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ABSTRACT
High altitude ice crystals have been recently discovered to be the cause of engine and
heated probe icing over high humidity tropical regions. Ice accretion related to partially melted ice
crystals was first discovered in 2006 and it is a threat to aviation safety. It is known that ice crystals
without any water content do not accrete to surfaces. The classical frame icing theory involving
super-cooled water droplets cannot explain the cause of icing inside turbofan engines flying at
altitudes where there is no water content, since only fully glaciated ice crystal clouds exist. To
understand the icing conditions and physical mechanism of engine icing, research projects like the
High Altitude Ice Crystal (HAIC) international project are been conducted, and test facilities, like
the National Research Council icing wind tunnel or the NASA Propulsion System Laboratory
tunnel, have been constructed. The correlation between engine icing events and mixed-phase icing
clouds that partially melt when ingested in an engine has been confirmed in these facilities. Despite
the availability of facilities to reproduce the ice accretion events inside engines, fundamental testing
of individual partially melted water droplets is not available and the validation of tools to predict
partial melting of crystals is not possible. The study of physical processes involved in the partial
melting of a single ice crystal can be divided into two parts. The first part is the impact dynamics
of the single droplet, and the second part is the melting process of the frozen droplet. Attempts to
characterize these two phenomena were conducted at the Adverse Environmental Rotor Test Stand
Facility at Penn State. To quantify impact dynamics of ice crystals, high-speed video of single
frozen water droplets impacting a surface was acquired. The frozen particles had a diameter ranging
from 0.4 mm to 0.9 mm and impacted at velocities varying from 90 m/sec to 309 m/sec. The
technique used to freeze the droplets and launch the particles against a surface is described. Highspeed video was used to quantify the ice accretion area to the surface for varying impact angles
(30⁰, 45⁰, 60⁰), and impacting velocities. An oxygen /acetylene cross-flow flame was used to
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partially melt the traveling frozen particles and it is also discussed. A linear relationship between
impact angle and ice accretion is identified for fully frozen particles. The slope of the relationship
is affected by impact speed. Higher impact angles closer to perpendicularity between the surface
and the particle trajectory, e.g. 60⁰, exhibited small differences in ice accretion with varying
velocities. Increasing velocity from 161 m/sec to 259 m/sec nearly doubled the ice accretion area
at a shallower impact angle of 30⁰. The increase accretion area highlights the importance of impact
angle and velocity on the accretion process of partially melted ice crystals. It was experimentally
observed that partial melting was not a pre-requisite for accretion at the tested velocities when
impact angles of 45⁰ and 30⁰ were used. The ice accretion due to impact was observed under five
surface temperatures, -20°C, -15°C, -10°C, 0°C and 10°C. The influence of the surface temperature
was qualitatively observed at an impact angle of 30°. The temperature varied from -15°C to 10°C,
and a maximum area of ice accretion was observed at surface temperatures surrounding the freezing
point of water.
A second emphasis of the work was to correlate residence time requirements for the
melting of frozen drops. To characterize the melting process of fully glaciated droplets, a
luminescent technique was developed to measure the percentage of melting experimentally.
Luminescent dye and high-speed camera visualization were used to monitor the partial melting
state of an ultrasonically levitated frozen drop exposed to warm environments. Rhodamine B was
dissolved (0.01% mass fraction) in the water used to create a droplet. The Droplet was placed at
the node of the wave created by the acoustic levitator and frozen via convective cooling. When the
cold air flow was turned off, the partial melting of the droplet began. Water droplets with a diameter
ranging approximately between 300µm to 1800µm were tested. Four environmental melting
temperatures were tested: 5°C, 15°C, 25°C and 35°C. The variation of percentage of partial melting
of the drop with time was recorded. The correlation between the rate of melting, environmental
temperature, and diameter of the frozen droplets is reported and discussed. It is confirmed that the
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time rate of melting is inversely proportional to the diameter of the ice crystals and directly
proportional to the environmental temperature. An empirical fit to predict the percentage of partial
melting with respect to temperature and droplet diameter was experimentally acquired. The models
developed in this research can improve the understanding of the physics related to engine icing. In
addition, several technologies developed during the effort can be applied to icing wind tunnel
testing for the quantification of partial melting.
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AR

=

ice accretion area ratio

Efull

=

total energy input to fully melted a particle

∆E

=

estimated energy input from the average temperature

Bi

=

Biot number of the droplet

Bic

=

critical Biot number for the sphere

cp

=

heat capacity of the ice particle

D

=

diameter of the droplet
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=

heat transfer coefficient
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mass transfer coefficient

IPM

=

emission intensity of a partially melted particle

IFM

=

emission intensity of a fully melted particle

kair

=

heat conductivity of air

kd

=

heat conductivity of the droplet
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=

latent heat of evaporation

Lmelt

=

latent heat of melting

Lsubl

=

latent heat of sublimation

Lsubl/evap =

average latent heat of sublimation and evaporation

Na

=

amounts of active rhodamine b molecules

NT

=

amounts of all rhodamine molecules

PM

=

percentage of partial melting

PRM

=

percentage rate of melting

Rice

=

radius of a hailstone

Tair

=

the temperature of air
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Td

=

the temperature of the droplet

Ts

=

the temperature at the surface of the droplet

t

=

residence time

ρair

=

density of air

ρair(s)

=

density of fully saturated air

ρice

=

density of ice

ρd

=

density of the droplet

V

=

ventilation coefficient of vapor

Vice

=

volume of the ice particle

ωair

=

water vapor mass fraction in the air

ωd

=

water vapor mass fraction at the surface of the droplet
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Chapter 1 Introduction

1.1 The Discovery of Jet Engine Icing
Inflight icing is one of the most severe atmospheric hazard to aviation safety. The ice
accretion on the airframe can lead to the degeneration of aerodynamic performance [1]. According
to a statistical research conducted by the European Aviation Safety Agency, 28% of LOC (loss of
control) aircraft accidents happening from 2009 to 2014 were related to ice accretion[2]. Among all
65 cases, 39% of these incidents are severe accidents and 8% are related to icing as shown in Figure
1-1. 20% of serious incidents are caused by icing.

Figure 1-1.The percentage of LOC (Loss of Control) accidents in Total Weather Accidents.
Before 2006, research efforts were mainly devoted to aircraft icing due to super-cooled
water droplet accretion. The existence of liquid water was accepted as necessary for ice accretion
to aircraft. Frozen droplets were excluded from icing conditions able to accumulate ice to a surface.
This theory originated from the different physical behaviors of liquid water and frozen water. When
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super-cooled water droplets are present, they would form a water layer or freeze on impact, firmly
attaching to the surface of the aircraft [4]. Frozen crystals cannot merge with each other, so they will
end up with a loose layer of crystals which cannot neither maintain its geometry nor stick to the
aircraft. This difference can be intuitively expressed as the difference between black ice and heavy
snow. Snow can be blown away by an air jet shovel, but black ice is more adhesive. Similarly, only
super-cooled water droplets can tightly freeze on the surface of an aircraft.

Figure 1-2.The difference between the adhesive strength of ice accretion and snow accumulation
(Source: www.dreamstime.com and www.airjetshove.com).
The accident of Air France flight 447 drew more attention to the hazard of ice crystals. In
this tragedy, the pitot tube, which is designed to measure the air speed of the aircraft, was frozen
by ingesting frozen ice crystals in the cloud[5]. The frozen pitot tube reported false air speed, which
resulted in pilots’ misjudgment[5].
As the national authority of aviation safety, Federal Aviation Admiration (FAA) published
Appendix C Part 25 of the Federal Aviation Regulation (FAR) to specify an icing envelope for
transport category airplanes. The icing envelope is shown in Figure 1-3[3].This icing envelope
applies to jet aircrafts with a minimum of 10 seats or a maximum takeoff weight (MTOW) greater
than 5,670 kg or prop-airplanes with at leats19 seats or a MTOW greater than 8,618 kg. The icing
envelope indicates the range of altitude and temperature where icing can happen. It can be observed
from Figure 1-3 that there is a 22,000 feet limit to the altitude for continuous icing conditions. This
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limit is due to the decrease in temperature with altitude increases. Highly purified water is known
to remain liquid when the temperature is below freezing point (0°C). This phenomenon is defined
as super-cooled water. There is also a limit to the existence of super-cooled water. When droplets
reach its homogeneous temperature (~ -50°C), they can no longer maintain super-cooled status and
will then freeze

[6], [7]

. Based on the correlation between altitude and air temperature, a limit of

22,000 feet was observed and established [7], [8]. This altitude is significantly lower than the cruising
altitude of modern jet aircrafts that typically fly around 30,000 feet. As a result, the possibility of
icing when a jet aircraft is cruising was not considered a concern.
This classical theory was recently challenged by increasing evidences that jet aircrafts
might encounter engine power-loss, rollback and damage at the stage of cruising. A further
investigation into these events and their engines revealed the trace of jet engine icing[8]. The ice
accretion on blades of the compressor can influence the performance of engine, and larger chunks
of fragments from ice shedding can hit and damage the interior parts of a jet engine.

Figure 1-3. Jet engine icing accidents and icing design envelope [3], [8].
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Mason et al.[8] investigated and summarized 46 engine events. As shown in Figure 1-4,
most of these engine events happen in the tropical zone and the subtropical zone between 40° north
and 40° south. The climate in these areas are typically humid and warm.

Figure 1-4. Locations of 46 jet engine events [8].
When the engine events are plotted into a bar chart with respect to calendar months, the
correlation between engine events, humidity and temperature is significant. 29 events out of 46
cases occurred in the summer time of the corresponding hemisphere[8]. These abnormal engine
accidents at the cruising level are related to the humidity and temperature at the sea level.
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Figure 1-5. Engine events by months.
Engine icing events have a significant correlation with humidity and temperature. The
humidity is influenced by the evaporation of water at sea level. The warm weather also enhances
the intensity of evaporation. When the temperature at the sea level is higher, the strength of the
convection increases [9]. The stronger convection flow brings more vapor to higher altitude, which
results in condensation and high altitude, resulting in ice crystal formation. The temperature
difference also triggers fierce flow currents that bring more frozen droplets to upper levels of the
atmosphere, as shown in Figure 1-6[10]. Under these conditions, jet engines encounter large amount
of ice crystals. Considering that most engine events occurred under this special climate, air with
high ice content is suspected to be the cause of engine icing.
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Figure 1-6. Scheme of different convective clouds (Source: Cloud type schematics – convective
clouds, NASA Students’ Cloud Observations Online).
High bypass ratio turbofan engines used in newest jet airplanes like the Boeing 787 allow
for cruising at higher altitudes. Engines installed on these jets therefore face more severe and
complicated icing conditions. As more high-bypass engines are in service, the amount of engine
icing events has gradually increased since 2001[8].
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Figure 1-7. The increasing trend of engine icing events [11].
On November 27, 2013, FAA released a new airworthiness directive for Boeing 787-8 and
787-8F aircrafts that are equipped with GEnx engines[12]. According to the regulation, these
aircrafts were temporarily forbidden to fly over 30,000 feet, so they can avoid high altitude ice
crystals as much as possible. Some of these jets experienced engine power-loss due to ice
accumulation on the initial compressor and were damaged permanently. As a conclusion, to fight
against this threat, developing anti-icing technologies for jet engines has become urgent for
researchers. Understand how fully frozen droplets lead to ice accretion inside a jet engine is critical
to reach mentioned objective.

1.2 Engine Icing Test Campaigns and Facilities
Research efforts have been conducted to understand how ice particles create engine issues
around the world. Metrological experiments, which would provide investigators with details on
icing conditions needed for engine icing events, are of vital importance. The large-scale
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reproduction of ice crystal icing at sea level is another major topic, which progress would allow
researchers to simulate different modes of engine failures in a wind tunnel. Furthermore, traditional
ice accretion testing under fully glaciated conditions are needed to explain the heat transfer and the
pattern of ice accumulation on the metal surface.

1.2.1 Collecting data on ice crystals icing conditions
Engine icing is a new type of icing hazard. To enhance the understanding of this issue,
research efforts are needed to understand the cause of this phenomenon. The statistics from
historical records indicates a potential link between ice crystals and engine icing. High Altitude Ice
Crystals program (HAIC) is a project led by the Airbus company which focuses on providing
researchers and industries with extensive data on ice particles in the atmosphere [13], [14]. The project
contains multiple flight campaigns including scientists from around the globe currently flying into
icing clouds to collect data on ice crystal icing conditions. Jet aircrafts used in this project include
a business jet Falcon 20, a midsize narrow-body jet Boeing 757 and a wide-body jet Airbus 340.
Campaigns were conducted in warm and humid regions including Cayenne, French Guiana and
Darwin, Australia.
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Figure 1-8. Aircrafts used in HIAC/HIWC campaigns [14].
The HAIC project has further confirmed the existence of high ice water content (IWC) at
the cruising level of a jet and confirm that mixed-phase and glaciated crystals that can lead to engine
icing. The new icing conditions discovered in this project are expected to expand the icing envelope
for transport aircrafts and provide researchers with metrological prerequisites to conduct numerical
and experimental investigations. The HAIC project is still ongoing and its ultimate goal is to
measure mixed-phase and glaciated icing conditions during flight tests, develop sensor capabilities,
and to calibrate icing wind tunnels.

1.2.2 Parameters for water content and droplet diameter
The correlation between high altitude crystals and engine icing events is validated through
Mason’s flight test[8] and metrological data from the HAIC project[13],[14]. This finding still
contradicts the classical mechanism of ice accumulation. To freeze on blades inside an engine, a
portion of the ice crystals must have liquid water content. Ice crystals ingested in the engine are
warmed up and partially melted, so they freeze on blades when they impact. Ice crystals are either
partially melted before entering the engine, or melted by the hot surrounding air inside the
compressor.
To further discuss this problem, four parameters are introduced in this section. The liquid
water content (LWC) represents the mass of liquid water in unit volume of air. For traditional
aircraft icing, LWC is widely used to estimate the concentration of incoming droplets. The droplet
size will also have an impact on the process of ice accretion. The diameters of the droplets can vary
within a certain range. To represent the size of droplets in an icing cloud, the median volume
diameter (MVD) is used.
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As described in section 1.1, engines encounter mixed phase icing conditions. The LWC
can only represent the liquid portion of the icing cloud. The ice water content (IWC) refers to the
frozen portion in an icing cloud. The summation of IWC and LWC is defined as the total water
content (TWC). For the reproduction of mixed-phase droplets, it is natural to use the ratio between
LWC and TWC to represent the melt ratio of an icing cloud. This concept has been applied in tow
major engine icing facilities[15], [16].

1.2.3 Engine icing tests in wind tunnels
With icing conditions confirmed, the next major requirement is to simulate the process of
how engine inhales ice particles and how these particles influence or even damage engines. Mason
et al.[8] pioneered in recording real-time engine events, but it is impractical to conduct real engine
icing tests at a frequent basis. Wind tunnel testing is regarded as the most reliable and cost effective
way for studying engine icing.
Several engine icing test facilities have been built since 2006. The two major facilities are
the wind tunnel at the National Research Center of Canada[15] and the engine icing test facility at
the Propulsion System Laboratory at the Glenn Research Center of the National Aeronautics and
Space Administration[16]. The schematic of NRC icing wind tunnel is shown in Figure 1-9[17], [18].
To simulate the process of melting, frozen ice particles and water droplets are both injected into
the wind tunnel and collide with a diamond airfoil placed at the downstream. The results from these
tests indicate that ice particles are heated and become partially melted after entering the engine.
These mixed-phase particles result in fast and severe ice accretion on a diamond airfoil.
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Figure 1-9. The configuration of the wind tunnel test at NASA Glenn Center[17],[18].

Figure 1-10. Periodic shedding in the NRC wind tunnel[17].
Experiment conducted at the NRC facility reveals that warm surface could lead to cyclic
ice shedding. The case exhibited in Figure 1-10 is performed when the wet bulb temperature is 2°C.
Kintea et al. used a numerical simulation based on the assumption that the initial temperature of
the airfoil is also 2°C[19]. The numerical simulation duplicated the periodic shedding observed in
the experiment and indicated that the surface temperature was above freezing point under this
circumstance. In the experiments, the ice layer grew to a maximum thickness, and then detached
from the airfoil. If the ice chunk was large, it might have enough kinetic energy to damage
subsequent compressors or the combustor, which would surge the engine and eventually force a
combustor flameout.
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Figure 1-11. Numerical simulation of periodic shedding and surface temperature[19].
Further tests conducted at NRC further proved that the mechanism of mixed-phase icing is
different from icing due to super-cooled water. As shown in Figure 1-12, icing tests were conducted
on a hemispherical nose[18]. The characterization of icing conditions at the NRC facility is typically
achieved by comparing the outline of ice shapes. When the icing cloud contains both ice particles
and water droplets, the ice would accumulate a sharp cone on the nose as shown in Figure 1-12(a).
When super-cooled droplets are sprayed, the ice formed a flat cap over the tested hemisphere. The
difference between two modes of ice accumulation could be directly observed from Figure 1-12.
(a)Ice accretion under mixed icing cloud;(b) Ice accretion under supercooled droplet cloud.
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Figure 1-12. (a)Ice accretion under mixed icing cloud;(b) Ice accretion under supercooled droplet
cloud[18].
The mixed-phase cloud created at the NRC facility cannot fully reproduce the icing cloud
inside the jet engine. In a jet engine, ice crystals are melted by the engine itself. Without
disturbance, the water content will form a water cover that surrounds an ice core of the droplet. In
the NRC icing wind tunnel, ice crystals and water droplets are injected into the wind tunnel
separately and therefore decoupled, which makes the icing cloud less representative for two
reasons. Firstly, the temperature of water content can be very different. The schematic of
temperature field inside a partially melted droplet is presented in Figure 1-13. For these particles,
the temperature of water content will be higher than the ice core. When directly spraying liquid
water droplets and ice crystals, the temperature on both particles cannot be well controlled. The
effect of super-cooling can still exist inside a mixed cloud. Secondly, mechanical erosion on ice
shapes is observed in NRC test, and the severity of erosion is related to the physical property of ice
crystals[18]. Hauk observed dissimilar behaviors of impact when droplets are fully melted and fully
frozen[20][21]. Yan’s experiments also indicated that impact dynamic is influenced by the percentage
of water inside a crystal[22]. So the impact dynamic of partially melted icing cloud cannot be
duplicated by using a mixed icing cloud approach.

Figure 1-13. Temperature distribution in a partially melted droplet.
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The Propulsion System Laboratory at NASA Glenn fabricated an altitude stand for full
engine icing tests[23]. The PSL icing wind tunnel adopted a different configuration. Water droplets
generated by spray bars are designed to fully freeze before they enter the test section. At the test
section, a heavily instrumented engine was implemented. Ice crystals will enter the compressor
stage of the compressor, impact with blades and become partially melted.

Figure 1-14. Schematic of NASA Glenn PSL[24].
The advantage of this configuration is obvious. The formation of ice crystals matches the
pattern of high altitude ice crystals, and the melting process is also close to a real engine icing case.
The test engine is equipped with numerous sensors, which can provide researchers with more
details inside the engine. Improvements are still needed to experimentally quantify and control the
percentage of melting. Because particles are melted naturally, it is very difficult to control or even
quantify the percentage of water inside the icing cloud. Also performing fundamental ice accretion
measurements inside the engine is challenging.
As a conclusion, engine icing tests at sea level wind tunnels contribute to researchers’
understanding of the physical process of engine icing. Two major icing facilities introduced in this
section apply two distinct approaches to reproduce partially melted ice crystals. On the other hand,
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both methods have its own limitation on either percentage of melting quantification or
characteristics of the partially melted crystal cloud. A better recognition of these two aspects are
not only crucial for ground level testing, but also important to solve engine icing problems and to
validate modeling tools being developed. The ice accretion is directly influenced by the percentage
of melting and the impact behavior under this melting conditions. It is necessary to look further
into the melting and impact of a single droplet to acquire test date needed for model validation of
engine icing tools.

1.3 Progress on Ice-Particle Impact
Research efforts have been placed into the impact of frozen droplets before the discovery
of engine icing. When an ice crystal impact with another one, three different types of breakup would
happen according to Higa’s research on impact between two frozen particles[25]. When the velocity
is smaller than the critical speed, the ice particle bounce on the solid surface. This mode is defined
as no-crack type. When the impact velocity increases, the particle breaks into several smaller
pieces. A major fragment can be distinguished from all fragments. This type is defined as crack
type (C type). With the impact velocity increasing, the impact eventually causes catastrophic
damage to the ice crystals. These cases belong to fragmentation type (F type). The mass fraction
between the largest fragment and the particle is defined as the standard to distinguish crack type
and fragmentation type. If the ratio is smaller than 95%, the impact is defined as fragmentation
type.
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Figure 1-15. Type of impact defined by Higa et al[25].
Higa also developed the theory that two critical velocities for crack and fragmentation are
functions of the size of crystals

[25]

. The critical velocity for crack type is negatively proportional

to the radius of the crystal. The smallest particle tested by Higa has a radius of 0.5 cm, which is too
big as compared to for the ice crystals found at high altitude (ranging from 200 µm to 1000 µm[26]).
For engine icing, there are two more factors that needs to be considered in addition to
velocity and diameter. Firstly, the blade inside the compressor has a complex geometry and the
speed of the blade will change span-wise. Since the vector of impact velocity is the combination of
free stream velocity and the line speed of the impact location, the impact angle is influenced by
both geometry and the line speed. In a turbofan engine, the impact angle can vary in a very wide
range. Secondly, the impact happens between a solid wall and ice crystals. The hardness of the
solid substrate can also determine the critical velocity of crack and fragmentation. Guégan et al [27]
and Vargas et al[28] optimized the impact test of ice crystals for engine icing by replacing one
particle with a solid wall. Guégan developed a pneumatic launcher to accelerate ice crystals. Water
is injected into a sphere mold and left in a freezer for 24 hours to get ice spheres. A pressure tank
is connected to tube, and the tube is also pre-cooled down to prevent the ice sphere from melting.
The target for the impact is a flat plate made of clear glass, and the flat plate is attached to a rotating
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beam. The impact angle is included in this study by rotating the flat plate. Particles ranging from
6.2 mm to 27.5mm were tested in this experiment, and the velocity varies between 129.9 m/s and
159.4 m/s.

Figure 1-16. Overview of Guégan’s experimental setup[27].
In these tests, the movement of the fragment cloud after impact is analyzed. The velocity
of the cloud is influenced by the impact velocity and angle, but not related to the diameter. In these
tests, no major fragments are observed. At this velocity, particles turned into powder-like
fragments, and the impact can be categorized as fragmentation type. The glass substrate
significantly lowers the critical velocity of fragmentation and destroys the ice particle more
thoroughly.
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Figure 1-17. The catastrophic fragmentation impact of a single ice crystal[27].
Another method to conduct impact test is to hit ice particles with a moving wedge. The
Adverse Environment Rotor Test Stand at the Pennsylvania State University is used by Vargas ret
al.[28] to conduct impact tests on ice crystals. In these tests, a low pressure pneumatic launcher
launched the particle to the height of the rotor, and a specially designed wedge was used as the
solid wall. The surface of the wedge was mirror-finished. Three different angles are machined to
achieve impact angle of 0°, 30°, 45° and 60°. Impact velocities in this test range from 15 m/s to
120 m/s.

Figure 1-18. Schematic of impact tests at AERTS[28].
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Figure 1-19. Side view of impact tests at AERTS[28].
In this test, a liquid nitrogen bath was first used to create small ice crystals. Due to the
limitation of the size of the mold, ice crystals used in Guégan’s [27] experiment are still oversized
for the application of engine icing study. Vargas et al.[28] used a syringe to directly inject small
water droplets into the liquid nitrogen instead of a mold. By this method, the diameter of the droplet
can be controlled under 2 mm. As shown in Figure 1-20, blue ink is dissolved into the water before
the nitrogen bath. And multiple frozen ice crystals can be observed in the container.

Figure 1-20. Ice particles in liquid nitrogen[28].
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Due to the rotation of the blade, the high speed camera could not be installed against the
surface of the wedge. The details of fragment cloud are not captured and only the side view of the
impact is acquired.
Three projects are discussed in this section to exhibit the progress on the development of
the impact test stands for ice crystals. All particles manufactured in these projects are still fully
frozen ice particles, so the correlation between melt ratio and impact was not conducted.

1.4 Progress on the Melting of Frozen Droplets
The investigation on the melting process of a particle can be dated back to 18 th century
when Dalton introduced his model to describe the balance of energy on the surface of ice particle[29].
When a frozen droplet is put into a warm environment instantaneously, it will absorb energy from
the air due to the difference in temperature and the particle will start melting. When the air is not
fully saturated, the water and ice content inside the droplet will evaporate and sublimate separately.
The process of condensation, evaporation or sublimation can generate or consume heat inside the
droplet and influence the process of melting. The residual heat is then taken by the ice content to
melt the particle. Based on this fundamental theory, the melting process of ice has been widely
studied since the 20th century. Experimental and numerical studies are extensively conducted in
different areas.
The melting of hailstones is a heat transfer and phase change problem that is very similar
to the melting process of high altitude ice crystals. A hailstone will free fall from a high altitude to
sea level, and the environmental temperature will gradually increase due to the change in altitude.
Engine icing researchers also develop models to predict the process of melting.
Experimental observation of melting is needed to validate the numerical results for melting but the
methods to achieve this goal remains a challenge. The difficulty to run experiments is related to
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how to trace the ice content during the phase change. In this section, examples of partial melting
quantification studies are briefly discussed.

1.4.1 Numerical simulation of melting in hailstones and ice crystals
Mason, B.

[30]

developed a theoretical model from Dalton’s[29] basic melting model to

simulate the melting of a falling hailstone. In Mason’s model, the ice core is assumed to be a
concentric sphere with respect to the whole droplet. When the droplet starts melting, a uniform
layer of water will surround the ice crystal.

Figure 1-21. Auxiliary figure of idealized melting of an ice sphere described by Mason, B.[30].
This model is an idealized melting model of an ice sphere. In this model, Mason divides
the energy equation into three categories, the latent heat of melting, the latent heat of condensation
and the heat transfer through the water layer. The heat transfer at the surface of the droplet is
assumed to be equilibrium. Since the latent of condensation equals the latent heat of evaporation,
𝐿𝑒𝑣𝑎𝑝 is used to represent both values. The Mason’s theory follows the following form[30]
𝑑𝑅𝑖𝑐𝑒
𝑑𝑡
(𝑙𝑎𝑡𝑒𝑛𝑡 ℎ𝑒𝑎𝑡 𝑜𝑓 𝑚𝑒𝑙𝑡𝑖𝑛𝑔)
4𝜋𝑅𝑖𝑐𝑒 2 𝐿𝑚𝑒𝑙𝑡 𝜌𝑖𝑐𝑒

= −[4𝜋𝑅𝑖𝑐𝑒 𝑘𝑎𝑖𝑟 ℎ(𝑇𝑎𝑖𝑟 − 𝑇𝑠 ) + 4𝜋𝑅𝑖𝑐𝑒 𝐿𝑒𝑣𝑎𝑝 𝑉ℎ(𝜌𝑎𝑖𝑟 − 𝜌𝑎𝑖𝑟(𝑠) )]
=

(ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟)

+

(𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑎𝑡𝑖𝑜𝑛 𝑜𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

(1-1)
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In Equation (1-1), the left hand side of the equation represents the total heat absorption for
melting. 𝑅𝑖𝑐𝑒 is the radius of the ice particle. 𝐿𝑚𝑒𝑙𝑡 is the latent heat of melting and 𝜌𝑖𝑐𝑒 is the
density of the ice particle. The right hand side of the equation consists of two heat sources. The
first term 4𝜋𝑅𝑖𝑐𝑒 𝑘𝑎𝑖𝑟 ℎ(𝑇𝑎𝑖𝑟 − 𝑇𝑠 ) is the heat transfer from the air to the ice crystal. In this term,
𝑘𝑎𝑖𝑟 is the heat conductivity of the air and 𝑇𝑎𝑖𝑟 and 𝑇𝑠 are temperatures of the air and the surface
of the particle. ℎ is the heat transfer coefficient. The second term is defined as the condensation on
surface. 𝐿𝑒𝑣𝑎𝑝 is the latent heat of evaporation. 𝜌𝑎𝑖𝑟 and 𝜌𝑎𝑖𝑟(𝑠) are the densities of air and fully
saturated air, so they deduce the strength of evaporation on the droplet. 𝐷 is a ventilation coefficient
for vapor, and its product with ℎ can be regarded as the vapor transfer coefficient.
Rasmussen et al. further studied the melting process based on his experimental
observation[31]. In his experiment, the measured melting time is dramatically shorter than the
prediction from Mason’s model. In his research it is indicated that due to the influence of drag and
gravity, the ice core might be eccentric. The displacement of the ice core decreases the thickness
of the water layer in certain directions. The heat transfer on these directions then increases. The
details of Rasmussen’s experiment will be reviewed and discussed in the following section.

Figure 1-22. Eccentric ice core.

23
According to Rasmussen’s study, the eccentric displacement can significantly influence
the rate of melting during a free fall[31]. The increased thickness may also increase the strength of
heat transfer. When the radial thickness is sufficiently high, the mode of exchange inside the water
layer might switch from heat conduction to heat convection. Rasmussen therefore developed a
series of combinations of eccentric water layer, circulating melt water and external heat transfer
and compare these simulation results with experiments as shown in Figure 1-23.

Figure 1-23. The melting time vs radius of the ice core under different combinations of
aconvection, diffusion and eccentricity[31].
NASA PSL-3 icing wind tunnel designed a spraying system of fully frozen particle to
conduct engine icing test. Due to the absence of an appropriate measuring technology to quantify
melting, Bartkus et al. developed an air-particle coupled melting model of crystals[32]. This model
also follows the fundamental form of Mason’s model, and the latent heat of evaporation is replaced
by the latent heat of sublimation and evaporation.

𝐿𝑠𝑢𝑏𝑙/𝑒𝑣𝑎𝑝 = (1 − 𝑃𝑀)𝐿𝑠𝑢𝑏𝑙 + 𝑃𝑀 ∙ 𝐿𝑒𝑣𝑎𝑝

(1-2)

24
In Equation (1-2), 𝐿𝑠𝑢𝑏𝑙/𝑒𝑣𝑎𝑝 represents the average latent heat of sublimation and
evaporation. 𝐿𝑠𝑢𝑏𝑙 and 𝐿𝑒𝑣𝑎𝑝 are the latent heat of sublimation and evaporation respectively. 𝑃𝑀
is the percentage of melting, or percentage of water in the droplet.
The humidity and the temperature of the air can be influenced by the melting of ice crystals,
and the model can handle a given distribution of droplets with different diameters. In this thesis,
the melting equation from Bartkus’s model is used to establish the form of an empirical melting
model.

Figure 1-24. Schematics of modeling ice clouds[32].
The melting on an ice cylinder has also been simulated. The fundamental model is also
based on the balance of energy. The numerical model can simulate the rate of melting, flow field
and temperature field inside the water layer accurately. For an instance, White et al. simulated the
melting a frozen cylinder under natural convection[33]. Due to the gravity, the shape of the water
layer on the cylinder will change. Rieger et al. simulated the melting inside a cylinder mold[34]. The
shell is later heated to investigate the melting under heat conduction. In these mentioned studies,
the shape of the partially melted cylinder is kept. In both studies, the numerical models and
experimental results have a satisfactory agreement. These studies support the idea of using energy
equations to model glaciated melting problems.
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Figure 1-25. Comparison between White’s simulation and experiment[33].
As a summary, the numerical theory on the melting of large ice cylinders and frozen
droplets has been developed and presented in the literature. Attempts are made to predict the
melting process on both small particles and large cylinders has been conducted. The numerical
simulation, however, achieves better results on large cylinders than results obtained for small
particles. The difference between these two problems and the possible improvements and validation
of small partially melted droplets depend on the development of experimental techniques to
quantify the percentage of melting.

1.4.2 Experimental study of melting and freezing
To distinguish the water from the ice depends, several differences in physical properties
have been used. These properties include the color, the refraction on the interface, the density and
the geometry. When water freezes, the surface of the ice chunk can turn white. Small air bubbles
dissolved in water will be released into ice and make the ice opaque. The advantage of focusing on
the change in color is that this process could be observed via cameras directly. To validate the
revised melting model developed by Rasmussen and Pruppaccher, Rasmussen used high speed
camera in the free fall wind tunnel to test this property[31]. A high intensity light is aimed at the path
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of the descending hailstone, and the white ice core reflects light back into the camera as shown in
Figure 1-26.

Figure 1-26. White ice core in Rasmussen’s model[31].
In this experiment, Rasmussen observed important phenomena. Despite the fact that the
ice core is not subject to the gravity due to the free fall, the ice core does not stay in the center of
the droplet. The diameters of tested particles ranged between 0.3mm and 1.0mm, so the scale of
these tests was also very similar to particles in engine icing. However, the assumption that ice looks
white is not flawless. Both water and ice are very transparent materials when no air is dissolved in
the water.
Rieger used similar imaging techniques in 1986 to record the melting behavior of an ice
cylinder[34]. The cylinder had two insulated cap made of transparent glass. A light illuminates the
ice cylinder from one side and a camera is set on the other side to capture the image. In these tests,
however, the cross section of the ice core has a large transparent area. Only the front edge of
melting, or the interface between ice and water could be observed due to the light refraction on the
surface. The black part, where air bubbles concentrate, did not change until the melting edge went
to the center of the formation.
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Figure 1-27. (a) Numerical simulation of melting; (b) Experimental measurement[34].
Rieger’s[34] technique requires two flat surface to obtain a shadow graph, so the light can
enter the cylinder via one cap and transmit through the other cap without refraction. For a
transparent sphere, the refraction on the surface of the crystals is proportional to the curvature of
the sphere. For droplets with a diameter smaller than 2 mm, the refraction on the surface has a
significant impact on the path of the light. These factors limit the application of direct visualization
of ice content.

Figure 1-28. Refraction inside a droplet[35].
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Two other properties that change based on the phase of water are density and surface
tension. When water became ice, the density of ice decreases. When the particle is partially melted,
the density of the droplet should reach a value between the density of water and the density of ice,
and the density can therefore indicate the percentage of melting inside the droplet.

Figure 1-29 Freezing process of a droplet on a levitator[36].
In Bauerecker’s experiment, an acoustic levitator is used to hold the particle stagnant in the
air[36]. The acoustic levitator is consisted of a transducer and a reflector. The transducer will
generate a dense ultrasonic wave toward the reflector. The ultrasonic wave will bounce back when
it contacts the reflector. If the reflected wave is tuned to have a reversed phase of the incoming
wave, stagnant nodes can be generated between the levitator as depicted in.

Figure 1-30. Schematic setup and pressure distribution in the resonator (Source: Ultrasonic
levitator manual from the TEC5 company).
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The diameter of the droplet is around 4mm. In Figure 1-29, a black ring due to the refraction
can be seen inside the droplet. This method is limited by the accuracy of the calibrated density of
water and ice.
Hauk attempted to use surface tension to trace the phase change[21]. Irregular ice crystals
were chosen and put on the acoustic levitator. Due to the surface tension, the particle will maintain
a spherical geometry when it only contacts with air. So when the irregular ice chunk transforms in
to a sphere, the ice is melted. The time lapse for an ice chunk to finish the deformation is regarded
as the time needed to melt the particle. The method can be applied to particles with a diameter
smaller than 1mm, and is easy to set up optically. The shortcomings are the accuracy of the
measurement and characterization of the geometry. Firstly, the droplet might still have a small ice
core in the center when it becomes a sphere. The rate of melting can be over predicted. Secondly,
the complex geometry of ice particle makes it difficult to model on the frozen drop and compare
between different particles.

Figure 1-31. The melting of an irregular frozen droplet[21].
In this section several experimental configurations to measure the percentage of water
during the process of melting or freezing were introduced and discussed. These experiments helped
validate and improve the heat transfer equation for melting. For engine icing, these technologies
have their own limitations. A precise visualization of ice front requires a large ice cylinder and very
strict optical conditions. Indirect measurement based on density and geometry can be performed on
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smaller particles, but the resolution in these experiments are very limited. A new technique is
essential for the further development on small ice crystals partial melting quantification.

1.5 Luminescence and Phosphorescence
As discussed in previous sections, it is very difficult to visualize the difference between ice
and water if the particle is small. Due to the curvature of the surface, the refraction and reflection
on the surface will shade a portion of the droplet. For icing wind tunnel, particles are moving at
high speed. The time window to visualize the particle will be very limited, and even with the fastest
high speed camera, visualizing a single drop inside of an icing cloud (~20 µm MVD) will be
extremely challenging. Due to these limitations, a technique to quantify water content in a single
ice particle is still desired.
Fluorescent techniques, although not intentionally designed for water detection, has shown
their potentials in this area[37], [38], [39].. Interested in monitoring the temperature field inside mixedphase ice particle, Hu et al. used a lifetime-based molecular tagging thermometry technique to
quantify the temperature field inside a water droplet[37]. This technique is based on a phosphorescent
dye. These phosphorescent molecules, if dissolved in a proper solvent, the mixture can be excited
by a beam of light at a specific wavelength, promoting the releasing of photons for a period at a
descending intensity. The intensity of emission of these molecules at a certain lifetime is positively
related to the temperature. With this correlation, researchers can use the brightness of the emission
to quantify the temperature inside a water droplet. In their experiment, a warm water droplet was
placed on a chilled test plate to see how heat dissipated. In the case shown, the temperature of the
plate was set to be -2 ºC, so the ice gradually built up from the base. During this process, the ice
layer on the bottom clearly stopped shining due to the excitation. It is clear that these molecules are
no longer active in ice. Although this difference is not highlighted in the paper, this result actually
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indicates an interesting possibility: the chemical differences between water and ice can help
distinguishing one from the other using fluorescent inks.

Figure 1-32. A droplet freezes on a cold plate.
The mechanism of time-based phosphorescent technology uses pulse laser as the
excitation. An image of the droplet should be taken after the pulse. This time interval limits the
ability of phosphorescence to reach a high sample rate.
Recently, another technology using luminescence (such as Rhodamine B ink) has been
introduced [38]. Similar to phosphorescence, the luminescence molecules would be excited under a
certain wavelength. The difference lies on the response of the dye. Luminescence molecules would
react to the excitation light rapidly and consistently release visible light. The rapid response of the
luminescent mixture makes it suitable for the application that requires very high sample rates.
Tanaka et al. developed a technique based on a combination of two luminescent dyes, including
Rhodamine B[39]. In their experiment, a droplet is put on a chilled plate and recorded the whole
process of freezing. A laser beam was shot into the droplet to excite both dyes in the droplet. A
filter is attached to the camera lens to block the reflection of refraction of the excitation laser. Only
the emission light can enter the camera.
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Figure 1-33. The configuration of visualization of droplet freezing on a cold plate

Figure 1-34. The freezing process of a droplet with Rhodamine B.
In this experiment, an interesting phenomenon of Rhodamine B is observed. Rhodamine B
molecules responds to the laser when they are dissolved in a solvent. When water solidifies,
Rhodamine B are separated with water molecules and trapped in the ice crystal cell. Under this
circumstance, Rhodamine B will stop emitting light. The fact that Rhodamine B will shut down
when the droplet is frozen can be used to distinct the difference between water content and ice
content.
The advantage of luminescent technique with respect to fluorescence ones is that direct
visualization is possible. Different from a shadowgraph, the incoming laser is only used for
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excitation. The light comes from the droplet itself, which reduces the influence of the curvature of
droplet as shown in Figure 1-33.
Both research efforts discussed in this section achieve the visualization of water content
when a droplet is freezing on a cold plate. The ice layer would gradually build up from the bottom
to the top of the droplet. For melting process of a droplet, the change of the ice core can be very
random. The successful implementation of these techniques on a single droplet will reveal a
promising solution toward experimentally measuring the percentage of melting. In this paper, a
method based on Rhodamine B that can visualize water content in a partially melted ice crystal will
be introduced and discussed in upcoming chapters.

1.6 Objectives
The goal of this thesis aims to investigate the fundamental physics of partially melted ice
droplets in the context of engine icing by developing testing techniques. This thesis will focus on
three topics: the visualization of high-speed collision of ice particles, the analysis of the impact
dynamics of such particles, and the quantification of water content in ice particles. To achieve these
goals, the following objectives are carried out:
1. Configure a test stand for high-speed impact of ice particles. In this research, a pneumatic
ice-particle launcher was designed that accelerated ice particles to 300 m/s (1080 km/h)to
simulate ice impact on a cruising jet engine.
2. The impact was visualized with several synchronized high speed cameras. The system
provided details on the velocity of ice particles before the impact, the volume of the ice
particle and the ice accretion on the impacting surface.
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3. Record the process of frozen droplet impact and analyze behaviors of fragments and
ice accretion. Investigate how impact velocities, impact angle and temperatures
influence the outcome of the impact.
4. Develop a visualization method to quantify the water content in a single partially
melted ice particle. Visualize the process of melting, distinguish the water content from
the ice content and validate that the quantification can be applied to high-speed
visualization.
5. Use commercial software to evaluate the energy input needed for creating partially
melted particles. Compare the experiment results with the simulation and discuss
necessary conditions for creating partially melted ice crystals in the wind tunnel test.

1.7 Thesis Overview
The thesis will present the research in the following chapters:
Chapter 2: Experimental measurement of a single frozen droplet impact: in this chapter,
the design and fabrication of the impact test stand is introduced. Impact tests of a single droplet are
conducted with respect to different impact angles, surface temperature and heating mode. A
fundamental CFD analysis is presented to guide the interpretation of the experimental results.
Chapter 3: Experimental quantification of partial melting inside a single droplet: a
luminescent technique is presented. The luminescent dye is used to quantify the percentage of
melting inside a single droplet. A thermal analysis is conducted to decouple the influence of
temperature and diameter on the melting process. An empirical model is fitted to predict the melting
rate.
Chapter 4: Conclusion and recommendations for future work: The final chapter
summarizes conclusions and experiences from the impact test and melting experiment. Future work
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is recommended to further study fundamental physics of engine icing with the goal of validating
engine icing ice accretion tools.
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Chapter 2 Frozen Droplet Impact Testing
In the aviation industry, the balance between small-scale experiments and full-scale
experiments is a long-term issue. On one hand, the macro scale experiments can sketch the
fundamental mechanism behind a research problem. On the other hand, the complicity and expense
of full-scale testing result in limited production of valuable data. The conduction of reduced scale
experiments can boost the understanding of physics involved and in return enhance the
development and guidance need to conduct full-scale testing. As discussed in Chapter 1, several
macro scale tests have confirmed the existence of engine icing due to partially melted ice particles.
Hence, the urgency of an in-depth research on the fundamental physics of melted ice crystals has
motivated the techniques that have been developed and that will be discussed in the present thesis,
starting with the visualization of impacting fully-frozen ice particles.

2.1 High-Speed Launcher for Ice Particle Visualization
Liquid nitrogen can be used to freeze micro-scale ice particles. When water droplets are
injected into the liquid nitrogen, the contacting cryogenic fluid would be heated up by the water
droplets and become vapor. The vapor would push water droplets so they can suspend in the liquid
nitrogen until they are totally frozen. In this project, this technology was used to make ice particles
with diameters around 500 µm. The diameter is controlled by the gauge of the syringe needle used
to dispense the water drops. This technology can bring the size of a single ice particle closer to the
size of natural ice particles (ranging from 200µm to 1000 µm

[26]

). The quantification of the

diameter would be thoroughly discussed in Section 2.2 as the part of image processing.
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Figure 2-1. Photographs of syringe, water drops frozen in liquid nitrogen and 1 mm frozen
droplet placed into sabot bullet[22],[28].
In this experiment, an airsoft gun is modified to serve as the ice launcher. An airsoft gun
uses a compressed spring to push the air inside the barrel and create a high pressure. The pressure
pushes the sabot to reach a high velocity. Compared to using high pressure gas cylinders to push
the ice particle, the airsoft gun has several important advantages. First of all, the airsoft gun is much
safer and more reliable than an extreme high pressure cylinder. Secondly, the airsoft gun can shoot
special-machined aluminum pellets at 300m/s. The impinge spring in an airsoft gun can create
instantaneous high pressure, which is sufficient to accelerate a 500 µm particle to the desired
velocities. Tow customized barrels were used in this experiment, because the length of the barrel
can control the velocity of the particle. The longer the barrel is, the more kinetic energy the ice
particle can extract from the high pressure gas. The barrel for a high velocity configuration (up to
300m/sec) is 18 inches and the shorter one is 9 inches (limited to 140 m/sec).

Figure 2-2. Schematic of droplet launch output with detail of sabot stop and photograph of sabot
bullet.
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The pellets, shown in Figure 2-2, have a diameter of 0.449 cm. There is also a cave on the
top of every pellet, so the ice particle can be placed. A stopper with a hole in its center is connected
to the end of the barrel. There are two different pellets used. The length of one type is 0.5 inch and
the length of the other one is 1 inch. Due to the difference in the mass, these two pellets would end
up with different velocities. The following charts show the four different velocities this test rig can
provide.

9 inches Barrel

18 inches Barrel

0.5 inch Bullet

~140m/s

~300m/s

1 inch Bullet

~90m/s

~230m/s

Table 1. Characteristic impact velocity for different combinations of bullets and barrel
Two high speed cameras (Phantom Miro 350) are set up to record the process of the impact
and synchronized. This means that each frame on one camera can be matched with a corresponding
frame on another one which is captured at exactly the same moment. This technique makes it
possible to interpolate the information from one plane to another and then convert two 2-D planes
in to a semi 3-D space.

Side
Camera

Figure 2-3 Configuration of the test rig.
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As shown in Figure 2-3 Configuration of the test rig, one camera was set to be
perpendicular to the plane of the aluminum wedge, and the other one is parallel to the plane.
Although the front camera and the side camera are the same type, the choices on CCD panel are
different. To maximize the detail obtained from the side view, the configuration is set to be
shadowgraph. An ARRI-SUN 550w light would be set on the other side of the aluminum wedge.
Covered by a piece of diffusive glass, the light would create a white background. For the side view
camera, the exposure time is set to be 1 µs. Despite the fact that the ice is transparent, the difference
in transparency will be sufficient for the shadow-graphing technique. By this method, the visual
calibration and evaluation of ice particles would be precise.

Figure 2-4. Photograph of side view and front view of the impact surface.
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Figure 2-5. Schematic of camera placement.
The same concept can also be applied to the front view. However, the side camera is
looking at the surface of an aluminum wedge. The light cannot be placed at the back of the wedge
because the light cannot transmit through the aluminum. A 200w LED ring is attached on the lens
and the reflection of the aluminum surface is used as the background. The reflection of the
aluminum cannot reach the level of a light source. So the front camera is a Miro 350 grayscale
camera. The grayscale CCD is usually more sensitive to light which allows a larger exposure time
according to the data sheet. In this experiment, the exposure time of the front camera is 10 µs and
a satisfied background is acquired.
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2.2 Image Processing Technology
The frozen drops launched against the impact surfaces varied from 0.4 to 0.9 mm,
averaging 0.65 mm. Given the variation in droplet size used during testing, and to allow for the
comparison of the accretion area for varying cases, a ratio of the ice accretion area and the
impacting droplet projection area is defined. Equation (2-1) defines mentioned area ratio. A
sample of the Droplet Projection Area and the Ice Accretion Area is shown in Figure 2-6.

𝐴𝑅 =

𝐼𝑐𝑒 𝐴𝑐𝑐𝑟𝑒𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎
𝐷𝑟𝑜𝑝𝑙𝑒𝑡 𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎

(2-1)

The projection area of the incoming water particle and the ice accretion area are measured
from images captured by the high-speed video. The high-speed video is also used to quantify the
incoming particle velocity from the side view, as well as the post-impact particle break-up angle
and front velocity. A sample of the data processing conducted to convert the raw high-speed frames
to binary data for processing is also shown in Figure 2-6.

Ice Accretion Area

Circular Droplet Projection Area

Figure 2-6. Example of background subtraction for conversion to binary of high-speed frames.
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Twenty-six tests were conducted, varying the impact speed, impact angle, and cross-flow
temperature. For all the cases the wedge temperature, droplet impact velocity, diameter, and ice
accretion area were measured. All the cases were conducted at a room temperature of -20°C. It is
important to note that the cross-flow temperature can affect the temperature of the wedge. Increases
in ice accretion occurred when the input energy to the impacting are was increased. For the
maximum input energy conditions (maximum flame temperature), the surface temperature of the
wedge was measured to reach values as high as 8.79°C. Also, it is recalled that the area ratio was
calculated from the measured area of the projection of the droplet seeing in the side view and the
ice accretion area captured by the front view visualization, as defined by Equation (2-1).
Partial melting was not achieved using the cross-flow heat guns, tests that used heat gun
heating were averaged with tests that did not introduce cross-flow heating. The heat guns were
placed to vary the surface temperature of the impact surface. The standard deviation in the area
ratio values at 60° impact angles was 0.035, whereas a standard deviation of 1.25 was obtained for
the 30° impact angle cases (60° wedge angle).

2.3 Fracture Correlation between Varying Impact Angle and Velocity
The quantified ice accretion/droplet projection area ratio, AR, for varying impact angles
and velocity is shown in Figure 2-7. A rise in ice accretion area is measured as impact velocity is
increased from 161 m/sec to 259 m/sec. An increase in the ice accretion is also quantified for
decreased impact angles. The increase of ice accretion area follows a linear trend for varying impact
angles, especially for the higher velocity case as shown in Figure 2-7. An impact velocities
surrounding 250 m/sec (averaging 259 m/sec) were reproducible within a standard deviation of
18.4 m/sec, while velocities in the range of 150 m/sec (averaging 161 m/sec) had a standard
deviation of 20.3 m/sec, explaining the higher linearity of the experimental results related to the
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former velocity condition. The R2 value for the linear fit for the averaged cases tested at 259 m/sec
is 0.999 while the R2 value for those cases obtained at 161 m/sec is 0.967. The 60% increase in
velocity from 161 m/sec to 259 m/sec provided an increase on ice accretion area ratio of 96% at an
impact angle of 30°. For more perpendicular impacts, i.e. 60° impact angle, the effects of impact
velocity increases on ice accretion area is minimal. Raw images depicting the pre-impact, the
impact and the ice accretion post impact are shown in Figure 2-8 for a 60° impact angle. Note that
the ice accretion area post-impact is a fraction of the cross-sectional area of the incoming particle.
Both the side view (used for particle velocity and sizing calculations) and the front view are shown
in Figure 2-8.
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Figure 2-7. Ice accretion area ratio for varying impact angles and impact velocities.
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Figure 2-8. 60⁰ impact angle, frozen particle high-speed frames and ice accumulation (Side and
Front view).

Incoming
Drop

Figure 2-9. 45⁰ impact angle frozen drop impact frames and ice accumulation (Front view).

45

Figure 2-10. 30⁰ impact angle frozen drop impact frames and ice accumulation (Front view).
To partially melt the particles, an oxygen /acetylene cross-flow flame was used. The flame
had a diameter of 1.2 cm. Based on work performed by Galvery et al.[40], the flame temperature at
the path of the frozen droplet was determined. Galvery et al. quantified the temperature of an
oxygen /acetylene mixture flame of non-dimensional length. Two locations along the length of the
flame were selected for the frozen droplets to travel perpendicular to it. The first set of test points
was obtained at the tip of the flame (Test point 1), where the temperature of the flame was measured
to be 3,100°C (1,760°C). The second set of test points were obtained for droplets traveling at the
20% length of the outer envelope of the flame (4,000°F, 2,204°C, Test point 2).
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Figure 2-11. Sideline/oxygen flame temperature[40].
Visualization of impact obtained at cross-flow temperatures of 1,704C and 2,200C and
no cross-flow (-20C) for impacts at 30 and 60 is shown in Figure 2-12. Standard deviations for
each test are presented based on repeated cases. The results indicate that an increase in ice accretion
area occurs as the cross-flow input temperature is increased. For the 30 impact angle impact case,
the accretion area was doubled as the temperature is increased from -20C to 2,200C. Similar ice
accretion area increases are recorded for the 60 impact angle cases.
A sample of the raw images obtained for 30⁰ and 60⁰ impact angle with and without crossflow heating is shown in Figure 2-13. The partial melting introduced by the heated cross-flow
increases the ice accretion area. This is true despite the effects of additional heating on the surface
temperature of the wedge due to the proximate of the cross-flow flame. Notice that the surface
temperature of the wedge shown in Figure 2-13 reaches positive values when the oxygen /acetylene
flame was used to partially melt the particles. Despite the increase surface temperature of the
wedge, ice accretion was recorded at wedge surface temperatures of 8.79⁰C with water droplets
that were partially melted. These experimental results further demonstrate the possibility of ice
accretion on warm surfaces of an engine when high-velocity partially melted water impacts occur.

Area Ratio
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Figure 2-12. Ice accretion area ratio for varying impact angles and velocities.

Figure 2-13. Sample of ice accretion areas for varying impact angles and partial melting.
Temperature inputs to promote ice droplet partial melting is not the ideal parameter for
implementation to ice crystal-modeling efforts. Energy inputs are desired inputs to future ice crystal
ice accretion models to be used to quantify partial melting of ice crystals. The energy input for the
different cross-flow heating tests presented in this paper were estimated from heat transfer
computational models of the frozen droplet exposed to high cross-flow temperatures. The droplet
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was modeled as fully frozen (-20C), and transient analysis was conducted for the calculated
residence time of the droplet at the high temperature condition. The residence time was
approximated based on the flame size and temperature, as well as the traveling velocity of the
particle. The residence time of the droplets traveling across the flame at average velocities of 250
m/sec was approximated to be 50 sec.

2.4 Numerical simulation of heat exchange between a single droplet and acetylene torch
A numerical simulation was used to investigate the heat exchange when a single droplet
passed through the flame of an acetylene torch. A schematic of the droplet and Computational Fluid
Dynamics (CFD) domain is depicted in Figure 2-14. CFD analysis was used to determine the
temperature of the frozen droplet when exposed to the estimated temperatures of the flame for the
calculated residence times. A finite volume flow solver with Cartesian meshing was used to model
the frozen drop exposure to thermal energy. The uniform mesh contained 5,684 cells in the fluid,
while the cells used in the frozen drop were 220. The energy of input to the droplet can also be
calculated from the analysis. A sample of CFD results for a residence time of 50 sec and a crossflow of 2,200C for a 0.65 mm droplet at an initial temperature of -20C is shown in Figure 2-15.
Notice that on this image, the scaling legends are set lower than the maximum temperature reached
at the surface of the droplet such that the temperature variation inside the droplet can be shown.
The maximum surface temperature of the droplet and its average temperature values are plotted on
Figure 2-16. Notice that according to the predictions, the majority of the droplet remains below
freezing as shown by the average temperature of the drop, but parts of the surface of the drop reach
temperatures that could exceed 40C. Also notice that the average temperature for both the 2,200C
and the 1,704C cases is similar. The CFD analysis is used to calculate the energy input to the
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droplet. The accretion area ratio is plotted against the input energies are shown in Figure 2-17. The
ice accretion area ratio dependence on energy mimics the trends of ice accretion area vs.
temperature, since the residence time is the same for each case.
To economize on computational resources, a half sphere was modeled inside the
computational domain with symmetric boundary condition applied on the middle plane of the
sphere. The diameter of the ice particle, D is set to be the average diameter of all ice particles shown
in test matrix, which is 650 µm. The width, height and length of the computational domain are
separately 2D, 4D and 6D. The center of the sphere is set to be 2D away from the inlet boundary
condition to make sure that the outlet boundary condition did not influence the upstream flow. A
phase transition model is not included in the analysis; however, the local temperature of the frozen
drop is used to determine the melted state of the outer section of the particle since temperatures
above freezing indicate the possibility of partially-melting.

Flow
Direction

Figure 2-14. Schematic of frozen drop and CFD computational domain used for energy input
calculation.
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Two types of energy are needed to fully melt an ice particle. Thermal energy heats the
particles to a melting state, while latent heat is required to convert ice into liquid. The minimum
total energy required to fully melt an ice particle is defined by Equation (2-2).

The

calculated

energy input to the frozen particle (traveling at 250 m/sec when exposed to a cross-flow of 2,200C
in our case) is given by Equation (2-3).
𝐸𝑓𝑢𝑙𝑙 = 𝜌𝑖𝑐𝑒 𝑉𝑖𝑐𝑒 𝑐𝑝 (𝑇ice − 𝑇0 ) + 𝐿𝑚𝑒𝑙𝑡 𝜌𝑖𝑐𝑒 𝑉𝑖𝑐𝑒

(2-2)

∆𝐸 = ∭ 𝜌𝑖𝑐𝑒 𝑐𝑝 ∆𝑇𝑑𝑉𝑖𝑐𝑒 = 𝜌𝑖𝑐𝑒 𝑐𝑝 ̅̅̅̅
∆𝑇𝑉𝑖𝑐𝑒

(2-3)

where 𝐿 is the latent heat of the ice,  is the density of the ice, T is the local increase in
temperature, being To the initial temperature of the ice and Tice the calculated temperature after
exposure to thermal energy, and cp is the specific heat capacity of ice. In this CFD simulation, a
phase change model was not available. The total energy input into the crystal ∆𝐸 could then be
calculated as the product of the density, 𝜌𝑖𝑐𝑒 , heat capacity, 𝑐𝑝 , the volume of ice, 𝑉𝑖𝑐𝑒 and the
̅̅̅̅.
average temperature of the crystal, ∆𝑇

Figure 2-15. CFD frozen droplet temperature increase calculation for a 100 sec residence time
(cross-flow of 2,200C).
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Area Ratio

Figure 2-16. CFD frozen droplet temperature increase calculation for a 100 sec residence time
and a cross-flow of 2,200C.
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Figure 2-17. Ice accretion area ratio for varying input energies (259 m/sec droplet velocity).
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2.5 Particle Fracture Dynamics
Two parameters related to the fracture dynamics of the impacting particles were analyzed:
expansion angle, fracture particles velocity, and particle deformation at the time of impact. A
schematic of the definition of the expansion angle for the three impact angles tested is shown in
Figure 2-18. In this same image, a definition of the particle deformation axis ratio at the time of
impact is also shown. The ratio of the length of the fractured particle and its width at the time of
impact is defined by this ratio.

Figure 2-18. Schematic depicting definition of Expansion Angle and Axis Ratio for varying
impact angles.
The particle axis ratio at the time of impact is shown in Figure 2-19. Despite the large
deviation of the averaged test cases, a linear trend is observed for the impact angles tested. The
particle becomes more elongated as the impact angle decreases (or as the wedge angle is increased).
An opposite linear trend is observed on the expansion angle created by the impact of the particle,
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as seen in Figure 2-20. The expansion angle decreases by approximately 30% as the impact angle
is decreased from 60° to 30°.
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Figure 2-19. Axis ratio of the particle at the time of impact for varying wedge angles.
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Figure 2-20. Expansion angle of the particle at the time of impact for varying wedge angles.
The velocity of the leading edge, trailing edge, and side edge of the fracture cloud created
post-impact was also analyzed for 30° and 60° impact angles. As expected, higher impact angles
provided higher leading edge velocities than lower impact angles, given the higher perpendicular
velocity of the impact. It must be noted that the leading edge cloud velocity was measured to be
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higher than the impact velocity of the particle, given its fragmentation into smaller particles. The
velocity of the leading edge of the cloud increased 23% for an impact angle of 30° at 259 m/sec,
and as much as 47% when the impact angle is 60°. The average velocity increase of the cloud
leading edge at an impact velocity was approximately 37% for both impact angles, as seen in Figure
2-21. The effects of the impact angle and velocity have more clear effects on the velocity of the
trailing edge of the cloud. Higher impact angles show trailing edge velocities moving in the
direction of the impact (represented by negative velocities on Figure 2-22), while more
perpendicular impact angles tend to dissipate the fractured particles both forwards and backwards
along the surface of the impact surface. The side fragmentation cloud edge velocity (Figure 2-23)
is also higher for the more perpendicular impacts (60° impact angle), as it would be expected. A
perfectly perpendicular impact would provide a symmetric cloud fragmentation, while lower
impact angles would reduce the cloud trailing and side edge expansions, as well as the velocities
of the fragmented particles, since the perpendicular impact velocity has been reduced.
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Figure 2-21. Velocity of the leading edge of the fracture cloud for varying impact velocities and
angles.
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Figure 2-22. Velocity of the trailing edge of the fracture cloud for varying impact velocities and
angles.
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Figure 2-23. Velocity of the side edge of the fracture cloud for varying impact velocities and
angles.
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2.6 Influence of Surface Temperature on the Area of Residual Ice
In the cross-flow impact test, the surface temperature of the wedge rises. The surface
temperature can be correlated with the amount of residual ice left on the wedge. From the
perspective of engine icing, the heat conduction from the surface is the major reason of periodic
ice shedding. To investigate the correlation of ice accretion and surface temperature of the
substrate.
A new impact wedge was designed. A mirror finished 3-inch by 3-inch aluminum plate
replace the wedges used. The plate is attached to an adjustable angle mounting plate. The mounting
plate can adjust its angle from 0° to 180° with an interval of 15°. The thickness of the plate is 1/8
inch, so a balance between the conduction and strength can be achieved.

Figure 2-24. Impact plate attached on an angle adjustment base.
A cooling system is attached to the rear side of the plate. The cooling unit is a 1-inch by 1inch Peltier cooler. The Peltier cooler creates a temperature difference between its two surfaces. If
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the heat could be taken away from the hot side consistently, the cold side can maintain a freezing
temperature. The schematic of the cooling plate is presented in Figure 2-25.

Figure 2-25. Schematics of the temperature control on the impact plate.
To continuously maintain the temperature of the plate, a heat sink system is attached to the
hot side of the Peltier. The evaporator is installed inside the freezer to dissipate the heat generated
from the Peltier.
The Peltier cooler creates a temperature difference proportional to the voltage input. When
the voltage is reversed, the hot and cold sides also flips around. So for the Peltier cooler can be
converted to a Peltier heater directly. In this experiment, the effect of both hot and cold surface are
investigated.
The room temperature of this experiment is set to be -10 °C. Five surface temperatures, 20°C, -15°C, -10°C, 0°C and 10°C are tested respectively. The ice launcher is used to launch the
particle. Three different impact velocities are tested on the 30° configuration. The velocity is still
controlled by the amount of bullets loaded into the launcher. The average impact velocities are
90m/s, 150m/s and 230m/s The area ratio between the cross-section and the area of residual ice is
used to judge.
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Figure 2-26. Ice accretion area ratio vs surface temperature at 30°.
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Figure 2-27. Ice accretion area ratio vs surface temperature at 30°.
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Figure 2-28. Ice accretion area ratio vs surface temperature at 30°.
When the surface temperature varied between -15°C and 10°, the maximum residual area
occurred when the surface temperature reached 0°C. When the surface temperature was increased
to 10°C, the area ratio significantly decreased. When the impact velocity was 90 m/s, the area ratio
was decreased by 35.2%. The percentage decrease in ice accretion area between surface
temperatures of 0°C and 10°was 29.3% and 51.3% respectively when the impact velocity was
increased to 150m/s and 230m/s.
The experiment failed to reach a valid quantitative conclusion due to two reasons. Firstly,
the uncertainty of the impact is enormous. The maximum error bar with respect to the average area
ratio was approximately 70%. The second reason is the indetermination of the thickness of the ice
layer. The thickness of ice was indirectly observed in the test. When the temperature was below
zero degrees, a black dot was observed. The impact velocity tested in this research was significantly
higher than the critical velocity of fragmentation. Due to the high momentum, the ice fragments
were typically firmly attached to the impact surface and formed a very thin layer of ice. Since the
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impact surface was mirror-finished, the ice layer was relatively smooth and reflected most of the
light back into the high speed camera. Under this circumstance, the ice layer appeared to be a white
layer. When the surface temperature was below 0°C, the ice layer was whiter than warm cases.
Furthermore, a black core could be observed in freezing cases at the location of impact. The black
core indicated that the ice has formed a thicker layer that did not follow the texture of the impact
surface, so the light was reflected in random directions and avoided the high speed camera. Due to
the small volume of ice accretion, the thickness of this ice layer could not be quantitatively
measured.

Figure 2-29. Ice accretion under different surface temperatures.
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Chapter 3 Visualization of the Water Content in Ice Particles
Studies and experiments have been conducted to reproduce mixed-phase icing conditions
in wind tunnels to better understand the fundamental physics of engine icing due to partially melted
crystals. The PSL has reproduced and validated several types of abnormal engine events for varying
icing conditions. The accretion rate is believed to reach its maximum value when LWC/TWC was
between 10% and 25%. A common parameter for engine icing is the LWC/TWC ratio, which
represents the melting ratio of ice crystals, e.g., the partial melting state of the crystals. If the
melting ratio can be quantified and controlled in a wind tunnel test, ground test facilities will be
capable of reproducing the full envelope of engine icing conditions. Understanding the residence
time required to reach these controllable partial melting states of ice crystals is also critical for the
validation engine icing models.
In this research, impact dynamics of fully frozen water drops and partially melted drops
against a surface were conducted. The partial melting state of the water droplets could not be
measured, limiting the capability of the results to validate partial melting modeling tools.
Quantifying the partial melting of water droplets is desired.
An experimental approach to visualize and quantify the percentage of melting on a single
particle is presented. The melting process in different modes of cooling and heating was conducted
and observed, and the melting process under natural convection is studied. The freezing and melting
tests conducted attempt to simulate the partially melted frozen drops generated in icing wind
tunnels and other ice crystal rigs. To reproduce flow conditions and particle size outside the wind
tunnel itself is very difficult, as is generating or analyzing a single drop in a wind tunnel
environment. The presented experimental research is concentrated on investigating the effects of
temperature and residence time on the partial melting of single droplets. These correlations will
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improve the understanding of fundamental physics of partial melting needed for model validation
and facility development.
In this chapter, a luminescent dye, Rhodamine B is dissolved in the water (less than 0.01%
in mass) to trace the water content in a melting frozen drop. When the Rhodamine B is dissolved
in water and exposed to a laser beam, these ink molecules are excited. When water becomes ice,
these molecules stop responding to the laser excitation due to the lack of mobility of the molecules.
This difference in the strength of luminescent light produced by the ink is used to determine the
percentage of melting in a single partially melted drop.
The diameter of particles has a significant effect on the melting rate of frozen drops. In this
paper, the melting process of particles between 200 µm and 1500 µm is discussed. The drop
diameters used are larger than the typical median volume diameter of ice crystals (50µm - 100µm)
encountered in the atmosphere[13]. The diameter used in this research is mainly limited by the
magnification of macro lenses available and the absence of a droplet generator that could jet small
particles horizontally into the levitating ultrasonic field.
The approach described in this chapter adopts a similar configuration described by Hauk
et al.[21] to levitate a single water droplet or ice particle via ultrasonic levitation. In their test, ice
crystals were levitated and a jet of warm air was used to melt irregular ice crystals. The irregular
ice crystals became spheres after heated due to the surface tension of the water content. Bauerecker
et al.[36] have used water droplet levitating techniques to analyze the freezing process of water
droplets by using infrared cameras for temperature quantification of the drop. During these tests
the percentage of water in the freezing drop was estimated by investigating its change in volume.
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3.1 Validation of Luminescent Techniques for Partial Melting Quantification
Rhodamine B is proved to be capable of tracing water in a hemispherical droplet that sits
on a cold plate. As introduced in Chapter 1, the process of melting a droplet is very different from
a hemispherical droplet. To validate the feasibility of luminescent quantification of a droplet, a
prototype is designed and tested.
The production of droplets follows the description provided in section 2.1. Instead of
injecting droplets into the liquid nitrogen, a syringe with a droplet hanging on the needle tip is
emerged into liquid nitrogen-full container. When the syringe is fully frozen, it will be left in the
freezer for 30 minutes to reach the room temperature of the freezer. The syringe and the droplet are
then transferred to a heating box as shown in Figure 3-2.

Figure 3-1. Freeze the syringe in liquid nitrogen and melt the droplet in the heating box.
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Figure 3-2. Schematic of optical configuration and photo.
The heating box includes a PID temperature controller with an accuracy of 0.3°C. Three
windows are made on the surface of the heating box. The syringe can be inserted into the heating
box from the top window. A green laser enters the box from the rear window, and the front window
is reserved for the high speed camera. The optical setup is similar to a shadowgraph configuration.
The laser beam enters the heating box from one side and the camera captured the droplet from the
other side. To avoid laser directly entering the high speed camera and damaging the CCD unit, an
angle should be made between the sight line of the camera and the laser beam.

Figure 3-3. 10W 532nm Laser and laser expander.
The laser used in this experiment is a 10-watt constant wavelength laser at 532nm. The
original diameter of the laser is 2mm, and the expander can provide a magnification from 2 times
to 8 times on the diameter.
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Figure 3-4. The melting of a needle-attached droplet.
When the particle is inserted into the heating box, it starts melting. As shown in Figure 3-4,
the frozen particle is solid black particle. To visualize the boundary of the droplet, the laser filter is
not included in this experiment. So a thin layer of green light can be observed on the edge of the
droplet due to the reflection of the laser. The green that extends from the droplet to the upper
boundary of the image is the metal needle. The droplet will then melt from bottom to the top. In
Figure 3-4 (b), a black ice core can be clearly see on the top hemisphere of the droplet.

Figure 3-5. Image processing of a partially melted particle.
The image processing is divided into two parts. First of all, the excitation light of
Rhodamine B is orange. The red value from the original RGB value is extracted for its low
sensitivity to green light. The red image, is then converted to a binary image based on an empirical
threshold value. The threshold value adopted in this experiment is typically between 40 and 50.
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The processed image is then input into a Matlab code to calculate the area of the ice core. The ice
core is assumed to be a perfect sphere, so the radius of the ice core can be interpolated from the
cross-section area of the ice core. The melting curve of a 1mm particle under 40°C is exhibited in
Figure 3-6. The assumption of a spherical core results in a sharp drop in the percentage of melting
at a certain stage. Due to the protective cooling from the metal needle, the ice core melted from the
bottom side to the top side. As shown in Figure 3-6, the ice core became a hemisphere when the
sharp drop appeared. The ratio between cross-section and volume reaches its minimum when the
geometry is a sphere. When the ice core became hemispherical, the radius calculated from the cross
section is over estimated. This resulted in an over prediction of the volume of the ice core.
It is necessary to mention that all results are acquired without a laser filter, but the entire
particle is still excited. The diameters of particles tested in this prototype are typically around 1mm.
Compared with 6mm droplets This proves that luminescent technique is capable of visualizing
small droplets regardless of it curvature.

Figure 3-6. Melting curve of a melting particle.
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To quantify the percentage melting of a frozen droplet, a luminescent technique was
designed and tested. The technique follows the concept described by Tanaka et al.[39]. These initial
tests conducted indicated that improvements should be made to several aspects. In the presented
research, the ice particle was attached to a metal needle, which introduces unwanted heat transfer
effects, specifically, related to the heat conduction due to the contact of the needle. The
phenomenon of melting is still close to the freezing on the cold plate, since the melting still happens
from one side to the other side. A technique to melt the particle without any contact except air is
needed. As it will be described in the next section, the combination of levitation and luminescence
can simulate the thermal exchange that occurs inside an engine, and it also allows to measure the
percentage of melting of the drop for varying icing or heating conditions and residence times.

3.2 Frozen Water Droplet Levitation: Experimental Configuration
The test rig described in this section was designed to visualize the melting of a single frozen
droplet and to quantify the percentage of partial melting during the process. As shown in Figure
3-7 and Figure 3-8, a single droplet hovers in the acoustic node created by an ultrasonic levitator.
The levitator used is a Tec5 levitator with a working frequency of 58 kHz. It has an ultrasonic
transducer on the top and a reflector on the bottom. Between the transducer and the reflector, a
standing wave is created and its nodes support the droplet. Since the density of air is influenced by
the environmental temperature, the wavelength of the standing wave is also related to the
environmental temperature. When the temperature changes, the droplet can start vibrating between
different nodes. The height of reflector can be vertically adjusted to provide steady nodes under
different temperatures. In this experiment, the position of the reflector is adjusted for different
environmental temperatures. For each test, the reflector is pre-optimized to eliminate the movement
of the particle in the vertical direction. The levitator is placed in a thermally isolated room. The
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temperature in the room can be controlled between -20°C to 35°C. A high-speed camera with a set
of macro lens is aimed at the droplet. A 10w 532nm Continuous Wave Laser (CWL) was also
aimed at the droplet at a constant total power of 6 Watts. The laser and the line of sight of the highspeed camera has small angle to avoid laser entering the high-speed camera directly. An Edmund
592 nm CWL, 43nm Bandwidth fluorescence filter was attached to the front of the macro lens to
block the reflection and refraction of the laser on the droplet. A tube is placed perpendicular to the
camera view is used to cool or heat the droplet, depending on the conditions requested. The tube
channels cold or hot air flow to freeze or melt the droplet. The cooling of the air is accomplished
using a liquid nitrogen bath with a submerged coil. Compressed air flows in the coil and it is cool
down. The same process was performed with hot air when the room temperature was below
freezing.

Figure 3-7. Configuration of the test rig.
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Figure 3-8. Schematics of the setup of camera and cooling tube.

Figure 3-9. Cooling coils and containers for liquid nitrogen bath.
The water droplet freezes and melts based on the temperature of the air flow. The proposed
configuration has several major advantages. Firstly, the diameter of the droplet can be accurately
measured. This feature reduces the variability and uncertainty of a sprayed icing cloud in a wind
tunnel, and therefore provides repeatability for assistance with the interpretation of the physics
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involved in the process. Secondly, the heat transfer to freeze and melt the frozen droplets is mainly
governed by the heat convection between the particle and the flowing air. Compared with creating
frozen droplets by submerging the drops in liquid nitrogen to then pick them up frozen, the
procedure conducted in this experiment reproduces the formation of ice crystals at high altitude, as
well as the partial melting in the engine, both processes occurring via convective heat exchanges.
In the frozen droplet impact test conducted by Yan et al. [41], water droplets were bathed in liquid
nitrogen to produce frozen droplets. This method is controversial because the cryogenic liquid
nitrogen can have an effect on the inner structure of the frozen droplet, no reproducing the physics
involved in the formation of ice crystals at high altitude.
As mentioned, to control the temperature of the air flow, two liquid baths were used. Inside
the two baths, air flows along a series of copper coils that are submerged into hot water or liquid
nitrogen. According to the temperature requirement of the flow dictate the flow (hot or cold) to be
used in the experiment. When the hot water bath is used, the environmental temperature is set below
0°C. The water droplet is frozen by the natural convection from the surrounding air and is melted
by the forced convection of the hot flow. There is also an immersion heater in each bath to maintain
the temperature of the water. To study the melting process under natural convection or freezing
process under forced convention, a liquid nitrogen bath was also used to cool down the air flow
and freeze droplets when the temperature of the room was set above 0°C. A schematic of the two
configurations possible to promote partial melting of frozen droplet is shown in Figure 3-10.
The melting process under natural convection is investigated and discussed. During wind
tunnel testing conducted in other facilities, frozen drops are ingested into an engine representative
environment and a heating chamber promotes partial melting. To reproduce this environment, in
this research, a levitating drop was frozen using cold air. The cold air was shut down, and the warm
environment of the surrounding room forced the transition of the frozen drop to water. High-speed
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cameras captured that transition, and the luminescence ink was used to measure the percentage
melting state of the drop as during the process.
Ice crystals between 300µm and 1800µm were tested in this research, and they were melted
at room temperatures of 5°C, 15°C, 25°C and 35°C. Due to the absence of an appropriate droplet
generator, the diameter of the droplet was not controlled but measured after each experiment. The
melting process was recorded by the high-speed camera. Figure 3-11 exhibits a typical process of
melting. The bright part depicts water content. The results confirm that the reflection and refraction
from the laser when impacting the drop were successfully eradicated.

Figure 3-10. Two modes of melting and freezing levitating water drops. The hot environment
configuration is used.
The high-speed camera (Phantom M310) was used at a frame rate of 200 f/s, and with an
exposure time of 1ms. The magnification lens used is a combination of a Navitar 1-60135 6.5X
adjustable zoom lens, a Navitar 1-62922 2X adapter tube and a Navitar 1-64299 F-mount adapter
The physical resolution used in this experiment is 5µm/pixel. As mentioned in prior paragraphs,
the laser filter eliminates the influence of the 532 nm laser. The frame has a black background given
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the selected exposure time, and the water content emits orange light into the high-speed camera.
The color is directly converted into 8-bit grayscale image as shown in Figure 3-11. By this
treatment, the value of grayscale can then be directly related to the strength of the emission from
the droplet. The reason of this treatment will be further explained in section 3.3. In the processed
frame, the grayscales indicate water content inside the droplet. As shown in Figure 3-12, a fully
frozen droplet is invisible under this configuration. When the particle starts melting, the melting
part inside a droplet becomes visible and it is recorded by the high-speed camera.

Figure 3-11. (a)Example of melting process in RGB format; (b) Example of melting in 8-Bit
grayscale format.
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The temperature of the cold flow was set to -10 ± 5°C. The ±5°C discrepancy in the starting
temperature of the drop was deemed not to be important for the purpose of this research, since the
focus of the collected data was placed at the rate of melting that started when the drop reached the
freezing point. To ensure that the droplet was fully frozen prior starting to record the melting
process, the luminescence of the Rhodamine B ink inserted in the water drop was used, as it is
explained in the following section.

3.3 Partial Melting Quantification Image Processing
Rasmussen et al. suspected that the ice core and the partially melted portion of the particle
are not concentric when the particle is melting under convection[31]. As shown in Figure 3-11, this
phenomenon is observed and confirmed in this research. Melting processes happened at multiple
disconnected areas on a frozen droplet rather than forming a uniform layer of water covering the
ice core. The acoustic levitator generates a 58 kHz sound wave on the vertical direction. Given the
frequency of the pressure wave used to levitate the water particles, and the lack of constraints in
the horizontal direction, the particles can spin freely, and typically do so at rates related to the
excitation frequency. The other melting layer is not evenly distributed, which also promotes a nonsymmetrical ice core. When the ice core is irregular, the rotation of the droplet can affect the
measurement of percentage of melting, since only one plane in the fixed frame is being monitored.
The intensity of excitation of Rhodamine B is proportional to the amount of molecules that
are dissolved in the water, therefore the total intensity of light of the particle can be used to quantify
the percentage of melting. The summation of grayscale value of a single frame is used to represent
the intensity of the emission. Light emission is only possible in those portions of the droplet that
have melted water molecules mixed with Rhodamine B, allowing for the quantification of partial
melting state. The active molecule concentration of Rhodamine B in the partially melted drop,
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NPM, over the total amount of Rhodamine B molecules in the water drop, NFM, is defined as the
partial melting state, PM, of the particle, as defined by:

𝑃𝑀 =

𝑁𝑎 𝐼𝑃𝑀
=
𝑁𝑇 𝐼𝐹𝑀

(3-1)

In Equation (3-1), NT is the total amount of Rhodamine B molecules inside a droplet. Na is
the amount of Rhodamine B molecules that are dissolved in the water content of a partially melted
droplet. When the particle is partially melted, some Rhodamine B molecules are still trapped in the
ice crystal cell. Assuming that the concentration of Rhodamine B does not change significantly
during the process of melting, the amount of dissolved Rhodamine B molecules is proportional to
the water content. And the intensity of emission is proportional to the amount of dissolved
Rhodamine B molecules. So the ratio of emission intensities of a partially melted droplet and full
melted droplet equals to the percentage of water in a droplet, PM.
To address the particle rotation captured during testing, the partial melting state measured
is formed by a moving average (10 frames) of consecutive frames. When the irregular ice core is
rotating inside the droplet, the used moving average smooths the partial melting state versus
residence time curve. By applying this averaging treatment, the information on multiple cross
planes is also included on the data and the negative influences of irregular ice cores is reduced.

3.4 Empirical Fitting Modeling and Experimental Results

3.4.1 Thermal Analysis for Empirical Fitting
Two parameters, temperature used during the melting process and the diameter of the water
drops, were the focus of this research. Both parameters have an effect on the rate of melting [29].
Since the diameter of the droplet cannot be precisely controlled when inserted into the levitator
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using a needle syringe, directly decoupling temperature and diameter is a challenge. To obtain an
empirical fitting model relating partial melting to environmental temperature and diameter, several
assumptions are introduced based on the work of Bartkus et al.[32].
The first assumption is that the temperature field inside the particle is uniform. To
substantiate this assumption, the Biot number of a 2000µm diameter water droplet is investigated.
The rationale to focus on a 2000μm diameter water droplet, is that this diameter is larger than that
of all the water particles used in this research, being therefore an upper limit case to the tests
presented. When the initial temperature of a 2000μm ice particle is 0°C the Biot number of this
particle is 0.0041:

𝐵𝑖 =

ℎ𝐷
= 0.0041 ≪ 𝐵𝑖𝑐 = 0.1
6𝑘𝑝

(3-2)
𝐷

The characteristic length of a sphere is 1/6 of the diameter of the droplet, 6 . h is the heat
transfer coefficient and kp is the head conductivity of the particle. The smaller the Biot number, the
higher the internal heat conduction in a sphere (with respect to the convective heat flux). The critical
Biot number, Bic, that ensures that the temperature inside a sphere is evenly distributed (due to
large heat conduction) is given by 0.1[32]. Based on the thermal conductivity of the frozen droplet,
𝑘𝑝 , its heat transfer coefficient, h, and its diameter, 𝐷, it is clear that the frozen droplets being used
in this research (<2000µm) can be assumed to have a uniform temperature of 0°C during the
melting process. The temperature at the interface between the water layer and the ice can then be
assumed to be remain at the freezing point, i.e., 0°C.
In Bartkus et al. research[32], the time rate of melting,

𝜕𝑃𝑀
𝜕𝑡

, is expressed as:

6[ℎ(𝑇𝑎𝑖𝑟 − 𝑇𝑑) + ℎ𝑚 𝜌𝑎𝑖𝑟 𝐿𝑠𝑢𝑏𝑙/𝑒𝑣𝑎𝑝 (𝜔𝑎𝑖𝑟 − 𝜔𝑑 )]
𝜕𝑃𝑀
=
𝜕𝑡
𝜌𝑑 𝐿𝑚𝑒𝑙𝑡 𝐷

(3-3)
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From Equation (3-3), it can be observed that the temperature of the droplet during the melting
process is constant (0°C). The heat transfer, ℎ, the mass transfer coefficient, ℎ𝑚 , the environmental
mass fraction of vapor, 𝜔𝑎𝑖𝑟 , mass fraction of vapor at the surface of the particle, 𝜔𝑑 , and the
droplet diameter, D, are also constant. The densities of air and the particle, ρair, p, and the latent
heat of the particle, Lmelt, are a function of temperature. The average latent heat of sublimation and
evaporation, 𝐿𝑠𝑢𝑏𝑙/𝑒𝑣𝑎𝑝 , is the only variable subject to the percentage of melting state of the
particle, and it is defined by Equation (1-2)
The latent heat of evaporation of water, 𝐿𝑒𝑣𝑎𝑝 , is 2500 kJ/kg and the latent heat of
sublimation, 𝐿𝑠𝑢𝑏𝑙 , is 2834 kJ/kg. The maximum change in the latent heat of sublimation and
evaporation, 𝐿𝑠𝑢𝑏𝑙/𝑒𝑣𝑎𝑝 , is smaller than 15% of 𝐿𝑒𝑣𝑎𝑝 . Based on these result, the partial melting
state of the drop will not considerably influence (within 15%) the latent heat of sublimation and
evaporation. Based on the assumptions described by Bartkus et al., it can be concluded that the rate
of melting can be simplified to be a decoupled temperature dependent function, 𝐹(𝑇), over the
diameter of the drop, 𝐷:
𝜕𝑃𝑀
𝐹(𝑇)
=
𝜕𝑡
𝐷

(3-4)

Therefore, the percentage rate of melting is a time independent function of environmental
temperature and diameter of the droplet. The temperature dependent function that governs the
percentage melting rate is assumed to be a polynomial since the physical properties involved in
such function are themselves empirical polynomial fittings that can be found in the literature[32].

3.4.2 Partial Melting Quantification Results
The percentage melting of the frozen droplet was measured starting when water was first
detected in the high-speed video frames due to the luminescence of the Rhodamine B. Results for
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four environmental temperatures, 5°C, 15°C, 25°C and 35°C, are plotted in Figure 3-12, Figure
3-13, Figure 3-14 and Figure 3-15, respectively. The percentage of melting rate for the different
droplet diameters is summarized in Figure 3-16, Figure 3-17, Figure 3-18 and Figure 3-19 for the
four environmental temperatures. The percentage melting rate is plotted against the inverse of the
droplet diameter. A linear relationship between the melting rate and the droplet size is obtained for
the four environmental temperature cases tested, validating the assumptions described in the prior
section. Given the linear relationship, the rate of melting normalized by the diameter of the droplets
is then plotted for the four melting temperatures tested, and a polynomial is fitted to the results
(Figure 3-20). Similarly, the partial melting information obtained is presented as a threedimensional surface plot that varies with droplet diameter and temperature, as depicted in Figure
3-21.

Figure 3-12. Measured percentage melting with residence time at 5°C.
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Figure 3-13. Measured percentage melting with residence time at 15°C.

Figure 3-14. Measured percentage melting with residence time at 25°C.
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Figure 3-15. Measured percentage melting with residence time at 35°C.
The melting curves shown in Figure 3-12 to Figure 3-15 were fitted with a linear function
relating the percentage of melting and the residence time, 𝑡. All linear functions are limited by the
condition that the y-axis interception occurs at zero. The slopes of the linear fits of these melting
curves are the percentage rates of melting, 𝑃𝑅𝑀.
To validate these 𝑃𝑅𝑀 values, an uncertainty analysis is introduced. Two factors can
influence the accuracy of the image processing. The CWL laser module used has a percentage
variation of 10% in the actual power output. Also, the rotation of frozen cores will result in abrupt
changes in the area of the dark region in a frame, since the core was not symmetric. It is also
necessary to mention that several critical parameters that could influence the percentage melting
rate of the drop, such as humidity, were not controlled in this study. The uncertainty analysis
conducted is performed in a conservative way to compensate the influence of mentioned
uncontrolled environmental effects.
For a given linear curve of partial melting, the percentage of partial melting at a specific
time is compared with the corresponding percentage of melting calculated by the linearly fitted
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correlation. The absolute value of the difference between these two percentages is defined as the
percentage of melting uncertainty. The maximum percentage uncertainty is represented by 𝑒𝑚𝑎𝑥 ,
and can be derived from the following equation (based on maximum percentage partial melting
error):

𝑒𝑚𝑎𝑥 =

𝑀𝑎𝑥(|𝑃𝑀 − 𝑃𝑀𝑒𝑚𝑎𝑥 |)
× 100%
𝑃𝑀

(3-5)

Recall that the y-intercept of all the fitted curves is zero. Assume that all the data points on
this curve have the same percentage uncertainty. The slope of the fitted curve will increase or
decrease by the percentage of uncertainty. These uncertainty values have their maximum influence
on the percentage rate of melting when all data points are off by the largest percentage error with
respect to the fitted curve. Under this extreme circumstance, the percentage rate of melting is
defined as 𝑃𝑅𝑀𝑒𝑚𝑎𝑥 . As a conservative approach, all the uncertainties on the rates of partial
melting are assumed to be that of the maximum value. Since all values of 𝑃𝑀 have been assigned
the maximum percentage of uncertainty, the percentage error of 𝑃𝑅𝑀, 𝑒𝑅𝑀𝑚𝑎𝑥 can be evaluated
by the following equation:

𝑒𝑅𝑀𝑚𝑎𝑥 =

|𝑃𝑅𝑀 − 𝑃𝑅𝑀𝑒𝑚𝑎𝑥 |
𝑀𝑎𝑥(|𝑃𝑀 − 𝑃𝑀𝑒𝑚𝑎𝑥 |)
× 100% =
× 100% = 𝑒𝑚𝑎𝑥
𝑃𝑅𝑀
𝑃𝑀

(3-6)

The maximum percentage uncertainty of 𝑃𝑀 among all points in a given case is equal to
the maximum error of 𝑃𝑅𝑀. Since the error can be positive or negative, an error bar, emax is added
to every data point plotted in Figure 3-16 to Figure 3-19. From the inverse proportional fitting
between the percentage rate of melting and the droplet diameter, 20 error bars out of 26 cases
analyzed crossed their fitting curves. The maximum percentage uncertainties of 4 different
temperatures, 5°C, 15°C, 25°C and 35°C, are respectively 30%, 25%, 23% and 20%. Based on this
error analysis, the fitting of the rate of partial melting, 𝑃𝑅𝑀, multiplied by the droplet diameter, 𝐷,
is plotted with respect to temperature based on the form of Equation (3-5).
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Figure 3-16. Frozen drop rate of melting vs particle diameter (Tair = 5°C).

Figure 3-17. Frozen drop rate of melting vs particle diameter (Tair = 15°C).
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Figure 3-18. Frozen drop rate of melting vs particle diameter (Tair = 25°C).

Figure 3-19. Frozen drop rate of melting vs particle diameter (Tair = 35°C).
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Figure 3-20. Rate of Melting normalized to droplet diameter for varying melting temperatures.

Figure 3-21. Rate of Melting for varying temperature and droplet size.
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Based on the experimental data obtained and the assumptions made, the following
empirical model for the prediction of rate of melting in a frozen droplet is proposed:

𝑃𝑅𝑀 =

2
4 × 10−3 𝑇𝑎𝑖𝑟
+ 0.14𝑇𝑎𝑖𝑟
%
𝐷

(3-7)

Recall the heat cross flow and acetylene torch attempt in Chapter 2. When the particle
passed an acetylene torch flame in this experiment, the residence time is estimated to be50µs. The
temperature of the flame is 2200°C. The diameter of the droplet simulated in Chapter 2 is 650µm.
Under this circumstance, the PRM when the particle is inside the flame is 30258% per second.
Since the residence time is 50µs, the percentage of melting can be calculated as:

𝑃𝑀 = 𝑃𝑅𝑀 × 𝑡 = 30258 %/𝑠 × 100µs = 3.026%

(3-8)

It is necessary to mention that the PRM model is not specifically fitted for modeling the
melting under an extreme heat method like an acetylene torch. However, the application of this
model to the tests described in Chapter 2 using an acetylene torch, estimates a percentage of melting
of approximately 3% for the droplets tested. The reduced residence time of the droplets exposed to
the torch limits its capability to partially melt, validating the hypothesis that residence time is a
dominant factor required to produce partial melting of droplets (see Chapter 2). Based on the PRM
model, the acetylene torch needs 3.3ms to fully melt the particle. When the velocity of the particle
reaches 300m/s, the minimum width of the flame to fully melt a droplet is 0.99m. In the tests
conducted, 0.03m and the exposure time to the flame was 100µs. To study the behavior of partially
melted droplets with the launcher configuration, the diameter of the droplet should be decreased to
20µm, being more presentative of the droplets encountered engine icing test facilities[15],

[16]

.

Handling such a small particle is not possible with the current configuration. A second option,
would be to maintain the droplet stationary allowing for unlimited residence time. An object could
then be launched against the droplet. An experimental design to conduct high speed impact test will

85
be discussed in the Future Work section of Chapter 4. In the next chapter, a technique to levitate
frozen water drops to then partially melt them will be discussed.
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Chapter 4 Conclusions and Recommendation for Future Work

4.1 Conclusions

4.1.1 Ice Particle Impact Testing Conclusions
A technique to measure ice accretion of an impacting single partially melted water droplet
has been presented. The technique allows for the launching of frozen water droplets ranging from
0.4 mm to 0.95 mm diameter at velocities between 140 m/sec and 309 m/sec. The freezing of the
water droplets was accomplished by momentary submersion of the drops in liquid nitrogen, while
the partial melting was done by introducing a cross-flow oxygen /acetylene flame on the path of
the traveling frozen particle. High-speed cameras were used to record the droplet impact and ice
accretion left on the impacting surface for varying impact conditions (velocity, partial melting, and
impact angle).
From the results presented in this paper, the following conclusions are made:
1) Ice formation of fully frozen particles has been recorded for averaged velocities ranging
from 161 m/sec to 257 m/sec and impact angles of 30⁰, 45⁰ and 60⁰.
2) High-speed visualization perpendicular to the impact surface is suitable for the
quantification of ice accretion surface, and impact fracture dynamic analysis. Side view
high-speed images are required for particle sizing and traveling velocity calculations.
3) There is a positive linear relationship between impact angle and ice accretion for impact
angles between 30 and 60⁰. The accreted ice area is 1.9 times larger when increasing the
impact angle from 45 to 30⁰ at an impact velocity of 259 m/sec.
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4) The positive slope of the linear relationship between accreted ice area and impact angle also
increases with velocity. An increase of 60% in velocity from 161 m/sec to 257 m/sec
provided an increase on ice accretion area of 96% at an impact angle of 30⁰.
5) Partial melting further increases ice accretion of frozen droplets, since additional melted
water freezes upon impact to the surface. An estimated input energy of 0.000295 Joules to
a frozen droplet traveling at an average speed of 259 m/sec doubled the ice accretion area
for impact angles of 30 and 60.
6) It was experimentally demonstrated that ice formation on warm, above freezing, surfaces
(8.79⁰C) is possible when partially melted droplets impact.
7) The averaged expansion angle of the particles at the time of impact trended linearly with
variations of impact angle. A reduction of 30% in the expansion angle was quantified for a
reduction in impact angle of 30⁰. The linear elongation of the particle at the time of impact
was also quantified by the ratio of the vertical and horizontal size of the particle.
8) Impact perpendicularity controls the symmetry of the cloud fragmentation and leading,
trailing, and side edge velocities of the fragmentation cloud along the surface of impact.
Reduction of impact angles reduces the cloud trailing and side edge expansion velocities
and reduces.
9) Evidences show that an optimal surface temperature for ice accretion can be found below
0°C. When the area ratios at 0°C and 10°C are compared at three impact velocities, 90m/s
150m/s and 230m/s, the ice accretion area ratios are decreased by 35%, 29% and 51%. The
3D effect of ice accretion on the impact of a single frozen droplet was observed.
In this section, an attempt to study how impact angle, velocity and temperature can
influence the dynamic behaviors and ice accretion on a mirror-finished aluminum surface was also
presented. The experiment investigates a correlation between the ice accretion area and the
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temperature of the impacting surface. The parametric testing conducted is not sufficient to provide
complete information to rebuild the physical mechanism of ice particle impact, but it demonstrates
the capability of warm surfaces, such as heated probes, to accrete ice crystals. Despite the capability
to qualitatively demonstrate the effects of surface temperature on frozen droplet accretion, issues
remained on the test configuration. The impact location was unpredictable, and determining the
trajectory during the event required sacrificing magnification of the accretion. These two factors
resulted in a coarse resolution of the droplet and the area of ice accretion. The percentage
uncertainty in the accretion area versus impact surface temperature is excessive, and only
qualitative results could be obtained. The experiment confirms the necessity to fix the location of
impact in a 3D space. Once the location of impact is fixed, the camera can focus on a small area
and zoom in on the droplet. Further recommendations for future works are discussed in section
4.2.1.

4.1.2 Visualization of Partial Melting Conclusions
The experimental work conducted provides, for the first time, relationships between
percentage melting states of water droplets for varying residence times. The presented experimental
results are critical for the validation of partial melting predictions currently being developed by
other research groups. A test rig to study the partial melting of frozen water droplets was design
and fabricated. The rig used an ultrasonic levitator to suspend frozen droplets. As the cooling flow
maintaining the particle frozen was shut down, partial melting with time was recorded using a highspeed camera. The partial melting of particles with diameters ranging from approximately 300 to
1800 µm was recorded for varying environmental temperatures. 0.01% in mass of Rhodamine B
was introduced in the water droplets to quantify the percentage melting, since the luminescent
property of the ink allowed for the differentiation between ice and water. Based on experimental
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high-speed video quantifying the percentage melting of frozen water droplets, following
conclusions are made
1) A decoupled thermal melting model with respect to temperature and diameter was
established based on Bartkus’s melted icing cloud model[32]. The empirical model
predicted the percentage rate of melting, PRM, in the form of

𝐹(𝑇𝑎𝑖𝑟 )
.
𝐷

2) The process of melting was recorded under four different environmental temperatures,
5°C, 15°C，25°C，35°C. The diameter of the droplet was not controlled in the
experiment. Droplets are divided into three groups according to the diameters and
characteristic diameters were 500µm, 750µm and 1500µm.
3) Melting curves were acquired under four temperatures. The maximum uncertainties
are 30%, 25%, 23% and 20% with the environmental temperatures in the ascending
order.
4) The assumption that the rate of melting of the frozen droplets is linearly related to the
inverse of the droplet diameter was validated by the results. The R2 are 0.9226 (5°C),
0.8004 (15°C), 0.9021(25°C), 0.8245(35°C) without considering the uncertainty.
When uncertainties were added to PRM, 20 rates out of 26 cases crossed with the fitting
curve.
5) The empirical model was summarized as the form of Equation (3-7). The model was
used to predict the percentage of melting under the acetylene torch in Chapter 2. The
maximum percentage of melting in a 650µm droplet is 3.026%. The model confirmed
that melting a moving particle requires a long heating area to fulfill the residence time.
Shooting droplets at high speed is not the most appropriate way to study the effect of
partial melting on impact dynamics.
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It must be emphasized that the obtained results were based on the assumptions that the
value of the Biot number of frozen droplets is inferior to the critical Biot number of a sphere,
indicating that an even temperature distribution can be found inside a partially melting drop. The
linear correlation between percentage melting and the inverse of the droplet diameter also required
the assumption of a constant latent heat of sublimation and evaporation during the melting process.
Empirical linear fittings relating percentage melting and droplet size were obtained, as well as
empirical relationships between the rate of melt and the environmental temperature

4.2 Recommendations for Future Work
To improve the understanding of the physical process involved in engine icing, research
efforts described in this research focused on the impact dynamics of frozen droplet, ice accretion
due to such impact, and the mechanism of melting of the frozen drops. Despite the capability of the
tests to demonstrate ice accretion of fully glaciated crystals, and to quantify percentage melting of
crystals for varying residence times, to fully characterize the ice accretion process of partially
melted ice crystals, improvements to the testing techniques is provided in the following sections.

4.2.1 Impact Testing Improvements
When the diameter of the droplet is decreased to 300 µm and the velocity is increased to
300 m/s, the Phantom M310 camera used in this experiment cannot reach a balance between the
frame per second and resolution of the video. To capture the trajectory of the incoming particle，
the camera needs to be zoomed out to cover an area below the wedge and the mirror plate. Due to
the instability of the pressure launcher and the distance between the carrier stopper and the impact
surface, the points of impact spread randomly on the wedge and the mirror plate. Based on these
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two factors, the resolution was sacrificed in the impact test to cover a larger field. This configuration
resulted in a coarse measurement of the diameter of the particle and the area of the residual ice.
An alternative method for studying the impact is moving back toward configurations
similar to the ones used with the wedge impact test or those introduced by Hauk’s impact testing[20].
An additional option is to have a droplet trapped on the levitator, and to use a pneumatic launcher
to shoot a sabot-bullet to impact the drop. The sabot has two sections. The top section is a cylinder
smaller than the hole on the stopper. The bottom section can fit in the launcher but is larger than
the hole as shown in Figure 4-1

Figure 4-1. Schematics of new impact bullet.
When the sabot is launched, the top section goes through the hole and impacts with the
levitated droplet. The sabot itself will be stopped later by the bottom section. The location of impact
will then be fixed at one of the nodes generated by the levitator, so a higher image resolution can
be acquired by the cameras during the impact. By using the levitator, the luminescent technique
can also be added into the test. The percentage of melting can then be experimentally quantified
through a Sentech HD203SDI cubic camera. and controlled prior impact. The velocity of the bullet
can be measured from a different high-speed camera or calibrated for different input pressures to
the launcher. In Figure 4-2, the schematics of this improvement is demonstrated.
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Figure 4-2. Schematics of the combination of levitation, luminescent technique and impact test.

4.2.2 Improvement of the Empirical Model to Predict Percentage Melting Rate
The humidity of the air was not controlled in the experiments discussed in this research.
For a given humidity, the influence of the evaporation and sublimation is proportional to the ratio
between the surface are and the volume of the droplet, or in other words, inversely proportional to
the diameter of the droplet as shown in Equation (3-3). For the large droplets tested in this
experiment, the influence of the humidity is moderate and is already included by the uncertainty
analysis. The accuracy of the model is questionable if the model is extrapolated for small droplet
(below 200 µm). To improve the accuracy and the envelope of this model, a micro humidity sensor
should be put next to the droplet to measure the environmental humidity. A humidity controller
should then receive the signal from the humidity sensor and adjust the humidity during the
experiment.
The reason why the numerical models work better on large-scale problems remains
unknown. It is very possible that the empirical equation to determine the heat transfer coefficient,
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ℎ and the mass transfer coefficient, ℎ𝑚 are not accurate when the droplet is in the micrometer scale.
With the improved empirical model, a numerical model could be further developed and validated.
The heat transfer coefficient and vapor mass coefficient could be adjusted using the empirical
results.

4.2.3 Application of Technologies to Wind Tunnel Testing
Several technologies developed in this research can be applied to icing wind tunnel testing.
The surface temperature control system can be set inside the wind tunnel to study the correlation
between ice accretion and the surface temperature under a partially melted icing clouds. When
placed in the icing cloud, the surface temperature Peltier plate would be covered by continuously
growing ice and the area and thickness of the ice accretion could be quantitatively measured. The
surface temperature control plate can also simulate different changing rates of temperature to
simulate the heat interaction inside the engine. Once the history of temperature is acquired for a
given engine and operation regime, the aluminum plate could then be used to simulate these
situations.
The luminescent technique can also be extended to a wider application. The luminescent
technology has potentials for quantifying the percentage of melting in an icing cloud. Instead of
focusing on a single droplet, the average intensity of an icing cloud can be quantified. For example,
the light to a frequency converter can be coupled with the luminescent technique. The light to the
frequency converter is a light intensity sensor that converts the light intensity to a square wave as
shown in Figure 4-3, Figure 4-4 and Figure 4-5. The frequency of the square wave is proportional
to the intensity of the light. Assuming that the TWC in the wind tunnel is known, the amount of
droplets passing through the light sensor is constant. The light detected by the sensor in a unit time
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is proportional to the percentage of melting in the cloud. The maximum frequency would
correspond to fully melted droplets.

Figure 4-3. The detection of fully frozen cloud by light sensor and corresponding square wave.

Figure 4-4. The detection of fully frozen cloud by light sensor and corresponding square wave.
The minimum light intensity can then be calibrated as shown in Figure 4-4. When all
particles are fully frozen, the light sensor detects the minimum intensity of emission. The
corresponding frequency for fully frozen particles represents the percentage of melting in the frozen
cloud. When the cloud is partially melted, the light sensor will then generate a different square
wave signal, whose frequency is between those of fully melted and fully frozen.
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Figure 4-5. The detection of fully frozen cloud by light sensor and corresponding square wave.
The frequency can then represent the percentage of melting in the cloud. This method
would require a precise control over the total water content injected into the wind tunnel. The
variation of TWC can significantly influence the accuracy of calibration and measurement. Most
importantly, a luminescent dye that has no negative influence on the environment needs to be
developed for this application.
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