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NCMENCLATURE

Influence coefficients, Eq. {6)
Airfoil chord length

pirfoil drag coefficient

pirfoil 1ift coefficient

Airfoil maximum 1ift coefficient
pirfoil wmogent coefficient
Eressure coefficient

Croplet diameter, microns
foughness height

Number of distrituted vortices
Fanel length

1iquid water comtent, g/m

mach numker

Lccal static fressure, Eq. {9)
Free stream static pressure
Feynolds numker

Time of icing encounter, minutes
Tepperature, C

vVelocity in X,Y directicns induced by a
vortex, Eg.(3)

Net velocity im 1,Y directioms induced by
all vortices, Eq.(H)

Total fluid velccity, Eg. (1)

iii



Free strear velocity

Frescrited ncrmal velocity at panel
midpocint

Horizontal, vertical cocrdinates
Coordinates cf vortex center
Angle cf attack, degrees

stall angle of attack, degrees
Local panel akscissa

Earabolic vorticity factor
Vertex strength

Velocity pctential, Eq.(2)

Air density

Ice density, g/cx

scurce strength, Eq.(13)

1ccal surface slcpe
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I. INTFOLCUCIION

Ice is an insidious enemy. It attacks cm *wo flanks,
adding weight to the airplane and at the same time
ruining its aerodynamic shape. As ice accumulates,
more and more power is necessary to maintain speed and
altitude, and the pilct gradually finds hinsqlf forced
to sacrifice first his speed and then tit Ly bit bhis
altitude in a desperate struggle to stay airborne [1].

The effects cf ice growth cn the performance of an
aircraft are felt primarily through aercdynamic penalties;
a drastic reduction 1in CQMAX and OgTALL and an increase 1n
drag. The two classes of jce accreticns, known as rime and
glaze, are formed under different flight conditions. Rinme
jce is formed at lcw air temperatures and low velocities.
The droplets freeze on impact and usvally are fcund in
flight through clouds with low liquid water content.
Figure 1 shows an €xample of a rime ice accretion with its
characteristic streamlined leading edge.

Glaze ice on the cother hand is formed at tempperatures
near the freezing mark and higher velocities. With this
type cf ice growth, a phenomenchn known as runback cccurs.
Rather than freezirg on impact, the water droplets travel
a short distance before freezing. The resulting shapes are

of the type shown in Figure 1, with the characteristic

horns. It is with glaze ice accretions that the greatest



aerodypnamic losses are found, and it is this type of ice
that is the sukbkject of this paper.

Classically, most of the work done in the study of
icing, particularly that dcpne ky the NACA in the 1950°'s,
was concerned with mechanical means cf greventing or
removing the ice, known as anti- or de-icing. Bcwever,
with the increase in general aviation aircraft with
smaller powerplants and lighter weight, a mechanical
method of solving the ice probler is no lcnger acceptakle.
Retro-fittirg the aircraft coasponents with pneumatic Loots
or heating elements tend tc increase the aircraft's
weight, cost, and complexity.

A letter approach would te to design the component
itself with characteristics that wculd reduce the chances
cf ice growth and the detrimental effects if growth does
occur. This process has been investigated ty Bragg [2,3,4]
for rige accretions but no attempt has been made fcr glaze
ice copditions. Gray [£,6] derived an emgirical foramula |
for predicting iced airfcil performance degradation Ltut
the correlation has not teen found to fit recent
experirental data very wuell.

When %trying tc develop a method for evaluating the
glaze ice prcblem, two phases must be examined. The first,
a therpzodynamic protblem, deals with the prediction of the

actual geometry cf the ice shape. The seccnd is to



determine a scheme for analyzing the performance losses
incurred once the geometry cf the ice has lLeen determined.
The study descriked in this paper applies current
potential flcw methcds to this proklem. The apprcach
discussed is not a final sclution to the protlem. Bather,
it is intended as a first step in developing a glaze ice
analysis method. Further investigaticn intc the properties
of the floufield in the tegicn of the ice accretion is

required before a complete scheme can be formulated.



IX. SURVEY CF IITERATUEE

Most of the early investigaticns into the icing
phencmenon were ccncerned with de-icing. The first cf
these efforts was the develcpment of inflatable de-icing
boots ty the B.F. Goodrich Company in the 1930's. This
concept is still in wide use today. Befinements have
reduced the boot in its deflated form to the pcint that
its presence barely affects the geometry of the wing.

The first major investigation into the icing
characteristics cf variocus airfoils and the resultant
aerodynamic penalties was performed by the NACA in the
1950*'s [5]. Infcrmation was gathered on the 654004,
634009, 0011, 65-212, and 63-01S airfoils. Hcwever, few
correlations were drawn Lketween the aerodynamic penalties
incurred and the skape ard locaticn of the ice accreticn.

' The first major effort to draw these ccrrelations was
by Verncn Gray [£,€] in the 1960%s at the lLewis Reseafch
Center. Gray develcped an empirical equation which relates
known icing conditions with change in drag coefficient.
The gajor testing was perforped in the NASA lewis 6' x 9°
Icing Fesearch Tunpel on the NACA 652004 airfoil. 2 wide

range cf parameters were examined, including icing time,



airspeed, freestrear temperature, liquid water content,
cloud droplet impingement efficiency, angle of attack and
leading 2dge radius of curvature. However, the correlation
he developed from this study does not readily predict
changes in lift coefficient and mcment coefficient. An
interesting facet of Gray's ccrrelation is the ability to
mathematically grcw the ice at a given angle of attack and
then study the performance changes at ancther angle.
Recent data however has shown that even thcugh Gray's
correlation reascnakly predicts ACd at the angle the ice
is grown, i*s accuracy drops significantly when tbhe
calculation is performed at ancther angle cf attack.

Some interesting observaticns by laschka anrd Jesse [7]
came from cther investigations in the Lewis Icing Tunnel.
They okserved that as the angle of attack is varied, many
different ice shapes will t¢ okttained. Also they ncted
that when the time of the icing encounter, t, is varied,
the ice height will be apprcxirately propcrtional to the
value cf t, while the impingement limits are tine
indererdent.

In order to bLegin quantifying the perfcrmance
degradation due to ice, a scheme had to te developed which
could predict the flowfield akout the irreqular ice shape.
In 1968, Dvorak puklished a methcd to predict the

develornent of turkulent boundary layers over rough



surfaces [8]. This apgrcach is incocrgorated in his
program, which was investigated in this pager.

- In addition tc the rcughness effects associated with
icing, is the existence of a large separaticn kukkle in
the area of the ice shape. Little research has teen done
studying these laminar separation buktbles. Most cosmputer
programs, such as the Eppler code [9], when they predict
laminar separaticn, consider this simply a transition
point tetween lapinar and turkulent toundary layers.
However Venkateswarl and Marsden [10] investigated laminar
separation Ltubkles that cccur at 60-70% chcrd. They
develored a correlation toc predict the size and shape of
the larinar kubkle. Alsoc in 1976, Crimi and Reeves [11]
studied leading edge laminar separation butkles and
developed a scheme to predict the onset of tramsition in
the shear layer.

In the late 70's and the present, icing research has
increased with the work cf Ingelrman-Sundkerg, Shaw, Bragg,
Gregcrek and others. Ingelman-Sundterg and Trunov [ 12]
published a joint report from the Swedish-Scviet Horking
Groug cn Scientific-Technical Cocperation in the Field of
Flight Safety. Flight test and icing wind tunnel studies
vere performed and the concept of simulated ice was
developed as a means of investigating the aercdynaric

effects of ice growths.



Shaw [13], Braggqg and Gregcrek [2,3,84] continued
investigaticn in tte Llewis Icing Fesearch Tunnel in the
1980's. Extensive data vere collected on the 1ift and drag
penalties of ice growths. Eime and glaze ice accretionms
were mcdelled using mahogany and pressure tapped sc
detailed aerodynamic data could ke collected. This work
serves as the primary datakase for the apalytical effort
to be presented in this paper.

Cf particular importance to the glaze ice analysis vas
the work of Pfeiffer and Zumwalt [14] and Mclacblan and
Karancheti [15] whc investigated the flowfield around
airfoils with highly deflected spcilers. PBfeiffer and
Zumwalt utilized a splitter plate arrangement to visualize
the separated zcnes created ty the spoiler.

Lastly, Bristow [16] has developed an inviscid
computer prograr which allows for input cf mixed
analysis/design kcusndary conditions. For example, tte
input to the prcgram can consist of an airfoil with its
geometry partially defined and a desired pressure
distritution in the undefined regicn. The fprogram will
then hcld the input gecometry fixed and design the
remaining portion cf the airfcil based cn the input
pressures. This prcgram was particularly useful in the
author's investigation of the separation zcne associated

with glaze ice.



This review of literature shculd give the reader a
clear picture of the deficiency of direct investigations
into the glaze ice problem. It is hoped that the study

reported here will spawn ccntinued efforts in this area.



ITI. POTENTIAL FLOW THEOEY ANC PARELLING NETHCDS

In order to analyze the performance degradation that
occurs due tc glaze ice accretions, a methcd for
predicting the flcwfield and therefore the pressure
distriltution of the iced airfoil aust ke develored. As a
first step in accomplishing this task, current potential
flow ccmputer prcgrams were investigated. These potential
flow scluticns are based on an incompressible, inviscid,
and irrotaticnal fluid, fer which the classical Ravier-

Stokes Equation can be reduced tc the Laplace Equation,

Vee =0 ‘ (L)

One scheme presently in use to solve this equation
involves the distributicn of surface singqularities on a
closed polygon which apprcximates the airfoil ccntour.
This method is kncwn as panelling. Examples of computer
programs using this technique are; 1) Smetana, Ly F.
Shetana, D. Sumney, N. Smitk, and k. Carder [17]; 2)

Eppler, by B. Eppler and D. Somers [9]; 3) Dvorak, by F.

A. Dvorak and F. A. Woodward [€]; and 4) PBristow, Lty D. R.

Bristow [16]. The potential flcv method of each of these



prograss will be discussed in this chapter.

Smetana

The Smetana program approximates the airfoil gecmetry
by a closed polygon. Vcrtices are placed cn the perimeter
of the polygon (Figure Z). The velocity potential fcr each

of these vortices can ke expressed by:

¢ =T tan"! v-Yo (2)

where T is the vortex strength and (Xo,Yo) is the location
of the center cof the vcrtex. This potential satisfies
Laplace?s Egquation, which is linear and therefore the sum
of any numter of these potentials also will ke a sclution.
Tha corresponding velocity expressionms can ke cktained by

differentiation of the potential:

u = 93¢ = -T Y-Yo
93X 2m (X-Xo0)Z+(Y¥-Yo)“
(3)
v =203¢ = _T X-Xo
Y 21 (X-Xo)*+(Y¥-Yo)*

The contributions of each vortex tc the net velocity at a
peint (X,Y) can then be treated separately and sumsed.

Therefore, the net velocity copponents, U and ;, ares

10



u = _;,}f: (Y-Yoy) TN
2 (X-Xon) “+(Y-Yop) °
N=
(4)
v . (X-Xop) Ty
= 0

v Z (X-Xog)‘+(Y ~Yop) 2

N=

where K is the total number of vortices and (Xo,Yo) is the
location of the center of the Eth vortex.

The boundary conditicon that must be satisfied is that
the flcw must be parallel to the airfoil surface. Adding
the contritution of the freestream velocity to the
velocity components induced Ly the vortices, this

condition can ke written:

- tan «
<: :>w1ng (5)

If we denote the right side of this equaticn as By and

define
= (YM-Yopn)
“MN (Xy-Xoy) *F (- Yoy) 2
and (6)
by, = (XMm-XoN)

MN (Xy-Xoy) *+ (Yy-Yop) 2

ve can write Equation (S) as,

11



Bl= b1if1+b12T2+ ... +bikIk
mU _+ajjilitajalo+ ... +ajgly

[

- (7)

[

B,= bgi1T'1+bg2I'2+ ... +bgRKIK
HUoo+aKlFl+aK2P2+ ... tagrlx

This set of equaticns is then solwed for the needed values
of the vortex strength, T .

The influence coefficients avN and bMN are solved for
convenience at the midpcints of each panel. However, fronm
the gecmetry, only K-1 values of the coefficients can te
calculated unless the pclygom is closed. The trailing edge
point is then given two indices, B=1 and H=K. Then the
system is detersinant and can ke easily sclved.

To satisfy the Kutta condition at the trailing edge,

Smetana chose

r. = -T (8)

which still satisfies the requirement that the circulation
at the trailing edge is zerc. Since the trailing edge was
denoted by the indices N=1 and N=K, the net vortex

strength at the trailing edge is F1+FK =0. Thus Egquation
{7) corntains K-1 distinct values of 'y and K-1 values of BM

and is therefore solvatle.

Lastly, in crdex to oktain surface pressures, Smetana

12



uses the equation:

o0

P=P - % p (W% 4¥? +2uU_) (9

which is derived from the Bernculli equaticn:

+ 1 pu? (10)

Py = PS 5

where U is the total fluid velocity and is calculated

using the vectoxr rmagnitude formulas

U = /(U Fa) 22 (11)
Eppler

The Eppler program is very similar in ccnstruction to
the Smetana code in that both utilize vortices to provide
circulaticn and toth satisfy the same flow tangency
boundary condition. However, the Eppler code satisfies it
on the actual input gecometry gpoints. Also, rather than
applying a peint vertex, Eppler distributes the vortices
parabclically along each airfcil pamel. The geometry of
the panels is determined by a‘cuhic spline £it of the
input coordinates. The vortex strergths at the endgoints

of each panel are sclved for in the same manner as

13



Smetana.
The vorticity distribution between the panel endpoints

is obtained frcm the eguaticn:

r(e) = %(1 - %)Yp (12)

where % is the length of the panel, ¢ is the local panel
akscissa, and Yp is a parabolic vorticity factor. This
factor is calculated using the vortex strengths at the
endpcints of the twc surrounding ranels. Integration of
the vortex distribution is then required tc evaluate the
velocity contritutions of each panél.

The Kutta condition is satisfied as in the Sletané
program. The requirement again is equal velocities on toth
sides cf the trailing edge and zeroc noramal velocity with
respect to the trailing edge Ltisector angle. Thus, enocugh
~circulation is generated that the trailing edge beccmes

the rear stagnaticn point.

Dvorak

The airfcil ccntour is again represented by an
inscriked polygcn. However each pair of adjacent panels
has a triangular distribution of vorticity across it. The

airfeil is thus modelled by a series of overlagfping

14



triangular vcrtex distributicns. 2t the leading edge of
the airfoil, the strength of the upper and lower surface
vortices are set equal to insure smooth flcw.

The Kutta ccndition is satisfied by setting the
strengths of the vcrtices on the trailing edge panels
equal to zerc. However, doing this reduces the system cf
equaticns tc be sclved to N equaticns with N-1 unknowns.
An additional unkncwn is added by applying a constant
source distributicr on the inside cf the airfoil surface.
It should ke pointed out that like the vortex strength of
the trailing edge pcint used by Smetana and Eppler, this
unkncwn scurce strength is always very nearly zerc for

airfoils with closed trailing edges.

Bristow

The Bristow code is similar in design to Smetana and
Eppler, however the singularities used cn each fpanel are
linear socurce and vortex distributions asscciated with the
classical third identity'of Green. One of the particular
advantages of this method is kelieved tc ke its high
numerical stability when used in the design mode of
operaticno.

The vortex distribution genserated is linear on each

panel and the source distrikution can be either piecewise

15



constant or linear. This chcice houever shows little
effect on the results oktained. The source strength at
panel sidpcints,o; , is found sisply from the following

equation:

g, = VNi + U, sin (85- o) (13)

p
where VNip is the prescribed normal velocity at the panel
midpoints and 6; is the local =loge. With the rprescrited
source strength evaluated, it is left only toc determine
the total potential at a panel midpoint induced by the
simultaneoﬁs acticn of the vortex and scurce
distritutions.

The Bristow code has a unique feature. It can perfornm
mirxed analysis-design problems. 7The user inputs fixed
geometry regions and the desired surface velocities in the
design region. The program imsediately satisfies surface
continuity by stretching the imput starting geometry in
the design region. Then am analysis opnly scluticn is
obtained from the combined source-vortex singularity
scheze. The geometry of the design regicn is then modified
using a first order inverse method to minisize the
difference Ltetween calculated and input values of
tangantial and normal velocities. This process is repeated

until the ccnvergence criterion is met.

16



Laminar Separaticn EBukbles

Cne canpnot deal with glaze ice accretions sclely using
potential flow methods. This is duve to the presence of a
lapinar separation kukble which fcrms behind the glaze ice
horn. Short laminar separation butkles have very little
effect on the inteqrated aercdynasmic loads and most
computer analysis prograss assume that the Luktle simply
represents a transition point fros laminar tc turbulent
boundary layers. However, laminar bukbles of the type seen
with ice accretions are sufficiently large that their
effect cannot te neglected.

Most of the work dore on laminar separation batbles
has been of an experimental nature. This is due to the
difficulty in analyzing the interaction Letween the viscid
and inviscid flow in the reverse flow region inside the
bubble. In addition, evaluation of the transition gpoint
from laminar to turkulent flow in the free shear layer
becomes more complicated.

A diagram of a typical flow pattern chserved with a
separation bubkle is shown in Figure 3. The laminar
boundary layer first separates from the surface yielding
the region of reverse flow. Iransition to turkulent flow

occurs in the separated shear layer shortly before

17



reattachment. The region is divided by the streamline
which separates from the surface and reattaches
dowvnstrear. The area kelow the separaticn streamline is
known as the recircmlaticn region or separation bukltle.
Most of the examinations into the proklem cf laminar
separation bubbles have used the classical boundary layer

assusption that

3 = 0 (14)

From Schlichting [18] however, it is noted that this tern
is cf the order cf the koundary layer thickness. Fcr most
cases, this would ke é valid assumption. However, the
bubble behind a glaze ice accreticn is much thicker thanm
normal boundary layers and therefcre the assumption that
this term can te neglected may not bte valid. In Chapter 5,
the crder of magnitude of this term is investigated.

In an effort to analyze these separaticn bukbles usiag
Epotential flow schemes, the assnnptiqn that the pressure
Egradient term is negligible will ke considered valid.
Prossures measured experimentally at the airfoil surface
will ke input to the Bristow code in the design mocde. The
corresgonding calculated bukble shape will then be

compared with the flow visualization results.
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IV. EXPERIMENTAL PROGRAN

Very little experimental data has been available on

the performance degradation of airfoil sections resulting

from ice accretions. To help alleviate this, a two-year

- test program was conducted in the NASA Lewis 6' x 9' Icing

Besearch Tunnel (IRT-Figure 4). Its primary objectives

weres:

1)« To examine a method of simulating ice accretions
with wood shapes which were instruzented with surface

pressure taps to obtain aerodynamic data.

2) « To study and document the complex flowfield in the

region cf the ice shape through pressure
distributions and flow visualization techniques.

3). To expand the current database of performance

on airfoils under icing conditiomns [4,19].

The first tunnel entry in 1981 was an actunal ice
accretion study. Glaze and Rime ice shapes were grown
1.36 m chord NACA 63A415 model. The resulting secticn

coefficients were measured using a wake survey probe.

data

on a
drag

Tvo

flight regimes were examined during the test; 1) cruise,

with high velocity and low angle of attack, and 2) climb,

with low velocity and high angle of attack. The

temperature in the tunnel wvas set to -4 degrees C to
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generate glaze ice shapes and -26 degrees C for rime
shapes.

Ivo methods are available for recording the ice
accretion geometry. PFor short icing times, a small
section of ice is scraped away near the leading edge of
the model. A template is then inserted into the gap and a
tracing can ke made. For longer periods of accretion, a
section of the ice is removed by spraying steam inside the
model near the leading edge. It is then dipped into a
container of molten beeswvax. After hardening, the water is
removed, the plaster is poured inside and casts are then
availakle for more detailed tracings [13].

Frem the'shapes generated during this tunnel entry, 2
rige and 2 glaze shapes were chosen to represent typical
climb and cruise conditions. These shapes were then
modelled for the second tunnel entry. Table 1 gives a
summary of the pertinent test parameters wvhich generated
the chosen shapes.

TABLE 1

Ice Generation Test FParameters

d LNC t
TYPE T a U Pioe
REIME -26 2.6 51 15 1.5 15 0.421
RIME -26 6.6 40 15 1.5 15 0.534
GLAZE -4 2.6 51 15 1.5 15 ——-=e
GLAZE -u 6-..6 “0 20 2-9 15 -----

A fifth shape, denoted Generic Glaze was derived from

the work of Ingelman-Sundberg [12]. This shape was chosen

20



because it readily scales down tc a 6" chord model.
Comparison testing of this shape will be performed in the
Ohio State Transonic Wind Tunnel Facility.

The simulated ice shapes were formed from mahogany and
extended full span. In order to oktain surface pressures,
the inside of sach shape vas hollowed out to allow
clearance for the 1,/8%" ID tubing required for tapping
(Figures 5-7).

In order to obtain pressures cn the airfoil itself,
1,8" OD strip- a-tube was attached to the surface. In
order to simulate the natural roughness of ice accretions,
aluminum oxide grit with a k/c=.00058 was attached using
an acrylic spray adhesive to the glaze shapes, while a
grit with a k/c=.0012 was added to the rime shapes.

Data acquisition and reduction was accomplished using
the 0SU Digital Data Acquisition and Reduction Systen
(DDARS) [20]. The heart of the system (illustrated in
Figure 8) is a DEC LSI-11 microcomputer. System input and
output is through a standard teletype terminal, and the
mass storage device is a single-head dual-drive floppy
disc. Signals from the various pressure transducers and
+he wake probe slidewire enter the analog front-end, which
conditions the signal and converts it into digital format
for direct input to the microccmputer.

A Scanivalve transducer system was used to provide

21



surface pressures on the model and a twin-head wake survey
probe, with wake total and static ports, was used to
sample pressures in the wake. Drag data were then obtained
using the wake momentum deficit technique. Figure 9 shows
a schematic of the data acquisition system set-up.

One of the key features of the 0SU DDARS is on-line
data reduction. The system operator is given quick-look Cp
distritutions as well as integrated values of Cz' Cm, and
Cd. The engineer can then evaluate the progress of the
test and maximize tunnel usage time.

Final data reducticn was performed cn the 0SU Harris/6
Computer System. Hard-copy rlots of the Cp distributions
for each configuration were genarated and integrated
values of 1lift, moment, and drag coefficient were
ohtained.

In order to visualize the flow in the region of the
ice shape, a splitter plate arrangement was used. The
plate could be inserted into place between the upper and
lower halves of the simulated ice shaps (Figure 10).
Droplets of oil-based paint were applied and the tunnel
brought from idle up to the required test speed. After no
further movement of the droplets was observed, the tunnel
vas brought %o idle and photographs were taken of the flow
patterns (Figures 11-13). The separated streamline

coordinates were digitized from these photographs for use

22



in the mixed analysis/design study.

Five configurations were run during the %*wo ysar
program, including deflecting the flap from 0-30 degrees.
0f importance to this report wvers results gbtained on:

1. Glaze 3

2). Glaze 7

3) . Generic Glaze
The Cp distributions and integrated 1lift coefficients
provided the necessary datakase for the analysis effort

which will be discussed in Chapter S.
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V. BESUITS AND DISCUSSION

1wc approaches to evaluating the perfcrmance of a
glaze ice shape were used in this study. Fcth relied ugon
the database generated in the Iewis Icing Tunnel on the
simulated ice shapes. The first scheme was tc examine
current airfoil analysis codes and compare the predicted
inviscid pressure distritution to the experisental result.
The second approach utilized the Bristow inviscid design
and apalysis program in an attempt to predict the share of
the serarated zcne kehind the glaze ice horn. Together
with tbis effort equivalent tcdy concepts were

investigated.

Analysis of Current Potential Flow Schemes

As a first attempt at analyzing glaze ice accretionms,
an investigation cf current airfcil analysis prograss was
performed. Ccmputer programs utilized ipn thkis phase were
Smetana, Eppler, Dvorak, Bristcw, and Theocdcrsen.

To initially evaluate these programs, sample cases
were run on the clean 63A41S aiifcil and ccmpared to

experipental results cbtained in the Lewis Icing Tunnel. A
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representative ccmparison is showr in Figure 14. This
particular distribution is at a=2.6° and was cbtained fronm
the Bristow code, kut the results cf all the prograems
studied wvere nearly identical. Gcod agreement with
experisent was seen.

An interesting cobservation can be nade akout the
various panelling methods described in Chapter 3 of this
text. Throughout this phase of the study, very little
difference vas seen among the fpressure distributions
generated by the Eppler and Bristcw programs. However, Cp
distritutions from the Eppler analysis do show a higher
degree of sensitivity tc the cocordinates. This can Le seen
in the higher frequency and magnitude of pressure sgikes,
particularly in the leading edge region. This is primarily
due to the means Lty which Eppler cubic splines the input
coordinates to define the panels. Smcothing cf all ice
shapes was a necessity for input tc this progranm.

The first ice shape tc be e€examined, the Glaze 7 case,
was a logical prcgressicn frcm the clean airfoil. As seen
from Figure 6, this shage is mBcnctcnically increasing in
X. Figure 15 shous a resulting pressure distributicn fronm
the coeparisons made. Prediction again is very good at
this angle of attack, 4.6°. However, as the angle of
attack was increased and the lamipar separaticn buklkle in

the region of the ice shape horns grew, the potential flow
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results were not very good. This is understandakle in
light cf the highly viscous nature of the seraratica
butble.

Three of the studied ccmputer prcgrams had boundary
layer routines; Dvorak, Eppler, and Smetana. Hcwever none
had the capakbility to predict the separaticn bukble
gecmetry and flow properties. Khen laminar separatiopm was
predicted, the Lubkle was assumed to be small enough tc be
considered negligikle. Thus re-attachment was predicted at
the sase location as separation. The flow was then
considered turbulent from this point on. Hcuever, due to
the large adverse gradient in this area the turkbulent
boundary layer routines soon predict separation alsc. 1t
should be notad that the laminar separaticn point
predicted by Dvorak compared very well with the observed
flow visualization separation pcint.

Flow visualization techniques however reveal the true
size of the separation bubble (Figures 11-13). Buktkle
lengths of 10% chbrd were otserved at moderate angles cf
attack. This definitely shows that the assumptions made by
these computer prcgrams, even though valid for mcst cases,
break down when applied tc the flow in the regicm of the
ice greowth.

The Glaze 3 and Generic Glaze shapes, due to the fact

that they are nct mcnotcnically increasing in X, proved to
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be much more difficult tc analyze. The Sketana progran
simply would not rum on a doukle-valued shape and the
Thecdorsen conforral mapping method (Figure 16) could not
successfully map the iced airfoil to the circle plane.

Ancther difficulty arcse at this time with the Dvorak
program. Figures 17-19 show the ranel gecmetry produced by
the Bristow, Dvorak, and Eppler ccdes resgectively, for
the Glaze 3 case. While Bristow and Eppler modelled tke
large change in slcpe very well (Eristow dces not
redistribute the coordinates) , LCvcrak®s method poorly
approximated the gecmetry. Figure 18 shows a ranelling
attempt by Dvorak for the Glaze 3 shape. The lower horn
was nct retained in the panelled confiquration. This
inability to correctly represent the input geocmetry was
seen throughout the analysis of the Glaze 3 and Generic
Glaze c=shapes.

- Pigures 20-z2 show the cceparisons Lketween theory and
experiment for the Glaze 3 ice shape at a low angle of
attack. Reascnakle accuracy is obtaiped for this case.
However, vhen the angle of attack was increased, results
degraded quickly. Figures 23-25 show the Generic Glaze
shape at a moderate angle of attack, 5.6C. As the angle of
attack of the airfcil with ice is increased, the viscous
effects become gquickly much mcre important than for clean

airfcils at a similar angle.
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Figure 23 shows the difficulty associated with trying
to treat a viscous flow prokler with an inviscid approach.
The large pressure spike, okrserved with all ice shapes,
occurs at the tip cf the horn as the flow attempts to
hegotiate the large change in surface slope at this pcint.
None of the programs examined could predict the observed
constapt pressure zcne associated with the laminar
separation Ltuklkle.

Even though ccmpariscns between theory and experiment
made at low angles of attack were good, when moderate
angles are evaluated the viscous effects associated with
the ice shape need to be considered. Takle 2 shcws this
very clearly. It should be noted that the thecry row
corresgonds to an averaging of the results from Bristcw,
Dvorak, and Eppler for that angle of attack (Smetana was
included for the Glaze 7 cases). Figure 26 shows a sumpary
of the characteristics of the airfoil analysis methods
investigated. The next step in the analysis then was to

examine the shape and length of the laminar Lutkle.
TABLE 2

Lift Coefficient Erediction with Ice

GLAZE 3
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Theory 0.10 0.84 1.09 1.57

Experiment 0.08 0.75 1.01 1. 18

GLRAZE 7
o "3.“ 2-6 u-6 806
Theory -0.03 0.72 0.96 1.45

Experiment -0.03 0.70 0.90 1.30

GENERIC GLAZE

o -2.4 -0.4 1.6 3.6 5.6
Theory 0.10 0.35 0.60 0.85 1. 10

Experiment (.10 0.32 0.54 0.72 0.84

Mixed Analysis/Cesign Method

The Bristow program has the unique cption of
perforsing mixed analysis and design proklems. This
feature was utilized in an effcrt to predict the shape of
the larinar separation zcne.

The input to the Bristcw mixed analysis/design cption
involved holding the gecmetry fixed at the tips of the ice
horn (1 panel was fixed om each hcrn). In addition,
tangential and normal velocities in the design region wvere
required. A1l normal velocity compcnents were set to zero.

The tangential component was then calculated from the
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experipental pressure coefficients and Bernoulli's
Equaticn.

Since quantitative flow visualization data was cnly
availatle for ccaparison for the upper surface, tkte
geometry cf the bukkle in this reqion was studied
primarily. However, conclusiocns drawn here should agply in
the lower surface separated zcne and the region between
the twc ice horns. From the phoctographs of the splitter
plate arrangement (Figures 11-13), digitized ccordinates
for these regions were obtained for comparison to theory.

Opne final paraseter needed tc ke examined Lkefore
prediction cf the lrubkle gecmetry could Le made. Ttis
parameter, the reattachsent point, is the position cn the
airfcil up tc which velccities are specified and beyond
which geometry is fixed. Figure 27 shows the predicted
geometry of a separation btukkle on the Glaze 3 shape. The
reattachment point was varied fros X=.04 to X=.80 . The
shape of the burkle converged to the solid line in this
figure. Moving this point further kack cn the airfcil
surface did not alter the shape c¢f the tukile. Therefore,
for the cases examined here rear pcsiticn cf the design
regicn wvas set tc X=.20 .

Fiqure 28 shows a comparison Letween predicted and
experimental shapes of the separation bubbkle. Reascnatle

agreemwent is seen at this lcw angle of attack. However, as
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the angle of attack was increased, the predicted shape
tended to ke longer and thicker than the ckserved ore.
Figure 29 shows a ccmparison run ¢on the Glaze 3 shape at

5.6° . Experimentally, the reattachment point was
okserved to ke at X=.05 . Thecretically however, it was
found tc ke at X=.175 .

There are a nusber of reascns for these discrepancies.
First, with a splitter plate technique cf tkis kind, the
line ttat is visualized is actually a little akcve the
zero velocity line (Fiqure 3), not the separated
streamline. This would agree with the olbservation that the
splitter plate shape lies within the bounds of the
thecretical prediction.

A second, and far mcre important difficulty was
discovered while studying the flow visualizaticn
photographs., In Figure 11, the streamlines are ckserved to
converge, indicative of a flow nc longer 2-D in nature. A
test program was perforzed in the 0SU Subksonic Rind Tuannel
to determine the nature of this prchklem [21].

A GAW-1 airfcil was cutfitted with a splitter rlate
and a simulated glaze ice shape. The airfcil was run
through a series cf angles cf attack, first with tle
splitter plate leading €dge protruding ocut into the
stream, and second with this pcrtion of the plate removed.

The results cf this study show that with the larger
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splitter plate, the boundary layer separates off the plate
and induces vortices due tc the impressed adverse fressure
gradient frcem the ice shape. These vortices traveled
downstream, affecting the 2-D nature of the flow near the
splitter plate. Quantitative measurements showed a change
in re-attachment point cf 5% swas gossible tetween the two
plates. This value however cannct te directly applied to
the results on the 632415 airfocil in the IFT. BRather, the
reader should use this information qualitatively when
applying it to Fiqures 28-29. The important point is that
the large splitter plate moved the reattachment point
forward on the airfoil surface. Keeping this factor in
mind tte predicticn of the separated zore in Pigures 28
and 29 appear tc te better thar first thought.

A third difficulty with this type of mixed-mode
analysis and design coses from the assumption that the
prassure gradient through the Lboundary layer is
negligible. This assumpticn is a key element of the design
process but may nct be a valid cne for tke thick
separation zcnes associated with glaze ice.

Lastly, comrarison with flow visuvalization is not
possible in the regqion Lketvween the glaze hcrns due to the
reasons just menticped. However, Figure 30 shows the
predicted gecmetry using this sethod for the Glaze 3 shape

at 0=5.6%.
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Equivalent Body Apfproach

The last phase of this study loocked at the equivalent
body approach in which fpressures vere calculated on the
input cbserved separated streamline. Figures 31-33 show
the pressure distrituticn in the separated zone for the
Glaze 3 airfoil at a=5.6° - Fespectively these results are
from the Bristow, Dvorak, and Eppler codes. The dasked
lines represent an inviscid sclution cbtained from the
physical airfoil gecmetry énly. The =o0lid lines are the
improvement obtained when the coordinates of the separated
streamline from the flow visualizaticn are input. The
improvement does nct appear very significant fcr this case
but that is primarily due to the pcsiticn and extent of
the bukble. It shculd be ncted that the ccordinates of the
separated streamline were not smccthed before input. As a
result, a large pressure gradient is cktained where the
separated streamline rejoins the airfoil surface (Figqure
29) .

Figures 34-3S show another comparison with a thicker
and longer separaticn bubble. With this case, a vast
imprcvement is okttained tetween the inviscid prediction
based on the actual gecmetry and that based on the
separated streamline. Particular notice shculd be taken of

the compariscn in the area cf the separated zone tehind
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the ice shaps hcrn. Lastly, a test was perforrmed of the
design method of the Bristcw ccde using these conditions.
The pressure distributicn calculated by Bristouw for the
separated streamline, Figure 34, was re-input as a design
region. The geometry predicted frcm this distribution is
shown in Fiqure 3€ along with the original separated
streamline geopetry. Excellent agreement is obtained and
substantiates the use cf the Bristcw progranm for these

applications.
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VI. SUMMARY ANDC COFCLUSIONS

An experimental program was ccnducted to exgand the
current dataltase of perfcrmance data on airfcils with
glaze ice. Simulated ice shapes were developed Lased on
actual ice growth cn the NACA 63A415 airfcil in the NASA
Lewis Icing Research Turnel. These shapes were tapged so
pressure distritutions could ke cttained. In addition,
flow visualization photographs were taken cf a splitter
plate arrangement in the regicn around thke ice shape.

Extensive ccmpariscns were rum using éurrent airfoil
analysis prcgraps such as Eppler and Smetara in an effort
to predict the gressure distribution and separation zone
geometry of these ice shapes. 2lsc, comrrarisons wvere made
using the Bristcw Mixed Analysis/Cesign Program betwueen
the serarated streamline gecmetry obtained from the flow
visualization and the predicted geometry designed from
input values of velocity. The following ccnclusions can be

made from the study descriked here:

1. M¥ost panelling methods can predict the pressure
distribution of an airfcil with ice, Lut cnly at a low

angle of attack. When the angle is increased tc
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moderate levels, the method btreaks down because of the

large separaticn bubkble created and its viscous

nature.

2. Panelling mwethods that do have boundary layer
routines treat the lasinar bukble as a tranmnsiticn
point from lamipar to turkulent flow. This tranmsition

is ccnsidered to occur in a negligikle distance.

3. The classical assumption that the fressure gradient
through the tcundary layer is negligible aprears tc
bold even fcr the thick separation zcnes associated
uith glaze ice accretions. EReasonable predictions cof
the bubble length and shape were obtained from this

assumpticn.

4. Improved results are ocktained from the theory when
an equivalent body apprcach is applied. The
cccrdinates of the separated streamline are input
rather than the physical geometry of the airfoil

surface.

It is recommended that tefore an attempt is made tc
develor a numerical approach tc analyze glaze ice

accretions, the focllowing steps are taken:

1. Obtain more detailed pressure distritutions in the
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separated zcne behind the ice horns and between them.
T1he more detailed the surface pressure distribution
is, the better the results the mixed analysis and

design progras yields.

2. Obtain pressures vertically through the separated
zone. Also, at the same time measure the velocity
profile in this region. Lastly, a determination should
te made cf the tranpnsition point from laminar to

turbulent flow in the shear layer.

3. Repeat the splitter plate flow visualization
experiments with a smaller plate so as not to ruin the
2-D nature of the flow. This will give a Ltetter idea

where the reattachment pcint is.
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USER'S GUILE TO THE EBISTON COLE

This chapter is intended as a user's guide for the
Bristow program. Ivc nmodes of cperation are possikle with
this program; 1) Apalysis only and 2) Bixed Analysis and
pesign. Where applicable the differences in infput

parameters tetween these mcdes will be pcinted ocut.

CARD 1 COLUMNS 1-72 ATITLE
Enter case title orn this card.

CARD 2 COLUMNS 1-10 ISAVE
Set ISAVE=0 to indicate the start of a new set of
gecmetry
Set ISAVE=Z for input cf a new ALPHA only. Subnit
cards 1-2 only.
Set ISAVE=1 if only retaining ¢T and B(Q) froa
previous case. All cther inputs can be changed.
Uptransformed (XB,YIB) ccordipates are reused.
Set ISAVE=3] to repeat last case with new values of
ALPHA, CIRCE, and VXE distritution. ¥o design cases
are allcwed. Cnly submit cards 1, 2, 6, 8, and 11,
CCLUMNS 11-20 ALPEA
Angle of attack of x-axis with respect tc free streans

velocity

CARD 3 COLUMNS 1-10 (T
Number of airfoil elements (Bormally set ¢T=1, If
tlap present set (1=2, etc.)

CARD 4 COLUMNS 1-10 CHGCRD
Reference length for moment and 1ift coefficient
inteqration (Ncrmally set=1)
CCLUMNS 11-20 CAPBEA1
Recommend set CAPPA1=.01 . Used in calculation of
sharp ccrner ccntrcl pcint
CCLUNNS 23%-30 <CBREEA2
Recommend set CAFEA2=.02 . Used in calculation of
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Rutta conditicn ccntrel points

CCLUMNS 31-4C LINSIG

Singularity chcices:

Set LINSIG=0 for ccnstant source distritution on
Fanels.

Set LINSIG=1 for VINF portion of source distrikbution
tc be piecewise constant and VNP portiocnm tc ke
piecewise linear.

Set LINSIG=Z for linear scurce distrikution on panels
(NOTE: LINSIG Choice has 1little effect on results.
Becommend set LINSIG=0 cr 2.

CCLUMNS 41-50 VIKE

Ncn-diomensional free stream velocity (Ncrmally set=1)
CCLUMNS S1-6C VEREF

Non-dimensional reference velccity used to calculate
pressure ccefficients (Normally VYBREF=VINF)

CARD S COLUMNS 1-10 1ITHNAX
Number of iterations in design mode (Set=0 in
analysis mcde). Suggest set=4 for design mode. Most
cases converge in this number of iteraticns.
CCLUMNS 11-20 IfTR
CCLUMNS 21-30 RLX
Becommend set RLX=1.0 . Design region geometry is
relaxed by a factor of ELX every ITR iterations.
CCLUNRS 31-40 ITHICK
Normally set=0. Allows no thickness increase if
design process results in negative thickness.
Execution will terminate if this occurs. Set=1 and
thickness increase %ill ke allowed inspite of
negative thickmess cccurring.

The following cards should ke input for each of the

elemants (=1, (=2, ees, G=CT)

CABD 6 COLUMNS 1-10 &
Number of coordinates defining element ¢
CCLUMNS 11-20 PT
Number cof Lkourndary ccnditiors in element ¢ (FI =
Number of analysis regicns + nusber of design
regions)
CCLUMNS 21-30 KUITA
Normally set=S. Set=1 to input desired circulation
ncrmalized ty perimeter cf this element. Set=2 to
input circulation {(not normalized Lty perimeter).
Set=3 if Kutta condition is zero velccity noreal to
trailing edge Ltisector. Set=4 to determine
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circulaticon from ingfut tangential velccities. Set=5
fcr same ccndition as 3 bkut higher crder
extrapclaticn for trailing edge bisector is used (4
panels - 2 upger surface, 2 lower surface)
CCLUMNES 31-40 CIBCE
Input circulation cf this element. Set=0 for KUTITA>2
CCLUNNS 41-50 DIXTE
COLUMNS 51-60 DYIE
Trailing edge cpening. Ignored if trailing edge
regions are ETYPE=C (DXTE = Xy - X7) (DYIE = Yy -
Y

1

CARD 7 COLONES 1-10 Ag
CCLUMKS 11-20 B¢C
CCLUMNS 21-30 ALFC
CCLUMNS 31-40 SCI(
Normally set Ag=0, BC=0, ALF(C=1, and SCLQ=1., These
are transforration parameters which are applied to
input coordinates (XE,YB) tc produce a new series of
cocrdinates for use in the program. This allous
translaticn, rctation, and stretching cf the input
coordinates. The transformation applied is:
X=AQ+SCLC*[ XE*COS (ALFQ) ~YE*SIN (ALFQ) ]
Y=BQ+SCLQ*[ YB#COS (ALFQ) +XE*SIN (ALFQ) ]
CCLUMNS 41-50 ICLK
Set=0 for internal flow (counter-clockwise cocrdinate
input). Set=1 for external flow (clockwise ccordinate
input).

The following cards are input for each of the regions P=1,

P=2, eses P=ET of element (.

CARD 8 COLUMNS 1-10 NEAN
Number of panels in this toundary condition region
(NCTE: NPAN=XK-1)
CCLUNMNS 11-20 1ISHP
Set=0 if first point in the regiom is not a sharg
ccrner point _
Set=1 if first point in the region is a sharp corner
pcint (NOTE: a sharp corner point is defined as a
pcint c¢f slope discontinuity)
CCLUMNS 21-30 PIYEE
Set=0 if analysis regicn with no translation
Set=1 if analysis regicn with translation allcwued
Set=2 if design region with first coordinate fixed
and previous toundary ccnditicn was a design region
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CARD

CARD

HEXI

NEXI

Set=3 if design region with first cocrdinate free or
previous Lkcundary condition regicn was analysis with
nc translaticn

CCLUMES 31-uC PDSF

Rcrmally set=0. Set=1 for this regicn to undergo same
relative length change as previous reqgion. (NCIE:This
region must be PTIYEE=3 and previous regiocr must ke
B1YPE>2)

CCLUMNS 41-50 IVHEP

Set=0 if norzal velocities are prescrited in tbhis
regicn

Set=1 if normal velocities are all to te set tc zero.
This is normally the case.

CCLOUMNS 51-6C W

Normally set=.001. If large number is input length
variaticn is suppressed.

9 COLUMNS 1-10 XE

CCLUMNS 11-20 YP _

Coordinates of first pcint in this Pboundary condition
region. Ignored if FTYPE#Z.

CCLUMNS 21-30 XBE

CCLUMNS 31-40 YBE

If this is a design regiocn and is follcwed by an
analysis region, these coordinates are considered to
be the last point in this region.

10 COLOMKS 1:10 VNE of Panel. 1

Q I}
CCLUMNS 51-60 VNP of Fanel NEAR
Omit this card if IVNE=1. Otherwise enter panel
midpoint ncregal velocities.
CCLUMNS 61-70 NRD
Number of values of VNP cn this card. Oait if 6
values cf VNE are on this card or it is the last card
fcr this regicn.

CABRD SEBRIES
CCLUMNS 1-10 VTP of Parel 1

COLUMNS 51-60 VIP of Fanel NEAR

oepit this card if analysis regione. Otherwise enter
panel midpoint tangential velccities.

CCLUMNS 61-70 NRD

Same as NRL cf card 10.

CARD SERIES
CCLUNNS 1710 VIEE cf Panel }

_CCLUHNS 51-60 VIEE of Panel KEAN
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Omit this card if analysis region. Otherwise enter
panel =2ndpoint tangential velocities.

CCLUMNS 61-70 NRED

Same as NBL c¢f card 10

Input the next series of cards for element Q=1, (=2,

»oe g

NEXT

NEXT

¢=QT. Cmit these cards if ISAavVE=0.

CARD SERIES v
CCLUMNS 1710 XB ¢cf point ] on this e€lement

CCLUMNS 51-60 XE cf pcint N on this element
XI-coordinates of airfoil gecmetry. If external flow,
input should be clcckwise. If internal flow input is
ccunter-clockuise.

CCLUMNS 61-70 WNED

Same as NBD of card 10

CAED SERIES
CCLUMNS 1-10 YB cf point 1 on this elerment

CCLUMNS 51-60 YB of pcint N on this element
Y-coordinates of airfoil gecmetry. If external flcw,
input should Le clockwise. If internal flow input is
ccunter-clockuise.

CCLUMNS 61-70 NBD

Same as NBD of card 10
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X/C Z/C
-.00232 .01435
-.01019 .01389
-.01667 . 01407
-.01944 .01315
-.01907 .01019
-.00648 .00241
-.00556 -.00593
-.00889 -.01204
-.00389 -.01389

. 00667 -.01482

FIGURE 5. GLAZE 3 SIMULATED ICE ACCRETION

AND PRESSURE TAP LOCATIONS
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X/C Z/C
.00093 .01759
-.00278 . 01620
-.00648 .00972
~.01667 .00778
-.0179%6 .00519
-.01157 .00093
-.00509 .00602
- .00556 .01759
.01435 .02732
.02500 .02593

FIGURE 6. CIAZE 7 SIMULATED ICE ACCRETION

AND PRESSURE TAP LOCATIONS
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X/C z/C
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FIGURE 7. GENERIC GLAZE SIMULATED ICE ACCRETION
AND PRESSURE TAP IOCATIONS
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FIGURE 9. OSU DATA ACQUISITION SYSTEM
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FIGURE 10. SPLITTER PLATE ON 63A415 AIRFOIL
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FIGURE 11. SPLITTER PLATE PHOTOGRAPH OF GENERIC GLAZE
ICE SHAPE ON 63A415 AIRFOIL (o=-0.4°)
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FIGURE 12. SPLITTER PLATE PHOTOGRAPH OF GENERIC GLAZE
ICE SHAPE ON 63A415 ATRFOIL (a=5.6°)
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FIGURE 13.

SPLITTER PLATE PHOTOGRAPH OF GLAZE 3 ICE
SHAPE ON 63A415 AIRFOIL (0=5.6°)
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FIGURE 14. CQMPARISON BETWEEN EXPERIMENT AND THEORY
' FOR THE 63A415 ATRFOIL
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FIGURE 15. COMPARISON BETWEEN EXPERIMENT AND
THEORY FOR THE 63A415 AIRFOIL WITH GLAZE 7
: ICE SHAPE
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FIGURE 16. THEODORSEN TRANSFORMATION OF 63A415
AIRFOIL WITH GLAZE 3 ICE SHAPE
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FIGURE 17. BRISTOW PANELLING SCHEME FOR
GLAZE 3 ICE SHAPE
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FIGURE 20,
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FIGURE 21. COMPARISON BETWEEN EXPERIMENT AND THEORY
FOR THE 63A415 AIRFOIL WITH GLAZE 3 ICE SHAPE
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FIGURE 22. COMPARISON BETWEEN EXPERIMENT AND THEORY
FOR THE 63A415 AIRFOIL WITH GLAZE 3 ICE SHAPE
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FIGURE 23. COMPARISON BETWEEN EXPERIMENT AND THEORY
FOR THE 63A415 AIRFOIL WITH GENERIC GLAZE ICE SHAPE
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FIGURE 24. COMPARISON BETWEEN EXPERTMENT AND THEORY
FOR THE 63A415 AIRFOIL WITH GENERIC GLAZE ICE SHAPE
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FIGURE 25. COMPARISON BETWEEN EXPERIMENT AND THEORY
FOR THE 63A415 AIRFOIL WITH GENERIC GLAZE ICE SHAPE
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FIGURE 26. FLOWFIELD PREDICTION METHODS SUMMARY
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FIGURE 27. SEPARATION ZONE PREDICTION FROM MEASURED Cp's FOR THE
63A415 AIRFOIL WITH GLAZE 3 ICE SHAPE AND VARYING REATTACHMENT POINT
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FIGURE 28. SEPARATION ZONE PREDICTION FROM MEASURED Cp's
FOR THE 63A415 AIRFOIL WITH GENERIC GLAZE ICE SHAPE
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FIGURE 29. SEPARATION ZONE PREDICTION FROM MEASURED Cp's

FOR THE 63A415 AIRFOIL WITH GLAZE 3 ICE SHAPE
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FIGURE 30.

PREDICTION OF REGION BETWEEN GLAZE ICE HORNS FROM MEASURED Cp's
FOR THE 63A415 AIRFOIL WITH GLAZE 3 ICE SHAPE
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FIGURE 32. PRESSURE DISTRIBUTION IN SEPARATED ZONE
BEHIND UPPER SURFACE HORN OF GLAZE 3 ICE SHAPE
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