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Nomenclature
A. Accumulation parameter, dimensionless
b Relative heat factor, dimensionless
by Stagnation relative heat factor, dimensionless
c Airfoil chord, cm
cp Specific heat of air, cal/gm K
Cpows Specific heat of water at the surface tempera-
ture, cal/g K
d Cylinder diameter or twice the leading-edge

radius of airfoil, cm

el,e2 Undetermined exponents, dimensionless

he Convective heat-transfer coefficient,
cal/sec m* K

he Gas-phase mass-transfer coefficient,
g/sec m’

K Inertia parameter, dimensionless

Ky Modified inertia parameter, dimensionless

L Length proportional to model chord, cm

LWC  Cloud liquid-water content, g/m’

MVD  Water drop median volume diameter, pm

n Freezing fraction, dimensionless

ng Stagnation freezing fraction, dimensionless

Oh Ohnesorge number, dimensionless

P General similarity parameter, dimensionless

p Pressure, Pa

Dw Vapor pressure of water in atmosphere, Pa

DPww Vapor pressure of water at the icing surface,
Pa

r Recovery factor, dimensionless

Res Reynolds number of water drop, dimensionless

s Surface distance from leading edge on clean
model, cm

t Temperature, °C

I Freezing temperature, °C

t Surface temperature, °C

T Absolute temperature, K

14 Air speed, kt

We. Weber number based on chord ¢ and air prop-

erties, dimensionless

We s Weber number based on drop size and water
properties, dimensionless

We;, Weber number based on length L and water
properties, dimensionless

p Collection efficiency, dimensionless

B Stagnation collection efficiency, dimensionless
@ Drop energy transfer parameter, °C

A Drop range, m
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Asiores  Drop range if Stokes Law applies, m
Ar Latent heat of freezing, cal/g

A, Latent heat of vaporization, cal/g

7] Air viscosity, poise

0 Air energy transfer parameter, °C

Yol Air density, kg/m’

PO Ice density, kg/m®

P Liquid water density, kg/m’

o Surface tension of water over air, N/m
T Accretion time, min

Subscripts

R Reference
S Scale

st static

tot total

Introduction

Proposed new icing certification rules are being consid-
ered by the regulatory authorities for implementation
within the next few years. These rules will supplement
conditions of the FAA Title 14 of the Code of Federal
Regulations (CFR) Part 25 Appendix C envelope'
(herein referred to as Appendix C) to include testing
with super-cooled large drops (SLD). When these new
rules are established, test facilities will need to provide
means for testing at SLD conditions or simulating them
by applying scaling techniques. For example, one con-
cern that needs to be addressed in SLD testing is to in-
sure that large drops are supercooled. In small facilities,
there may not be sufficient distance, at normal flow
velocities, between the spray bars and the test section
for drops to cool to the ambient temperature. For such
cases, icing tests with large drops may not be possible
and techniques to simulate SLD with small drops will
be required.

The scaling methods discussed here can also be used to
determine alternate test conditions from those desired
when the latter cannot be achieved in a test facility.
Scaling methods will also be needed to permit simula-
tion of SLD cloud encounters with tests of reduced-size
models. In either case, the objective is to produce a
scaled ice shape (“ice shape” in this report means front
main ice shape up to feather region, see fig. 4) whose
non-dimensional cross-section characteristics are the



same as the reference (full size) accretion being simu-
lated. These characteristics include leading-edge ice
thickness, horn angles, horn length and horn location as
shown in fig 4.

Scaling methods consist of a set of equations that are
used to determine the necessary scale test conditions
given the reference conditions, model size, and geome-
try that need to be simulated. Scaling methods devel-
oped exclusively for Appendix C conditions were de-
scribed and evaluated in Manual of Scaling Methods®.
These methods were developed from the work of Ruff?
and Olsen” in the 1980s.

Working with Appendix C conditions only, Ruff”
evaluated several approaches to scaling using different
combinations of the parameters K, 4., ny, ¢, 6, and b to
find an effective scaling method. He concluded that the
best scaling was obtained when the parameters K, 4.,
ng, ¢ and @ were matched between scale and reference.
Note that because of the unique relationship between £,
and K (eq. (6)), either of them can be used to satisfy
drop trajectory. Matching the scale and reference ex-
pressions for these five parameters provides five equa-
tions to solve for five of the test conditions needed. The
sixth, the temperature, pressure, velocity, MVD or LWC
could be chosen arbitrarily. In Ruff’s tests, velocity was
generally the test condition set by the user. This ap-
proach became known as the AEDC method for the
center at which the work was done. It has also been
called the Ruff method. Reference 2 explained and util-
ized a modification of the Ruff method by including an
additional similarity parameter to determine scale ve-
locity and ignores the parameters ¢, & and b, which are
already incorporated into ny. This report also uses the
modified Ruff method.

The present publication supplements the Appendix C
studies of reference 2 with recent data from both SLD
and Appendix C tests. Only icing of unprotected sur-
faces will be discussed here.

Scaling issues will be reviewed briefly. Scaling results
obtained by applying existing scaling methods will also
be given. Within the limits of the conditions tested to
date, the results show that the similarity parameters
needed for Appendix C scaling also can be used for
SLD scaling, and no additional parameters are required.
These results were based on visual comparisons of ref-
erence and scale ice shapes. Quantification of ice shape
features will be discussed later in the report. The scal-
ing methods considered as well as these conclusions
apply to the ice accreted in the leading-edge region
only. For Appendix C encounters, feathers were typi-
cally not considered important, but for SLD, as well as
some Appendix C conditions, feather growth can result
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in significant structures that cannot be ignored. Feather
growth issues, including scaling approaches, need to be
studied but were not fully resolved by the studies re-
ported here. The test results presented, and thus the
conclusions, were limited to NACA 0012 models with
clouds with water-drop MVDs of 25 to 190 um, model
sizes of 27- to 183-cm chord and reference velocities of
approximately 100 to 200 kt. Outside of these ranges of
conditions and for other models, the physics of ice ac-
cretion may include phenomena that could change these
conclusions. All tests used unswept models at 0° angle
of attack.

Similarity Parameters of Importance to Icing Scaling

Scaling depends on identifying similarity parameters —
non-dimensional groupings of test conditions that are
tied to icing physics. The Appendix C scaling manual®
provides a detailed explanation of the rationale and
derivations of the equations used to describe the simi-
larity parameters involved in aircraft icing. It also in-
cludes some validation data. This section is condensed
from that description, and the reader is referred to it for
a more comprehensive discussion.

To scale ice shapes on unprotected surfaces when
model size is scaled, only six scale test parameters, the
pressure, temperature, velocity, MVD, LWC and time,
need to be determined. To scale test conditions for the
situation when a full-size model can be used but the
facility cannot provide one of the conditions desired,
many of the reference conditions can be applied un-
changed. Consequently, fewer equations are needed to
derive the full set of scale conditions than when size is
scaled. Much of this report will address the size-scaling
problem, although some discussion will consider LWC
scaling as well.

Of the six test parameters needed to define an icing test,
pressure has been the least studied. Whether or not
pressure has an effect on ice shapes has been the subject
of discussion for some time. Bartlett’ concluded from
past AEDC experience that pressure has “an almost
insignificant effect” on ice accretion. Bartlett® also pub-
lished ice-shape data from tests on cylinders, and re-
ported negligible effects of pressure for the limited
range of conditions considered. Oleskiw, et al” and De
Gregorio, et al*® also saw little or no effect of pressure
on ice shape, within test-to-test repeatability.

While pressure is an important parameter to include in
the scaling of thermal ice-protection systems, this type
of scaling will not be discussed in this report. For scal-
ing as applied to unprotected surfaces the evidence
cited above indicates that pressure does not need to be



considered. More comprehensive tests to confirm the
results of these pressure studies are highly desirable
using large facilities with pressure capability, like the
new CIRA tunnel'”''. In any case, for atmospheric
facilities, the test-section pressure is dependent on the
ambient pressure and cannot be controlled independ-
ently. In a pressure facility, the scale and reference
pressures should be matched when possible. At most
then, only five scale test conditions are needed, and up
to five similarity parameters are required to solve for
them.

Reference 2 showed that the effects of temperature and
LWC on ice shape are interdependent; thus, one of these
test conditions can be specified with the other calcu-
lated from the appropriate scaling parameter. Further
evidence for this will be shown in figure 15. Conse-
quently, only four similarity parameters are needed for
complete definition of scale conditions. These four pa-
rameters will be described next.

To insure that scale and reference ice shapes are of the
same size relative to the model size, it is necessary to
match the potential accumulation. The first similarity
parameter needed for scaling is therefore the accumula-
tion parameter:

_LwCVr
dp,

A

, 6]
If all the water drops in the path of the airfoil strike the
surface and all the water impinging on the leading edge
freezes at that location, 4, is a measure of the thickness
of ice that will accrete relative to airfoil size. Of course,
we know that some water drops approaching a model
will be diverted by the airflow; thus, it is necessary to
consider drop inertia.

The modified inertia parameter, K),, was defined by
Langmuir and Blodgett'? to describe the inertia of
drops in an airstream flowing around a body:

K0=l+ 4 (K—lj 2)
8 2'Srokes 8
In equation (2), K is the drop inertia parameter,
2
K <P MVD™V 3)
18d

where d is the radius for cylindrical models or twice the
leading-edge radius for airfoils. The leading-edge ra-
dius for the NACA 0012 airfoil is 0.0158¢ (see Abbott
and von Doenhoff'®), where ¢ is the model chord. In
equation (3) MVD has been used for simplicity. Ide-
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ally, K should be evaluated for each drop size in the
cloud, resulting in an inertia distribution.

In equation (2) A/Agpres is the drop range parameter,
defined as the ratio of actual drop range to that if Stokes
drag law for solid spheres applied. It is a function only
of the drop Reynolds number, Res.

V MVD
Res = Tp 4)

Langmuir and Blodgett tabulated the values of their
calculated range parameter. For convenience, the pre-
sent authors curve fit those data to the following ex-
pression:

1 (0.8388+0.001483 Reg J‘
®)

/1S[0kes +0.1847 Re(;

Of more practical interest than K is the collection effi-
ciency at the stagnation line, £, which was shown by
Langmuir and Blodgett'” to be a function only of K,

1 0.84
1.40(1<0 -8)
1 0.84
1+1.40(1<0 -8j

Either £, or its equivalent, K, is the second similarity
parameter needed to address the size of accretion. By
matching scale and reference values of this parameter
along with 4., the correct scale quantity of ice at the
stagnation point can be obtained. In fact, the product
PpA. determines the quantity of water that reaches the
surface at the stagnation point. The fraction of water
that freezes there determines the ice thickness. The
freezing fraction will be discussed later. For a scale test
to produce the correct non-dimensional ice thickness at
the stagnation point, then, it is necessary to match both
the product 4. and freezing fraction at the stagnation
point.

Bo= (6)

However, good scaling methods should ideally insure
the entire ice profile, normalized to model size, of scale
and reference is the same, not just that their non-
dimensional thicknesses match at the stagnation point.
Thus, not just S, but also the values of S everywhere
on the scale model should match the reference. Fortu-
nately, for models with the same non-dimensional pro-
file, if £, matches, so too will the entire S curve over
the model.

Figure 1 shows LEWICE 3.2'*'"*-generated plots of
as a function of surface distance from stagnation for
MVDs of 30 and 190 um and for NACA 0012 airfoils at
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(b) Stagnation collection efficiency matched.

Figure 1. Collection Efficiencies for Appendix C and SLD Drops Compared. NACA 0012 models at 0° AOA.

0° AOA. Figure 1 (a) compares the collection effi-
ciency for the two MVDs for the same chord, 91 cm,
and velocity, 200 kt. For this example, £, calculated
from eq. (6) was 77.2% for the 30-pum case and 97.1%
for the 190. To facilitate the comparison of these curves
each has been plotted normalized by its respective value
of f. Near the leading edge, the two curves are in fairly
close agreement, indicating that in this portion of the
airfoil the quantity of ice accreted for these two MVDs
can be made to agree by adjusting 4. so that 4.
matches, providing the freezing fraction also matches.
However, for distances from the leading edge greater
than 3 or 4% of chord along the surface the 190-um
case results in significantly greater water collection
than the 30-um example.

Reference 2 concluded from icing tests with Appendix
C conditions that acceptable scaling results could be
achieved by matching just the product 3,4, when scale
and reference f, are not matched exactly. This conclu-
sion relaxes the scaling requirements, because there are
times, usually due to facility limitations, when it is dif-
ficult or impossible to match the scale £, to the refer-
ence value. However, figure 1 (a) shows that this sim-
plification may fail to scale the quantity of ice accreted
away from the leading edge region when large differ-
ences between scale and reference £ are involved. In
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figure 1 (b) the conditions for the 190-um case have
been modified so that £, matches that of the 30-um
MVD. The f curves have not been normalized. In spite
of the very large difference in drop size, collection effi-
ciencies for the two MVDs match virtually everywhere
on the model. This result demonstrates the power, and
importance, of matching /3, as one scaling tool.

When super-cooled water drops strike an aircraft sur-
face, they may not freeze immediately on impact. The
freezing fraction is the ratio of the amount of water that
freezes in a specified region on the surface to the total
amount of liquid water that reaches that region. Thus,
local ice thickness depends on both £y4. and freezing
fraction. Because each local ice thickness around the
model defines the overall shape of the ice, the freezing
fraction obviously has a major influence on ice shape.
The freezing fraction is influenced mainly by the ambi-
ent temperature, the LWC of the cloud and the aircraft
velocity.

Figure 2 illustrates the way ice shapes change as freez-
ing fraction is varied. For both Appendix C (fig. 2 (a))
and SLD (fig. 2 (b)) accretions, increasing the freezing
fraction results in an increase in the thickness of ice at
the stagnation point and a decrease in the included horn
angle. For scaling, then, the freezing fraction has to be
one of the critical similarity parameters.
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(b) SLD cloud.

(a) 03-01-06/01 91.4 -7 -4 150 31 063 222 744 245 182 030 2.85 2.63
02-28-06/05 91.4 -11 -8 150 31 063 222 746 246 183 049 2.88 2.65
08-30-03/04 914 -16 -13 150 28 065 21.7 719 246 177 076 259 2.63

(b) 02-28-06/04 91.4 -9 -6 150 190 0.73 146 967 186 1.80 030 173 2.63
02-28-06/07 914 -14 -11 150 190 0.73 14.6 96.7 186 1.80 0.50 173 2.64
11-04-04/07 914 -24 -21 149 160 0.88 12.1 959 185 1.78 0.75 145 2.62

Figure 2. Effect of Freezing Fraction on Ice Shape. ¢, 91.4 cm; V, 150 kt.

From Messinger’s'® surface energy balance, the stagna-
tion freezing fraction is

¢ ws 9
" =2—’[¢+b—]
0

A

(7

The individual terms in this expression are ¢, the water
energy transfer parameter,

2
go:tf—tst—z ®)
Cp,ws
0, the air energy transfer parameter,
Pww _ Piot pfw
v:i) hg| T, T,
9 — tS _tSt —r +_G st tot pst Av (9)
2Cp hc 1 Piot _ Pww
62T, T,
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and b, the relative heat factor, introduced by Tribus, et.
al.'” At the stagnation line, it is:

LWCYV Byc,
e

c

(10)

Equation (9) from Ruff includes compressibility effects.
A simpler form without compressibility was used by
Charpin and Fasso'® and others. Ruff’s expression for 6
was used in the calculations for this work, but values
found without compressibility are not significantly dif-
ferent for most icing conditions.

Bilanin'>?* was the first to argue that drop splashing

has an effect on ice accretion and that, consequently, a
Weber number was a necessary similarity parameter for
effective scaling methods. Bilanin believed this Weber
number must be that based on drop size, We

_V’MVDp,

We,
- (1)
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(b) 08-28-04/03 26.7 -10 -4 200 30 0.50 46 90.1 184 1.66 053 49 137
11-20-02/06 26.7 -10 -5 199 60 0.53 44 957 185 1.78 0.51 9.7 1.36
11-20-02/07 26.7 -10 -5 200 165 0.55 42 987 185 1.82 050 269 1.38

Figure 10. Effect of Drop Size on Ice Shape for a Chord of 26.7 cm. n,, 0.50.

Drop impact studies have identified parameters with
which splashing can be correlated®*°. Reference 30
introduced the K factor (not to be confused with Lang-
muir and Blodgett’s inertia parameter), K = Oh Reg®,
where Oh = W€51/2/R€5 is the Ohnesorge number. In
these relationships, both Wes and Res are based on the
drop MVD and water properties. The K factor increases
with velocity and MVD, and splashing only occurs
when K is greater than a threshold value. Typically, K
will be greater for SLD drop sizes than for those within
Appendix C. Whether this K factor or its splashing
threshold applies in icing conditions is not known, but it
is widely believed that splashing in SLD conditions
could have a much greater effect on ice accretion than it
does for Appendix C clouds. If that is so, scaling for
drops above some yet-to-be-determined MVD size
could well require new scaling approaches.

Potapczuk®' weighed the ice accreted over a portion of
the span of NACA 0012 models and compared the re-
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sults with LEWICE predictions of the quantity of ice.
For large drops, LEWICE predicted greater weight of
ice than was measured. Furthermore, the weight differ-
ence increased with MVD up to 200 um. These results
suggested splashing and mass loss in the experiments,
since LEWICE at that time had no mechanism for mass
loss. However, some doubt about the validity of LE-
WICE predictions in the SLD regime prompted further
experiments, also reported in reference 31, in which a
series of tests were made to compare SLD and Appen-
dix C ice weights when similarity parameters governing
accumulation were held constant. The results of these
tests were inconclusive with regard to mass loss for
SLD conditions. Unfortunately, the latter series of ex-
periments required that the SLD tests be performed at
low speeds to match collection efficiencies with those
for Appendix C drops; at low velocities, mass loss
might be expected to be minimal.

Papadakis, et al’” published images of splashing at the
leading edge of an airfoil exposed to clouds with MV Ds

18


















0.08

0.04

y/c

0.00

-0.04

008 —T—T——T——T—T7T—T7T—T—T T T 711
-0.04 0.00 0.04 0.08 0.12 0.16

x/c

== MVD= 30 um.
——- MVD =120 pym.
MVD =200 pm.
Figure 13. LEWICE 3.2% Predictions of Effect of MVD.

¢, 27 cm; V, 200 kt; ny, 0.50. Monodisperse Drop-Size
Distributions.

effect of MVD. The main ice shapes were nearly the
same size and form, although the SLD drop sizes pro-
duced slightly larger accumulations downstream of the
forward face. This lack of an MVD effect for the main
ice shape is consistent with the experimental results.
However, its effect on ice mass is not known at this
time since mass has not been measured in the scaling
experiments report here.

Direct comparisons of LEWICE predictions with ex-
perimental accretions are shown in figure 14 for a
monodisperse drop size of 190 um. The LEWICE 3.2
optional splashing module was again turned off for
these calculations. Nevertheless, the main ice profiles
agreed with experimental sizes and shapes for stagna-
tion freezing fractions of both 0.30 (fig. 14 (a)) and
0.50 (fig. 14 (b)). Aft of the main accretion discrete
feather formations are apparent in the experimental
profiles. LEWICE lacks a model for feather growth and
consequently predicts a continuous accretion in both the
main ice shape and the feather region. For this reason, it
is not valid to compare experimental feather formations
with either LEWICE shapes or quantities in the feather
region.

Based on photographic evidence®, there can be no
doubt that splashing at the leading edge of an airfoil
occurs in icing conditions. However, the experimental
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ice shape profiles presented here tell us that these
splashing events apparently do not influence the main
ice shape in any significant way. An understanding of
the physics of formation in the feather region is needed,
but studies to date have not been adequate to develop a
good model.

Because of the absence of significant MVD effects on
the main ice shape, methods used to scale model size
for Appendix C conditions should also work equally
well for SLD conditions, at least up to about 190 um,
the maximum value of existing experimental evidence.
These scaling methods are limited to scaling the main
ice accretion, with no attempt to model the feather re-
gion. While it is possible that scaling of the feather re-
gion may need to be handled as a separate issue once
the physics of feather formation is better understood,
the scaling method described in this paper appears to
scale both the main and feather regions adequately.
This issue will be discussed later in the section Re-

commended Scaling Methods.
LWC

Figure 2 illustrated the strong effect freezing fraction
has on ice shape. Because of this importance, Olsen and
Newton* proposed a scaling method in which only scale
and reference n, along with 4. would be matched. This
method is not adequate when model size is scaled, but
to scale LWC with full-size models the Olsen method is
an effective approach. Typically, this method is applied
in situations for which scale and reference ¥ and MVD
can be matched, as well as the model size. Reference 2
showed that if temperature was adjusted to keep n, con-
stant, ice shapes remained essentially unchanged when
LWC was nearly doubled for Appendix C drop sizes.

Figure 15 shows examples of tests performed to vali-
date the Olsen method over a wider range of LWC. Fig-
ure 15 (a) compares shapes for LWC varied from 0.58
to 2.19 g/m’® with Appendix C drop sizes. To perform
these tests it was necessary to use both nozzle types
currently available in the IRT: Mod-1 nozzles for the
lower value of LWC and Standard for the higher. The
tests were made with spray-bar conditions based on the
then-current calibration, which indicated an MVD of 30
pm for each test. However, the latest interpretation of
calibration data suggests somewhat different MVDs for
the two tests, as shown in the table accompanying fig-
ure 15. Nevertheless, the agreement of the two ice
shapes is very good.
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Figure 15. Effect of Varying LWC with Constant Stagnation freezing fraction.
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Figure 15 (b) makes a comparison for SLD conditions
for LWCs of 0.53 and 1.05 g/m’. The values of LWC
available for testing with SLD MVDs in the IRT are
limited at the present by the calibration that has been
completed, so it is not possible to demonstrate the Ol-
sen method over a larger range of LWCs.

Both tests used Mod-1 nozzles. Although the profiles
are not in perfect conformity, the leading-edge thick-
ness and horn angles are in good agreement. The most
noticeable difference was that the accretion of 02-28-06
exhibited a flat region between the horns near stagna-
tion. For the 11-04-04 accretion, the base of the horns
met in a V. A nozzle air pressure of 2.5 psig was re-
quired for the 2006 tests, while the 2004 tests used a
pressure of 5 psig. Thus, one possibility that needs
more study is that characteristics of the two SLD clouds
may have differed. Until further tests are made, how-
ever, we do not know if the shape difference is signifi-
cant.

The large feathers aft of the main ice shape agreed in
angle and size for the two tests in figure 15 (b), al-
though the positions did not. However, the differences
apparent in both main ice accretion and feathers do not
appear to be significantly greater than those often seen
with repeated tests. Thus, the comparisons of figure 15
confirm that the Olsen method can be used to scale
LWC over at least a limited range for both Appendix C
and SLD conditions.

These results also have implications for model-size
scaling. In the Ruff method™”, the scale LWC is found
by matching scale and reference stagnation freezing
fraction from equations (7) — (10) after first establishing
scale temperature by matching the water energy transfer
parameter, equation (8). But the Olsen scaling results
suggest that the value of LWC is not so important by
itself, as long as the freezing fraction is matched. This
principle can also be applied to scaling involving re-
duced-size models by allowing the scale LWC to be
chosen arbitrarily. Similarly, it was also shown earlier
in this study that the value of MVD, over the range 30
to 190 pum, appears to have no significant effect on the
main ice shape provided nyand A, are matched. This
lack of an MVD effect can also let MVD be selected
somewhat arbitrarily. For tunnels without altitude simu-
lation capability, once the scale LWC is picked, the re-
maining scale test conditions (temperature, velocity,
MVD and time) can be determined by matching at most
four similarity parameters in the manner described in
the following section Recommended Scaling Methods.
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Icing Limits

Icing limit data for NACA 0012 models with chords of
53.3 and 91.4 cm have been presented by Anderson and
Tsao’’. These data showed a strong correlation with £,
only. Since then, additional icing limits have been re-
corded for models ranging from 26.7 to 182.9 cm. Icing
limits were established by noting the chord-wise posi-
tion on the model at which ice accretion (in the form of
feathers) appeared to end. Ice shapes were traced once
at the span-wise centerline and again 2.5 cm above that
center (the models were mounted vertically in the IRT).
For each of these ice-shape profiles an icing limit was
estimated on both the upper and the lower surface. Be-
cause the models were mounted at 0° AOA, the upper-
and lower-surface limits can reasonably be expected to
be the same, within some random variation. Values for
the two tracing locations should also vary little. There-
fore, the four values of icing limit were averaged to
obtain a single limit for each test.

These average icing limits obtained over the period
2002 to 2006 are presented in Figure 16 normalized by
chord and plotted as a function of the stagnation collec-
tion efficiency. Data for each of the 5 chords tested are
given with a different symbol. The solid line represents
a simple least-squares curve fit through all of the data.
The fit was forced to pass through the origin. The data
scatter in location, x/c, about this line is typically £0.05.
The results show a strong correlation with £, and an
independence of model size. Attempts to correlate the
data with either V or n, were not successful.
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Figure 16. Icing Limits Recorded in IRT Scaling Tests.
NACA 0012 Models at 0° AOA.
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Recommended Scaling Methods

The preceding sections demonstrated that the effects of
model size, velocity, MVD and LWC are no different
for the SLD conditions reviewed than for Appendix C
conditions, with the possible exception of an MVD ef-
fect for the 183-cm-chord model at a velocity of 200 kt
(fig. 12 (d)). These effects are being considered when
developing recommended scaling methods for model-
size scaling, test-condition scaling as well as icing-limit
scaling. They can be summarized as follows: (1) An
increase in model size as measured by chord causes the
included horn angle of the main ice shape to decrease.
Therefore, testing with a reduced-size model requires
the application of scaling methods. (2) As V increases,
the included horn angle of the main ice shape tends to
decrease. This effect can be accounted for through the
similarity parameter We;. (3) MVD for the range 30 to
190 um appears to have no strong effect on the main ice
shape provided n, and fpA. are matched with constant
velocity and model size. While it is desirable to match
scale and reference values of /3, this parameter does not
have to be matched precisely for good success in scal-
ing the main ice shape. Therefore, the choice of MVD
can be somewhat flexible and a fairly close match
(within 10%) is suggested. However, to match to scale
icing limits a good match of f, is required. A good
method to scale feather structures has not yet been de-
veloped. (4) Increasing n, has the effect of increasing
the stagnation thickness while decreasing the included
horn angle of the main ice shape. LWC appears to have
no effect independent of n,. Consequently, scale LWC
values can be chosen somewhat arbitrarily to suit facil-
ity capabilities. (5) Selection of the correct accretion
time is, of course, important to obtaining the right
amount of ice. Therefore, the accumulation parameter
A, must be included in scaling methods. When £, has
not been matched, the combination S;4, must be
matched to obtain the correct quantity of ice in the main
accretion.

Scaling of Main Ice Shape for Reduced Model Size

These observations indicate that for MVD up to 190
pm, SLD scaling methods need be no different from
those used for Appendix C conditions. The method
used in reference 2 will therefore be recommended for
SLD. This procedure for model-size scaling will be
outlined here and followed by results of icing scaling
tests.

1. Calculate reference similarity parameters 4., 3, and
ny from equations (1), (2) — (6), and (7) — (10), respec-
tively.
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2. Select scale velocity by matching scale and reference
We;. From equation (12) this leads to

V=V, |2
Cs

3. Knowing Vs, find the scale MVD that satisfies the
equation fys = for. If MVDs so found is less than 25
pm, set MVDg to a value between 25 and 30 pm. Al-
though smaller scale MVDs may provide acceptable
scale ice shapes, the method used here has not yet been
tested for scale drop sizes below 25 um. If the scale
MVD is outside the low end of the facility calibration
range, set MVD;s to 30 pm. Furthermore, if facility re-
strictions on MVD make it impractical to match £ ex-
actly, scale MVD should be selected to gain as close a
match of S, as possible.

4. Choose a convenient LWCs.

5. Calculate the scale static temperature ¢, s that satis-
fies ngs = NoR.

6. Calculate the scale total temperature, #,,s. Reference
2 reported that total temperatures near freezing can pro-
duce highly non-repeatable ice shapes. Therefore, if ¢, s
is greater than -2°C, repeat steps 4, 5 and 6 with a lar-
ger LWCs.

7. If Bys = Por, calculate the scale accretion time, g, by
matching scale and reference 4. If £y s # Sy, calculate
the scale accretion time, 7, by matching scale and ref-

erence [ByA..

The scaling method outlined above was evaluated in
reference 2 for Appendix C conditions and the experi-
mental examples provided would not be repeated here.
Additional scaling tests with SLD reference conditions
have now been performed using this method as well.
Several NACA 0012 models up to 183-cm chord, refer-
ence velocities of 100, 150 and 200 kt, reference MVDs
up to 190 um and scale MVDs of approximately 30 um
were used.

Figures 17 through 19 show results of tests to scale ice
shape by applying the above method. These examples
demonstrate how the ice shapes produced by reference
tests with MVDs in the SLD regime can be simulated by
tests using scale models operated in Appendix C condi-
tions. Ice-shape profiles will be compared for freezing
fractions of both 0.30 and 0.50 for each of the scaling
scenarios.

In figure 17, examples are given of scaling with a
model-size ratio of 2.6 (scaling from 91.4-cm chord to
35.6-cm), a reference velocity of 200 kt and a reference
MVD of 115 um. The scale test conditions gave a match
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Figure 17. Scaling from 91- to 36-cm-Chord using Constant-We; Method. Vg, 200 kt; MVDpg, 115 pum.

of the reference parameters £, 4. and ny within 10%.
Scale and reference We, agreed only within 17%. The
accretion profiles in figure 17 (a) (ny approximately
0.3) displayed some differences between the scale and
reference horn locations. However, the total tempera-
ture for the scale test (03-29-05 run 01) was near 0°C,
and reference 2 noted that ice accretions produced with
total temperatures near freezing cannot be relied upon
for consistent and repeatable shapes. When planning
scale tests it is important to remember that scale LWCs
should be chosen to permit a match of n, with total
temperatures 2°C or more below freezing.

The tests represented in figure 17 (b) were made with
much the same conditions as 17 (a), but with lower
temperatures to provide a freezing fraction near 0.5.
The scale horns were not spread as far apart as those on
the reference accretion, but the general size and angle
were simulated fairly well. The sizes of the feathers aft
of the main shape were also simulated well by the scale
test.

Figure 18 shows examples of scaling for a reference-to-
scale model-size ratio of 6.9 (182.9-cm to 26.7-cm
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chord). The reference velocity for these tests was 100 kt
and the reference MVD was 170 um. The scale and
reference parameters f), [pd. and n, were in close
agreement, while We; matched to approximately 11%.

Main ice shapes and feather regions of the scale tests
simulated the reference profiles well for both freezing
fractions. These results show that the scaling method
recommended here can be applied to fairly large model
chords as well as to SLD conditions. Higher reference
velocities for this model-size ratio were not tested be-
cause the resulting necessary scale velocities become
too high. For example, for a model-size ratio of 6.9 and
a reference velocity of 150 kt, the scale velocity to
permit matching of We, is nearly 400 kt. The maximum
empty-test-section velocity in the IRT is 350 kt. Fur-
thermore, as speed increases above about 300 kt, shed-
ding of both main ice accretions and feathers, particu-
larly at low freezing fractions, leads to questionable
scale results.

Reference velocities higher than 100 kt were tested with
the 183-cm-chord NACA 0012 model, but with the
reference-to-scale model-size ratio reduced. Instances
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Figure 18. Scaling from 183- to 27-cm-Chord using Constant-We; Method. Vi, 100 kt; MVDg, 170 um.

of scaling to a 53-cm-chord model with a 150-kt refer-
ence velocity are shown in Figure 19. Figures 19 (a)
and (b) show results for a freezing fraction of 0.3, while
19 (c) and (d) are for a freezing fraction of 0.5. Tests
were made with reference MVDs of 110 (fig. 19 (a) and
(c)) and 190 pum (fig. 19 (b) and (d)). In each case, there
was a close match of f4., ny and We,, but with a scale
MVD of 30 um, S, was not always well matched to the
reference.

The main ice shape size and horn angles of the refer-
ence tests were matched well in the scale tests in each
case. However, the reference tests produced large
feather structures just aft of the main shape that were
not seen in the 100-kt reference accretions of figure 18.
These feather structures became more prominent when
the MVD was increased from 110 to 190 pm.

Methods to simulate these large feathers in scale tests
have not yet been developed, and studies of feather
formation are in early stages™>*. There is no evidence
in the results to date, however, to suggest that feathers
form differently in the SLD regime than they do in Ap-
pendix C. The present belief is that the large feather
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structures seen in SLD at velocities higher than 100 kt
is simply a result of the higher collection efficiencies at
these conditions. Note in the results of Figure 19 that
the better the match of S, between scale and reference,
the better the match between the scale and reference aft
feather size.

Further tests are needed to demonstrate scaling from the
183-cm model at 200-kt reference velocity. To avoid an
excessive scale velocity the scale model for these tests
should be no smaller than half the reference size.

Scaling of Icing Limit

Above discussions have shown that, although highly
desirable, £, does not have to be matched exactly for
good scaling of the main ice shape; therefore, the
choice of MVD can be somewhat flexible. However, to
simulate feather growth, it is probably important that
scale and reference /) not differ by much. In addition, if
icing limits are important to the scaled test objective,
figure 16 shows that scale £, should be matched to the
reference value. If both main ice shape and icing limits
are required to be scaled and facility restrictions on
MVD make it impractical to match £ exactly to find the
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Figure 19. Scaling from 183- to 53-cm-Chord using Constant-We; Method. Vg, 150 kt.
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scaled ice shape, two tests should be considered. The
first would scale the main ice shape by matching Wey,
P, and ny. With LWC chosen arbitrarily and MVD
selected to gain as close a match of £, as possible,
matching the above three parameters determines the
scale velocity, time and temperature.

The second test, to scale icing limit, needs only to
match f,. For this experiment, neither n, nor We, are
restricted. Thus, velocity can be calculated to satisfy
Po.s = Por With MVD chosen for convenience. For stag-
nation freezing fraction, ny, no less than 0.3, LWC and
temperature seem to have little effect on icing limit as
shown in figure 16, so they can be chosen more or less
arbitrarily. But lower ny, may produce runback ice ac-
cretion that could complicate the process of identifying
icing limits. Therefore, one should select a static tem-
perature and LWC such that the total temperature will
be below -2°C and n, will be no less than 0.3. Addi-
tional testing for n, less than 0.3 is needed to better
assess whether this method still works, so it should be
used with caution. The accretion time needs only be
long enough to accrete sufficient ice to define the icing
limit.

Test-Condition Scaling of Main Ice Shape When Model
Size Unchanged

In reference 2, it was noted that the calibrated envelope
of an icing facility could leave some combinations of
MVD and LWC unobtainable. Furthermore, substitu-
tions for temperature are sometimes necessary. By ap-
plying test-conditions scaling, alternatives for each of
these test conditions can often be found that fall within
the facility capabilities yet provide an ice shape that
simulates that of the reference (desired) conditions.
Test-condition scaling methods for LWC, temperature
and MVD will be discussed here.

LWC Scaling (The Olsen Method)

Earlier in this paper, it was demonstrated with figure 15
that the Olsen method, as a special case of the recom-
mended scaling method, can be used to scale LWC over
at least a limited range for both Appendix C and SLD
conditions. The method used in reference 2 will there-
fore be recommended for SLD. This procedure is given
as follows:

1. cs=cp.

2. Vs=Vz

3. MVDg= MVDg.

4. Choose a LWCs.

5. Calculate the scale temperature #,, 5 from ngs= ng.
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6. Calculate the scale total temperature, ¢, s. If ;s is
greater than -2°C, repeat steps 4, 5 and 6 with a
larger LWCs.

7. Calculate the scale accretion time from A.g = A,

which that leads to zg= (LWCgx13)/LWCs.
Temperature Scaling (The Olsen Method)

To apply the Olsen method for temperature scaling, the
procedure is given as follows:

1. cs=cp.

2. V=V

3. MVDg= MVDg.

4. Choose a scale static temperature £, s so that the

scale total temperature ¢, s is below -2°C.
5. Calculate LWCs, from nyg= ngp.

Calculate the scale accretion time from A.g = A
that leads to zg = (LWCxpx1R)/LWCs.

The Olsen method is based on a fundamentally sound
approach, but has been experimentally validated over
only a limited range of test conditions. Additional test-
ing is needed to further validate this approach, so it
should be used with caution.

MVD Scaling (to scale ice shape, not icing limits)

Figures 10-12 have shown, with a few exceptions, that
MVD over the range 30 to 190 um had no apparent ef-
fect on the main ice shape for the conditions and mod-
els tested. These observations imply that if a test is
needed with a value of MVD outside the tunnel capabil-
ity, it should be possible to substitute a value within the
tunnel-operating map to simulate the desired ice shape.
This procedure is outlined as follows:

1. Cs = Cp.
2. VS: VR.

3. Choose a MVDs such that S5 and Sy are within
10%.

Choose a LWCs.

5. Calculate the scale temperature t;, s from njyg=ng.

6. Calculate the scale total temperature, ¢, s. If ;s is
greater than -2°C, repeat steps 4, 5 and 6 with a
larger LWCs.

7. Calculate the scale accretion time zg from f)s4. 5=

ﬂO,RAc,R-



There are some MVD limits (not known yet) to this
approach, however. The observation that drop size has
little effect on main ice shape as shown in figures 10-12
comes from only limited testing over a specific range of
test conditions. Therefore, some caution may be war-
ranted for application to other conditions. Tests over a
wider range of speed, model size and cloud conditions
are needed to better assess whether the robustness of a
method of drop-size substitution can be recommended
with any confidence. Tests of this nature are currently
being conducted at the NASA Glenn IRT for both Ap-
pendix C and SLD conditions to try to define the upper
and lower limits of conditions for which an available
MVD can be used in an icing test to simulate results
with another MVD.

Summary and Concluding Remarks

This paper has summarized recent NASA research into
scaling of SLD conditions. It was shown that for NACA
0012 models up to 183-cm chord, reference velocities
of 100, 150 and 200 kt, reference MVDs up to 190 pum
and scale MVDs of approximately 30 um at the stagna-
tion point freezing fractions of both 0.30 and 0.50, the
main difference in SLD ice accretions compared with
Appendix C is that in SLD larger feather features can
sometimes form aft of the main ice shape, particularly
for velocities of around 150 kt and higher and when £,
is above 90%. Thus, these large feather structures ap-
pear to be the result of high collection efficiencies. Not
only do SLD clouds have higher MVDs the drop-size
distributions contain significantly larger water drops,
and these likely contribute to large feather formations.
When the scale f, matches the reference value, how-
ever, the evidence suggests that scale and reference
feather sizes tend to be approximately the same.

Because the features of the main ice shape do not ap-
pear to be affected by drop size, it is safe to conclude
that, for models as large as 183-cm chord, drop sizes
from 30 to 190-um MVD and velocities of 200 kt or
less, SLD main ice shapes are not subject to significant
differences in the effects of drop distortion and breakup
before impact or splashing of drops on impact com-
pared with those in Appendix C. This may mean that
these effects are scaled appropriately between Appen-
dix C and SLD conditions using the existing scaling
methods. These conclusions may not apply to the
feather regions, where accretion mechanisms are not yet
understood. Fortunately, therefore, scaling methods that
have been found to be effective for Appendix C can
also be applied to at least the limited range of SLD
conditions included in this study. The currently recom-
mended methods to scale model size, icing limit and
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test conditions are outlined in the section Recom-
mended Scaling Methods on p 27.

The main ice shape from a 183-cm-chord NACA 0012
model was successfully simulated with a 27-cm-chord
model (fig. 18) using the scaling method described on p
27. Tests for this model-size scale ratio were limited to
a reference velocity of 100 kt to avoid very high scale
velocities. Using the same reference model, good
model-size scaling was also demonstrated for a refer-
ence velocity of 150 kt when a scale model of 53-cm
chord was used (fig. 19). Finally, scaling from a 91- to
36-cm chord was exhibited with a reference velocity of
200 kt (fig. 17).

It was shown in figure 16 that the icing limit is a func-
tion only of the stagnation collection efficiency, S,
when ny is greater than 0.3. Therefore, tests to deter-
mine experimental icing limits with a scale model and a
MVD chosen for convenience can be made simply by
matching scale and reference f). Equations (2) — (6)
provide expressions to calculate £. To avoid potential
runback icing due to lower ny, one selects a static tem-
perature and LWC so that the total temperature will be
below -2°C and n, will be no less than 0.3. Additional
testing is needed to further validate this approach for n,
less than 0.3, so it should be used with caution.

To scale LWC, it was shown that for SLD conditions as
for Appendix C the Olsen method could be used (fig.
15). That method requires that with a full-size model
and with scale ¥ and MVD matched to the respective
reference conditions one chooses a scale LWC and the
scale temperature should be determined by matching
the scale n to the reference. Care may be needed to
ensure that the scale total temperature is below-2°C.
The scale accretion time is found by matching scale and
reference A4.. The stagnation freezing fraction, n,, can
be found from equations (7) — (10), and A4, from equa-
tion (1). Similarly, the Olsen method can also be used
to scale temperature. It requires that with a full-size
model and with scale V" and MVD matched to the re-
spective reference conditions one chooses a scale static
temperature so that the scale total temperature is below
-2°C.and the scale LWC should be determined by
matching the scale n, to the reference. The scale accre-
tion time is found by matching scale and reference A4..
The stagnation freezing fraction, n,, can be found from
equations (7) — (10), and 4. from equation (1).

Furthermore, if a MVD scaling is needed for a test due
to tunnel limitations, it was shown, at least for the range
of speed, model size and cloud conditions tested in this
study, that with model size and velocity unchanged
from the reference, one can choose a MVD such that the
scale and reference £, are within 10% and a LWC for



convenience. The scale temperature should be deter-
mined by matching the scale n, to the reference. Again,
care may be needed to ensure that the scale total tem-
perature is below-2°C. The scale accretion time is
found by matching scale and reference 4.

The studies on which these recommendations are based
were performed with numerous limitations. All used
unswept NACA 0012 models (up to 183-cm chord)
mounted at 0° angle of attack. The tests covered a range
of reference velocities of 100, 150 and 200 kt, MV Ds of
approximately 25 to 190 um and stagnation freezing
fractions of both 0.30 and 0.50. Because no tests in the
present study have been performed for MVDs greater
than 190 um, there is no basis to assume the scaling
method described here would be valid to scale clouds
with larger MVDs. Finally, the largest model used to
date had a chord of 183 cm. SLD effects such as drop
distortion and breakup on larger models may give dif-
ferent results.

Several issues need to be resolved in future SLD scal-
ing studies. First, the upper limit on MVD for which
SLD main ice shapes can be simulated by Appendix C
drop sizes needs to be determined. This limit may also
depend on model size and velocity. Likewise, the lower
limit on scale MVD also needs to be determined. Rime
tests by Tsao and Anderson®® showed significantly nar-
rower shapes with different profiles for drop sizes be-
low about 20 um. Thus, it is possible, although not con-
firmed, that glaze ice shapes for MVDs significantly
smaller than 25 pm may prove to be poor simulations
of larger sizes. On the other hand, figure 3.3.6 of refer-
ence 2 reproduced limited results for #n, of 0.3 and 0.5
showing that MVDs of 20 and 55 pm produced the
same ice shape, and, for other conditions, figure 3.3.7
of that reference showed that no difference in shape
between 15 and 20 um was apparent for n, of 0.5. More
extensive studies of these small MVDs are needed. Un-
til this is done, it is advised that if scale calculations
based on matching £, yield scale MVDs of, say, 15 or
20 pm, caution should be used in interpreting the re-
sults of such scale tests. At least some additional tests
should be performed at 25 — 30 um for comparison.
Second, the physical mechanism that produces the very
large feather structures aft of the main ice shape for
some SLD conditions has to be explored and compre-
hended. It appears that these feathers are produced be-
cause the local g values for SLD encounters are often
higher than those for Appendix C, but this explanation
has not been fully tested. Third, the method used here
for model-size scaling in glaze icing uses a match of
We, to determine scale velocity. Although this ap-
proach seems to work, the physics behind it are not
understood, nor do we know if there is a better Weber
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number or other similarity parameter to use. Without a
full understanding, it is not safe to extrapolate the
method to conditions not yet tested.

Finally, scaling needs to be demonstrated with models
other than the NACA 0012, with angle of attack, with
swept wings and in facilities other than the IRT. The
use of a different test facility, provided it has a uniform
cloud with a consistent calibration over the range of
conditions of interest, should not affect scaling out-
comes. Furthermore, the basic physics behind the de-
velopment of the scaling method recommended here is
independent of the model, of angle of attack and of
sweep angle. Nevertheless, additional demonstrations
of scaling in various configurations will serve to build
confidence in the method.
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