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NOMENCLATURE
SYMBOL DESCRIPTION
A Area
Ac ‘ Accumulation parameter, Eg. (34)
B Bassett unsteady memory force
c Airfoil chord length
Cp Droplet drag coefficient
cad Airfoil drag coefficient
Cy Airfoil 1ift coefficient
Cm Airfoil moment coefficient
D Viscous drag force
E Total airfoil collection efficiency,
Eq. (28)
Fr Froude number, Eq. (6)
g Gravitational acceleration constant
h Airfoil projected height
K Inertia parameter, Eg. (5)
K Trajectory similarity parameter, Bg. (24)
Ko Modified inertia parameter, Eq. (14)
k Roughness height
4 Length of ice growth
M Mass of ice accretion
m Mass of water droplet

Ma Apparent mass force
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A A

Pressure gradient'force
Droplet Reynolds number, Eq. ({(7)

pirfoil surface radius of curvature, leading
edoe radius

Droplet free stream Keynolds number,
Eq. (12)

Effective radius of curvature, Eg. (38)
Rirfoil surface arc length

Air temperature

Time

Free stream velocity

Local tlowfield velocity
Cummulative volume percent
Horizontal and vertical coordinate
Airfoil angle of attack

Airfoil angle of attack when iced
Zero 1lift ancle of attack
Impingement efficiency, Eqg. (25)
Aporoximate drag law exponent
Droplet diameter

Angle between surface outer normal and
vertical

Dimensionless droplet position
Impingement angle
Liquid water content of the cloud

Ratio of droplet trajectory to Stokes law
trajectory, Eq. (15)



Subscripts
n
t

(o]

Absolute air viscosity
Air density
Droplet density

Nondimensional time

Angle between the droplet trajectory and outer
surface normal at impact

Angle between the droplet trajectory and the
vertical at impact

Model
Total conditions

Initial condition

Superscripts

Derivative with respect to nondimensional time

Vector noctation



I. INTRODUCTION

The scientific study of aircraft icing began in the
1920's when aircraft were first relied upon for dependable
transportation and national defense. Recently the
increased utiliy of general aviation aircraft and
helicopters has resulted in an increased potential for
uhfavorable encounters with ice. Advances in avionics has
made instrument navigation very reliable and sufficiently
inexpensive to enable this equipment to be within reach of
most general aviation aircraft.

The aerodynamic penalties associated with flight into
known icing conditions are well known; a sharp drag rise
and a reduction of maximum lift coefficient. However
avoiding icina by remaining on the ground when such
conditions are predicted results in an economic penalty of
loss of aircraft usefullness which is not easily accepted.
The physical processes involved in aircraft icing, and
therefore the solutions to the icing problem, are very
complex.

Aircraft icing occurs when an aircraft penetrates in
flight a cloud of small super cooled water droplets. A

portion of these droplets impinge upon the leading edges



of various aircraft components resulting in the growth or
accretion of ice. The accretion of ice and its effect on
the aircraft is a very difficult problem requiring the
expertise of many areas of science and engineering.
Hovever most of the problem falls into one of two
categories; thermodynamics or aerodynamics.

The thermodynamics of aircraft icing deals with the
process by which the droplets which impinge on the surface
change from the liquid to the solid phase. Two types of
ice accretions can be identified and these are depictea in
figure 1. Rime ice forms a relatively streamline shape
extending into the oncoming air, while glaze ice is
characterized by the double horned shape. Table 1
summarizes the conditions under which each type of ice may

be expected.

TABLE 1 ICE FORMATION

Rime Glaze

Liquid Water Content Low High

Air Temperature lLow Near Freezing
Flight Velocity Low High
Freezing Fraction One Less Than One
Droplets Freeze On Impact Flow On Surface
Ice Color White, Opaque Clear

Ice Density < 1 gm/cc 1 gm/cc

Rime ice occurs at low air temperatures and at low liquid
water contents (the concentration of water droplets in the

free stream) and low flight speeds. In rime icing the



droplets freeze on impact and a good approximation to this
growth can be made by neglecting all thermodynamic effects
[1] . Glaze ice occurs at temperatures slightly below
freezing and at relatively high liquid water contents and
hiah flight velocities. An analysis of glaze ice
accretion must include the proper thermodynamic modelling.

Results of an aerodynamic wind tunnel test of a
simulated ice shape [2] are shown in figure 2. Large
increases in drag and a reduction in maximum lift
coefficient are shown for both types of ice. Iced
airfoils are difficult to analyze due to the severe
surface roughness and large zones of separated flow which
~result from the irregular shapes of the ice accretions.
Only empirical methods are currently available to predict
this deqradation in performance.

Two approaches to the aircraft icing problem are
available. The first method is to prevent the ice from
forming (ant-icing) or to remove it periodically (de-
icing) from the aircraft component. This requires the
design and installation of complex‘mechanical or thermal
systems. These systems are usually designed as an add-on
ér retrofit to an existing component. The second approach
is to design the component to eliminate or at least
minimize the adverse effects of ice accretion. Such a

component would not allow ice to accrete, or the ice



deposit would be of such a geometrical shape as not to
adversly affect the aeruivnamic performance. This method
has several advantages over a de-icing: or anti-icing
approach:

1) No external power requirements

2) Minimize cost of construction

3) Less maintenance required

4) No chance of system failure
While components whicﬁ are unaffected by ice may not be
feasible, reducing this adverse effect by proper
.aerodynamic design certainly is feasible. Such a design
wvould have the greatest impact on vehicles such as light
aircraft, remotely piloted vehicles (RPV'!s), and missles
where de-icing systems are often not desirable.

To design an airfoil or other aircraft component
which minimizes the effect of ice accretion, a method for
evaluating the iced airfoil performance must be
established. An experimental appr;ach to airfoil design
is both too expensive and too time consuming. Some other
means by which to design or analyze an iced airfoil must
be found, reserving wind tunnel tests for final
evaluation. One possible method would be an empirical
approach based on the results of experimental tests of
iced airfoils. However such a method has limited

potential and requires a vast data base. Empirical



methods are difficult to formulate, including all the
neceésary independent variables, and can not be used
accufately to extrapolate beyond the‘available data base.
An analytical approach does not suffer these limitations.
Properly formulated, this method will not only reproduce
existing experimental data, but can be used to evaluate
new airfoil designs. The theoretical model may also
generate new insight into the icing problem.

To be most useful an analytical method must be as
self containeda as possible. That is, not rely on
experimental results as input to the analysis. The
analysis must contain in addition to the aerodynamic
analysis, a model of the ice accretion process.‘ The only
inputs to the problem should be the atmospheric icing
environment and flight conditions of the airfoil. The
logical first step in such an analysis would be to
initially study only rime ice accretion. Here the
thermodynamics can be ignored and the droplet dyhamics and
aerodynamics can be emphasized. Rime ice is streamlined
in shape and conventional methods of aerodynamic analysis
for unseparated flows are applicable. Concentrating on
rimebice initially would provide insight into the probler
while alloving time for the further development of methods
for dealing with icing thermodynamics and the analysis of

separated flowvs.



While some aircraft icing areas such as
thermodynamics have received recent attention, the
analytical prediction of the aerodynamic performance of
iced airfoils has not been studied.. Little experimental
vork has been done since 1958 and no attempt has been made
to predict the performance degradation experienced by iced
airfoils since Gray's empirical method [3] of 1964. The
analytical prediction of the aerodynamic effects of ice
accretion on &airfoils is then an important gap in our
knowledge of the icing problem. In a joint NASA and FAA
workshop on aircraft icing held at Lewis Research Center
in 1978, the needs for new icing research were discussed.
In his presentation Milton A. Beheim stated [U4]

... a reneved effort on icing effects on
airfoils is needed - not so much to
refine ice protection systems as was done
in the early 1950's but to determine the
performance sensitivity to ice accretion
effects so that airfoil selections can be
made to avoid using a protection systenm
whenever possible. Particularly for
general aviation applications it may even
be possible to evolve new airfoil
geometries that minimize the
possibilities of ice accretion and its

. deleterious effects on performance.

This paper focuses upon the analytical treatment of
two dimensional airfoils exposed to a rire icing
environment. New aircraft technology has generated

requirements for an increased understanding of the icing

phenomena. This re-examination of the icing problem, this



time with the aid of hioh speed computers and modern
nunerical methods, promises the improvements in icing
technology necessary to increase the utilization of

general aviation aircraft and helicopters in adverse

weather.



II. REVIEW OF LITERATUKRE

The growth of ice on aircraft components results in a
decrease in performance and a saftev hazard which has been
the subject of scientific research for over fifty years.
Unfortunately most of this work was condﬁcted ih one ten
year period which was concluded almost twenty-five years
ago. O9Only now is there an atterpt to organize and
coordinate additional research. 1In an attempt to clarify
the progress made by early researchers, and document the
need to continue this work, this review of aircraft'icing
literature is presented in a historical perspective.

Farly researchers disagreed on the physical phenomena
responsible for ice accretion. This is quite evident in
the review of early work by Blecker [5] in 1932 and a
later Prench report [6] in 1938. Much of this early work
was performed in Germany and other Western Furopean
Countries. The U.S. made limited contributions to the
study of aircraft icing before 1940; probably the most
important being the development of mechanical de-icing
systems. These inflatable de-icing boots were designed
and built by the B. F. Goodrich Cospany and were installed

on aircraft begining in the 1930's. This same type of



systen is still in use togdavy.

A major step forward was made in 1940 with the first
mathematical formulation of water droplet trajectories.
G. 1. Taylor [7] déveloped the differential equation
governing droyplet trajectories for the special cases of
constant drag coefficient and Stokes law drag.
Calculations were performed and the appropriate similarity
parameters extracted for a few siméle cases. Taylor
suggested a scheme for the numerical solution of the
"equation for more complicated cases such as the flow about
an airfoil. 1This vork was continued by Glauret [8] who
performed the numerical solution of Taylor's equations by
hand calculation. Glauret furthered the work of Taylor by
combining droplet trajectories to determine the local mass
flux on ihe airfoil surface and the totél collection
efficiencies. |

The publicafion of icing research in the open
literature was discontinued during the war years of 1941
to 1945. However immediately after the war, perhaps due to
the need for all weather military aircraft made clear by
the war, icing research flourished until the mid 1950°*s.

After the Second World War the United States® National
Advisory Committee for RAeronautics, NACA, began an
ambitious program. The bulk of this work was conducted at

the NACA's Lewis Research Center from 1945 to 1955. The
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research was directeé toward defining the natural icing
environment, determining its effects on représentative
aircraft components, and designing techniques for ice
protection [4 ]. Great vrogress was made in understanding
the icing process and in protecting the aircraft from its
hazards. The classic reference in the area of droplet
trajectory calculations was published by Langmuir and
Blodgett [ 971 in 1946. Here the droplet trajectory
equation is presented for an arbitrary drag coefficient.
The entire prohlem of trajectory calculations is presented
in a form similar to that used today. Using a
differential analyser the droplet trajectory'about a
cylinder, sphere, and ribbon were solved numerically and
the collection efficiencies were presented for several
cases. In addition, the modified inertia parameter was
presented‘as & means to simplify the analysis by reducing
the imnertia parameter and the free stream Reynélds numnber
into a sinale dimensionless parameter.

This method of numerically determing droplet
impingement on aircraft components was used extensively by
the NACA in the late U4C's and early 50's. These .
researchers were greatly hampered by the lack of high
speed digital computers and numerical solutions for the
flow about an arbitrary body. As a result calculations

were often made about bodies for which the flowfield could
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be solved analytically. Droplet trajectories were
calculated about cylinders {10,11], spheres [12], and
Joukowski airfoils [ 13,14 ]J. Arbitrary airfoil sections
were first handled by Bergrun [15] using an empirical
approach based on droplet trajectories about Joukowski
airfoils. Brun,gallagher,and Vogt [16] used a vortex
substitution method to generate the flowfield about an
arbitrary airfoil. This appfoach required a wind tunnel
test to measure the surface velocities on the airfoil
before the vortex strenaths could be determined.

The method was used extensively by the NACA [17-19]
to analyze the droplet impingement characteristics of
airfoils. FExtensions of this analysis werevmade by
Serafini [20)] to a supersonic airfoil and by Dorsch and
Brun {21] to a swept wing. Droplet trajectory
calculations vwere also performed about axisymmetric bodies
[22-24] to simulate the nose of an aircraft or missle.
The trajectory calculations made by NACA researchers
proved to be very accurate and provided valuable insight
into aircraft icing, data for thé design of de-icing
systems, and guidance to the experimentalists.

Barly in the NACZ icing program an extensive study was
made of the natural icing environment. Numerous
experimental studies were performed to determine typical

combinations of cloud properties such as horizontal and
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vertical size, droplet diameter, liquid water content, and
air temperature experienced by aircraft. These data were
compiled and summarized in three reports [25-27] wvwhich
were ultimately used to compile the FAE Part 25 Appendix C
{287 icing envelope. This icing envelope is still in use
and defines the ranae of conditions over which any de-
icing system must function to obtain FAA certification.

Many experimental studies were conducted invthe NACA
six by nine foot icing tunnel located at NASE Lewis. One
important test program developea the dye-tracer technique
for exmerimentally obtaining impingement characteristics
of arbitary bodies [29]. In the dye-tracer technique a
body is confiqured with blotter paper and exposed to an
airstream containing a dyed-water spray cloud. The
blotter paver is then calorimetrically examined in order
to obtain local collection efficiencies, total collection
efficiencies, and maximum rearward extents of impingement.
This technique has been used on airfoils [30,31] and other
bodies [32,33] and provides.the only direct experimental
data for use iﬁ the verification of droplet trajectory
calculations.

Airfoil icing experiments conducted in the iCing wind
tunnel served two main objectives. These tests documented
the change in airfoil performance characteristics due to

ice accretion while also serving as test beds for new de-
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icing and anti-icing systems. 1In the first test [34,35)]
no quantitative measure was made of the ice growth,
Aerodynamic data was obtained from a heated wake survey
probe measuring the changes in drag, while lift and moment
coefficient changes were not measured. The tests were
primarily to evaluate the ice protection systems. Bowden
[36] in 1956 presented a fairly complete aercdynamic
evaluation of icing effects on a NACA 0011 airfoil. A six
component force balance system was used to enable the
measurement of changes inu l1lift, drag, and pitching moment.
As in earlier testse the documentation of the ice shares
from which the aerodynamic penalties resulted was only
described gualitatively.

The most complete airfoil icing analysis performed is
reported by Gray [1,37]. Here theoretical anc
experimental impingement efficiencies, ice shape
measurements, and an aerodynamic analysis was performed on
an NACA 653004 airfoil section. The experimental and
£heoretica1 impingement characteristics compared well for
some cases, but the failure of the predicted values in
some situations was not understood. Gray [34 ] presented
the first empirical relation to be used to predict the
changes in drag coefficient due to icing. This egquation
vas based on the NACA 658004 icing data and was good only

for this particular airfoil.
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In approximately 1958 icing research at ﬁhe NACR was
stopped. The advent of jet enagined aircraft reduced the
icing hazard and required thaf research efforts be shifted
to nevw areas. At its completion the NACA program had
provided good ice protection for the aircraft of the day.
Thé analytical prediction of impingement rates had begun,
but no methods for ice shape calculation or the resulting
airfoll perforrance degradation were developead.
Experimental results were confined to only a tew
specialized airfoils and had consisted primarily of ice
protection syétem evaluvation. Two compilations of NACA
data were publiched in 1964. Gray [3] compiled all the
iced airfoil drag data to expand his empirical equation
and Powden et. al. [ 38] presented an exhaustive summary of
existing aircraft icing technolwqyv.

Interest in aircraft icing research vas renewed in the
early seventies in Europe and Caﬁada. These studies have
been primarily involved with the thermodynamics of the ice
accretion process. Lozowski, Stallabrass, and Hearty [39]
in 1979 presented a summary ot thermodynamic modelling and
their current state-of-the-art approach. All of these
studies are hampered by the lack of good droplet
impingement methods. Resecarch has been conducted in
Western Europe in several areas which are summarized in

reference U40. Recent aerodynamic studies have been
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conducted in Sweden and the Soviet Union [2] to determine
experimentally the performance of iced airfoils.- Similar
tests conducted in the United States have in genmeral not
been published since they were conducted by manufacturers
for icing certification and not government sponsored. One
recent exception is the work by Wilder [41] from Boeing.
wilder presents the results of theoretical impingement
calculations, experimental ice shape correlations, and
iced airfoil tests. Unfortunately little information is
provided as to the analytical or experimental methods used
to obtaiﬂ these data.

Recognizing the need for an organized icing research
effort in the United States, NASA Lewis Research Center
established a program of icing research in 1980. The nasa
ﬁroqram includes a broad range of research objectives.

The evaluation of de-icing systems and anti-icing systems
[42) %as recently begun in the Lewis Icing Tunnel.
Analytical efforts include a three dimensional droplet
trajectory code [43], and preliminary results of this
dissertation [447]. Hopefully the need to apply current
technology to ‘the icing problem, as revealed by this
revievw of past research efforts, will be met by the

current NASA icing research program.
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I1I. THEORETICAL ARALYSIS

Before the aeroﬁynamié performance of an airfoil with
rime ice can hé dete;minea, the geometry of the ice
accretion must first be calculated. This section presents
the theoretical method for the prediction of rime ice
shapes which accrete on unprotected airfoils. Therefore
the first steyp in the theoretical analysis is to formulate
and analyze the equation governing the trajectory of a
single spherical particle in a moving fluid.

Trajectory Egquation

Rircraft rime icing occurs when super coocled water
droplets impact the leading edge of an aircraft component.
Thecse droplets have dlameters of 10 to 50 microns [ 28] and
experience Reynolds numbers low enough to ensure that the
particles remain spherical in shape [(43]. For rime icing
clouds the liquid water content which exists rarely
exceedes 2.0 grams of water per cubic meter of air. Due
to this low concentration of wéter droplets in the free
stream, the flow may be considered uncoupled [45] and the
influence of the droplet on the flowfield ignored.

By applying Newton's Second Law, F=ma, to the

particle, the governing equation can be derived. This
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equation has been presented by Soo [46] and Rudinger [47]

as
a2z = = = o= |
m(—EY =D+ P +M_ + B + m§ (n
(dt2> 4

This equation may be significantly reduced for the present
application. For a water droplet moving in air the
density of the particle is much greater than that of the
-fluid. Therefore, the pressure gradient tern, 5, and, Eg,
the apparent mass term may be neglected [46,47]. The
fourth term in equation (1), E, represents the Bassett
force. This term accounts for the deviation of the flow
pattern around the particle from that of steady state and
represents the effect of the history of the motion on the
instantaneous force [47]. This term is significant if the
particle density is of the same order as that of the
fluid, or if the particle experiences large accelerations.
Droplets can experience large accelerétions vhen in the
leading edge region of an airfoil. ©Norment [43], using
the work of Keim (48] and Crow [49], has shown that for
the icing problem the accelerations experienced by the
droplets are not large enough for the Bassett term to be
significant. Therefore the Bassett term, E, can also be

dropped from the analysis. With these assumptions, egq.

(1) reduvces to

2-
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For the small water‘droplets considered in the icing
problem, and for fhe small time sc&les involved, the
gravity or settling term may in general be dropped from
the analysis. vHowever, it will be retained here to allow
a more general application of the method. The viscous
drag term, D, can be expressed in the conventional manner
as ,

=1%o cps|a- | (a- &)
Where S is the cross sectional area of the sphere and )
the drag coefficient derived from experimentalvresults,
Note that here the drag is evaluated using the slip
velocity, that is the velocity between the droplet and fhe
local airstream. Substituting in for the drag and

dividing through by the'mass,'eq. {2) becomes

9. .
d 3 Cpi- dx|{- _d&\, s
— = - —|lu- = u-—\+ : 3)
dt 4 l dtl( ) g (
Nondimensionalizing eq. (3) yields

;:l CDR"..‘ 1
n K(——un>+?.2&

4
24 g (4

which is the governing eguation for a droplet trajectory.
The nondimensionalization was performed with respect to
the characteristic velocity, U, the free stream velocity,
and fhe characteristic 1eﬁgth, ¢, the airfoil chorgd.

Dif ferentiation is with respect to nondimensional time, T,
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wvhere 1 = Ot/c.

In eq. (4) tvwo dimensionless parameters occur. The

inertia parameter,K, is

(5)
18cu

and is essentially a nondimensional particle mass. The

second parameter, Fr, is the Froude number

F.=

L (6)

N3

which is the ratio of inertia to gravitational forces. A
third similarity parameter appears due to the form of the
CdrR/24 term in eq. (4).

The drag coefficient of a sphere in a non-accelerating
stream has been measured as a function of Reynolds number
by many researchers. Sphere drag is also in general a
function of particle Mach number. However, for rime icing
which occurs at low flight velocities, the particle Mach
numbers are low and the compressibility effects on.sphere
drag are not significant. Here Reynolds number is based
on droplet diameter and the relative velocity between the

.stream and the particle. Reynolds number as used here is

given by

R = o8| &-1i]

u (7

A standard drag curve has been established from these
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results and is presented in Schlichting [50]. Por low
Reynolds numbers the well known classical Stokes solution

for sphere drag is

N

c= 24
D gr
However this theoretical result is for creeping motion and
is not valid for the higher Reynolds numbers experienced
by icing droplets. Stokes drag law is however a limiting
case used to establish empirical fits to the standard
sphere drac curve good for higher Reynolds numbers.
Langmuir [9 ] presented one of the earliest empirical fits
of the standard sphere drag curve given by

CR

—£;== 1+ 0.197R%-83 4 2.6 x 107%g!-38 (8)
This equation provides good drag coefficients up to a
Reynolds number of 1000. A somewhat simpler form proposed
independently by Klyacho [51] in 1934 and Putnam [52] in
191 is |

EE§= 1+ 1 r%/3 (9)
24 6

Both eq. (8) and (9) represent good £its to the
experimental results as do several other similar equations
proposed by other researchers. The standard drag curve,
Stokes law, eq. (8), eq. (9), and the recent and more

accurate measurements of Beard and Pruppacher [ 53] are



21

compared in Table 2.

Table 2 Comparison of Particle Drag Coefficients, Cp

, Beard and
R std Stokes Fg. (8) Fa. (9) Pruppacher
0.01 2u400. 2400. 2u426. 2420.
0.1 243, 240. 251. 249, 242.7
1. 26.9 24.0 24.5 28.0 - 26.45
10. 4.33 2.40 4.43 4.26 4.149
100. 1.09 0.24 1.4 1.10 1.073
500. 0.5¢€8 p.ous8 0.588 0.552

1000. 0.469 0.024 0.477 0.424

The empirical fits for the sphere drag coefficient

including equations (8) and (9) are of the general form
L - 7% c.r'L (10)

Using eq. (7) for R, eq. (10) can be written as
ChR N .
D L - - »

24 i=1

where Ry is the free stream droplet Reynolds number

8

Therefore, since the droplet drag coefficient can be
expressed in the form of eq. (11), the Stokes parameter,
Cdr/24, appearing in eqg. (4), yields the additional
similarity parameter Ry, the free stream droplet Reynolds
nunber.

The trajectory of a liguid droplet, for the rime icing
problem, has been shown to be governed by the differential

equation (4). Eq. (4) contains the three similarity
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parameters Ry, K, and Fr. In the next section RU and K
are combined into a single parameter which greafly
simplifies the analysis. The flowfield which enters
equation {(4) as u, will also be discussed in a later
section.

Trajectory Similarity Analysis

In the derivation and discussion of eq. (4) it has
been shown that the droplet trajectory, ignoring the
flowfield, is a function only of the three similarity
parameters Ry, K, and Fr, and the initial droplet
conditioﬁs. To simplify this analysis the Froude number,
Fr, will be dropped, since it can be shown to be
negqligible for the rime icing problem. The scaling of the
gravity force and other terms in egq. (1) will be discussed

later. Nealecting the gravity term egq. (4) becomes

ChR . :
2 D - =

Now the trajectory depends only on B and K, assuming the
initial conditions in nondimensional form are constant.
The identification of the proper similarity parameters
for a problem is very important. Not only do the
pérameters simplify the analysis, but they also aid in the
presentation of experimental and numerical data, and serve
as scaling parameters in the design of scale model tests.

For aircraft icing scale model tests, using Ry and K to
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establish test conditions violates other similarity
parameters. For example, often only the model speed and

droplet diameter can be varied. Holding RU and K constant

then requires that

o =(B) 6 and Uy =(-a°-m)u

As a result, for small scale models the test velocities
are very large and violate the Mach number scaling of the
flowfiéld. Similar problems in the scaling of drops in
aircraft wakes have been reported by Ormshee and Bragg
[54]. Recent icing tests by a Svedish-Soviet research
group [2] chose to ignore the Reynolds number scaling and
hold only'the irertie parameter constant in an attempt to
avoid this problen.

Methods are available to alleviate this scaling
problgm by reducing the number of similarity parameters.
Combining the similarity parameters Ry and K into one
parameter would also greatly simplify data presentation.
The first attempt to combine RU and K was made by Langmuir
vhen he presented the modified inertia parameter, K, .
This parameter will be discussed here and a new derivation
presented which for the first time yields an analytical
solution. In addition, a method is presented which is

much simpler to use, and in many cases more accurate.
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Modified Inertia Parameter : The modified inertia

parameter, K,, was presented by Langmuir (9] in 19“6 to be
used to present aircraft icing data. In fact, this
parameter is still in wide use in the aircraft icing
community athough no theoretical proof of its validity is
available (38]. Currently no ciosed form solution for the
parameter exists‘and a graphical technigue or curve fit to
the numerically generated déta is used. Here the Ko
parameter will be derived from the governing differential
equation and a closed farm solution obtained.

The modified inertia parameter, K is defined as

o’

K, = K(.}.) (14)

s

where K is the inertia parameter and \/)g is the ratio of
the trajectory of a droplet invstill air, with an initial
Reynolds number of Ry and gravity pneglected, divided by
the same trajectory of the droplet if the drag is assumed
to obey Stokes law. So KO combines K and Ryj inﬁo a single
parameter since A/AS is a function of Ry alone. Langmuir
showed that A/ Ag is given by

A _ 1 AU ar

24
Using the standard sphere drag curve for CdR/24, Langmuir

performed this integration numerically to generate X /\g as

a function of Ry which is still in use today.
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By using the differential eg. (13) we can examine
more carefully the origin of Langmuir's K, paraﬁeter. It
is not clear from reference 9 if Langmuir derived K, in
this way, but the basic relationship between K, and the
governing differential equation was suggested in 19852 in

reference 55.

By rearranging eg. (13), it becomes
——-——-K -
(:_:QR ’ﬁ =(u--ﬁ) (16)
24
Here CA4R/28 is a complex function of R, with kK varying

along the particle trajectory. If some suitable average
of the term on the left hand side of eq. (16) could be
found, the RU and K parameters can be combined into a
single similarity parameter. Assume that the particle
experiences Reynolds numbers from zero to R, the value
based on the free stream velocity. Then averaging this

term yields R

K U drR
% =% [ ox
U D

o =
24

The modified inertia parameter is merely the average value

(1

of the single coefficient which appears in the droplet
trajectory equation (16). Ko is not an exact similarity
parameter, but does have valid theoretical justification
as it is a straightforward simplification of the governing

particle trajectory equation. The modified inertia
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parameter provides good data correlation, provided the
range of Reynolds numbers experienced is consistent with
the range zero to RU.

A closed form solution for K, can be found if an
integrable form of the droplet drag coefficient is used in
eq. (8’. Putnam [52] and Klyacho [51] developed such an

equation valid up to a Reynolds number of 1000 as

— _ 141 R2/3 (18)

Following the work of Putnam, and after considerable

integration and algyebra, a closed form of K, is given as
-2/ nl/3
Ko = 18K [RUZ/ 3 46 RﬁlTan'l(‘j_EI.J_ )] (19)
6

This equation is within one percent of Lanamuir's
calculated values until Ry @approaches 1000 where
Langmuir®*s values deviate from those of eq. (19). This is
due in part to the different droplet dfag values used,

eq. (3) and (18), and probably some accumulation of error
in the numerical procedure.

The lover limit of eg. (19) can be used to check the
derivation of Ko. By definition Ko must approach the
inertia parameter for small values of the Reynolds number
wvhere the particle drag is essentially governed by Stokes
lav. By expanding the inverse tangent function and taking

the limit as BU approaches zero, e€q. {19) reduces as
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expected to K, equals K. By examining eq. (19) as Ry

approaches infinity X, takes the form

= -2/3
K, = 18K Ry (20)

It is also interesting to compare the curve fit developed
by Stallabrass and Lozowski [ 39] for K, where

K = K
°©  140.0967 R[']6367

(21)

This cémpares well to eq. (19) ; note the similarity in the
1/RU'6367 term in eq (21 and the RU_' 3 expression in eq.
(19) .

The use of eq. (19) should improve the usefullness of
the existing icing data correlated with K. Eliminating
interpolation or curve fits to Langmuir's tabulated data
should also improve accuracy. Eq. (19) could be used to
reduce other droplet trajectory data, hovever, the
analysis to follow will result in a parameter which is
easier to use and more accurate and versatile than the Kq

parameter.

Trajectory Scaling Parameter : An alternative

approach can be taken to simplify ‘the single coefficent
appearing in the trajectory eq. (16). Instead of assuming
that C4R/24 is a constant, as was done to derive K,, here

assume that

CDR

—= crY (22)
24 CR
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which is the first term of the general equation (10).

This appears as a straighf line on the log-log plot of
Cdr/24 vs. R, figure 3. A similar apgroximation has been
made before by Ormsbee and Bragg [54,56] and by Armand et.
al. [57] to scale droplet trajectories.“The trajectory

equation becomes
= (CRN\ _ -y -
7 =(— Yo-7] (@-7) (23)

Now define the trajectory similarity parameter, K, as
R = K

CRUY (24)

vhere the coefficient in eq. (23) has been inverted to

follow the convention established by the modified inertia

parameter.

The appearance of the |u - %‘Yterm in eq. (21)
simplifies the use of this parameter while decreasing the
expected increase in accuracy over the Ko parameter.

Since a Yy occurs outside of the K term, C and Y cannot in
géneral be functions of RU' but must be chosen from a
Single best fit of Cdr/24 = CﬁY over the entire.range of
Réynolds numbers to be experienced by all particles under
consideration. Then after C and Yy have been chosen for a
particular application, a simple parameter combining X and

RU is available to be used for data presentation or

establishing scale model test conditions. Note that if
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the gravity term need be included, this requires only that

the Froude number, Pr, also be considered in addition to

A careful analysis of the modified inertia parameter,
Koe and the trajectory scaling parameter, K, shows that
the two parameters are related. If the approximate drag

law of eq. (22) is assumed and used in eq. (17) the result

K =

K
o Y

C (1-v) Ry
For this special case then K, differs from K by only a
constant. While the general form of K, given by egq. (19)
is more complicated, it too can be seen to be in a
functional form similar to that of K. Taking the limit of
both K, and K as Ry approaches zero yields just K in both

instances. As RU approaches infinity the limit of Ko is

- -2
K, = 18KR72/3

as given earlier in eg. (20). This is exactly eq. (22)
for K if Y= -2/3 and 1. = 18. Therefore it has been

shown that K, and K are the same within a constant if a
simple drag law is assumed in deriving K,. So K, and K
are certainly closely related but do vary slightly in

their working range.
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A method for selectinq the v to be used in the K
parameter must be determined. The selection of a Y
depends on the range of Reynolds numbers to be experienced
by the particles during their trajectories. Since a Y.
term occurs in the differential equation outside the K
term (see eq. 23) only one Y may be selected for each
application of K. So for a scaling application a
different Y mav be selected for each particle considered,
however, when K is used to present data, an average value
of ¥ must be used which is good over all possible particle
trajectories to be presented. The value of the constant C
appearing in the K parameter has no effect on the use of
the term and is considered to be equal to one for
convenience.

Before Y can be determined the Reynolds number range
experienced by a rime icing particle must be estimated.
The super cooled water droplets are assumed to be at rest
with respect to the atmosphere initially, and therefore
the lower bound on the Reynolds number rande is zero. The
droplet experiences its maximum Revnolds number when it is
in the immediate proximity of thelairfoil leading edge
vhere the velocitv gradients, and therefore the relative
velocity between the drop and the fluid, are large. In
figure 4 the Reynolds numbers experienced by droplets
along their»trajectory is shown. This information was

generated using the computer code described in Section IV.

-
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The droplets were started five chords in front of a
typical general aviation airfoil operating at a cruise
conditioh.. Note that all the particles experience
Reynolds numbérs in the Stokes law range for the first
nintey percent ot their trajectories. Only as the
droplets apnroach the body do the Reynolds numbers
increase dramatically. This analysis has shown that the
droplets usually experience maximum Reynolds mumbers of
less than one-half Ry.

Using this information on the typical Reynolds number
range along with figure 5 a value of Y can be determined.
Figure 5 summarizes the results of a least squares fit
program which calculates the value of 7Y which provides the
best fit of the approximate sphere drac expression of eq.
(22) to the standard sphere drag curve. The fit is
performed from a Reynolds number of zero to R. It has
been found that for the aircraft icing problem a Y of 0.35
represents a good averadge value to be used for preliminary
scaling calculations and for data presentation. To select
a Y to use in scaling a particulaf droplet, the average
value of R for the full scale and scaled particle is
found and then figure 5 can be used to determine Y. 1In
general this is an iterative procedure, but by using
Y = 0.35 to select the initial scaled Ry it converges

rapidly; usually the first step is sufficiently accurate.
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A systematic procedure has been presented to reduce by
one the number of similarity parameters governing this
class of particle trajectories. The method of Langmuir,
previously little undersﬁood, has been derived from the
governinag diflerential equation and a closed form solution
has been presented. This result should clarify the
theoretical basis for the modified inertia parameter and
make the existing data correlated using K, easier to
interrpret.

3 new dimensionless namber, g, the trajectory scaling
parameter is derived. This parameter is more accurate and
versatile than the modified inertia parameter. The
tra jectory scaling pérameter may be used to simplify any
trajectory analysis. A1l that is reguired is the
determination of the exponent, vy , in the approximate drag
law used in deriving K. The exponent may be found by the

following procedure:

1) Determine the range of Keynolds numbers
experienced by the class of particles for
which the K parameter is to be used.

2) By using a least squares or other best fit
scheme, determine the Y for which the
approximate drag law best fits the standard
drag curve in the Reynolds number range
of interest.

Experimental and numerical results in support of the X

parameter, and a comparison of Ko and K will be presented

in Section VI.
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Flowfield

To calculate the trejectory of a particle in the
vicinity of an airfoil the detailed flowfield must first
be determined. The dimensionless flowfield velocity
appears in the differential equation (4) as u, and also in
the 3evnolds number, K. The effect of a compressible
flowfield on watexr droplet trajectories has been studied
[10] and found to be negligible for cases up to the
critical Mach number. In addition, the viscous effects
near the leading edge of an airfoil are confined to a very
thin boundary layer. Since for most applications the
water droplets only impact the airfoil near the leading
edge, the effects of the viscous region near the airfoil
are assumed negligible. 1t is therefore sufficient for
this purpése to describe the flowfield about the airfoil
by an inviscid, incompressible, potential flow solution.

Both singularity and conformal wmapping methods are
currently in use for predicting the flowfield about an
airfoil. Both methods were used in some form by the NACA
to make droplet calculations ip the 1950's. This present
analysis uses a modified version of a transformatidn
scheme for arbitrary airfoils first presented by
Theodorsen [58,58]. This method as formulated by Woan
[60], replaces the Joukowski transformation used by

Theodorsen for the first step by a Karman-Trefftz
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transformation. This provides a better near circle for
airfoils.with finite trailing edge angles. The second
important feature of this method is 1in the sclution for
the exact circle. For-most arplications only the velocity
on the airfoil surface is desired. To obtain only the
surface velocities a simplified approach is available
which eliminates the need to calculate all the
coefficients in the complex Fourier series which
transforms the near circle to an exact circle. However,
the Fourier coefficients are needed to determine the
velocity in the flowfield at some point not on thé
airfoil. The analysis of Woan provides for the
determination of sufficient Fourier coefficients to solve
for the entire flowfield.

The Theodorsen method has been criticized in the past
for failing to reproduce the flowfield accurately,
particularly in the vicinity of the leading edge. It now
appears that this was a characteristic of early numerical
schemes and not of the method itself. The velocity
distribution computed about a typical general aviation
airfoil by this method is compared to the sophisticated
singularity method of Ekppler [61] in figure 6. Only the
leading edge region is shown where the calculated velocity
distributions are practically identical. The comparison

of the surface velocities over the rest of the airfoil is
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also excellent. This demonstrates the validity of the
Theodorsen flowfield code.

The method provides an accurate velocity anywhere in
the flowfield. This information is used in the solution
of eq. (#). 1n addition this method has proven to be very
successful in handling leading edge shapes reguired later
in the analvsis.

Droplet Impingement Parameter

By analyzinag the information gathered from several
droplet trajectory calculations much useful information
can be extrapolated. Glauert [8] first combined droplet
trajectories to determine the mass of water strikinag a
circular cyvlinder as a function of theta, the angle
measured from the stagnation point. Langmuir {9] extended
Glauert's analvsis to determine the mass striking an
arbitrary bodvy as a function of S, the arc length along
the surface. The analysis presented here will follow that
of Langmeir with some extensions, particularly in the area
of clouds containing distributions of droplet sizes.

Assuming the drorlet trajectory inftformation is
available, the first step is the calculation of B, the
impingement efficiency. The impingement efficiency is a
dimensionless mass flux of the material impinging at a
particular point on the airfoil surface. B is

nondimensionalized with respect to the mass flux in the
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free stream. An impingement efficiency of one is just
that in the free stream, or it is the dimensionless mass
flux on an imaginary flat plate, which does not alter the
free stream flow, placed perpendicular to the free strean.

The impingement efficiency on an airfoil surface can
be deduced from figure 7. “The positién on the airfoil
surface is given by §, the arc length along the suiface
measured from the leading edge. S is measured in chords
and is positive on the upper surface and negative on ﬁhe
lower surface. The vertical position, dimensionless with
c, in a plane perpendicular to the free stream is given by
vyo. The mass of vater aroplets between the two particle
trajectories a distance 6yo apart in the free stream is
distributed over a length éS on.the airfoil surface. As
the length §S approaches zero, the local impingement

efficiency becones

ds (25)

Note that in the free stream Sx) equals &S so that
B8 = 1 as required. B can nov be calculated by taking the
derivaiive of the Y, s a function of S curve derived from
individual droplet trajectory calculations.

The total mass flow rate of water caught per unit

span by the airfoil is then given by

S
M=Ur [ U pds ”
~ (26)
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Here the limits SU and SL are, respectively, the maximunm
limits of droplet impingement on the airfoil upper and
lover surfaces. B8y substituting eg. (25) for B in eq.

(26) , M becomes

The total mass collected by the airfoil then depends on
AY,s the distance in the free stream between the upper
and lower tangent‘trajectories, figure 7. It is
convenient to define an overall collection efficiemncy, E,
to evaluate and compare the impingement or catch rates of
various airfoils. The collection efficiency is defined by
the rate of mass caught divided by that of the free stream

E = Ay o
h

(28)
Here h can have two different values. Some researchers
take h as the maximum airfoil thickness to chord ratio,
while others use the maximum projected frontal height,
which is a function of angle of attack. This paper uses
the later definition unless otherwise specified.

The preceding discussion describes the calculation of g8
where the icing cloud contains only a single droplet size.
In general clouds contain a distribution of particle sizes

about some volume mean diameter,_VHD. To represent the

total impingement efficiency, Bt,for a point on the
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airfoil including the particle size distribution effect,
the eéuation is
Smax
By (S) =f B (a,s)(%)da (29)
Smin :

Here B(8,S) is the impingement efficiency at a point S on
the airfoil surface due to a particle size §. Langmuir
[9] has defined four particle size distributions about the
VHMD which are fairly representative of actual icing
clouds. The distributions are defined by Vv, the
cummulative volume of water in the cloud, as a function of §,
the droplet diameter. The (dVv/d8§) term in eq. (29) is the
derivative of this curve and is a function of only §.
Considering the entire range of droplet sizes also
complicates the calculation of the total mass and

collection efficiency. the total mass Dbecomes

S 8
U
M. = UreS Sf max B(S,S)(g%)dcsds (30)
5L Omin d
and the collection etfficiency is
. Smax
= dv
Ee = f AYo(“-‘)(&)“ (3N
omin

Here Ay,(S8) is the difference in the Yy, values in the free
stream between the tangent trajectories for a particle of

size §. The value Ay, (8) can be determined directly from

the analysis or is given by

St
b0 (6)- [ 8le.5) ds (32)

Su
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The impingement efficiency, 8, and as a result the
total mass caught, M4, and the collection efficiency, E,
can now be determined by combining the results of several
droplet trajectory calculations. PFor the rime ice case,
knowing B as a function of S and the free strean
conditions permits the prediction of an ice shape.

Ice Shape Calculation

Using the information provided by the 8 curve an ice
ghape can be predicted for the case of dry accfetion {rime
ice) . Glauret [8] recognized this relationship betweén
and the rime ice deposit. Hovwever he was only able to
give a pictorial representation of the shape by measuring
out from the surface a distance proportional (to an
arbitrary scale) to the local raté of droplet impingement.
Wilder [41] has calculated rime ice shapes assuming the
ice grows out normal to the airfoil surface, but has
ignored the local curvature of the airfoil surface. Hefe
the equation for ice growth will be derived including the
effect of surface curvature and an arbitfary direction of
ice growth.

Consider an area dA perpendicular to the free stream
velocity vectqr. The mass of water passing through this
area in a time At is

m = U)xAtpdA
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Note B is the collection efficiency on the surface dA.
The volume of ice, &'dl', represented by m is
Pice

Rearranging and nondimensionalizing &'by ¢
2 = A B ({33)

wvhere Ac is a new similarity parameter given as

A = UAat

c S (34)

Pice
The'aécumulation parameter can be interpretted as the
length of the ice growth in airfoil chords that woulgd
occur on an imaginary flat plate place perpendicular to
the free stream in a time At. Note that B= 1 on this
flat plate. The accumulation parameter governs the rime
icing process once a B curve has been determined. .It is
convenient to represent the cross sectional area of an ice
shape in terms of Bc using the expression

St

A= f AcBds
Sy '

Performing the integration the area becomes

A = ACAyO (35)

Since Ac and Ay, are both dimensionless, the area given by

eq. (35) has units of square chords.
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Nov using the concepts of accumulation parameter, Ac,
and local impingement efficiency, B, the ice shape can be
determined. Figure 8 shows the ice growth (cross-hatched)
on a smali segment of the curved airfoil surface 4S. Here ¢
is the assumed direction of ice growth and r' the
effective radius of curvature of the surface, (The
effective radius of curvature will be defined later.)

From geometry and noting that the ice area must eqﬁal Ac BdS,
2

g+ 2 _ AcB_ (36)
2r'  cos¢

This may be solved for g, and is the general expression
for the length of the rime ice accretion, for a given Ac,
at a point, S, on the airfoil surface. Here g, ¢, and r'
are all functions of S. Two special cases of eq. (36) are
of'particular importance.

"The first case is to allow the ice to grow out normai
to the surface. Here ¢ = 0 and r' is just r, the local
radius of curvature of the airfoil surface. Eq. (36) then

hecomes for normal growth
+ 2= = :
L o7 ACB (37)

Here a nonlinear term arises due to the radius of
curvature of the airfoil, r. This term has been dropped
by other researchers when calculating 2. This assumption

is justifiable for small values of Ac or for airfoils with
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a large leading edge radius. Note that when r is large,
eq. (37) shows that the length of the ice is just AcB.
The importance of the nonlinear term can easily be
evaluated by comparing the integrated area of the ice
shape to the exact area AcAy,.

A second wmode of ice growth has been suggested in
which the ice grows back out along the particle trajectory
{3931. In this case'l is directed along the tangent to the
particle trajectory and is given by eg. (36). Here ¢ is
the angle between the normal to the surface and the |
tangent to the incoming trajectory, figure 9. The r' in
eq. (36) is the equivalent radius of curvature. It is a
measure of the rate at which the trajectories are
converging or diverging as they intersect the airfoil

surface and is given by

et = - 48 (38)

dy
Here S is the arc lencth along the surface and the
direction of growth Y is as shown in figure 9. It is not
unusual for r' to be negative for tangent ice growth.
This occurs when two adjacent trajectories are diverging
as they intersect the airfoil. In this case ¢ will be
imaginary for Ac larger than some critical value and this
limits the amount of ice growth that can be predicted in a

single step.
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Two modes of ice growth, normal and tangent, have been
discussed in relation to the solution eg. (36). However
eg. (36) can be used for any ice growth scheme if the
trajectory tangent in figure 9 is replaced by the assumed
direction of growth and r' and ¢ are determined
acco:dingly. No matter what schéme is used, after eq.
(36) is solved for £, it is easy to calculate the ice

shape by moving out from the airfoil surface a distance
in the ¥ direction.

Time Effects

As the ice accumulation builds on the leading edge of
an airfoil, the flowfield must slowly adjust to the new
boundary conditions imposed by the change in shape. This
change in the airfoil shape, and the resultinae change in
the flowfield, will naturally alter the impingement rates
on the surface. As the impingement rates change, the
shape of the resulting ice accretion will also change with
time. Therefore the ice accretion process is a function
of time, and must be modelled accordingly if accurate
analytical predictions are to be realized. The failure of
initial icing rate calculations [37], or shapes based on
them, to accurately predict the experimental results
reinforces‘the need to include time dependence in the
model. One method of modelling the effect of time is a

time-stepping approach. The time-stepping method assumes
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that tﬁe ice accretion can be broken down into a series of
steady state processes. The accuracy of the mephod is due
in part to the step size chosen.

The scheme used to perform the time stepping is itself
relatively straight forward. Yach time step can be broken
down into three parts:

1) The flowfield is generated

2) The B curve is calculated from the particle
tra jectories

3) An ice shape 1s generated
These steps are then repeated until the desired icing time
is reached. 1In practice the procedure may bhe very
difficult since lhe iced airfoil coordinates qenerated in
step 3 may be too "rough" to permit the calculation of a
flowfield. A scheme for smoothing these coordinates 1is
discussed in Section TV along with the numerical

formulation of the problen.
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IV. NUMERICAL FORMUOLATION

The theoretical analysis presented in Section Iil has
been programmed for commuter solution. This section
describes the numerical procedures and computer codes used
to predict the rime ice growth on airfoils. The solution
is formulated into three steps which utilize four computer
programs. The three steyps are:

1) Droplet trajectory calculation including
flowfield generation and the determination of
impingement rates :

2} Rime ice shape calculation

3) Iteration and coordinate smoothing

Step 1 contains two computer programs, while step 2 and 3
contain one each. A flowchart for the entire rime'ice
methodology is given in figure 10. Only the flowfield
code was not written especially for this study.

Droplet Tra jectory Calculation

To calculate the droplet trajectory requires the
numerical solution of eq. (4). Egq. (#) is solved in the
cartesian coordinate system shown in.figure 11. The x-y
axis is used for the trajectory calculation while the x*-

y' system is used in the flowfield code. All inputs and
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outputs to the trajectory code are in the x-y system. The
initial conditions needed to solve eq. (4) are the droplet
velocity and position in the free stream. The particle is
assumed to be travelling with the free stream at sone
finite distance in front of the airfoil, usually five
chord lenagths. The initial y coordinate is selected so
the particle either strikes or misses the airfoil as
desired.

Egq. (#) is a second order, nonlinear, ordinary
differential equation. Egquations of this type are
generally written in component form and reduced to first
order for numerical solution. This results in a system of
four simultaneous differential eguations which can be
solved by a step integration method. However this system
is stiff, and requires special numerical treatment for a
stable solution.

A stiff system has in its general solution eigenvalues
which may be orders of magnitude different in absolute
value and therefore each dominates the solution in
different regions. If not handled properly this leads to
unstable solutions [62]. This numerical formulation uses
a variable step size, predictor-corrector scheme suitable
for stiff systems by Gear [63,64]. When compared with the
Adams method on this system of equations, the stiff method

reduces the computation time by at least a factor of two.
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The system of differential equations can now be solved
if a local velocity vector, u, and‘a droplet drag law are
provided. The flowfield velocity calculation will be
discussed in detail in the next section. This program
calls a subroutine which provides the velocity at any
point (x,y) in the flowfield. Several droplet drag
equations are available as discussed in Section II1. This
program uses the drag law of Langmuir [9] given in eq.

(8) .

A trajectory calculation is terminated when the
particle strikes the airfoil surface or misses and moves
past the body. Polynomial fits to the trajectory and
airfoil surface are used to determine the exact impact
point, 6 as shown in figure 9, and the surface length S as
in figure 7. The tangent trajectories, figure 7, are
calculated using an extrapolation procedure based on the
impingement angle.

Using this method the program can supply the Ayo,and Yo =
Y, (S) needed to calculate the local and overall collection
efficiencies. All these calculations are controlled
internally by the computer program, by error limits input
by the user.

Fiqure 12 shows a typical y, versus S plot generated
by the program. The symbols are the results of actual

droplet trajectory calculations. These points are curve
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fit using a cubic spline which forces the slope to zero at
each end point. This scheme for spline fitting the y, vs
S curve must be modified for certain special cases. For ’
large values of K the airfoil upper or lower surface, o
depending on the angle of attack, may collect ice all the
way to the trailing edge. 1In this case B does not equal
zero at this limit of impingement and therefor the second
derivative, rather than the first, is set equal to zero at
this endpoint.
Another special casé results when an area of the
airfoil; between the maximun 1imi;s of impincement,
collects no ice. This results in a discontinuous y, vs S
curve. In this case the curve is fit in two pieces which
are connected by a region of zero impingement, B= 0.
This second case occurs on airfoils with cusps, such as
the NRCA six series airfoils. Here the most forward
region of the cusp may collect no ice for large K's and
high o's, while the aft segment does collect ice. This
may also occur near the leading edge when time stepping
leads té a concave region in the ice shape.
The spline fit is then used to calculate the local
impingement efficiency, 8, which is the slope of the a
curve, figure 13. The B distribution and airfoil geometry
are stored on disc to be used for the ice shape

calculation.



49

Flowfield

The flowfield velocities required for the solution of
eqg. (4) are generated using the Theodorsen method. A
modified version of the flowfield code by Woan [60] is run
once and the transformation results are stored on disc.
Input to the flowfield code are the airfoil coordinates in
the x'-y' coordinate system, fiqure 11. The droplet
trajectory code reads in the results of the
transformation.

When the velocity at any x-y point‘is required, the
velocity subroutine in the droplet trajectory code first
must rotate to the x'-y?* system, then transform the x*-y°?
point to the circle plane of the transformation. The
transformation to the circle plane is nonlinear and
therefore a Newton-Raphson iterative technique is used.
Once in the circle plane the velocity calculation is
straightforward. Note that this method calculétes the
velocity from the transformation a£ each point required by
the step integration differential equation solver; a
matrix of stored velocities with an interpolation schene
is not used by this program.

A second program by Woan [60] is available to
calculate an inviscid Cy, Cm, and opg if desired. This
program also generates a Cp plot which is useful in

ensuring smooth airfoil coordinates.
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Ice Shape Calculation

Eq. (36) must be solved for 2 fo determine the rime
ice shape. The ice shape prediction code reads in B as a
function of S, 6 (see figure 9) as a function of S, and
the the airfoil coordinates from the disc file written by
the droplet trajectory code. The accumulation parameter,
Ac, is the only physical variable read in directly by the
program. Internally the program must calculate ¢, ¢,
and €, ficure 9, and either the surface radius of
curvature, r, or the effective radius of curvature, r', in
order to solve for £ and calculate the ice shape
coordinates.

For normal ice growth, eq. (37),Athe surface radius of
curvature, and the direction of the outer normal, €, are
needed ac a function of S. Both terms can be found from a
polynomial fit to the airfoil coordinates. For airfoils
with rough coordinates, ¢ is calculated at the droplet
impact points and € vs. S is fit ﬁsing a cubic spline.
from the cubic spline € and r (r = -4d5/d€ ) can be
calculated at any S location. This procedure provides
smoother values of € and r.

For non-normal ice growth, eq. (36), r*, ¢, and Y must
be determined. For the tangent case 6 is known at each
particle impact point and ¢ can be calculated from a

polynomial fit of the airfoil. Then Y ( ¥ = € + M/2 - 6 )
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versus S can be spline fit and r', eq. (38), Yy, and ¢ can
be found for any S location. The code allows for ice
growth directions other than normal, e, and tangent, y.

By redefining the angles y and ¢ to be measured with
respect to the assumed ice growth direction,instead of the
tra jectory tangent, the same method that was used for the
tangent case can be used here. Then the assumed ice
growth direction ¥ can be chosen arbitrarily.

With £ and the direction of growth determined, each
airfoil coordinate affected by the ice is recalculated.
This generates the iced airfoil coordinates. A
trapezoidal integration is used to determine the ice shape
area to be checked against the exact area, eg. (35) . The
original and iced airfoil coordinates are written on disc
for input to the next code.

Iteration and Smoothing

Airfoil analysis codes are in general very sensitive
to both the first and second derivatives of the airfoil
shape as provided by the input coordinates. After the
airfoil has been iced, the coordinates are often too rough
to run well in these prodrams. Existing airfoil
coordinate smoothing programs were not designed for, and
therefore can not handle the types of airfoil shapes that
result from the icing analysis. Therefore, a coordinate

smoothing program was written specifically for the icing
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problen.

The smoothing is accomplished by force fitting a

polynomial of the form [65]

Y = CgpXP + oY + ey xN 1+ L+ cx+c,  (39)

4

to both the upper and lower surface of the ice shape. The
exponent p is a fraction to allov the matching'of the
leading edge radius of the ice, and N is the order of the
polynomial. The desired first derivative is automatically
satisfied at the leading edge, and the function is forced
to match the slope of the airfoil surface just aft of the
ice accretion.

An additional smoothing routine is available when the
ice shape is not of the form of eq..(39). In this case
the ice shape is essentially smoothed by hand with the
help of an interactive computer graphics program. The
program displays the original airfoil leading edge and the
new iced airfoil shape. By using the cursors the iced
airfoil coordinates can be adjusted to provide the desired
smoothing and coordinate distribution.

When time-stepping an ice build-up the smoothing
program is available to generate iced airfoil coordinates
to be used in the flowfield code. Depending on the value
of the accumulation parameter, coordinate smoothing may or

may not be required for every time step. On the last time
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step smoothing may be required before the aerodynamic
analysis of the resulting iced airfoil can be

accomplished.
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V. AERODYNAMIC ANALYSIS

The most serious effects of ice formations on airfoils
are the reductions in maximum 1lift coefficient and a
significant rise in drag. Rime ice changes the airfoil
geometry and adds roughness to the airfoil. These two
effects are primarily responsible for the change in
airfoil performance due to rime ice. Existing airfoil
analvsis codes are able to analyze the iced airfoil shape,
but do not properly handle the roughness effects. As a
result, the effect of the change in airfoil shape and
surface roughness must be handled separately. The new
airfoil shape will be handled analytically, while the
roughness éffects vill be accounted for using empirically
based corrections.

Ice Shape Analysis

Rime ice accretions are streamlined in shape but do
not blend smoothly into the airfoil shape. 1In addition
the shape itself may not be "smooth" with respect to the
requirements for good airfoil leading edge geometries.
Due to the geometry of the ice shape severe adverse
pressure gradients occur in the leading edge regiomn.

These gradients trigger the formation of small zones of
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separated flow (separation bubbles) which at higher angles
of attack may lead to massive separation and stall. W®hile
surface roughness may also triggger premature stall, This
analysis assumes that the reduction in maximum 1lift
coefficient of iced airfoils is due to the change in
leading edge shape alone.

The.Eppler [61] airfoil analysis code is used to
predict the effect of the ice shape. The code uses a
sophisticated potential flowfield model of distributed
surface singularities with parabolic strengths on curved
surface panels. The version of the code used has been
modified to include the compressibility effects on the
potential flow. Under this potential flow an integral
boundary layer method is used to célculate the skin
friction. B roudhuness factor is ipcluded but its only
effect is to cause early transition from laminar to
turbulent flow. A special feature of the program is an
approximate calculation of the maximum 1lift coefficient.
The 1ift is calculated by using the two dimensional 1lift
curve slope and a corrected absolute angle of attack. The
correction reduces the angle of attack based on the size
of the separated zone.

The airfoil analysis program is used to analyze both
the original airfoil and the airfoil with the rime ice

shape. The program provides the 1ift, drag, and pitching
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moment coefficients for both cases as well as detailed
pressure distributions. The drag prediction for the ice
shape must still be corrected for roughness effects.
Roughness Effects

The roughness caused by rime icing is large compared
to the boundary layer thickness. This roughness not only
increases the local skin friction, but it can remove a
considerable amount of kinetic energy from the boundary
layer. This increases the skin friction drag and adds
precssure drag due to the base drag of the roughness
elements and the reduction in pressure recovery due to the
thickening of the boundary layer [2). This reduction in
pressure recovery can lead to premature stall due to
boundary layer separation at lower than expected angles of
attack.

In a recent paper Brumby [66] has compiled the
existing data on the effect of roughness on maximum lift
coefficient. This summary is shown in fiqure 14. The
data shows the rather dramatic reduction in maximum 1lift
due to relatively moderate levels of roughness. Also
presented in Brumby's paper is a good discussion of the
operational aspects of wing surface roughness. Although
figure 13 will not be used directly in this analysis, it

does provide a good check on the analytical results.
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6ray [ 3] presented an empirical correlation to predict

draa increments éue to airfoil icing.

20q =[8.7 x 10'52(:9}}\@&,((324)0'3](1 +6{(1 +

1
2.52r0-1 sin® 12u)sin2[543\/3f<_i) /3 a1 (40)
o \32-T

1 1 .
+ 65.3 oo ——= )] Q175544
<1.35@1 1.35“)] . o 11“}>

This equation was, however, developed primarily for the
glaze ice case which was felt to be the more serious
problem. The correlation is linear with time which does
not accurately represent the rime data. Therefore a nev
correlation is needed which is developed specifically for
the rime ice case.

The amount of gocd data available for the draa of
airfoils with rime ice is very limited. Therefore the
problem was formulated to take advantage of the dafa on
airfoils with leading edge roughngss. (When good iced
airfoil draag data is available, this correlation could be
easily modified to include this new information.) Figure
15 shows the draa increase versus ice accumulation (a
function of time) for both glaze and rime conditions [36].
Note that the increase in drag for the glaze case is
approximately linear as predicted by Grav's eq. (40).
However €for the rime case, the drag increases rapidly at

first, then levels off and increases linearly at a reduced
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rate. This analysis, as shown by the dotted line, ignores
the initial rapid increase and matches the linear section
assuming a step increase in drag as soon as icing begins.

The intercept of the linear drag lavw proposed can be
ohbtained from figure 16. These empirical curves were
obtained from published experimental results on airfoils
with leading edge roughness. Note that different types or
families of airfoils are affected differently by
roughness. These differences are due primarily to the
amount of laminar flow the clean airfoil experiences.
Gray allowed for this change by including terms based on
the airfoil leading edge radius. Given a particular
airfoil, figure 16 can be used to estimate the step drag
rise. A value of k/c = 0.001 is representative of the
initial roughness of the ice.

With the constant term in the proposed drag
correlation determined, the form of the time dependent
term must be developed. The independent variable must be
dimensionless to remove the scale effect. PFor example,
two airfoils of different chord lenaths which have the
same scaled ice accumulations should have the same
increase in drag. Representing the drag rise as a
function of ice accurulation would however give these tvwo
airfoils different drag increments. A better choice of

the independent variable is the dimensionless collection



59

parameter, AcF. This is just the cross sectional area of
the ice shape divided by the projected height of the
airfoil. Here the initial value of E from the theoretical
analysis is used and note Ac is linear with time.

Figure 17 shows some of the available rime ice data
plotted versus the collection parameter, AcE. Note that
for all the airfoils the slope of the curve is the same.
The predicted results shown on figure 17 use the values
from figure 16 for the AcE = 0 drag increments.

Expressing the results of figures 16 and 17 in equation

form

. ) .
ACq = .01[15.80 ln(z)+ 28000 ALE + I] (41
where T is the constant which depends on the airfoil type,

Table 3.

Table 3 Constants For The Drag Egquation

Airfoil Type Drag Constant, I Typical k/c
4 and 5 Digit 184 .001
63 Series 218 .001
64 Series 232 .001
65 Series 252 .001
66 Series : 290 ' 001

The new drag of the iced airfoil is then given by

C4; eq =(1.+ ACd) Cy

Note that in all cases ACd is based on the C3d for the
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hydraulically smooth airfoil at the given angle of attack.
This removes a possible source of error since all models
may have different roughness levels due to the
construction techniques or condition of the surface.

Analysis Procedure

The aerodynamic analysis can be summarized as:

1) Calculate the icing characteristics and rime ice
shape using the procedures described in Sections
III and IV

2) Use the airfoil code to analyze the clean
airfoil

3) use the airfoil code to analyze the smooth iced
airfoil to predict the change in maximum 1ift
coefficient

4) Use eg. (41 to correct the drag analysis for
roughness effects

Step 1 not only predicts the ice shape but the
collection efficiency, E, which is needed to determine the
drag in step 4. Next the clean airfoil performance is
analyzed to provide & baseline and also to generate the
value of Cd which tﬁe correlation of step 4 is based. The
smooth ice shape is then analyzed using the airfoil code
to determine the maximum lift and pitching moment.

Finally the empirical corrections are made to yield the
effect on drag due to the rime ice. This correlation
relies upon published data and the results of steps 1 and

2. This method for analyzing the aerodynamic effects of
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rime ice on airfoils uses the analytical methods which are
available or have been developed here, and supplements

these with empirical results vhen needed.
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VI RESULTS AND DISCUSSION

The purpose of this study was to develop an analytical
method to analvze the rime icing of airfoils. Therefore,
this section deals primarily with the validation of this
method. The analysis will be compared to other analytical
results and to the experimental data which are available
or were generated specifically for this validation. 1In
addition, limited use of the method has been made to
analyze the effects of certain parameters on icing rates.

Trajectory Analysis Validation

Langmuir [9] first formulated the droplet trajectory
equation for numerical solution on a differential
analyser. Several calculations were made for the case of
a circular cylinder, since this flowfield can be expressed
in closed form. Lanamuir's results were often used as
test cases for the NACA and other trajectory calculation
methods.

Table 4 is a summary of some of the analytical

predictions of icing rates on circular cylinders.
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Table 4 Comparison of The Present Method to That of
Langmuir [9] and Lozowski [67] for Cylinder
Icing Rates

Langmuir Lozowski Braag
Case No. 1 2 1 2 1 2
R . 600 100 600 100 600 100
K 18 0.5 18 0.5 18 0.5
vx 1.056 0.494 1.056 0.477 1.026 0.425
Vy 0.193 0.725 0.196 0.650 0.196 0.623
E 0.819 0.15¢ {0.814 0.170 0.812 0.155
Bmax 0.885 0.348 0.898 0.376 0.900 0.363
) 79.8 34,2 79.5 35.6 79.1 34.4

m

Included in the table are the results of Langmuir and
Blodgett [9], Lozowski and Oleskiw [67], and the present
method. The results of two test cases are shown. Here Vx
and Vy are the dimensionless velocity components of the
tangent trajectory particle as it strikes the cylinder. Bp.y
is the maximum impingement efficiency which for a circular
cylinder with no circulation occurs at 6= 0 degrees.
Here 6 is the angle which defines a point on the cylinder
with 6 = 0 being the forward stagnétion point. The limit
of impingement for the symmetric case is then emT

As indicated, all three methods aaree very well on the
first test case, table 4. The agreement is within one
percent on the value of F and 60p, vhile the values of Bp,y
are within two percent. Fovever for case two, while the
agreenent is Qood, there are some more significant

differences. Case 2 is a more severe test than Case 1
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since the value of K is almost 20 times smaller. This
srall value of K results in particles which are much more
affected by the flowfield and therefore their trajectories
are more difficult to calculate accurately. Here
Langmuir's method and the present method agree closely,
while Lozowski's calculations are about ten percent higher
in collection efficiency.

The source of the differences is not obvious. All
three methods use different equation solvers, drag laws,
and flowfield models. The allowable errors in the
numerical schemes may also be different. The present
method was run with the allowable error in E not to exceed
one percent. No error tolerances were reported by
Langmuir or Lozowski. The most likely explanation of the
difference in Lozowski's calculations is the drag law
chosen. Since these particles do have low inertia, a
small change in the assumed Cd could have a large effect
on the results.

Droplet trajectory calculations can also be compared
to early NACA results for impingement on a NACR 65A004
airfoil. PFigure 18 shows the early calculations [19]
compared to the present method for the airfoil at zero
degrees angle of attack. The comparison is gquite good
considering the errors involved in the early calculations.

Brun [ 17] estimates the error in B for the NACA method to



be about ten percent. This is due to the severe velocity
agradients arouhd the small leading edge radius and the
difficulty in curve fitting, and determining the slope of,
the y, versus S curve to get f. The present method
‘performs this calculation routinely to within one or two
percent.

Récently analytical results of airfoil droplet
impingement have been published by Lozowski and Oleskiw
[67]. Lozowski's general numerical scheme is the same as
ihe present analysis, while the details of the solution
varies in several areas. PFiqgure 19 is a comparison of
Lozowski's results and the present method for a NACA 0015
airfoil at eight degrees angle of attack. The results of
the two methods are in good agreement in all areas. The
limits of impingement, Bp.y , and the B curve itself are
practically identical. Lozowski's reported collection
efficiency of 0.501 seems high when compared to the two
curves aﬁd the value of 0.473 for the present method.

Figure 20 shows a similar comparison at a slightly
different condition. However here Lozowski [67] has
included the Eassett unsteady memory term which was -
dropped from the differential equation used in this
method. The comparison is still good, with Lozovski's
results showing more droplet impingement. The addition

greatly complicates the droplet trajectory calculation and
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results in only a small change in R. This correction is,
however, within the the error caused by the difficulty in
meaéuring the droplet size distribution in a cloud, and
also the error inherent in a sphere drag curve fit.

Limited experimental data is available for water
‘droplet impingement rates on airfoils [30]. These data
were taken using the dye tracer technique in the NACA
Icing Research Tunnel. Impingement data taken on a NACA
65-212 airfoil at four degqrees angle of attack are
compared to the theoretical results of this method in
figure 21. The comparison between the theoretical and
experimental results is quite good. The absolute value of B
from the experiment may not be accurate due to the
problems in the calibration of the free stream conditions.
llowever the limits of impingement and overall character of
the curves compare very well. It should be noted that in
the experiment the droplets were not of a single uniform
size as was assumed in the present calculation. This
point‘will be discussed in the next section.

The present method and computer code for calculating
droplet trajectories and ultimately impingement rates has
been compared to earlier works. Results from two very
early analvtical methods and a recent Canadian method
compare very well to the present results. These

comparisons were made on both airfoils and cylinders.
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Comparison of the present method to experimental results
ua§ also shown to be very good. The present method has
therefore been shdwn to be valid and yield very accurate
droplet impingement results.

VMD Apprdximation

Actual icing clouvds contain a distribution of water
droplet sizes. Figure 22 shows the resulting B curves for
droplets from 10 to 50 microns impinging on a NACA 0012
airfoil at an anale of attack of five degrees. The
trajectories of the smaller particles are dominated by the
drag term in the differential equation since the inertia
is small. The drorlets follov the streamlines more
closely and therefore fev‘impinqe on the leading edge.

For the larger droplets the inertia term dominates and a
large percentage of the particles impinge on the airfoil
leading edge. Note that the area under the B curve is
proportional to the total mass striking the airfoil,
therefore clouds of larger particles will increase the
mass of ice accreted.

Using the method of Section IiI and a Langmuir D
distribution of particle sizes, a 8 curve for the entire
cloud of nonuniform droplet sizes can be predicted, figure
23. Also depicted in fiqure 23 is the B curve for a single
droplet size, the volume median diameter, VMD. The V¥MD is

the droplet diameter for which half the volume of water in
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the cloud is made up of droplets larger than the VMD, and
haif the volume from droplets smaller than the VMD. ABAs
seen in the fiqure, the VMD B curve is a very good
approximation to the actual icing cloud results. The VMD
approximation slightly over predicts the B max and has
reduced maximum limits of impingement. However these
errors are acceptable in exchange for the reduction in
computer time. Ignoring the droplet size distribution
effects saves an order of magnitude in computer time by
reducing the number of droplet diameters which must be
run. In addition it eliminates completely the
calculations needed to combine this information into one
curve. Therefore, unless stated otherwise, all
impingement calculations presented here will use the VMD
aporoximation.
Scalipq Parameter Validation

The simplified similarity parameters K  and K have
been derived irn Section III. Both parameters conmbine Ry
and K into a single dimensionless quantity which greatly
simplifies the icina problem. These parameters can be
used to facilitate data presentation and to define test
conditions for scale model tests. Here experimental and
nunerical data are used to compare and evaluate the
nodified inertia parameter, K,, and the trajectory

similarity parameter, K.
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Historicéllv icing data has been presented usiﬁg the
modified inertia parameter. The deqree to which Ko
compresses this data to a single curve provides a measure
of the accuracy of the approximation. Fiqure 24 shows the
airfoil collection efficiency, E, for three different free
strean Reynolds numbers and for various values of K
plotted versus K,. The results are from an early NACR
analytical study [17] of a NACA 65A004 airfoil at‘four
degrees anagle of attack. The same data are plotted as a
function of K in figure 25. Here C is taken as one and
Y = 0.35 as discussed earlier. Bofh parameters reduce the
data toward a single curve, but the K parameter shbws
somewhat less deviation from the curve. 1t is not clear
from these results if the scatter in the data is caused by
the similarity parameter approximation, or if the error is
in the numerical results for E.

To attempt to resolve this uncertainty the preseant
droplet trajectory code was used to generate similar data.
Here a NACA 0012 airfoil at zero dégrees angle of attack
vas analyzed at three ditferent values.of Ry apd five
values of K. These results, plotted as a function of K,
.and ﬁ, are given.in figures 26 and 27, respectively. Here
hoth K, and X do an excellent job of reducing the data to
a single curve. This suggests that the scatter in figures

24 and 25 is error in the early numerical data, and not a
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reflection upon the accuracy éf K, and K.

Both the modified inrertia parameter and the trajectory
similarity vparameter simplify the droplet trajectory data
presentation. ﬁn additional numerical check on the
validity of the parameters can be made by comparing scaled
droplet impingement efficiency curves. The results of
using K, and K as scaling parameters for a one-sixth scale
model are shown in figqure 28. These curves were generated
using the method and computer code déscribed earlier.

For scaling droplet trajectories the K pafameter has a
definite edge over K since y may be optimized for each
droplet size (the VMD if a distribution is considered).
The procedure used for determing Y described earlier
yields a Y of 0.30 for the 15 micron full scale droplet
and 0.39 for the 30 micron size droplet size droplet. The

values of RU and K used as well as the droplet diameter,

are given in table 5.
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Table 5 Scaled Variables for Analytical Icing Test
Using K and K

Full Scale One-Sixth Scale Model

K Ko
§ ( um) 15.0 5.23 5.05
Ry 115.6 40.30 38.93
K 0.0393 0.0286 0.0267
s(um) 30.0 9.86 9.60
Ry 231.2 75.97 73.98

K 0.1572 0.1018 0.0966

Note that for this example it was assumed that only
the pérticle diameter would be changed to provide the
scaling. A1l other variables such as the aircraft
velocity, droplet density, air density, etc would be held
constant. This yields an equation for the droplét

diameter of 1

2-Y

(@

The important results of the scaling comparison of figure

28 are summarized in table 6.



72

Table 6 Results of The Droplet Trajectory Scaling

Comparison
Full Scale One-Sixth Scale
K K
0
§= 15 um
E 0.055%% 0.0557 0.0508
Bmax 0.332 0.331 0.323
§= 30 um
Bmax 0.568 0.563 0.563

While Ko does a reasonable job of reproducing the full
scale trajectories, the added flexibility in the K
parameter allows for an excellent trajectory scaling. No
experimental results are available to evaluate the
similarity parameters for the airfoil icing scaling
problem.

Hovwever, recently published experimental results by
Ormsbee and Bragg [54] are available for a similar droplet
trajectory case. In these tests conducted in the NASA
Langley Vortex Research Facility, three geometrically
scaled agricultural aircraft models were used to inject
scaled spherical particles into the model wake. Using the
conplete set of similarity parameters for the droplet

dynamics Ry, K, and Fr results in a unique scaled test
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particle of low density and large diameter. Relaxing the
constraints on the scaled particles by replacing Ry and K
by K vields an infinite number of candidate test
particles. This greatly simplifies the task of obtaining
the test particles. While Ormsbee and Bragg éid not use K
in the same form as it was derived here, their method is
conpletely equivalent in that they made a similar scaling
approximation.

In these tests a hypothetical full scale aircraft and
droplet test conditions were chosen. These were then
scaled to determine the equivalent test conditions for a
0.10, 0.15, and 0.20 scale model. Table 7 shows the full
scale and model test conditions while the particle
trajectory results are summarized in figure 29.

Table 7 Scaled Physical Variables for Droplets
: in Aircraft Wake

Model Scale

e o> - o o g S st

0.10 0.15 0.20 1.0

Wing semispan, m 1.22 1.83 2.44 40.0
Model velocity, m/sec 16.8  20.6 23.8 53.3
Altitude, m .622 «933 1.24 20.4
Angle of attack, deg 2.00 2.00 2.00 2.00
Particle diameter, um 105. 125. 105. 490,

particle density, g/cm3 2.42 2.42 3.99  1.00

Presented in the figure is the lateral transport of the

particles by the wake vortex system as a function of the
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initial injector location. For all three models the
lateral transport of the scaled particles is the sanme,
verifying the X scaling analysis. Scaling tests were also
conducted [54] in which other 1lift coefficients, aircraft
altitudes, and full scale droplet sizes were used and in
all cases the particle trajectories scaled well.

Tra jectory Results

Although the objective of this study was to generate
rime ice shapes and evaluate their aerodynamic
performance, the trajectory calculations alone provide
much useful information. The droplet trajectory computer
program can be used to conduct a sensitivity analysis and
provide physical insight into the impingement process.
The information provided by the analysis such as the
overall collection efficiency and maxirmum lirmits of
impingement can be used directly in the‘desiqn of ice
protection systems.

Figure 30 shows the paths of water droplets around a
NACA 0012 airfoil. Trajectories are shown at both zero
and five degrees angle of attack. Note that at five
degrees the droplets which impingement on the airfoil
start out below the airfoil in the free stream. This is
of course due to the upwash in front of a lifting airfoil.
The particles which miss the airfoil by paésing over the

leading edge gain a large amount of kinetic eneraqy in the
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leading edge region. These particles are therefore less
influenced by the flowfield over the aft part of the
airfoil. Although little gquantitative information is
obtained from the trajectory plots, some physical feel for
the problem cen be gained from them. For example, droplet
trajectory plots proved very valuable in identifying
regions on the airfoil where no particles hit the surface.
This led to modifications in the spline fitting program as
described in Section 1IV.

| The effect of airfoil angle of attack on droplet
impingement efficiency is shown in figure 31. As expected
the area of impingement moves more toward the lowver
sur face as the angle of attack is increased. Also the
area under the B curve, the total mass collected,
increases with angle of attack. A slight change in the
location and value of B max, the maximum local
impiﬁgement, occurs with the increase in angle of attack.
This effects the shape of the leading edge ice shape which
may cause large differences in the aerodynamic perforrance
of airfoils iced at different angles of attack.

L sensitivity analysis may also be performed by
varying the value of K, the inertia parameter. Varying K
while holding Ry constant corresponds physically to
subjecting airfoils of different chofd lengths to the same

icing conditions. Note that the airfoil chord, c, appears
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in the denominator of K, so reducing c¢ increases the value
of ¥. 1Increasing K while holding By constant means that K
increases linearly with K.

Figqure 32 demonstrates the effect of varying K, or
equivalently K. Here the case of a NACA 0012 of chord
six, three, and two feet (increasing K) is shown. Then as
the airfoil chord decreases the overall collection
efficiency, area under the B curve, increases. Since the
smaller airfoils have more severe velocity gradients near
the leading edge, the droplets are not able to follow the
streamlines as well, and more droplets impinge on the
airfoil. This is observed in flight when tail surfaces,
because of their smaller chord, accrete proportionately
more ice than the main wing. It is interesting to note
that for the range of K representedAby figure 32, K = .008
to .025, the collection efficiency as given in figure 27
is almost linear. In fact for this special case as K
increased 200 percent, so did the collection efficiency,
E.

Figure 27 also represents anoiher use of the method.
Dsing K as the independent variable, the initial icing
rates and other results may be generated to evaluate the

susceptibility to icing of a particular airfoil. Here

only E is presented as a function of K, but a complete
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airfoil analysis would include plots of B . Sye Sy
and the actual B curves.

Ice Shape Calculation

Before the aerodynamic performance of an airfoil with
rime ice can be determined, the ice shape must be
accurately predicted. This involves the time-stepping
procedure outlined in Section III. Having shown that the
initial icing rates predicted by the method are valid, the
accuracy of the time-stepping model to predict rime shapes
will now be exanmined.

First the assumed direction of growth out from the
airfoil surface must be determined. PFigure 33 shows a
normal and tangent'qrowth predicted from the same initial
droplet impingement information. Both shapes represent
one large icing step, that is no time-stepping was
performed. The predicted tangent shape grows out into the
oncoming droplets. With its increased maximum growth and
reduced leading edge radius it has the general shape of a
measured ice accretion. Hovever physical intuition would
suggest the normal growth to be the correct mode. 1In the
limit as the icing time goes to zero, the tangent growth
approaches the same shape as the normal mode. It is felt
that the normal growth model is the physically correct
solution for a time-stepping prOCedure. The tangent

growth appears to be an approximation to the time-stepping
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method as will be more obvious later.

The time-stepping procedure is demonstrated in.figures
34 and 35 on a modified NACA 64-~215 airfoil at a cruise
condition. Here the anagle of attack is 0.7 degrees and HU
= 115.6 while K = 0.044, Three time steps were taken,
each representing five minutes of icing with the
accumulation parameter, BAc, egual to 0.0133. Pigure 34
shows the predicted ice shapes from the B curves of figure
35. Note that in the time-stepping method first the
impingement efficiency is calculated on the clean airfoil,
step 1 figure 35. Then this B curve is used to predict
the first ice shape figure 34. The flowfield is then
recalculated, the step 2 B curve generated, the new ice
shape 2 predicted, and the iteration is continued.
Therefore figures 34 and 35 are intimately related.

Examing figure 35 the changing airfoil shape is seén
to have a significant effect on the droplet impingement
characterisiics. This supportis the need for a time-
stepping approach. The change in the impingement values

with time are summarized in Table 8.
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Table 8 Time Step Parameters

AY AS

Step Ac Bmax o
1 0.0133 0.358 0.00983 0.0u495
2 0.0133 0.411 0.00909 0.0379
3 0.0133 0.u472 0.00910 0.0342

A}

The maximum inpingement efficiency B max, increases with
time while the iced surface length on the airfoil, AS,
decreases. The overall collection efficiency decreases
slightly for this case. BAnother interesting feature is
the development of the second peak in the curve on the
third time step.

All these effects of time are also reflected in the
predicted ice growth, figure 34. The increase in B max
and reduction in AS generates the reauced leading edge
radius of the ice and the more pointed shape. The second
peak in the 8 curvé results in the reflexed upper surface
“bump" on the third time step. The effect of time-
stepring is then apparent from the change in the curves
from steps 1 to 3.

The accuracy of the time stepping model will be a
function of the size of the time step taken. PFigure 36
shows the predicted ice shape for the same modified 64-215
airfoil with one, three, and six time steps. Here the.
corresponding Ac's are 0.04, 0.0133, and 0.067

respectively. The B curves for the six time step case are
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given in fiqure 37. A significant change in shape is seen
between one and three steps, while the change from three
to six steps is relatively small. In fact the change in
shape from three to six steps is probably due as much from
numerical error as from an improvement in the physical
mrodeling.

A similar study on the effect of step size vas
conducted using a NACA 652413 airfoil. The airfoil was
analyzed at cne deqree anqgle of attack with RU = 147 and
K = 0.118. The length of the icing encounter is eight
minutes, which for the free stream conditions assumed,
gives an accumulation parameter for the total time of
0.044., The predicted ice shapes for one, two, and four
time steps are shown in figure 38. Pigures 39 and 4C are
the corresponding B curves. Here the shapes do change
from the two to four time step case. The maximum amount
of ice growth, and the shape of the ice near the limits of
impingement, do not agree. The four time step case has
essentially taken mass from near the limits of impingement
and shifted it forvard by extending the leading edge
growth.

From these two cases, and other experience with the
method, some guidelies in selecting the step size can be
formulated. The critical area is the region near the

maximum limits of impingement. The ice in this reqion
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should not be allovwed to grow more than that which
generates a shape that blends in smoothly with the
airfoil. A rule of thumb is that the maximum growth in a
single step should not exceed one—-half of one percent
chord, x = 0.005. This corresponds roughly to holding
Acpax < 0.005. The allowable step size is actually a
function of the leading edge geometry and the shape of the
curve. With airfoils with small leading edge radii
requiring the smaller step size. The rule of thumb given,
hovever, provides guidance in selecting an acceptable step
size. The lower bound on the step size is governed by the
amount of computer time required per step and the
accumulation of numerical error. Error accumuiates
primarily due to the couardinate smoothing process. The
smoothing required is due in part to the discontinuous
surface radius of curvature of some airfoils and this
- problem is aggravated as more steps are taken. Fromn
experience the step size suggested appears to be an
optimum for reducing computation time and increasing
accuracy.

¥ith the time-stepping procedure established, this
method for predictinag ice shapes can now be compared to
some experimental results. Experimental tests completed
recently in the ¥ASA Icing Research Tunnel have generated

experimental rime ice shapes for the modified NACA 64-215
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airfoil {68 ]. The experimental rime ice shape for the
cruise condition is compared to the present analytical
method in figure 41. The ice accretion is small and
therefore only the first one percent of the airfoil is
shown. the experimental shape and the time stepped
prediction (from figqure 36) compare very well. The no
time step case is also shown to demonstrate the
improvement in the prediction when the time effects are
included.

The résults of this comparison, and other test cases,
permit some important conclusions to be drawn. The time-~
stepping was done for this case assuming normal ice
growth. Comparing figure 41 to the normal and tangent
growth in figure 33 a similarity is seen. The tangent
growth has the same general shape as the time stepped
prediction. This suggests that the tangent growth is an
approximation to the time effects. Also note that the
time stepped shape predicts the reflexed upper surface
region and bump as seen in the experimental shape. The
upper node resembles the beginning of a second horn as on
a glaze ice shape. However here it occurs solely as a
result of the time effects on the flowfield and droplet
dynamics. While glaze ice growth is certainly a
thermodynamic process, this result suggests that

impingement characteristics may also be very important.



83

FYor accurate glaze ice shape predictions, the time effects
on the impingement rates should also be considered.

This method has also been compared to the experimental
results reported by Gray [37]) on a NACA 65A004 airfoil.
The airfoil is at two degrees angle of attack, R = 113
and K = 0.041, and the icing time is five minutes, Ac =
0.0215. The experimental and analytical ice shape is
shown in figure 42. The time-stepping improves the ice
shape prediction over the no time stepped case, but the
shape is off considerably along the lower surface.

The overall collection efficiency parameters, however,
compare very vwell, Table 9.

Table 9 Comparison of Theory and Experiment
on the NACA 65A004 RAirfoil

Experiment Analysis
W (1b ice / f£t span) 0.404 0.331
E 0.208 0.162
Sy 0.0035 0.0040
S, 2 0.090 0.10
Ice Area, ft 0.0207 0.0062
Ice Density (% of HZO) 31. 85.

The total mass.collected, the collection efficiency, and
the limits of impingement are very close for both the
experiment and the analysis. However large discrepencies
occur in the cross sectional area of the ice and the ice

density. The error arises due to the assumed ice density,
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85 percent the density of water. This value is within the
range of 75 to 91 reported by Wilder [41] and close to the
value of 89 used by Lozowski and Oleskiw [67]. All these
values are far from the 31 percent measured in the icing
tunnel test.

The very low measured value of ice density can be
attributed to the formation of rime feathers on the lower
surface ice shape. These ice formations can be seen in
the photographs and sketchs of reference 37. Rinme
feathers are thin layers of ice separated by layers of air
which sometimes form during rime ice accretions. the
occurence of rime feathers, which drastically reduces the
overall ice density, is difficult\tO’predict. These
feathers cause the effective ice density to be a function
of S. If the correct ice density could have been used in
the prediction of fiqure 42 the agreement would have been
much better. The present method does not handle the rime
feather case. However, when methbds are available to
predict the formation of rime feathers, this could easily
be incorporated in the procedure.

Aerodynamic ARnalysis

The details of the prediction of iced airfoil
performance is given in Section V. As noted there, little
aerodynamic data is available for use in verifying the

method. Therefore an airfoil test was performed on a
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simulated rime ice shape to generate data for this
purpose. the analytical method will first be compared to
the simulated ice shape data. Then for the ice shapel
predictions already discussed, the predicted airfoil

per formance uillAbe compared to the experimental data.

The simulated ice shape test was conducted on a NACA
65A413 airfoil with the shape being that predicted by the
analysis in figure 38. The tests were conducted in the 6
by 22 inch transonic wind tunnel located at The Ohio State
University's RAeronautical and Astronautical Research
Laboratory. Four different configurations were tested to
separate out the rouchness and shape effects as are done
in the analysis. Complete details of the experiment can
be found in Apvendix A. Here the data are compared to the
analysis.

No detailed pressure data can be found in the
literature for airfoils with ice shapes, real or
simulated. Even the most recent work by the Soviet-
Swedish group [2] on simulated ice shapes contains no
aitfoil'pressure distributions. These data are necessary
for a detailed evaluation of the airfoil analysis code.
Figure 43 shows the measured and predicted Cp distribution
on the clean airfoil. Here the comparison is made at a
lift coefficient of 0.52, Reynolds number based on chord

length of three million, and Mach number of 0.40. The
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pressure distribution predicted by the Eppler code is very
close to that measured in the tunnel. The leading edge
discontinuity on both the upper and lower surfaces is
predicted, although the upper surface is off somewhat in
magnitude. The rest of the pressure distribution also
agrees well. A slight deviation is seen near the trailing
edge where the boundary layer thickness affects the
pressures. This is not accounted for in the current
version of the Eppler analysis code.

Figure 44 compares the measured and predicted pressure
distributions on the airfoil with the simulated rime ice
shape. The 1ift coefficient for this comparison is 0.45.
The most noticeable feature of the experimental Cp
distribution are the discontinuous pressure spikes on the
upper and lower surface of the leading edge. These spikes
are predicted fairly well by the analysis. The prese nce
of the spikes will cause early boundary layer transition
and probably the formation of leading edge separation
bubbles. Therefore the ability of the airfoil code to
accurately predict this pressure distribution is the first
step toward the accurate analysis of airfoils with rime
ice.

The comparison between the measured and predicted lift
coefficients is shown in fiqure 45. The predicted angle

of zero lift compares very well while the lift curve slope
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is slightly greater than that measured in the tunnel. The
maximum 1ift coeffiéient compares well when the prediction
vof Eppler is corrécied for the airfoil roughness effects.
The "clean" airfoil was actually slightly rough due to
tarnish on the brass model. This is seen in the drag data
where the hydraulically smooth airfoil would have a drag
coefficient ot 0.0055 while the model tested had a minimum
drag of 0.0086. From the work of Brumby [66] even small

amounts of surface roughness are seen to reduce Cy ‘
m

ax
figure 14. Therefore, using the results of figure 16, the

roughness height on the clean airfoil was estimated as k/c
= 0.0007. wusing this value of k/c in Brumby's plot of
figure 14 a correction of -10 percent in the maximum lift
coefficient is found. This is the correction that has
been applied to the analytically predicted szax for the
clean airfqil in figure 45, |

The iced airfoil szax results compare reasonabiy well
with the predicted value being slightly less than that
measured in the tunnel. The iced airfoil had a measured Comax
of about 1.0 while the theory predicted a more
coﬁservative 0.90. The theoretical maximum lift
coefficient was reduced from the clean case by a leading
edge separation bubble which caused massive separation
from the leading edge.. Apparently in the tunnel the

separation was delayed and the airfoil stalled at a



88

slightly higher szax and anagle of attack. The method
aprears to do a reasonable job of predicting Cﬂmax
deqradation due to rime ice accretione.

The experimental and thheoretical‘drag polars are
shown in figure 46. Here three sets of experimental and
theoretical predictions are presented; the clean airfoil,
the airfoil with roughness on the first three percent
(x/c = 0.0025), and the airfoil with the same roughness on
the simulated rime ice shape. The clean prediction is
from Eppler with transition moved forward using his
roughness parameter. This result compares well to
experiment. When roughness is added:to the airfoil the
drag increases as expected. Using Eppler to determine the
hydraulically smooth airfoil drag and eg. (41), the
predicted drag values are very close to the measured ones.
This provides a good check on the empirical roughness data
used in developing eq. (41).

The drag of the simulated rime ice shape (with
rouchness) is also shown in figure 46. Here the roughness
extends back to x = 0.03 on the airfoil and covers the
entire rime ice shape. The drag prediction using eq. (41)
with AcE = 0.00616 is conservative compared to the
experimental results. The measured value of Cd is 0.0155

compared to a predicted value of 0.0185. This is an

increse of 244 percent and 311 percent respectively over
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the smooth value of 0.0045. Considering the difficulty of
the analysis, this represents a reasonabl e comparison;
Note also that the theory is based on actual iced airfoil
data and a simulated ice shape was tested. Therefore, the
error may be due in part to the way in which the ice shape
was simulated. This error in the simulation can not be
determined from these tests, and it suggests that an
experimental program is needed to develo§ ice simulation
techniques. |

The analytical method for calculating iced airfoil
performance has been compared to actual airfoil icing
tests. The predicted ice shape of figure 34 has been
analyzed and the results are shown in fiqures 47 and 48.
The airfoil used is the modified NACA 64-215, The 1lift
coefficient curve, figure 47, shows the expected reduction
in szax due to a leading edge bubble. Unfortunately no
1lift coefficient data was taken on the actual iced airfoil
to be used for comparison. This reduction in maximum 1ift
_coefficient does however seem reasonable when compared to
similar airfoil results. >

The analytically predicted drag polars for both the
clean and iced airfoils are shown in figure 48. Here
experimental values of drag coefficient at 0.7 degrees
angle of attack are available for the clean and iced

airfoil [68]. Since no ice roughness was reported, the
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results are shown for values of kx/c of 0.001 to 0.005
which bracket the usual range of rime ice roughness. Here
the comparison between theory and experiment is very good,
especially the increment in the drag due to the ice.

Again the clean value is calculated using the Eppler
proaram with his roughness correction and the increase in
drag is based on eq. (41).

The NACA 65A004 airfoil has been analyzed using the
rime ice shape predicted in figure 42. The predicted drag
polar and the measured values are shown in figure 49.

Here again the experimental drag values are only available
at one angle of attack. The analysis does an excellent
job of predicting the drag increase for values in the
cruise range.

The effect of the ice shape on the maximum lift
coefficient is very unusual for this particular airfoil.
As seen in figure 42 the ice shape forms a leading edge
flap for this thin airfoil. The measured increase for
this case is approximately 23 percent while the analysis
shows a 12 percent increase in maximum lift coefficient.
Although numerically this comparison may seem less than
desireable, it actually lends a great deal of confidence
to thekmethod. The 65A004 is a very severe test of the
analysis since the airfoil is so thin. To predict an

increase in C2 which is conservative demonstrates that
max
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the leading edge region is being handled correctly by thé
analysis. |

Tﬁe areodynamic analysis has been compared to both
simulated and actual rime ice on three very different
airfoil sections. All the results, both 1lift and drag,
have compared very well considering the dificulty in
performing the analysis. The method for the aerodynamic.
analysis of airfoils with rime ice presented here has been
shown to be a reliable procédure. Hopefully the eﬁpirical
corrections to the drag predictions can eventually be

replaced by analytical methods when they become available.



92

VII. SUMMARY AND CONCLUSIONS

A methoaology has been developed to predict the growth
of rime ice, and the resulting aerodynamic penalty, on
unprotected airfoil surfaces. This method has for the
first time included the time effects into the icing
analysis. A large portion of this study was involved in
the numerical formulation of the problem for digital
computer solution. However, the derivation of two new
similarity parameters was primarily an analytical
exercise, while some experimental work was performed in a
wind tunnel evaluation of the aerodynamic analysis.

The calculation of water droplet trajectories was
performed by a step integration of the governing stiff
system of ordinary differential equations. The required
flowfield was provided by a modified Theodorsen method.
Although calculations of this type have been performed
earlier, by using state-of-the-art computational
facilities and numerical proceedures a large improvement
has been made. The present procedure was faster, more
accurate, and more generally applicable than earlier

methods.
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An in depth analysis of the governing differential
equation has lead to a simplified similarity parameter for
the problem. By using a reduced form of the droplet drag
equation the two similarity parameters,ARu and K, were
combined into a single parameter, K, the trajectory
similarity parameter. This greatly simplified the
analysis.

By making a further simplification to the droplet drag
equation the modified inertia parameter, K,, first
suggested by Langmuir, was derived in the same manner. As
a result of this analysis a closed form solution was found
for Ky, This was the first derivation of Ko from the
governing dif ferential equation, and the first time a
closed form solution for it has ever been found.
Experimental and numerical results have been presented in
support of K, and K. The new trajectory similarity
parameter has been found to be superior to K,, especially
in scaling applications.

Using the results of droplet trajectory calculations
rime ice shapes have been predicted. In the derivation of
these equations a similarity parameter has been
identified, the accumulation pérameter, Ac. For a given
geometry and K the accumulation parameter governs the

growth of rime ice on airfoils.
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As rime ice builds up on an airfoil leading edge the
effective airfoil shape becomes a function of time. This
then results in the surface flux of impinging water
droplets also being a function of time. The present
method has included these effects into the ice shape
prediction. A time-stepping procedure was employed where
the airfoil geometry, flowfield, and droplet impingement
efficiencies were updated periodically during the ice
accretion process. Comparison of predicted rime‘ice
shapes to those measured in a icing wind tunnel compared
well. A significant improvement was seen in the
theoretical shapes when the time-stepping procedure was
used.

The time-steppina procedure has provided insight into
the ice accretion process. Some researchers have
suggested that the ice actually grows out from the surface
tangent to the incoming droplet trajectories. This
tangent ice growth has been shown to be merely an
approximation to the time effects where the usual growth
out normal to the surface was used. With the importance
of including time effects in the rime icing analysis
deronstrated, the method is expected to provide similar
improvements to glaze ice predictions.

The aerodynamic effects of rime ice accretions on

airfoils includes a reduction in maximem lift coefficient
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and an increase in drag. Earlier methods for predicting
the degradation in airfoil performance with ice relied
totally upon empirical correlations. These methods,
however, dealt only with the changes in drag and were
based on initial icing rates. The present method for
evaluating the iced airfoil performance was based on an
analytical analyéis of the resulting airfoil shape after
ice accretion. The mehtod postulated that the aerodynamic
effects of rime ice were due to: 1) the surface roughness
6f the ice, and 2) the change in leading edge geometry due
to the smooth ice shape. These twd mechanisms were then
handled separately by the analysis.

The smooth ice shape was analyzed using existing
airfoil analysis codes. The surfaée roughness effect was
handled by correcting the analytical results based on an
empirical equation which was developed here.

Since no detailed aerodynamic data on an airfoil with
rime ice was available, wind tunnel tests on an airfoil
with simulated rime ice were conducted. The experiment
identified the effect surface roughness and ice shape have
on airfoil pérformance. In addition to 1lift and drag
data, these tests generafed the first detailed pressuré
measurements ever taken on én airfoil with simulated ice.
The predicted pressure distributions compared well with

the experimental results as did the values for C, and Cd.
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The aerodynamic analysis was verified further using values
of l1ift and draag from icing wind tunnel tests of actual
ice accretions.

The present study has identified areas where
additional work is nceded. The analytical method could be
improved by either removing the need to smooth the shape
or improving the smoothing procedure. This would increase
the accuracy of the ice shape prediction and allow smaller
step sizes. 1In addition better information on the ice
density would greatly improve the method. Future
analytical research on rough airfoil drag could remove the
need to use an empirical drag correlation. Experimentally
the need is to expand the old, and very limited, data base
in terms of accurate ice shapes, ice densities, and
airfoil aerodynamic performance penalties. However the
most serious need is to extend this work to the glaze ice
case where a flovwfield vith large zones of separated floﬁ
must be accurately predicted.

In summary the rime icing methodology presented here
has advanced the state-of-the-art in four major areas.
First, the effects of time on the ice accretion process
have been included in the analysis. By using the time-
stepping method very accurate rime ice shapes can be
predicted. Second, an aerodynamic analysis has been

formulated which is based on the actual iced airfoil
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geometry. DUnlike early methods which estimated Cd from
only initial icing rates, this method predicts C, and Cd
from the new airfoil geometry with some empirical
corrections;

The third major contribution came from the wind tunnel
test of the simulated ice shape. Here for the first time
detaile@ aerodynamic data, including surface pressure
distributions, were taken on an airfoil with simulated
rime ice. The data provided a great deal of insight into
the problem and an excellent test case for the present,and
tfor future aerodynamic analysis. The similarity analysis
provided the final contribution. Two new parameters, K,
the trajectory similarity parameter, and, Ac, the
accumulation parameter have been derived and shown to
govern the accretion of rime ice on airfoils. 1In
addit}on, Ko' the modified inertia parameter has been
derived from the governing differential equation and the

first closed form solution for K, has been presented.
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Modified NACA 64-215

o = .7°

FIGURE 34. PREDICTED RIME ICE SHAPES FOR THREE
FIVE MINUTE TIME STEPS
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MODIFIED NACA 64-215

ONE STEP
THREE STEPS

SIX STEPS

FIGURE 36. EFFECT OF THE NUMBER OF TIME STEPS ON THE
ICE SHAPE PREDICTION
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NACA 65A413

a =19 'Ry = 147
TIME STEPS

-—

FIGURE 38. EFFECT OF THE NUMBER OF TIME STEPS ON THE
PREDICTED RIME ICE SHAPE FOR A NACA 65A413
AIRFOIL
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Modified NACA 64-215

— — IRT Experiment

Theory Time-Stepped

—~—— + Theory No Time-Step

FIGURE 4]1. THEORETICAL RIME ICE SHAPE COMPARED TO
EXPERIMENT FOR THE MODIFIED NACA 64-215
AIRFOIL
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-1.5r1 ———— THEORY

O OSU EXPERIMENT

-1.0F

. A4 N X/C
-6M
NACA 65A413
0.5 Re = 3 x 106 M =0.40
Cp = 0.52
)]
1.0Q

FIGURE 43. THEORETICAL AND EXPERIMENTAL PRESSURE DISTRIBUTION
FOR THE CLEAN NACA 65A413 AIRFOIL
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FIGURE 44, THEQRETICAL AND EXPERIMENTAL PRESSURE
. DISTRIBUTION FOR THE NACA 65A413 AIRFOIL
WITH SIMULATED RIME ICE
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FIGURE 45.
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THE PREDICTED LIFT COEFFICIENT COMPARED TO
EXPERIMENT FOR A NACA 65A413 AIRFOIL CLEAN
AND WITH SIMULATED ICE
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ROUGHNESS
O

— THEORY K/C = .0025
1.2 : |
| ROUGH ICE SHAPE
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FIGURE 46. DRAG POLARS FOR THE NACA 65A413 AIRFOIL WITH
- LEADING EDGE MODIFICATIONS COMPARED TO THEORY
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FIGURE 47. PREDICTED LIFT COEFFICIENT AS A FUNCTION
OF ANGLE OF ATTACK FOR THE MODIFIED NACA
64-215 AIRFOIL



153

MODIFIED NACA 64-215

CLEAN WITH ICE
1.0+
K/C = 0.005
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FIGURE 48. EXPERIMENTAL AND THEORETICAL DRAG POLARS

FOR THE MODIFIED NACA 64-215 AIRFOIL CLEAN
AND WITH ICE
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APPENDIX

An experimental program has been conducted at The Ohio
State University's Reronautical and Astronautical Research
Laboratory to deterrine the aerodynamic characteristics of
an airfoil with simulated rime ice. A wind tunnel test
was performed using an existing airfoil section to gather
data to be uced in the validation of the iced airfoil
analysis method. The experiment was performed not only to
generate simulated rime ice aerodynamic data, but also to
test the hypothesis used in the analytical method that the
effects of ice shape and roughness can be handled

separately.

The tests were conducted using four different model

configurations:

Clean airfoil (baseline)

Airfoil with leading edge roughness

Airfoil with smooth rime ice shape

Airfoil with rime ice shape and leading edge
roughness added (simulated rime ice)

EWN -

¢ * & ®

By evaluating the aerodynamic characteristics of each
configuration, the effects of surface roughness and ice
shape can be determined. By comparing model two to the
baseline a check on the AC3 prediction of figure 15 can be

made as well as a check on the Ktzmax data of Brumby,
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figqure 13. The results of models 3 and 4 compared to the
baseline will provide verification of the szax analysis.
Finally the tests of model 4 will verify the entire
theoretical method.

Experimental Facility

The experimental facility used in this study wvwas the
OSU 6 by 22 Transonic Airfoil Wind Tunnel [69). The
tunnel is designed for two dimensional testing with a test
section six inches wide, twenty-two inches high, and
forty-four inches long. The side walls are solid, while
the top and bottom walls of the tunnel are perforated with
a porosity of ten percent. The tunnel operates in a
blowdown mode with the Mach number controlled by a choke
downstream of the test section. Mach numbers from 0.2 to
1.1 are available. The total pressure in the stagnation
chamher is varied to control the Reynolds number and
provide a range of 1.5 to 33 million per foot.

Lift and moment coefficient data are normally taken
using model static pressure taps. Pressure measurements
are made with a Scanivalve, trapped volume system which is
sampled with a transducer after the tunnel is shut down.
Drag data are taken using a wake surve& probe which
traverses the wake recording the staagnation pressure
deficit. The data collected is digitized and stored on

magnetic tape in the Harris SLASY 6 Digital Computational
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Facility [70] of the Aeronautical and Astronautical
Research Laboratory. The data is then reduced to
coefficient form [71] and output as quick look data on a
CRT display or hard copy printed and plotted.

The interference effects in the 0SU 6 by'22 Wind
Tunnel have been investigated [69]; Confinement
interference, spanwise interference frbm the side_walls,
and flovw quality have been evaluatéd. The correction
required for six inch chord models has been shown to be
negiiqible. The correction to the angle of attack is on
the order of 0.17 degrees per unit Cj,. Since this test
will use a six inchk chord airfoil, no corrections need be
made to the data.

Rirfoil Model

A NACA 65A413 airfoil section was selected for the
experiment. The model used in the wind tunnel was a brass
rodel of six inch chord and six inch span, figure A-1.

The original airfoil model was instrumented with 46 static
pressure taps of which 42 were used in the data reduction.
The trailing edge tap is located on the sidewall due to |
the physical constraints. |

The rime shape which was simulated was that predicted
by the time-stepping analysis of figure 37. A comparison

of the predicted shape and the shape used on the tunnel

model is given in figqure A-2. Note that since the
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objective of the test was to generate baseline data to
validate the analysis, the accurate reyproduction of the
predicted shape is not required. All that is required is
that the ice shape simulated be a representative geometry
and that it be adequately documented for the analytical
comparison.

A schematic of the airfoil model with the simulated
rime ice shape is shown in fiqures A-3 and A-4. The rime
ice shape was simulated by adding a 0.145 inch outside
diameter tube to the airfoil leading edge. The mounting
blocks were drilled to allow the tube to extend out of the
tunnel on both sides. The center sectioh of the tube vas
replaced by a solid rod which was drilled through to pick
up the existing leading edge pressure tap. The tube, now
plugged in the center, was used to add an additional tap
on the leading edge upper annd lower surfaces, figure A-4.
The ice shape was cormpleted by building up the area
between the tube and the airfoil until the desired shape
was reached. Care was taken to ensure that the affected
airfoil pressure taps were extended up through.this region
to the new airfoil surface. A photograph of the airfoil
nodel with the simulated rime ice shape is cshown in fi@ure
A-5.

Roughness was added to the model for configurations 2

and 4. This roughness was intended to simulate the actual
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roughness on a riﬁe ice shape. Rime ice surface roughness
is typically in the range of k/c = 0.001 to 0.005.
Carborundum grit with an average size of 0.015 inches wvas
" used. This scales tc a k/c of 0.0025 for a six inch chord
model.

The grit was applied by first coating the surface with
Krylon clear acrylic spray to provide the adhesive. The
roughness elements were then applied to the surface and
two or three coats of acrylic were applied to ensure that
the particles were firmly adhered to the surface. The
réuqhness was applied to the leading edge of the airfoil
upper and lower surface back to three percent airfoil
chord for both configurations 2 and 4. The roughness
elements were distributed randomly. at a concentration of
about 250 per square inch of surface area, fiqure R-6.
Results énd Discussion

The airfoil section selected is typical of that
currently in use on general aviation and business
aircraft. To simulaie actual operating conditions, a Mach
number of 0.40 and a Reynolds number based on chord length
6f 3 million were chosen for the cruise case. These
conditions were used in testing the airfoil at angles of
attack of eight degrees and less. To determine the
maximum lift coefficient, conditions more typical of a

landing approach were used. For angles of attack greater
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than eight degrees a Mach number of 0.23 and Reynolds
number of 2 million were used.

Pressure distributions for the clean airfoil and with
sur face roughness added, configurations 1 and 2, are shown
in figure A-7. Here both airfoils are at two degrees
angle of attack. Both curves are similar, however the
areas, which give the model 1ift coefficient, are
different. The model with roughness experiences a
decrease in 1ift over the clean model. This is probably
due to the effect of the roughness on the boundary layer.
The roughness results in a thicker boundary laver at the
trailing edge upper surface and therefore a larger
displacement thickness. This effectively removes camber
from the airfoil and decreases the 1ift, shifting to a
more positive value.

Note also the reduced pressure recovery at the
trailing edge for the rough airfoil. This suggests
increased drag which can be easily seen in the wake
deficit plots of figure A-8. Here the roughened airfoil
has a larger velocity deficit, and therefore more drag.
This result is in good agreement with earlier experimental
work showing increased drag with surface roughness.

The airfoil with simulated rime ice experiences
somewhat different surface pressures near the leading

edge, figure R-9. VNote that here the chord length is
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baséd on the iced airfoil chord, 1.024‘times the original
chbra. The aft portion of the Cp distribution is similar
to the no ice case, however the leading edge region is
altered by the ice shape. Pressure spikes, severe
discontinuities in the pressure distribution, occur on the
upper and lower surfaces where the ice shape joins the
airfoil contour. For this ice shape this represents a
discontinuity in the second derivative of the surface
shape. These spikes vere detected by the two additional
pressure taps installed in the tube which forms the
leading edge shape of the simulated ice. This
demonstrates the importance of the installation of
pressure taps in simulated ice shapes. The effects of the
pressure spikes will be seen to be more serious at higher
angles of attack.

Figure A-10 shows the lift coefficient as a function
of angle of attqck for all four airfoil configqurations.
Configurations 2 through 4 all have approximately the same
effect on the lift coefficient. These changes are a shift
in ayp and a sizeable decrease in szax" The good
agreement between the Clmax for the smcoth and rough rime
ice shape suggests that the stall is caused by the shape.
As seen in figure A-9, the severe pressure gradients near
the leading edge probably lead to a leading edge

separation bubble. This accounts for the early separation
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at higher angles of attack.

The reduced CRmax for the airfoil with only surface
roughness is due to a different mechanism. Here the
rouochness causes a thickening of the boundary layer and
decreases pressure recovery at the trailing edge. This
vltimately leads to early trailing edge separation which
moves forward as o increses to cause the réduction in
maximum 1ift coefficient. The apparent agreement in cﬂmax

for configurations 2 and 4 is due to the particular k/c
'and rime ice shape chosen, and should not be interpreted
as a general trend.

Figure A-11 shows the measured drag polars for all
four configurations. The smooth airfoil is seen to have a
minimum drag coeficient of about 0.086. This is well
above the laminar "drag bucket" values expected for an
airfoil of this type. The brass airfoil model used was
slightly tarnished and therefore did not have the surface
finish necessary to permit long laminar runs.

An increment in drag was seen due to the addition of
surface roughness. This drag increase vwas certainly
expected and is of a reasonable magnitude. The reason for
the apparent agreement between the rough airfoil and the
smooth ice shape, configurations 2 and 3, is not obvious.
Most likely this is not a general result, but again merely

a coincidence resulting from the roughness and the rime
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ice geometry chosen.

An additional draq increment was measured when
roughness elements were added to the rime ice shape,
configuration 4. This is the simulated rime ice shape.
This increase in drag contrasts the maximum 1lift
coefficient case were configurations 3 and 4 behaved
similarly. Therefore, vwhile ice shape alone is sufficient
to determine Cmmax , the surface roughness of the ice must
be modeled to simulate accurately the total drag increase
due to airfoil rime icing.

The moment coefficient about the quarter point of the
original airfoil is plotted as a function of 1lift
coefficient in fiqure A-12. Configurations 2 through 4
all show a reduction in the nose down pitching moment when
comparea to the clean model. The leading edge roughness
as described before thickens the boundary iayer and
unloads the aft portion of the airfoil section. Therefore
the nose down pitching moment is reduced. The smooth ice
shape adds area in front of the nose providing more nose
up moment, explaining configuration three's reduction in
nose down pitching moment. The rough ice shépe combines
the two above effects, resulting in a sliqhtly larger:
reduction in nose down pitching moment than that

experienced by the shape alone.
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This test not only provided data to verify the
analysis, but has demonstrated the feasability of
performing simulated iced airtoil tests in a small scale
vind tunnel facility. The data shov the expected results
of decreased maximum lift coefficient and increased drag
with the simulated ice shape. In addition a reduction in
nose down pitching moment was measured with simulated rime
ice. The pressure distributions measured for the airfoil
with simulated rime ice are believed to be the first such
data published. These Cp plots provide insight into the
physical phenomena and detailed information to be used to

evaluate and refine current analytical methods.
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