reviewed many fiebased studies that focusn assessing boat wave impacts on specific
lakes or watebodies. Many of these projects were motivated by anecdotal observationsthat
boat activity appeared to be increasingnd 2) the increased activity was associated with
shoreline erosion and reduction in water quality. sfudy commissioned by the Maryland
Department of Natural Resources (Zabawa and Ostrom 18&8)measurements of wave height
and wave energy density farind-driven and boaigeneratedwaves at five popular boating sites
within the project area. The work was performed long before the invention of wakesurfing and
wakesurfing watercraft, however, impacts from recreational boatingiere a concern.In this
study, wind wave and storm events appeared to have larger impaotshoreline erosiothan

boat wave impactshowever, erosion from boat waves was determined to be significant where

wake waves were large artde boats consistently passesdithin 200 ft or les®f the shorelines.

Gourlay (2010) is a similar sipecific field study othe boat waves produced by nine different

watercrafts measured at three locations on the Swan River in Perth, Western Australia. The

4
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report detailed an approach to wave characteation thatwaslargely adopted irour project
Details on the relationships for correcting attenuation in pressure measurements and computing

wave energy in deep water and transitional deptisre also provided.

Recent esearch on boat wake wave impaatsthin the Chesapeake Baitilized surveys and
existing data to analyZeoat wake wave impact@ilkovicet al.2017, 2019). While the research
did not involve direct measurement of wave heightwave energy, the authors providenovel
approaches to estimating boat activity and locating where impairment/mitigation of shoreline
erosionwas occurring. Longecords of turbidity(a surrogate for suspended sedimentggre
used to correlate against weekend and holiday lake usage (btebusage) and weekday usage
(low boater usage). The researchncludel that boat activity waslinked to elevated turbidity
and shoreline erosion and thvgasespecially true in regions thatere not armored orwere not

subject to longfetch wind waves.

While our study focuses on wake waves from recreational boakservations from studies on
wake wave impacts from commercial ferries operating on large marinedaayprovide context
Parnellet al. (2007) summarizes research of ferry wave impacts in Realand with propagation
distances of over 7 km. The authors demonstraténkages to geomorphic changes on regions
theydefined & af 2¢ ¢l @S Sy SNHE 4&K2 M&lhoekgerdeacediasge y A y 3
wind-driven waves anthad not become selarmored. Selfarmoring refers to a natural process
where the waves, over time, mobilize amésh awayclays, sangl and gravels up to a certain
grainsize. Eventually, orlgrgergrainsizeshat are not easilgrodedby the waves remainwhich
serve toLIN2 0 SO0 2 NJ WI NBeRekiDpapiers &xandidér Wavé impa&stin Tallin
Bay, Estoniavhich idocated within the Gulf of Finland (Parnetlal.2008; Kurennot al.2009;

Y St LJ& &l.R0DD. This body of researelkaminel the role of at operational characteristics,
vessel type, wave height, and wave energy on sediment resuspension. The agsraadh

methodsdescribed in these papers informed our research methods.

Boatgeneratedwakewave impacts on river banksene explored in a numeér of studies from
around the globe and several were informative for this project. USA@H) is a final report for

a larger research study tharovided a comprenensivelook at a specific surface water system

5
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G§KS C2E wAGSNI | yR rivaglTheyinding frdmith® studgnddicatetheadyt G S
instantaneous response in water quality hogh boatingactivity. Madarlane and Cox (2083
2003, 2005) describeletailedinvestigatiors of vessel wake waveharacteristics andnpacts on
bank erosioron the Brisbane, Noosa, and MaroocRyers insoutheast Queenslandjustralia

The authors utilize field measurements of wave height and period to establish threshold criteria
that can be used to inform management decisionstbase systemsShoreline erosion was
studied on the Waikato River in New Zealand for two recreational watercraft gmersonal
watercraft (McConchie 2003). The studglied on field measurements of wave height using
submerged pressure sensors and the datare used to calculate wave energy. Suspended
sediment samplewerealso collected in an attempt to link wave characteristics to bank erosion.
Similarly, Maynat et al.(2008), studid boat-generated wave erosion on the river banks of the
Kenai River, Alaska. Here,wegaheightsvere measured with a capacitandesed system but the
approach for determining wave heights and enevggre the same approaches adopted in our

study.

2.3Field studies on the impacts specific to wakesurf boats

We identified a small number of search reports that specifically focus on wakesurfing
conditions €.g. relatively slow speedsl0-12 mph, internal ballast tanks and wake enhancing
technologie$. We were not able to find any journal articles within the peeviewed literature.
Ruprechtet al. (2015) is a conference paper thmimparal measured wake height and energy of
a boat described as awakeboarding vessélthat was operated under wakesurfing
wakeboarding, and waterskiingpnditions. The researateported a four-fold increase in wave
energy under wakesurfing conditions. In addition, the authors eflean approach for
developing empiricadquations relating maximum wave height to wake wave energy, which may
be a useful and practical approach to adopt in upperwédt US lakes and rivers. Wakeboarding
and waterskiing operational conditions yieldisimilarwave heighs and energybut were both

lower than wakesurfingonditions

Two research reports from Canada examine impacts fitewake wave and propeller wasif

wakesurfboats MercierBlaise and Praire (2014) is a research report from the University of
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QUi bec, Montrea) that details a fieldbased study of wake wave impacts on shorelines. The
researclersuseda single wakeboarding boat operated at various szt ballast conditions.

The reportdefined 10mphspeed and biased ballasting to be the wakesurfing condition. A unique
aspect of the projecinvolved using anAcoustic Doppleielocimeter (ADV) to recortirbulent

wave energy t(rbulence kinetic energy o TKE) at a specific location in the nearshore
environment. The researchers also collected water samples duesting and analyzed for
suspended solids concentration. Results from the work gftban increase in TKE from beat
generated waves with thiargest impacts resulting from the X8ph wakesurf boat conditions.
Raymond andalvezCloutier (2015yvas publishedby Laval University, Quebeandfocused on

the impacts of wakeboat propeller wash eelocitiesand turbidity. As in MercieBlaise and

Praire (2014), a single wakeboarding boat was used and operated under three cosddion
simulate wakesurfing, wakeboarding, and waterskiing. Asoustic DopplerQurrent Profiler
(ADCP) was deployed on the lake bottonaatater depthof approximately 16t (5 meters) and
recorded the velocity field within the water column as the boat traversed over the sensor. The
effects of propeller washappeaed to have penetrated upto 16 ft & meter9 deep for the
condition associated with 1fph and biased ballasting.e., wakesurfing). It should be noted

that both MercierBlaise and Praire (2014) and Raymond &adivezCloutier(2015) were pilot
studies and the authors suggest more research is required. Regardless of the preliminary nature
of the work, the two projects introduce the use of advanced sensors (ADV and ADCP) and
incorporaie environmental monitoringturbidity), which areimportant for future research in this

area.
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3.0 MATERIALS ANIETHODS

3.1 Study location and site

This study took placeon Lake Independence, Maple Plain, Minnesota, USA (45°1'37"N
93°38'53"W) (Figure 1). Leakndependence is 832 acres (425 littoral acres) with a shoreline
length of 7.47 miles. The main basin of the lake is bowl shaped with water depths gradually
AYONBIFaAay3a G2 GKS I THeakeis adoularYar¥atidRa dadtifatior. ¥ p y
For example, Baker Park Reserve, owned and operated by Three Rivers Park District, offers 2,700
acres of natural landscape that abuts to the lake via 4,000 ft of southeast shoreline (Figure 1).
The park includes a swimming beach, boat launch, RV park,iking trails that attract many

people to the lake to recreate. Having Baker Park Reserve on the southeast shoreline was integral
to the success of this study because it was near our study site and Three Rivers Park District
Fff26SR dza (2 taendl fadilkySandLdbcks] whith dpagtitally increased our
STTAOASYOed® hdzNJ addzReé &aAadsS ¢l a € 2O0koitesast [ f 2y 3
guadrant (Figure 1). In addition to having Baker Park Reserve nearby, this site was chosen
because a ke property ownegraciouslygrantedour teamaccess tdheir dock and shoreline.

The lakebathymetry at the study site had a moderately gradual slope %Higture 2) and bottom
substrate wasneasured to b@rimarilysand and graveTlhe shorelinglirectlyabuttingthe study

site was protected with large riprap stones with minimal vegetation present.
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Lake Independence \
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Figure 1. Lake Independence, Maple Plain, Minnesota, US.red box depicts the study site located
along thenorthernd K2 NSt A Yy S sduffeast gu&drantl { SQa
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Figure 2 Typical lathymetry at the study siteshowing agradud increasein water depthwith distance
from shore The maximum depth was33 ft at 675 ft from shore.

3.2 Layout of the study site

Figure 3 illustrates the layout of tretudy site and is described hereafter. Using bathymetric and
Global Position SysterP$data, three masts (Sectid4) and two pads (Sectidh5) that held

data sensors, were installed in a straight line approximately perpendicular to the shoreline at
known depths and distances (Table 1). The line of masts/padsilso in an alignment that was

roughly perpendicular to local bathymetric contdures

Four boat tracks were defined in a straight line approximately parallel to the shoreline and
perpendicular to the masts and pads at approximately 225, 325, 425, and 625 ft from shore. Each
track line was marked by a pair of tamtoored inflatable buoys thahelped to visually guide the

boat operator during testing (se®ection 3.8 for more detailed description).

11
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Tablel. The distances of masts and pads from shore and their respeatigiger depths.

Station Distance From Shore  Water Depth
Mast A 16 ft (5 m) 1.8 ft (0.6 m)
Mast B 114 ft (35 m) 6.1t (1.9 m)
Mast C 142 ft (43 m) 8.5ft (2.6 m)
Pad 1 219 ft (67 m) 14.0 ft (4.3 m)
Pad 2 311 ft (95 m) 22.0 ft (6.7 m)

«—— Boat Direction

L N e A

U AL S S

Figue 3. Layout of the studsite. The hree blue circles and two red squares indicate the locations of
the masts and pads, respectively. The yellow lines show tlie&tance of theboat track lines from the

shoreline.

12
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3.3 Description of masts and attached data sensors

The three masts are designed and fabricated to hold various types of data sensors. The masts
were tripod structures composed of in steel pipe (Figure 4a). To increase sturdiness, three 1
5/8 in steel struts along with three 3/1ié cable wires (made taut vtarnbuckles) connected the

legs to the center pipe. Because the masts were installed at different water depths, each mast
was a different height. However, once deployed each mast had approximditedy éenter pipe
emerging from the water surface, whieteaswhere equipment that needed to remain dry was
attached (Figure 4b). With the assistance of a diver, the masts were installed, leveled, and
secured to the lake bottom via 330 Ibs of steel pldiee masts were installed in relatively shallow
water (< 10 ft) and remained in their respective positions for the duration of the study (Table 1
Figure 3). Becauddasts B and C were positioned further from shore in deeper navigable water,
strobe lighswere added to warn approaching watercraft of thzardat night. Reflectors were

also attached to all masts to further increase visibility.

Each mast was equipped with various data sensors, both above and below the water surface.
Above the water surface, each was equipped wittvater-resistantenclosure thathoused a
Campbell Scientific datalogger (CR1000X) powered by a 12v battery, charge controller, and solar
panel system. A data acquisition program was written and installed on each data logger that
collected data from various hardwired sensors. A GPSverceith integratedantenna(GPS16x

HVS by Garmin Internationabat provided position, velocity, and timing information was fixed

to each mast. Specifically, the GPS receiver allowed the data logger clocksytacheonizedo

the highly accurate GPSne, and allowed posprocessing synchronization between all sensor
systems. Finally, Masts B and C were outfitted with wind speed and direction seAsimngle
Campbell Scientifigented pressure transducer (CS431 PS9805 5PSI) was installed on each mast
between 811 in 0.20-0.28 m) below the water surfacés thewakewavepacket(i.e., series of

waves produced by the boppassedabovethe sensorthe water column heightand thus
pressure at the sensor variedhis information wascapturedat 10 Hz (i.e., 10 samplesper
second by the sensor andgtored on the datalogger folater postprocesing to determine

maximum wave heightotal waveenergy and maximum wave powef the wakewave packets

13
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Peri KS Y I ydzF I O dzNBS Niodlel ddrdSsOra tFahsOucdr hagrgpéatmbilitydt & &
0.1%FSCQor + 0.14in of water.

(b) &

Figure4. (a)Mast on land prior to being equipped with data sensqr) mastdeployedand equipped
with data sensors

3.4 Description of pads and attached data sensor

Deployment of a mast system equipped with cabled data sensors wagradticalin deeper
waters (>10 ft). Instead, two pads were designed and cudiaitt to be easily deployed and
retrieved from deeper waters (Table The pads were rectangular strucasrmade of 15/8 in
steel strut with 12in legs (Figure 5) that partially sunk into the substrate upon deployraerdt
prevented the pad from movingit each corneof the structure,a 4ft x 3/16 in wire rope was
secured The fourwire ropeswere joined at a single lifting poinand anylon rope was attached
to the lifting point andused to lower and lift the paduring deployment The other end of the

nylon rope was secured to samall buoyat the water surfaceBecause of the simplicity of this

14
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system, wewere able to easily retrieve the pads and detdloh data sensoand download data

after each day of testing.

An Acoustic Doppler Current Profiler (ADCP; Nortek Signature,X@@@ble of collecting data

on the velocity fields within the water columwassecured to the center of each pad (Figure 5).
Specifically, the ADCPs were used to collect-hégblution data on surface wave heigtor

water surface elevations (referred to as altimeter data by Nortek), the device records the two

way travel timeof ad Ay 3t S aGLAY3IE GKIG Aa NBReTADSRR@®SR 2 T 1
autonomous units wittaninternal clock,battery, anddata logger. Thelock on theADCPsvere

set to match the internet time via a tethered laptop prior to deployment. The samplingafate

the ADCPBwere set to 4Hzfor all tests

Figure 5. An ADCP secured to the custbmilt pad and ready for deploymentThe four lifting cables
and lift rope can also be seen in the image.
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3.5 Summary ofest boatcharacteristics

The wakewaves generated bfour boatswere evaluatedin this field study Table 3. The 2004
Larson LXI 210 is a common recreational boat powered by a@6@power inboard/outboard
(I/O) engine, otherwise known as a sterndrive. The engipesgionedat the gern of the boat,
with the drive unit protrudinghrough the transomThe boat operator can trim the drive unit up
or down to changeperformance during various operating conditions. Moreover, when the
steering wheel is turned the entire drive unit turns, aking the boat more responsive to

maneuvemgat slower speedthan boatssteered byarudder.

There are twgprimarytypes of inboardoowertrain configurations D-Drive (direct drive) and-V

Drive, and both were tested in this studjhese powetrains are equipped with asystem that
includes gropellerthat protrudes througtthe hull (i.e., under the boatjia a shaft and rudder

that provides thesteering Thesetypes of powertrainsare presently preferredfor many tow

sports because of increadsafety with the propelleset forward of theransom As the propeller
pushes water past the rudder, the boat direction respsnd accordance with the rudder
position, which is controlled by the steering wheel. The 2004 Malibu Response LX had a 310
horsepower DDrive inboard engine, meaning the engwashoused in the center of the boat

The DDrivepowertrain is mechanically simplandalso places thé 2 | a@rfedi of mass forward,

which allows the boat to transition to planing more efficient}Drive inboardsare popular

among waterskiing enthusiasts becaugehis attribute.

Both the 2019 Malibu VLX and 2019 Malibu MXZ had H&&epower VWDrive inboard
powertraing meaning the engirewere positioned at the rear of the boat beneath the transom
seding. Having the weight of the large engine at the back of the boedtesgreater aft trim for

the boat, thus creating the bigger wakes needed for watersports Wakesurfing. In addition to
the type of powertrain, boat manufactures and independent isinesses have developed
methods to manipulate boat-generated wakes (e.g., height, length, shape, direction) that
include: boat size and weight, hull design, ballast systems, and surf systemby@gfoils and

wake shapers

16
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It is important tostate that this study was limited to examiningnly four boats. Weselected
watercraft that were representative of newakesurfing and wakesurfing boats; however, there
are many other boat manufacturers and modalst considered The boat selection wasased
on the boats that were availabl® us within the short window of field work for this study. This
researchs not intended to highlighéiny specifievatercraftmanufacturer but recreational boats

in general.
In the next sections, we discuss specifics efftur boatstestedin this study.

3.5.1 Larson LXI 210

The2004Larson LXI 210 had a length of 21 ft, arbe4 8.25 ft, andveighed2,925Ibsdry (Table
2). The size, weight, and modified V hull design of this lamatcommon among aiburpose
recreatioral boats(i.e., cruising, fishing, boat watersports).€elboat used did not haveany
additionalwake manipulating systems and credt#&symmetrical wakeaneaning the wake wage

produced was similar off both sides of the boat.

3.5.2 Malibu Response LX

The2004Malibu Response LX was the smalbastl lightestof the test boats with a length of 20
ft, a beam of 7.5t, and a dry weight of 250Ilbs(Table 2. Again, the hull designasa modified
V shape. This boat was equipped witmanually operatedransam mountedhydrofoil. When
not in use the hydrofoijetslocked in thestow position (Figuréa). When in use the hydrofois
lowered to asingle fixedposition (Figure 6b) The principle of operation dhis hydrofoil is to
provide adownward force athe stern of the boat creating greater aft trimAccording to the
manufacturer, the hydrofoil produces up tg0DO Ibs ofequivalentaft ballastto the stern of the

boat.

An aftermarket wake shaper (Wakesurf Creator 2.0 by Swell Wakesurftiaabed tothe boat
during one ofthe test conditions {.e., Condition lasee Section 3.6.2). The wake shaper is a
paddlelike baffle thatwasattached via suction cup® the port quarter of the hulljust below
the watersurface(Figure 6¢c)When installed, the wakshapeincreasethe sizeand smoothness

of the wakeon the opposite side of the boat, makiag asymmetrc wake that is surfable on one

17
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side Thehydrofoiland wake shaper can be used in tandem to create wake conditions that are

suitable for wakesurfing

3.5.3 Malibu Wakesetter Boats: VLX and MXZ

al t AodzQa tAYS 2F 21 1SaSGGSNI 02 (3201bN&kbUELXIS OA F A ¢
Wakesetter was the smaller of the two Wakesetters with a length of 21 ft, a beam of 8.2 ft, and

an approximatedry weight of 4200Ibs (Table 3. To make the wake larger by displacing more

water, the boatcanbe made heavier via its ballast system that can hold up to an additi¢gs20 3

Ibs of water weight. The large2019Malibu WakesetterMXZ was 24.5 ft long, B ft beam, and
weighedapproximately5,500Ibsdry (Table 2. This boatlso had a ballast system theduldhold

up to an additional 885 Ibs of water weight.

20K o021 0da ¢SNB S proafetahydSortrolsysieri caked thietedraasyZSurf
Platform The systentombines an array of technologi&s create and maintain a desired wake
condition. The hydrofojltermed Power Wedge 1l by Malibtunctions in the sameprinciple
manner as the aforementionettydrofoil, where acording to the manufacire, the Power
Wedge llican produce up to 1,500 $tof downward force, which is equivalent 9500 Ibs of
equivalentaft ballast(Malibu Boats 2020)The Power Wedge Il had adjustable settingghat
range fromdifté to éstowe (Figure 8a). When in lift mode tH®wer Wedgeisin position #1 and
fully deployeddown (Figure 7a)In this positionthe foil creates an upward lift force that allows
the boat toreach plaimng quickly. As thePower Wedgas raisedfrom lower numbeed settings

to higher numbered settingéFigure 8a)the size,shape and surface roughness of the wake
changes. This control over the wake is desirable because it allows surfing conditions to be
adjusted to the skill and preference of the surféimally, vinen in stow modethe Power Wedge

isnot in use (Figure 7b).

The Wakesettes also have factory installed wake shap@alibu Surf Gateyn either side of
the transom, just below the water surfad€igure7c). When deployedon one sidethe wake
shaperproduces an asymmetric wave with a larger and smootherirsyvwave on the opposite

side of the boat.

18



FINAL REPORT

February2022

Table2. Summary of thefour test boats.

Manufacturer Model Year Drive Horsepower Beam (ft) Length (ft) Dry(l\:)\{s e)lght ngsa; t Hydrofoil Wake Shaper
Larson LXI210 2004 Ste(lrrg)”ve 260 8.3 21 2925 No No No
Malibu Response LX 2004 Direct Drive (1) 310 7.5 20 2450 No Yes Yes -aftermarket
Malibu Wa‘s"f;tter 2019 V-Drive () 450 8.2 21 4200 3690 Yes Yes
. Wak .
Malibu aMe)f;“er 2019 V-Drive (I 450 8.5 245 5500 4885 Yes Yes
Notes:

(I/O) - inboard outboard or sterndrive powertrain

() - inboard powertrain
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Igi‘gure 6. Malibu ﬁgsponse ydrofoll in the (a) stow positionand (b) deployeddown position. (c)
Installed aftermarket wake shapefSwellWakesurf Wakesurf Creator 2.0

Figure 7. Malibu Wakesttelnydrofoil (Power Wedge l)Iset to (a) lift nd (b) stow. (c)Malibu
Wakesetterwake shaper $urf Gatg in the off position

3.6 Summary of operating conditiotesstedfor eachboat

The operating conditionased during testing ahe four watercraftsare summarizedn Table 3
and were defined byweight, operating speed, ballast condition (if applicableydrofoil (if
applicable), andvake shape(if applicable)and sought to represent typical recreatiormsdating

activities.

3.6.1 Larson LXI 2Xperating conditions

During testing of the Larson LXI 210, two people were abdaedwatercraft that added a
combined weight of approximately 330s. The passenger sat in treeat next to the boat
operator to keep weight evenly distribute@ondition lacreated the largest wakeravepossible

without the addition of wakemanipulatingmethods(Table 3. The boatspeed was held at0
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mph and the propeller trim was adjusted to achieve the greatestraft possible. This propeller

trim position was found to &the 50% position.

Condition 2 modeledtypical operating conditios of the boat fortow sports like tubing,
waterskiing, and wakeboardin@able 3. The boat traveled at 20 mph with tipeopellertrim set
to 100% (i.e., completely down) and wiasa planing condition Because no wakeanipulating
methods or technologswere used, the wakevaves were symmetricdbr both Condition &
and 2

3.6.2 Malibu Response LX operating conditions

During testing of the Malibu Response LX, two people were altbardatercraft, whichadded
approximately 330bsof weight Condition 1a createthe largest wakewavespossible with the
operating conditions teste(lTable 3). The boat traveled at 10 mplhehydrofoil wasn the down
position, which createdan estimated @wnward force of 1,000Ibs, equivalent to 1,000 Ibs of
equivalentaft ballast (Section 3.5,Figure 6b)Toincrease aft trimrfurther, the passengefl75

Ibs) sat in thestern seating areaThe aftermarket wake shaper was installed on the outside
surfaceof the port quarter of the hull just beneath the water surface (Sectid®.2, Figure 6c)
which produced an asymmetric wake with the larger and less turbulent side forming starboard.
We chose to have the larger wake on the starboard side becaligéng testing the boat
traveled from east to west and approximately parallel to the shoreline, wiiittedthe wake

towards shore where our data sensors were installed (Figure 3).

ForCondition 1b (Table 3)he aftermarket wake shaper was removsal its efects on the wake

characteristicge.g., height, energy, powecpuld bemeasured(i.e., device on vs. device off)

The Condition 2 variables were set tnodel conditions commonly used during tubing
waterskiingand wakeboardingTable 3. The boat traveleth a planing conditiomat 20 mph with

no wake shapeattached(symmetric wake). The passenger sat in the middle of the boat next to
the boat operator to evenlgdistribute weight. The hydrofoil was placed in the downward position

creating downward force and additional aft trim.
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3.6.3 Malibu Wakesetter Boats: VLX and Mpé&rating conditions

Both the Malibu VLX Wakesetter and Malibu MXZ Wakesetter were tested using the same two
conditions Table 3, with the only difference being thenandzF I O (i blzdtXEhadacieristics
(Section3.5.3, Table 2. Four people were aboamlith a combined weight of approximately G4

Ibs. To keep the weight in the back half of the boat and evenly distributed, one passenger sat in
the passenger seat next to theoat operator and the other two passengesat in the rear
transom seating areaCondition 1amodeledthe conditionsand setting commonly used by the

boat ownerswhenthey wakesurf (Table 3Puring this condition, théoats traveledat 11 mph

with the ballasttanks100% full.The Power Wedgédll was set b setting#3 (Figure 8), with the
portsideSurf Gateon (asymmetrical wake). Again, this formed a large surf wake on the starboard

sideof the boatthat traveled towards the shorelenand our data sensorgigure 3.

All variables remained the same for Condition 1b, except for the bdaHagtsetting Table 3.
The ballast water was completely drained so its effects on the wake characteristics (e.g., height,

energy, power) could beompared (i.e., full vs. empty).

The variables in Condition 2 were set meodel conditions commonly used durintubing,
waterskiing,and wakeboardindTable 3. The boat traveled at 20 mph with the balldanhks

empty, thePower Wedgelll remaining insetting #3 and theSurf Gateoff (symmetric wake).

Figure 8. (a) Power Wedge Il settings that range from lift to stdiit is noted as position #1, with the
white highlight indicating that setting #3 is selected. (Bpwer Wedgeset to setting #3.
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Table3. Summary of the operating conditions for each boat tested. The only difference betw€enditionsla and 1b for the Mbbu
Response L¥as the wake shaper setting (i.e., on vs off). The only difference betw€mditionsla and 1b for each Malibu Wakesettewas
the ballast setting (i.e., full vs empty).

Boat Condition  Speed  Trim Setting Ballast Hydrofoil/Power Wake People Approx. People

# (mph) (%) (% filled) Wedge llI Shaper/Surf Gate Aboard  Weight (Ibs.)
Larson LXI 210 la 10 50 (middle) N/A N/A N/A 2 330
2 20 100 (down) N/A N/A N/A 2 330
Malibu Response LX la 10 N/A N/A Down hy ¢ t2NI2{ARS 330
1b 10 N/A N/A Down Off 2 330
2 20 N/A N/A Down Off 2 330
Malibu VLX Wakesette! la 11 N/A 100 526y ¢ {SBYAY3It2NI4{ARS 740
1b 11 N/A 0 526y ¢ {SHWAY3It2bI4{ARS 740
2 20 N/A 0 526y ¢ {SGdHxf3 | o0 4 740
Malibu MXZ Wakesette| la 11 N/A 100 526y ¢ {SBYAY3It2NI4{ARS 740
1b 11 N/A 0 526y ¢ {SHWAY3It2bI4{ARS 740
2 20 N/A 0 526y ¢ {SGdxf3 1o 4 740
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3.7 Generating boawakewaves

Test boas were drivenapproximatelyfrom east to west along designated track lirset at 225,

325, 425, and 625 ft from sharwvith the shoreline on the starboard side of the boligure 3.

¢KS GNI O] fAySa 6SNB RSLX 2SR Ay I &GN AIKDG
bathymetry contours, which were also approximately parallel to the shoreline, and perpendicular

to the mast/pad alignment. Using GPS coordinates, each treekvihs marked by a pair of taut
moored inflatable buoys that helped to visually guide the boat operator during testing.
Moreover, the buoy locations were marked as waypoints on an onboard GPS unit (Humminbird
Helix 10) that charted redlme boat position,further helping the boat operator navigate
consistent and repeatable passes along the track lilesensure the wake waves that reached

the mast/pad sensors were generated under steady condititims,boat operator maintained

test speedandalignment with the track linewell beforeand after thetrack line buoys

For each operating condition evaluate8ection3.6, Table 3, the test boat made four passes
along each track line. An observer was stationed onshore to notify the boat operator (va two
way radios) when it was clear to make the next pass, which was made only after the previous
wake wave packet had made landfall in its entirety. This ensured that the wadlee packet
generated bya singlepass would be easily identifiable (i.e., clear start @and of each wake

packet) during dat@ost-processing

3.8 Boat positioal data

Instrumentation was mounted on each of the test boatsctmtinuallymeasure the bod2a Dt {
position, velocity, yaw, pitch(trim) and roll. The ontboard instrumentationutilized a mobile
Raspberry Pbased interface running Python to qudahe data from a VectorNav \\ROO inertial
navigation sensofINS), whichwas positioned miecboat. The sensor system included agldbal
navigation satellite system(GNSP module, 3axs accelerometers, -8xis gyros, -&xis
magnetometer, barometric pressure, and an-board processorAn INS Kalman filter reported
position, velocity, and orientation at high frequencies after coupling GNSS location information

with other onboard sensorsised to record hull submergence (not discussed in this repbiig.

! (https://www.vectornav.comj
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stated accuracies of the VRDO system after coupling with GNSS data 1.0 mroot mean
square RMS for horizontal position, <0.05 m/s for velocity accura®y?-degree RMS for
heading,and 0.03-degree RMS for pitch and roll. Additionally, the system data continuously
reported uncertainties for attitude, position, and velocitieghichincluded measured outliers in
those reported valuesThe data were recorded at ~5Hz arwllectedwithin a single data filelo
eliminate any potential velocity inconsistency between boats (e.g., different speedometer
accuracies), we used the re#@the velocity readings of this system during passes.pdsgioral
datafor each pass were later imported infeutoCAD and used to estimabperational distance

(Section 4.1).
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4.0 DATAANALYSIS

4.1 Computingoperational distance

Theboat positional data (Section 38) were imported into AutoCAD and plotte@Figure 9)The
perpendicular distances between each boat pass and each oh#tsts/pads (i.e measurement
sensor3were then calculated; these distances were defineadpsrational distancegFigure 9)

For each of the four passes along a track line, an operational distance average and standard
deviation were calculated.The passes along the track lines wehgghly repeatable as the
standard deviationdor the averaged operational distances wesé ft. The chta and results

presentedin Section 5.@re plotted against operational distance
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Figure 9. Example of the boat position data imported into AutoCAD for eactheffour passes along
the four track lines of the Malibu Response LX under operating Condition 1a (colored lines). The
operational distance measurements were taken along the yellow line between each track line pass
and each mast/padThe white arrowed lires illustrate the various operational distances from the 325

ft track line.
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