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" CHAPTER 1
INTRODUCTION
The aqcretion.df i;g on the lifting or proﬁulsivg
sdrfadeé of an~aircraft is_e pﬁenohenon which can ha?e severe,
if not diaéatfous,,conaequenqée'1f it ia'ﬁot-dealt wltﬁ . |
,propefly.and in a timelflfashioh. In manf'ceses. thia
accretion may-produce a_aefidua-reduction in lift éndfincreaeé
lin.drag, requiring more power than 1§~availeble'énd résulting
1n‘awsériou; departure from the ﬁiesion profile. Although
yameasﬁres and devicea exisat which'generqlly prevent tﬁisAqorst-
: wcase scenario from'happening, ice accretion on airfoila ia
.. .8till a common occurrence in certain atmospheric conditiona
and aa auch merits furthér atudy because of tﬁe significant'
negative_effec£ which it has on airfoil and eircréft
", performahce.. It iasa the objective of this thesia to ptovide a
;:a;rsingle ¢oﬁputer code wﬂich Qill accurately predict the degree
of performance degradation, primarily with reapect to drag
;ninérement;_whiéh Qill_result from tﬁe expoeufe of an airfoil
to some aet of atmdapheric and flight conditiona conducive to
ice formation.

- . Two baeic typea of{ice are fouﬁd to occu?.as a result éf
}vexposing an airfoil in forward motion to supe;cooled water
.-Aroplets in a sub-freezing envifonment (Fié. 1. Tbe type.of
ice.which will form may be determined by a Qar;ety of factora

inCIuding.fréestfeam velocity, liquid water content of the
-c¢loud, droplet siie d;stribution, and fregstreém tempereﬁure.

Based'upon an inveetigation of the data cﬁrrently available,



; the two latter factors appeer to be the moat 1nf1uential 1n'=

determining the. reeulting 1ce type. Thevfirst kind;of 1ce,

 known as rife ice, ‘occurs at relativelyAlow“VeIOCItiee. low

t_iiqUideater content values (typically 0.5 to 1.0 grama per

cubic meter)’, ena'temﬁeraturea well below freezing. Due "

prtmeriiy'tﬁzthe:Very cold temperaturea associated with rime

'"'ice:fc?metion.'the'drcplete tend‘to freeze on impact to form a

fairly smocth ‘addition to the leading edge of the airfoil. At

,86me:pdint with reaspect’ to the combination of flight and

‘atmospheric conditiona present, ice type tranaitiona from rime
fo'gléie”lce."th:only is the cryatalline astructure of theae
‘ice types different, but glaze ice ia alao produced by higher

“ freestresm velocities, higher liquid water content valuea (on

the order of 1.5 to 3.0 grams per cubic meter), and

" temperatures near, but below, freezing. Again, due chiefly to
“ ““the Q&fmefjtempefatnfes involved, the water dropletas impacting
the:eur£5ce'tend'nét’t04freeze on impact but rather to atrike

“thé‘airfeil or exiating ice formation and run back somewhat in

a chordwise direction before freezing.

Both tfpee of ice cause eignificent performence

“'degradation of‘the airfoil. When compared to the aerodynamics
.of an ‘airfoil in the clean, or non-iced, configuretion, the
iced airfoil will virtually always exhibit a decrease in lift.

an increase.in drag, and a change in pitching moment which

‘will ‘yield a-detrimental effect on aircraft atability.

A;ékamineti6n*ofi€he available icing data base indicates that

‘the dedrée of pérformanée aegradation,.specifically with



reapect to drag increment, ias generall? more severe for the
glaze ice gondition.> This may be attributed to the more
_.A;astic alteration of the leading edge of the airfoil as a
result of glaze ice fdrmatipn, as‘cdmpared to thé typically

. smoother and leas obtrﬁaive rime ice £6rmétion. ‘Increasea in
drag coefficient in exceas of iOO% or more are'hpt unuéual-for
'.either type of accretion. '

'Both rimé and'glaze 1§e act to negatively inflﬁenée'
;irfoil performance by physically alterlng the ahape of thé
eirf&il, thereby changin§ the flowfield around the airfoil.

- In computing this flowfield for the pfopeller case, the
rotational ahd induced cohpoﬁents of velocity, as. well as the
forward component, must be téken into account aa‘exhibited in
Figuré 2. The reahaping of the airfoil surface by the ice
aééretioﬁ and the rough peaka and aurfaces commonly preaént 1n‘
icé accretioha. especially in ghe'glaze ice case, serve to.
induce premature tr&neition and often eeparafion of tﬁe'floQ
around the airfoil, thus sboiling its deaigned aerodynanmic
characteristics. The associate& ice roughhess_alsp acts-as an
energy loas'devicg. For tﬁe propeller configuratidn deaLt |
with in ihis thesié, theee‘effécts may occdr along the entire
epén of the ppopeller 9nd'heve the same effect on propeller
aerbdynamics as~they aré found fo have with respect to fixed
wing-aircraft. Ice accretion 6n é propeller may.then
transiate for examp;a into an increase in power required to’
m&intain‘a given flight condition whén iée‘ié allowed to_fofm.

on the propeiler bladea. As a pilot, paaasenger, or other



' concernéd party it would therefore be desiras;e before -
undergoing an icing encounter to have aome idea of juat how
much powef would bé required to maintain a flight condition
with.icé.éccréting oh the propeller and other aircraft
cbmh&nenta. so that asome deciasion could be confidently made
fegarding‘fhé-safety of undergoing or avoiding asuch an
encounter. 1In addition, information provided by thias code nmay
be uéediin es;ablishing propeller ice protection syatem
épecifiéations, as well as potentially in future icing

certification efforts.



CHAPTER 2

SUMMARY OF PREVIOUS WORK

Much work haa already been done in attempting to~better.
understand ice accretion and ita effect on aircraft |
performance. However, due to the'very complicated phyaica
ghieh govern the ;ce aecretion process, manquuestiona remain
unanawered in thias area and it ia atill difficult with present
technology to accurately predict the degree of performance
degradation which will reasult from an arbitrary icing
,egcounter. Several recent developmenta heve_mede the
prediction of performance degradation, especially in terms of
drgg iqcreese, more reliable and have expandedvthe range of
conditions over which relatively accurate predictions can now
be made.r'Yet-much of the groundwork for thease developmenta
wasa la;d thirty to forty years ago. Thias initial work
involved both experimental and analytical 1nvestigations of
ice accretion, and much of the icing data used in current
cpgreletion development work was actually cellected during
.thie .esrly period, from roughiy the late 1940’as to the la;e
1950’3. |

A. Early Work

1. Experimental Effort

Early propeller performance degradation data was
gathered dsing both eimulated ice and actuei natural icing
encountera. Corson and Maynard (1) in 1946 used simulated ice
on propeller blades and measured average efficiency loesesa on

the order of three percent, with maximum losses of fifteen



percent noted. In 1948, Preston and Blackman (2) undertook a
flight test pfogram in which they also noted average decreases
':of roughly tén percent in propeller efficiency due to ice
formation, as well as the asasocisted increase in drag. Thia
stﬁd? waa of apecial significance due to the fact that an
Paﬁtempt was made to examine the effecta of ice accretion on
ali Jéjor coﬁponeﬁts of the aircraft. Posasibly thé most
cdﬁpiete a£d_informetive work relative to ice accretion on
propellera waa performed and documented by ﬁeel and Bright (3)
in 1950; In a flight teat program in which efficiency loasa
waé measured dﬁfing actual natural icing ehcounters, they
§bée;véd loasses of roughly ten pefceﬁt in moét cases, with
'méximuﬁ logaeé on the order of twenty percent. The
‘perfarmancé degradation data of Neel and Bright is atill used
by preaent researchera to develop or verify analytical
pr;peller performance degradation codes.

Also}of note with respect to experimental investigations
of airfoil icing are a series of test programs undertaken in
the Icing Research Tunnel at the NASA Lewis Reaearch Centef
and documented by a variety of NACA peraonnel in the early and
mid-1950’a. Gray and von'Glahn (4,5) looked at the effecta of

ice on the performance of NACA 65A004 and 651-212 airfoils,

and lesser increases were noted for both airfoils with rime
ice accretiona. Brun, et. al. (6,7,8) and Brun and Vogt (9)

produced a series of reports dealing with experimental
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‘meéaurenenté of performance degradation of NACA 65A004,A65l-
‘208, and 651—212 airfoils due to. ice formation.: Theae reporta

focused on the impingement characteriétics of ﬁhése.airfoila,

which in turn relate directly to.drag increment and decreaaed

' fpefformance. Included in their investigations were the

- effects of airfoil thicknese and angle of attack on droplet

| S - : o : A . :
impingement values, noting that thickness tends to increase

' the voiume of water collected'and decrease the regrward limit

Abf”dropiet impihge@ent, and as expected total impingehent

'>inc:eases with increasing angle of attack.

i - | | ve
'~ droplet impingement propertiea on several airfoil sectiona of -

.y

‘Gelder, Smyers, and von Glahn (10) in 1956 investigated

i&afioué thickness and concluded in part that the total and

'Pma;imum local collection efficienciea were strong functions of

firat of all the modified inertia paremeter,.a-perametef which’
tékéé into account factoras such as freestréam velocity,
'droplet denaity and diameter, aiffoil chord, absolute air

viscosity and air density,-and also of thicknéss ratio and.

angle of attack.

These early ekéerimental'prbgrams no£ bﬁly provided
yaiuabie‘insight into thé process endveffééts‘of ice |
accfetién,'but éléo eatabliéhéd‘a data-bese from which

’a;alytice; iéé growth‘ahd performance degradation predi¢£ions'
could bé Aeveloped or verified. | |

2. _Analytical Effort |

| ) In ;he report by Neel qnd Bright (3>, the authors

attempted to predict analytically the degree of propeller

7



‘performance reduction to be expected aa a reault of ice
accretion. Uesing blade element theory as the basia for their
apa;ysis, and by relating the change in airfoil drag/lift
_:ggio to efficiency loeas, they predicted efficiency lqsees
which agreed'ﬁt leaat to the same order of magnitude with the
gxperimentally obtained vealues.

Bergrun (11) in 1951 offered a method for determining
droplet impiﬁgement characteristica on an airfoil by asolving a
set of simulfeneous differential equationa which deacribed the
particle dynamics of a water droplet moving in an air-atreem.
This same principle forme the basis for present droplet
trajectory codes a}ao. Along with Lewia in 1952 (12), Bergrun
gLso ipvestigated using probability analyais the atmoapheric f
fagtqrs respongible for ice formation and identified with a
quitg l;mited-data base the three parameters still felt to be
of primary importance in the ice accretion procesa: cloud
liguid water content, water droplet size, and ambient
gemperature.

In 1958, Gray undertook an icing atudy of the NACA
65Apo4 airfoil (13) and attempted to develop a drag
coefficien§ correlation which would relate ice nature and
droplet impinéement rates to the associated aerodynamic
penalﬁiea fof thia airfoil. Using experimental icing data, he
obtained a dimensional correlation which he found to be
accurate at all but angles of attack greater than four
degreea, presumably due to the flow aeparation occurring at

the higher angles of attack. Gray then published in 1964 a



report (14) in which he examined'aveilablé_aeroéynamic'icing
datavfor othér airf§ils and médified his cqrielation_to_make
i£ gﬁplicable:to these other airfoiia as well. He |

pccompl;shedlth;a throughAtﬁe introduction of the factor ‘r‘

.~which repreasenta the airfoil leading edge radiua of curvature

_..the only avgilable.icing dra§ éoefficient correlation at that
gutimq,.and eéw'wideepreed ﬁee for'gevéréi.yéaré. bnly recgntly
, ;Qgg,4tsAvaI1dity as a general icing corfelation béen
Zgﬁeétibned, aﬁd it will most prQbably'réﬁéin‘in ugé until a
‘suitable repiecgment ia offered.  A
o ‘.The formulatiqn of Gray's.drﬁg cbéfficien£ correiation:
;?epréaented the laat méjorbdevelopmeht with reapect to ice
) ag;;étion'effecta for several yeara.. The advent aﬁd uae of
(£ﬁé.5etiengine.and turbofan on the propﬁlaion.scehe ﬁhén
;'égeﬁbbasized thé use of theApfopeller as a propulaive device
iﬂéﬁd‘aubsequéntly drew much ettentioﬁ avay froﬁ the pfoblem of

ice accretion, which was of lesser'importénce for the large

gommepcial t;ansports and militafy.aircréft_pf that timé.
Herver, with recent increased fuel costs and a rene@ed
inﬁefgst in comﬁuter aircraft and all-weéﬁher helicoptefé, new
iq;ere;t in iée protection systems and a need to better
uﬁdérstand:the phenomenon of ice aécretion have again come

‘ about.



B. Recent Work

1. Experimental Effort

Researchera involved in the renewed atudy of ice
gécretion recognized the need to expand the quite limited
experimental data base, eapecially to include teats of ice
acc?etion on the newer airfoils designed for.use on current
:generél aviation aircraft, propellera, and helicopter rotors.
'shaw, Sotoa, and Solano in a 1982 report (15) diacussed the

reaultas of one auch program in which aerodynamic performance

degradation data was obtained for a NACA 632-A415 airfoil.

Glaze ahd rime ice formations were studied in both cruise and
climb confiéurationa and aignificant performance degradation
Qas noted f6r all cases. Also evaluated was the effect of aft
frost growth on airfoil performance, and thié phonomenon was
found to significantly increase section drag coefficient.
This prOJéct wags also of importance because it provided new
.data with which to test Gray’s drag coefficient correlation.
fhe authors found that the correlation was as accurate in mosat
c;ees for the new data as it was for the old.data upon which
tﬁe éorrelation was developed, but 1t becanme poorér in
acéuracy for higher liquid water content vaiuee. Thia
conclusion again pointed out the need for a better, more
accurate drag coefficient correlation.

Also in 1982 at the Ohio State Univeraity, Bragg and-
Gregorek (16), along with Zaguli (17), used aimulated ice
shapes to investigate various aspects of the ice accretion

problem. In one test a simulated rime ice shape was applied,

10



- .with and withqut surface roughness, to a NACA,65A413 é;rfoil
and the ensuing performance degradation was measured. Surface .
rougppess was determined to be an -important factor. in

modelling ice shapes, affecting drag coefficient and C“ -
. : ' : ' : . . max

in‘thé'seéond teat, they also demonatrated the feaaibility of.

using wood shapes to model ice accretions on a:NACA»63§-A415v

Agirfdil in o:derlto'ascertainvthe effects of(the ice shape on
the aerodynemic flowfield. V
Flemming and Lednicer in 1983 (iB)_tegtéd a aerieé of

-aégié ﬁ;dela of-helicopter airfoils td:investigate the effecta
.;f.értificial ice accretion on ;irfoila at high speeds.
TA;r§dynamic pérfo:mance degradation of all tﬁe airfoils waa

,. @oted, Qith ﬁhe euthora'citing d:ég coefficient 1ncrgaseé of

QéAtélrouéhlf 300% in aome caéea.n Also écéomélished inAthia

Ly

tesat wére better definitions of the boundarieé for ice groﬁth
‘w;aa:;;é type in terma of static temperaturé(_ﬁéch anber, and
1iqgid water content.
 Hotivated by a desire to fina a relatively simple,
ecdnbéical means of éollectipg performance degradation data
relative to rdtating systems, Korkan,_Crosa,'éhd Cornell
(19,20) and Korkan, Cross; and Miller, (21,22) in 1984
Aﬁnderiook a test program utilizing a model hei;copter with a
N$3.375-incﬁ diameter,.2.5—1nch chord NACA_0012 maih rotor wiﬁh
a aimulated ice shape attached and measured main rotor
- peffdrmahce degradetién. Trenda identical to thosae previouély '

" seen on larger or full-asize airfoila and rotors were noted,

11



wlth.increaaea'of_up to 300% in torque coefficient found to be
reguired to maintain a given thruat coefficﬁent after the
addition of the aimulated ice to the rotorAbledea. The
senasitivity of the tip region of the rotor to the adverae
effectas of ice formation was alaso aseen, with an increase in
tofque coefficient required to maintain a given thruat
coefficient of as much aas 150% measured when‘the aimulated ice
waa éxtended from the 85% rotor radial location out to the
100%- location.

Juat prior to thia model helicopter teat, the iassue of
Reynolds number effects on aerodynamic data was alao addreased
by the same authora (20,22). In a 2-D airfoil test using a
NACA 0012 airfoil section with a simulated ice formation
geometrically identical to that used in the model helicopter
.test, the authoras collected aerodynamic data for the airfoil
in both clean and iced configurationa over a Reynolda number
range which included the operating fange of the modei
helicopter roior tip. Reynolda numbers effecta appeared

significant only at the higheat Reynolda number teated,

3.9 x 106.

2. Analytical Effort

Much has been learned in recent years as a result of
~these experimental programs, and a major contribution of ﬁhese
teata has been in the expansion of the icing data bgee to
. provide more current data with which to develop and evaluate
analytical mgthode for prediction of icing-related performance

degradatioh. Aa in the experimental area, many analytical

12



advances have also been recentlf méde. Thése édvahcéq'hgﬂe
taken the forme bf both better methods of‘predictlng drop}et
impipgemgnt characteriatica as well as better géroaynamic-
performance degradaﬁion correlations.

| B:agg et. al. recehtly'developed a coméuter p;ogram-to
celculete,whter droplet tré;ectories anﬁvthereby detefmine:
b;gir£91l,igpihgeﬁent efficiencies and theoretiqg; ice'shapeé
.1(23;. _Deve;opment §f thia code represented.a major stepl
towafd fhe goal of analytita} prgdictién of airfoil
,:pgrfprmanéghdegradation ddé to ice accrétion aﬁd_ghe code ia
| npg_oftenruged-for this purpose. fhe code itaelf will be_
discussedvin more detgilAin'é leter.cheptef es’iﬁ ia on§.§£
. the major componenta of thé code dévelopmeht_which ia thg
gub;ect,of thia report. A;ong with thia droplet trajectory
égdeg,grggg andAGregorek,héye also formulated a drag
cqefficientléorrelation for the rime ice conditién (16>. In
 th;s corré;gtion, the change iﬂ drag due t§ iqe is giv;n aé a
funct;oﬁ of egvgral variablea related to fiight and -
atmoagheric conditions, airfoil.geometry, and duration of‘ice
chcretionf Tﬁiq cbrrelation has seen widespread uee'aince-ité
dgye;opwenf.ﬁnd has oniy recently bgen étudiéd in any:detqil
to better define itevrange of applicab;lity. An unpublished
lﬁveetigatién.performéd by this author shows the correlation
to in several cases significantly overprediét dreg ;ncremgnt
, fq;,icing da;a which appears to be rime—oriénted.
Cansdale and Gent in a 1983 report (24) detailéd the

~ development of another two-dimensional airfoil icing code.

13



Unlike the Bragg code, the effectas of compresesibility, kinetic
heating, and water runback are taken into account in thias
code, thus making it applicable to both rime and glaze ice
conditiona. Deasigned to be applied to helicopter
coﬁfigurations, the code empioys a heat balance analyaia to
calculate the kinetic heating and runback éffeéts. The
authors have reported good agreement between predicted and
experimentally obteained ice shepes; temperature diatributiona,
and icing threeﬁold conditions. |

Flemming and Lednicer (25) have used experimental icing
data tb formulate new rime and glaze ice drag coefficient
correlations. 1In addition, this data was aleso used to
formulate separate lift and moment coefficient correlationsa.
These correletioha, recently published in final form (25),
have ahown asome prdmiee in preliminary evaluations and are
‘discussed in more detail in a later séction.

Uaing Bragg’s droplet trajectory code, Korkan, Dadone,
and Shaw (26) have developed a method for predicting
performance degradation of rotating ayatema under the
influence ofAice accretiona. Limited currently to the rime-
ice condition, the effecta of ice formatién on helicopter
rotér or pfopeller thrust coefficient, torqué coéfficient, and
efficiency may be calculated. Originally restricted to the
heiicopter hover mode, egtension of the méthod to include
forward flight calculations has been performed and documented
‘in a.recent AIAA paper by Korkan, Dadone, and Shaw (27). The

method essentially involveas first obtaining non-iced values of

14



angle of attack and Mach number as a-function of radial
location. then determining impingement efflciency and
accumuletion ‘parameter for a given aet of icing conditiona for~
ugeach;radial location, and finally determining the reaulting
'drag’increnent at each radial location. An exietlngApropeller
or;nalicopter'performance code with the iced'drag 1ncrementr1
‘input,tnen will'producelvalnea of ‘iced performance‘whicn may .
T:be,compared Qith known'or-calculated clean Qalueafto<aacertain
;che degree of performance degradation which reeults from the '
.. 9iven icing encounter. Good agreement between theory andA
., experiment nae been obtained for both the propeller and -
lmg§9i499pt°r't9£9r configurations.
_Korkan et..al. have also developed a nethod of averaging
.;,;??)3F°4CQWPUte'£°t°r or propeller disk performance in which
;mangle:of attack and Mach number are flret averaged aronnd'the_
,,d}ak;‘_fron_theee aieraged valnes, collection efficiency;_t>
accnmulation parameter, and finally drag.increment'are_
calculated‘for given icing conditions. Thia'procedure haa‘
been'shown to be virtually aa{accurate as . the previonsly
- described method but provides a significant reduction in the
vnumber of necessary calculations and hence computer run tine.

| Miller, Korkan, and Shaw in 1983 (28) attempted to
‘develop a drag coefficient correlation for the glaze ice
condition using statistical analysis of icing data aa“e.baaia
of the correlation development; .Although a'reaulting
.correlation_eas preasented, it repreeented only the atete of

the atudy at the time and ahowed a need for much further

15



.modification_and analysis. Feasibility of uesing such an
analysis as ﬁhe basis for correlation development wasa
demonstratéd, but the results of auch an analysia muat be
interpreted COrrecﬁly and in tandem with ph?qical obaservationa
- of the associated phenomenon to make the method truly
beneficial. '

Bragg (29) haa alao recently documented a atudy in which
" he predicted airfoil performénce with both simulated rime and
glaze ice shapea. Variouas codes were examineq for poaaible
use in caléulating pressure distributions on an airfoil with
glaze ice attached. The potential flow code Qf Briastow waa
‘ determined to be suitable for this purpose and provided good
agreement bgtween predicted and experimental preasure
.distributions. Bragg also investigated the effects of surface
roughneas in the laminaf boundary layer on drag increment and
offered promising reeults for predicting drag increase by this

method. -
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L  CHAPTER 3
| | CODES EMPLOYED
A. Theodoraen T?ahsformatien-

. The firat step in the performance degredetioq
Adepermination.proceee is.compucetioh of.ihe flowfield about
the airfoil section beicg inveetigated.'fThe metﬁoq used.ih
this coqe ia a-Theodoreen techniqce of conformal mappiné.which
-traneletes the eirfoil coordinetee-to'e circle plaﬁe and from
-.’;ﬁat‘place determiﬁee the vgiocity_dietributidn about the .

.ceiqfcil. ?he_calculatiqne invclved in tﬁie method meke.the
aeecmptiqn of eotential flow, in which no viscoue'effecte ere
'_ccneide:ed. .fhis has been found to pe_en acceptable
Ieaeumption, eliéwing’the method to yield accurate reeulpe,'due-
 »to the fact that viscoue effecte-existing iﬁ‘the boundacy

leyer‘near the leading'edge of the alrfoil have 1ittie effect
““qudrpclef treJectqry for all but the amalleat of d?oplet
alzea, The magnitude cfAthe inertia force aasociated with the
_larger dropletavgreatly predominateas over ah} viecoua
deflection or interection phenomena in thie region.

| Thie particular flowfield calculetion technique is
ﬁclimited to incompreaaible flow, which isa acceptible aince
compreeeibility effects on droplet trajectory have been focnd
‘”;o_be negligible up to the airfoil section critical Hach
Anu;ber for all but the emellest of drop asizes. 1In recent
joint astudies between NASA and che Royal Aircraft
Eetabiiehment (RAE) (30), back-to-back comparisona were mede

between the impingement efficiency valuea generated using the
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_lncoméressible_Theodorsen nethod at ﬁASA and thbsé‘calcu{éted”
uéingvthq comﬁressibleifiowfield code of'Gafabedian aﬁd'Kofn |
for_supercritigal'airfoil'éections at the RAE.' Good agréemen£
was observed betweén4the two methods, thereﬁy deemphagizing' |
'any'compreasibility effectas and vaiidating ﬁhe uge of the
Theodsréen transformation.iﬁ combut}ng the flowfield aSout
airfoil aectioﬁs expoaed to'iéingf -
,_Theo&orsen’e method makes use of the Karhéﬁ*Trefftz

tfensformatiqn to relate tﬂe airfo;l gébmetfy to a'neaghcircle
plane. Thia'particuiﬁr transfo:mat;on'is'used becauae it ﬁaé'
been found to yield a better near circle for airfpils‘with

finite trailing edge angles by avoiding any cuap qtﬁhe

trailing edge. It ia given by the formula

2 = nb (zl*b)é . <z1—b>"

n . n ' : g
(zi+b) - (z1 b) . (1)

where z is a vector which may define some profile asuch as an

airfoil section, and 2z, ias a vector from the origin, 0, to

1
some arbitrary point on the circle. Here, b Fepresentg a
.vector directed aiohg\the ﬁos;tive x-axis with length 0B’,
wheré B’ 1e'a point ;t.which the circle and x-axis interaect.
Tﬁe value of n ia typically juat leasa than two, and it may be
observed that for n=2, the Karman-Trefftz trgnsformatién
simplifies to the more familiar Joukowski profilg;-giveh by

2E5 " Qz' o L

L ¢
| z, . o 2>
Finally, an iterative procedure calculates the Fourier

coefficienta in the ThébdoféenAmapping to the exact circle.
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Uding a Newton root—finding acheme, the point in tne ci:gle

plane corresponding to a particular.point on the airfoil may

- be determined and from thia the flow velocity at that point

may be obtained given the section angle'of attack.

B. Droplet Trajectory Code

e e s

The droplet trajectory code employed in thie analyeie
was>developed by Bragg (31) in 1980. .Using~basic-theory and
equationa'develOped'aeveral years earlier ae its foundation,

the code extendas the earlier work. to include the resulta of

' more recent studiea as well as much improved computer

.technology. Essentially, the code is used to compute single

et

droplet trajectories and_pointa of inpingement.on ahgiven
eirfoil, and fron-theee calcnlatione it}ia eble to detetminec
Bothwtotaipand maximum local_collection efficienciea as well
as a predictedfiCe shape if desired. |

tzAgain,}the-initial atep<in4the‘trajectory celcolation

procesa’ requires a computation of the potential flowfield

"about the airfoil under investigation._ This flowfield

information, calculated uasing the Theodorsen transformation
method-deecribed.in the previous section, ias passed to the

trajectory calculation portion of the code in the form of the

gforementioned Fourier coefficients, which vield the flow

velocity at any given point in the airfoil flowfield for a

specific angle of attack. With this flowfield information

available, droplet trajectories may then be computed.

The trajectory calculation requiresa solving a

differentiel equation which reasults from the application of
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Newton’s Second Law to a water droplet moving in an air
stream. This equation is given aa
ko = %of @-m - 1 g

, o 24 g (3>
where K and Fr are nondimenaional parameteras known

1'reépectively asa the'inertia parameter .and Froude number. . They
‘are given by'

K=8§ u . . . . .
18cu R . . 1)
- and .
: Fr= U_ _
i cg S

From Equa#ion.S a set of fourAsimultaneous‘firat'order'
.6rAin§ry differential equations reault, thchAwhen golvéd
yield the droplét'traqectory. |

| Once-fhe dfoplet tra;ectofiea are khoqn. impingement
efficiencies may then be calculated. Airfoil local |
'impingement efficiency, B, physically iepreaente_a ratio of
airfoil surface dropiet mass flux to freestreaﬁ maas flux; and

is
da : ' ' (6)
Here, Y, is the initial particle y-coordinate and 'S ia

£he airfoil surface arc length from the leading edge tovthe
pqint of iméact. Figure 3 illustrateé graphically the
calculation of B, and Figure 4 shows'é typical B-S curve. If
‘yo;is;plotted versus S, it may be seen ﬁhat 8 ias aimply the

slope of the yo-S curve at a given point. Total, or overall,
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' collection efficiency of an airfoil is also an important icing

iwhpgrémeter and is defined by
h S : 7

'whenedYo.is the distance between the initial y—coordinétg,of

'“7lﬁé’up§éf and lower droplet ;angent-trajectoriea aﬁd h'
repfé;éhts the maximum airfoil projected heiggt. Tolai_
" esliection efficiency is then a ratio of tﬁe amount of”déter
uw%iééﬂcdiiecfed by the airfoil to the amouﬂt'inlthé freeatreanm
sector which is swép£ out by the airfoil. Figure S exhibita.
_typical variation of collection efficiencres'with'redial'_
.Juguﬁpca;ion,handzFigpre 6 ia an gxample of the radial variation
.of.loca; angle of}attack Qnd Maéh number. 
Other capabilitié; exiet Qiﬁhin the'd:oplét.trajectory'
qﬁggf7geghgpé mogt-aignificantly the ability to develop a
1 J;thorgt}calqr{me‘;cg shape uéing a time-stepping routiné, but
"A,Fﬁi§”f“"°t199 is_ﬁot nécéseary in the preaent.study aﬁd will»>
vnq}ﬁ?gﬁgnp}éyéd or further‘diécussed héré. Although it ia
true that ghe formation of an ice shaperon an:eirfoi; will
%@Qggd F;ter thg flowfield_about the a;rfoil, and hence“the 8
curve for that airfoil, this phénpmenon is not cénsidéféd'in
,‘3th¥§ analygis because the-valﬁes.of =) and E used.in later
;ca;cg;étiopa are taken for the clean aiffoil. sfhe'impoftance
of thg coilection effiéiencieé will be maﬁifeated in thé
fqllowing_section dealing with aerodynamic'coefficient

corfelationa.
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Cf Aerodynamic Coefficienf Correlationa

Prior to the initiation of the present study, an effort
was made to identify all of the dimenasionlessa parameters
relevant to an icing encounter uasing Buckingham’a Pi Theoren,
with the goal of identifying and/or JustifYIng the use of
certain variables in empirical correlationa. The Pi theom of
Buckingham, preasented first in 1914, provides a means of
creating a dimensionleas variable aet from an initial group of
dimensional variablea. The theorem atatee that any function
of N variablea, of the form

f(P*,Pa,Pl....PN) = 0

may alao be given in terma of (N-K) dimensionless Pi products,
asuch that

£CPL, P, c Phy ) = O

Here K reéresents the number of dimensioneily independent
quantitiea neceasary to fully expréss the dimenaiona of'the'N
Vafiableé, and each Pi term is & dimensionless combination of
an arbitrarily chosen set of K dimensionally indepeﬁdent
variablea. The Pi theorem will be used here to
nondimensionalize parametera relevant to an éirfoil icing
enéounﬁer. | |

The précedure is initiated by first iisting all of the
suspected relevant dimensional parametersf In an icing
encounter, thease are taken to be aa given in Table 1.

Table 1. Dimensional parametera considered in the ice

accretion procesassas.
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Symbol ... .Denotes - . .- Units
cg T . 'j'tehperature at which ice t

- is formed

T° _.w ' 'ﬁréference>£emperature' ot
- . »1’ icing time’ S T
i w | liqﬁid water cdh;ent B i S
d _ o Hroplet'diaméter . S
. ') Vo oo freeetreamuvgldcit§ LTt
S Plde  T | ice.dénsity ‘ - 2 _«ML-;:
y éair o .air depsity_v. ‘ 4; MLFfI
U T 1Y gpsolute,air viacoaity. Mp-*Tf‘
e airfoil chord - L
A in (t=temperature, T=time, M=nasé, L=length)f

Here, tenldimensionalHQariables (N).and four fundamental
‘.kd&mensiohs (K) are given. Therefore, N-K = 10-4 = 6 Pi
.préﬁucte:will rgsult.__It §hould be noted ﬁhat alth&ugh éther
parameters such as total and local collectioﬁ.efficienﬁies are.
also thought to be important parameters in ah 1ciﬁg encounter,
they are not included in the aone variable set because theyiA
are already dimensionieeg and»would not be affected b* the Pi
'theorem which deals only with dimensional quantities.' They
can, however, be added to the final list of nondimensional

. variables which will result from the use of the Pi theorem,
,Qertqip otyer phygical chafactefietica of the airfoil

wh;chtmgyJaffect.ice accretion and reaulting aerodynamic
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performance losses, namely leading edge radius of curvature,
aiffoil tﬁidknesé, and camber, are not included in the above
variable set eQen though they are dimenaional quantities.
This is because the on19 eeemingly meaningful way to
nondimenaionalize theae terma ias with reapect to airfoil
chord, =so thgt for the purposes of thia analysiavit will be
assumed that these'parameters are éll initially
nondimensionalized by chord and hence are not included in the
variable set. Inggeaa.lhéy may be added té the liest of
nondimensional variables at the conclusion of the application
of the theorem if deasired.

It may be noted that the chord term makea itse 1nf1ueﬁce
felt in the nondimenasionalization of these»airfoil geometry
-terms, and has also been included in the diménsional variable
aet to allow “for the poasible development of dimenaionleaa
terma which will be cénsistént with or aimiiar.to

dimenasionless quantitiea already in exiatence. For example:

AC = vO wT (Accumulation Parameter)
P1,ce
KO = f(K,Ru) (Modified Inertia Parameter) .
where
) 2
K = Piced v0
‘18cu
R = VOPair
u
7}

Thé next'atep in the procedure ia to formulate a K aset

of four (equal to the number of fundamental dimenaionsa)

24



dimenasionally .independent variablea, from qhich_thé Pi

prgducts<will be developed. To form the set, any four

veriableg may be chosen from theAdiménéional variable liat,

'with:the réstriction that_they'may not themselves combine to

fofm a dimensionless combination. A K set consist;ng of .

K =

T, *,

ig initially chosen.

‘products are:
Pi

'Pia

1.

£(T,
£CT,
£(T,

£(T,

£(T,

£(T,

w, Vo)

With this K set, the aix reaulting Pi

T,
T,

T,

L
T

.1. ’

W,

Vo
Vo

Vo

Vo,

Vo

Vo

14

To )
ice

air)

W)

c)

To create nondimensional terma from these sets, the

following procedure, as illusatrated by.an example uaing Pit,

is employed.

The Pi product is first written as a product of

all of itas terms, each raised to some power.

Pi,

T

«t

a

(w)b

(Vo)S (To)

d,

"It is then rewritten in terms of the fundémental dimensions

involved:
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For this product to be nondimensionalized, all of theae
dimenaiona must'go to zero, i.e., the expoheﬁts on each

dimenasion must sum to zero.

t: 1+d (o]
T: a-c =0
M: b =0
L: -3b+c = 0
' Thia set of equations is then solved for a,:b; ¢, and Q.
d = -1 b =0 c =0 a =0
The Pi1 prodﬁct ia then rewritten with thease valuesa included.
Pi, = (T) (Ted ' = (_T ),
To
which is the firat dimensionless qu;ntitQ.

Likewise, the other Pi products are found to be

] _ v, T
Pla = 8] . .
d
Pj.:‘ﬂ= 'w
ice
Pi, = _w
air

The resulting set of dimensionless variables as

determined by the Pi theorem ia then

£Ct/To, Votsd, w/P __, wVol/u, Vot/e) = O,
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or in the caae of predicting<dra§ coefficignt:dhange due to
these variables,

ECT/TO, “eeeennnncnnennnsine, VOR/C) = Acd

At.this point, any othef di@engiohlesé variablea auéh'aa
éollection efficienéiée(br éiffdil geometry terms may be
iﬁcluded in the équat$§h.of desiréa. The uaser may ﬁﬁeﬁ applyA

‘5ome correlﬁtion developmént technique to determihe'the exact
relationship between these aimensionless variables"éndlthe
aasociated depeédent_#&riqble(s); | |

Fit may.be'demonétrated that the fesulﬁaﬁt aet of

-dimensxonlesé variables is debendent §n both the séﬁ ofi
.;d:mé;aiénQIIVa:iables which 1is gééd_and on the.K aet which ia
* initially chosen. Sfﬁce»ﬁhefe afeAa finite number of

dimensional variables and a finite number of K aets which can

7! i‘pé&’‘éhomen, there will be a finite number of dimensionless

47%5&Fi&bleatbhidh will resulﬁlfor a given probiem.  Howevet, not
Léll“bf”tﬁ;aé variablea Qi;l ngceasérily be produced by one K
"sétgf*tor the icing encounﬁe;'probleﬁ discussed here, thia can
: be'illustraééd by choosing a. second K set:

g K= (¢T, w, c, Vo)

'fThié particular K set is eapéciallyvﬁotéworthy for the”icing
éﬁcountgf,btoblem since it contains parameters whiéﬁ are |
‘thbught’ﬁo be of primary importance in the ice accretion
‘férocess:“ tempéfature, liquid water cqhtént, fréestreaﬁ

-Velocity, and airfoil chord length. The Pi products for thia

set are:
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Pi ﬁ.f(T, w, ¢, Vo, To)

Pi2 = £(T, w, ¢, Vo, T
Pi3 = £(T, w, cf Vo, d).
Pi, = £(T, w, ¢, Vo, P _0)
"Pi‘ = £(T, w, c, Vo, pair
Pi, = £(T, w, ¢, Vo, W~

»

Following the procedure previoualy outlined f&r.
nondimensionl;zing these p;oducte,'the resultanﬁ sét of
dimenaioﬁleﬁé véflabies 1;:‘ | |

| f(?/fo,‘VoT/c,‘c(d,~w/Pice, w/Pair' cho/u)‘=.0,
which,differs somewhat from the set pr§duced by the other K
set used. So for any given problem it is necessary to
consider gll of the possible K sets to obtain a'completg_list
qf'dimensionlegs variables which may be pr&duced. Knowledge
.of the physics of the problem under consideration should then
provide a start;ng point in the analysig of thease variables aa
they relate to the given dependent variable(a).

In the icing encounter probleﬁ, it waa-deéired to use
the Pi theorem'go provide some Juétification for the uae of
the terma AC anq Kq, pgeviouely defined, ;n the deQelopment of
a glaze ice drag coefficient éorrelation. Although the Pi

theorem does not produce these terma directly, it does provide

the following dimensionless terms:
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s (2)  w/p

(1> Vot/c
ice

(3> © Picev,d
R

~(a) d/c

.48 ,, Pairvyd

il

T

" It may be noted that AC is asimply the product of -terms
(1Y ‘and "(2)-. Ko is a function of K, the prodﬁct of terma (3

and (4),'ahd’Rh, which ias ‘identical to term (5), e.g.,

. ice
5., (12 2D

. dd - d = PiceVOd :
: pc

3 @

"R pairv. d
. u 0

RN T
3

'Shb@id'the-reader wiah to verify that thease terma are indeed
~obtainable from the origiﬁel set of dimensional variables, .

‘they can be found aa follows:

(1) ~- ‘from K set (T, %, w, Vo)

(2) - from K sgt (T, ¥, w, Vo)

(3) - from K set (T,Ad, Vo, Pice)

(4) - from K set (T, w, c, Vo)

(5) - from K set (T, d, Vo, Pair)
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It céh be aeen that the Pi theorem doea indeed provide
éome juatification for the use of the variablea AC and Ko in
developing a correlation, and any correlatioﬁ which does
result will be in terms of dimensionless variablea obtainable
by Buckingham’a Pi theoren.

At present, the only meana available for analyticelly
determining performance degradation of an éirfoil in terma of
its .aerodynamic coefficiénts is thrpugh the uée of empifical
correlations. As :previously indicated; aeveral individuala
Vhave attempted development of one or more of theae
correlationas and generally have met with only limited auccess
in terma of accuracy and range of application. Incorporated
into the present study are the two correlationa currently moat
widely uased to predict drag increment, éa_well as a aeries of
new correlationa. These empirical correlations represent onl§.
an interim solution to the problem of aasseasing aerodynamic
performance losaes due to ice formation. A potentially more
precise asolution technique currently under developmeﬁt
involves a Navier-Stokes splution fof.the flowfield around an
iced airfoil (32).

1. Gray Correlation

The firat correlation, formulated by Gray (14) roughly

twénty yeérs ago i; of the form

AC,.=(8.7 x 10 ° u we (32-T0>% "1 (1+6 (1+2.52r° ! ain" 1200
max

D
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sinf (543 w (_E' >1/% - 81 +65.3 (_1 - _1 )1 "

, 32-To - | 1.35%  1,35%

-0.17 sin*11«)) _ B - (8

where here ACd répresents the actual numerical value of drag

. coefficient increment; i.e., aC C . (iced)- Cylclean). As

d

"caﬁ~bé seen, this correlAtién involyea combinaﬁions of various
‘dimensional paremétere, and the dihengionless'toﬁgi én&»locél‘

" ‘collection efficieﬁéiee'calcuiated in thevdroplei trajector?

COde;previously discussed also appeﬁf. Thia correlation algo

hae ﬁhe cepdbility of éompgting'drag coeffiéient-increment at

‘angles of gtta@k othér than that at which the ice waas formed,

" *through the use of the o and « terma. Here o representa the

i
angle»o£>attack at which the experimental data was taken, or
“the angle at which the effectas of the ice accretion are to be

" evaluated, and o representa the(angle of attack at which the

i
iicg waa formed.

The dimensional variables have not in all cases been
éfggpg& 80 as to form dimensionless gquantities, and this has
évokéd some g?iticism by‘varioué pérsone sinée the
féSffglation's development. Thia ériticism ié based on the
idea that any correlation which involves dimensional_
{qdéétities will be to some extent a functioﬁAof the data aet
from which it was formﬁlated. Thua, if thé'cérrelétion wag
appliéd to some other set of data inAwhich the'range}ofione or
more ofvthebrelevent parameters differed from that 6f the

original data set, the variable affected may have an undue
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effect on the prediction which wae not accounted for in the
original; limited data aet. Indeed, as-ig aeen in Figure 7,
Gray’s corrglation haa been found to predict quite poorly for
.much of ﬁhe'recently génerated‘NASA'glaze 1cg data, which ia
typefied by eighificantly higher liqﬁid water content-valuea
than are fOUna.in-the daté set used by Gray in developing his
¢orrélation.;Nevertheleas, since no other glazé ice drag
coefficient existed until quite:recently, Gray’a cor:eletion
atill. seea widespread use and haas been inciuded in this _
program as an option available to the user.

"Because Gray’s correlation accounts for only changes in

drag coefficient, modification of C‘ haa been added to take

into account the decambering effect of ice accretion,

fesulting<in a shift in the C&—d curve and a decrease in C‘
max

due to flow separation on the airfoil upper asurface. Trial

values teated by the author have indicated that reducing C“ to

95% of its clean configuration value yieldas an acceptable

approximation for iced C‘.: Thias factor ia inborporated into

the present atudy for both Gray’s and Bragg’s correlations.
2. Bragg Correlation
A correlation has been developed by Bragg (16> for the

rime ice condition. It has the form

ACd = 0.01 (15.8 1ln(k/c) + 28000 ACE + 1) (9)

where Ac is accumulation parameter, given by

c 10)
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g

....and I repreaenta a drag conatant which variea according to
airfoil gybe as shown in Table 2. -

Table 2. Conatants in Bragg Drag'Coefficient‘

Correlation
Aigfqil Type , | ' Drag Consfanﬁ; I
NACA 4. and 5 digit 'A>184 |
NACA €3 seriea - o ' 218
NACA 64 series : - 232
NACA €5 seriea . | 252
NACA 66 meriea : - 280

in>this correlation, ACd’represents a'ffactionai'éhange

in, rather than an actual numerical value of, dfag

coefficient. Here ACd may be uased to find the iced airfoil

drag coefficient uaing

c, ' = (1¥Acd>c ' (11>
iced - clean -

iw"'"""Px'-évicmg studiea of thia correlaﬁipn applied to NACA and
NAQA 2-D 1c1ng‘data have indicated a atrong tendéncy foflthe

- correlation to overpredict drag increment. Becguse_the
prédictiona are commonly off by a reiatively céneient
perceptage Q;tﬁ respéct tovthe Neel and Bright propeller
perfdrmence data, a factor waa introduced which reducea thé
degfee of drag coefficient increaae calcﬁlated by the Bragg:
‘correlatiqn;' Replécement of the initial'éongtant in ﬁhe |
equatipn,_o.bl, by 0.0008 prddpced much more acceptablé_
predictions and was thereforeAincorp§reted into the present

analyaia.
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:"Bragé has aiad recently proposed a new, nodified form of
hia correlation (33) which has also been included in the
pféseht s£udy; Thia ﬁew-form of-éhé correlation given below,
appears to work well for thé cases examined to date, but it
has not yet been applied to the 2-D NACA and NASA icing data

with which the other correlationa were tested.

ACd = 0.01 (15.81ln(k/c) + 1171 AcE + I) (12>

3. Flemming Correlations

Thg_third correlation, or more precisely aet of
;orrelations, are those developed by Flemming (25). Whereaa
Gray and Bragg deal£ atrictiy with drag coefficient
correlaﬁions, Flemmiﬁg hasvalso formulated correlationa for
iifiua;d ;6;ent.coefficienta-for both'glazé and.rime

encounters. These correlations are of the formse:

For a glaze ice encounter,

AC, = KD, [.00686 Ko (t/c)' "% (as6) - .0313(r/c)>2 +KD(.006)M% **1

[w¥el ¢ H°*2,( o >"21c1—aacd'<vhelo>1 (13>
.1524 .1524 278

For a rime ice encounter,

AC, = [.1581n(k/c)+175C V DWT_E + 1.70] (26>

_ Picec ‘ 10
[1—8Acd'kvhelo>lc ‘ (14>

- 278 = clean. .

and for both.glaze and rime encounters,

AC, = (-.01335Ko (t/c) [a+2+KL, (.005SS) (-6 " IKL1 [WT_
et )o‘.a_/( e )1-2] : - (19)
.1524 .1524
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andl
ACm = [(100179°.0045H)(.00544)K0¢/(t/c)9'7-*
.00383M(1-63.29r/c) ] B . (16)
Wy (e °°®
c .
.1524 «1524
“where Ko is the modified inertia parameter, given by
L6397

" Ko = K(1+.0967 R, > ' (17>

'and KL, KL{,fahd KD, and.KD‘ are functiona of temperature'and

aﬁgiéAdf.attack and are defined within the subroutine.

‘ Tﬁéee‘correlatioﬁs were developed using'déta oBtaineduin
a serieefcf'ﬁesté'éonducﬁed in the Canadian National Resegrcb
ébﬁhcil’a HighASpeed Icing Wind Tunnel in léte 1982. The ten
airfoil acale modéls”teeted, with typical chorda of roughly
ﬁﬁéix inCﬁeé; were deaigned primariiy for use in helicopter
applicétions and cover a wide rénge of helicopter airfoil
.shapes. ‘For éorrelatibn de&elobment purposeg this range
shoulé{enablé the reédlﬁihg correlations to adequately accoﬁnt
'E;r ;ifféil_geométry'as\a factor in ;érodynamic coefficient
incremente due to icing.

The correlations afe, however, dimensional iﬁ nature and
aéain:wefe dekélbped using mbdel data for ﬂiéh speéd
“aﬁpliéétibné.‘ The full effects éf theeeitéo items onithe:

”xf£aﬁ§; of dpﬁiicability of the cqrrelations remaina ' to be seen.
Tﬂe cqrrelations heQe been foﬁhd in a recent atudy to

underpredict ACd in many cases however. 1In apite of thia,
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Flemming’a correlationa etill hold promiae and do in fact work
well in many cases.
4. Miller Correlation

A fqurth general drag coefficient correlation
development has been attempted by Miller, et. al. Deacribed
in detail in Reference 28, thia effort used-ag the baaias for
the_qorrelaﬁion formulation the method of atatiatical analyaias
as applied to a set‘of experiﬁentally obtained icing data.
Althéugh a correlation was preaented in Refegence 28, it
represented_only‘g status report and not a final result.
.Further sﬁuéy and modification 6£ this correlation is
.necessary before it may be deemed Qseable, and no )
- modifications made to date have proven satiasfactory. The
method of 9ta;;atic§; analysis is a powerful tool in
cpqrelg;iqn”in“development:and should yield greater euccéas at
some future date, but because the present féfm of the
chfelation is not acceptable in terms of_accuracy of
Mpgedict;qpiﬁt 9111 not be incorporated into the code..

: sq therg are preasently e?aileble three correlationa or
aeta of correlationg-which are integrated into the code. They
Ap;pvided valqeg of dragr l}ft, and/or moment coefficient
increment for both glaze and rime ice encountera. These
increments may then be passed to a propeller performance code,
”Ldeecribed in the fol;owing aection, to evaluate the ensuing

propeller rotor performance degradation.
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- D. Propeller Performénce Code -

.. The.propeller performance code which.is';n;égrét§d 1nt6.
tbéspeffprmance,degradatiﬁn‘proggam 1s.baged.u§6n,g lineg;ized
:inflow propeller satrip analysié,Adeveloped'by éoépgrlﬁéé) in
195?3; Strip analysis involves the calcﬁlation'Qf:aerod?na@ic'
- forces atlgglécted‘spépwiéé blade locationa £or'?{gi§én‘
opéréting.condition égdvpropéllef gebmetry. Ffom-theae
{di;feréhtial_fprceafrgiveh in térma.of thrust.gnd'tﬁ;qué
wcoeffiéientsnbyl

ac,

e a2, _ s S
r —»k 5 ﬁx (C‘ cos$ Cdsinii : ) .flS)-
_ where k= 900a’b | . A
LN NaDg -
‘and
dCQ.= x dCT Cd cosf+C“s;n¢ (20>
dx 2 dx C‘ coa+-Cdsih¢

thruat and torque coefficients may be obtained by integrating
these terms‘élong_the blade. Propeller efficiency and powér

' abéorbedAmay then be caelculated by

n=J°T = % - , ' (21>
. c nD 21C '
and -
! ‘ . . '
gip = Cp FP° D 22y
S50 ‘

Cooper's propeller performance analysis iaiunique'due to
the fact that it assumes, or actually approximates, a linear

induced flow distribution on the propeller blade. Typically
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an-iterative>process ia required to obtain the induced angle
Bf-attack and lift coefficient at a specific radial location
‘since they are interrelated. However, Goldstgin'(35)'has
sélved féf the radial distribution of circulation for a
lightly“loadéd‘bropeiler having a finite number of bladeas and

has established the relationahip between cpc‘ and “i' Cooper

haaxﬁhep aébroximated the apc‘ - “1 curves by atraight linea
and haa-plotted the slopea of theae linea veraua advance ratio
for varioua sﬁanwiae locationsa. From thease plots, and using
available aérodyhamic data, it ia then poaaible to'détermine
values for an induced angle of attéck. When experimental and
analytiéal-results obtained using thiasa method were compafed,

agreement to within three percent was seen for over ninety

percent of the casea investigated.
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CHAPTER 4 .
PERFORMANCE DEGRADATION CODE ASSEMBLY

- In ordgr to integrate each of the.codés invo;ved,into a
single performance degradatidh code, heretofore known as
ICEPERF,.aeveral.phaaea of modificationa were requiréd. These
modifications were relatively minor in that they diq not.
change the basic functions,,opefation,7§r logic of any of the_
" codea but rather served to make the tranaition from one
section to the next more simple and automaﬁic. This
automation then eliminatedxthe necesaity 6f any uaer
.intervention in the run astreanm.

The user—friendly nature of the code.was.a prima?y’

objective of thia effort, and although several files are

necessary to fun the code very few changea are requirgd from

. . -one run to another, for the asame airfoil. The various

components of the code were selected on the baaia of

- availability and accuracy of reaults. Each component Qas run
and tested separately and extensively to demonsprate ita
cgpability to conasiatently function properly, and all

~ diasplayed good performance in theae runs. Also of importance
in the component selection and modifiéation wag a desire to
_maintain a high degree of modularity in the code, such that a
different flowfield computation, new correlation, different
propelier analysis, etc. could be inaerted with a minimum of
changes to £he code. This alaso permits the qode, now applied

~ to propellers, to be relatively eaaily extended to a
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helicopter &onfiguration. A flowchart denoting the current
major elemente of the program is provided in Appendix 1.

The firet phase in the code integration proceaa involved
combining the flowfield and droplet trajectory codea
previously desacribed. Because‘the droplet trajectory code wasa
designed to operate using much of the output from the
Theodorasen tranaformation code, this atep was relatively
atraightforward. The modified code haa been aet up to handle
a maximum of four input propeller radial Iocations, and
current runs of the code have been made with four input
stationa, at the 30, 50, 70, and 90 percent radisl locations.
An investigation of the benefita of ﬁsing more input stations,
offset by the additional cost due to the extra run timé
required, has not yet been performed.

Next, a set of subroutineé was createa to predict drag
increment due to ice accretion, given the appropriate
impingement efficiency values output from the trajectory code.

The ACd correlationa of Gray, Bragg, and Flemming are included

in the subroutinea, with Flemming’a correlation aleo being
capable of determining lift and moment coefficient increments.
The user may select any of these correlations in each run of
the program, and the choice of correlation should be dependent
on the type'of ice formation expected for a given input
con&ition.

The cérrelationa of Gray and Bragg use valuea of total
and maximum local collection efficiencies in computing drag

coefficient increment. One value for each of theae parametera
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7 generatéd»fpr each radial location inpﬁ£, so that g;maximﬁh
of four sets of colléction effigigncieé are avaiiab;evge
out?ut_from the trajectory calculation‘section. Howeégr, it
is best when using ;he propeller performgncgégode to fnqude
_CQns4de:ably-more input radial ;odations in the calculat;oné
(eleygp‘stationa_are used in the_gnalyaia of é prope;ier.
u;;liz;ng doublgfcambéréd Clark-Y airfoil sections whiFHA
”_qulqus in Chapter S. In order to‘dbtain.valuee for drag
.cqeffiq}entjincrement at each.of'gheae ;ogatione, the
; qgllectioq_eff;ciencies at these statioqs muat be khpwn.
Rathgr than running the Theodorasen tranaformation and &rop;et
.ngageqtdty’codes_eleven times to obtain collection efficiency
valuea at each of these atationa however, a curve fit routine
is employed which takes t&e valuea computed at eaéh‘of';he
£9pr {nput radialhlocatiopa and fite a curve through»them.
Elémmingfs correlationsa compute valuea of collection
efficienciesa empirically, so that it is not‘ngcéseéry to run
the Theodorsen and droplet trajectory sectiqna of thé'éode if
élemmiAg’e cérrélatione are to be employed.  |

In this code, a cubic spline fit routine ias used;to.fit
éeparate curves for totélsmaximum local colléction
efficienciea between the 30% and 90X radial locations, or
between the two most extreme sections input by the user;- This
method has been found to yield good reéult;ldue to the fact~
wthat the collection efficiencies are both smooth, cpntingous
:£gnétions or propéller radial location. Due to the nature of

the épline_fit routine, it is applicable only between the
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innermoat and outermoat radial locationsa 1npﬁt. Outboard of
the outermost input atation, and inboard of the innermoat
astation, somerther technique ia required to compute values
for the collection efficienciea aa a function of radial
location. In this analysis a linear fit, computing the slopes
at thé endpointa of the apline fit and extending atraight
lineas inboard and outboard of thesase endpoihta, is umsed to
approximate the curveas where the apline fit ia not applicsable.
With thias method, valuea for both total and maximum local
collection efficiencies are available for any radial location.
Coopef’s propeller performance code haa been utiliéed to
calculate values of propeller thrust, torque, and efficiency
for a given condition. The previously mentioned drag
increment subroutines have been incorporated into the
pfopeller performance code to modify the drag coefficient gnd
values used by the code in computing iced propeller thrust and

torque. In Equationa 18 and 20, the C& and Cd terms are

modified by the factors (1+AC&) and (1+ACd) respectively, such

that

Q
"

Cx(clean)ﬂ 1 +AC*) (23

and

Cd =Cd(clean) =(1 +ACd) (24)

ao that iced propeller thruast and torque coefficients as well
as propeller efficiency may then be computed. The code firat
calculates clean, or non-iced, valuea for these quantities,

and then calculatea using the uaer-selected aerodynamic
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éoefficieﬁt~corfeletion=the iced valuesa férlthege aame
iparémetera. Vérioua input barameters have beén_aitered of
émitted from the original_cdde to_make it‘more conducive to
ﬁhg‘purposee_qf the preaent progrém; but the.eaasehqé_and

. mechanics of thevcode remaih unchanged. | |

The entire code ﬁhén operates by fifsticompﬁting.cleen

. bropeller'performance yglues for one advance ratio;A'Negt, the
.Theopofaen transformation.is performed, or preyibﬁgly_ 
calculated reaults are read for the ££:st 1npht redial
.lgcatioh.' The droplet ﬁréjectofy aection tben computes
_T;mpingement efficiency ;alues for the radia1 loéation-usipgl'
the flo@field ffom the Théodoraen.tranaformation4and a éectidn
éngle of éttack cpmputed in the‘pgopeller éerformance aection.
Imbingement’eff;éienciéa;ére then‘éélculated.for the reﬁa}ning
,,énput radiél:stetions following the same pro#gdure;. The_code
Aspl}pe fita the impingement éfficiencyACQrQeé'gnd ¢omputes
Qsing these values'éhd tﬁe seledted gerpdynamic éoefficient
ip;rement corre;etion_the.icea propeller perfofmance data.
._.This entire procedure is then repeated for éach_additiohal

advance ratio input.
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CHAPTER 5
RESULTS

In the Neel and Bright teat, a C-46 twin-engine aircraft
was used to obtain propeller efficiency loéees aa a reault of
ice formation. Ice was allowed to form on the propeller of
the right engine while the left engine propeller waa kept
clean. Following thia procedure, data was.recorded for twélve
natural icing encounters and typical efficiency lossea of four
to ten percent were noted. The propellera on the C-46
utilized double-éambéred Clark-Y airfoll asectiona, for which
airfoil coordinates used in ICEPERF were'obtgined from Borat
(36). |

The Neél and Bright experimental data provided a data
base with which to evaluaté the ICEPERF iced pfopeller
performance code. For ten of the twelve encounters documented
in the test program report (Table 3), calculations were
performed for the propeller in both clean and iced
configurations. Results and comparison of analytical and
experimental performance valuea are here presented for eacb of
the three correlations employed, aspecifically those-of Bragg,
Gray, and Flemming. It ahould be noted that‘in all
performance calculations presented in this feport,
conaideration was given to the radial extent of icing such
that no ice was allowed to accrete analytically outboard of
the experimentally observed radial icing extent. These

resulta therefore differ from previoua calculationa ahown by
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£his author (37) in which.no restrlotion waa placed
analytically on the radial extent of icing. |

The resulte presented in this paper may alao be compared‘
:directly with calculetions performed by Korkan, et. al (27).
‘Thelr work involved generation of propeller performance -
predictions for the Neel‘and Brightldate as well, using the
fheordoraen transfornation'floefield code, Bragg droplet
trajectory code; and Cooper propeller performance codes
separatelylzlln thias initial atudy by Korkan, et. al,,
.préesure'eltiﬁode waa 1nput.and the atandard atmoepheric -
;preesure, tenperature, end.denelty'were then nseo‘in'the'
:ealculaﬁione rether then the experimentelly obtelned valuea
'for:tnese parameters. " The use of.aotual flight conditlone,:aa
emplo&ed in‘all‘calculetions preaented in thia report,‘wee
fonnd to alter-the computedvﬁhrust and power ooefflcients py
W“rbughly'one perCent.‘ Potential differences 1n.blade engle
specifieetion from_study to stndy'may alao have a aignificant
'ihpact'on the'predictiona. Finally, the 1nltial consﬁant,in
the orlginal Bragg correlation was decreased in both studxes
in an attehpﬁ tolproduce reaaonable performance .valuea. This
then introdices additional variation between the correeponding
iced calculationa.

Cleen<performance predictione were found to.agree well
'with the-experimental data for all of the encountera
inveatigated. (Tables 4-6 summarize thelanelyficel and
experimental data for Encounters 2, 7, and 12 reepectiVely.)

' In all cases, calculated thruat and power coefficienta were
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found to agree with the correasponding experimental values

within an average of 12.5 percent. CT and Cp for a given

encounter and advance ratio tended to be underpredicted by
‘roughly the same percentage, so that resulting propeller
efficienciea compared with experimental measurementa to within
six percent. Since propeller efficiency is eassentially a
ratio of thruast coefficient to power coefficient however,

errora of similar'magnitude in CT and Cp should then cancel so

that the resulting efficiency values would be huch leas
sensitive to error in performance calculations and would nét
be aa good an indicator of analytical prediction accuracy.
Therefore stateménta herein relate primarily to thruat and
power coefficient calculations rather than propeller
efficiency.

The results shown in this report all involved use of the
actual'blade anglea as meaaured and reported in thev
experimental test program. It was found héwever that by
increasing the reported blade angle setting by 0.7 degrees,
much better agreement between theory and experiment could be
obtained for all encounteras. Figures 8-10 are illuatrationa
of the effect of blade angle variation on cléan thrust and
power>coefficients for Encounter 2. Thia anomaly could be an
indication of a deficiency in the performance calculationsa,
but because a conatant increase in blade setting produces much
better correlation with experiment for several encounters over
a range of flight conditiona, it more likely signifiea the

exiastence of a bias error in the experimental measurement of
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" ‘blade angle. " Theae calculations. serve also'to indicate the
sensitiuity of}propeller performancetpredictions to,propeller.
.geometryi | | | |

fhe codeAwas found to often oVerpredictithe clean
hipropeller effiCiency at the higher advance ratios. Typicaliy;
performance predictions agreed with experiment to within a. few
,,percent at the lowest advance ratios and gradually worsened to
the point where they Qere often off‘by roughly thn;§ percent
at'the highest advance ratios investigated.t It is-postulated
.that thia may be due to an inability of the code to adequatelyh
account for compressibility effects, which become more
eignificant as_advance ratio increases (via increased'forward
duelocity for a fired rpm). This efiect shoUld be studied‘
,further in subsequent efforts. : .
- When the reatriction on radial icing extent wasa imposed
in the present atudy’a calculations, better agreement with the
erperimental data was obtained than waa previouslyvpresented.
. eurrentiy.there is no,mechanism_in the code for determining
_the actual_radial icing extenti Rather; the uaser must specify
the desired or assumed.radial location inboard of which iced |
_ calculations are to be performedi In this study, approximate
radial icing extent for each encounter wasvreported by Neel
and Bright and”these values were then input for the iced
performance-calculations. The following discussion details
‘resuits obtained by each correiation'for the'severai |

encounters investigated.
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A. BRAGG

Two forms of Bragg’s basic rime ice correlation are
available in ICEPERF, aa diacuased in a previouas aection. The
first of these is a modified form of Bragg’a original
equation, in which the leading constant waa changed from 0.01
to 0.0008 in an effort to produce more realistic drag
coefficient incrementa. This change was made after initial
runs of the code indicated that the original equation was
producing quite unreaaonably large performance changea due to
ice formation;'as a result of inordinately large predicted

-ACd values. The 0.0008 constant was arrived at by best-

fitting the correlation’a performance prediétions to Encounter
2 data and was then fouhd to perform acceptably for the other
encountera as well. Future use of the correlation may asuggeat
additional modifications of this constant.

This modified form of Bragg’s original correlation was
then applied to all of the available Neel and Bright data
' reéardless of asaumed rime or glaze ice type, as was Bragg’sas
new form of the correlation. Reaaonably good agfeement
betweeﬁ experiment and theory was obtained using both
correlations for all encounters. In all casea the original
but modified Bragg correlation produced more accurate results
than did the newer correlation, but the differences were
generally small. The fact that the newer, unmodified
correlation gave results almost as accurate as those of the
older form which was specifically modified to better £fit the

propeller data indicatea that the changea made by Bragg in

48



forming the newqcorrelatibﬁ<improved the éuality_ofAthe
‘cérrglaﬁidn significantly. Both'correlations handled~th§ leas
severe icing encounters (iéing extentg bglow 60*)-well (1.e.,'
Encgunter 7, F;gurea_lé-ls), ﬁUCh better than did the Gray or
-Flemming qorrelatiéng.: In the most éevgré éégé hbwéver
(gncounter 12, E}gures 17-19) both'cor:elatiéns'aer;oualy
overpredict the degree of'degradetion, eapecially in terms’of

C_, and produce Cp-J cﬁrves-which inflect upward at'ﬁhe lower

fadvanceAratios rethér.than'downward as would be expected.
It should also be. noted thathragg's equationa are for

ACd only.. Lift qoefficient will alao generally decrease as a

reeﬁlt of ice formation at the'Ieading edge aa the flow . there
 15 spoiled to aome éxtenﬁ, but thia ia nbt éccountéd for in

. the B:agg equationa. A factor wasa therefore introduced to
provide a simple representation of this phenomenénlby

. .aasigning the iced section lift qoefficient a Valﬁe equal tb

95% of its clean value. Although thia aeema to be a

) rgggonable typical value for AC“, it would be deasirable to
‘“incorporate a more discriminating form of determining AC‘ in

future calculationa.
B. GRAY
. As was the case with thé Bragg correlationa, the Gray
- correlation also providéa its most accurate performance
4predictione'9hen‘radial icing extent 1; amall. It ia
q1££i¢ult_tq make any inference regarding the'quality of the

correlat;on under such conditioné due to the fact that the
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propeller ia loaded most heavily at the tip aﬁd ita
performance will be moat sensitive to geométry changea (i.e.,
ice accretiona) in the tip region. Farther inboerd, even
ﬁﬁite severe ice growths will have much lesé effect on the
errall performance and_consequently any correlation,

regardleaa of how great ite predicted ACd valies may be, will

appear to work well in low radial icing extent casea. Thus
the true measure of the quality of thease correlations comes in
the more severe icing encountera auch aa Encountera 2 and 12.
In theae two encountera, as can be seen 1nvFigurea 11-13 and
17-19, the Gray correlation fails to accurétely predict the
iced performance,Ayielding valueg which overpredict phe degree

of degradation. Indeed, upon examining the actual ACd values

predicted by Gray for Encounter 12 it was found that this
cbrrelation was predicting drag coefficient increases of
typically 300% at lower advance ratios to as much aas 6000% at
the oufer atationa at high advance ratioa. The Gray
'COrrelation,‘like that of Bragg, alaso predicts only drag

coefficient increment, so the same five percent reduction in

C‘ for the iced configuration was again employed when Gray’a

correlation waa used. The Gray correlation itaelf was
unmodified for use in thia study, and it is likely that
introducing asome conatant into Gray’as equation to affect a

constant percentage decrease in ita calculated ACd valuea, aa

was done with the original Bragg equation, would greatly
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-improve. its ability to calculate iced drag coefficient

increment and hence iced propeller performance.

C. FLEMMING

The Flemming correlationa were applied twice to each

- encounter, once with icing reatricted by the uaer-input value
.and then allowing the Flemming correlationa to predict the
.radial icing extent. The aecond runs were berfopmed to check
. the no-icing capability of the correlatioqs qhd,to,aacertain
.ghether»this capebili;y would properly ;eflect exiatence of
ice. under the inf;uence of 3-D, rotating forcea (kinetic
beat}ng and shedding). Inatead of p:qperly.predicting radial

icing extent however, thie feature dictated no icing in the

firat 30% of propeller radiua for any encounter, and then

" overpredicted the radial icing extent outboard of the 30%

Qtation fof éight of thé ten encouhﬁére (Tablé 7).

| In the cage of the uaer-input icing exﬁegt,‘the.no—icing
préblem manifeatas itself in an undérpredictidé 6£ tﬁe
propeiler performance dégradation for all éncounters. As the
{igﬁres iilpstrate,.many of the Flemming-predicted iced thrust

and power coefficient valuea are identical or virtually

videntical to the clean values, indicating anaiytically little

1f any degradation. While theae results may appear reasonable

at first glance in cases where the actual degradation is

minimal, they actually serve only to mask the underlying

problem and reason for the negligible degradation prediction.

| It ahould also be noted that in Figureas 11 through 19, in

cases where the clean theoretical curve ia not eaaily viaible,
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it has been hidden by the Flemming correlation curvea which
are often virtually coincident with the clean data curve.

When no reatriction is imposed upon radial icing extent,
Flemming’as correlationa still tend to underpredict the degree
of iced performance degradaﬁion in geveral cases. Thia occurs
even though Flemming’s correlationa predicﬁ more extenaive
icing radially than wae seen experimentally, which would
indicate that the percentage decreases in thrpst and power'
coefficienta predicted by Flemming are actually smaller than
the experimental values. For the encountera in which the non-

restricted Flemming correlations do-predict CT and Cp well,

the predicted radial icing extent is alwaya greater than the
meésured exteﬁt, aometimes by as much as 60%.

It would therefore appear that the Flemming correlations
have two significant deficienciea. The first of these is the
no-icing calculation which has failed in this study to
properly indi&ate either ice existence or icing extent. In
fairness to the correlations it should be pointed out though
that varioua forces not atressed in the 2-D correlation
development (i.e., centrifugal forcea leading to ice shedding)
may have a asignificant effect on the radial icing '‘extent, and
in only oﬁe oﬁt of ten encounters did the Flémming
correlations actually underpredict the extent of ice. The
second apparent shortcoming of the correlationa ia the
underprediction of section drag and possibly 1lift coefficientA
increments. This same trend toward underprediction of asection

Cd has also been seen in applicetion of the Flemming
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correlationa to available NACA and NASA 2-D icing data in a

separate study (38).
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SUMMARY AND CONCLUSIONS

Application of the ICEPERF code to tﬁe-Neel and Bright
experimental data baase has provided much inasight into the
code’s perforﬁance prediction capability £of both clean and
iced configurations. The code haé.been ahown to run properly
and to produce realistic thruat and power coefficlent values,
eapecially when radial icing extent is knowﬁ and input. As a
result of this study several areae of future development and
potential improvement, discussed in the following paragraphs,
have been identified.

Currently reatrictions and aimplificationa exist within
the code which, if removed or modified, should yield better

pertormance evaluationa. Development of a AC‘ correlation to

be used in conjunction with the Bragg or Gray correlations
would provide a more precise and complete representation of
the effects of ice formation on section aerodynamics.
Secondly, incorporation of some computational mechanism of
predicting the transition from rime to glaze. ice, or vice
versa, on the bladeas would enable the code.to use the proper
correlation at each radial computational atation, rather than
assuming all rime or all glaze ice in any given eqcounter.
Because of the generally moderate radial icing extent and only
slight deéree of ensuing degradation, this change will
probably have only a very minor effect on the predicted
propeller performance. This is in contraat to the helicopter

rotor icing situation in which radial icing extent and the
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related performance degradation are typically more aevere for
a given icing condition.

Another potential area of improvement liea in the
accuracy of the experimental data used for compariason with
analyasia. One asuch area with reapect to the Neel and Bright
data is the actual radial icing extent for each encounter. As
apecified in the report, the true extent is somewhat unclear
and may possibly vary by as much aa 20%. Valueas of radial
icing extent presented in thias report repreaeﬁt a besat
estimate qf the extent aas interpreted from the information in

Neel and Bright’as report.

The present atudy haa aleso provided 1n;ight into the
type and accuracy of experimental data which would be
degirable in future teat programsa. Additiqnal.propeller icing
data of any type would be useful in further'validating and
analyzing the code at the present time. Fﬁture_teets though
ahould include, in addition to flight and atmoepheric
parameteras and icing time, specification of icing extent asa
accurately as possible. Also desirable would be some
photographic or other indication of the ice type ao that the
proper correlétion could be applied at eaeh rédial location.
Finally, sensitivity of propeller performance to blade angle
setting also has indicated the need for quite accurate blade
angle meaaurementa. Certainly it is desirable to have a high
degree of accurac? in the thrust and power measurementa as

well.
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With reaspect to the empirieal'lift and drag correlations
used in this code, resultas obtained in thia atudy concurred
with previoua work done involving theae correlationa in‘
indicating deficienciees which exiat in each correlation.
'Oveféll,"the Braég correlation(a) produced the most reasonable
iced propeller performance predictiona but'overpredictiqn of
Adrag coefficient increment by Bragg’a correlation¢a) remaina a
pfobiem. as illuastrated in the more. severe icing encountersa.
Overprediction also_reméins a problem with Gréy's correlation,
‘whereas Fleﬁmiﬁg’s:correlations typically unaérpredict the
aerodynamic coefficient increments. It ié‘évident then that
muéh more 2-D validation of all these correlationa ia
necessarybbefore iced propeller performance can be predicted
consisﬁently using this method and before resulta of this
analyaie‘éan_be fully evaluated. It should be realized that
any ultimate analytical treatment of ice accretion on rotating
systems will potentially involve much lesas émpiricism than is
éurréntly-required and that the use of these correlations
representa an interim approach to the problem, which will
‘continue to be usedVUNtil more aophiaticated analytical
procédures such aa Navier-Stokes or interactive boundary layer

analyses of iced airfdii flowfielda become available.
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 RADIAL: LOCATION

‘FIGURE 6. Radial variation of local angle of attack and Mach

- no. for Encounter 2, J = 1.18
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FIGURE 8. Effect of prbpeller blade setting on predicted
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Table 7. :Experimental and predicted (Flemming correlationa) radial
extent for each encounter.

Encounter 2 3A 3B 4A 4B 6 6 7 8 12
r/R ET - ET ET ET ET ET ET ET ET ET
.20 v v « ~ v < v v v v
.25 v v v v < « v v <~ v
.30 v v v < < ~ v v v v
.40 v R v G v G v R +¥ R v R v G v Y R Y R
.50 v R v G v G R R v R v G v R + R
.60 v G G G G G G G v R
.70 v G G G G G G v R
.80 G G G G G v R
.90 G G G ~ R
.95 G G G R
. 975 G G G R
E - experiment T - theory

v - iced G - glaze
R - rime
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APPENDIX 1
ROGRAM FLOWCHART

( START .

READ USER INPUT

A

READ PROP
PERFORMANCE INPUT

YES

HAVE
J VALUES
ALREAQY
BEEN

INPUT?

ARE
ADVANCE
RATIOS
INPUT?

A

CALCULATE J FROM
INPUT Yor RPM

READ J VALUES

CALCULATE CLEAN PROP
PERFORMANCE FOR GIVEN J

1

WRITE RESULTS ////]
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YES

IS
FLEMMING

CORRELATION

HAS
THEODORSEN
ALREADY
BEEN RUN
GIVEN
r/R?

FOR

A

READ TRANSFORMATION
RESULTS FROM FILE

-DO THEODORSEN

TRANSFORMATION FOR
GIVEN r/R

)

STORE RESULTS .
IN FILE

1)

!

READ DROPLET
TRAJECTORY INPUT
FOR GIVEN r/R

Y

DO DROPLET TRAJECTORY
CALCULATIONS FOR r/R

i

STORE COLLECTION
EFFICIENCY VALUES
IN ARRAYS
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NO

r/R INPUT
LESS THAN

A

FINAL

NEXT r/R

r/R?

SPLINE FIT COLLECTION
EFFICIENCIES FOR ALL r/R

A

ICED PROP PERFORMANCE
CALCULATIONS FOR GIVEN J

WRITE RESULTS

YES

NEXT

ADVANCE
RATIO
INPUT
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APPENDIX 2
USER’S GUIDE

ICEPERF-haa been designed auch'that uaer intervention in
the run stré;m haa been eliminated and tﬁe amount of uaer
input ia minimized. Still, with the wide acope of work and
calculationa which the code must perform, a subatantial degree
of input- isa required of the user. Thia information is
provided through aseveral filea which are read at varidué
pointa in the program and which are éeparated such that each
contains input data relative to a particular phése of the
program and to a particular radial location. As previously
mentioned, the code handles four 1nput.radial locationa, and a
complete set of input data is required at éach radial
location. |

The actual parametera in each file are.described in the
Comments section of the code listing whichlwill_follow. They
are redeacribed here to provide the usaser with.a better idea of
how to specify and use each variable.

Files 1 through 4 contain airfoil coordinates and other
information related to the airfoil geometry at each radial
location. Theee files are used in computing the flowfield
about the airfoil. File 1 contains information for the most
inboard radial atation input, with files 2 througﬁ 94
containing input data for progresaively more‘outboard
stations. |

Card-l'of filea 1 throﬁgh 4 contains.the title for the

Theodorasen tranaformation input. Thia title ia printed at the
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beginning of the airfoil aection geometry output for the
particular radial location input. It may typically read
similarly to, "CLARK-Y COORDINATES AT 30% STATION".

Card 2 contains five variablea: LPT, ITAU, IZ1N, TAU,
and XZiN, input in the format (3I15,2F10.0).

LPT representa the number of harmonica which the usaer
desires in the exponential tranaformation of the airfoil to
the circle plane. A value of 50 to 60 ia typically uaed for
LPT to attain a satiasfactory degree of accuracy.

ITAU is a flag which indicatea whether or not the uaer
wishes to input the trailing edge angle of the airfoil
section. A value of O indicatea that the trailing edge angle
is not known or will not be input, and any value greater than
O indicatea that the user will input the section trailing edge
angle. |

IZ21N ia a flag which indicateas whether or not the user
will input the nose aingularity coordinates. .An IZ1N value of
0 meana that the nose singularity will not bé input, and IZ1N
should be set to any yalhe greater than O to input the nose
singularity coordinates.

TAU is the trailing edge angle in degrees, to be input
if ITAU is greater than O.

XZ21N and YZ1N are the x- and y-coordinates of the noase
singularity, to be input if IZ21N ias greater than O.

Card é containeg the variables NU and NL, which are the
number of upper and lower surface coordinates to be input,

regspectively.  This card haa the format 215.
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‘ Cards 4-through the laat contain the airfoill section
coordinates, nondimenaionalized with respect to chord. Eight
values are listed on each line in format 8F10.0. Upper
surface x-coordinatea are all listed first; followed by upper
surface y-coordinatea, lower aurface x-coordinatea, and
‘finally lower aurface y-coordinates. /

-This thgn completes the input required to map the
- aiffoil sections to the circle plane.

File 8 containsa input parameters which are used to
compute droplet impingement values for the airfoil. The same
File 8 input data ia uaed for each input rediél location.

Card 1 of file 8 contains the title for that particular
radial locaﬁion, and would typically read similarly to "30%
'STATION TRAJECTORY INPUT."™ This title is printed at the
beginning of the droplet trajectory section at each radial
" location.

Card 2 contains the variables IPRINT,>MSPL, XFIRST,
XLAST, and EPS.

IPRINT ia a print option, with a value.of O used for the
shortened version of the trajectory aummary output, and a
value of 1 producing the complete printed output. The
shortened version will print only the general input to the
-trajectory section, the tangent trajectories, and the
impingement efficienciea. The trajectory tabulation and
summary and surface impingement values are not printed when

IPRINT equals_b.
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MSPL ia a variable which ia uaed to aelect the method
desired to calculate the impingement efficiency curve.
Setting MSPL équal to 0 requesta the program to select the
beat of three methoda poaasible for calculating the curve. An
MSPL value of 1 causes the program to use a Aimple cubic
apline routine to calculate the curve. AniMsﬁL value of - 2
instructs the program to use a cubic spline but to piece in a
linear fit where the cubic apline faila. An MSPL value of 3
causes a quedfatic spline to be uased, in which the
coefficients are selected to optimize the fit of the curve.
Setting MSPL equal to O has alwaya produced satiasfactory
results in all cases run for thia inveatigation.

XFIRST is the x-coordinate after which each atep is
checked for-droplet impingement on the airfoii. A value of -
0.05 ia typically used for XFIRST.

XLAST is the x-coordinate at which droplet trajectory
calculationa are terminated. Thia value tYpically rangea from
0.5 to 1.0, and if the user lacka a good feel for the
impingement characteriatics to be expected for a given case, a
value of 1.0 should be used for XLAST to ensure that no
trajectoriea are terminated prematurely.

EPS is the maximum error allowed in the step integration

process. A Qalue of 1.)(10-s is generallyAused for EPS.

Card 3 contains the variableas X0, UDO, YO, VDO, and FR,
in format SF10.5.

X0 is the initial droplet x-coordinate. Thisa is the x-

value of the point at which the trajectory inveatigation ia.
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begun, and it is typically given a value of ?S.O, representing
a starting poiﬁt five chord lengtha in front of the airfoil.

UDO ia the initial droplet x-velocity with reapect to
freestream, and is commonly aet equal to 1.

YO ia the initial droplet y-coordinate. Thia ie the
starting point for the first ére;ectory caléulation only, and
ite value will depgnd on the aection angle of attack. For a
positive.angle.of-attack, itAis suggeated that to maximize the
chance of initial droplet impingement 8 alightly negative'
value of YO be used, perhaps approximately -0.05.

VDO ia the initial droplet:y-velocity with reapect to
freestream, and is generally equal to O in the undisturbed
flowfield fiQe or more chordlengthsvin front of the airfoil.

FR feﬁfeeents Froude number. This paramgter may be set
equal to O to ignore the force of gravity on the droplet
-trajectoriea, and this ia commonly done.

Card 4 éonteina four variablea, DYO, CON, ERRY, and HGT,
in the format 4F10.6.

DYO ia the increment in YO uased by the program to vary
the beéinning droplet y-qoordinate. Valuea of DYO are
'commonly on the order of .001 to .0l1. The code haa been set
up to assign‘a value for DYO if the user inpﬁts a value of 0O
for'this parameter. The internally aassigned Qalue will change
wi;h section angle of attack. 1If thevuaer inputa a DYO value
however, this value will be used regardless of the section
angle of attack. When internslly assigned, DYO is given a

~value of 0.003 for section anglea of attack leass than or equal
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to 4.6 degreés and is set equal to 0.005 for aection anglea of
attack greater than 4.6 degrees.

CON is a multiplication constant for the impingement
efficliency curve output. It ia generally aet equal to 1.

ERRY is the maximum error acceptable in total collection
efficiency. A value of 2 (in percent) haa éommonly been uaed.

HGT is a reference height in the y-direction used to
compute total collection efficiency. If this parameter ia aet
equal to O the code will calculate and use for HGT the
projected height of the airfoil section.

This then completes the droplet trajectory aection
input.

Files 12 through 15 contein binary flowfield information
which ise output by the flowfield computation section of the
code when airfoil coordinatea (files 1 through 4) are input.
Since thia flowfield information ia independent of angle of
attack and velocity, it is neceasary to run the code with
airfoil coordinates input only once for a particular geometry.
In subsequent runs using the same geometry, the flowfield
information calculated and stored in the initial run ia’ read
and uased by the code, thereby eliminating the need for
recalculation of propeller flowfield information in each run.
The user mﬁst only set up the computer job control language
(JCL) appropriﬁtely to exerciae thia option. For example, in
the initial run of a particular geometry, units 12 through 15
must be set up to have the binary flowfield data written to

them. In aubaequent runa these filea muat be eatabliashed asa
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existing data files from‘which data ia to be read. When
previously computed airfoil flowfield inform;tion isa used, it
is noﬁ necesaar} to input airfoil coordinatéa, and the
flowfield caiculation section of the codé will be bypasaed.

" File 16 contains input data for the propeller
performance calculations. Thie file contains data for the
entire p;opéller, 80 no duplicate filea are required for
different radial locations. Data for a maximum of 15 radial
locationa may be input.

. Card 1 of thia file containa the flight and atmoapheric
variaﬁles vo; TO, DD, W, TAUM, and ALTUDE in format 6F10.4.
VO ia the freeastream velocity in milesa ﬁer‘hour.
TO ie the freestream temperature in degfeea Fahrenheit.
DD representa the volume mean droplet diasmeter of the
icing cloud in microns.
W ia cloud liquid water content in grame per cubic
meter.

TAUM ia the icing exposure time in minutes.

Finally, ALTUDE ia the presasure altitude in feet at
which the icing eﬁcounter occurred. |

Card 2 containea the variablea NUMBLD, NUMSTA, INCOMP and
NUMADV in format 41IS.

NUMBLD represente the number .of propellér blades.

~ NUMSTA is the number of radial locationa to be input by

the uaer (mgximum ias 15.) |

INCOMP 18 a compresaibility check flag which pfovides

the user with the option of obtaining either a compressible or
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incompreasible aolution. If set equal to O, a compreseible
solution is obtained and if set equal to 1, an incompresaible
solution ies computed. Recall'however that the flowfield
around the various propeller gsectiona waa comﬁuted uaing a
method which amaumes imcompreassible flow.

NUMADV ia the nuﬁber of advance ratioas to be input. Set
equal to 0 if advance ratio is to be calculated uasing input
RPM and freestream velocity. NUMADV may have a maximum value
of 10,

Card 3 contains the variables RADHUB, BLSET, RPM,
CPDESI, DESIHP, and DIVIS in format 6F10.5.

RADHUB ia the propeller hub radius in feet.

BLDSET represents the propeller blade setting in
degreea. 1If eithér CPDESI or DESIHP are asasigned values other
than O, the program will derive a BLDSET Qalue baaed upon
theae input parameters. |

RPM ia the number of propeller revolutiona per minute.
If specified, RPM will be held constant. Otherwise RPM will
be calculated based on the input freestream velocity and
advance ratio. Either RPM or advance ratio muat be apecified
in the input.

CPDESI is the design power coefficient. If set equal to
-0, power coefficient will be calculated based upon the input
value of BLDSET.

DESIHP is the design horsepower, and if it ie input as
0, a value for DESIHP will be calculated based on the input

BLDSET value.
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DIVIS is ;‘convergence aid variable for the deaign mode
in which a BLDSET value must be computed. It ia genepally
aasasigned a value between .001 and 1. When BLDSET ia
specified, the DIVIS variable is not employed.

Card 4 containa the variables CORTIP, RADIUS, STUBLT,
CDINT, and CORHUB in format SF10.S5.
| CORTIP ie the propeller tip chord in féet.

RADIUS is the propeller.redius in feet.

STUBLT is the propeller atub length in feet.

CDINT is a blade shank correction factor which takesa
into account interference from the blade shank. If a value
for CDINT is unknown, a value of 0.567 should be uaed.

CORHUB represents the propeller hub chord in feet.

Card S5 is a title card yhi;h denotes the variables on
the card to follow exactly as shown in the code input
comﬁents:

R/RAD= " BLDANG= CHORD= T/C=  ALPHAO= CLD=
VDIS= RC=

Carda 6 through NUMSTA contain valueas for these
variableas, in format 8Fl10.6.

XPR ia the nondimenaional radial location to be input.

BLDANG is the propeller blade angle in degrees of this
section. Cenérally this ia just the twist distribution built
into the proﬁeller.

CHORD is the propeller section chord in feet.

TC is the section thickness to chord ratio.
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ALO ia the angle of attack for zero lift, in degreea,
referenced to the longest chordline.

CLD ia the section deasign lift coefficient.

VDIS represents the velocity distribution seen by the
asection, taking into account nacelle effectas. Thia parameter
equals the Iocal velocity divided by that of freeatreamn.

Finally RC is the section leading edge fadius of
curvature, nondimensional with respect to aection chord.

The final card(a), in format F10.6, with one value per
card, are ADVRAT values.

ADVRAT ia the propeller advance ratio, and as many as 10
values of ADVRAT may be input by the user, Qith performance
. calculatiohe performed by the code for each advance ratio. If
NUMADV is set equal to O, such that advance ratioc is to be
calculated by the code given RPM and freestream velocity, no
' ADVRAT values should be input.

Thia completes the propeller performance section 1nput.

File 17 containa input for options evailable to the
uaer, including choi;e of aerodynamic coefficient correlation
to be uaed as well as print options.

Card 1 is the title card for the run. This title is
printed at the beginning of each asection of calculationsa
within the program and so should be general in nature, such
as, "ENCOUNTER 2 FROM NEEL AND BRIGHT REPORT."

Card 2 contains the variables NCD, RADﬁXT, IREAD,

IPRCOR, and NSECT in format IS,F10.5,3IS.
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NCD ia the aerodynamic coefficient correlation selector.

A value of 1 for NCD calla for the use of Eragg‘s rime ice ACd

correlation. A value of 2 calla for the uae of Gray‘a glaze

ice ACd correlation. A value of 3 calls for the use of
Flemming‘’a AC‘ and ACd correlationa for rime and glaze ice.

RADEXT is the fractional radial extent of icing.

, IREAb is a flag which determinea whether or not the code
will calculaté the flowfield at the input radial locations.
The option is to use previously calculated and atored
flowfield data. For each radial location input, the code will
write the flowfield information to a file if it haa not been
computed in a_previous run. Set IREAD equal to O to calculate
the flowfield, or set it equal to 1 to use the previoualy
computed data. The user must also be sure that the
corresponding JCL for each of these files is set up correctly,
i.e., if‘IREAD equals O the JCL must be write-oriented, and if
IREAD equals i the JCL for these fileas must be read-oriented.

IPRCOR is a flag which indicates whether or not the user
.wishea to have the airfoil coordinates at each of the four
input radial locationa printed. An IPRCOR value of O
instructs the code to not print the coordinatea, and an IPRCOR
value of 1 causes the coordinates to be printed.

NSECT is a Vgriable which indicatea the number of radial
locationas to be input, with a maximum of four possible.

Carda 3 through 7 containa values for the variable RSTA

in format F10.5.
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RSTA ia the nondimenaionsal radial location at which
flowfield calculationa are to be performed. A maximum of four
radial locationa may be input. These radiél locationa muat
for the current version of the code be the sane as any four of
the radial locationa input in the propeller performance
section.

It may be shown that the curves of totél and maximum
local collection efficiencies are relatively amooth functiona
of.redial location, ao that four pointa should provide a
reasonable representation of the variance of theae impingement
efficiencies with radial location. However, it is obvious
that the féwer pointa one usea to fit theae qurves, the leaa
accurate they will tend to be. It ia recommended therefore
that whenever poasaible, no leas than the maximum of four
stations ahould be input to maximize the available accuracy in
thé impingement efficiency calculationa, which then affect the
propeller performanée computations for the iced configuration.

This then completea the required input to the code.
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APPENDIX 3
SAMPLE CASE
The foliowing output waa produced for Encounter 2 at an
advance ratio of 1.18. The iced calculatioﬁe.were performed
uaing Bragg’s older, modified correlation. This same format
is output regardlese of the user’a choice of}éorrelation. Uae
of the Bragé 6r Gray correlationa will generatg output aimilaf
in appearance to that shown here. . When the Flemnming
_correlationa are used, no flowfiéld‘or‘dropiet'trajectory
information is pfinted out. |
The code requires approximately S70K of coﬁputer memory.
Typical run times are roughly five minuteas (CPU time) on an
IBM 370 and 33 aeconda on a CRAY-1S for one advance ratio
ueing either the Bragg or Gray correlations. .Use of the
~Flemming correlationa significantly reducea run time becauae
the flowfield énd droplet trajectory calculation sections of
the. code are bypassed, resulting in typical run times for the
Flemming runs of 8.4 seconds on the IBM 370-and 0.57 seconds

on the CRAY-1S.
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MILLER
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TEXAS A&M UNIVERSITY & SVERDRUP TECHNOLOGY,

59

“%%% ICEPERF %Xx
BY T.

PROPELLER ICING ANALYSIS PROGRAM

1.694064756

0.00031500
0.03876070

LAST UPDATE 2,/18/86
6.00207092 (DEG.)
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55.0716399¢4

-0.00030209
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-6.00207092

1.00000000
(ACJI+I % B(J)),J

0.3

R/R
1.00000046

BRAGG CORRELATION

0.28544382

XZC,YZC
0.31199614

0.900
EPSO (ANGLE OF ZERO-LIFT LINF)

2.649596794 % PI % SIN(CALPHA + EPSO0)

.

.
H

FOURIER COEFFICIENTS C(J)

CLARK-Y COORDINATES,
XZ17,YZ1T,XZIN,YZIN

ADVANCE RATIO
XS51,YS1

CH, TAU,KAPA
CENTROID
R,PHIT:

NEEL & BRIGHT DATA,
CL
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