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ABSTRACT
Field Testing the Effects of Low Reynoltdsimberon the Power Performance of the Cal Poly Wingdver
Research Center Small Wind Turbine

JohnB. Cunningham

This thesis report investigates the effects of low Reynolds number on the power performanc&iaha 3.

diameter horizontal axis wind turbine. The small wind turbine was field tested at the C&Viadl Power

Research Center to acquire its coefficient of performa@e,vs. tip speed ratiog; characteristics.

A description of both the wind turbine ditest setup are provided. Data filtration and processing techniques

were developed to ensure a valid method to analyze and characterize wind power measurements taken in a
highly variable enviraoment. The test results demonstrated a significant drop iwthend t ur bi neds p
performance as Reynolds number decreased. Rem2.76E5toRe= 1. 14 E5, C, hafckangedot or 6 s
from 0.30 to 0.9. TheC, vs. aresults also displayed a clear chamgeshape with decreasing Reynolds
number . The anal ysi s hi ghQ/Cuqchatasteridtids en th€nvs.boenced ©f t
Reynolds number dependency. By not accounting for the effects of varyinplae number below the

critical valuefor a rotor operating at constamtthe design of the rotor planform may overestimate the actual
performance of the turbine in reabrld conditions. This problem is more evident in distribegedle wind

turbines, ompared to utilityscale ones, becausé the significantly shorter chord lengths, and therefore

increased wind speed range where this effect octusss t | vy , the wind turbinebs f

annual energy productiareevaluated using the tegtsults.
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1. Introduction

The small wind turbine industry is striking need of developmental researchmpioveits competitiveness
with other forms of distributed generatioBmall wind turbines face unique challenges that restrict
proportional growth to more prominentlity scale wind turbine. This reports specifically focused on the
effects of low Reynolds number operation of small wind turbiters. Small wind turbineslefined by the
IEC aswind turbines witha swept area less than 20F fi], typically exhibita wide range oReynolds
numbers lesshan 5000002]. Ut i | i t y s c allagemncorad ldngthand léss vamableelative
velocitiesresult inmore consisteriReynolds numberan order of magnitude above this. At these Reynolds
numbersar ot G fC@carve the mosimportant parameter of power performancegiatively constant.
For small wind turbing a r 0@ /6qicudve can exhibisignificant decreasas magnitude and changes in
shape as Reynolds numbeops This Reynolds number et must be considered the design of a small

wind turbinesystem.

Previous studies concerning small wind turbjri@ and ], havetestedthe influence of low Reynolds
number operationon C, vs. acharacteristicsHowever, theestswereperformed inwind tunnel test facilities

and dedlwith rotor diameters less than 1.2 m. This repettils the testing of aB4 m diameter rotor at the

Cal Poly Wind Power Research Center field test Jite field-testingapproach permitthe study ofwind
turbinerotors that cannot be removed from their installed location or cannot fit within a given wind tunnel
testing facility.But the consequences include longer testing psiod additional data filtration steps, both
due to the uncontrollable e of wind.The power performance testing of the CPWPRIGd turbine
required60 cumulative hourto bespent at the test sjtduring which a total of 23 hours ofdata were

logged.

The goal of this project was to provide insightthe effects of low Reynolds nuetbwind turbine operation,
while also offering a detailed description of the test methods and data analysis used for fieldtestiest.
resultsaid the design analysismdpower performancdevelopment of the CPWPRC wind turbiiiée report
is dividedinto five main sections. Chapterd2tails the design of the CPWPRC wind turbine, focusing on

the rotor blades and control system. Chapter 3 describes the test site gmdeetiaf the CPWPRC.



Chapter 4 explains the data collection, filtration, and gssitig methods used to obtaiable C, vs. &
characteristic®f the rotor. Chapter 5 presents and anedylze test results in relation to the low Reynolds
numbereffectandcontrass the resultwith the theoreticaC, vs. aprojection of the CPWPRC wind turbine.
Finally, Chapter 6 offers futureontrol method considerations regarding the test results aiséntsea

technique to develop a high wind speed control method.



2. Cal Poly Wind Power Research Center

The Cal Poly Wind Power Research Center (CPWPRC) was developed ito2808y engineering topics

in the wind energy field. The research center is 1|o
Escuela Ranch, 5 miles north west of CalyP#an Luis Obispo campus. The research center is bound by a

corral tha contains a 21.3 m tall wind turbine. The&bine possessea three bladed, 34 m diameter,

horizontal axis rotor. At the base of the tower is a control box, load box, and resestireheating load. The

CPWPRC wind turbine is shown in Figute

Figure 1. CPWPRC Wind Turbine



The CPWPRC is used for research purpaseg, not toproduceelectricityfor the grid Numerous students
and faculty have worked on projects studying and developing various aspects of the turbinejédte pr
have focused on control solutions, rotor blade manufacturing, and structural anddysithis report, no

M.S. projects had testetie power performance of the turbine.
2.1Rotor Design

The CPWPRC wind turbine utilizes3a74m diameter three bied horizontal axis rotor. The rotor blades

were designed to model the RIG27 and RIS@A-18 airfoil profiles, Figure2. The profiles were

devel oped by RI SO National Laboratory in Denmar k a
Turbine Airfoil Family RISOA-X X 0 5]. Bénefits of the RISO airfoil family include their insensitivity to

leading edge roughness and their ability to bel iseboth stall and pitch regulation applicatiofk [

e RIS@-A-27 T——

RISO-A-18

Figure2. RISO-A-27 and RIS@A-18 airfoil profiles ]

The thick RISGA-27 inboard profile provides a high cressctional stiffness to limit blade deflection. The
large size also accommodates the root tube which connects to the rotor hub. The thinnar I S@file
exhibits a highC /Cy ratio and is used where structural rigidity is not as impof@jntAs denoted by their

names, the max thicknesses of the RISQ7 and A18 profiles ar7 and18% their cord length.

The C, andCy characteristics of the two airfoils are shown igu¥es3 and4. The curvesvere generated in

XFOIL and based ofRe= 2.56 for RISOA-27 andRe= 3.0E6 for RISGA-18.Each fi gure presen



Transitiono and O6Fixed Transitiono | ines edghat corr e
ablade profile. Thi s report wutil i ze dThéeG andChdharacteridticsTof aa airfoil t i on o
are directly related to the powerrf@mance of a wind turbine. They determine the forces that contribute to

the torque, thus mechanical powertjut of the rotor. The importance of these curves, specifically their

dependence oRe is elaborated on i@hapter 5.

L
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Figure3. RISO-A-27 C vs. Cq andC, vs. UCurves Determined with XFOIL (Solid line: Free Transition,
Dashed Line: Fixed Transitiom} Re= 2.5E6[5]
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Figure4. RISO-A-18 C, vs. Cq andC vs. UCurves Determined with XFOIL (Solid line: Free Transition,
Dashed Line: Fixé Transition)at Re= 3.0E6[5]

The blade geometry was designed using Blade Element Momentum Theory (BEM), a method described in
[7]. The design utilized 20 equal bladections spaced over the 118 rotor radius. The sections and their
corresponding geoetry are shown in Table The blade design targeted the attainment dfiit€q max at

U= 10.5, Vina= 10 m/s, an@= 4.



Tablel. CPWPRC Wind Turbin8lade Dimensions

Section | Section Distance | Pitch Twist Chord Max
Description | From Angle | angle Length | Thickness
Axis (m) | (deg) | (deg) | (m) (mm)
20.00 RISO-A-18 | 1.83 -2.64 0.00 0.12 22352
19.00 RISO-A-18 | 1.74 -2.17 0.47 0.13 23.368
18.00 RISO-A-18 | 1.65 -1.65 | 0.99 0.14 24.638
17.00 RISO-A-18 | 1.55 -1.07 1.57 0.14 25.908
16.00 RISO-A-18 | 1.46 -0.43 2.21 0.15 27.432
15.00 RISO-A-18 | 1.37 0.29 2.93 0.16 28.956
14.00 RISO-A-18 | 1.28 1.10 3.75 0.17 30.734
13.00 RISO-A-18 | 1.19 2.03 4.67 0.18 32512
12.00 RISO-A-18 | 1.10 3.08 5.72 0.19 34.798
11.00 RISO-A-18 | 1.01 4.30 6.94 0.21 37.084
10.00 RISO-A-18 | 0.91 5.71 8.35 0.22 39.878
9.00 RISO-A-18 | 0.82 7.37 10.01 | 0.24 42.926
8.00 RISO-A-18 | 0.73 9.34 11.98 | 0.26 46.228
7.00 RISO-A-18 | 0.64 11.69 1433 | 0.28 4953
6.00 RISO-A-27 | 0.55 1454 | 17.18 | 0.29 79.248
5.00 RISO-A-27 | 0.46 18.00 | 20.64 | 0.31 84.074
4.00 RISO-A-27 | 0.37 22.23 | 24.87 | 0.32 86.868
3.00 RISO-A-27 | 0.27 27.36 30.00 0.32 85.344
2.00 Hub 0.18
1.00 Hub 0.09
0.00 Axis 0.00

With this geometryR . Sandr et 0[8], projecteds a atedrraop merformance of 3 k\Waatind
speed ofLl0 m/s. This corresponded to an expe@ggha= 0.45 atad 4. The theoreticaC, vs. aplot of [g],
is shown in Figuré. Chapter 5 compares the theoretical model tadhes. a-test results acquired for this

report.
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Figure5. CPWPRC Theoretical, vs. a-Curve Presented i8]

The Hades were fabricated with carbon d@gdjlass fibers reinforced by epoxy resin. The manufacturing is

documented BEd war d s 6 t @) €igure6 displaypaosolid mddel of the blade geometry. Figure

displays a photo of the rotor atop the wind toebfower.

Fof

Figure6. Solid Model of CPWPRC Wind Turbine Blad@ [



Figure7. CPWPRC Wind Turbine Rotor

2.2 Electrical - Generator, Wiring, Load

The CPWPRC wind turbine rotor is coupled to a Ginldeghndogies GL-PMG-3500 generator. The direct

drive generator is rated for 3.5 kW. The generator produces a three phase AC output that is rectified by a
single passive bridge, attached to the gemtatat or .
varies in magnitude depending on the generator torque and rpm. FTR&GL3500 spec sheet is located in

Appendix A

From the generator output terminals, #14 AWG wires run the length of the tower to the load box. In the load
box, the positive opiut ofthe generator travels to an 800 VDC Crydom solid state relay. The solid state relay

provides the high voltage circuit switching needed for the control system.

The circuit is completed with a resistive water heating load. The load is comprised eétsvd four
1000 W water heaters wired in parallel with the generator outputs. The water heaters are housed in two

55-gallonwater tanks. A photo of theatertanks, load box, and control box is displayed in Figire



Figure8. CPWHRC Resistive Heating Load, Load Box, and Control Box

2.3Control Method - Pulse Width Modulation Resistive Loading

The CPWPRC wind turbine is a variable spéefixed pitch system. Its speed is regulated using the
GL-PMG-3500 generator. The speed reguaticomes through pulse width modulation (PWM) resistive
loading control. The PWM resistive load control regulates the effective resistive load seen by the generator.
This dynamic load regulation permits torque, thus rpomgpowder control. Figur® is a sinplified circuit of
CPWPRC wind turbine systemheigenandVgenare the DC generator outputheR andL are the resistance

and inductance of the wind turbine system.
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Figure9. Simplified CPWPRC Wind Turbine Circuit

Pulse widthmodulation is the offf switching of the circuit at varying duty cycles. The switching changes
the effective currentier, and resistanceRer, of the system, Equationg)(and @). To note, these equations
are integrated averages of the duty cycleaigt which the current and resistance are regulai¢d 0%
duty cycle(DC = 0), the switch is alvays operandie = 0. From Equationd), this results in no generator
torque. At a 100% duty cyc®C = 1), the switch is always closed. This resultsién = igen, and the max
possible generator torque for the given conditions. Tiggeequation can also be looked at in term&eaf
Equation 4). By regulating the duty cycle, tl&sload changes, thugendoes too. Now using EquatioB)(

one can nderstand that by varying duty cycles from 0 to 100%, the power dstragulated.

N 062Q 1)

Y  'YIO6 )

Y o QzQ (3)
Y Qzo TY 4)
0 Y oz (5)

In the case of the CPWPRGrimatiyhireludesytte resistebice ofrthe wates t i v e
heaters, generator, and wires. The inductive lbadrimarily includes the inductance of the generaitve
switching is done at the 80@LC Crydom solid state relay.® 'STM32 Nucleo microcontroller, linked to the

relay, regulates the duty cycle switching at approximately 100 Hz. The microcontroller is programed to
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provide duty cycles enablingjther, 1. congantrotor speed?. constantip speed ratio, 0B. constantduty
cycle. A rotor speed sensoconnected to the microcontrolleallows the program to achieve this desired
control. A Raspberry Pi 3 B+ with a display monitor is used as an interface to choose the specific control.
After the specific rotor speed, tip speed ratio, or duty cycle is selected via the interface, a real tinth@lot
variables is displayed. The monitor, Raspberry Pi 3 B+, and Nucleo Microcontroller are located within the

control box.

2.4Tower, Nacelle, and YawControl

The CPWPRC tower is a 21.3 m tapered tubular steel structuretwihpiece mast rotates aboud
perpendicular sleeve bearing supported axis. A gingioleé assembly at the rear of the tower, used in
conjunction with a truck winch and anchorcais the tower to be rotated about the axis and lowered to the

ground. FigurelOis a photo taken of thewerlowering procedure.

Figure10. CPWPRC Tower Lowering Procedure

The nacelle is located at the top of the tower. It hetise Gl-3506PMG generator, emergency hydraulic
disk brake system, various sens@usd electrical wiring and hardware. The internal structure of the nacelle
is square steel tubing, while the exterfaiting is fiberglass. Internal and external viewstloé nacelle are

shown in Figurel 1.
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Figurell. Internal and External Photos of CPWPRC Nacelle

An active yaw system is built into the base of the nacelle. A ring gear and motor system allows manual or
automatic control ofthenacd e 6s yaw angl e. T htielyaligris hemadelieovithytha w c on't

wind direction.
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3. Test Setup

This chapter provides a detailed look at the CPWPRC test site and equipment. The IEC standard
6140012-1, Power Performance MeasurementsEtectricity Producing Wind Turbines $1Edition) [9],
served as a guideline to evaluate the test setup. Ideally, the tests would have followed the exact requirements

of the standard, but duetfee preexisting conditions and equipment on site, softeeserequirements were

notstrictly met.

3.1 Test Site

The testing occurred at the CPWPRC, atop a small hill at Escuela Ranch. The test site consisted of short

grassy vegetation. A corral surrounding the CPWPRC prevented livestock from getting nearitiee turb

Figure12 shows a topographic vieof the site.
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Figure12. Topographic Viewof Site withCPWPRC indicated by the Red Dot
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A measurement sector was defined to determine an allowable wind direction range for data collection. A
sector 0f250to0 300°, shown in Figurel 3, was chosen based the topography of the site and the location

of the boom that held anemometer and wind vane

300°

CPWPRC

Met. Boom, 190°

Figure13. CPWPRC Measurement Sector

The meteorologicaboom facedSWS of190°.To prevent the turbinebds wake fr
measurements, wind directions fr@@0 to 60° were not included in the measurement sector. In addition,

the sector avoided tH&0 to 250° region because of possible flow distortion due tovenetqography. As
seeninFigurd2, t he siteds west region is relativeBy fl at
shows thesiew from the base of the tower. None of the obstacles in the measurement sector were determined

to be significant IEC 6140012-1 requires the site to be analytically assessed to identify topographic

variations around the sit€his assessment was not completed due to lack of time and resources.
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3.2 Test Equipment

3.2.1Boom Mounting

The boom held both the anemomreaindwind vane used for testing. The length of the boom spanned
2.91 m perpendicular to the tower. The anemometer was raised and mounted 0.73 m vertically from the end
of the boom. The wind vane sat 1.21 m below and 0.23 m in front of the anemonmiez1&ishows the

boom mounting setup.

Figurel4. Front and Side View of Boom Mounting Setup

The boom mounting setup resulted in a minimum distance of 1.32 m from the anemometer to the rotor. IEC
6140012-1 recommends boomounteal test equipmentfamall wind turbines be a minimum of 3 m from

the rotor.

3.2.2Anemometer

A Second Wind C3 cup anemometer was used to take wind speed measurements. The anemometer was
modified to house an Allegro A1120UA hall effect sensor thavigea digital wind speed measurements.

The modification required a small wire routing hole to be drilled into the anemometer. This was determined

to not affect the wind speed readings. The calibration report of the modified anemometer is presented in

Apperdix C. The spec sheet for the Second Wind C3 anemometer is presented in Afpendix

16



3.2.3Wind Vane

An NRG#200Pwind vanewas used to take wind direction measurements. The spec sheet for the wind vane

is presented in Appendix.

3.2.4Rotor Speed Measuement

The rotor speed measurement was taken usinQraega PRX108P shielded inductive proximityensor.
The sensor tracked the frequency @0atoothmagnetic gear attached to the shafte Omega PRX103P

sensords data shee¥t is displayed in Appendi x

3.25Power Measurement

CR Magnetics voltage and current transducers were used to calculate the power output of the turbine. The
transducers, located in the load box, measured the DC voltage and current produced by the generator after
the electricity taveledd o wn t he t ower 6 s60042 wolage tran3dhcer ard RR52240:12

current transducer spec sheets are presented in Apps@dand H

The current transducer was tested to investigate its time response tofaawitching current. Theespmse

was of interest because o fWMtshitehingvsuspected to leffectingthed s hi g h

current transduceréds out put .l ThdZmstinesconstante determinesl ar e
using the oscilloscope trigger fuian, proved much slower than th&\RM switching rate of 100Hz. Because

of this slow reaction time, it waasnotdhehAotig.dhlees t hat t
that would be given by an instantaneous measurement ofaffi signd. They were instead a measurement

taking place within the time response of the transduédter conducting further testing with the

SQ20202F8, described iChapter 3.2.&nd Appendixl, it wasshownthat these time response dependent

readingsentered at thaverage of the switching signal.
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3.2.6Data Acquisition System

A Grant Instruments SQ202TF8 Data Logger was used for data collection. The outputs of the anemometer,
wind vane, voltage andurrent transducers, rotor speed sensor, and yaw angle seaservired to the
DAQ6és input bl ock. The DAQ |l ogged and sampled mea

downloaded and exported to .csv format via Grant Instruments Squirrel View softwar

The DAQ was tested to analyze its response to high fregusmitching signals. Test results are presented
in Appendixl. The DAQ showed that when switching signals over approximately 60 Hz were input to the
device, it logged the average of the sigiéith this evidence, it was concluded that SQ2QE8 was loggig

the output of the current transducer asregratecaverageiet.
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4.Cpvs.aTesting

The coefficient of performanc€,, vs. tip speed ratipay curve characterizes the performance of a wind
turbine rotor. The curve is unique to its corresponding rotor design. This chapter ex@jauss a

(Cp - ® theory and details the stetaken to determine thg, - a«curve of CPWPRC wind turbine rotor.
4.1C,vs.aCurve Theory

The coefficient of performance and tip speed ratio are defined by Equétioniy.

0 (6)
Y (7)
Coefficient of performance istheratioofao t or 6 s power duput fo théotal poweravailable in
the wind for the given conditons Ti p speed ratio is the ratio of the

the velocity of the wind Moreover, theC, - a-curve defines how much power a rotor can extract from the

wind at all possible aobinations oVwing andq . A typical lookingC, - ecurve is shown in Figuréb.
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Figurel5. Typical C, vs. acurve of a Wind Turbine Rotor

At &= 0, the rotor is stopped, and no power is captured from the wine.=Admay the rotorno longer
generates lift, thus torque and powaAt &= &y, Vwind andq reach a point at which maximum power is
captured from the wind. This is the peak of the cuwieereC, = C,_max According to Betz's law, the highest

theoreticalC,_maxattainable for a wind turbine system is 0.593.

A Cpvs.acurvecan be obtained through a theoretical modeling or a testing approach. Examples of theoretical

modeling are showmi[3] and [B]. The testing approach is described in the remainder of this chapter.

4.2 Testing Goal

A key goal of this report was to determine tBg- acharacteristics of the CPWPRC wind turbine through a
field-testingapproach. Prior to this project,egh t u r @y i ercv@ bad only been established through a
theoretical method presentied 8], Figure5. A field-testingapproach was needed to evaluate the theoretical
model and truly assess the rotor 6s olpnethod that peemit<c e. Thi

the CPWPRC wind turbinebés maxi mum power extraction.
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4.3 Testing Procedures

To acquire theC, vs. a-curve of the CPWPRC rotor, data @fing, 9, ietf and Vgen, Was obtained over the
rotor ds faud | Ir a wigdddiraditni, daida, andyaw angle! yaw, data was acquired for data
filtration purposes. All data was attained using the instruments described in Ghapigy speed ratiavas
calculated using Equationand C, was calculated using Equati@na modified versin of Equatior6. To
note, the desity of the airwasestimated using Cal Poly San L@bispo ITRC weather station date]].

The average density of the air during the test periodlwigs7 kg/n?.

0 (8)

0 ®w 270 9

Equation8 substitute®,.+, the mechanical power produced by the rotor, Withthe electric power produced
by the wind turbine. Doing so, neglects the mechanical and electric losses of the systerssibies gffects

of the Pout = P« @assumption are discussedGhapters.4.

To obtain the fullrange v al ues, the turbineds rotor speed was
speed control permitted by the CPWPRC system. neas selected basexh thet u r b &valeeatsthe

time of the selection. Doing so, permitted the attainment of spesifitues needed to fill certain data bins.

This test method was deemed necessary to minimize data collection time. To note, all testing was completed

with personnel onsite, due to the n&dnability to be controlled remotely.

Manual and automatic yaw control were used for testing. The manual yaw was used for the first half of the
test period when the automatic yaw was not functioning properly. Foetioad half of the test period, the
yaw control was restored by identifying a glitch that occurred when the wind direction was 0°. Furthermore,
the yaw control was used in all but approximately 0° wind direction condifldnis was convenient, as the

persanel controlling the turbine did not have to constantly realign the nacelle with the wind.
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The emergency hydraulic disk brake system was programmed to actigate3i0rpm. This was done for
the safety of théurbineduring possibleotorrunaway everst, a concept discussedG@hapter 6.2As a result,

the emergency brake restricted the attainment of &ighlluesat highVuing.

At the end of each testing period, the data collected by the SZFERDAQwas downloaded ta computer

and exportedh .csvformat.

4 .4 Data Filtration

Wind turbine field testing is n@aneasy task. Due to the unpredictable nature of wind, data does not always
suit the needs of an experiment. This is accounted for by using a data rejection filter that removes any

recorded dat not within the defined experimental criteria.

TheC, - adata rejection filter was implemented using the Matlab script found in Appénach .csv data

file was imported to Matlab using the CpLambda_Import.m file. The script read each file, downsampled the
data tdb second averages, and added the resut@eagto a numerical array storing all the data. The averaging
method was used to control scattered and misleading data, while also providing relatively fine resolution
results.IEC 6140012 requires the use of 60 second averdgepower performance tesy. This average

size was too large for themount ofC, - a-dataobtained as it resulted in @vse resolution plots and

unidentifiable trends.

Once imported and averaged, the data was filtered using the CpLambda_Filter.m file. The filter began by
deletingall data in whichdying Was outside of the measuremsattor, 250 < dyina < 30C. Yaw error,U,ay,

was then calculated with Equatidkd. Data was removed it}aw > #10°. Data was also removed if

g < 15 rpm. Rotor speeds under 15 rpm indicated the emergency brake was emghgesind speed was

too low toget the rotor to speed

| — . (10)
The final stage othedata rejectiofiilter eliminated rotor inertia effects. Irtea effects are noticeable during
rapid changes in wind and rotor speed. Throughout these occurrémeestational inertia of the rotor

prevents an instaateous speedesponse to steady state. The rotor instead stores its kinetic energy as the

22



transient event occurs, producing a power output specific to the event. To obtain a repeatablesistdnt
C, - aplot, all data needed to be taken under steady state operatioB, Théilter assessed steady state by
comparing each 5 second average data ppitin = 1 andn + 2 data points. The filter removed any data
pointn if its difference from then + 1 or n + 2 data points was greater thare = 5 rpm orVyina = £ 1 m/s.

A flowchart of the data filtration process is shown in Figlée

Import data with CpLambda_Import.m

A

Downsample data to 5 second averages

v

Filter data,

v

Outside measurement sector, 300° < 6 < 250°

v

Yaw error, a>+ 10°

v

Emergency braking, Q< 15 rpm

v

Non-steady state, n+ 1 and n+2
data points not
within Q + 5 rpm and V,;,q+ 1 m/s

Figure16. Data Filtration Flowchart

4.5Data Processing

TheMatlabfile CpLambda_Process.was used to process the filtered data and estimat@, thecurves of
the rotor. The procedure began by assigning each data point to a 1 mM,gsizeit. The data in eactying
bin was then sorted into 0.2 sizedins. To avoid misleading results)yeabins with less than five 5 second
average data points were left out of @ a-curve generation procesghe avalues were calculated using

Equation?7 and theC, values were calculated using Equation 8.
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TheC, values of the data in eaelbin wereaveraged and plotted verse the midpoint of the specific bin. With

the resulting points, a cubic spline interpolation was used to ger@rate-curves associated with each

Vwing bin. The interpolated curves were created with the csaps() Matlab funttiencsaps() function
produces a ficubic smoot hi mxandgpwihts ta iatérpolaté bhetween,the i npu't
points to evalua the interpolation at, and a smoothing paramet&he smoothing parameter specifies the

scale at which thenterpolation is lineap = 0, or cubic splinep = 1. This script used = 0.97. Doing so,

produced a smooth cubic spline interpolation in whieh curve was not forced through every averaged

point. This was especially desirable in Hrange with very scattered}, data. Figurel7 presents a flow chart

of theC, - acurve generation process.
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Figurel?. C, - aData Processing
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