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ABSTRACT

This thesigresents an analysis ofyger loss of a representative 1.5 MW wind iaebfor
variable icing conditionsPower losses are estimated using aerodynamic data obtained in a
combination of two experimental methoddémospheric icing conditions varying temperature,
droplet sizeandliquid watercontentare generated in acing facility to simulate a 4Bninute icing
eventon a representative wind turbine airfoil sectidrhe ice shapes are then molded for
preservation and subsequent windnel testing. Lift and drag measurementsraaele andised
to estimate the total power production of the iced wind turbine udigdaelement momentum
theoryprediction codeDetailed measurements of ice profiles show that aerodynamic penalties are
mainly a function of surface roughness due ogcA 16% loss ofairfoil lift at operational angle
of attackis observed for freezinfpg conditions. Drag increases at a lift coefficientGb are
observed to be 190% at temperatures®°C, 145% neat0° C, andB0% near20°C. An analysis
of the wind turbine aerodynamic loads due to atmospheric icingyigower losses ranging from
16% to 266 near an average wind speed of 8.mMs exception to these results exists fairgle
supetlarge dropleicing case in which lift decrease and drag inceesr® more sevesdt 25% and
219%, respectivelyThe analysis gives insight to potential control strategies for wind turbine

operators attempting to minimize revenue loss in-ctidate operations.
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Chapter 1

Introduction

Wind turbines are becoming increasingly premaland important in the generation of
renewable energy around the world. Wind energy generating capacity in the US has increased from
2500 MW in 1999 to 28,500 MW in early 2009 [The growth of the wind industry is leading to
an increased interest in wdrfarms in cold climate regions both in Mtwern Europe and North
America [2] These cold climate regions expose wind turbines to atmospheric icing conditions,
which can result in multiple wind farm icing events during the winter season. Many studies show
that these events lead to severe power degrad@idf]. This results in large losses of revenue
for wind turbine operators during the winter season andramu@l Energy Production @&P) loss
of up to 20945]. In addition to revenue lost by reduced AE®&sts can be incurred due to inaccurate
power forecasting and penaltiesasiated with grid integration [1.7]

The driving force behind these power losses is degradation of airfoil performance due to
icing. In an icing event, supeooled water droplets aete to wind turbine bladesausing an
alteration to both the shape and surface roughness of local blade airfoil sEtfoh8]. The
aerodynamic changes associated with these alterations are well understood for aircraft airfoil
geometries. Bragg givem excellent review of iced airfoil aerodynamics, discussing the decrease
in lift and increase in drag on the airfoil section for various types 18 eHowever, aerodynamic
penalties can be different for different airfoil geometries under the samgecienditions and less
investigation has been given to wind turbine airfgild. The lack of reliable aerodynamic data for
iced wind turbine airfoils is illustrated by a recent study by Laasko et al. that suggests additional

research is needed to betf@edict the aerodynamic penalties associated with particular icing
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conditions[4]. This gap of information and burgeoning interest in cold climate wind farms is the

motivation behind this research.

Literature Review

There have been many studies relateditcraft and rotorcraft icing dating back to the late
19206s [19]. However, icing studies related to
of discovery and learning. The studies range from numerical simulations of wind turbine power
loss, experimental quantification of aerodynamic losses, and actual measurements of losses at wind

enagy sites.The following sectioa review recentesearch from each of these categories.

Review of Numerical Stuies

Many recent studies of the changes imdaviurbine performance are investigated with the
use of computationalmiulations of both ice accreti@ndaerodynamic§6, 7,10,11,16,and 2Q.
The ice accretion simulations provide accurate ice shapes, but must be smppdewith
smoothing functios and surface roughngsarameters to obtain the correct surface roughness. The
surface roughness information is critical to predicting the correct drag of the iced airfoil because
small changes in surface roughness can yield dramatic differences inpairformance. At times,
the surface roughness can be more significant than the actual size, shape, and placement of the
accreted ic¢l6]. Switchenko et alin regardto FENSARICE (a commonly usd wind turbine ice
accretion and aerodynamic solyesiiggest that more research is needed in the area of surface
roughness effects for particular icing conditi¢h€]. This conclusion motivates the study of this
thesis to find detailed aerodynamic performance data for particular icing conditiarcommonly

used wind turbine airfoil
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In addition to issues wh unreliable surface roughnesformation, numerical simulations
can produce different aerodynamicuits depending on the solver being used. Even with ice
properties held constant, a comparative stddyanous RANS solvers yielded differences in airfoil
performance depending on the type of turbulence modeling (specifically in the glaze ice regime)
[20]. Attempting to numerically simulattie multiphase flowfield about an iced wind turbine
rotor is adifficult and computationally expensive taskformation provided in this thestan help

validate results obtained by these complex solvers.

Experimental Studies

Other research on wind turbine performance degradation due to icing includes
experimental widies of many types [, 10, 13, and 15]. Similar to numerical studies, some of
these experimental studies use ice accretion codes to generate simulated ice shayaesientad
wind-tunnel or watetunnel testing [3,13]. Once again, roughness mbst simulated on these
shapes by gritand the aerodynamic drag results differ depending on the chosen k/c value [13].
These studies accurately document the aerodynamic performance of the grit roughness, but lose
accuracyin predicting drag of the true igeughness.

Other studies experimentally generate actual ice shapes for aerodynamic analysis [9,10].
However, the chosen airfoils for tleestudies (S809 [9] and NACA &ul5 [10]) are for stall
regulated wind turbines at loweperational Reynokinumbeard will have different aerodynamic
characteristics than an airfoil dgsed for a utilityscale pitchcortrolled wind turbine. hiese
experiments provide valuable insight into the physics of ice accretion and the unique icing
properties of wind turbine bladgeometriesThe assortment of data at similar icing conditions to

the research performed in this thesis is important for comparison and validation of results.



Field Observations

Some of themost valuable datavailabk on wind turbine icing ifom actualwind farms
operating in cold climatesiowever, these data adifficult to analyze for wind turlies due to the
large time scaleof wind turbine power generation and the many variables involved. Some
researchers have been able to analyze theaddtpulish summaries gbowerlosses [2, 4, 5, and
8].

A study of particular interest is from Gillenwater et al. regarding the energy losses at
Canadian wind energy sites during the winter sef&joThe studyintegrated dataollected over
four years of wind &rm operationgat two separatsites. The studgoncluded that average power
|l osses of 26% to 27% are observed and that dfop
modified in order to reduce the risks (of performance losses) and maximize pradact [ 8] . 06 Th
conditions at these sites are very similar to conditions repli¢atehis research and are suifed
comparison of experimental resulfBhe end goal of the research presented here is tal fulfil
Gi I I enwat er byexplormmdoperatsng proeegures thdt reduce tisks of gerformance

losses and maximizaroduction based on detailed aerodynamic performance data.

Research Objectives

This thesispresents a combined experimental and computational effort to predict wind
turbine perfomance changes dueit@ accretion atarious represdative atmosphericonditions.
The focus of this effort is to obtain accurate aerodynamic data by generating ice on a representative
utility -scale wind turbine airfoil in an ice accretion facility andldnthe ice shapes for subsequent
wind-tunnel testing. The experiments are desigimedrder matchReynolds numberas close as

possible to the flowfield properties & utility-scale wind turbine. The changes in airfoil
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performancecharacteristics are maasdto provide a comparison of aerodynamic penalties for
varying icing parameters. The aerodynamic information is finally asech input to a wind turbine
performance analysis code to yield power losses for the icing conditions prodideinitial daa

for operational strategies.

The following tasks will be conducted:

1. Design autility -scalewind turbine suitabldéor analysis based on experiments carried out
on arepresentative airfoil.
2. Chooseproperties for ice accretion and wind tunnel experimbased on the designed
wind turbine andcing conditionrecommendations from the project sponsor.
3. Perform ice accretion experiments and preserve ice shapes by molding and casting them.
4. Perform windtunnel experimenten preserved ice shap&sobtain lift ard drag data for
the representative wind turbine airfoil.
5. Computationally predict power loss on the representative wind turbine using experimental
iced-airfoil data. Then provide an analysis of the power &ss$ strategies for mitigating

power losshefore,during, and after an icing event.

Thesis Chapter Overview

This thesis is organized into the following remaining chapters:
Chapter 2: Selection of Experimental and Computational Conditions:The conditions for
experimentation are defined by designing aesentative wind turbine and choosing an airfoil for

experimentation.
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Chapter 3: Experimental and Computational Method: The experimental and computational
method for determining wind turbine power loss is described in detail. This includepti@ssr

of ice accretion experimentsind tunnel experimest and X urb-PSU calculations.

Chapter 4: Results and DiscussionResults from ice accretion tests, wind tunnel tests, and
XTurb-PSU calculations are presented objectively. The implications of the resalthen
discusseds well as their potential applications.

Chapter 5: Conclusion: The work done in this thesis is summarized along with major results from
the experiments and computational analysis. Recommendatiofgifte work based oresults

and obserations during experimengge also presented.



Chapter 2

Selection of Experimental and Computational Conditions

This research requireseplicating flow conditions over a wind turbine blade for two
different experimental disciplines: icing and aerodynamics. E&ttese disciplines is governed
by its ownuniquescaling lawsand associated experimental limitations. Combining experimental
methods requires careful attention to both types of scalimpmpromises madewhich allows
for experimentation at the edgelmth theicing and aerodynamic envelope.

The following section on research design gives details on how the final expaiiment
conditiors are choserl’he basic icing and aerodynamic conditions of the research are defined. A
utility -scale wind turbine is esigned and modified to allow for experimentation on a primary
airfoil. The design of the generiwind turbine using XTurlP’SU andthe sekction of icing
conditions giveflow field and icing parameters for use in ice accretion and -windel testing

experments

Selection of a Representative Wind Turbine

This research attempts to quantify aerodynamic losses for a typical-sititity wind
turbine A 1.5 MW power output is determined to be representative of the gi#le witha GE
1.5sle wind turbine apresenting dypical example A generic1.5MW wind turbing the PSU
1.5MW, created in XTurdPSUis used as a baseline for selecting airfoils for tesfiing airfoils
on thePSU 1.5MW wind turbine are from the Delft University dedicated wind turbine i&irfo

family. These airfoils are used by wind turbine manufacturers worldwide and provide excellent
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perfamance characteristics to pitcbntrolled wind turbines in the 30 to 10@tar rotor diameter
range [21].

To test as many icing conditions as possibidy one airfoil is selected for ice accretion
experiments and subsequent windnel testing. The DU 98/-210 airfoil is chosen because its
radial location on the turbine blade typically spans much of themegi maximum torque
generation (see Figure13. The full airfoil distributionfor the PSU 1.5MW wind turbineis also

displayed in Figure-2a.
70 r

60

- DU 93W-210
50 - Airfoil Region

40 r

30 r

Sectional Torque [(KN*m)/m]

20

10

0 0.2 0.4 0.6 0.
Blade Span (r/R)

Figure2-1. PSU1.5 MW wind urbinetorque dstribution at Myinga = 12 m/s.

The choice of only one bladé&fail motivated the design of a custom 1.5 MW Horizontal
Axis Wind Turbine for analysis. As mentioned previously, thibine is designed to be siailto

a GE 1.5 MW wind turbine [22]The design starts witthe PSU 1.5MWairfoil distribution
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displayedin Figure 22a. This airfoil distribution is then modified so that the DU 9240 airfoil

is theprimaryairfoil and spans the majority of the torque generating portion of the blade. The inner
40% region is spanned by cylinder bodies and ot Delft aifoils (see kgure 22b). Thetorque
distribution in Figure 2 for this modified airfoil distribution shows thatd inner airfoils only
generatel 6% of the torque at rated wind speed, so aerodynamic penalties on these airfoils due to
icing are neglected.Setting theprimary airfoil at the 40% span location also avoids power
calculations at high angles of attack near the, nbich is outsidethe range of measured iced

wind-tunnel airfoil data in this research.

0.1 r
o |
E e
|
0 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
r'R
a) Original airfoil d istribution (PSU1.5MW).
0.1
&
(@]
0 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r'R

b) Modified airfoil d istribution (PSU-Ice 1.5MW).

Figure2-2. Generic and modifiedréoil distributions.
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Table 21. Airfoil distributioninformationfor Figure 22.

Blade Span

: | I i W Y, Vi Vil
Location
- . 00W2- 00W2-  97W-  9LW2-  93W- _ 95W-
a) DU Airfoil - Cylinders ~,41" 554 300 250 210 180

00-W2- 00-W2-  93-W-

401 350 210 N/A N/A N/A

b) DU Airfoil  Cylinders

50  Maximum Torque at r/R:0.73\
40 ¢
E i
€ 30} DU 93-W-210
— L Section
pa
< 20
)
=
5 10 r Inner
= Section
0 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Blade Span [I/R]

Figure2-3. PSUIce 1.5MW torque dstributionat Viwing = 11 m/s.

A comparison of powesurves for the PSUce 1.5MW windturbine is displayed in Figure
2-4. Itis clear thathe modified airfoildistributionresulsin only small changes betwetre power
curves. ThePSUIce 1.5MW wind turbine performs slightly betténan its predecessbecause of
the aerodynamic benefits of the (relatively) thin DUW2210 airfoil. This yields a slightly lower
rated wind speed, but the power curve still agrees well with the GE 1.5sle [22]. Therefore, the
modified airfoil distribution for the PSUte 1.5MW wind turbine (see Table-2 for technical
specificationand Appendix Gor the XTurbPSU geometry input filds representative of a typical
utility-scale wind turbineThe design of this wind turbine using XTuRSU allows forthe
generation of localléwfield and blade geometry properties given a wind speed and radial location
on the blade. This information is used to define experimental conditions, which are described in

more detail in a later section.
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Table 22. PSUIce 1.5MW baselinenformation

Number of Blades 3
Rotor Diameter 77m
Rated Capacity 1,500 kW
Cut-in Wind Speed 2mls
Cut-out Wind Speed 25 m/s
Rated Wind Speed 11 m/s
Tip Speed Ration Range 2.271 13.9
Power Control Blade Pitch Control
1,600 r
1,400 |
1,200 t —— PSU 1.5MW
S 100 celse
Gg) 800 i
§ 600
400 |
200 [
0 [ Z . 1 L 1 L )
0 10 20 30

Wind Speed [m/s]

Figure2-4. Power ctve comparison

Icing Conditions

Icing conditions for this research were suggested by collaborators at the National Center
for Atmospheric Research (NCAR). The conditions are selected to be representative of freezing
fog conditions encouated in the Gred®lains regiorof the Northern United States. The cases are
also selected to give reasonable comparisons between the three standard icing reference variables:

Liquid Water Conten{LWC), Median Volumetric DiametefMVD), and Temperatur€rl). The
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first variable, LWC, is a measure of the concentration of sapeled water droplets in the air. The
second variable, MVD, is a measure of droplet SibeLWC, MVD, droplet impact velocityand
temperature each affect the physics of ice accretion in differerst MagLWC and MVD tend to
affect the thickness of accreted ice shapes, while tempegatdrdroplet impact velocitgffects
the local roughness, severity of ice featherd, asthesion strength of the ice [18]

The conditions suggested by NCAR were a agref low LWC and MVD values
representing thealues typical of freezing fog (see Figur®X Initially, it was intended to define
cases at each region suggested by NCAR. Howeymalying scaling lawsto these fullscale
conditions limited the testing eelope to théacility envelopalisplayed in Figure-3 due to testing
facility limitations (see Chapter 3: Ice Accretion Experiment$le actual physicand details of

scaling icing conditionare discussed in Chapter 3.

©
©
1

0°C

©
)
T

Desired Conditions
=== Facility Envelope

MVD (um)

Figure2-5. NCAR icing conditions envelope.

Six cases are selected from fheility envelopen Figure 25 anddisplayed in Table-3.

Five of these conditiongpresent the aforementionieeezing fog type icalong with an exception
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case. The exceptiocase is to experiment with super large droplet (SLD) ice accretion, which is
representative of a freezing driztyge condition. The icing event time is chosen to be 45 minutes
for all cases. This event time is long enough to accrete ice shapes wificaig roughnessbut

little deviation in largescale shape between cases. This is the optimal condition for comparing
surfaceroughness characteristics of the different types of @ewangesdue toscaling arealso

displayed in Table-3 and are discussifurtherin Chapter 3

Table2-3. Icing Conditions

Field Conditions

Case Ice Type LWC (g/m3) MVD (¢ T(°C) Time (mm:ss)

1 Freezing Fog 0.1 28 -21.3 45:00
2 Freezing Fog 0.22 25 -10.8 45:00
3 Freezing Fog 0.22 30 9.7 45.00
4 Freezing Fog 0.24 33 -4.5 45:00
5 Freezing Fog 0.48 33 -2.3 45:00
6 F[;‘fiiiigg 0.26 250 8.1 45:00

Facility Scaled Conditions

Case Ice Type LWC (g/m8) MVD (¢ T(°C) Time (mm:ss)

1 Freezing Fog 0.12 16 -21.5 13:42
2 Freezing Fog 0.255 145 -11 13:54
3 Freezing Fog 0.255 17 -9.9 14:00
4 Freezing Fog 0.255 19 -4.7 14:36
5 Freezing Fog 0.453 19 -2.5 15:36
6  rreezing 0.295 143 8.3 14:12

Drizzle
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Chapter 3

Experimental and Computational Methods

The previous chaptéocused on the selectiaficonditions for experimentatiand design
of a wind turbine for computational analysigis chapter focuses on the expemnts themselves
as well as the final step of analyzirexperimentabdatausing XTurbPSU.The basic process of
determining total wind turbine power production for a given icing condition is displayed in Figure

3-1. This figure gives the general overviewpobcesseavhich will be described in further detail.

Ice shapes
generated at
varying scaled
conditions

Ice shapes
molded for
preservation

measurement
validated for
experiments

" AERTS LWC

" Performance | [ Lift and Drag of | Ice shapes
T‘- degradation ice shapes ' casted and
calculation and measured in mounted for

the wind tunnel the wind tunnel

prediction

Figure 31. Chain of experimentation for iced airfoil performance measurement.

Experimental Properties

Experimental flow properties are based on the local flow priegentear the region of

maximum torque at a Region Il wind speed of 8 m/s. Taldldi8plays these properties along with
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the properties that were used in the experim@&#sed on these flow properties and limitations of
theice accretion facility, a hacale chord blade is u$éor experimentation. The hadtale rotor
blade illustrated in Figure 2, carries a 28.5 in chord by 12 in span DUW2210 airfoil section

at its tip.

DU 93-W-210 Airfoil Section

Figure 32. Rotor test blade.

As displayed in Table-3, experimental relative velocity igll m/s which is 9m/dess than
the fullscale velocity The maximum velocity is 41 m/due to structural limitations ofhé
rotorstand and blades. An angle of atta€lo® is used in experimentation because vibrations on
the rotgstand exceeded acceptable valudsgher angles of attacKhis discrepanchetween 0°
and 5°angle of attackwill result in smallchanges in icehape due to the low ice accretion time
(roughly 15 minuteshand low LWC of the experimés (see Appendix Afor comparisons of
simulated ice accretion shapes at 0° and 5° angle of at&nface roughness details are of highest
concern and are preserved through the discrepanae accretio angle of attackReynolds
number remains on the same order thraugtexperimentatioat 1.5 to 2.4 millionAlthough the
full-scale Reynolds number is 4.9 millioning surface roughness reduces the effects of changing
Re on aerodynamic performanf¥d]. Therefore,at these high Reynolds numbesagceptable

dynamic sinfitude is considered to be achieved throughout the experimentation.



Table 31. Flowfield Properties
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Wind turbine Properties

Experimental Properties

Wind Speed 8 m/s
R 0.8
Relative Velocity 50 m/s
Blade Chord 1.45m
Angle of Attack 5.5°
Re 4.9x1C¢

Relative Velocity
Blade Chord
Angle of Attack
Re (Rotor Stand)

Re (Wind Tunnel)

Ice Shape Generation

41 m/s
0.725m
0°
2.4x10
1.5x1¢

Ice shapes are generated at the Penn State Adverse Environment Rotor Test Stand

(AERTS)[23]. The AERTSacility (Figure 33) is a 20 ft x 20 ft x 20 ft cold chamber enclosing a

120 Hp rotorstand. The facility can accurately generate a wide range of icing clouds with

controllable LWC, MVD, and temperature input. The icing cloud is generated by NASA standard

icing nazzles whichaerosolize water droplets with a precise combination of water and air pressure.

This is regulated by a feedback control systefrich maintains droplet size within 2 Lfi23].
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Rotor Diameter = 9 feet

Figure 33. Adverse Environment Rotor Test St4AERTS at Penntate)

The LWC within the chamber is dependent on regpecific flowfield properties and is
calibratel using measurements of leadiegge ice thickness in an iterative process for each flow
condition. This process yields LWC values accurate to within% [Z3]. Icing conditions are
scaled based on the change in blade chord with-aouse softwarevhich uses a modified Ruff
method[24]. The scaling codes based ora validated NASA scaling methpathich evaluates ice
accretion by matching collection &flency, accumulation parameter, and freezing fraction with
assumpbns that airfoil geometry, flofield properties, and surface water dynamics remain similar
during the scalin§9]. These assumptions are met for the icing conditionslawtiéld conditinns
in Tables 22 and 31. The scaled icing conditions require lowering MVD and test time to match

full-scale conditions (see Table32or scaled parameters for each dase



18
LEWICE Validation Testing

Two-Dimensionalsimulated ice accretions are generatedgié EWICE [25] for each
freezing fog type icease in ader to compare theoretical fidtale and facilityscak ice accretions.

This is a computationalalidation of the scaling method usadd shows how the deficiencies in
relative velocity and angle atttack will affect resultsA comparison of ice accretiofiar ice case
three in Table B is displayed in Figure-&. LEWICE validationcases are avable for all cases
in Table 23 in Appendix A.

As displayed in Figure-3, the facilityscale ice acct®ns are slightly different frorthe
full-scale ice accretiondue to the discrepancy between 0° and 5° angle of atfdektwo
dimensional areaf the ice accretions remains the same, but the shape distribution is chidmged.
maximum thickness decreasay14%for the ice accretion at 5° angle of attack and the location of
maximum thickness has moved lower on the airfoil. In addition, the ice impingement limits on the
upper and lower surface have shiftddowever,the surface roughness characteristitshe ice
shape ar@reserved between angles of attack.

The shape change will yield small differencestlie airfoil flowfield and resulting
aerodynamic performangcbut the effect is expected to be that of adding or removing camber to
the airfoil and theeby simply shifting the zeflift angle of attackThis is less significarthan the
decrease in lift curve slope and increase in drag due to surface roughp@sting the boundary
layer developmentf a more significant horn shape were present, seslegipe differences could
cause separation at the leading edge and significantly change the flowfield properties. However,
therelatively small changes in shape for these icing scenarios are not expected to cause this severely

adverse flowfield behavior
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—— DU 93-W-210 Profile
— — Full-Scale Case &° angk of attack)
----- Facility-Scale Case 3 (&ngle of attack)
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Figure 34. LEWICE accretion for Cas8 in Table 23.

Ice Accretion Experiments

Ice accretion experiments are performed in the AERTS facility by spgjtwim blades into
an iced flowfield generated by overhead nozze®p view schematic ohe facility is displayed
in Figure 35 where dimensions of the DU 98-210 blade section and its distance from the

rotational axis can be taken from Figur2.3
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™ Ballistic Wallls

Leading-Edge

400 RPM

S A Rotation Axis /

DU 93W-210
Airfoil Section

Figure 35. Top view schematic of AERT&éility.

Experimentation requickoperation of the AERTS facilityear a limiting boundaryThe
specific LWC characteristics of the test blade gave a minimum LWC of 0.255 g/m3 using only one
of the array of eight overhead nozzl&sis low LWC limit is represated by the bottom of the
facility envelope in Figure-8. Thelow LWC also introduced a limitation in the minimum droplet
diameter achieved in the facility.

The low LWC placed the feedback controller at thedpwoundof nozzle calibration
curves which control water and air pressusupplied to the nozzles. If the actual value of water
pressure entering the nozzles fell below a certain threshold, the feedback control system was unable
to recover and would shut dowRestarting the control system after a shutdown is posdibte
this restart method leaves a critical gap of ice accretion time and compromises the integrity of the

experiment.The lowest obtainable MVD without system shutdown was determined by iterative
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experimentation to be 14 pmhis value determines the ldfand boder ofthefacility envelopdn
Figure 25.

As described in Chapter 2, icing conditions were selected after determining the limitations
of the facility and ee listed in detail in Table-2. A video of an ice accretion teistavailable in
Reference 35See Appendix Dfor detailed photographs of casted ice shapes. Some general
photographgsee camera icon in Figure53for location of photographgf rime ice and glaze ice

accreted on the DU 98/-210 blade section are picturgdFigures 36 and 37, respetvely.

Figure 36. Rime Ice-L WC : 0.21 g/ mj ;21°GAMrde: 2 N0 € m, T:



Figure 37. Glaze ice- L WC : 0.45 g/ mj;3°Qvim@:15mi e m, T:

Ice Shape Preservation and Casting

Once an ice shape is generated within the AERTS facility,preserved for subsequent
wind-tunnel measurements. The delicate ice shapes are molded using a technique developed at the
NASA Icing Research Tunng6], bu modified with the use of higprecision molding and casting
materialsfrom SmoothOn, Inc. [B8]. The blade section is removed after an icing test and placed
into a custom fabricatealuminum molding box (Figure-8). The molding boxs designed to
enclose the blade up 13.5% of the chord length from the leading edde length of the enclosure
ensures that the mold captuedisce impingement and is determineddayly experimentation and
LEWICE accretion result®\ silicone rubber molding material is mixed, poured, and cured for 24
hours at a temperature below freezing to preserve detailef@dabtgres.This moldingprocess
displayed in Figure-8 occurs immediately after running a test to ensure no ice features are lost to

sublimation.
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DU 93W-210
Blade Section Tip

Molding Box

Figure 38. Aluminum molding box with DU 93V-210 airfoil blade section.
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Blade
Carrier
Section

Excess
Molding
Material

Figure 39. Mold pouing at-12° C.

A single mold (Figures-10) is taken for each case and employed ma k e spprvo 1 2 0
epoxy resircastings Each casting is poured with preplaced mounting bolts that are aligned with a
precision machinednd custom designeduminum temmte (Figure 311). The casting material
simply fills around the nuts and bolts, anchoring the nuts and creating a precise thread pattern for
the bolts.This method createa high-precisionmounting mechaniswhen the casting is mounted
to the wind-tunnel moel (see Figure -32). Removing the castings from the mold is a difficult
process that does remove some material, but the vast majority of surface roughness elements

remain.



Figure 310. DU 93W-210 blade sectiorglaze ice mold.

Spanwise
Ridge Ice
Formations
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Mounting
Bolts

Anchor
Nuts

Molding Box

Figure3-11. Precision template with sunken bolts aligned for a casting.
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xlc =17%

Leading-Edge

Castings

Tightening
Mounting
Bolts

Figure 312. Wind-tunnel model with mounted ice shapes.

Special attention is given to each wind tunnel model once a casting has been mounted. The
transition from the leadinrgdge casting to the aluminum wirdinnel model is critical since a lip
or gap could significantly altehe airfoil flowfield and associated airfoil performance. Each model
is carefully studied to find lips and/or gaps and eliminate them with either sandivgrabdel or
filling the gap with a pink puttyiller material (see Figure-33). Although this process is done by
hand, careful attention is given to not alter the shape of the airfoil when filling and sanding the
model. Some cases hardly need treatmmrttpthers require up to four or five iterations of filling

and sanding until a completely smooth transition is ensured.
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Transition Region
filled with putty and
sanded smooth

Leading-edge
of casting

; Aluminum
| DU 93W-210
model

Figure 313. View of wind-tunnel model transition region.

The casting resolution (comparedatmillimeter scale in Figre 314 and a dime in Figure
3-15) captures details as fine as 1/1000th of an inch. if@asurement is made by digitally
measuring the smallest fully distinguished roughness element in Figéreudcorresponds to a
k/c value of 0.00003The roughnesdaments vary greatly depending dreicing condition (see
Figures D1 through D6 in Appendix D and with k/c values ranging froé00003to 0.015.
These castings capture the true surface roughness of thehicé isresponsible fosignificant

differences in dragenaltiedbetween icing cases.
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Figure 314. Microscopeview of leadingedge rime ice compared to a millimeter scale.

K

Leading @lge

Figure 315. Leadingedge ice at the transition from the smooth to rough zones.





















































































































































































































