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IntroductionIntroduction

Who We AreWho We Are

Lawrence Technological UniversityLawrence Technological University
Lead researcher: Daniel J. Lead researcher: Daniel J. AlbertsAlberts
Faculty advisors: Dr. Robert Fletcher, Dr. Brian Faculty advisors: Dr. Robert Fletcher, Dr. Brian PedellPedell
Research assistants: Kevin Research assistants: Kevin PawlowskiPawlowski, Tim , Tim BedraBedra

Collaborative PartnersCollaborative Partners
State of Michigan Energy OfficeState of Michigan Energy Office
Michigan Wind Working GroupMichigan Wind Working Group
DTEDTE

Why We Are HereWhy We Are Here

Wind Powering America InitiativeWind Powering America Initiative
Michigan’s estimated wind potential: 16,000 MWMichigan’s estimated wind potential: 16,000 MW
Develop informed opinionsDevelop informed opinions
Analyze and build consensus on wind turbine Analyze and build consensus on wind turbine 
siting issuessiting issues
Help validate and supplement pending state Help validate and supplement pending state 
guidelines guidelines 
Help municipalities develop local zoning Help municipalities develop local zoning 
ordinancesordinances
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Today’s GoalToday’s Goal

Introduce the Delphi ProcessIntroduce the Delphi Process
Basic noise conceptsBasic noise concepts
Noise impact on healthNoise impact on health
Wind turbine noiseWind turbine noise
Open dialogOpen dialog

Ask questionsAsk questions
Discuss opinionsDiscuss opinions

First round of survey First round of survey 

Delphi ProcessDelphi Process

Present basic informationPresent basic information
Open dialog Open dialog 
Answer survey questionsAnswer survey questions
Analyze resultsAnalyze results
RepeatRepeat

Goal: develop a consensus of Goal: develop a consensus of 
INFORMED opinionsINFORMED opinions

Open DialogOpen Dialog

Discussion: views are presented and Discussion: views are presented and 
defendeddefended
Dialog: openly discuss ideas and views to Dialog: openly discuss ideas and views to 
help develop a new understandinghelp develop a new understanding
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NoiseNoise
Basic ConceptsBasic Concepts

What is Sound?What is Sound?

A repeating cycle of A repeating cycle of 
compressed and compressed and 
expanded airexpanded air
Exerts pressure on Exerts pressure on 
the receiverthe receiver

Speaker

Cycle

Compressed 
Air
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Basic Characteristics Basic Characteristics 
Sound PowerSound Power

energy of sourceenergy of source
Sound PressureSound Pressure

Loudness or amplitude Loudness or amplitude 
Measured in decibels Measured in decibels 
(dB) (dB) 

FrequencyFrequency
Cycles per second, or Cycles per second, or 
Hertz (Hz)Hertz (Hz)

DurationDuration

Speaker

Cycle

Compressed 
Air

Sound PowerSound Power

Total energy of soundTotal energy of sound
Given with specificationsGiven with specifications
CalculatedCalculated
One of many factors used to determine:One of many factors used to determine:

Distance sound will travel Distance sound will travel 
LoudnessLoudness

Not used to determine exposure or impactNot used to determine exposure or impact

Sound PressureSound Pressure

Measures perceived loudnessMeasures perceived loudness
Measured at the receiverMeasured at the receiver
Basis for:Basis for:

Noise assessmentNoise assessment
Hazard exposureHazard exposure
Exposure standardsExposure standards
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Sound Pressure ScaleSound Pressure Scale

Logarithmic scaleLogarithmic scale
Converted to dBConverted to dB
Threshold = 0 dBThreshold = 0 dB
Pain = 140 dBPain = 140 dB
IntervalsIntervals

11--3 dB noticeable3 dB noticeable
33--5 dB clearly 5 dB clearly 
noticeablenoticeable
10 dB twice as loud10 dB twice as loud

FrequencyFrequency

Frequency = number of cycles per secondFrequency = number of cycles per second
Measured in cycles, or Hertz (Hz)Measured in cycles, or Hertz (Hz)

Frequency RangesFrequency Ranges

30 30 –– 40 dB40 dB< 16 Hz< 16 HzInfra soundInfra sound

NANA2 Hz2 HzThresholdThreshold

NANA20 20 –– 250 Hz250 HzLow frequencyLow frequency

NANA100 Hz 100 Hz –– 3 kHz 3 kHz Speech Speech 

120 120 –– 140 dB140 dB20 Hz 20 Hz –– 20 kHz20 kHzNormal hearingNormal hearing

Pain ThresholdPain ThresholdRangeRange
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Frequency ComponentsFrequency Components
TonalTonal

Single frequencySingle frequency
Example: Musical NotesExample: Musical Notes

Narrowband NoiseNarrowband Noise
Multiple frequencies over a Multiple frequencies over a 
narrow rangenarrow range

Broadband NoiseBroadband Noise
multiple frequencies over multiple frequencies over 
large rangelarge range
Examples: wind, fans,  Examples: wind, fans,  
motors, crowds, etc.motors, crowds, etc.

Adjusted ScalesAdjusted Scales

Adjusted Scales (Continued)Adjusted Scales (Continued)

Approximates sound pressureApproximates sound pressureCC

Approximates noisiness of aircraft Approximates noisiness of aircraft 
engines engines 

DD

Used for Infrasound Used for Infrasound GG

No informationNo informationBB

Approximates frequency response of Approximates frequency response of 
hearinghearing

AA

Usage Usage ScaleScale
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DurationDuration
Continuous Continuous 

FansFans

IntermittentIntermittent
Cars, airplanes, Cars, airplanes, 
telephonetelephone

ImpulseImpulse
FirecrackersFirecrackers

Noise Exposure IndicatorsNoise Exposure Indicators

Maximum noise level (Maximum noise level (LLmaxmax))
Equivalent continuous sound (Equivalent continuous sound (LLeqeq))
Sound exceeded a percent of time (LSound exceeded a percent of time (L1010, L, L9090))
DayDay--night average sound level (night average sound level (LLdndn))
Speech interference level (SIL)Speech interference level (SIL)
OtherOther

ISO 1996ISO 1996--2 rating level (2 rating level (LLrr))
Perceived noise level (PNL)Perceived noise level (PNL)
Noise pollution level (LNoise pollution level (LNPNP))

LL9090, , LLeqeq, L, L1010
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Attenuation Attenuation 
(Reduction of Sound Energy)(Reduction of Sound Energy)

Primary InfluencesPrimary Influences
Distance Distance 
Frequency componentsFrequency components
Wind directionWind direction

Other influencesOther influences
Temperature, humidity, surface materials, Temperature, humidity, surface materials, 
buildingsbuildings

Attenuation by DistanceAttenuation by Distance

Doubling the distance reduces the sound level Doubling the distance reduces the sound level 
by six decibels. by six decibels. 

Frequency AttenuationFrequency Attenuation

Higher frequencies travel further.Higher frequencies travel further.
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Attenuation by WindAttenuation by Wind

Noise ImpactsNoise Impacts
Health Effects and Community Health Effects and Community 

ResponseResponse

Potential ImpactsPotential Impacts

Most common ImpactsMost common Impacts
Hearing lossHearing loss
Sleep disturbanceSleep disturbance
Speech interferenceSpeech interference

Other ImpactsOther Impacts
Headaches, constricted arteries, weakened Headaches, constricted arteries, weakened 
immune system, fatigue, irritabilityimmune system, fatigue, irritability
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Induced Hearing LossInduced Hearing Loss

Temporary or Temporary or 
permanent threshold permanent threshold 
shiftsshifts
Loss occurs in Loss occurs in 
frequency rangesfrequency ranges
Affected by total Affected by total 
energy of exposureenergy of exposure
NIOSHA NIOSHA 
recommendationsrecommendations

¼ hour¼ hour115 dB115 dB

½ hour½ hour110 dB110 dB

2 hours2 hours100 dB100 dB

4 hours4 hours95 dB95 dB

8 hours8 hours90 dB90 dB

Max Max 
ExposureExposure

Sound Sound 
LevelsLevels

Recommended ExposuresRecommended Exposures

Speech InterferenceSpeech Interference

Based on distance Based on distance 
between speaker and between speaker and 
listenerlistener
Normal speaking Normal speaking 
voicevoice

10 ft10 ft48 dB48 dB
6 ft6 ft54 dB54 dB
3 ft3 ft59 dB59 dB
1 ft1 ft68 dB68 dB

.5 ft.5 ft75 dB75 dB

Max Max 
DistanceDistance

Ambient Ambient 
NoiseNoise
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Sleep DisturbanceSleep Disturbance

Increases time to fall asleepIncreases time to fall asleep
Disturbs sleep patternsDisturbs sleep patterns
Decreases quality of REM sleepDecreases quality of REM sleep
Daytime noise exposure effects sleepDaytime noise exposure effects sleep

Sleep DisturbanceSleep Disturbance

60 dB wakes 90% of people60 dB wakes 90% of people
55 dB affects REM cycles and increases 55 dB affects REM cycles and increases 
time to fall asleeptime to fall asleep
4040--45 dB wakes 10% of people45 dB wakes 10% of people
35 dB considered the threshold for 35 dB considered the threshold for 
optimum sleeping conditionsoptimum sleeping conditions

Sleep Disturbance Sleep Disturbance 
LLeqeq does NOT does NOT 
correlate with sleep correlate with sleep 
disturbancesdisturbances
Greatly affected byGreatly affected by

Volume peaksVolume peaks
Number of eventsNumber of events

WHO recommends: WHO recommends: 
LLeqeq ≤≤ 3030--35 dB 35 dB 
LLmaxmax ≥≥ 45 dB should 45 dB should 
not occur more than not occur more than 
1010--15 times per night15 times per night

8860 dB60 dB

404045 dB45 dB

Number of Number of 
PeaksPeaks

LLmaxmax
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ISO Recommendation 1996ISO Recommendation 1996--19711971

Basic Outdoor criteria Basic Outdoor criteria 
of 35 of 35 –– 40 40 dB(AdB(A))
Adjust for district Adjust for district 
types types 
Adjust for time of dayAdjust for time of day

Evening: Evening: -- 5 dB5 dB
Night: Night: --10 to 10 to --15 dB15 dB

+15+15Urban mixedUrban mixed

+10+10Urban Urban 
residentialresidential

+5+5SuburbanSuburban

00RuralRural

Adjustment Adjustment 
dB(AdB(A))

District Type District Type 

Community ResponseCommunity Response

Vigorous Community Vigorous Community 
ActionAction

20 dB20 dB

Threats of Community Threats of Community 
ActionAction

15 dB15 dB

Widespread ComplaintsWidespread Complaints10 dB10 dB

Sporadic ComplaintsSporadic Complaints5 dB5 dB

Estimated Community Estimated Community 
ResponseResponse

Increase in NoiseIncrease in Noise

Wind Turbines Wind Turbines 

1

2
3
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Size of Today’s TurbinesSize of Today’s Turbines

Today’s Common ModelsToday’s Common Models

1.8 MW1.8 MW

4.5 MW4.5 MW

2 MW2 MW

SizeSize

98 98 –– 109 109 dB(AdB(A))V80V80VestasVestas

107 107 dB(AdB(A))E112E112EnerconEnercon

102 102 dB(AdB(A))E70 E70 EnerconEnercon

Sound PowerSound PowerModelModelMfgMfg

Types of Turbine NoiseTypes of Turbine Noise
Mechanical Mechanical 

Sources: gearbox, Sources: gearbox, 
generator, and bearingsgenerator, and bearings
Predominant with small Predominant with small 
wind turbines (rotor wind turbines (rotor 
diameter less that 20 m)diameter less that 20 m)

AerodynamicAerodynamic
Source: rotor blades Source: rotor blades 
sweeping through the airsweeping through the air
Predominant with larger Predominant with larger 
turbinesturbines
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Mechanical Noise ReductionMechanical Noise Reduction

Insulation around the generator, gears, and Insulation around the generator, gears, and 
other moving parts located in the turbine nacelle.other moving parts located in the turbine nacelle.
Soundproofing and mounting equipment on Soundproofing and mounting equipment on 
soundsound--dampening buffer padsdampening buffer pads

Aerodynamic NoiseAerodynamic Noise

Tips Speed RatioTips Speed Ratio

Blade PitchBlade Pitch

Aerodynamic Noise ReductionAerodynamic Noise Reduction

Move rotors upwindMove rotors upwind
Downwind blades Downwind blades 
produce an produce an 
intermittent thumping intermittent thumping 
sound. sound. 

Raise the cutRaise the cut--in in 
speedspeed
Change the pitch of Change the pitch of 
the bladesthe blades


