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ABSTRACT
Flight into icing conditions introduces the risk of ice accretion to helicopter rotors. To
understand and avoid the dangers related to rotor icing, test facilities such as the NASA Glenn
Icing Research Tunnel have been developed. Due to the confined test section size of most current
icing test facilities, an icing test on a full-chord helicopter rotor blade is not possible. To fulfill
the research need of a full-scale chord rotor icing test facility the Adverse Environment Rotor
Test Stand (AERTS) was developed at the Vertical Lift Research Center of Excellence. Ice
accretion tests were conducted to validate ice reproduction capabilities of this facility. Classical
ice scaling methods were introduced and applied to ensure experimental ice shape reproduction
for varying chord-size blades. The validity of applying scaling laws to low-thrusting rotors was
demonstrated. To determine the Liquid Water Content (LWC) in the facility, a novel LWC
experimental measurement method was developed and experimentally validated at the AERTS.
During 12 LWC determination tests using a set of NACA 0012 blades, it was demonstrated that
the LWC can be controlled in increments of 0.2 g/m3 and maintained during each icing test within
±15%. The LWC in the facility can range from 0.2 g/m3 to 5 g/m3, values that are within the
recommend by the FAR Part 25/29 Appendix C natural icing condition envelope for helicopters.
An icing parameter sensitivity study based on 21 experiments on a cylindrical tube rotor was then
carried out to characterize the icing cloud LWC patterns and their influence on airfoil ice shape.
With the guidance of the validated scaling methods presented and the LWC determination
procedures, ice accretion tests on both a 1-inch diameter cylindrical tube rotor and a 10.5-inch
chord NACA 0012 rotor blade were conducted. In total, 16 cylinder tests and 37 airfoil tests were
performed to explore the facility capability of reproducing icing conditions and accurate ice
shapes as compared to other icing facilities. Innovative iced profile digitization techniques were
also presented. A 3D laser scanner was introduced to capture the delicate ice shapes without any
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damage on the ice surface. The digitized ice shapes were compared with results recorded by other
well-known icing facilities, such as the NASA Glenn Icing Research Tunnel. The ice shapes
obtained in this research correlate very well with references presented in the literature. For lowthrusting rotors (e.g. test rotors with thrust less than 30 lbf at the AERTS), the ice shapes
correlated with less than 1% discrepancy with respect to stagnation line ice thickness and ice
limits. Ice shapes were reproduced on blade sections having up to 3.7º angle of attack and 70
m/sec. Unique helicopter icing features were also identified. The three dimensional effects
inherent in the rotating frame are difficult to reproduce with fixed airfoils in wind tunnel testing.
In the test conducted in the AERTS, clear three dimensional structures such as “lobster tail” (due
to span-wise run-back water movement) were recorded at the blade tip. The capability of the
facility of conducting ice accretion tests on different airfoils and different icing conditions were
validated, paving the way for the utilization of the facility for the on-going rotor icing related
research.
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Chapter 1 Introduction

1.1

Background and Motivation
Ice accretion on aircraft has always been a factor jeopardizing flight safety. After ice

accretes on the airfoil, the outer aerodynamic surface is greatly changed. The flight capability will
be considerably degraded, with increases in profile drag and loss of lift. Airfoil performance is
degraded because of the increased surface roughness, which results in a premature flow
separation, promoting pre-stall at low angle of attack. An aircraft cannot maintain its altitude with
the degraded performance. This is extremely dangerous during a landing approach. Engine icing
is another big contributor of icing accidents on a fixed-wing plane. The induction icing may result
in an engine flame out or failure which poses a direct threat to flight safety. Statistics of aircraft
accidents involved with icing is shown in Figure 1. It is concluded that icing accidents account
for 12% of total weather accidents. NTSB (National Transportation Safety Board) has
recommendations on aircraft icing dating back to 1981 and it has been on the NTSB’s most
wanted list of safety improvements since 1997 [1].

Compared to fixed-wing vehicles, helicopters are more prone to be affected by ice
accretion due to their operational envelope and mission requirements. During most of the mission
time, helicopters operate in a low-altitude, high-humidity environment where low-temperature
conditions can often occur. These conditions could introduce ice accretion to the vehicle. With ice
on the blade, the required torque to maintain a flying condition increases (typically by 10% to
25%).
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Figure 1: Aircraft accidents involved with icing
(Source: Air Safety Foundation, AOPA)

Helicopter icing issues mainly comprise three fields (listed in order of priority): rotor
system icing, engine icing, and airframe icing. Rotor system icing includes rotor blade icing and
rotor control system icing (hub, pitch link, etc.); engine icing considers the ice crystal that enter
the engine throat and freeze at the first stage compressor area; airframe icing mainly concerns the
profile drag increase due to fuselage ice accretion and the failure-free working of sensors and
detectors. In this study, the effort is solely focused on rotor blade icing evaluation. Engine icing
will be briefly discussed in Section 1.5.1. Airframe icing is not addressed in this research since it
is not a high priority of helicopter icing research.

As soon as a helicopter enters into an icing cloud, ice will immediately begin to accrete
on the rotating blade and other components on the helicopter. The performance of the blade will
be greatly degraded by the ice accretion phenomena. Rapid decrease of lift/drag ratio and
promotion of blade pre-stall at low AOA may take place on the rotor blade along with the ice
accretion. Specifically for helicopter, ice accretion on rotor blades will also result in an increase
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of required shaft torque from the engine to maintain a certain RPM. Rotor icing can introduce
excessive vibration due to blade imbalance after asymmetric ice shedding. It also contributes to
loss of control of the vehicle and degraded maneuverability, such as autorotation capability [2].

Due to the inherent risks of ice accretion on the rotor system, helicopter pilots are
directed to exit the icing cloud or land as soon as possible. A 20% torque increase indicates that
normal autorotation rotor RPM requirement may not be satisfied. During landing, the
performance-degraded rotor system may not be able to keep the vehicle operating in the safe
landing altitude and airspeed combination envelope. As a result of failure to maintain altitude, the
sharply accelerated descending velocity may prohibit safe landing.

Figure 2: A rescue helicopter waiting to be rescued
(Notice: ice accretion at the leading edge of the rotor blade, indicating this is an in-flight
icing case rather than ground icing or snow cover case; Source: BBC NEWS, Mar 2nd 2006)

After encounter with an icing cloud, a helicopter needs to escape from the adverse
environment immediately. Sometime the escape involves emergency landing. A rescue helicopter
trapped on a mountain is shown in Figure 2. The RAF Sea King helicopter was performing a
rescue mission on a mountain at North Scotland area, UK. Soon after it took-off, the helicopter
encountered a blizzard. It had to make an emergency landing since no de-icing system was
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equipped on that vehicle. The helicopter had to wait for one day until the ground rescue troop
carried the de-icing system to the mountain top, even though the nearest airport is only 4 minutes
away by flight.

To eliminate these problems, anti-icing or de-icing systems are required for helicopters
operating in the harsh adverse environment. For the current world-wide fleet, very few
helicopters are equipped with ice protection systems, most of which are military helicopters.
Other helicopters, which are mostly civil helicopters, simply avoid flying in adverse icing
environments. The mission capability of helicopters is significantly affected by icing as it was
stated in Reference 2:

“For example, the US Army UH-60A BLACK HAWK, which has a bleed air
engine inlet anti-ice system and an electro-thermal rotor deice system, is
qualified for flight in super-cooled 20 micron droplet clouds with liquid water
contents that do not exceed 1.0 grams per cubic meter and temperatures that are
not below -4 °F (-20 °C). Earlier versions of the UH-60A were not equipped with
blade de-icing systems. For these helicopters an envelope limited to liquid water
contents of 0.3 grams per cubic meter has been recommended. Similarly the
Marine CH-53E helicopter, which does not have blade de-icing capability, has
received a recommendation that it be cleared for flight in icing conditions up to
0.5 grams per cubic meter, with flight at temperatures below 14 °F (-10 °C)
limited to operational necessities only. Bell 214ST and Sikorsky S-61N
helicopters have been granted limited CAA clearances for North Sea operations,
where an escape route to the warmer ocean surface is available. For these
aircraft the maximum liquid water content is 0.20 and the minimum temperature
is 23 °F (-5 °C). A release to fly the RAF HC-Mk1 Chinook in icing at
temperatures above 21 °F (-6 °C) (liquid water content = .56 grams per cubic
meter) was recommended.”

There is an increasing necessity of robust and efficient ice protection systems (IPS) for
both civil and military helicopters. To facilitate the design and test of novel IPS devices, how to
perform ice accretion testing on full scale helicopter rotor blade sections must be understood. In
this research, efforts to experimentally reproduce icing shapes on a novel rotor icing facility are
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conducted. In many cases, reduced size chord blade sections are required during testing (due to
facility size or power limitations), and ice scaling laws must be introduced. The application of
this classical ice scaling laws to rotating blades must also be investigated.

1.2

Ice Accretion Test Facilities
Icing test facilities around the world can be characterized into two categories: in-flight

icing test systems and icing wind tunnels. In-flight icing test systems (e.g. the Helicopter Icing
Spraying System, HISS, in Figure 3) for full-scale helicopters are costly, and have limited control
of the icing conditions. Icing conditions need to be calibrated according to different test
environments [3]. Detailed ice accretion shape measurement and ice protection prototype testing is
difficult to conduct with the HISS.

Figure 3: Objective Helicopter Icing Spraying System (OHISS) [4]
Wind tunnel testing is ideal for airfoil performance tests for fixed-wing aircraft and
scaled rotors. Sample of these facilities are: Cox Icing Research Facility
Tunnel

[6]

, CIRA Icing Wind Tunnel

Research Center

[7]

[5]

, Goodrich Icing

and the Icing Research Tunnel (IRT) at NASA Glenn

[8]

. Test results are mostly focused on two-dimensional airfoil performance

degradation due to ice accretion. For instance, as shown in Figure 4, at the NASA Glenn IRT,
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extensive icing experiments on standard NACA 0012 blades have been conducted. Although
these wind tunnel fixed-wing icing experiments have built the foundation of icing research, the
unique features of rotor icing cannot be examined in a two dimensional context.

Figure 4: 21 inch chord NACA 0012 airfoil section tested at the NASA IRT
(Source: NASA GRC online gallery)

Scaled rotor tested in the icing wind tunnel can be used to study three dimensional
features of icing on high speed rotors. One critical issue with these experiments is the increased
RPM requirements to provide representative water droplet impact velocities. Due to the model
scaling ratio and limitation of tunnel test section dimensions, these rotor blade sizes are relatively
small, compared to the full scale model and wind tunnel fixed airfoil tests. Flemming et al.

[9] - [12]

conducted a series of sub-scale UH-60 model rotor icing tests at NASA IRT. A 0.124 m (4.9
inch) chord, 1.83 m (6 ft) diameter, NACA 0012 blade with no taper and -10° twist was tested.
For this test, to simulate full-scale operational speed (nominal UH-60 rotor speed 258 RPM), the
required rotating speed range was approximately 2000 - 2200 RPM. At this RPM condition, span-
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wise water motion (e.g. surface runback water motion in the span direction) and ice motion (e.g.
ice shedding events) inhibited ice shape correlation to natural ice accretion encountered on the
vehicle. Fortin and Perron

[13]

carried out icing experiments on a 1/18 sub-scale model with

0.0696 m (2.74 inch) chord, 0.315 m (1.03 ft) diameter NACA 0012 blade. The operational speed
was 3240 RPM. These experiments were initially used to evaluate hydro-phobic or ice-phobic
coatings rather than icing physics. It was claimed by the authors that “without fundamental
parametric scaling equations to helicopters, they (the icing parameter correlations and coating
evaluation methodology proposed in the paper) are not helpful for helicopters”. In addition,
scaled rotors are not ideal for testing of ice protection systems, since the systems do not scale
with the rotor size.

Figure 5: Subscale model helicopter icing test at the NASA IRT
(Source: NASA GRC online gallery)
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1.3

1.3.1

Adverse Environment Rotor Test Stand: Facility Introduction

General facility description
To fill in the research need of novel low-power, non-thermal ice protection systems for

helicopter rotors, an Adverse Environment Rotor Test Stand (AERTS) was designed and
constructed at Vertical Lift Research Center of Excellence at The Pennsylvania State University
[14]

. A schematic model and a photo of the AERTS facility with the proposed NACA 0012

helicopter test blades are shown in Figure 6 and Figure 7. Specific information regarding the
facility capabilities is summarized in Table 1

Figure 6: Schematic AERTS facility model
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Table 1: AERTS Facility Specifications
Chamber Dimensions [m]
6 × 6 × 3.5
Rotor Speed [RPM]
200 to 1200
Blade Diameter [m]
2.743
Blade Chord [m]
0.2667
Driving Motor Power [Hp]
120
Collective Pitch Range [deg]
-2 to 12
LWC [g/m3]
0.2 to 5
MVD [μm]
10 to 50
Signal and Power Transmission 24 signal channel / 24 power channel slip ring
Measurement Instrument
Shaft torque sensor / 6-axis load cell

Figure 7: Photograph of the AERTS facility and NACA 0012 test blade

The test stand is positioned inside an industrial walk-in cold chamber. The test section
dimension is: 6 m × 6 m ×3.5 m. The chamber is cooled by a 10 HP, water-cooled cooling
system. Controlled temperatures between -25° C and 0° C can be achieved. The test stand is
surrounded by an octagon shaped ballistic wall. The test stand is driven by a 120 HP motor
donated by The Boeing Company. The rotor RPM that can be achieved is from 200 to 1200. The
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rotor head is taken from a QH-50D DASH Unmanned Helicopter donated by Gyrodyne
Helicopter Historical Foundation. The QH-50D is a co-axial UAV designed for the Navy in the
early 1950’s. The hub was retrofitted to have collective and lateral cyclic capabilities using linear
control actuators. A six-axis load cell is installed in the bell-housing of the hub to monitor the
forces and moments. A shaft torque sensor is placed between the driving shaft and the upper shaft
to measure the torque provided by motor.

The facility can accommodate test blades with dimensions up to a 0.457 m (18 inch)
chord and a 2.74 m (9 ft) diameter. With modifications to the blade tip section, the blades can
also be designed to carry tip section “paddles” with up to a 0.813 m (32 in.) chord (Figure 8).
Icing nozzles located in the ceiling of the chamber, are Standard icing nozzles donated by the
NASA IRT.

Figure 8: Photograph of AERTS paddle test blade
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1.3.2

Test section geometry
For tests in a confined environment, interactions between the flow and test section wall

and floor have to be explored. The physical dimensions of blades are restricted due to the testing
chamber size. With the concern of the wall effects, the diameter of the rotor is determined to be
less than 9 feet. The clearance between the blade tip and the wall is approximately 18 inches. To
mitigate the tip vortex effects on ice shapes, the tracings of ice shapes are taken at 95% of the
blade radius, and not directly taken at the blade tip.

Limited clearance between the test stand and the ground is also a concern. The downwash
flow could be altered or constrained because of the presence of the ground. The change of the
flow development may result in a reduced mass flow through the rotor disk, which can change the
inboard and outboard flow patterns. Numerous studies have been conducted to investigate the size
constraints influence on rotor testing. According to tests performed at NASA Langley Research
Center, Kelley of Reference 15 claimed that approximately 50% of the ground effect is dependent
on the fuselage shape. The ground has “virtually the same effect” on hover performance when
H/D ranges between 0.43 and 1.4, where H denotes test model distance to the ground and D is the
disk diameter. This height-to-rotor-diameter ratio for AERTS is approximately 0.78 H/D (7 ft / 9
ft), which means that even having designed the facility to accommodate a ground to rotor distance
of 17 ft. would not have provided any increased benefits. Further rotor spacing to the ground
would have provided ground effects mitigation, but such a configuration was deemed to be not
practical, especially for ice accretion research.
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For most icing experiments conducted at the AERTS facility, the pitch angle is set to be 0
and the rotor blade used is a symmetric airfoil. The ground effect is considered as a secondary
issue at low thrust conditions (thrust less than 30 lbf) for icing testing at the AERTS facility.

The chord of the testing blade also has to be limited to a certain number to keep the
solidity of the blade within a reasonable range. The test blade used at the AERTS has full-sized
chord but small radius compared to full-scale helicopter. Most full-scale rotor blades have a
chord-to-radius ratio of about at least 0.07 or less

[16]

. For instance, a full-scale Schweizer 269A

main rotor blade was used in the AERTS. The original rotor had a 26 ft 10 in. diameter, 6.8 in.
chord, and NACA 0015 blade profile. The chord-to-radius ratio is 0.042. Due to the section size
limitation, it had to be truncated into 9 ft diameter after it was shipped to the AERTS. This chordto-radius ratio changed to 0.126 which is three times the previous value. The corresponding
solidity changed from 0.0269 to 0.0802. This truncated blade issue is inevitable, and need to be
examined in the future. Currently, it is regarded as a secondary effect on the ice shapes.

1.4

Ice Shape Categorization
The ice shapes accreted on airfoils can be categorized into three groups: glaze ice, rime

ice and mixed ice. Glaze ice is formed by water droplets impacting onto the blade and freezing as
they travel on the blade. Glaze ice usually has a protruding ice horn that will greatly decrease the
aerodynamic performance of the rotor. This kind of ice occurs at relatively warm temperatures (0
°C ~ -10 °C) with high LWC and high impacting speed. Rime ice is formed by the water droplet
freezing upon impingement. As a result of this instant freezing, the ice shape follows the airfoil
shape. This type of ice usually takes place at colder temperatures (-10 °C ~ -20 °C or lower) with
low LWC (below 1 g/m3) and low impact speed (under 50 m/s). Rime ice is opaque and rough
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and has a lower depositing rate than glaze ice due to the relatively lower content of water in the
air. The mixed ice shape is the intermediate ice shape between glaze and rime ice, which has both
the round leading edge main ice shape like rime ice and the protruding ice feathers at the back of
the main ice shape that resemble glaze ice. Sample ice shapes of these three ice types on both
cylinders and airfoils are shown in Figure 9.

Figure 9: Three types of accreted ice on cylinder and airfoil
(Cylinder ice shape from Reference 19 and Airfoil ice shape from Reference 2)

Glaze ice can be observed for most of the outboard part of a rotor blade, especially when
a helicopter is operating at a low altitude where the temperature is relatively high, and LWC in an
icing cloud is high. Both of these two icing types are important for icing research. Generally,
glaze ice is more dangerous than rime ice since it has an irregular surface and often has two
protruded horns which will considerably decrease the lift/drag ratio.

From another perspective, the rime ice is more ideal for icing facility calibration, because
the precondition of having rime ice on blade is that the freezing fraction needs to be 1, which will
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get rid of interference of other factors, rendering the LWC ready to be determined from empirical
calibration equations as it will be shown in Section 3.1.1.

1.5

1.5.1

Icing Conditions

Temperature
The ambient temperature of a typical icing cloud usually ranges from -30 °C to the

freezing point as stated in the FAA Aircraft icing handbook [2]. The temperature has a large effect
on the final ice shape type. Small differences in the temperature may result in two obviously
different kinds of ice: rime ice and glaze ice. Typically, the rime ice occurs at temperature lower
than -10 °C; while the glaze ice usually come up at relatively warmer temperature, usually around
0 °C to -10 °C.

For warm ambient temperature, slightly above 0 °C, there are still possibilities that icing
issues could jeopardize the flying vehicle. This is because a sudden change of the ambient
pressure (lowered pressure around the blade surface and across the rotor disk) can be observed in
the complex flow field of the aircraft. This will result in local temperatures that fall below the
freezing point, causing ice accretion. For this study, icing testing temperatures above 0 °C are
excluded from the test conditions.

On the other end of icing temperature range, when temperature goes lower than -30 °C,
the super-cooled water droplet is not likely to exist in the air. Water still can be transported from
the cloud at lower altitude by the convective cloud (vertical air movement). In this scenario,
instead of water droplets, the water exists as ice crystals carried by cold air. For fixed-wing
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aircraft flying at 40000 feet altitude (high altitude compared to helicopter cruise ranging from
3000 to 12000 ft), the ambient temperature is around -40 °C. According to some flight tests, some
pilots report that the ice built up on the wind-shield due to ice crystal deposition. Ice crystals may
also introduce ice accretion on the fixed wing engine nacelle and engine blades. The ice accretion
on engine components may introduce performance degradation, flame-out, and component
damage due to ice shedding or even engine failure. The ice crystal accretion concept is different
from normal ice accretion on airfoils that is open to the ambient pressure. Ice only builds up
around the throat near the first compressor stage of an engine. The ice crystal is carried by the
cold air into the engine inlet. As it enters the rotor stages, the ambient temperature suddenly
changes to be above freezing point. Then the cold and warm flows mix for a very brief moment
and part of the ice crystal changes into liquid phase. In this way, the ice accretion in an aircraft
engine involves two phase flow and largely depends on ambient pressure. The cascade rotor blade
geometry also adds complexity to the flow field. Currently, there is a very limited understanding
of the engine icing study either in theory or experiment. No ice shape was documented and no
comprehensive measurement record exists in terms of engine rotor torque, shedding events,
damage on the engine, etc. For this study, this ice crystal issues are not discussed, since it is
focused on helicopter icing, where the temperature falls within the Appendix C icing condition
envelope suggested by FAA.

1.5.2

Velocity
In an icing wind tunnel, such as the NASA Glenn IRT, test speed usually ranges from 0

to 100 m/s, which remains in the low Mach number range. Although higher velocity is
achievable, it is hard to maintain the tunnel flow to be ideally uniform, especially when large
scale model is used resulting in a large blockage ratio.
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For a helicopter rotor test, the local speed of a rotor varies with radial location. Local
velocity is calculated from the rotation speed. At the AERTS facility, the rotor RPM can be
controlled between 0 and 1200 (0 to 140 m/s at blade tip, approximately). The maximum rotor
RPM depends on structural limits of the test blade and on the ice accretion severity. During icing
tests, as the ice accretes on the blade, the required torque to maintain the local speed on the blade
will rise. As soon as the maximum torque from the motor is reached, the test stand has to be shut
down due to safety considerations. To match the typical icing wind tunnel test speed, RPM at the
AERTS facility is usually maintained at around 600 (86 m/s tip speed on a 4.5 ft. radius rotor).
This rotational speed is always within the safe operational margin of the facility for full-scale
chords (4.9 in. to 32 in.).

For icing tests, the velocity affects the flow field around the model, and also dictates the
boundary layer behavior on the model surface. To characterize these effects, some flow
characteristic numbers need to be taken into consideration, such as: Reynolds number, Mach
number and Weber number. The Reynolds number based on blade chord length of a
representative full-scale helicopter ranges from 5×105 to 2×107

[16]

. After ice accretes onto the

airfoil, the surface boundary layer may be fully turbulent at this level of Reynolds number while
it should be laminar on clean airfoil. This transition from laminar to turbulent boundary due to
icing may introduce pre-stall phenomenon at low AOA. In addition, surface boundary layer
parameters, such as surface friction coefficient and convective heat transfer coefficient, highly
depend on this number. The surface heat transfer rate then in return dictates the iced profile
change as icing time advances which is the critical issue needs to be solved for the ice accretion
simulation. The effects of surface boundary parameters are discussed in the preliminary study
shown in Section 5.3.1. The Mach number (which denotes the compressibility of the air) is
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usually low (below 0.3), so that it is considered as a secondary factor on the ice accretion in this
study. Surface water movement is also associated with flow speed. The characteristic number of
this issue is Weber number which denotes the ratio of flow inertia to its surface tension. This
number is prevalently used in the study of scaling methods. The effects of this number will be
introduced in Chapter 2.

1.5.3

Medium Volume Diameter (MVD)
Medium Volume Diameter (MVD) of the liquid water droplet is a characteristic number

that denotes the average water droplet size in an icing cloud. In a natural icing cloud, the size
distribution of droplets is chaotic. For CFD aerodynamic analysis, a Langmuir-D distribution is
often utilized in the computer aided flow field simulation. To simplify the calculation, an MVD is
prevalently used to characterize the cloud droplet size at all of the icing facilities. In Reference 2,
the measured MVD is correlated with temperature, as shown in Figure 10. The different symbols
denote different data sources. A curve fit of the MVD envelope is also presented in Figure 10.
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Figure 10: Measured MVD as a function of air temperature
(Reference 2; Note: original figure is of poor quality)

The MVD in AERTS lab is controlled by the input air and water pressure ratio of the
spraying nozzle. The air and water pressure is monitored by sensors mounted on the nozzles. The
particle size is then determined by the input air pressure according to NASA Glenn IRT
calibration tables

[8]

. The control scheme will be introduced in Section 1.5.6. Currently, the

control capability of MVD in AERTS lab is from 10 to 50 microns.

From previous understanding of fixed wing aircraft, the Super-cooled Large Droplet
(SLD, 50 – 500 μm) in the air also has large effect on the aircraft safety. Well-known aircraft
accidents raised attention of the SLD icing issues, such as aircraft accidents at Roselawn, IN
(1994), Monroe, MI (1997), Pueblo, CO (2005), San Luis, CA (2006) and Lubbock, TX (2009)
[17]

etc. SLD study involves the droplet trajectory analysis (not like the regular droplet, body

forces such as gravity cannot be ignored), development of new droplet breakup model and splash
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model. For this study, the SLD droplet is precluded due to the very limited reference resources of
SLD ice shapes and its inherent complexity in icing physics. The capability of AERTS to
reproduce SLD particles is not demonstrated in this research.

1.5.4

Liquid Water Content (LWC)
Liquid Water Content (LWC) is the characteristic water-to-air concentration in a two

phase flow (liquid and gas). The unit is g/m3 which denotes the liquid water content per unit
volume of the incoming air. Higher LWC indicates more water in the air. The typical liquid water
existing in an icing cloud (suggested by FAR Part 25/29 Appendix C) can be illustrated as a
function of ambient temperature shown in Figure 11.

Figure 11: Measured LWC as a function of air temperature
(Reference 2; Note: original figure is of poor quality)

20
1.5.5

Icing cloud
A particular icing cloud should be considered as a system of icing parameters. LWC and

MVD combinations need to be analyzed to characterize an icing cloud. As it can be seen in
Figure 10 and Figure 11, as the temperature decreases, the MVD and LWC in an icing cloud both
drop sharply. This phenomenon shows a contrast between extreme ambient temperature and
extreme icing clouds. When designing an icing protection system, the icing severity needs to be
weighted according to different icing parameter combinations. For most of the cases, larger
LWC-MVD combinations at warmer temperatures are usually more severe than lower LWCMVD combinations at colder temperatures. This is because water, as a heat transfer medium, has
a large specific heat capacity. More water frozen on the surface means more energy consumption
to eliminate it. For a hot air de-icing or electro-thermal de-icing system, low energy consumption
is always desired.

The FAA defined the relationship between LWC and MVD in an icing cloud in Appendix
C of FAR Part 25 (Transport category airplanes) / Part 29 (Transport category rotorcraft). From
meteorology studies, the icing clouds can be categorized into two forms: stratiform cloud and
cumuliform cloud. The former one is an evenly distributed cloud with continuous characteristics;
the later one is based on convective cloud that only exists in intermittent form. The stratiform has
its range of 17.4 nmi (nautical mile), while the cumuliform only lasts 2.6 nmi as recorded in
Reference 2. The icing envelope is summarized in Figure 12.
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Figure 12: FAR Part 25/29 Appendix C icing condition envelope
(Date source: Reference 2; image: courtesy of Brouwers, E., Reference 14)

Based on the assumption that the icing physics in the two different clouds can be
regarded to be the same, the FAA also proposed another characterization method for super-cooled
clouds, as shown in Figure 13. In this figure, the LWC –MVD combinations are plotted against
different temperatures and also meteorology durations (nmi). In this way, it eliminates the
distinction between continuous and intermittent clouds. The duration of the icing exposure is
expressed in the form of cloud range in nautical miles. The icing time exposure (hours) can be
calculated by dividing the duration using airspeed (knots).
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Figure 13: FAA altitude limited new characterization for super-cooled clouds
(Reference 2; Note: original figure is of poor quality)

In Reference 2, around 1000 measured LWC-MVD data combinations are also plotted
against the FAR Appendix C icing envelop with different temperature ranges as shown Figure 14.

The measured data in the natural icing cloud show discrepancies from the suggested
envelopes. The magnitude is comparable. More comprehensive data measurements are needed to
determine a more realistic icing envelope.
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Figure 14: Measured LWC-MVD combinations vs. Appendix C envelope
(Reference 2; Note: original figure is of poor quality)

1.5.6

Nozzle spray system array
The icing cloud is produced by NASA standard spraying nozzles at the AERTS facility.

There are 15 standard icing nozzles donated by NASA IRT installed on the chamber ceiling. They
are arranged in 2 concentric rings, with 5 nozzles in the inner ring and 10 nozzles in the outer
ring. A nozzle control system is installed to enable usage of any combination of nozzles for each
test to achieve a certain value of LWC and cloud uniformity. Similar nozzles are used in the IRT
and Goodrich Icing Tunnel. A photograph of the icing cloud is shown in Figure 15.

Figure 15: Nozzle spray system at the AERTS facility
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The nozzles operate by aerosolizing water droplets with a precise combination of water
and air as per nozzle calibration curves [8]. The plots relating water and air pressure differential to
the created MVD particle size is presented in Figure 16. Once the input air and water pressure is
assigned to the nozzles, a water cloud with corresponding MVD is generated according to the
calibration chart. The LWC of the cloud can then be experimentally found as a fixed value as it
will be introduced in Chapter 3.

Figure 16: NASA standard icing nozzle operation chart
(Reference 8)

Although the icing cloud parameters can be kept steady with a feedback control of the
inputting air and water pressure, the icing cloud uniformity still is not guaranteed. At the AERTS
lab, whether the icing cloud is fully developed is not known, due to the limited distance from
nozzle to the rotating disk. The current criterion for a “uniform” icing cloud requires LWC and
MVD vary with ± 20% acceptable errors

[18]

. An icing wind tunnel with a air circulation

mechanism can easily get rid of the escaped water droplets (super-cooled water droplets that not
impacted onto the blade) by using a dehumidifier device installed in the tunnel at the aft of the
test section; in contrast, the AERTS chamber cannot fully isolate the escaped droplet from the
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chamber. The droplets may accrete near the ground or bounce back with air flow and get recirculated by vertical air circulation in the chamber. These may result in issues like: increased
effective LWC (water saturation), droplet crystallization, or ice crystal deposition. The effect of
the nozzle configuration is interpreted as the additive effect on the effective LWC gradient, which
will be introduced in detail in Chapter 3.

1.6

Computer Aided Analysis
Computer codes on icing study can be categorized into 3 groups: flow field and

impingement analysis, 2D/3D ice accretion simulation, and ice protection system evaluation
codes.

Flow field analysis codes are mainly used with simulated ice shape on an airfoil to study
the performance degradation due to the ice accretion. Grid-based Navier-Stokes solvers are
usually used. This kind of codes is also used for droplet impingement analysis and SLD splashing
modeling etc.

Ice accretion simulation has been studied for over 40 years. Still, there is no ice accretion
code that have been fully validated, or even fully calibrated against experimental data. The most
prevalently used codes, such as LEWICE 2D/3D (US), FENSAP (CANADA), and CIRAAMIL
(Italy), are only validated to limited ice shapes and within limited icing conditions. There are still
problems on properly modeling the effect of surface roughness in the surface energy analysis.
The effect of body forces needs to be emphasized in the ice accretion modeling, such as surface
water tension allocation associated with running water phenomena due to centrifugal forces. For
some icing issues related to rotating frames (engine icing, helicopter rotor icing and wind turbine
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icing etc.), ice shedding prediction or evaluation based on the ice accretion code are very
desirable. These will involve the specific material property and need to be determined in a case
by case manner. To date, CFD based ice accretion simulation cannot be directly applied to icing
research or flight planning without any experimental support.

Ice protection system evaluation codes mainly focus on the hot air and electro-thermal
de-icing systems. Many ice accretion simulations, such as LEWICE and FENSAP, also include
the capability to evaluate the transient heat transfer and phase change analysis during ice
accretion cycles. Some specific codes are also developed to study the inter-cycle ice accretion
(ice accretion during every de-icing interval) effect. Without validated results from ice accretion
codes, the ice protection evaluation cannot be taken with confidence. Flight test is still the only
way to test and certify the ice protection systems. Icing experimental results conducted in icing
wind tunnels and rotor test stands can be an important resource of validation database. An icing
rotor test stand such as the AERTS facility is valuable to the icing community, especially for
helicopter ice protection systems, as the protection devices cannot be scaled and tested in icing
wind tunnels.

1.7

Objectives and Approach
The following objectives are identified in this thesis:



Explore icing scaling methods for helicopter icing tests. Utilize the current fixed-wing
icing scaling methodology and apply it to the rotating airfoils. Evaluate influences of
different parameters (e.g. AOA and Velocity) on the final scale icing conditions and icing
experimental results.
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Understand and characterize icing parameters in the AERTS facility compared to wellknown icing wind tunnels. Conduct icing parameter sensitivity study. Measure and
determine the icing parameters such as LWC in the facility. Study the interactions
between different icing parameters (such as MVD, Temperature, RPM and LWC) in the
facility.



Review experimental results presented in literature for comparison to AERTS
experimental results. Conduct ice accretion tests on both non-thrusting and thrusting
rotors. Develop appropriate iced profile digitization techniques for the AERTS facility.
Compare results obtained in the AERTS facility to those from literatures to validate the
ability to properly reproduce icing conditions in the AERTS facility.



Generate an ice shape database under various icing conditions corresponding FAA
suggestions on the icing condition envelope. Study the unique features of helicopter icing
due to the surface running water rotating blade.

1.8

Thesis Overview
These research objectives will then be addressed and subdivided into following chapters:

Chapter 2: Scaling Method

Test geometry differences between AERTS and other icing facility are introduced. The
principle of scaling methods is then addressed. A scaling code is developed and implemented in
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this chapter. Validation of the scaling code by comparing results to reference ice shape and ice
accretion predictions is shown. The effects of velocity on the scaling methods are also discussed.

Chapter 3: Icing Parameters
Based on preliminary understanding of the icing parameters in the facility and the scaling
law, an experimental method to measure and determine LWC in the AERTS facility is presented.
An icing parameter sensitivity study is then conducted on a set of non-thrusting cylindrical tube
rotor. Icing parameters considered in this study includes: temperature, velocity, LWC and MVD.
The effect of icing parameter variations on the final ice shape are examined during this study.

Chapter 4: Ice Accretion Experiment

Based on the lessons learned from parametric icing studies, detailed analysis of ice
shapes comparison is presented in this chapter. A review of icing conditions and ice shapes
recorded in the literature is presented. Ice scaling was conducted when necessary to obtain the
proper icing condition as compared to those presented in the literature. A total of 26 ice accretion
tests on a non-thrusting rotating cylinder rotor and 37 tests on a thrusting NACA 0012 test blade
were conducted. Both two-dimensional and three dimensional iced profile digitization techniques
are applied to obtain the accurate ice shape on the rotor blade. Comparison between results
obtained at the AERTS facility and those from other facilities are shown. Both ice shape and ice
limit are examined during the two dimensional ice shape comparison. Also, unique threedimensional helicopter icing features on the ice shapes along the blade span are presented in this
chapter.
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Chapter 5: Summary, Conclusions and Future Plan
This chapter gives a review of the previous chapters. Results are discussed and
summarized. Conclusions are made based on this research. Recommended future work on icing
physics, airfoil performance degradation and wind turbine icing are also proposed at the end of
this chapter.

Appendix A: Cooling System Design

At the early stage of the ice accretion tests, the problem of maintaining proper test
chamber temperature was identified. The ambient temperature in the chamber rise 1 °C per
minute. To solve this temperature increase problem, a secondary cooling system design was
conducted. CFD modeling was carried out to determine the required cooling capacity to off-set
the temperature rise. After the new secondary cooling system was introduced, the problem was
successfully solved.

Appendix B: Wind Turbine Icing

The wind turbine industry also experiences icing problem on the wind turbine rotor blade.
Wind turbine share the same rotating concept and icing conditions of helicopter. The icing issues
are identified to have a 20% potential loss on the annual energy production of the wind turbine
that located in the north cold area of European, North American and Asian continents. In this
appendix, the icing conditions of wind turbine blade are firstly discussed. Unique features of wind
turbine are also shown.
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Chapter 2 Scaling Method
Full-scale helicopter icing test is expensive and limited on the icing conditions. Tests
conducted at icing wind tunnels usually have to use subscale blades. The test section at the
AERTS allows the usage of a full-chord test blade (4.9 inch to 32 inch) with a 4.5 feet radius. In
this chapter, the difference between several test blades involved in wind tunnel testing and the
AERTS will be introduced. With this size scaling differences, a corresponding icing condition
scaling method is proposed to match full- and sub-scale ice shapes on different-sized blades.
Discussion on icing parameter interaction will also be provided.

2.1

Test Blade Geometry Information
Two distinct rotors were utilized in this research. The first set rotor is a set of non-

thrusting cylindrical tubes. The second was a set of thrusting NACA 0012 test blades. Their
geometry information together with the geometry of blades used in literature (the NASA IRT) is
presented in the following section.

2.1.1

Cylindrical tube rotor
The comparison between test cylinder dimensions is summarized in Table 2. As recorded

in Reference 19, 20 and 21, the reference cylinders tested at NASA IRT are 6-, 3-, 2- and 1- inch
outer diameters, as shown in Figure 17. For the AERTS rotating cylinder tests, the cylinder outer
diameter is 1 inch. The hollow 6061 aluminum alloy cylinders are attached to a mounting block
and then attached to rotating hub. A picture of the 1 inch rotating cylinder rotor mounted on the
test stand is shown in Figure 18. During tests, the cylinder rotates at a fixed RPM. There are 11
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monitoring locations on the rotor span. A particular icing condition can be identified
corresponding to every different location (e.g., Velocity and LWC). Ice shape result obtained at a
specific location that satisfying the desired icing condition can be compared to reference result
obtained at icing wind tunnels.

Table 2: Test cylinder geometry comparison

NASA

AERTS

Cylinder diameter
[inch]

Blade Radius
[foot]

Reference
#

6, 2, 1

N/A

19

6, 3, 2, 1

N/A

20

2, 1

N/A

21

1

4.5

22, 23

Figure 17: Test cylinder at the NASA IRT
(Reference 20)
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Figure 18: AERTS rotating cylinder rotor

2.1.2

NACA 0012 test blade
The blade used for thrusting rotor ice accretion testing was also designed and fabricated

at the AERTS laboratory. The design concept was to have the same non-dimensional shape as the
blades used at the NASA IRT

[9] - [12]

. The AERTS test blade has a 0.267 m (10.5 inch) chord

NACA 0012 cross-sectional profile. In total, 77 NACA 0012 segments were stacked along the
blade span. A schematic diagram of the blade design is shown in Figure 19. No taper, sweep or
twist was applied to the blade. The material used for the blade is 6061 aluminum alloy, with spray
paint surface finish.
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Figure 19: AERTS NACA 0012 test blade design

For the ice accretion test on NACA 0012 test blades, there are 3 different sizes of blades
involved. The chords of them are: 21-, 10.5 - and 4.9 - inch. They are used in Reference 24, 25
and 12 respectively. The test blade geometry comparison is tabulated in Table 3

Table 3: Test blade geometry comparison

NASA

AERTS

Blade Chord
[inch]

Blade Radius
[foot]

Reference
#

21

N/A

24

10.5

N/A

25

4.9

3

9-12

10.5

4.5
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To compare the geometry of the AERTS NACA 0012 test blade, the 4.9 inch chord, 3 ft
radius NASA test rotor used on the subscale model helicopter tested in the IRT

[9] - [12]

is also

shown in Figure 20 for reference. The comparison is shown between AERTS 10.5 inch blade
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(blue-white, at the back) and NASA 4.9 inch blade (yellow, in the front, donated by the NASA
IRT) used in Reference 9 - 12. Every blue and white strip on AERTS blade denotes 5% of the
blade radius (2.7 inch). The measured area is from 50% to 100% of the blade span as shown in
Figure 21.

Figure 20: Blade geometry comparison
(AERTS 10.5 inch blade and NASA 4.9 inch blade used in Reference 9 - 12)

Figure 21: AERTS test blade geometry
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Compared to the NASA 4.9 inch chord blade, AERTS 10.5 inch chord blade is wider and
longer, which is more representative of full scale helicopter blades (sample chord lengths of
NACA 0012 blade used on helicopters: Bell UH1-H: 21 inch; Sikorsky S58/H34: 16 inch;
Eurocopter AS350 early model: 11 inch; MD 500 series: 6.875 inch etc.). During most of icing
tests, a lower RPM (below 500 RPM, tip speed 72 m/s) is required to match the desired relative
velocity and ice accumulation parameters.

2.2

Scaling Methods
The icing scaling method is brought up in the context that a given icing facility may only

be able to achieve a certain range of test conditions, in terms of velocity, temperature, geometry,
or icing cloud. An icing scaling method has to be implemented to obtain scaled icing conditions
due to dimension changes between reference model and scaled-down model. To date, several
different scaling methods are available. The most prevalently used one is known as Modified
Ruff (AEDC) method

[21]

. The scaling method is used for geometry size-scaling and icing

condition scaling capability. This method has been thoroughly tested and validated by NASA
Glenn IRT using fixed wing airplane test conditions. In 2009, Tsao and Kreeger

[27]

conducted

several scaling tests using rotorcraft icing conditions. The test scaling method was modified Ruff
method with scale velocity determined by maintaining constant Weber number, which will be
introduced in the following sections. The test airfoils used were fixed-wing airfoil with NACA
0012 profile and with 36 inch and 14 inch chord. The fixed-wing airfoils are tested at the IRT
under 39 m/s and 52 m/s airspeed and with AOA of 0º and 5º. The icing conditions were in the
SLD regime (MVD = 150µm and 195 µm) and relatively high LWC values, ranging from 0.6
g/m3 to 1.8 g/m3. The resultant freezing fractions were 0.3 and 0.5, which indicate that the ice
shapes are all in glaze ice regime. It was suggested that the current scaling method can be directly
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applied to rotorcraft icing with generic rotor blades and within a finite AOA range. The authors
claimed that these conclusions may not be valid for higher velocities and larger static angle of
attack.

Based on this assumption, this study used the conventional scaling method for rotating
icing testing. To get the scaled icing conditions, 6 similitude analyses have to be implemented,
namely: geometry, flow field, drop trajectory, water catch, energy balance and surface water
dynamics similarities. The flow chart of a typical icing scaling similarity analysis is shown in
Figure 22.

Figure 22: Flow chart of ice scaling similarity analysis

The first three analyses characterize the ice accretion procedure as shown in Figure 22.
The stagnation line ice thickness can be expressed as an analytical function of icing parameters.
With respect to the droplet trajectory similarity, collection efficiency, β, was defined in Reference
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28 to illustrate the fraction of the incoming water content that actually impacts the monitoring
control volume.

Figure 23: Definition of Collection Efficiency
(Reference 29)

As shown in Figure 23, from the point view of CFD, the impinging water drop trajectory
can be considered as many stream tubes in the computational domain. The stream direction will
follow the free stream air flow. By considering a particular controlled volume on the airfoil
surface, the collection efficiency, β, can be calculated as the fraction of the projection of stream
tubes that actually hit on that area verses the number of stream tubes at far-field location where
the stream tubes were injected into the computation domain.

By using analytical methods, the expression of β can be simplified and expressed as a
characteristic parameter of the flow trajectory. This equation was initially published for cylinders
but was then validated for airfoil cases.
 1.40 * K  1 / 8.84 

0

 0  
.84 

1

1
.
40
*
K
0  1 / 8



Equation 1

where, the β subscript, 0, denotes that it is calculated at the stagnation line, where it is assumed
that there is no incoming interfering water into the control volume for simplicity. The K0 is the

38
modified inertia parameter. It was initially defined in Reference 28 for cylinders but was then
validated for airfoils. It is a function of MVD, impacting velocity, air viscosity, air density and
water density.

1
 
1
K0  
 K   , for K  1
8 Stokes 
8
8

Equation 2

The inertia parameter, K, in Equation 2 can be expressed as:
K

 w   2 V
18  d   a

Equation 3

 / Stokes is defined as the dimensionless droplet range parameter,

Stokes



1
0.8388  0.001483 Re  0.1847 Re

Equation 4

where δ is the water droplet characteristic length (MVD) and the Reynolds number based on this
length is defined as follows:

Re  

V   a

a

Equation 5

where the V is the impacting velocity, ρa is the air density and µa is the air viscosity.

Although Angle of Attack (AOA) term was not incorporated into Equation 1, and the flow
trajectory will definitely change with the AOA variation, the resulting collection efficiencies from
Equation 1 with two different AOAs were still within a satisfying range compared to the results
calculated by LEWICE [29], which uses a more detailed approach, as shown in Figure 24.
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Figure 24: LEWICE Predictions of Effect of Angle of Attack on Collection Efficiency for
NACA 0012 Airfoils of Various Chord.
(Reference 30: Static Temperature, -34 to -4 ºC; Static Pressure, 14 psia; Airspeed, 45 and
179 m/s; Water Drop Median Volume Diameter, 10 to 100 µm; Liquid-Water Content, 1
g/m3. Open Symbols, AOA, 0°; Solid Symbols, AOA, 10°)

Figure 24 presented that the results from Equation 1 closely matched the LEWICE
predictions. The LEWICE prediction of collection efficiency is based on integrating the equations
of motion of the drops assuming they are rigid spheres acted upon by drag and gravity forces. The
CFD method previously discussed and shown in Figure 23 was used. It was suggested by
Anderson in Reference 30 that if the identical AOA was used, matching of K0 will still produce
the correct drop trajectories for the scale test although there may be a small error in β0 if Equation
1 was to be used. This AOA study shows the potential use of the classical fixed-wing scaling
method to the helicopter scaling tests. In Section 4.3, ice shapes with AOAs (3.5º and 3.7º) will
be reproduced on AERTS NACA 0012 test rotor blades with icing conditions scaled using the
classical scaling method.
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During water catch similarity analysis, an accumulation parameter, Ac, was defined to
show normalized maximum local ice thickness.

Ac 

LWC  V 
i d

Equation 6

where, τ is the icing time, and d is the characteristic model dimension, which is usually the
diameter of the test cylinder and twice the leading edge radius for symmetric airfoils. The leading
edge radius is defined as the radius of airfoil nose circle centered on a line tangent to the leadingedge camber (chord line of a symmetrical airfoil) and connecting the tangency points of the upper
and lower surfaces of the leading edge. Typical leading-edge radii are zero to 1 or 2 percent of the
chord (e.g. 1.58% for NACA 0012 airfoil).

Energy balance similarity mainly considers the water droplet status within the control
volume after it impacts the model surface. The freezing fraction, n, is then introduced to denote
the ratio of impinging water that freezes within a control volume. This term was first introduced
by Messinger [31] and later developed by Ruff [21]. It can be expressed as follows:

 C p , ws 
    
n0  
  
b
 f 

Equation 7

where, the right-hand-side of the equation comprises several characteristic energy coefficients:
Cp,ws is the specific heat of water on the model surface; Λf is the latent heat of freezing; ϕ is drop
energy transfer parameter; θ is air energy transfer parameter and finally b is relative heat factor.

  t f  t st 

V2
2c p , ws

Equation 8
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V 2  hG  pww  pw 

 v
   ts  tst 
 
2c p ,a  hc  pst 


Equation 9

The relative heat factor, b, is introduced by Tribus in Reference 32 as:

b

m  c p , ws
hc

Equation 10

The convective heat-transfer coefficient, hc, can be calculated from Equation 11.

Nu 

hc d
ka

Equation 11

The numerical expression of Nu in this code is chosen according to different Re numbers:
for Re > 105, as per Reference 30:

Nu  1.10 Re0.472

Equation 12

Nu  1.14 Pr0.4 Re0.5

Equation 13

and for Re < 105:

In Equation 10, based on the trajectory analysis at the stagnation line in the last section
and assuming ρi remains constant during testing, the mass flux can be expressed as:

m  LWC  V   0

Equation 14

Based on the previous analysis, a time-span relationship during ice accretion is identified.
Total ice thickness at the stagnation line in Figure 25, Δ, can be expressed as:




m

i

 n0

Equation 15
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Figure 25: Stagnation line ice thickness

By substituting accumulation parameter Ac into the above equation, the normalized ice
thickness at the stagnation line can be expressed as:


 n0 Ac  0
d

Equation 16

β0 is known to change as the ice shape varies with accretion time. In Equation 16, for
simplicity β0 is assumed to remain constant. This assumption is supported if the ice accretion time
is kept deliberately small (< 2 min) to avoid significant changes to β0 as the ice shape develops.

For geometric similarity analysis, the two airfoil profiles are required to have identical
cross-section. Flow field similarity requires that Mach and Reynolds number to be matched to
have same flow field features (turbulence intensity, boundary layer behavior and compressibility
etc.). Since the chord of the blade is different, the Mach number and Reynolds number based on
model characteristic length cannot be matched at the same time. For simplicity, neither of them is
considered to match during most of the current scaling methods. The Weber number associated
with velocity is prevalently used instead of these two numbers, which will be used in the surface
water dynamics similarity.
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In surface water dynamics similarity analysis, it is assumed that for the water droplet
impacting the model surface, the droplet motion can be characterized by the Weber number,
which denotes the ratio of a fluid’s inertia to surface tension. By matching this term, the scaled
impacting relative velocity can be determined. The Weber number based on characteristic length
L of the model (usually, d, twice the leading edge radius, is used here) can be shown as:
WeL 

V 2 L w
w / a

Equation 17

This proposed scaling method adopted Constant Weber number criterion to obtain scale
velocity. Other methods are also available to determine scale velocity, such as Const V method
and constant Reynolds number method

[25]

. A typical velocity comparison of several different

scale velocity criteria for a reference velocity of 67 m/s and scale velocities of a half-size scale
model is shown in Figure 26.

Figure 26: Typical scale velocities found by four methods
(Data source: Reference 25, Case 112 series; Reference velocity 67m/s and scale velocities
for 1/2-size scale model.)
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The first column in Figure 26 is the reference velocity. Second column denotes the scale
velocity is maintained with the same value of the reference velocity. Third column is the scale
velocity obtained by applying Constant Weber number criterion that is also used in this research.
The fourth column, average velocity method has no physical basis. It only denotes the average
velocity of the Const We and Const Re velocities. This method was used as part of a sequence of
tests to explore the trends of the scale velocity. The Fifth column is calculated from the Constant
Reynolds number criterion. It was suggested by Anderson and Ruff in Reference 25 that for
freezing fractions greater than 0.8 or lower than 0.3, the value of the scale velocity has no effect
on how well the scale ice shape matches the reference; while for freezing fractions of 0.5 and 0.7,
the simulation appeared to improve as the scale velocity increases. As shown in Figure 26, by
matching Reynolds number based on twice the leading edge radius, the required scale velocity is
much higher (146.8 m/s, 220% of the reference velocity in this case) than that obtained from
Const We method (87.4 m/s, 130% of the reference velocity), which indicates Const Re method is
a more restrict in choosing scale velocity. The high velocity obtained from Const Re method is
beyond the facility RPM limit. Although higher scale velocity may provide better shape similarity
in some cases, the Const Re method is not desirable since the trade-off of the velocity
requirement is too high. The Const We method is used throughout this research.

Prior to conducting ice accretion experiments using scale icing conditions obtained from
the scaling method, ice shape prediction tools (LEWINT, based on LEWICE 3.2, Reference 33)
were used to validate the ice shape agreement between reference and scale icing conditions. Since
the proposed scaling method for helicopter ice scaling is based on the current well-validated
classical scaling method, only one validation case is shown here. A rime ice case, Run 34 from
Reference 12, was chosen to provide the reference icing condition and was then scaled for the
AERTS facility rotor (10.5 inch chord). The icing condition was decided to be matched at the
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95% r/R monitoring location. The angle of attack was calculated from Blade Element Momentum
Theory. The two predicted ice shapes were compared to experiment data recorded in the same
reference. The ice shape comparison for reference and scale icing conditions is shown in Figure
27.

Figure 27: Validation of scaling method using LEWINT prediction code

It can be seen clearly that the predicted ice shapes based on two icing conditions
(Reference and scale conditions) agree with each other very well. The good match between the
two predictions indicates that the classical scaling method used in this research is able to provide
correct icing conditions to produce identical non-dimensional ice shapes. Also, an excellent
match between the two predictions and the experimental data obtained at NASA IRT were
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observed. This illustrates the scale icing condition can be used for reproducing normalized ice
shape and comparing them with experimental results that obtained from other facilities.

This scaling method is used to conduct experimental ice shape correlation between
AERTS shapes and those presented in the literature for airfoils with varying chord dimensions.
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Chapter 3 Icing Parameters
During icing testing, icing parameters such as Liquid Water Content (LWC), Droplet
Median Volume Diameter (MVD), static temperature (T), local relative velocity (V), and icing
time (τ) must be carefully controlled. At the AERTS facility, MVD is calculated from NASA
calibration tables and pressure readings between the water and the air inputs to the nozzles.
Another experimental MVD measurement method is also proposed at the AERTS facility in
Reference 34. Static temperature is measured using thermocouples in the facility during icing
testing. Local velocity can be interpreted from the measured rotating speed (RPM) of the rotor.
The icing time is recorded during every test. The only icing parameter that is unknown and
cannot be directly measured or calculated during testing is the LWC in the chamber. In this
chapter, the LWC determination methods used at NASA IRT and the AERTS facility are firstly
introduced. LWC uncertainties are then evaluated. Finally, the icing parameters sensitivity study
on non-thrusting cylinder rotor will be presented.

3.1

LWC Determination Procedure
For wind tunnel icing tests, the LWC can be measured by Particle Image Velocimetry

(PIV) system during tunnel calibration tests. At AERTS lab, this kind of method is not feasible to
be implemented. Static LWC sensors are not applicable to the facility because they require a flow
velocity of at least 15 m/s (49 ft/s) to determine LWC value of a cloud. To provide these devices
with proper operational velocity conditions, the LWC sensors would have to be mounted on the
blades. Due to the size and cost of these sensors, their rotation was not possible. Even if they
could be rotated, centrifugal forces on the devices might impair their ability to accurately measure
LWC. Also, due to the size limitation of the chamber volume and related recirculation patterns,
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the LWC varies at different locations. The local LWC will change in response to the nozzle
location, circulation at the blade tip, and the complex flow field inherent in the rotating frame.
Thus, in order to gain a realistic and comprehensive understanding of LWC distribution in the test
chamber, the local LWC needs to be determined by experimental measurements.

The alternative method developed to determine the LWC from experimental ice thickness
utilizes those analytical equations from scaling methods previously introduced in Chapter 2. This
method uses a set of equations that are essentially the same to the NASA IRT LWC measurement
equations

[8]

, but also adds a complete calculation process of freezing fraction at the stagnation

line of the test blade. The principle concept of the proposed novel LWC determination method
will be introduced in following sections. Detailed equations can be found in Reference 22 and 23.

3.1.1

NASA LWC Calibration Method
In the NASA Glenn IRT, the calibration of LWC measures LWC directly using PIV

system for every calibration test. The results are used to generate a database of LWC as a function
of nozzle pressure and velocity, and then derive a correlation between LWC and nozzle
parameters that can be controlled during tests. The LWC check procedure involves running icing
tests under rime icing condition and allowing ice to accrete on a collection screen with square
grids in the test section, as shown in Figure 28. LWC can also be calibrated from an empirical
equation that is based on the ice thickness and some other icing parameters such as Velocity,
Temperature etc. Since the nozzle spraying rig has over 250 standard spraying nozzles that can be
triggered individually, different nozzle combinations are tested to produce icing clouds with the
desired LWC and MVD values. Only those combinations that result in a uniform tunnel icing
cloud are tabulated. In this way, the calibration of LWC can be achieved.
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Figure 28: Researcher measuring ice thickness on the calibration screen at the NASA IRT
(Source: NASA)

As recorded in Reference 8, the LWC determination equation from NASA calibration
procedure is:
Equation 18

where, ρice is the density of ice which is assumed to be constant at freezing point (i.e., ρice = 0.88),
∆S is the thickness of ice in inches, Eb is the blade collection efficiency, V is the free-stream
airspeed in knots and t is the spray time in seconds. The C in Equation 18 is a unit conversion
constant. If the SI unit system is used to simplify the equation, the C will be canceled, the new
equation can be shown as (some of the symbols are changed to be consistent with notation
defined in Chapter 2):
Equation 19

This equation is used to determine the LWC only for rime ice cases. Since the rime ice
cases will have a freezing fraction of 1, all impacted ice will freeze immediately without running
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back. This equation gets rid of the complexity of freezing fraction, but has its own limits for the
test conditions. Also, the effect of MVD is not shown in this equation.

3.1.2

AERTS LWC Determination Method
To have a comprehensive understanding of the LWC in both rime and glaze ice cases and

at variable locations on a rotor blade, a novel LWC determination method is developed at the
AERTS lab to calculate LWC based on experimental results. The LWC determination method
shares the same principle with NASA LWC checking procedure. Instead of limiting its usage
only within rime ice condition range, the freezing fraction, a term that is used prevalently in
scaling methods, is introduced. The freezing fraction is defined as the fraction of water flux
entering a control volume that freezes within it. It describes the ice accretion rate when supercooled water impinges on a solid body, which is a strong function of LWC. By back-tracking this
function, the LWC can be calculated from experimental ice thickness as shown Equation 20.
Equation 20

where, besides the freezing fraction, all other parameter definitions are the same with Equation
19. The freezing fraction, n0, is calculated at the stagnation line of the blade leading edge to take
advantage of simplicity of this line where due to the symmetry, no running incoming water
needed to be taken into account.

With the introduction of freezing fraction, the method can be applied to most of the cases
conducted at the AERTS facility. This LWC determination method is used after every AERTS
icing tests to obtain the experimental LWC during the test. This methodology was validated
versus experimental and analytical results presented by Anderson and Tsao in Reference 35.
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A LWC determination code was developed based on the proposed method. The GUI is
shown in Figure 29. The input parameters to the LWC determination code include: chord and
leading edge radius (for airfoil) or diameter (for cylinder), MVD, temperature, local velocity,
icing time, and ice thickness. To calculate the physical LWC condition during testing with this
analytical method, several parameters are introduced in the analysis and are described in the
following sections.

Figure 29: LWC code GUI

The freezing fraction can be determined using both experimental freezing fraction (n0,e)
and analytical freezing fraction (n0,a) as described in Equation 7, Equation 14 and Equation 15
and shown in Figure 30.

52

Figure 30: Two expressions of freezing fraction

In the LWC determination code, the analytical freezing fraction is initially calculated by
increasing LWC with a small increment within a loop, starting with a pre-assumed value. The
experimental freezing fraction, n0,e, then can be related to the analytical freezing fraction, n0,a, by
using an empirical linear curve fit suggested by Anderson and Tsao in Reference 35:
n0,e  0.0184  1.107n0,a

Equation 21

The relationship between total thickness and LWC can be shown to be monotonic. By
carefully adjusting the input LWC value within the loop, the ice thickness can be calculated and
match the experimental measurement. In this way, the experimental effective LWC can be
determined. The scheme of the code is summarized in Figure 31.
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Figure 31: Scheme of experimental LWC determination code

One thing that is worth mentioning is that this approach neglects the effects of water
droplet splashing and run-back on the calculation of the freezing fraction. For the proposed
method to be accurate, rime ice regimes should be sought during LWC experimental
measurements to avoid splashing and water run-back effects related to glaze ice. Issues related to
LWC measurements conducted at glaze ice regimes are discussed in the following sections.

3.2

Evaluation of LWC Calculation Code
The LWCs calculated from total ice thickness were compared with experimental

measured LWCs presented in the literature for both cylinders (Reference 19) and airfoils
(Reference 35). The ice thickness of a given ice shape was measured from the literature results.
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The correlation between calculated LWC and reported LWC for a given ice shape are shown in
Figure 32 and Figure 33.

Figure 32: Cylinder LWC calculations
(Compared to experimental results presented in Reference 19)
Table 4: Cylinder LWC Calculation Data
Test #
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Dia. Temp. V
MVD Time Thick. n0,a n0,e LWCa LWCe
cm
ºC
m/s µm
min
cm
g/m3 g/m3
15.2
-7
67 40.6 42.8 1.60 0.14 0.16 1.11 0.95
7.6
-7
89 23.1 14.4 0.80 0.13 0.13 1.27 1.22
7.6
-7
89 23.1 14.4 0.85 0.13 0.13 1.26 1.34
15.2
-12
90 40.7 40.3 2.96 0.24 0.24 0.88 0.85
7.6
-13
119 23.6 13.8 1.66 0.24 0.23 0.97 1.09
7.6
-7
67
58
26.7 1.57 0.15 0.15 0.89 1.04
5.1
-7
79 42.7 14.2 0.99 0.15 0.14 0.95 1.06
2.5
-7
103
25
5
0.40 0.13 0.14 1.03 0.94
7.6
-9
67
40
26.8 2.39 0.23 0.17 0.80 1.59
7.6
-9
67 39.9 26.8 2.10 0.23 0.19 0.80 1.29
5.1
-10
79 28.7 14.3 1.25 0.25 0.24 0.88 0.97
7.6
-7
67 40.5 26.8 1.44 0.18 0.16 0.80 1.04
7.6
-7
67 39.1 26.8 1.16 0.18 0.19 0.80 0.70
5.1
-7
79 28.8 14.4 0.90 0.17 0.16 0.86 1.05
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Figure 33: NACA 0012 LWC calculations
(Compared to experimental results presented in Reference 35)
Table 5: NACA 0012 Airfoil LWC Calculation Data
Test #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Dia. Temp.
cm
ºC
80
-7.1
80
-7
80
-9.9
80
-9.8
80
-12.6
80
-14.9
80
-18.7
53.3 -7.2
53.3 -9.9
53.3 -7.1
53.3 -12.7
53.3
-15
53.3 -18.9
53.3 -26.1
26.7 -19.6
26.7 -15.4
26.7 -13.1
26.7 -10.5
26.7 -7.7

V
m/s
57.5
48.5
57.7
47.6
58.1
57.8
57.9
66.8
66.8
66.8
66.9
66.9
67
66.8
86.1
85.8
86.1
87.4
88.4

MVD Time Thick. n0,a n0,e LWCa LWCe
µm
min
cm
g/m3 g/m3
45.9 13.8 1.21 0.29 0.31 0.92 1.06
43.2 14.5 1.17 0.31 0.33 0.98 1.14
44.2 13.9 1.63 0.42 0.42 0.90 0.98
41.4 14.9 1.52 0.45 0.43 0.96 0.94
43.4
14
1.84 0.54 0.48 0.89 0.69
43.2
14
2.32 0.64 0.60 0.89 0.88
43.6 14.1 2.87 0.79 0.74 0.89 0.87
39.9
7.3
0.7
0.28 0.26 1.00 0.76
39.9
7.3
0.98 0.40 0.36 1.00 0.77
40
7.3
0.61 0.28 0.22 1.00 0.49
40
7.3
1.13 0.52 0.42 1.00 0.53
40
7.3
1.37 0.61 0.50 1.00 0.61
40
7.3
2.16 0.77 0.79 1.00 1.23
40
7.3
2.61 1.00 0.96 1.00 0.95
23.6
2.4
0.96 0.78 0.70 1.18 0.98
23.6
2.4
0.81 0.61 0.60 1.17 1.19
23.5
2.4
0.67 0.52 0.50 1.16 1.10
23.5
2.5
0.54 0.41 0.39 1.12 1.02
23.3
2.6
0.45 0.29 0.33 1.07 1.41
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Test #
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Dia. Temp.
V
cm
ºC
m/s
35.6 -7.7
87.8
35.6 -7.3
77.6
35.6 -10.3 90.2
35.6 -10.2
78
35.6 -13.2 91.4
35.6 -12.9 77.9
35.6
-13
77.8
35.6 -15.5 92.6
35.6 -15.1 77.7
35.6 -19.3 93.3
35.6
-19
77.2
35.6 -26.2 77.1
26.7 -10.2 114.5
26.7 -13.2 114.4
26.7
-16
114.6
26.7 -18.4 114.8
53.3 -18.1 51.5
53.3 -19.4 51.5
53.3 -20.4 51.4
53.3 -21.7 51.4
53.3
-25
50.7

Table 5 continues
MVD Time Thick.
µm
min
cm
28.1
4
0.52
29.2
3.9
0.51
27.8
3.8
0.71
29.5
3.9
0.74
27.6
3.7
0.88
29.3
3.8
0.87
29.3
3.8
0.91
27.5
3.7
1.07
29.5
3.8
1.1
27.3
3.6
1.38
29.4
3.8
1.3
29.4
3.8
1.67
21.4
1.9
0.29
21.5
2
0.49
21.5
2.1
0.68
21.5
2.1
0.88
40.1 10.8 2.75
40.1 10.8 2.69
40.1 10.8 2.77
40.1 10.8 3.05
40.2 10.8 3.52

n0,a

n0,e

0.29
0.28
0.40
0.40
0.52
0.52
0.52
0.61
0.61
0.76
0.76
1.00
0.28
0.40
0.50
0.60
0.78
0.82
0.86
0.91
1.00

0.29
0.28
0.39
0.40
0.49
0.48
0.50
0.58
0.60
0.76
0.71
0.91
0.19
0.32
0.43
0.56
0.80
0.78
0.80
0.88
1.02

LWCa LWCe
g/m3 g/m3
0.93 0.87
1.06 1.08
0.94 0.92
1.08 1.10
0.95 0.84
1.09 0.96
1.09 1.06
0.95 0.90
1.10 1.19
0.96 1.06
1.11 1.05
1.12 0.92
1.24 0.36
1.19 0.61
1.17 0.73
1.16 0.98
1.13 1.42
1.13 1.15
1.13 1.10
1.13 1.23
1.14 1.32

Figure 32 and Figure 33 show that experiment-derived LWCs generally result in a good
agreement with literature data, presenting correlation discrepancies of less than 15% for the
majority of the cases compared. Several cases deviate between calculations and experimental
results presented by the referenced documents. The two main contributors to this error come from
uncertainty of ice thickness measurement (ice shape tracing discrepancy from experimental ice
shape and ice shape digitization discrepancy from images presented in the literature), and error
transmitted between calculation equations.
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For most experiments performed at NASA IRT to which this paper is comparing, the
uncertainty related to LWC calibration is claimed by Anderson and Tsao in Reference 35 to be
about ±12%. In addition, in most icing tests (including this research), hand-tracing measurement
methods are used, and for this reason, the thickness record has its own inherent uncertainty. The
uncertainties of the ice shape measurement may reside in the reference literature itself. Ice shape
stagnation thickness presented in the literature was obtained from scanned images that were
digitized. According to Reference 35, for experimental ice shapes taken at different airfoil
locations (especially for glaze ice shapes), the experimental ice thicknesses can differ by up to
18.8% between the centerline of a test section and 8 inch above centerline due to cloud nonuniformity. Anderson and Tsao, although with a different analysis method and ignoring the
difference between analytical and experimental LWC, compared analytical freezing fraction and
experimental freezing fraction based on the measured ice thickness. The largest discrepancy
between experimental and analytical freezing fraction is found in case 3-12-02/1 (test case
number 32 in Figure 33, with regard to this article), where na = 0.275 and ne = 0.190; i.e., the
error can be as high as 45% when reported in the reference literature (error with respect to ne,
from which the experimental LWC is determined), much larger than ±12% as it is expected for
most cases. For instance, test cases number 8-14 and 32-35 with regard to Figure 33, present large
discrepancies between na and ne. The same phenomena are also found in Figure 32, test case
number 9 and 10. Anderson and Tsao (Reference 35) believe freezing fraction discrepancies are
due to significant uncertainty in the ice thickness values found from tracings at low freezing
fraction (typically n < 0.5, glaze ice conditions). This is true as already mentioned above. The
relatively large discrepancies between the analytical LWCs and those calculated from the
measured thickness can also be explained by the slope of the relationship between ice thickness
and LWC (Equation 19). The slope, S, of the equation could be very small (≈0.025), greatly
affecting the LWC value for errors introduced in the measurement of the ice thickness.
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  S  LWC  r

Equation 22

Due to the small size of the ice thickness itself, a slight error in tracing the ice thickness
will then be transmitted and amplified through equations and computing loops of the presented
code, resulting in a relatively large error between analytic LWC and thickness-based
experimental LWC. Small changes in ice thickness (Δ in Equation 22), typically < 0.02 inch, will
produce deviations of LWC of up to 50%. An example experienced at the AERTS is that, a
change in thickness of 0.004 inch can result in a change in calculated LWC of 0.43 g/m3 (LWC
encountered in-flight usually does not exceed 2 g/m3). For this reason, careful measurement of the
ice shapes must be performed. For the rime ice case, 2D ice tracing methods are enough to
capture the ice shape; for glaze ice case, a 3D iced profile acquisition technique is introduced
later in Section 4.1.

In addition to the ice thickness and freezing fraction discrepancies, the empirical
equations used in this code (such as relationships between ne and na as described in Equation 21,
or the numerical expression of Nu as described in Equation 12 and Equation 13) will add error
into the calculation as icing conditions diverge from those used during the definition of these
empirical equations.

Another contributor of the uncertainty may come from the fact that the ice thickness is
measured at the stagnation point and does not take into account ice mass corresponding to runback water particles freezing in aft locations. This occurs during glaze ice conditions as
temperature, velocity, or MVD increase. Stagnation ice thickness from glaze ice conditions do not
provide accurate LWC measurements since droplet splashing and flow towards the trailing edge
is not modeled in the proposed analysis.
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Given the limited data set used in this research, these uncertainties cannot be effectively
resolved. The LWC determination method successfully calculated LWC from total ice thickness
(within ±15% error) for nearly 90% of the limited database used for code validation during this
research. By taking into account the uncertainties related to experimental test data presented in
the literature, the LWC measurement code can be assumed to be useful to support the
measurement of LWC for a given rotor geometry spun in the facility. Further confirmation of the
usefulness of the code is presented in upcoming sections where ice shapes between experimental
results in the AERTS (based on LWC measurements using the proposed method) and
experimental ice shapes reported in literature are compared.

3.3

LWC Measurements
Preliminary LWC measurements were firstly conducted on a non-thrusting cylindrical

tube rotor. The LWC distributions were calculated using the cylinder diameter as the
characteristic length. Two typical LWC distributions are shown in Figure 34. On the left hand
side is a glaze ice case, 2 nozzles were used (placed in a diagonal way); while the other one is
with lower velocity and colder temperature, thus a rime case with 5 nozzles triggered (all nozzles
triggering in the outer ring of the nozzle system). Although the test conditions are different, the
trend of the measured LWC is very similar, especially in the middle span of the cylinder rotor.
Since it is a non-thrusting rotor, there is very little downwash flow that helps the cloud to mix.
The cloud development highly depends on the nozzle location (75% radial location) rather than
the rotating speed. Also the centrifugal force dominants the outboard area of the rotor. Especially
for the glaze case, the surface running water is driven by the centrifugal force towards the blade
tip. The local ice thickness is higher than it is expected in the 2D ideal wind tunnel because of the
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3D add-on effect of the surface running water. In this way, the calculated LWC increases
exponentially versus radial location; while for the rime ice case, even with 3 more nozzles
spraying water into the room, the surface running water driven by centrifugal force is not as much
as in the glaze ice case. At the outboard area where the icing cloud is supposed to be well mixed,
the LWC values level is around 3 g/m3. Non-thrusting rotor testing demonstrated the capability to
experimentally measure LWC in the AERTS facility, and provided understanding of testing
requirements and limitations.

Figure 34: Sample LWC distribution - cylinder rotor
(Left: AERTS cylinder case 11, 504 RPM, Vtip = 65 m/s, -12 ºC, 20 µm, 3.75 min. exposure, 2
nozzles;Right: AERTS cylinder case 15, 400 RPM, Vtip = 52 m/s, -18 ºC, 20 µm, 3 min.
exposure, 5 nozzles)

To fully understand icing cloud reproduction capability of the facility around the
hovering rotor, a set of thrusting rotor was then used to conduct comprehensive LWC
measurement tests. LWC measurements were conducted at rime ice regimes (-15 °C, 20 μm, 52
m/s) on the AERTS NACA 0012, 10.5 in. chord test blade. Rime ice regimes, as it was learned
during initial testing, ensure that the freezing fraction is equal to 1, meaning that droplet splashing
from the target surface is avoided. This condition is required to properly measure LWC with the
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presented LWC determination method as described in Section 3.1.2 (which ignores droplet
splashing physics).

To determine the LWC in the test chamber, 12 LWC measurement tests were conducted
using the AERTS NACA 0012 blade. Tests were conducted under the following icing conditions:
2 nozzles, airline from 10 to 20, 400 RPM, 3 minutes, 20 µm and -15 ºC. For every LWC
measurement test, the ice thicknesses at 11 radial locations on the blade were measured and
recorded.

A typical LWC distribution at the 11 monitoring radial locations at the height of the
rotating disk is shown in Figure 35. The test was conducted at low air/water input pressure (air
pressure 10 psi, water pressure 15 psi), and the target LWC was 0.5 g/m3. In the figure, blue dots
denote the target LWC value and red squares are the experimentally determined LWC (based on
the stagnation ice thickness). The green error bar illustrates ±15% of the target LWC while the
blue error line denotes maximum and minimum of the calculated LWC that satisfy the measured
ice thickness. It can be observed from the figure that the LWC increased linearly at the inboard
area since the rotational speed is not sufficient to mix the flow. The LWC leveled as the
monitoring location moves to outboard areas. This means the icing cloud towards the tip of the
blade was well mixed and evenly distributed. For this reason, ice shapes presented in this
document were acquired from outboard regions between 75% and 97.5% of the rotor span. The
95% radial location is decided to be the primary monitoring location. The 2D ice shapes on
NACA 0012 airfoil that will be shown later are all taken at this location, if not otherwise
specified.
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Figure 35: Sample LWC distribution - NACA 0012 test blade
(2 standard icing nozzles at air pressure of 10 psi, -15 °C, 400 RPM, 55 m/s, 20 μm, 3 min.
exposure)

The current industry criterion to establish a "uniform" icing cloud is to maintain LWC
variations within ± 20 percent (Reference 18). The AERTS NACA0012 test blade provided
mixed and evenly distributed LWCs in the icing cloud as measured from 75% to 98% of the rotor
span (Figure 35). The variation of LWC is less than ±15% with respect to the desired LWC value.

To determine the operational range of LWC for this study, several different air and water
input pressure combinations (i.e. water flow rate to the nozzle) were tested. This rate is controlled
by changing input airline pressure. The input water pressure is changed corresponding to air
pressure as calculated from Section 1.5.6. The result is shown below in Figure 36. The legend of
the plot is the same as Figure 35. Notice that for each airline tested, red squares in the figure are
the stacked results of calculated LWC corresponding to 5 outboard monitoring locations (between
75% and 97.5% of the rotor span), which are able to show the resultant LWC value bandwidth
corresponding to the input water flow rate. The x axis indicates the input air pressure to the
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NASA standard spray nozzle as determined by calibration procedures described in Reference 8
(Figure 16 in this article).

Figure 36: LWC measurements for variable air pressure
(2 icing nozzles, -15 °C, 400 RPM, 55 m/s, 20 μm, 3 min. exposure. Air pressure increases by
2 psi allowing for fine control of LWC.)

The LWC control in the facility for a given nozzle configuration can be determined from
water flow rate in the chamber. Changes in flow rate involved variation in water pressure and air
pressure required to maintain a water droplet diameter. This effect of flow rate changes were
evaluated by measuring LWC for different airline pressures and constant droplet MVD (20 μm).
The air pressure to two standard icing nozzles was increased in increments of 2 psi from 10 to 20
psi. The corresponding input water pressure is associated with required air input pressure to
maintain the desired MVD. All measured LWC results from varying air pressures fall within the
range of the green error bar in the graph, which denotes ±15% discrepancy of the desired LWC.
The latest recorded uncertainties of MVD and LWC are both ±12% at NASA IRT

[27]

. AERTS

measurements also fall within this range. The presented results indicate the capability to control
LWC in increments of approximately 0.2 g/m3 by varying the pressure differential between the
air and the water lines feeding the icing spray nozzles.
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3.4

Icing Parameter Sensitivity Study
Initial LWC sensitivity analysis and measurements were conducted using a non-thrusting

rotor. The 1 inch diameter cylinder rotor (50 inch radius) was spun at different icing conditions. A
total of 21 sensitivity runs were conducted to acquire LWC values at -5 °C, -10 °C, and -15 °C.
For each temperature, variations of RPM (500 and 600 RPM, 63 and 76 m/s), air pressure (20, 25,
and 30 psi) and MVD (20 μm, 25 μm, and 30 μm) were conducted. Five nozzles located in the
outer ring were used during testing. LWC was calculated from ice thickness measurements along
the span of the rotor. All tests were run for 3 minutes, with a maximum temperature deviation of
1 °C. The goal of these sensitivity tests is to study the icing parameters interaction in the AERTS
facility.

3.4.1

Temperature effects
As shown in Figure 37 and Figure 38, the ice thickness at the stagnation point increased

as temperature decreased from -5 °C to -15 °C. Tests were conducted at ceteris paribus
conditions (25 MVD, 500 RPM, 63 m/s, 25 psi air line, 3 minutes of ice exposure). The
calculated LWCs are 2.29, 2.39 and 2.55 g/m3 as the temperature decreases. Although all the
icing conditions such as inputting water/air rates are kept all the same except temperature, the
calculated LWC varies between each two cases by around 5% increments. It is counterintuitive
that the ice thickness would increase responding to temperature drops; since for a short time of
test, LWC is solely dependent on the water spray rate and independent of room temperature. The
reason for the increase in ice thickness and experimental calculated LWC at the AERTS facility
can be explained in the following aspects: (1) warmer temperatures produce ice shapes with
larger water run-back effects. Glaze ice at higher temperature has a wider impingement limit line,
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indicating more water per unit mass is running back toward trailing edge than the other 2 cases.
Ice thickness at the stagnation point (where the thickness is measured) would therefore be lower
for warmer temperatures. (2) Colder temperature will result in larger collection efficiency. This
can be also seen from the equations introduced in Chapter 2. (3) From vapor physics, at a certain
ambient pressure, when the ambient temperature goes down, the partial pressure of water vapor
will drop down, with liquid water separated out from air, which will add into the total LWC.

Even though the calculated LWC is lower at warmer temperature, this does not mean the
actual LWC decreased with increased temperature (from colder temperature to warmer
temperature). It is believed that the main discrepancy in calculated LWC between temperatures is
due to lack of modeling of run-back effects of glaze ice conditions occurring at warmer
temperatures. LWC calculations at lower temperatures ensure freezing fraction values closer to 1,
eliminating run-back effects as rime ice conditions are provided. For this reason, tests conducted
at colder temperatures result in more accurate value of the experimental LWC in the facility.

Figure 37: Effect of temperature on ice thickness
(-5ºC, -10ºC and -15ºC static temperature)
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Figure 38: Detail of ice shapes obtained at -15 °C, -10 °C, and -5 °C
(500 RPM, 63 m/s, 25 MVD, 25 PSI air line, 3 minute exposure)

3.4.2

Velocity effects
RPM increases triggered ice thickness increases, as it is shown in Figure 12. The

thickness variation along the span of the blade was expected, corresponding to a constant LWC
value along the span of the rotor. As impact velocities decreased, the freezing fraction increased,
generating ice shapes closer to rime ice. Rime ice shapes can be found at the root region of the
blade, while the tip of the blade presented undesired glaze ice shapes at 500 RPM (63 m/s) and
600 RPM (76 m/s), mainly due to local kinetic heating introduced by high tip speed. For this
reason, when using the proposed code for LWC measurement, tests should be conducted at lower
RPM (400 RPM, 52 m/s) for more accurate LWC experimental calculations.
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Figure 39: Effect of RPM increase on ice thickness

3.4.3

MVD effects
As water droplet size was increased from 20 to 30 microns, ice accretion thickness

increased (Figure 40). This was expected, as higher particle size at an equal icing nozzle air
pressure condition, corresponds to higher water flow rates that would increase the LWC in the
facility as the trend shown in LWC measurements on NACA blades (Figure 36). Ice thickness
difference between two MVD cases is not very large, which indicates that the MVD is not a
critical factor that could dominate the final ice shape.
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Figure 40: Effect of MVD increase on ice thickness

One important issue encountered during testing of varying droplet size was the
appearance of ice crystals when pressure to the air lines of the nozzles exceeded 23 psi. At this
airline pressure, in order to maintain a relatively high MVD of 30 micron, the amount of water
required by the nozzles saturated the facility. Due to the small facility size, super-cooled liquid
droplets re-circulate around the ballistic wall after they pass through the rotor plane. If the
droplets do not accrete to the walls or floor of the facility, they may crystallize and re-enter the
rotor plane.

When liquid droplets impact a crystal, the droplet is immediately crystallized. This will
introduce a chain reaction as more droplets injected to the room become crystals. The crystallized
particles will grow bigger as they circulate in the chamber. Most of the crystals will bypass the
rotor when they enter the flow region near the surface of the airfoil. In this condition, the
impacted water amount is significantly decreased. Those few large crystallized particles that
impact with ice accreted on the blade, will erode the ice shapes, rendering a “spear” shaped ice
accretion, as shown in Figure 41.
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Figure 41: Effect of airline pressure increase (-10 °C).
(Notice ice shape erosion, as facility is saturated by ice crystals – 30 psi)

For this reason, the facility is limited to the 30 psi air line if 25 MVD are sought and 5
nozzles are in operation. This airline limitation will vary depending on the MVD sought, as this is
controlled by the pressure differential between water and air. To allow for the use of higher
airlines, a decrease in operational nozzles could be implemented. The maximum pressure
differential to avoid crystallization problems was experimentally determined to be 23 psi. Solid
crystals re-circulate if saturation of the facility occurs. Operating below the saturation point of the
facility avoids ice crystallization and ice shape erosion.

Similar ice shape erosion is documented by Tsao and Kreeger in Reference 36. During
tests conducted at the IRT, there was evidence indicating that ice erosion occurred for rime ice
shapes obtained at 250 knots. Erosion was identified by shapes lacking expected small-scale
feathers and sharpened, protruded stagnation line ice thickness, as seen in Figure 42.
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Figure 42: Example of an eroded rime ice tracing at the NASA IRT

To prevent this kind of crystallization, collection screens are introduced to the AERTS
facility. These screens are installed under rotor disk while 40 inches above ground, as shown in
Figure 43. They can catch the escaped super-cooled droplets, and force them to accrete on the
grids, so as to decrease the amount of re-circulating water droplets, and thus the possibility of
eventual crystallization. In addition, the screens can also disturb the downwash flow from rotor
disk to generate turbulent wake. Due to the unique feature of rotor blade tip vortex, the air around
the blade tip is very prone to form a small region of re-circulation vortex, thus accreting more ice
than expected. This kind of tip vortex can be significantly reduced by transforming uniform tip
down-wash air to be turbulent flow. However, with the introduction of collection screen, the
ground is equivalently brought up by 40 inches, introducing a more obvious ground effect. This
effect adds to the shortage of test section volume. The whole flow pattern in the room is very
likely to be changed.

Due to this concern, most tests conducted in AERTS facility have an MVD under 30
microns, or to put this in another way, under 23 psi air line pressure and no more than 5 nozzles
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(typically 10 to 20 psi air line with only 2 or 3 nozzles triggered). The collection screen is only
used for large MVD or SLD testing.

Figure 43: Collection screen mounted under the rotor disk
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Chapter 4 Ice Accretion Experimental Results

4.1

Iced Profile Data Acquisition Techniques
For every test case, stagnation line ice thicknesses were measured at 11 locations

(between 50% and 97.5% r/R with 5% increment) along the blade, on both blades (cylindrical
tube and NACA 0012 rotor). To appropriately capture and then digitize the experimental ice
shapes, 3 ice shape acquisition methods were applied during tests, namely: hand tracing, 2D
photograph, and 3D scanning. The first two methods are standard methods that are used in most
of the icing facilities. The conventional iced profile acquisition method used in the NASA IRT is
shown in Figure 44. The three dimensional scanning method is introduced by the AERTS lab to
capture the delicate 3D features (e.g. ice feathers) on the rotating test. All these three methods
will be discussed in the follow paragraphs.

Figure 44: Iced profile acquisition technique used at the NASA IRT
(Source: NASA GRC online gallery)
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The primary ice shape monitoring location on the AERTS rotors is 95% r/R. To take the
slice of ice at that particular position, a heated aluminum plate with the airfoil shape was used to
melt the ice at the monitoring location. Hand tracing of the ice was used initially, but the ice
shape recorded was not sufficiently accurate. Detailed ice features were not likely to be captured
with this approach. The final icing shape tracing was also dependent on the personnel who were
taking the tracing. The tracing repeatability could not be guaranteed.

A photographic data acquisition method was introduced in order to better capture
accreted ice features. After the desired monitoring ice section was isolated from other parts of ice
using a heated aluminum plate, the ice section was taken off the blade and moved to the tip to
avoid any error that may be introduced by changed perspective when taking the photo. The ice
shape photo with the blade profile was then taken using a digital camera. With the proposed
method, the ice shape, together with the blade cross-sectional profile (used as a dimension
reference) can be obtained. 2D ice shape digitization procedures were also employed. By
applying this method, accurate ice shapes can be obtained when a fixed aspect ratio and the
proper perspective of the photo are ensured. The shortcoming of this method is that during ice
detachment from the blade, the subtle ice features like ice feathers behind the main ice shape may
be broken. This part of the ice shape information may be lost and this is an irreversible procedure.

To preserve the 3D features of the ice shape, another ice shape acquisition method was
introduced. A NextEngine® 3D scanner was used to scan the 3D ice shapes on- /off-blade. The
scanner has the capability to scan 3D images and export the mesh file to major commercial
CAD/CAE software. The post-processing software used in this research included ScanStudio,
Geomagic, MeshLab and SolidWorks. The 3D ice shapes could be scanned either on-blade or
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off-blade. Figure 45 shows a sample 3D scanning of ice shapes in the freezer (off blade scanner
mode). As shown on the left-hand-side of the figure, the ice was removed from the blade and
vertically positioned in front of the scanner. The scanner took scans of different faces of the ice
shape as the rotation table rotated (where the ice was placed) and stopped at 9 locations in a 360º
rotation. The 9 scanned ice shapes were then aligned and fused together manually. In this way, a
full scale 3D ice shape model can be obtained. The mesh cloud file can be directly passed onto
the CAD/CAE software for simulation, validation, or evaluation purposes. On the right-hand-side
of the figure, the ice shape model was combined with a clean airfoil section view to show the
relative position of the ice shape on the blade. Although this method can provide a complete ice
shape model, by taking the ice shape off of the blade, this off-blade scan still inevitably loses the
detailed features of the ice (e.g. ice feathers).

Figure 45: Off-blade ice scanning
(Bench freezer configuration and with sample mesh cloud of scanned ice shape)

To overcome this loss of accuracy, an on-blade scan with post-processing method was
also proposed. The photo of on-blade scan is shown in Figure 46. An on-blade scan rig was
designed. The rig can be mounted on the test stand after every test. The scanner was mounted in
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front of the blade and can move in the span-wise direction. The blade can rotate freely to get
multiple scan angles, while the pitch link was taken off. The achievable rotating angle is ± 90º.
Ice shapes can be scanned while still on the blade to minimize ice shape modifications during
removal and transportation as seen in the images. Notice that the scanner is protected in a covered
case where the inside temperature is kept to the operating temperature of 10 °C to ensure the laser
system operating properly.

Figure 46: On-blade ice scanning.
(Notice: on the right, the ice feathers are preserved by using on-blade scanning method)
A sample scanned ice surface model with two typical ice shapes are shown in Figure 47.
By using on-blade scan, instead of a complete ice shape model, a 3D ice surface is scanned. For
post-processing, the iced profile needs to subtract the clean airfoil surface to get the full ice shape.
To obtain an ice shape at a specific monitoring location, a 2D shape acquisition from 3D scanned
model technique is used. On the left-hand-side of Figure 47, within a surface span-wise width of
2 inch on the ice surface, 10 sketch planes (transparent planes with yellow outlines in the figure)
were inserted to obtain the sliced ice shape tracing. The intersection curves between sketch planes
and ice surface model were then stacked and superimposed together to get the 2D ice shape at
that location as shown in Figure 48. Due to the work load requirement and the limitation of the
laser scanning angle, only 2 inch surface area was scanned per test. Since the icing condition was
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matched at the 95% r/R location, the 2 inch area provided enough information and no more
scanned areas were needed.

Figure 47: Sample scanned 3D ice surface model

Figure 48: Sample scanned 2D stacked ice profiles
(Left: rime ice, AERTS case No. 15; Right: glaze ice, AERTS case No.13);

Two sample ice shapes are shown in Figure 48. The ice shape is presented in a color map
where the black color curve is from the current monitoring plane (the desired location, 95% r/R),
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while the grey color denotes the ice shape scanned from other planes beside the desired location.
For rime ice (for instance, AERTS case No.15 in the upper-right figure), the ice shape is uniform
along the blade. The stacked ice shapes overlap each other, which indicate a good uniform rime
ice shape along the monitoring area. This means the conventional 2D ice shape tracing and
photographic methods are enough to capture the rime ice shape information. 3D ice shape method
is not necessary for rime ice cases. In contrast, results from AERTS case No.13 (repeat test of
case No. 7, the icing condition of which will be shown later) is a typical glaze ice shape.
Although the main ice shape remains as a single uniform curve, the ice feathers behind the main
ice shape vary along the whole monitoring area. The irregularly distributed ice feathers can be
easily distinguished from the black and grey colored shapes, while the main ice shape still
remains a single curve. Since the main ice shape is the primary concern of the resultant
performance degradation, the 2D stacked ice shape or 2D photographic data are believed to
capable of providing sufficient fidelity. With the concern of the work load of 3D ice shape
scanning, the 2D photographic ice shape was selected as the main ice shape digitization method.
In this study, 3D scanning was used as an auxiliary method, and only select cases were examined
using this method. The scanned 3D ice shapes are mainly used to create 3D ice models that can
be passed to CFD codes to evaluate performance degradation or to be used to validate 3D ice
prediction codes.

4.2

Non-Thrusting Rotor Ice Accretion Experiment
Initial ice accretion test was conducted after preliminary LWC measurements using the

non-thrusting 1 inch diameter cylindrical rotors. The tests provided initial insight of the facility’s
capabilities of reproducing icing conditions.
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4.2.1

Test matrix
A total of 16 test cases were conducted on the cylindrical rotor. The test matrix is shown

in Table 6. Results from test cases 1 to 8 were compared to Reference 19; while results from
cases 9 to 13 were correlated to Reference 21. Test cases 14 to 16 were used for additional LWC
measurements that have already been discussed in Section 3.3.
Table 6: Cylindrical Tube Rotor: Ice Accretion Test Matrix
AERTS
Case
No.

Ref.
Reference
AIAA

1

1~6

2

7, 8

3

9

4

10

5

11

6

12

7

13

8

94-0718
AIAA
94-0718
AEDC

Case No.
Glaze (b)
-F
Glaze (b)
- S-R

Scaling

Temp.
[ °C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Rotational
speed at
AERTS
[RPM]

Monitoring
Location

-11.7

58

23

1.6

5

0

557,
510,
480

0.8,
0.875,
0.91

-12.7

58

27

1.3

6.3

0

490

0.91

Yes
(condition
provided
by Ref.)
Yes
(condition
provided
by Ref.)

Fig.
22b,A,1

No

-15

61

20

1.2

2.5

0

504

0.91

Fig.
22b,A,2

No

-15

61

20

1.2

5

0

504

0.91

Fig.
22b,B,1

No

-11.4

61

20

0.8

3.75

0

504

0.91

Fig.
22a,A,1

No

-5

61

20

1.2

2.5

0

504

0.91

Fig.
22a,A,2

No

-5

61

20

1.2

5

0

504

0.91

14

No

-15

37

20

2.6

3

0

510

0.55

9

15

No

-18

20

3

0

400

All

10

16

No

-19.3

15

3

0

300

All

TR-85-30
AEDC
TR-85-30
AEDC
TR-85-30
AEDC
TR-85-30
AEDC
TR-85-30

Table 7: Cylindrical Tube Rotor: Comparison between Reference Condition and Scaling
Condition
Reference Conditions

AERTS Conditions

Case
No.

Chord
[cm]

Temp.
[°C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Chord
[cm]

Temp.
[°C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Rqd.
RPM

1-6

5.08

-12.4

94

30

1.3

7.8

0

2.54

-11.7

58

23

1.6

5

0

490

7, 8

5.08

-12.4

94

30

1.3

7.8

0

2.54

-12.7

58

27

1.3

6.3

0

490

79
4.2.2

Ice shape comparison on cylindrical tube rotor
Good agreement between experimental ice shapes obtained in the AERTS and those

recorded by other facilities was observed. Two initial sample ice shapes are shown in Figure 49
and Figure 50. It is shown that the stagnation ice thickness for the first two correlation tests
conducted (case 6 and 7) agreed with experimental results obtained at the NASA IRT. The overall
shape of the accreted ice also agreed.

Figure 49: Ice shape comparison - Cylinder case 6
correlation of experimental results from AERTS (25 μm, 58 m/s, -11.7 °C, 5 min., 2 g/m3) to
reference results (Reference 19: 23 μm, 58 m/s, -11.7 °C, 5 min., 1.6 g/m3)
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Figure 50: Ice shape comparison - Cylinder case 7
correlation experimental results from AERTS (27 μm, 59.2 m/s -12 °C, 6.3 min., 1.91 g/m3)
to reference results (Reference 19: 27 μm, 58 m/s, -12.67 °C, 6.3 min., 1.3 g/m3)
The measured discrepancy between impingement limits along the airfoil curvature of the
two experimental results was expected and it was calculated to be 16% of the total ice thickness
for both tests. Increases in overall ice accretion volume were also observed. These issues can be
explained by the discrepancy in LWC reported in literature and those used during testing (1.6
g/m3 vs. 2 g/m3 for case 6 and 1.3 g/m3 vs. 1.91 g/m3 for case 7). During these initial tests, the
experimental measured LWC was larger than that reported in the literature by as much as 32%.
This increase in measured LWC and impingement ice limit (while stagnation thickness is
maintained) is related to increased temperature in the chamber.

During these preliminary tests, the cooling system had a problem maintaining testing
temperature. The two cooling fans were installed close to the ceiling. The cooled air was blown to
the center of the chamber where the spray nozzles were located. During icing test, the fans needed
to be turned off to prevent potential interference between flow from the fan and the rotor inflow.
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In addition, since the nozzles kept spraying warm air and water into the chamber, the chamber
temperature rose as testing time advanced. Warmer temperatures introduced glaze regimes, and
therefore water flow in the aft direction which resulted in the discrepancy in measured ice
thickness and LWC.

With the original cooling system, temperature rose approximately 1 degree per minute
during tests. For a typical ice accretion test at the AERTS, the testing time is 4 to 6 minutes. Case
6 and 7 were run for 5 and 6.3 minutes respectively, having temperature increases of up to 2 °C
with respect to the desired ambient temperature. For ice protection system certification, the icing
time needs to be 30 minutes or even longer [2]. An auxiliary cooling system was needed to be kept
running through the whole test to facilitate the air circulation and keep the chamber temperature
balanced. A modeling of the chamber temperature rising was done to assist the cooling system
design and selection. After the installation of the secondary cooling system, the testing
temperature could be maintained unchanged through-out the test. The design of the secondary
cooling system is described in Appendix A: Cooling System Design.

Correlations were also performed against experimental ice shapes obtained by Ruff et al.
(Reference 21) at the Air Force Arnold Engineering Development Center (AEDC). As it can be
observed from Figure 51 and Figure 52, ice shape trend agreement was found between all
correlation tests, but discrepancies on ice impingement limits and mass were observed.
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Figure 51: Ice shape comparison - Cylinder case 9 (left) and 12 (right)
(Correlation of experimental results from AERTS to results presented in literature
(Reference 21): MVD = 20 μm, r/R = 0.91, Vel. = 60.9 m/s. Tests conducted for less than 3.5
minutes.)

Figure 52: Ice shape comparison - Cylinder case 10, 11 and 13 (from left to right)
(Correlation of experimental results from AERTS to results presented in literature
(Reference 21): MVD = 20 μm, r/R = 0.91, Vel. = 60.9 m/s. Tests conducted for more than
3.5 minutes present shape deviation due to temperature variation)
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The maximum discrepancy between stagnation ice thicknesses is calculated to be 11.8%.
Tests conducted for less than 3.5 minutes present ice thickness discrepancies between facilities of
less than 2% (Figure 51). Tests run for longer than 3.5 minutes showed increased discrepancies
between experimental results, since ambient temperature changed by more than 1 °C during
testing (Figure 52). This confirms lack of proper cooling flow in the facility with non-thrusting
rotors. In general, for the non-thrusting rotor used during sensitivity testing, ice shape trends
agreed between experimental results presented in the literature (Reference 19 and 21) and results
obtained at the AERTS facility.

4.3

Thrusting Rotor Ice Accretion Experiment
With the understanding of the facility limitations and requirements from preliminary tests

conducted using the non-thrusting cylindrical tube rotor, extensive ice accretion tests were also
conducted using thrusting NACA 0012 rotors

[26]

. To find proper icing conditions to match ice

shapes, the scaling method proposed in Chapter 2 was used to provide guidance to the scaling
requirements between different facilities and different rotor sizes.

4.3.1

Test matrix
Based on the information found in the literature, a test matrix was established and it is

presented below in Table 8. In total, 37 icing runs were conducted. Twelve icing conditions were
tested. Five digitized ice shapes were chosen for comparison with published literature. Both glaze
and rime icing cases were examined. Four conditions are calculated from scaling laws. Two cases
were with a non-zero effective angle of attack at the monitoring location. Two sets of repeat tests
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(case 3, 4 and 27, 28) were conducted to qualitatively evaluate the facility capability to repeat
icing shapes at a given icing condition. All icing conditions fall within the recommended icing
condition envelope presented in FAR Part 25/29 Appendix C.

Table 8: NACA 0012: Ice Accretion Test Matrix
AERTS
Case No.

Reference

Ref.
Case No.

1

3, 4

AIAA
96-0633

AEDC
case 6

2

7

AIAA
96-0633

AEDC
case 5

3

14

4

37

5

25

6

26

7

27, 28

8

29

9

30

10

31

AIAA
91-0661
AIAA
91-0661
AIAA
99-0244
AIAA
99-0244
AIAA
99-0244
AIAA
99-0244
AIAA
99-0244
AIAA
99-0244

Scaling
Yes
(condition
provided
by Ref.)
Yes
(condition
provided
by Ref.)

Temp.
[°C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Rotational
speed at
AERTS
[RPM]

-8.3

67.1

26

0.92

4.0

0

492

-11.1

67.1

26

0.92

4.0

0

492

Run 41

Yes

-15.4

56.2

28

0.44

4.1

3.5

412

Run 34

Yes

-14.7

65.4

28

0.46

2.5

3.7

480

110 Feo

No

-13.7

56.9

27

0.96

4.2

0

417

112 Feo

No

-8.2

56.9

27

0.96

4.2

0

417

113 Feo

No

-5.5

57.0

27.5

0.96

4.1

0

418

No

-5.7

67.1

26.2

0.86

4.0

0

492

No

-8.4

67.2

26.2

0.86

4.0

0

493

No

-13.9

67.1

26.2

0.86

4.0

0

492

113
Const V
112
Const V
110
Const V

Table 9: NACA 0012: Comparison between Reference Condition and Scaling Condition
Reference Conditions

AERTS Conditions

Case
No.

Chord
[cm]

Temp.
[°C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Chord
[cm]

Temp.
[°C]

V
[m/s]

MVD
[μm]

LWC
[g/m3]

Time
[min]

AOA
[deg]

Rqd.
RPM

3, 4

53.3

-8.3

67.1

40

0.65

11.22

0

26.7

-8.3

67.1

26

0.92

4.0

0

492

7

53.3

-11.1

67.1

40

0.65

11.2

0

26.7

-11.1

67.1

26

0.92

4.0

0

492

14

12.4

-15.8

82.3

15

0.5

1.17

3.5

26.7

-15.4

56.2

28

0.44

4.13

3.5

412

37

12.4

-15.3

95.8

15

0.5

0.73

3.7

26.7

-14.7

65.4

28

0.46

2.49

3.7

480

85
4.3.2

Ice shape digitization method
In this section, five ice shape comparisons between results obtained at the AERTS facility

and the NASA Glenn IRT are shown to demonstrate the facility capability of reproducing icing
conditions and subsequent ice shapes around the thrusting rotor. The corresponding icing
conditions are shown in Table 8. Icing conditions are selected to match desired parameters at 95%
r/R radial location of the testing blade. Ice shapes were recorded using heated plate and
photographic digitalization data techniques discussed in prior sections. Digitized images are
shown in non-dimensional form with 1:1 true aspect ratio. Good agreements were observed for all
the five cases with discrepancies within 1% based on total ice thickness, in terms of ice thickness
and ice limits. The rime ice shapes are also compared with LEWICE predictions (presented in the
reference literature). The experimental results from the two facilities match predictions very well,
which validates the known capability of LEWICE to predict rime ice accretion shapes. It is
known that current versions of LEWICE 2D cannot accurately predict glaze ice shapes due to the
complicated surface energy exchange between two-phase flow and the blade surface under glaze
ice conditions. With this consideration, the glaze ice cases in this study are not compared to
LEWINT/LEWICE predictions.

4.3.3

Ice shape comparison on NACA 0012 test blade
The ice shape corresponding to AERTS case 7 and comparison to AEDC case 5 from

Reference 24 is shown in Figure 53. The blade used in the reference was 21 inch chord. Scaling
conditions were provided by the reference literature. Overall satisfactory matching of the main
shapes was observed. Note that the ice shape obtained at the AERTS seems to be corresponding
to an effective negative AOA. This was later identified as the effect of rotor inflow at the tip of

86
the rotor. Since the thrusting rotor has an inflow variation along the blade span, the local angle of
attack is subject to the change of local flow pattern. At the blade tip, the downwash tip vortex
resulted in an effective negative AOA when zero collective pitch (geometrical blade AOA) was
applied. This was only an issue for the first several ice accretion tests. To compensate for the
rotor inflow, the collective pitch of the rotor and the input pressure of the nozzle were adjusted to
provide the effective AOA desired (zero for most of the cases studied at the AERTS). The
effective AOA was properly selected for the rest of the test cases.

Figure 53: Ice shape comparison: AERTS case 7 and AEDC case 5 from Table II, Reference
24

Two direct ice shape comparisons with experiments from Reference 25 are shown in
Figure 54 and Figure 55. Since the tests were directly reproduced without scaling, the error that
might be introduced by icing condition scaling was avoided.
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Figure 54: Ice shape comparison: AERTS case 26 and case 112 Feo from Reference 25

Figure 55: Ice shape comparison: AERTS case 29 and case 113 Const V from Reference 25
The ice shape comparisons for these two cases were excellent. For case 26, both the main
ice shape and the ice feathers match icing wind tunnel experiments. The impingement ice limit
also matched, which indicates the icing conditions and flow fields were correctly reproduced. The
discrepancies of ice thickness and ice limit were both below 1% based on the total ice thickness.
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The main ice shape for case 29 also agreed with the reference ice shape. A horn angle difference
at the back of the main ice shape was observed when comparing with the reference ice horn. This
may be caused by the surface running water during the test. The water may not be super-cooled
enough before it impacted onto the airfoil. Another possible contributor is the 3D variation on the
ice shape. As it will be shown in Section 4.3.5, the ice shape varies along the span-wise location
of the rotor blade. A small discrepancy in the tracing location may result in the error in ice shape
tracing, especially for the ice horns and ice feathers; while the main ice shape may not be
affected.

Besides the four glaze ice shapes shown above, two rime ice shape comparisons are
shown in Figure 56 and Figure 57. The ice shapes related to these two figures are shapes obtained
from Reference 12, where tests were conducted on a model helicopter rotor blade. In this
reference, both experimental results and LEWICE predictions are available. The test blade
geometry comparison and the necessity have already been discussed in Chapter 2. The
comparison between reference icing conditions and the scale icing conditions also have already
been shown in Table 9. Since the tests were conducted on model helicopters and scaling methods
on helicopter blades have not been fully validated, initial ice shape reproduction tests at the
AERTS were limited in the rime ice regime. Unlike the complex icing physics inherent in the
glaze ice formation, rime ice accretion can be accurately predicted and reproduced
experimentally. The results of the rime ice reproduction at the AERTS facility are very good. The
low temperature, low liquid water content condition ensures that there was little surface runback
water at the blade surface, which greatly reduces the uncertainty in the ice shape reproduction.
Most of the impinging water froze instantly as droplets impacted the blade. As a result of this
instantaneous freezing, the ice shape is matched very well between experimental results from the
AERTS and NASA IRT results. Notice that the experimental data provided in the reference is
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fairly scattered, and detail on ice impingement limits cannot be resolved. Experimental ice shape
impingement limits obtained in the AERTS agree with LEWICE predictions.

Figure 56: Ice shape comparison: AERTS case 14 and Run 41 from Reference 12

Figure 57: Ice shape comparison: AERTS case 37 and Run 34 from Reference 12
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4.3.4

Repeatability test
Repeatability of a facility needs to be explored along with the ice accretion tests. Even

the NASA IRT, the most industrial validated facility, still has issues with the ice shape
repeatability. During the literature survey of this research, the icing condition for AERTS case 26
on NACA 0012 rotor blade was found on two separate published papers by NASA IRT
(Reference 25 and 37). Although they are not repeatability tests, the two cases shared almost the
same icing conditions. The accreted ice shapes are shown in Figure 58. The stagnation line ice
thickness discrepancy was approximately 0.1 inch, which accounts for 25% of the total ice
thickness. This inconsistency between two tests with same conditions raised the awareness of the
importance of repeatability testing.

Figure 58: Ice shape comparison between two ice shapes obtained at the IRT
(Icing condition of case 112 Feo from AIAA 99-0244 (Reference 25): -8.2 ºC, 56.9 m/s, 27
µm, 0.96 g/m3, 4.2 minutes; Case 112 Feo from AIAA 2000-0236 (Reference 37): -8.1 ºC,
56.3 m/s, 28 µm, 1.04 g/m3, 4.2 minutes)

Two repeatability tests were conducted to demonstrate the consistency of the icing
conditions produced in the AERTS facility as shown in Figure 59 and Figure 60.
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Figure 59: Repeatability test: ice shape comparison at blade tip between AERTS test case 3
and 4

Figure 60: Repeatability test: ice shape comparison at 95% r/R between AERTS test case 27
and 28
The ice shape repeatability at the blade tip and 95% r/R (monitoring location) were
examined. The tip ice shape repeatability test shows the ice shape correlates well in terms of both
main ice shapes and ice feathers. The 95% r/R location cases show good agreement in the main
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ice shapes, while there is a discrepancy of a small ice horn behind the main ice shape. This can be
explained by the irregularly distributed glaze ice shape and the current 2D ice tracing technique is
very likely to damage the fragile ice feathers and not capable to capture the whole detailed ice
shape. Another possible cause of this extended ice horn observed in Figure 60 is the water droplet
temperature. Due to the limited test section size, the water droplet may not get sufficiently supercooled to the ambient temperature before it impacted the blade. The warm temperature droplet
may run back after impacting onto the main ice shape and result in an extended horn behind the
main ice shape. Overall, good correlations between the main ice shapes were observed between
tests with identical icing and operating conditions. Since the main ice shape is the main concerned
for de-icing systems, the repeatability tests show that icing tests at AERTS can be successfully
reproduced with little variation between test to test.

4.3.5

Ice shape features on a rotor test stand
Given varying icing condition, the AERTS facility can simulate 3D effects related to

blade rotation that could be cumbersome to reproduce in fixed-wing tunnel ice accretion testing.
The flow field during rotor testing is more complicated compared to the ideal uniform flow in a
wind tunnel. The local relative flow speed varies along the radial direction of the blade. Varying
inflow introduces different AOAs and icing cloud conditions along the blade span, which also
will result in ice shape variations. Surface runback water that is driven by centrifugal force in the
span-wise direction also adds complexity to the analysis. In addition, the three-dimensional
aerodynamic effect has to be taken into account especially at the blade tip area where the tip
vortex has a great effect at the local inflow distribution. In this section, the effects of AOA, spanwise water motion, and blade tip effects on ice accretion are studied. These effects are
demonstrated by typical ice shape distributions along the rotating blade (Figure 61 to Figure 65).
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In these two figures, rime-glaze ice transition and “lobster tail” ice shapes representative of rotor
testing can be identified.

Unlike the ideal 2D wind tunnel tests where the airfoil can be assumed to have the same
aerodynamic environment (AOA, Ma, Re) and icing environment (LWC, n, etc.) at every span
location, the rotor test stand generates 3D flow fields that a helicopter may encounter in the field.
The inflow along the blade span varies with radial location, which results in the variation of
different AOAs and corresponding icing conditions. At the blade tip, the tip vortex effects
dominate that area, and significant change in flow direction and flow circulation is expected. Due
to these reasons, the ice shape along the blade is not uniformly distributed.

Figure 61: Ice shape distribution along the blade for a typical glaze icing condition
(Note: ice shape transitions from rime shape (inboard) to glaze shape (outboard); the
lobster tail shape tip ice is formed due to centrifugal force and tip vortex)
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Figure 62: Three types ice shapes can be found on the rotor
As illustrated in Figure 62, three types of ice shapes that were introduced in Section 1.4
can be observed in one rotating ice accretion test. On the left-hand-side of the picture, the three
ice shapes (rime, mixed and glaze) are taken from three different tests, but all the three shapes can
be identified from inboard to outboard part of a rotor blade in one typical glaze ice accretion test
at the AERTS facility.

Due to the centrifugal force inherent within the rotating frame, the liquid phase water on
the blade surface will travel along the blade span-wise direction before they exchange energy
with the blade surface to finally freeze at some location. The impacting water at the tip area will
tend to freeze outside of the blade tip, which results the lobster tail shape shown in Figure 63.
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Ice shedding events could also take place at high centrifugal force condition [37]. For the
ice accretion studies presented in this paper, the rotating speed is limited at 550 RPM to prevent
ice shedding from happening, so that the ice shape at monitoring locations can be preserved. Ice
shedding was not observed during this study.

Figure 63: “Lobster tail” tip ice shape
(AERTS Test Case 2, RPM = 490, tip speed 70 m/s, LWC = 0.98 g/m3, MVD = 26 μm,
accretion time 3 min., temperature -8.6 °C)

The effect of AOA can be seen in Figure 64. The blue ice shape is digitized from the tip
ice shape photo. The tip lobster tail shape was removed using a heated plate to show the tip ice
shape. The green line denotes the ice shape obtained at 95% radial location (monitoring location;
ice feathers were broken during the removal procedure discussed in the previous section). It is
noticeable that the main ice shape tilts up as it moves from 95% to 100% of the blade, which
clearly indicates a negative AOA at the tip. Another feature worth noting is that the impingement
limit is not symmetric due to the change of AOA at the blade tip. The upper surface has more
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accreted ice, and ice extent limits are farther located at 14% of the chord, while the ice limits on
the lower surface only extended to approximately 10% of the chord.

Figure 64: Ice shape comparison between blade tip ice shape and ice shape taken from 95%
radial location.
(Shape taken from AERTS Test Case 26)

Due to radial relative velocity variations and surface runback water driven by span-wise
direction centrifugal force, the ice accreted on a rotating blade will vary along the radial locations
in terms of ice thickness (rime ice condition) or both ice thickness and ice shape. Figure 65 shows
a typical variation of the ice thickness. Note that this photo was taken from a bottom view of
AERTS Test Case 2, which is a typical glaze icing condition. In this case, ice thickness varies in
an approximate linear function of radial distance, corresponding to the radial local velocity
change on the rotor.
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Figure 65: Span-wise ice thickness variation and the tip lobsters tail
(Shape taken from AERTS Test Case 2)
Unlike the glaze ice uniformly built-up in an icing wind tunnel, the ice shape also varies
with span location. The inboard area (<70% r/R) is measured to be a rime ice shape due to the
low rotating speed and low LWC (V < 45 m/s and LWC <0.5 g/m3 approx.). As the monitoring
location moves towards the tip, the impingement limit extends and ice feathers caused by surface
runback water take place, which indicates the beginning of the glaze ice regime.
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Chapter 5 Summary, Conclusions and Future Plans

5.1

Summary of Ice Accretion Experiments at the AERTS Facility
The capability to reproduce icing conditions surrounding low-thrusting rotors in the

Adverse Environment Rotor Test Stand (AERTS) facility was investigated. Tests presented in
this research indicated that icing conditions can be controlled in the facility.

Classical scaling methods were evaluated to determine if their application to rotor blade
ice testing is appropriate. The study showed that the prevalently used modified Ruff method with
constant Weber number criterion is applicable to helicopter rotors. Ice accretion experiments
conducted in the AERTS demonstrated that classical scaling laws can be used to reproduce fixedwing airfoil icing wind tunnel test results on different-sized rotors. Test results from model
helicopter in icing wind tunnel with a non-zero blade angle of attack (e.g. 3.5° and 3.7°) were also
reproduced in the AERTS facility by applying Ruff’s ice scaling method.

Ice accretion tests were conducted for varying icing conditions that provided glaze, rime,
and mixed ice regimes. Icing parameters were directly reproduced to match those presented in the
literature or scaled to provide ice shape similarities when the chord of the specimens deviated
from that described in the references. Icing parameters were shown to be precisely controlled and
maintained during a typical 4 minutes ice accretion test.

Since the icing cloud is mixed by the inflow of the rotor at the AERTS, the Liquid Water
Content (LWC) of the icing cloud is highly dependent on rotors conditions. LWC needs to be
determined for every different test at AERTS. A novel LWC experimental determination method
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was proposed and validated. By introducing ice accretion parameters such as freezing fraction
and collection coefficient, the LWC can be determined from the experimental measured
stagnation line ice thickness. Typical LWC distribution along the blade span in the facility was
shown. To explore control capability of the LWC, the relationship between the produced LWC
and the spray nozzle input air/water pressure was explored. Twelve LWC measurement tests on
NACA 0012 test blade with 2 spraying nozzle operating were conducted to obtain the resulting
LWCs by varying spray nozzle pressure input. Results were plotted against nozzle input air
pressure from 10 PSI to 20 PSI with a 2 PSI increment. The LWC can be controlled with 0.2 g/m3
increment and maintained within ±15% through the test. Icing parametric sensitivity studies were
presented after the LWC measurement technique was developed. The dependencies and
influences of Temperature, water droplet Median Volume Diameter (MVD) and rotational speed
(RPM) on the measured LWC and ice thickness were investigated during 21 icing parameter
sensitivity tests. The LWC measurement tests and icing parameter sensitivity tests provided
insight for ice accretion tests on low thrusting rotors.

In total, 16 cylindrical rotor ice accretion tests and 37 NACA 0012 airfoil ice accretion
tests were conducted. Ice shapes obtained at the AERTS showed good correlation with results
from other well-known icing facilities. The maximum discrepancy in ice limits and stagnation
line ice thickness were below 1% for low thrusting NACA 0012 test blade (30 lbf. thrust). Good
ice shape reproduction consistency was observed during repeatability testing.

The unique features of a rotor test stand compared to an icing wind tunnel were also
experimentally observed. Three ice shape types: rime, mixed and glaze ice, and their transition
from inboard area to outboard area could be observed during rotor icing tests. To capture the
delicate 3D features, a 3D laser scanner were used to scan the iced surface on the rotor blade.
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Conventional 2D hand tracing and photographic method may introduce damage to the fragile ice
feathers during ice removal from the blade. With the 3D scanning technique, the fragile ice
feathers on the blade could be preserved, avoiding the damage introduced by ice removal
processes. AOA effects and its variation along the blade due to span-wise inflow distribution,
blade tip effect on ice accretion, and centrifugal force effects were also presented.

5.2

Conclusions
The following novel contributions are attributed to this research:


The AERTS facility has been shown to have the capability to produce ice shapes
obtained in other wind tunnel icing facilities, validating its capability to
reproduce icing clouds. The facility provides an excellent test bed for future
blade coating evaluation, CFD model validation, and ice protection system
design and evaluation for helicopters. The icing experiments conducted at the
AERTS facility produce unique features of helicopter icing that cannot be
reproduced in an icing wind tunnel.



Current classical fixed-wing ice scaling methods can be applied to helicopter ice
accretion research within low angles of attack (up to 3.7 degrees). For rotor blade
ice shape reproduction, rotor inflow variation needs to be taken into account
when matching local effective AOA, instead of using geometrical AOA as it is
done during icing wind tunnel testing.



Although AOA was not incorporated in the scaling method, the collection
efficiency calculation is still valid within a finite range of AOA, which indicates
the classical scaling method can be applied to helicopter icing research where the
AOA varies along the blade. The proposed helicopter scaling method ensures ice
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shape similarity by directly matching the AOAs of reference model and scaling
model.


The ice shape can be affected by scale velocity. By matching Constant Weber
number between reference and scaling model, scale velocity can be determined
(typically 130% of reference velocity for half-sized model). Matching local
Reynolds number requires higher scale velocity (typically 220% more based on
reference velocity), which is not practical due to facility RPM limits. The
classical Ruff scaling method with Constant Weber criterion can provide
satisfying ice shape agreement between reference and scaling experiments.



Icing conditions in an icing cloud need to be considered as a system. Although
according to FAA Part 25/29, LWC and MVD envelopes are defined separately;
for the AERTS facility, LWC and MVD need to be selected as combinations
which are functions of air temperature when designing icing test conditions.



The critical icing parameters, Temperature and MVD, can be directly measured
at the AERTS facility. The other critical icing parameter, LWC, needs to be
experimentally determined using equations originally developed for ice scaling
methods. The calculated LWC is very sensitive to ice thickness growth at the
stagnation line. Rime ice regimes are ideal for LWC determination because the
ice accretion mechanism is simpler (no splashing or run-back water due to
freezing fraction equal to 1) and ice thickness is easier to measure. Rime ice
regime can be triggered in the facility by spinning at low RPMs (<400 RPM, 57
m/s tip speed) and at cold temperatures (< -15ºC).



The ice shape and stagnation ice thickness is sensitive to temperature. When
keeping other icing conditions the same, colder temperature will render larger ice
thickness. This is mainly because the collection efficiency is high at low
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temperature and there is less water on the blade surface that can run back and
freeze at the back of the main ice shape.


The ice shape is sensitive to spray nozzle input air / water pressure. Ice crystals
usually occur when the icing nozzles were controlled to produce relatively high
MVD at high air line pressure: e.g., 2 nozzles, 0.46 g/m3, 28 μm and 20 airline
pressure. It was believed that the water-air pressure difference was too high to
produce this icing cloud. The water droplets were injected into the room with
very high velocity. Instantaneous freezing phenomena of the water droplets
occurred due to sudden pressure drop at the nozzle outlet. Super-cooled water
droplets may freeze and change into ice crystals before they impact onto the rotor
blade. The crystals erode any potential ice shape resulting in a “spear” ice shape.
It is determined high nozzle input pressure (input air pressure larger than 23 PSI)
need to be avoided.



Rime ice shape features can be captured using traditional hand tracing and
photographic method. Glaze ice needs to be processed using 3D scanner to fully
capture the delicate ice feathers at the back of the main ice shape. For ice
accretion test on a swept wing airfoil in an icing wind tunnel, the scallop ice
shape needs to be digitized by 3D scanning to show the location to location
variation. For helicopter ice accretion testing, since glaze ice shapes are affected
by 3D effects such as centrifugal force, radial velocity variation, effective AOA,
and tip vortex, 3D ice scanning must be applied.



Ice shape repeatability was examined carefully at the AERTS facility. During the
literature survey, two repeat tests were found from two separate published papers
at the NASA IRT. The stagnation ice thickness was off by 25% (0.1 inch)
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between the two tests. Ice shape repeatability in the AERTS provides stagnation
thickness matching with differences of less than 1%.

5.3

5.3.1

Future Plans and Suggestions on Ice Accretion Tests

Icing physics

5.3.1.1 Background and challenges to solve
Ice accretion on helicopter rotors has complexities related to 3D environments inherent to
the unsteady and rotational flow that are not well understood. The two-phase flow behavior and
its interaction with a rotating blade need to be examined under icing physics level. Although
current CFD tools have simplified models to address water droplet behavior throughout the
impact procedure with blade, some physical phenomena are only characterized by simple
empirical equations that have not been thoroughly studied. The surface roughness and droplet
splashing are regarded to be the main issues that have pronounced effect on ice accretion but still
remain to be discovered.

5.3.1.2 Droplet splashing
For most of the existent icing models, before the blade enters the icing cloud, a uniformly
distributed (or a statistically distributed) icing cloud is assumed. The size of the water droplet is
often denoted by a constant MVD. In reality, Super Large Droplet (SLD) conditions are
frequently observed in a helicopter’s operational environment, where low-temperature, highsurface-tension, and large-sized droplets are enabled to exist under such environment. SLD are
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known to be unstable, hard to predict, and are prone to splash on impact. In addition, the relative
high rotating speed of outboard part of helicopter blades promotes the splashing to happen. The
effects of droplet splashing include: mass loss to the surface energy balance; water droplet bounce
motion after impact that needs to be further determined; and ice shape changes with splashing
that is not fully understood, particularly for glaze ice cases.

5.3.1.3 Surface roughness
During the droplet’s impact on the blade surface, surface roughness is formed by frozen
beads or ridges of the impacting water. Surface roughness has profound influence on the flow
boundary layer behavior and surface heat transfer.

As it was stated in Reference 29, to date, there is insufficient data to characterize the size
and shape of the surface roughness as functions of icing conditions and time. As shown in Figure
66, ice accretion roughness is ubiquitous during icing and has a substantial effect on resulting ice
shapes, especially in the glaze regime. Surface roughness affects the transition of boundary layer
from laminar to turbulent, boundary layer behavior, and has a first-order effect on surface energy
exchange. Most ice accretion models use inaccurate empirical expressions of surface roughness
height. These models predict roughness height based solely on the stagnation-point freezingfraction value. Once calculated, the surface roughness is not updated throughout the ice accretion
time. The ice variations displayed in Figure 66 clearly show the inaccuracy in this assumption.
These models often over predict the heat transfer coefficients in turbulent regions and miss the
correct behavior of boundary-layer transition. In fact, transition to turbulence is not an immediate
process after the roughness Reynolds number exceeds the threshold critical number determined in
existent ice accretion models

[39]

. As a result of these model inaccuracies, low surface
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temperatures predictions are common (due to artificially high convective heat exchange) and lead
the models to predict that water droplets freeze upon impact. Although this is reasonable for rime
ice, glaze ice shapes will be inaccurately modeled. Furthermore, as these sensitivities to surface
roughness are understood on fixed-wing ice accretion predictions, they are unknown for
rotorcraft; it is expected that roughness becomes more important as variations in the incidence
angle and velocity can create roughness within normally laminar regions.

Figure 66: Comparison of surface roughness change 15, 30, and 50 sec. during an icing test,
and close-up view of the ridge formed at time = 5 sec. [40]

The relationship between surface roughness and boundary layer growth on rotating
airfoils is a critical parameter required to properly model ice accretion. Boundary layer growth for
rotating airfoils has never been measured and incorporated into 3D ice accretion predictions tools
for helicopter rotors. As heat transfer is a strong function of the surface roughness and state of the
boundary layer, such sensitivities need to be assessed

[41]

. A preliminary CFD effort was
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conducted on the simulation of the surface roughness effect on a flat plate. Sample results are
shown in Figure 67 and Figure 68.

Figure 67: CFD comparison between smooth, transitional rough and fully rough flat plate:
Boundary layer velocity profile

In the figure, the y axis is the non-dimensional thickness with respect to the boundary
layer thickness. Discrete symbols are from reference experimental data and the solid lines are
from modeling with same conditions. A smooth wall case is also shown here to provide
comparison reference. For this case, Reynolds number based on roughness height Ks, ReKs = 84,
is larger than 70, which is a critical Re number that denotes the threshold of the fully roughness
regime. Therefore this is a fully rough surface modeling. The velocity profile is clearly fully
turbulent all over the flat plate. Comparing with the red line (smooth wall velocity profile), both
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the experiment result in the literature and the CFD simulation show the velocity deficits
introduced by the surface roughness in the boundary layer. Energy exchange is very active in this
region. Heat transfer rate within the boundary layer is therefore highly dependent on the surface
roughness, as shown in Figure 68.

Figure 68: CFD comparison between smooth, transitional rough and fully rough flat plate:
Heat transfer coefficients
In this figure, x axis denotes the Reynolds number based on the distance on the flat plate.
The difference among the three different surface roughnesses is evident, which illustrates that the
heat transfer coefficient is affected largely by the different roughness condition. The heat transfer
coefficient is approximately 20% - 50% higher on the fully rough surface than on the smooth
surface. The perturbation after Rex exceeds 1×106 has not been fully identified. One possible
reason is the grid is not fine enough for the resolution of small roughness particles.
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At present, it is difficult to accurately predict transition turbulence, turbulence with
surface roughness, and their impact on heat transfer coefficients. It is known that these factors
could affect ice shapes; while the extent is not understood in the context of rotating helicopter
blades. Furthermore, as these effects are not properly modeled in the context of iced helicopter
rotor analyses, understanding the fundamental physics will be critical to develop models of glaze
ice conditions on helicopter rotors.

5.3.2

Performance degradation
Ice accretion will cause a severe drop on the lift-drag ratio of the blade, which eventually,

will be measured from the change of lift and torque. For a ground rotor test stand, low effective
AOA and symmetric airfoil are used for icing tests. For instance, at AERTS facility, typical
generated lift expected could be as low as 30 lbf. The change in the lift will be hard to measure.
For this reason, the performance degradation due to ice accretion is evaluated by monitoring main
rotor shaft torque changes due to the increase of drag of accreted ice. For the dry clean airfoil test,
the required torque of the shaft was recorded at a given RPM and AOA as baseline data. While
ice accretes on the blade, the required torque to maintain a certain fixed RPM will increase in a
linear pattern as a function of time.

An initial torque measurement effort was conducted to study the effect profile drag from
different ice shapes has on the rotor stand torque. A sample torque measurement showing the
effect of the drag increase due to icing is presented in Figure 69. The red and blue lines are
recorded torque obtained at two identical glaze ice cases; while the green line denotes torque rise
in a rime ice case. The difference between torque rises due to ice type difference is very
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noticeable. The perturbation is due to lack of signal noise reduction. A signal filter should be used
to get smooth curves.

Figure 69: Sample measurement of the torque rise due to icing at the AERTS facility

During future study on both ice accretion tests and performance degradation due to icing,
another 21 inch chord NACA 0012 paddle blade is proposed to be designed and fabricated at the
AERTS facility. This blade will be used to extend the ice shape reproduction capability of
AERTS facility. The scaling laws for helicopter can also be studied using 10.5 inch and 21 inch
chord blades. Finally, the performance degradation as a function of different icing parameters is
expected to be explored at AERTS facility. Different ice shapes can be produced and compared to
results recorded in Reference 42 and 43. Ice molds can be fabricated during the post-processing
stage of the icing shapes. The ice molds with different surface roughness finish could be attached
to the blade and tested at a low-speed, low-turbulence wind tunnel to study the rise of the drag
coefficient due to icing. Torque increase can be calculated based on this study and correlated with
the experimental measurements.
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5.3.3

Wind turbine icing
The wind turbines in the mountainous region also suffer from icing problems. Since both

wind turbines and helicopters share the same rotating mechanism, the rotor test stand at the
AERTS facility is also capable to reproduce icing conditions for wind turbine applications. A test
rotor using an S809 wind turbine airfoil was designed and fabricated at the AERTS facility. A
picture of the design model and the blade photo is shown in Figure 70. A structural analysis of the
blade is also shown in Figure 71 The blade profile is taken from the NREL phase VI wind turbine
blade, and is representative of the properties of the blade at 75% of the radius.

Figure 70: AERTS S809 wind turbine test blade, blade information
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Figure 71: AERTS S809 wind turbine test blade, structural analysis

As an initial effort in the wind turbine icing, literature survey on the icing conditions for
wind turbines are recommended. Typical icing conditions for wind turbine applications can be
reproduced at the AERTS lab according to previous facility icing condition measurement efforts.
The icing parameters scaling method can be adopted from the Ruff method recorded in the NASA
scaling manual; the flow field is calculated by BEMT that is capable to match inflow angles
between a highly twisted and tapered wind turbine blade and a uniform no twist, rectangular
blade used in test. This facility and test approach showed good potential to reproduce test
conditions for a wind turbine operating at either a clean or an icing operational condition
independent of the size of the turbine. The test blade will be used to obtain ice shapes that will be
found on practical utility wind turbine blades. Another heated area of the wind turbine icing
research is to evaluate different ice-phobic / hydro phobic material for the wind turbine blade.
This task will be conducted with companies such as GE wind turbine branch. The test blade has
already been designed and fabricated at the AERTS facility. The blade is not shown here due to
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the proprietary concerns. The facility can then be used as a test bed for the wind turbine coating
evaluation purpose.

The preliminary wind turbine icing study can be found in the Appendix B: Wind Turbine
Icing.
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Appendix A: Cooling System Design
In order to address the temperature rising problem stated in Section 1.5.1, an auxiliary
cooling system design is performed prior to the facility calibration.

A.1

Problem Statement
Before the introduction of this auxiliary cooling system, AERTS is formed by a chamber

used for testing between -25 °C and 0 °C. Inside the chamber there is a rotor test stand and
nozzles that spray water and air during tests. The chamber is cooled by a 10 HP Trenton cooling
unit blowing cold air into the room with cooling fans. However, during the tests these fans need
to be shut off, as they interfere with the nozzles’ spray and are prone to be clogged due to
catching ice. Because of this, the temperature in the chamber rises 1 °C/minute during a typical
icing test, which has a critical impact on the final ice shape. Therefore, another cooling system to
maintain the temperature during tests when the fans are shut off is needed.

A.2

Problem Modeling
The flow in the facility is firstly modeled with a commercial CFD package, Flow

Simulation from SolidWorks software. The model of AERTS facility is by courtesy of Brouwers,
E. The simulation is using 3D, k-ε model. The aim of the CFD modeling is to illustrate the
operating situation to offer guidance when choosing a proper cooling system, rather than present
any critical parameters that must be relied on. Therefore, the Flow Simulation package is selected
for its simplicity and conveniency in modifying the model.
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In Figure 72, the facility running without a cooling system at 0 s (beginning) and 60 s
(end of 1 min. run) is shown. The average temperature rises 1 °C after 1 minute test. In the color
map, the blue represents the starting temperature of -5 °C (268 K). After 1min, the blue turns into
red color indicating the temperature rise (269 K). The facility with an auxiliary cooling system is
shown in Figure 73, under a ceteris paribus condition. The green color represents the start
temperature of -5 °C (268 K). After a 1 minute test, the average ambient temperature still remains
the same. The deep blue at right-hand-side denotes the cooling system location. This model is
only for demonstration of required cooling capacity. The real application has 4 separate finnedcoil evaporators installed parallel at four corners of the chamber to enhance the heat transfer rate.

Figure 72: Facility operating with secondary cooling system switch off
(1 °C rise per 1 min.)

Figure 73: Facility operating with secondary cooling switch on
(Temperature maintains after 1 min. run)

120

The cooling capacity used in the model is 5 kW. In order to retain some redundant
capacity, the final cooling capacity is chosen to be 10 kW. According to this requirement, a
specific cooling system can be design together with special arrangement for the facility, which
will be shown in the next section.

A.3

Solution
The coolant is pumped by a compressor outside the room and carried through aluminum

finned-pipes (with diameters of 2 cm) with support of small cooling fans in the chamber as the
temperature rises. The coolant selected is R404a.

A.3.1

Compressor
The power required for the compressor needed is 4.575 kW (6.135 HP). The outlet

pressure of the fluid needs to be 1628.1 kPa (236.14 psi). This compressor will increase the
temperature of the fluid from -14 °C to 57 °C.

A.3.2

Condenser
The heating capacity will be 14.27 kW and the condensing temperature will be 35 °C and

at a constant pressure of 1608 kPa. The temperature of the fluid will decrease from 57 °C to 32.6
°C.
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A.3.3

Expansion valve
The valve will decrease the pressure of the fluid from 1608 kPa to 303 kPa, decreasing

the temperature of the fluid from 32.6 °C to -20.4 °C.

A.3.4

Evaporator
The evaporator inside the room need have a cooling capacity of 10kW. In order to

achieve this, a mass flow rate of 0.09034 kg/s inside the finned-tubes must be achieved. The
evaporating temperature will be -20 °C .The pressure of the fluid in the pipes will be 303 kPa.
The temperature of the fluid will increase from -20.4 °C when it enters the chamber to -15 °C
when it leaves.

With the new auxiliary cooling system, the facility can then operated free of temperature
rising issues, which greatly improves the accuracy of the experiments.
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Appendix B: Wind Turbine Icing

B.1

Introduction
A large portion of worldwide wind resources exists in cold climate regions, where icing

phenomenon has a prevalent influence on the final power production. Icing events in cold climate
decrease the power output and could even cause turbine to shut down. A sample of lowered
power curve due to icing, measured at Alpine Test Site Gütsch (2350 meters above sea level) [1] is
shown in Figure 74. Based on these measurements and wind speed frequency distribution records,
the calculated loss of Annual Energy Production (AEP) is determined to be 23% (from 986 MWh
to 785 MWh).

Figure 74: Power measurements at Gütsch (grey dots) and the bin-averaged power curve
(black dots) compared to the manufacturer’s power curve (black line) [1]
The loss factor of AEP mainly depends on the icing time of a specific region. As
recorded in Reference 2, icing time in rime condition for a typical wind farm at 800 m elevation

123
(e.g. Appalachian Mountains area in Canada) can be expected to be approximately 12% of the
overall running time between November and April. At Norway, Byrkjedal and Vindteknikk

[3]

used a Weather Research and Forecast (WRF) model (see Section 0) to study the icing time and
corresponding power loss. The estimated production losses factor is 22%. They also proposed a
simple equation to estimate the Power Loss factor, Ploss:
Ploss  0.6

Ticing
4380

Equation 23

where, Ticing is the expected total icing hours (criterion: icing rate (dM/dt) > 10 g/hr) per year.

This equation is later corrected to provide the lower boundary of the loss range; while the
upper boundary is set to be twice of Ploss. It is claimed that, for a site like Nordland at 770 meters
above sea level in North Europe, the icing time is around 1000 hr per year, which corresponds to
14% - 28% loss of AEP due to icing from this empirical equation.

B.2

Wind Turbine Icing Features
Although the possible loss of power production due to icing has been recognized, wind

energy in cold climate regions still remains desirable for energy companies. The wind resource is
richer and the air is denser at the cold regions. To prevent the icing issues on the wind turbine,
wind turbine icing features need to be fully understood.

Icing has been a critical issue for aviation for more than half a century. Wind turbines,
and its rotary counterpart – helicopters, both could operate in cold climate region where supercooled water droplets could be encountered (altitudes 4 km above sea level). Some of the icing
features of wind turbine are different from helicopters:
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–

Long icing times (from several hours to several consecutive days); while for helicopters
during an in-flight icing test, the icing time is usually 15 minutes. Even for a certification
test of ice protection system, the accretion time is usually limited to 45 minutes.

–

Only scattered data is available for wind turbine icing; no clear ice shapes have been
recorded and presented in literature. Icing event is hard to detect and even harder to be
captured on the blade due to the size of the blade and safety consideration.

–

Icing on a wind turbine blade will change the aerodynamic profiles which results in
decreased lift/drag ratios. In areas with less humidity but denser air, iced blades may
generate excessive power over the rated peak output which may lead to generator failure.
This is explained in Reference 1. Ice accretion shapes serve as a leading edge flaps,
which in fact increases the lift of the blade. It is uncommon to have 20% excessive power
output due to dense air and “ice horn flap” in cold climate.

B.3

Wind Turbine Icing Condition
In this section, a comprehensive icing condition survey was carried out to provide

guidance to future icing experiments. Individual icing parameters will be explained in detail. A
systematic weather forecasting model, WRF, will be introduced. At the end of this section, a
summary of icing conditions found in literature are presented.

Major icing parameters concerned in this section are: Temperature, LWC, MVD, Icing
Time, and Velocity. Other parameters, like water/ice density, air viscosity, and pressure change
due to elevation can be calculated readily using established standard equations. This kind of
parameters will not be mentioned again in the following sections, but they will be taken into
account throughout the icing analysis. Another parameter that may introduce uncertainty into the
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final result is surface roughness as mentioned in Section 5.3.1.3. Surface roughness is formed by
blade surface substrate coating and also the frozen beads or ridges due to icing. To date, there is
insufficient data to characterize the size and shape of the surface roughness as a function of icing
conditions and time

[6]

. For instance, the prevalently used ice prediction code LEWICE

(developed by NASA Glenn center), only uses two inaccurate empirical equations to predict the
surface roughness height, and then take it into account for the increased surface heat transfer
coefficient[6],[7]. Surface roughness effect has already been realized as one of the most important
factors in ice accretion prediction and ice adhesion strength study. The surface roughness will be
a research topic at AERTS as a new 5 year research task (starting from Fall, 2011). In this current
phase, the airfoil surface will be assumed to be smooth, unless otherwise specified.

B.3.1

Temperature
Lowest operational temperature for a wind turbine, like the GE 1.5 SLE, is -30 °C with a

survival temperature is -40 °C. Temperature for icing, as found in the literature, is typically
between 0 and -10 °C. When temperature drops below -10 °C, LWC will decrease rapidly since
the super-cooled water droplet is not likely to exist for a long time in such low temperature (i.e.,
low humidity). Figure 75 shows a sample measured LWC distribution via different ambient
temperatures. These recommended icing test conditions are defined by the aviation community
and obtained from Reference 8. These icing envelopes also apply to wind turbine operation
conditions.
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Figure 75: LWC measurements in different ambient temperature (-30 °C ~ 0 °C) [8]

Air density is associated with the temperature change. With calculations from the ideal
gas law, the density of air at -30 °C is 27% denser than at 35 °C. This may cause the generators in
passive stall control mode to operate above its rated power, which could require the turbine to
shut down at low temperatures

[11]

. Although air density is important to analyze in terms of

excessive power generation, for icing experiments, it is still regarded as a secondary parameter as
compared to other parameters discussed in this section.

Temperature can be measured at weather stations near a wind farm. Figure 76 shows the
relationship between measured temperature and wind speed (Note: this figure is taken from a
literature written in German; the axis labels were kept unchanged). Recommended icing
temperature will be -10 °C to ensure rime ice on most of the span area of the test blade.
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Figure 76: Temperature and wind speed measurement at Gütsch test site, Switzerland
Alpine area [13]

B.3.2

LWC and MVD
LWC and MVD are two main parameters that characterize the water droplet features in

an icing cloud. They have great influence on the final ice shape built up.

LWC denotes how much water in liquid phase in the cloud a blade may encounter. For a
wind turbine like GE 1.5 SLE with a tower height of 80 meters, this number is relatively low,
around 0.1-0.5 g/m3; while for helicopters, this LWC may range between 0.5-2 g/m3. Most wind
turbine farm weather stations do not measure LWC because of lack of equipment. Some data can
be found in the literature (Section 0); while most of other literatures simply estimate a reasonable
value of LWC. WRF models can predict or post-process LWC as a diagnostic variable. This will
be shown in Section 0.

MVD is a simplified parameter that is used to indicate the median size of water droplet in
the icing cloud, instead of a certain statistical size distribution. Just as with LWC, most of the
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weather stations do not record MVD. Most of the literature found for wind turbine icing provides
a reasonable guess of MVD. Judging from previous experimental experience at the NASA IRT
and the AERTS, MVD has large effects on the ice horns of glaze ice; alternatively, rime ice
regimes are not very sensitive to MVD. A reasonable MVD approximation is regarded to be
representative for a well mixed icing cloud.

LWC and MVD distributions are often related in a natural icing cloud. Figure 77 is taken
from Aircraft Icing Handbook

[8]

. The solid line in the chart is from FAA Appendix C

recommended icing condition envelops. The scattered data is comprised by LWC-MVD
combination data measured up to 3000 meters above the sea level. It can be seen that although the
LWC varies in a very small band between 0 to 0.5 g/m3, MVD can vary from 5 μm (very small)
to 40 μm (relatively large).

Figure 77: LWC vs. MVD distribution at temperature between -10 °C to 0 °C
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For a realistic icing cloud that can be reproduced in the AERTS facility, the
recommended LWC is between 0.1 to 0.5 g/m3. The recommended MVD is between 10 to 30 μm.

B.3.3

Icing time
Icing time for wind turbine icing is very long compared to helicopter applications. It is

very common for a wind turbine to be exposed to an icing cloud for several consecutive days or
even weeks. A comparison of measured and simulated duration of icing events at 3 sites in
Switzerland

[9]

is shown in Figure 78. The simulation codes used are COSMO and WRF (See

Section 0 for an introduction of WRF). The altitude ranges from 1185 to 2332 meters above the
sea level.

Figure 78: Measured and simulated duration of icing events [9]

In contrast, for a typical in-flight icing test system, such as Helicopter Icing Spray System
(HISS)

[9]

, the typical icing time is only 15 min. For the AERTS, a typical ice accretion

experiment on helicopter blades is in the order of 3 or 4 minutes and shedding tests are around 3
minutes. The longest icing test that AERTS has experienced is a wind turbine ice accretion test on
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a S809 profile test blade (Internal reference number: AERTS-WT-4, 5, 6; pictures not shown here
due to sponsor’s request). Total running time is 1 hour 17 minutes. The ice shape correlated
within 1% error with LEWICE predictions on the 30 minutes ice shape. At 1 hr. and 17 minutes,
ice shed from one of the blades. The test stand became very imbalanced. The test had to be
stopped due to safety considerations. With this experience, the total ice accretion time is set not to
exceed 1 hour.

B.3.4

Velocity
A Typical wind turbine is chosen to provide reference values of blade specification.

Technical operational speeds of GE 1.5 SLE Wind Turbine are shown in Table 10.

Table 10: Operational Speed of GE 1.5 SLE Wind Turbine
Technical specified Speed
Cut-in wind speed

3.5 m/s

Cut-out wind speed

25 m/s

Rated wind speed

14 m/s

Wind speed at given
configuration

7.5 m/s

This is a typical speed range that can be applied to most wind farms. Field observation
data of icing wind speed (10 min. average) from Reference 14 and 15 are also shown in Figure 79
and Figure 80. These observations are confirmed to be consistent to the GE 1.5 SLE required
operational wind speed. For most wind turbines, the typical annual average wind speed is
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believed to be 5-9 m/s. The given local wind speed at 69% radial location of GE 1.5 SLE blade
also fits into this speed range. The recommended icing test speed is between 3 m/s to 14 m/s.

Figure 79: Typical 48 hour wind speed measurement, 10-minute-average at Tauern wind
park [14].

Figure 80: Typical 48 hour diurnal wind speed measurement
(5-min-average at 3 heights, at Colorado Green Wind Farm [15])
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B.3.5

Weather Research & Forecasting (WRF) model
Besides the direct measurement of the icing parameters, computer simulation models

from the metrology community can also provide insight to the icing conditions. Commonly used
models for icing research are WRF and COSMO

[16]

. In this section, WRF is introduced to

provide systematic information of a real icing condition in the nature.

WRF is a non-hydrostatic numerical weather prediction model developed mainly by
NCAR, NOAA and NCEP (USA). It was designed for mesoscale and high resolution weather
forecasts

[16]

. It has been utilized as both a forecasting tool for wind turbine operational weather

forecast and also a post-processing tool for meteorology related research, such as wind turbine
icing, or ice load modeling. WRF has been demonstrated to have the capability of providing
accurate enough live-change icing conditions for wind turbine icing study. For wind turbine
modeling, icing conditions such as Temperature, Wind Speed and Humidity can be obtained from
standard measurements; while LWC need to be derived from WRF simulations and MVD still
cannot be measured or derived.

The LWC is derived as a diagnostic variable from WRF. It is expressed as the production
of cloud water mass mixing ratio and air density. A sample distribution of mixing ratio
distribution is shown in Figure 81. Researchers at Universidad de Cantabria (Spain) proposed
another integral way to compute LWC from output of WRF

[18]

, however no publications have

been found. Very few systematic WRF simulations of icing condition and ice load are available;
simulation results at two sites are shown in Figure 82, Figure 83, and Figure 84.
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Position of Gütsch station

Figure 81: A sample distribution of cloud water mass mixing ratio
(Data from WRF simulation [18])

Figure 82: Case #1, 96 hr. WRF simulation - icing condition
(Luosto (Finland), December 2007)
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Figure 83: Case #1, 120 hr. WRF simulation - ice load
(Luosto (Finland), December 2007)

Figure 84: Case #2, WRF simulation - icing condition
(Schwyberg (Switzerland), November 2007 (Note: Data acquisition failure during wind
speed measurement and finally the tower collapsed due to ice load and strong wind))
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These measurements and simulations, again, confirmed the former discussions on
individual icing parameters, i.e.: LWC ranges between 0 to 0.5, maximum 1 g/m3; Wind speed
fluctuates around 10 m/s; temperature is usually between 0 to -10 °C.

From these comparisons between on-site measurement and WRF simulation, a
conclusion can be drawn: WRF can simulate critical icing condition parameters in a relatively
accurate range. Results from WRF become very valuable especially for those sites that have no
access to measure water droplet characteristics (LWC, MVD, etc.). Source code of WRF can be
downloaded from Reference 21. WRF real-time simulations will be used for the ice load study if
necessary. The use of WRF codes is not required to determine icing parameters suitable for
testing. Several target icing conditions are presented in the following Section 0.

B.4

Summary of Proposed Wind Turbine Testing Icing Conditions
During literature survey efforts, 3 explicit icing conditions were identified. Case 1 is from

Reference 1. The icing condition is acquired at Gütsch, Alpine Test Site (2350 m elevation,
Switzerland), at which there is a 600 kW Enercon E40 wind turbine with full instrumentation to
measure operational information. LWC is taken from WRF simulation and MVD is estimated
from LEWICE simulation. Case 2 and 3 are from Reference 22. Data was recorded in a wind park
which comprises 60 Vestas V80 1.8 MW turbines, operated by the 3Ci company near
Murdochville (900 m elevation, Quebec, Canada).
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Together with this information, recommended icing conditions for a utility wind turbine
and scale icing condition for AERTS are tabulated in Table 11. A detailed explanation of scaling
method can be found in Chapter 2.

Table 11: Summary of Proposed Wind Turbine Testing Icing Conditions
Sample AERTS
Case 1

Case 2

Case 3

condition after
scaling

Turbine Diameter [m]

44

80

80

2.74

Rotational Speed [RPM]

15

15.3

15.3

300 ~ 450

Wind Speed [m/s]

4

8.8

4.2

3*

Temperature [°C]

-6

-1.4

-5.7

-10 or lower

LWC [g/m3]

0.1

0.218

0.242

0.1 ~ 1 or higher

MVD [μm]

35

38.3

40.5

20 ~ 50

Icing time [hr.]

10

6.0

4.4

1 hr max**

*: The air velocity comes from nozzle jets which are built in the ceiling of the AERTS chamber; the speed is measured
at the height of rotor disk;
**: Icing time for ice accretion is 1 hr. max.; for shedding test, the test will be accelerated by applying higher LWC,
since for the shedding test, ice shape is a secondary concern.

The suggested icing condition for a utility wind turbine is based on previous discussions
on individual icing parameters. For ice shedding, -10 °C and -5 °C are recommended to reproduce
both rime and glaze ice regimes. Ice shape studies will investigate -5 °C, -10 °C and -15 °C ice
accretion cases.
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