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This work presents the results of an experimental study of ice particle impacts on a
moving wedge. The experiment was conducted in the Adverse Environment Rotor Test
Stand (AERTS) facility located at Penn State University. The wedge was placed at the tip of
a rotating blade. Ice particles shot from a pressure gun intercepted the moving wedge and
impacted it at a location along its circular path. The upward velocity of the ice particles
varied from 7 to 12 meters per second. Wedge velocities were varied from 0 to 120 meters
per second. Wedge angles tested were 0°, 30°, 45°, and 60°. High speed imaging combined
with backlighting captured the impact allowing observation of the effect of velocity and
wedge angle on the impact and the post-impact fragment behavior. It was found that the
pressure gun and the rotating wedge could be synchronized to consistently obtain ice particle
impacts on the target wedge. It was observed that the number of fragments increase with the
normal component of the impact velocity. Particle fragments ejected immediately after
impact showed velocities higher than the impact velocity. The results followed the major
qualitative features observed by other researchers for hailstone impacts, even though the
reduced scale size of the particles used in the present experiment as compared to hailstones
was 4:1.

Nomenclature

Time delay between the triggering of the pressure gun and the appearance of the frozen droplets at

the desired height

Wedge angle

Adverse Environment Rotor Test Stand

John Hopkins University Applied Physics Laboratory

Droplet diameter

Federal Aviation Administration

Distance from outer face of ice particle to wedge surface

Frame of reference along the surface of the wedge, used for velocity calculations.
Distance from (x, Y.) to the point of impact

Time it takes the particle starting at (x;,yr) to impact the wedge

Horizontal velocity of the ice particle with respect to the x-y frame of reference
Vertical velocity of the ice particle with respect to the x-y frame of reference
Velocity of the ice particle normal to the wedge surface
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Time delay between a triggering signal and the appearance of the rotor tip in the field of view



Vp Velocity of the ice particle parallel to the wedge surface

Wiedge = Wedge velocity

X-y = Frame of reference used to define point locations in the images. Its origin is always located at the
upper left corner of the cropped image frame used for data analysis

(X1, Y1) = Point on the surface of the wedge used together with (x,, y,) to obtain the equation of the straight
line along the wedge surface

(X2, Y2) = Point on the surface of the wedge used together with (xy, y;) to obtain the equation of the straight
line along the wedge surface

(Xe Ye) = Common point between wedge surface and perpendicular straight line through (xs,ys)

(Xd» Ya) = Downward boundary point of the expanding fragment cloud

(X, Yp) = Position of the centroid of the ice particle one frame before impact

(Xi, Vi) = Position of the centroid of the ice particle two frames before impact

(Ximpact:Yimpact) = Impact point of ice particle on wedge surface

(Xus Yu) = Upward boundary point of the expanding fragment cloud

I. Introduction

Aircraft engine ingestion of ice crystals can cause, at operation conditions, permanent or temporary loss of thrust
due to ice accretion accumulation and/or shedding in the engine core®. The ice accretion and shedding can affect the
performance and/or control of the compressors leading to surging or stalling and in some cases causing permanent
damage to the units. It can cause reduction of the clearance between stationary and moving parts affecting their
performance. The combustor efficiency and stability may also be affected leading to flame outs. It is a serious in-
flight safety problem that has led to new proposed engine certification regulation by the Federal Aviation
Administration®?.

Since ice accretion on internal engine parts is due to ice crystal impacts, fundamental research efforts have been
directed to study the physics involved when ice particles impact on a surface. The studies aim to identify the main
parameters involved, the post-impact particle size and velocity distributions, and the main qualitative features of the
impact and fragmentation. In these studies the ice crystals are modeled with spherical ice particles. This is needed
because complete characterization of the ice particles in a natural environment is not available yet. Also, it is easier
to generate spherical particles in a laboratory setting.

Ice crystal impacts are also important in planetary studies. Planning for the collection of ice crystal samples by
instrumentation in spacecraft sent to investigate planetary environments requires knowledge of ice crystal impact
physics®. This interest brought scientists from the John Hopkins University Applied Physics Laboratory to team with
NASA and Penn State University researchers who were studying ice crystal impacts on aircraft engines.

Ice particle impacts can be studied in two main configurations: stationary or moving. In a stationary
configuration the ice particles are directed towards a stationary target. In a moving configuration the target is
moving at a high velocity and impacts an ice particle moving at a lower velocity. This paper presents an
investigation of the kinematics of ice particle impacts in a moving configuration. Ice particles shot vertically from a
pressure gun impacted a moving wedge placed near the tip of the leading edge of a rotating blade.

The objective of the experiment was to determine if the pressure gun and the rotating wedge could be
synchronized to consistently obtain ice particle impacts on the target wedge, capture the event with high speed
imaging and observe the effect of velocity and wedge angle on the post-impact fragment behavior. Results were
obtained for wedges of 0°, 30°, 45° and 60° moving at velocities from 0 to 120 meters per second. Ice particles
were moving at velocities of 7 to 12 meters per second when they were impacted by the wedge. The diameter of the
particles varied from 1.5 to 3 millimeters.

In the 1990s, aircraft engine manufacturers dealt with engine ice ingestion problems in the form of hailstones.
Excellent studies were conducted at the time by industry and academia on the impact characteristics and numerical
models were implemented>?'. Because of the differences in size between hailstones and ice crystals, it is not clear if
the hailstone results can be directly applied to ice crystal impacts on engine surfaces. But the methodology in those
studies can be used as guidance in studying ice crystal impacts. An important objective of ice particle impact studies
is to determine if there is a scale effect and whether the main observations from hailstone studies can be maintained
or need to be modified. In the present paper the main observations from hailstone results are compared, when
possible, to ice particle impact results.

The present work is the first step towards more complete ice particle impact studies in a moving configuration.
The results will help determine what additional improvements in the experimental configuration are needed to gain
understanding of the kinematics and dynamics of ice crystal impacts on engine components.
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I1. Method

A. Conceptual View of Experiment

Figure 1 is a conceptual view of the experiment configuration. The particle delivery system (pressure gun) ejects
the ice particles towards the expected position of the wedge located near the tip of a blade and rotating with it. At the
location where the wedge encounters the ice particle, the light source strikes the mirror mounted near the root of the
blade and back-illuminates the impact area. The high speed camera captures the impact. Figure 2 shows the
experiment setup. In the sections below each of the setup components is discussed.

B. Ice Particle Preparation

The nominally spherical ice particles (Fig. 3) were prepared using a methodology developed at the John Hopkins
University Applied Physics Laboratory. A small quantity of food colorant is dissolved in distilled water. A
calibrated pipette is used to allow a distilled water droplet to fall into a Styrofoam cup filled with liquid nitrogen.
The colored distilled water droplet freezes on impact and is removed with tweezers to another Styrofoam cup filled
with liquid nitrogen where they are collected.

C. Particle Delivery System (Pressure Gun)

To deliver the ice particles, a particle delivery system (pressure gun) was designed and fabricated at the John
Hopkins University Applied Physics Laboratory. The pressure gun (Figs. 4 and 5) consists of an inner tube where
the ice particles are placed, an outer tube concentric with the inner tube, a tank and a solenoid valve. The space
between the two tubes is filled with liquid nitrogen to maintain the temperature of the inner tube at the same
temperature as the ice particles and not change their temperature or melt them. The tank is brought to a given target
pressure and the solenoid valve is open to eject the ice particles. The tank was pressurized at 33 psi (227 KPa) for all
rotor impact tests.

D. Adverse Environment Rotor Test Stand (AERTS), Rotor, Wedge

The Adverse Environment Rotor Test Stand (AERTS) is located at Penn State University?2. The facility was
designed, and is used to test and evaluate rotor blade ice protection systems on full-chord rotor blade sections and
under representative centrifugal loads®®. The AERTS facility is also used for ice protection coating evaluation®*?
and experimental rotor ice accretion shape correlation to ice shape modeling techniques®. The facility is formed by
an industrial 6 m x 6 m x 6 m (20 ft x 20 ft x 20 ft) cold chamber where temperatures between -25°C and 0°C (-13°F
to 32°F) can be achieved. The chamber is cooled by convection using cooling lines and a set of fans located inside
the chamber. The chamber floor is waterproofed with marine lumber covered by aluminum plating and a drainage
system along the perimeter of the room which collects melted ice during the post-test defrosting process. Inside the
chamber and surrounding the rotor there is a ballistic wall in the shape of an octagon. The ballistic wall is formed by
15.2 cm (6 in) thick weather resistant lumber reinforced with 0.635 cm (0.25 in) thick steel and covered by
aluminum plating for weather protection. An 85.5 kilowatt (120 hp) motor rotates the hub and the rotors. Figure 6
shows the chamber and its main components as seen from above.

For the ice particles experiment, the AERTS facility was modified to accommodate high speed visualization of
impacts with the rotor tip. Photographs of the hardware arrangement are shown in Fig. 7. To protect the lens of the
high speed camera, a 20.3 cm x 20.3cm x 5 cm (8 in x 8 in x 2 in) ballistic glass was placed on the ballistic wall of
the facility. The protective glass was located at the rotor plane level. A diffused light source was placed inside the
ballistic wall and under the rotor plane. The light was reflected by a mirror bolted to the rotor grips (Fig. 8). The
mirror was positioned such that the light reflection was perpendicular to the plane of the lens when the rotor
azimuthal position coincided with the high speed camera position. The mirror adaptor was design to withstand the
maximum operational centrifugal loads of the test (1000 g) with a factor of safety of 4. The rotor blades were
truncated QH-50 fiber-glass blades. The radius of the rotor was 1.57 m (62 in). The leading edge tip span was 5.08
cm (2 in) and its truncated blades were modified such that wedges could be bolted on at this location. During the
experiment, the rotor operated from 0 to 729 rpm (935 g). At the higher rotational speed, the center of the wedge
was traveling at 120 m/sec.

At the leading edge tip of the rotor, wedges of 0°, 30°, 45°, and to 60° were bolted to the blade using two 4-40
screws. The wedges were made out of aluminum. Span-wise holes on the wedges were made to reduce their weight.
Since the light reflecting mirror was offset with respect to the leading edge of the blade, a 2.5 cm (1 in) plastic
adapter was also introduced to offset the blade tip wedges (Fig. 9).
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E. High Speed Imaging System

High speed imaging was captured using a Vision Research Phantom V611 high-speed digital video camera with
a Micro Nikkor 200mm f 4.0 lens. The camera was located behind a piece of 32 mm (1.25 in) ballistic resistant glass
(Fig. 10). The camera setup was placed approximately 15.2 cm (6 in) behind the camera window on a large tripod
and located in a level orientation. The Phantom camera was operated at maximum resolution of 1280 pixels in the
horizontal direction by 800 pixels in the vertical direction. The frames rate used were 6100, 6200 and 22000 frames
per second corresponding to time intervals between frames of 163.9, 161.3 and 45.4 usec. For the slower frame
rates, the image resolution of 28 pixels per mm was achieved with the 200 mm lens. For the highest frame rate, only
a portion of the imager could be used. To see the entire frame with the highest frame rates, the image resolution was
reduced by adding 12 mm of extension tubes (PK-12) which resulted in an image resolution of roughly 11 pixels /
mm. The camera exposure time was 1.02 psec.

The camera system was operated from the control room by means of an Ethernet cable. Files captured to the
camera were downloaded over this same Ethernet cable once files were trimmed to the area in the movie where
impact occurred. The camera was connected to the triggering mechanisms that allowed for precise timing of capture
from each impact event. Trial and error was required to fine tune the timing system. Once the timing was worked
out, repeatable triggering was accomplished.

Lighting to the area in which the impacts were going to take place was accomplished with an Arri 575 watt HMI
light source and a mirror mounted near the central hub of the blade mechanism. The light was reflected by the mirror
for a brief time during the impact event and illuminated the field of view of the camera. The alignment of the light
source, mirror and camera was done with a laser pointer. The HMI light source with two layers of diffusion material
was placed on the floor of the rotor test facility and a laser pointer was mounted on centerline inside a lens hood
attached to the high-speed camera lens. With the laser pointer turned on, the laser beam provided the means to locate
the light source in a position that would insure its being seen by the high-speed camera as the rotor blade moved past
the camera’s position.

I11. Synchronization of Test Procedure and Test Matrix

A. Synchronization of Hardware and Imaging System

To ensure impact between the ice particle and the wedge, and to have the camera ready to capture the event,
synchronization between the rotor, the pressure gun and the camera must be accomplished. To reach this
synchronization, knowing the position of the rotor at a given location along its path (azimuthal position) is required.
The rotor azimuthal location was determined using a hall sensor. A magnet was attached to the rotor shaft so that
when it traveled in front of the hall sensor (fixed to the bell-housing of the rotor stand), a voltage signal was
generated. This signal indicated the azimuthal position of the rotor and triggered the initialization of the video
recording capabilities of the camera. The time of travel between the acquisition of the rotor passing signal and the
appearance of the rotor tip on the field of view of the high speed camera was the time delay needed for the camera.
It was obtained by knowing the recording frames per second of the camera and the number of frames counted from
the moment the signal triggered the camera and the appearance of the rotor tip in the field of view. The time delay
for the camera was called T and was measured in milliseconds.

A similar calibration technique was used to determine the time delay of the pressure gun for a given input
pressure. This time delay was called the Launch Delay. To calculate the Launch Delay, the time that it took the
particles to travel from the triggering of the solenoid valve to the location where the wedge was going to be at
impact was needed. This time was called ¢ and was measured in milliseconds. To calculate ¢, a separate trial was
done with the camera and the pressure gun. A signal was sent to the solenoid valve controlling the release of
pressure inside the pressure gun. The same triggering signal was sent to the initialization of the camera recording
capabilities. The time delay, o, between the triggering of the pressure release valve and the appearance of the frozen
drops at the height of the wedge was determined by counting the video frames and knowing the number of frames
per second recorded.

Once the time delay between a triggering signal (related to the rotor azimuthal position) and the appearance of
the rotor tip on the field of view (called t), and the time delay between the triggering of the pressure gun and the
appearance of the frozen droplets at the desired height location (called ¢ ), the Launch Delay between the triggering
signal and the launching of the drops was calculated. The time delay from the rotor triggering signal to the launching
of the frozen drops is given by:

Launch Delay = t— ¢ Q)
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A schematic depicting the time delay of the rotor (top view of the facility) and the time delay of the drop
dispenser (side view of the frozen drop dispenser) is shown in Fig. 11. Analog to digital data acquisition software
was used to collect 10 data samples of the rotor triggering signal from the Hall sensor at a sampling rate of 20,000
samples/sec. The software also sent signals to a transistor/relay system that triggered the recording capabilities of the
camera and the launching of the frozen drops. The time delay between the acquired signal and the output voltage to
the transistor/relay system was controllable.

The time delay was a function of the rotor velocity and the pressure of the ice particle dispenser (higher
pressures produce higher frozen drop velocities). The calibration process was repeated for each velocity
configuration. The pressure of the drop dispenser was maintained constant at 33 psi (227 KPa) for all rotor impact
tests.

A final calibration procedure was related to camera height repositioning. The blade grips in the AERTS facility
have a 10 degree positive pre-cone angle. The rotor tip positioning decreases in height for higher RPM due to
centrifugal loads acting on the blade. The camera height had to be varied accordingly.

B. Test Procedure

Before beginning a run, the high speed camera system was aligned so that the line of sight of the lens was
parallel to the direction along the span of the wedge. The camera focus was at the midpoint of the wedge. The
alignment of the light source and the mirror was adjusted so that when the wedge was traveling across the camera
field of view there was enough illumination for good quality images. The time delays for the camera and the
pressure gun were obtained. The space between the inner tube and the outer tube of the pressure gun was filled with
liquid nitrogen. The ice particles were prepared and placed in the inner tube of the pressure gun. The tank was set to
the target pressure. The time delays for the camera and the pressure gun were input. The rotor was brought to the
target velocity and the camera and pressure gun were triggered. The rotor was stopped and the imaging data was
examined to determine the quality of the data just obtained. The process was repeated for the next run.

C. Test Matrix

Table 1 lists the test conditions used in the experiment. A total of 115 runs were completed including runs done
to determine the time delays of the pressure gun and the camera. Wedges of four different angles were used: 0°, 30°,
45° and 60°. The velocity of the wedge was varied from 0 to 120 meters per second. The main camera frame rates
were 6100 and 6200 frames per second. A reduced number of runs were done at camera frame rates of 9528, 13002
and 21003 frames per second.

D. Data Processing

The camera software was used to generate the video clips and to change them from raw format to avi video. The
change in format from raw to avi was done without using any compression to avoid altering the data. The camera
software was also used to generate a sequence of tiff files for each run. To post process the droplet data from the
clips, ImageJ and/or Matlab digital imaging capabilities were used. The programs read the movie in avi format or
the tiff files and converted each image frame from grayscale to binary for image segmentation and tracking.

The frame numbers where the tracking begins and ends are selected from the video clip with help of the camera
software. The assigned number of the tracked particle is obtained from the frame where the tracking begins. The
program identifies the droplets in a given frame by numbering them from left to right. In each frame the digital
image processing part of the program calculates and/or records the following parameters for the droplet being
tracked: frame number, time with respect to the tracking frame, time with respect to the first frame of the movie, x
coordinate of the centroid, y coordinate of the centroid, area, perimeter, major and minor axes of an ellipse
superimposed on the droplet, equivalent diameter based on the measured area.

IV. Results and Data Analysis

A. Experimental Configuration to study Ice Particle Impact on a Moving Wedge - Synchronization of
Hardware and Imaging System

A main objective of the test was to determine if a rotating wedge and an ice particle shot from a pressure gun
could be timed so that an impact on the target could be obtained with some degree of repeatability and captured with
high speed imaging. This objective presented three issues: (1) how to make the ice particles; (2) how to shoot them
in a consistent and controllable manner; (3) how to time the motion of the wedge, the pressure gun and the high
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speed imaging to obtain an impact on the target and to capture it consistently. The fabrication of the particles was
accomplished by dropping a water droplet in liquid nitrogen. The shooting of the particles in a controllable manner
was accomplished with a pressure gun that was designed to keep the barrel at the same temperature as the ice
particles. A methodology was designed to accomplish the timing of the wedge motion, the pressure gun and the high
speed camera. The method was successful and the experiment was conducted. Back illumination of the field of view
and the ice particles required a series of pre-experiment tests. Those tests allowed to determine the camera and
mirror illumination optimal configuration and the camera frame rates needed.

B. Fragment Cloud Edge Velocity

Studies by Guégan et al.>® and Pan and Render’™ on the impact of hail-size ice particles showed very high
velocities for the first ejected fragments during impact. The velocity of those first ejected fragments was higher than
the approaching ice particle velocity before impact. In the present experiment the velocity of the edge of the
fragment cloud was measured to determine if at the reduced size of the ice particles tested, the initial ejected
fragments exhibited the same behavior.

Figure 12 shows the impact sequence for Run 85 071113. In the image the wedge is moving from left to right.
The velocity of the wedge is 120 m/sec, the vertical velocity of the ice particle (upward in the image) is 9 m/sec, the
wedge angle is 30° the diameter of the ice particle is 2.9 millimeters, the camera frame rate is 6200 frames per
second, and the camera resolution is 27.5 pixels per millimeter. In the first frame (frame 46), the wedge is not visible
yet. The ice particle that moves upwards can be seen. In the second frame (frame 47) the upper part of the wedge
and the ice particle are captured. In the third frame (frame 48) the impact has occurred. The cloud of fragments is
visible on the surface of the wedge and extends upwards and downwards over the surface. Because there is a time
difference of 161.3 microseconds between each image frame, the actual moment and location of the impact were not
captured in the images and need to be calculated to obtain the upward and downward velocity of the fragment cloud.

Figures 13 and 14 illustrate the procedure followed to calculate the upward and downward velocities. Figure 13
shows the geometry of the wedge and the parameters used in the calculations. The input parameters are printed in
blue; the calculated parameters are printed in red. The following are the input parameters:

o (x3,yi) and (xsYs) are the position of the centroid of the ice particle in the two frames previous to the impact
(for example, frames 46 and 47 of Fig. 12). Since the time between frames is known, the x and y velocities
of the particle before impact can be calculated.

e (X,y1) and (x,,y») are two points chosen on the surface of the wedge to define the equation of the edge line
of the wedge. The points are selected so that (x3,y1) is above the impact point and (X,,y,) below. These
points are measured in the frame previous to the impact (frame 47 of Fig. 12).

e (XuYu) and (Xg,yq) are the upward and downward boundary points of the expanding fragment cloud. The
coordinates for these two points are obtained from the impact frame (frame 48 of Fig. 12) and their values
are adjusted to the previous frame where all the calculations are being done. Since the y values are the same
in both frames, only the x values need to be adjusted. This is done by subtracting from the x values the
distance in pixels that the wedge has moved from one frame to the other: Vyeqe (1/frame
rate)-1000-resolution.

e The ice particle diameter is measured in the frame prior to impact (frame 47 of Fig. 12).

e The frame rate, the camera resolution and the wedge angle are all parameters fixed during the running of
the experiment.

Figure 14 shows the flow diagram for the calculations and the equations used. Two frames of reference were
used in the calculations. The x-y frame of reference with the origin of coordinates at the upper left corner of the
images is used to define point locations. The n-p frame of reference with n normal to the wedge and p along the
surface of the wedge is used for the velocity calculations. Both frames of reference are shown in green in Fig. 13.

As shown in figure 14 (second box), after the input parameters are obtained, (x;,y;)) and (X:y;) are used to
calculate the horizontal (u) and vertical (v) velocity of the ice particle with respect to the x-y frame of reference.
Those velocities, together with the velocity and angle of the wedge, are used to calculate the velocity components of
the particle with respect to the n-p frame of reference. The velocities normal and parallel to the surface of the wedge
are labeled V, and V, respectively.  The next step in the calculation (third box) is to obtain the coordinates of the
point (X, Y¢). This point is located on the surface of the wedge and is also the perpendicular line traced from the
centroid of the ice particle (x;ys) to the wedge surface. Knowing the equation of the straight line running along the
surface of the wedge and the equation of the straight line perpendicular to it and passing through the known point
(%4, yr) allows the calculation of the coordinates of the common point (X, yc). Next, the distance between the points
(%s,yr) and (X, Yo) minus the radius of the ice particle is calculated and labeled L. The distance L divided by the

7-13
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normal velocity V, gives the time it takes the particle starting at (X;ys) to impact the wedge. This time and the
velocity parallel to the wedge surface V, are used to calculate the distance from the point (X, Y.) to the impact
point. This distance is labeled s in Figs. 13 and 14. The distance s together with the coordinates of the point (x., Y.)
allows the calculation of the coordinates of the point of impact (Ximp, Yimp) @ shown in the fourth box of Fig. 14.
Knowing the coordinates of the point of impact, and (xy,yu) and (xg,yq), the upward and downward boundary points
of the expanding fragment cloud, the distance that the edge of the cloud has moved since the time of impact can be
obtained. This distances minus the radius of the ice particle, divided by the time since the impact occurred gives the
up and down velacities of the fragment cloud (Fig. 14, fifth box). The radius is subtracted because it is assumed that
the leading ejected fragments come from the thickest part of the ice particle.

Figure 15 shows the impact frame for Run 85 071113. The impact point is indicated. The table below the frame
shows the coordinates of the impact point, the wedge velocity and the upward and downward velocity of the cloud.
Because the cloud extends to the upper and lower points of the frame, the actual extreme boundary of the cloud
could be outside the frame. The velocities in this case and in similar cases analyzed should be considered as lower
bound velocities.

Table 2 lists the results for all runs of the experiment where the fragment cloud velocity was measured. The
parameters measured in the flow chart of Fig. 13 are listed. For Run 85 071113 the upward velocity was measured at
117.8 m/sec. The downward velocity was measured at 240.2 m/sec. At the time of impact the velocity normal to the
wedge was -108.8 m/sec and the velocity parallel to the surface of the wedge was -52.4 m/sec. The sign indicates the
direction of the velocity with respect to the n-p axis of reference. The overall impact velocity was 120.8 m/sec. The
cloud boundary extends to the end of the frame. Both velocities are lower bound estimates. The velocity of the
fragment cloud is higher than the incoming velocity of the particle.

Pan and Render”™* observed that the velocity of the fragment cloud decreases rapidly as the cloud expands. This
indicates that the higher fragment cloud velocities should occur right after the time of impact. In Run 96 071213 a
particle was captured right after impact and the cloud velocities measured. Figure 16 shows the impact sequence.
Figure 17 shows the impact frame with the impact point and the upward and downward limits of the cloud. The table
below the frame in Fig. 17 contains the velocity of the wedge and the upward and downward fragment cloud
velocity. The additional parameters calculated or measured are listed in Table 2 under Run 96 071213. The upward
and downward velocities were 326.3 and 388.1 m/sec respectively. At impact, the particle had a velocity of -120.2
m/sec normal to the wedge and a velocity of 10.3 m/sec parallel to the wedge surface. The sign indicates the
direction of the velocity with respect to the n-p reference system. The particle impacted at a total velocity of 120.6
m/sec. The upward and downward velocities were three times larger than the ice particle impact velocity.

All the measured cloud fragment velocities are listed in Table 2 and confirm observations by Guégan et al. and
Pan and Render that the initial ejected fragments after impact have higher velocities than the velocity of the
impacting particle. In cases where the velocity of the cloud edge was lower it was due to the fact that the cloud edge
extended beyond the image frame and the value obtained was a lower bound value. The measurements indicate that
at the reduced size scale the fragment cloud shows the same velocity behavior as observed for the larger hailstones.
The large velocity of the small fragments can be explained as follows: at the initial point of impact small fragments
form that receive the high kinetic energy carried by the ice particle. Because of their small size, the kinetic energy
received manifests itself in very high velocities.

C. Additional General Observations

Although the quantitative measurements are limited by the side view of the impact, the side view configuration
allows additional qualitative general observations on fragment size and how far the fragments rebound after impact.

Fragment size was found to decrease with the impact kinetic energy. This can be expected because the higher
the impact energy, the more fracture cracks are created in the particle.

One of the important observations of Guégan et al. and Pan and Render when studying impact of hailstones was
the very shallow angle at which the particle fragments move in a direction perpendicular to the impact surface®®’.
Angles of less than 2° were observed. Particle fragments bounce very little; they spread over the surface. These
observations refer to particles impacting at high velocities. To verify this with the smaller size ice particles used in
the present experiment, the distance of fragment rebound was measured normal to the wedge surface in the first
post-impact image. At the lower velocities the fragments can rebound a large distance from the wedge surface. As
the velocity is increased, the rebound distance decreases and at 120 m/sec it was measured to be less than 6
millimeters. This agrees with what was observed by Guégan et al. and Pan and Render.
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V. Conclusions

In the experiment conducted at the Adverse Environment Rotor Test Stand (AERTS) facility, ice particles shot
from a pressure gun impacted on a moving wedge at a location along its circular path. The upward velocity of the
ice particles varied from 7 to 12 meters per second. Wedge velocities were varied from 0 to 120 meters per second.
Wedge angles tested were 0°, 30°, 45° and 60°. High speed imaging combined with backlighting captured the
impact and allowed to observe the effect of velocity and wedge angle on the impact and the post-impact fragment
behavior. From the analysis of the data the following conclusions can be stated:

e A rotating wedge and an ice particle shot from a pressure gun can be timed so that an impact on the target
can be obtained with some degree of repeatability and captured with high speed imaging. The experimental
configuration allows the study of ice particle impacts on a moving surface.

e The data showed that the velocities of the first ejected fragments that formed the edge of the cloud were
higher than the approaching ice particle velocity before impact. This result agrees with work done by
researchers studying the impact of hailstones on flat plate targets. At the reduced size scale of the ice
particles tested compared to the hailstones in the studies, the ejected fragments at the edge of the fragment
cloud exhibited the same behavior as observed for hailstones.

e At the higher velocity tested, 120 meters per second, the fragments after impact tended to have a low
bounce normal to the wedge, compared to the motion of the fragments along the surface of the wedge. This
also agrees with previous observations from studies on hailstone impacts on a flat surface.

The results of the work presented here will help in the design of future experiments of ice particle impacts on a
moving surface. The experiments are needed to understand the physics involved in the impact of ice crystals on
moving elements in turbofan engines which is one of the current main areas of engine icing studies. Future
experiments on the impact characteristics of ice crystals on engine spinner, fan and core components in terms of
post-impact particle size distribution, particle velocity distribution and direction of travel, and effect of partial
melting of crystals will provide experimental data to develop and validate numerical models.
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Table 1. Test Matrix

Frame Spatial Ice Gun Wedge Rotor Rotor Velocity at
Run Date Lens Aperture A
Rate Resolution | Pressure Angle Speed Impact
- - - - fps pix / mm psia degrees RPM m/s
1 7/8/2013 200 mm only 4.0 6200 28.6 30 0 232.0 38.3
2 7/8/2013 200 mm only 4.0 6200 28.6 30 0 232.0 38.3
3 7/8/2013 200 mm only 4.0 6200 28.6 30 0 0.0 0.0
4 7/8/2013 200 mm only 4.0 6200 28.6 50 0 0.0 0.0
5 7/9/2013 200 mm only 4.0 6200 28.6 N/A 45 242.6 40.0
6 7/9/2013 200 mm only 4.0 6200 28.6 50 45 243.0 40.1
7 7/9/2013 200 mm only 4.0 6200 28.6 50 45 243.0 40.1
8 7/9/2013 200 mm only 4.0 6273 28.6 50 45 242.9 40.1
9 7/9/2013 200 mm only 4.0 6200 28.6 50 45 242.7 40.0
10 7/9/2013 200 mm only 4.0 6200 28.6 50 N/A 0.0 0.0
11 7/9/2013 200 mm only 4.0 6200 28.6 50 45 243.5 40.2
12 7/9/2013 200 mm only 4.0 6200 28.6 50 45 243.4 40.1
13 7/9/2013 200 mm only 4.0 6200 28.6 50 60 243.3 40.1
14 7/9/2013 200 mm only 4.0 6200 28.6 50 60 243.4 40.1
15 7/9/2013 200 mm only 4.0 6200 28.6 50 30 243.0 40.1
16 7/9/2013 200 mm only 4.0 6200 28.6 50 30 243.0 40.1
17 7/9/2013 200 mm only 4.0 6200 28.6 50 30 243.0 40.1
18 7/9/2013 200 mm only 4.0 6200 28.6 50 N/A 0.0 0.0
19 7/9/2013 200 mm only 4.0 6200 28.6 50 N/A 0.0 0.0
20 7/9/2013 200 mm only 4.0 6200 28.6 33 N/A 0.0 0.0
21 7/9/2013 200 mm only 4.0 6200 28.6 33 30 243.1 40.1
22 7/9/2013 200 mm only 4.0 6200 28.6 33 30 243.1 40.1
23 7/9/2013 200 mm only 4.0 6200 28.6 33 0 243.1 40.1
24 7/9/2013 200 mm only 4.0 6200 28.6 33 0 243.1 40.1
25 7/9/2013 200 mm only 4.0 6200 28.6 33 0 243.1 40.1
26 7/9/2013 200 mm only 4.0 6200 28.6 N/A 0 486.2 80.2
27 7/9/2013 200 mm only 4.0 6200 28.6 33 0 486.2 80.2
28 7/9/2013 200 mm only 4.0 6200 28.6 33 0 485.7 80.1
29 7/9/2013 200 mm only 4.0 6200 28.6 33 0 485.5 80.1
30 7/9/2013 200 mm only 4.0 6200 28.6 33 0 485.6 80.1
31 7/9/2013 200 mm only 4.0 6200 28.6 33 30 485.7 80.1
32 7/10/2013 105 mm + PK12 2.8 22003 11.2 N/A 30 485.5 80.1
33 7/10/2013 105 mm + PK12 2.8 22003 11.2 N/A 30 485.5 80.1
34 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 N/A 0.0 0.0
35 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 30 485.5 80.1
36 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 30 485.6 80.1
37 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 30 485.6 80.1
38 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 30 485.8 80.1
39 7/10/2013 105 mm + PK12 2.8 22003 11.2 33 30 485.7 80.1
40 7/10/2013 200 4.0 6200 27.7 N/A 30 486.0 80.1
41 7/10/2013 200 4.0 6200 27.7 33 N/A 0.0 0.0
42 7/10/2013 200 4.0 6200 27.7 33 30 486.0 80.1
43 7/10/2013 200 4.0 6200 27.7 33 30 485.6 80.1
44 7/10/2013 200 4.0 6200 27.7 33 N/A 0.0 0.0
45 7/10/2013 200 4.0 6200 27.7 33 30 485.8 80.1
46 7/10/2013 200 4.0 6200 27.7 33 30 485.6 80.1
47 7/10/2013 200 4.0 6200 27.7 33 30 485.6 80.1
48 7/10/2013 200 4.0 6200 27.7 33 45 486.2 80.2
49 7/10/2013 200 4.0 6200 27.7 33 45 485.5 80.1
50 7/10/2013 200 4.0 6200 27.7 33 45 485.5 80.1
51 7/10/2013 200 4.0 6200 27.7 33 60 486.0 80.1
52 7/10/2013 200 4.0 6200 27.7 33 60 485.4 80.0
53 7/10/2013 200 4.0 6200 27.7 33 60 486.0 80.1
54 7/10/2013 200 4.0 6200 27.7 N/A 60 486.0 80.1
55 7/10/2013 200 4.0 6200 27.7 33 60 486.0 80.1
56 7/10/2013 200 4.0 6200 27.7 33 60 486.0 80.1
57 7/10/2013 200 4.0 6200 27.7 N/A 60 728.4 120.1
58 7/10/2013 200 4.0 6200 27.7 33 60 728.0 120.1
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Table 1. Test Matrix (Continuation

Frame Spatial Ice Gun Wedge Rotor Rotor Velocity at

Run Date Lens Aperture .

Rate Resolution | Pressure Angle Speed Impact
59 7/10/2013 200 4.0 6200 27.7 N/A 60 728.6 120.2
60 7/10/2013 200 4.0 6200 27.7 33 60 728.7 120.2
61 7/10/2013 200 4.0 6200 27.7 33 60 728.4 120.1
62 7/10/2013 200 4.0 6200 27.7 53 60 0.0 0.0
63 7/10/2013 200 4.0 6200 27.7 43 60 0.0 0.0
64 7/10/2013 200 4.0 6200 27.7 38 60 0.0 0.0
65 7/10/2013 200 4.0 6200 27.7 33 60 0.0 0.0
66 7/10/2013 200 4.0 6200 27.7 27 60 0.0 0.0
67 7/10/2013 200 4.0 6200 27.7 22 60 0.0 0.0
68 7/11/2013 200 4.0 6200 27.5 17 60 0.0 0.0
69 7/11/2013 200 4.0 6200 27.5 17 60 0.0 0.0
70 7/11/2013 200 4.0 6200 27.5 17 60 0.0 0.0
71 7/11/2013 200 4.0 6200 27.5 17 60 0.0 0.0
72 7/11/2013 200 4.0 6200 27.5 15 60 0.0 0.0
73 7/11/2013 200 4.0 6200 27.5 15 60 0.0 0.0
74 7/11/2013 200 4.0 6200 27.5 15 60 0.0 0.0
75 7/11/2013 200 4.0 6200 27.5 15 60 0.0 0.0
76 7/11/2013 200 4.0 6200 27.5 15 60 0.0 0.0
77 7/11/2013 200 4.0 6200 27.5 33 45 728.7 120.2
78 7/11/2013 200 4.0 6200 27.5 33 45 0.0 0.0
79 7/11/2013 200 4.0 6200 27.5 33 45 728.9 120.2
80 7/11/2013 200 4.0 6200 27.5 33 45 729.0 120.2
81 7/11/2013 200 4.0 13002 27.5 33 45 729.1 120.2
82 7/11/2013 200 4.0 9528 27.5 33 30 729.0 120.2
83 7/11/2013 200 4.0 6200 27.5 33 30 728.8 120.2
84 7/11/2013 200 4.0 6200 27.5 33 30 729.5 120.3
85 7/11/2013 200 4.0 6200 27.5 33 30 729.8 120.4
86 7/11/2013 200 4.0 6200 27.5 33 0 728.8 120.2
87 7/11/2013 200 4.0 6200 27.5 33 0 728.8 120.2
88 7/11/2013 200 4.0 6200 27.5 33 0 728.8 120.2
89 7/11/2013 200 4.0 6100 27.5 33 0 728.8 120.2
90 7/11/2013 200 4.0 6100 27.5 33 0 0.0 0.0
91 7/11/2013 200 4.0 6100 27.5 33 0 0.0 0.0
92 7/11/2013 200 4.0 6100 27.5 33 0 728.7 120.2
93 7/12/2013 200 4.0 6100 27.5 33 0 728.7 120.2
94 7/12/2013 200 4.0 6100 27.5 33 0 728.8 120.2
95 7/12/2013 200 4.0 6100 27.5 33 0 728.8 120.2
96 7/12/2013 200 4.0 6100 27.5 33 0 728.8 120.2
97 7/12/2013 200 4.0 6100 27.5 33 0 728.8 120.2
98 7/12/2013 200 4.0 6100 27.5 33 0 486.0 80.1
99 7/12/2013 200 4.0 6100 27.5 33 0 485.5 80.1
100 7/12/2013 200 4.0 6100 27.5 33 0 486.0 80.1
101 7/12/2013 200 4.0 6100 27.5 33 0 488.0 80.5
102 7/12/2013 200 4.0 6100 27.5 33 0 243.0 40.1
103 7/12/2013 200 4.0 6100 27.5 33 0 242.8 40.0
104 7/12/2013 200 4.0 6100 27.5 33 0 242.8 40.0
105 7/12/2013 200 4.0 6100 27.5 33 0 242.8 40.0
106 7/12/2013 200 4.0 6100 27.5 33 0 120.6 19.9
107 7/12/2013 200 4.0 6100 27.5 33 0 122.5 20.2
108 7/12/2013 200 4.0 6100 27.5 33 0 122.5 20.2
109 7/12/2013 200 4.0 6100 27.5 33 0 122.5 20.2
110 7/12/2013 200 4.0 6100 27.5 33 0 122.5 20.2
111 7/12/2013 200 4.0 6100 27.5 33 0 91.5 15.1
112 7/12/2013 200 4.0 6100 27.5 33 0 91.5 15.1
113 7/12/2013 200 4.0 6100 27.5 33 0 91.5 15.1
114 7/12/2013 200 4.0 6100 27.5 33 0 91.5 15.1
115 7/12/2013 200 4.0 6100 27.5 33 0 91.5 15.1
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Mirror

AERTS Rotor

Phantom
Camera

LN2 Filled
Inner Tube (Al)
Outer Tube
Spheres Teflon
(ice/glass) s
Solenoid Valve

Tank Light Source

Particle Delivery
System

Figure 1. Conceptual View of the Experiment

Figure 2. Experiment Setup
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Figure 3. Ice Particles

L2 filled
Inner Tube (Cu)

Outer Tube (Teflon)

Ice Particles

Solenoid Valve

Figure 4. Schematic of Particle Delivery System (Pressure Gun). The main components
are shown: inner tube, outer tube, pressure tank and solenoid valve
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Inner and
Outer Tubes

Solenoid
Valve

Tank

Figure 5. Particle Delivery System (Pressure Gun). Dark area below the inner and outer
tube label is insulation material surrounding the two tubes.

; 0.5inch chord §
B NACA 0012 blade

% Inside: 120 Hp Motor
Torque Sensor Built-in

Figure 6. Adverse Environment Rotor Test Stand (AERTS) facility at Penn State University
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Mirror

Diffused Light

Water Droplet
Generator

Ballistic Glass

Frozen Drop
Dispenser

Figure 7. Hardware installation: a) Rotor blade view from blade root to tip, b) Detail of blade tip
region, c) Detail of blade root region, d) Detail of high speed camera behind ballistic wall

Mirror Rotation Capability:
90° - 30°

T T

Figure 8. Photograph of adjustable mirror located at the blade root
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Camera

Figure 9. Photograph of 45° wedges and detail of installation on rotor tip.

Figure 10. Camera behind glass window. Wedge and blade are also indicated.
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Figure 11. Schematic time delay calculation to determine frozen drop launch from
rotor passing triggering signal.

Frame 47 Frame 48

161.3 322.6

t= 0.0
microseconds

Figure 12. Impact sequence for Run 85 071113. Wedge moving from left to right. Vieqe = 120 m/sec;
vertical velocity of ice particle Vparice = 9 m/sec; wedge angle 30° ice particle diameter = 2.9 millimeters;
camera frame rate = 6200 fps; camera resolution = 27.5 pixels/millimeter. The particle was calculated to
impact the wedge at t = 231.0 microseconds, a time occurring between frame 47 and 48.
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Origin of x-y frame of
reference located at the
upper left corner of the
cropped image frame as
seen in Fig. 15

Figure 13. Drawing of wedge and parameters used to calculate the velocity of the fragment cloud. Input
parameters are in blue, calculated parameters in red, and frames of reference in green.
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Figure 14. Flowchart showing the input parameters and the equations used in the calculation of the
upward and downward velocities of the fraoment cloud.
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ximpact yimpact Cloud Velocity Down Cloud Velocity Up | Wedge Velocity
Pixels Pixels m/sec m/sec m/sec
82.2 259.0 -240.2 117.8 120.4

Figure 15. Run 85 071113. Input parameters are in blue, calculated parameters in red, and frames of reference in
green. The impact point is shown. Vyeqge = 120 m/sec; Vparice = 9 m/sec; wedge angle 30° ice particle diameter =
2.9 millimeters; camera frame rate = 6200 fps; camera resolution = 27.5 pixels/millimeter.

Frame 44 Frame 45 Frame 46

t= 0.0 163.9 327.9

microseconds

Figure 16. Impact sequence for Run 96 071213. Wedge moving from left to right. Vieqe = 120.2 m/sec;
vertical velocity of ice particle Vparice = 10.3 m/sec; wedge angle 0° ice particle diameter = 1.7 millimeters;
camera frame rate = 6100 fps; resolution = 27.5 pixels/millimeter. Particle studied is indicated with a red
arrow.
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ximpact

yimpact

Cloud Velocity Down

Cloud Velocity Up

Wedge Velocity

Pixels Pixels m/sec m/sec m/sec
-430.0 617.9 -326.3 388.1 120.2

Figure 17. Run 96 071213. The ice particle is captured at the instant of impact. Viyeqqe = 120.2 m/sec; vertical
velocity of ice particle Vparicie = 10.3 m/sec; wedge angle 0° ice particle diameter = 1.7 millimeters; camera
frame rate = 6100 fps; resolution = 27.5 pixels/millimeter. The particle impact point P(Ximpact, Yimpact) @nd the

upper and lower limits of the fragment cloud, P(x,, y,) and P(Xq, Yq), are labeled.
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