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ABSTRACT 

 
Ice accretion on aircraft results from 

supercooled cloud droplets freezing following impact 
on aircraft and instrument leading edges. The icing 
shape depends on conditions - static temperature (i.e. 
the droplet temperature), dynamic temperature, and 
aircraft and local airspeed. Deicing or anti-icing 
strategies, such as the use of boots and active heating, 
depend on knowledge of the ice build-up 
characteristics and estimates of the thermal and 
mechanical rate processes. The presence of ice 
particles either intimately mixed with supercooled 
cloud or in patches may influence the icing process. 
The accretion process may be examined in detail by a 
new aircraft mounted instrument, the DRI 
Cloudscope. Particles accrete on a forward facing 
window and are imaged from behind and the side. Ice 
particles impacting the window, heated just a few 
degrees above 0°C, melt rapidly on contact. For an 
unheated window, the ice particles stick near the 
stagnation point. The thickness of this accreted ice 
then increases to an equilibrium value, a balance 
between accretion and erosion. Deicing power 
requirements for a thermal anti-icing system must 
take into account total {ice + liquid} latent heat under 
some conditions, as both ice and liquid water are 
accreted and require melting and/or evaporation. 
 
 
Introduction 
 
 Aircraft are typically certified for flight into 
icing conditions which contain only supercooled 
liquid particles according to FAR 25 Appendix C 
(FAA, 1999).5  However, as shown by Cober and 
Isaac (2002) mixed phase clouds occur quite 
frequently, accounting for approximately 40-50% of 
the in-cloud encounters at temperatures between 0oC 
to -30oC.3   
_________________________________ 
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Following the ATR crash in Roselawn, Indiana in 
1994 and the Embraer crash in Monroe, Michigan in 
1997, the National Transportation Safety Board   
requested the FAA to �expand the Part 25 Appendix 
C icing certification envelope to include freezing 
drizzle/freezing rain and mixed water/ice crystal 
conditions as necessary� (NTSB, 1996, 1998).15,16 

Partly as a result of this recommendation, the FAA 
hosted a specialists meeting on mixed-phase and 
glaciated conditions (FAA, 1998).6  It was clear from 
this meeting that mixed phase and glaciated 
conditions were not generally recognized as being 
dangerous, or even necessary to consider as a hazard 
beyond that posed by the liquid fraction of the clouds 
encountered by the aircraft.  This paper attempts to 
open debate and characterize the icing potential due 
to ice crystals in mixed-phase and glaciated clouds. 
 Sequential events under changing conditions 
may lead to build up of complex ice shapes on 
aerofoil surfaces and seriously compromise the flight 
behavior of the aircraft. Deicing strategies depend on 
a knowledge of these processes, with the detail 
design for removal of accreted ice by heating or 
otherwise depending critically on the assumptions of 
whether the ice needs to be completely melted and 
evaporated, or whether melt at the ice/metal interface 
will allow the ice to be removed to the ambient 
airstream through surface detachment alone. The 
detail of the interaction of particles of different phase, 
size, density and shape with the aircraft surface is 
complicated in itself and depends further on the 
impact velocity and angle, the surface and particle 
temperature and also on the changing surface and 
geometry of the accreting surface. Further, the 
atmosphere is a highly turbulent medium with major 
changes in particle type, size and concentration 
within cloud and precipitating systems, often with 
discontinuities over distances less than 1 meter or 
some milliseconds of flight time. The studies 
reported herein were designed to provide insight into 
the particle impact and ice build up process by direct 
video viewing during flight through a variety of icing 
conditions during the Alliance Icing Research Study 
(AIRS) described by Isaac et al. (2001).11 This has 
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been accomplished by use of a new instrument, the 
cloudscope, which video records (at 1/30 to 1/90 
seconds as necessary) the particle � surface 
interaction events and provides quantitative analysis 
of the impaction and accretion process. Data 
collected during penetration of the outflow of 
hurricane Earl during CAMEX 1998 off Florida are 
also discussed. 
 
Instrumentation 
 
 Measurement of the properties of ice particles in 
the atmosphere, specifically density and shape (habit) 
is important in determining their role in modifying 
radiation flux and also in estimating the ice water 
content from images. A new aircraft instrument, the 
cloudscope, devised to measure these properties by 
collection and processing by evaporation and melting 
(Arnott et al 1995; Hallett et al 1998), has turned out 
to provide insight into the collection and evolution of 
particles important for aircraft icing.1,10  The principle 
of operation is to collect the particles on a forward 
facing optical flat maintained at the dynamic (total) 
temperature. Particles are video-imaged from behind 
and evaporate under known conditions to give a 
measure of their initial shape, together with their 
density and the density distribution within the 
particle. The temperature may be raised to give more 
rapid evaporation rate for high collection rate and is 
measured directly by a sensor at the edge of window. 
Figures 1, 2 shows instruments having a field of view 
½ mm and 1 � 2cm. The stagnation point is 
approximately in the center of the field of view, so 
impactions and particle behavior away from this 
location may readily be observed. It is also possible 
to examine the impaction of particles from the side 
using a suitably located and deiced prism (Figure 3). 
The advantage of this system for icing studies is that 
the surface may be heated above 0°C to simulate 
particle impaction in an active deicing situation.  
Particle behavior on impaction may also be 
investigated by an older instrument, the formvar 
replicator, (MacCready and Todd 1964, Hallett 1976) 
whereby particles of size greater than a few 
micrometers are collected in a thin layer of formvar 
solution on a 16mm film moving at 2 to 48 cm/s and 
dried to leave a cast of the particle for future 
microscopic analysis.13,8 Shatter and collection of 
resulting particles is easily achieved by this 
technique, although there may be some cushioning of 
the impact by the solution, giving a minimum effect 
but an incomplete record of bounced particles. Both 
instruments were mounted in standard pods on the 
wing tips of the Canadian Convair, protruding a 

meter or so into the airstream and in the wingtip pods 
of the NASA DC8. The pods are deiced around the 
collecting regions, a process which is, in general, 
sufficient to prevent any significant build up. The 
angle of attack at the sensing region is subject to 
some uncertainty should the aircraft be in maneuver 
or turbulence. The cloudscope enables the local 
stagnation point to be monitored within limits by 
applying a transitory melting pulse to the window 
and observing the trajectory of the drops on the 
heated surface. The sapphire window can be operated 
at temperatures up to about +30C even at low air 
temperatures down to -25C, and the behavior of 
impacting ice particles examined. 
 
Airflow of a rapidly approaching particle to a 
metal surface 
 
 As any particle approaches a surface, as a drop 
or ice crystal impacting on an aircraft wing, the 
intervening air is forced out and the impacting 
particle is slowed and possibly deformed. The 
geometry of the flow is complex; in the case of a 
drop an air cavity forms due to pressure build up as 
the drop spreads sideways, with air escaping at high 
velocity near the periphery, (Middleman, 1995).14  In 
the case of higher density ice, >0.4g/cm3, particularly 
for normal impact of a facet, the particle deforms 
much less and air exit velocity is much greater, 
increasing to high values as a lateral disk-like jet of 
air. This jet appears capable of removing ice particles 
a diameter or more distant and thus eroding 
previously accreted ice particles. The efficacy of such 
a process is clearly demonstrated by the interaction of 
two drops accreting nearly simultaneously at a 
diameter or so distant, which produce a water jet in 
both directions at 90 degrees to the direction of the 
approaching water disks resulting from the initial 
impact of each drop separately. 
 
Observations 
 
 Collection of individual ice particles at and near 
the stagnation point is clearly shown in Figures 4, 5, 
6, 7. These particles, with sizes of about several 
hundred µm, evaporate over a few seconds, with an 
area � time plot for each particle giving a measure of 
its density. Such behavior may occur for rimed 
particles and also particles having subsequently 
grown from the vapor from a more solid interior. 
Measured densities range over 0.05 to 0.9 g/cm3, 
depending on conditions (Garner and Hallett, 2002).7  
In a given situation variance may lie +/- 0.2 g/cm3 of 
a mean value (Figure 8). Some particles have a linear 
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area-time plot showing a constant density over the 
radius of the particle; others may show one or 
occasionally more discontinuities in slope indicating 
sudden changes in density, usually with a fluffy 
outside and a more solid interior.  
 Individual crystals as columns or plates may 
crack on impact for size greater than about 200µm 
but often fail to fragment significantly. Figures 9, 10, 
11 illustrate crystals collected under these 
circumstances.  Behavior at an angled impact should 
be quite different and is being investigated by an 
optical and impact system, tilted with respect to the 
flow.  
 Sideways view gives a different perspective of 
the accretion process and enables the shape of the 
accreted particle to be examined. These processes are 
shown in Figure 12, taken at the speed of 1/30 of a 
second and also at a higher speed of 1/90 of a second.  
Of major interest is the impact of incoming particles 
on or near existing particles undergoing evaporation. 
A particle arriving within a diameter or two of an 
existing particle may lead to its disappearance within 
the time between video images � 1/30 second. It is 
inferred that the impact gives rise to an outward 
moving cylindrical disc of air, becoming shallower 
and moving faster as the ice particle approaches the 
surface. This outward moving radial jet forces the 
nearby particle to take off. With an increased 
accretion rate of particles at high concentration, the 
layer of ice near the stagnation point grows until 
reaching some sort of equilibrium between 
impaction, accretion and erosion, between 0.3 and 
possibly up to 1 cm thickness (Figure 13). It is of 
interest that during flight through known all-ice 
conditions, that the presence of such icing can often 
be detected visually at unheated leading edges. 
 With the temperature of the cloudscope 
collecting surface raised to between a few degrees to 
+10 degrees above 0°C, particles <100 µm can be 
seen to melt over a few frames on collection. Above 
+10°C such particles melt in a period less than the 
video-record and appear mostly as liquid droplets 
with occasional flashes of light from favorably 
oriented impacting ice particles. In either case the 
particles can be seen spreading outwards from the 
stagnation point with the local airflow at velocity of a 
few cm/s or less (Figures 14, 15). Larger particles, 
>100 µm  persist for correspondingly longer times, 
depending on their density, and can be seen carried to 
the edge of the field of view (Figures 16, 17). 
 

DISCUSSION AND ANALYSIS OF 
OBSERVATIONS 

 
 
General Energy Considerations 
 
 Particle impaction on any aircraft surface during 
flight is related to the extent the particle follows or 
crosses the streamlines around the surface, in turn 
depending on particle inertia and drag. The former is 
related to the particle mass and its density 
distribution; the latter to its shape and orientation to 
the local flow. Aerosol and small cloud droplets are 
carried away in the flow; large hailstones impact 
directly with little influence on their fall motion. 
Intermediate sized particles impact with a reduced 
velocity preferentially at leading edges, undergoing 
some acceleration to approach aircraft velocity prior 
to impact. We are here concerned with the nature of 
this impact with lower relative velocity; whether 
particles break, bounce, crumble or adhere to or wet 
the surface. As a guide to this interaction it is useful 
to consider a modified Weber Number, the ratio of 
the particle impact kinetic energy to its surface 
energy in (cgs): 
 
 ½ mV2 / 4π σ A = dV2/ 1000 (1) 
 
where V is the impact velocity normal to the surface, 
m the particle mass, to be calculated from a 
knowledge of its shape and density or density 
distribution if asymmetrical, A is its surface area, σ 
the surface energy. Should particles splash or break 
up, the incoming kinetic energy is to be appropriately 
reduced by exiting kinetic energy. 
 Laboratory studies show that this ratio  

Kinetic energy 
Surface Energy 

is between 7 � 10 for drop breakup and splash for 
impacting on a rough surface, Figure 18 (Hallett and 
Christensen 1984), suggesting that both drizzle and 
raindrops splash on accretion at aircraft speeds. 
Cloud droplets may be sufficiently decelerated to 
accrete without breakup.9 For an ice particle things 
are much more complex and shatter into a few 
particles is demonstrated to occur for particles 
collected in a formvar solution coated film for plates 
greater than about 200-300 µm (Figure 9). A plate 
some 500 microns across has sufficient energy to 
shatter into more than 1000 pieces (Figure 10), 
(Hallett, 1976).8 Similar criteria apply to three-
dimensional particles radiating from a single 
nucleating point, as spatial columns or plates (Figure 
11). Graupel,  (soft hail) particles and snowflakes 
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tend to crunch on impact, yet, as is the case for 
plates, retain their coherency up to a size of a few 
mm. Should particles skid or bounce a significant 
amount of energy may be lost and be unavailable for 
breakup. This process has important implications for 
deicing power requirement, as such bouncing 
particles would not enter the requirements of energy 
for complete evaporation or melt as computed by an 
accretion rate from a measurement of ice water 
content. Since the current thinking is that all such ice 
particles bounce, (aircraft do not usually ice up on 
penetration of all ice clouds) it is important to 
establish the conditions for these different scenarios. 
A further possibility lies in the erosion of accreted ice 
by incoming ice particles as Figures 7, 13, giving the 
appearance of particle bounce. More important is the 
likelihood of a small amount of supercooled cloud 
acting as a �glue� for the accretion of ice particles 
when present in small and difficult to measure 
concentration. In view of these considerations, an 
approach was devised using the new instrument to 
measure simultaneously all accreted particles, liquid 
and solid, from a few mm down to a few microns in 
size collected at or near the stagnation point.  Figures 
16, 17 show melting beginning near the stagnation 
point and spreading outwards as the window is 
heated. Incoming ice particles appear and begin 
melting in the liquid layer and are carried to the 
expanding ice-water interface in the divergent flow. 
 
Energy Budget of Impacting Particles 
Implications 
 
 A complete analysis of the energy budget of an 
impacting particle is complex and must assess the 
kinetic energy transferred to surface energy during 
breakup and deformation. In addition, surface and 
kinetic energy is also imparted to any departing 
particles resulting from splash or fracture. The 
physical processes are quite different for an ice 
particle compared with a water drop. A drop may 
deform with increased surface and subsequently 
partly retract, partly wetting the surface. During this 
process some energy is converted to internal energy 
by viscosity, and can be computed as a space and 
time integral of 

 µ
du
dx

i

j











2

 (2) 

over the motion of the drop, (Brownscombe and 
Hallett 1967)2;  µ = viscosity of water, u, x velocity 
and distance coordinates, i, j, k. As a crude initial 
approximation this may be taken as µ ( V

D )2 (V = 

impact velocity; D = drop diameter)  In the case of an 
ice particle things are different and yet more 
complex. The initial breakup is as brittle fracture, 
requiring conversion of kinetic energy to ice surface 
energy (50% greater than water). Localization of 
fracture depends on detail of the impact, as evident 
by much smaller particles in some regions of Figure 
10, results from internal stress propagation (Renshaw 
and Schulson 2001).17 The end part of the 
deformation may result from plastic deformation with 
generation of internal dislocations in the ice, also 
requiring energy.  
 An estimate of the energy budget for impacting 
particles sets limits to their behavior and is 
summarized in Tables 1 and 2 for different size drops 
and crystals.  Ice and water particles obviously 
behave differently but similarities exist. The impact 
kinetic energy controls the initial behavior and relates 
to impact velocity and particle mass. The Stokes 
number (St) is a measure of the stopping distance 
compared with the size of the impacting surface. The 
impacting velocity decreases only as St becomes less 
than unity, which is, in reality important for small 
cloud and aerosol sized particles for aircraft 
conditions. The mass estimated from particle 
geometry and an estimate of density for ice particles 
is described earlier. For water, a spherical shape of 
unit density suffices; for ice the density must average 
over solid ice (0.92) and a complex geometry with air 
spaces. Table 1 is for water drops of different size 
and impact velocity; Table 2 for ice as a thin plate 
having different thicknesses. The surface energy is 
computed from the initial geometry, deformed by a 
factor of 2 by an idealized spread and by a greater 
amount as a deformation to a thin disk. Splash of 
water occurs for Kinetic Energy/Initial Surface 
Energy greater than about 10. The energy involved in 
deformation is computed as a viscous loss under 
highly simplified assumptions (See notes in tables). 
 In the case of ice breakup, assumptions are 
made about the size of the shattered particles (as from 
Figure 10) and creation of surface energy assuming 
uniform size as a first approximation at different 
thicknesses for the plate. Energy may also be 
deposited, as defects in the ice lattice as discussed 
above, but cannot be detected from the images. The 
tables clearly show that sufficient energy is present at 
aircraft impact speed for drop breakup but that 
deformation to the extreme value is unlikely; splash 
therefore occurs at intermediate deformation with 
residues either removed in the airflow or recaptured 
elsewhere. The ice particle chosen for analysis has 
adequate energy for breakup; viscous loss in the 
formvar is inadequate to resist breakup but may be 
sufficient to prevent ice particle ejection. As shown 
in Figures 14 and 17, ice particles are captured in a 
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wetted surface produced by heating the surface and 
melting previously collected ice above 0°C. These 
particles rapidly melt, being swept aside in the 
divergent flow from the stagnation point. They may 
lodge at the outer melt boundary and build up there 
as an accretion under appropriate circumstances. All 
the activities discussed here are for near normal 
impact; angled impact requires a separate study. 
 The energy ratio consideration of equation 1 
applies for low impact energy conditions, but the loss 
much beyond a value of a few goes into the motions 
of the water and internal energy as motions die out. 
In the case of ice the structure of the initial particle is 
highly variable, as is its density (< 0.05 to >0.9 
g/cm3). It may be a frozen drop, an aggregate of 
frozen drops (graupel, hail) or single or aggregates of 
individual vapor grown ice crystals of highly 
complex shapes. Thus kinetic energy is taken up in 
crushing the individual ice component and the 
particle somewhat retains its original general shape 
with modest change of density. 
 
General implications for aircraft particle 
accretion 
 
 The general experience in the aviation 
community is that flight in glaciated clouds does not 
pose an icing risk to aircraft leading edges.  Ice can 
form on the stagnation point but quickly reaches an 
equilibrium value which is not very thick.  Such an 
observation is consistent with the measurements 
made with the cloudscope.  Ice layers reach as yet an 
undetermined thickness, and the subsequent accretion 
followed by erosion process  maintains what appears 
to be an equilibrium.   
 For determining the effects on an aircraft of a 
failed de-icing leading edge system, ice shapes are 
actually physically installed on the aircraft and the 
resulting lack of lift is documented through in-flight 
tests.  Or, the same type of test can be done using 
computer simulations.  The actual ice shapes used are 
usually produced through computer simulations 
which are verified using all liquid wind tunnel 
experiments or some in-flight measurements.  For 
mixed phase clouds, it is intuitive that the ice shapes 
that would form would be different than those in an 
all-liquid cloud.  Impacting ice particles could 
potentially lead to rougher surfaces, or even erode 
some portions of the surface.  Unfortunately, it is not 
known whether these different shapes would be more 
or less hazardous. 
 For thermally deiced surfaces, the observations 
from the cloudscope suggest the bulk of the accreted 
ice appears to melt quickly and then the system must 

get rid of the resulting liquid, either through 
evaporation or run-off.  The cloudscope 
measurements concentrate on impactions near the 
stagnation point, but it is expected that some fraction 
of the ice will also stick and melt at distances beyond 
the stagnation point.  That fraction needs to be 
determined with future in-flight work with a modified 
cloudscope, or with wind tunnel simulations with 
realistic ice particles.   
 Do ice particles bounce when they hit the 
stagnation point or at some distances beyond the 
stagnation point?  The cloudscope measurements 
show that a considerable fraction of the particles stick 
to the surface without bouncing.  Anyone who drives 
an automobile during the winter also experiences 
snowflakes hitting the warm windshield, sticking and 
melting.  Again, in order to quantify the �sticking 
coefficient� it would be necessary to do more work.  
It is anticipated that the �sticking coefficient� would 
increase when liquid drops are also present, or when 
the surface is heated.  However, these hypotheses 
also require testing. 
 A considerable effort has been expended on 
studying supercooled large drops (with diameters > 
50 µm) because they can impact beyond the normally 
protected airfoil surfaces and subsequently freeze.  
Bouncing and splashing are also a concern in 
quantifying such accretions.  For ice crystals in 
mixed or glaciated clouds, a similar problem exists.  
The ice particles can impact further back on the 
airfoil.  For a running wet thermal system, if an ice 
crystal impacts on a liquid layer, the chances of 
sticking probably increase.  For such a wet thermal 
system, there also exists a potential problem where 
the runback can consist of an ice/liquid mixture.  
 Since mixed phase clouds occur quite frequently 
(Cober et al., 2001; Korolev et al., 2002; Cober and 
Isaac, 2002),3,12,4 with total water contents very 
similar to all liquid clouds, it would seem prudent to 
study the accretion of water (both liquid and solid) to 
aircraft surfaces in more detail. At least for thermally 
de-iced systems, it would also seem prudent to design 
such systems using total water content (liquid plus 
solid) for the design criteria, instead of liquid water 
content alone.   
 The FAA 1998 Workshop (FAA, 1998) 
concluded �the information presented at the 
workshop did not indicate that structural ice in 
mixed-phase conditions posed special performance 
problems for aircraft.  However, the relevant data are 
very limited.�  It was further concluded that it would 
require a large investment to further advance our 
knowledge in this area.  This paper demonstrates that 
progress can be made with modest efforts.  Since the 
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problem is potentially quite significant, further work 
should be performed. 
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Table 1.  Energy budget of a drop impact and splash under different conditions. 
 

 
Terminal 
velocity m/s 
VT 

Kinetic Energy 
(KE) at velocity 
V, m/s 

Surface 
Energy (SE) 

KE/SE 
(Spl > 10) 

viscous 
loss  

drop diam 
       d  

KVT 
K100 
K150 

 
KVT 
K100 
K150 

SE X2 diam 10d 

10 µm 0.002 
10-11 
0.025 
0.056 

2.5 x 10-4 
 

10-7 
100 
225 

10-9 
5 x 10-5 
11 x 10-5 

2 x 10-4 
10 
22.5 

100 µm 0.3 
2 x 10-4 
25 
56 

0.025 
0.008 
1000 
2250 

1.5 x 10-5 
5 x 10-3 
12 x 10-3 

3 
103 
2.2 x 103 

1000 µm 5 
62.5 
2.5 x 104 
5.6 x 104 

2.5 
25 
104 
2.25 x 104 

0.025 
0.5 
1.225 

5000 
105 

2.25 x 105 

For units in Joules multiply numbers by 10-7 

 
Table 2.  Energy budget of an impacting and shattering ice crystal. 

  
Terminal 
velocity 
m/s 

Kinetic Energy 
velocity m/s 

Surface Energy 
(change by 1 µm 
fracture)  

formvar solution 
viscous loss 

crystal 
diameter 
     d 

thickness m/s 
VT 
100 
150 

 
 
100 m/s 
150 m/s 

500 µm 1 µm  
- 
4.9 
11 

1.19  

 10 µm 0.2 
2.5 x 10-4 
49 
110 

11.9 
 
11 
25 

 50 µm  
  - 
245 
550 

59.5  

 
NOTES: 
 
VT  � Terminal velocity: standard atmosphere, -8C. 
 
Kinetic Energy (KE) � at terminal velocity, 100/150 m/s.  d3 V2/4 
 
Surface Energy � area X specific surface energy 83/120 ergs/cm2 water/ice at �8C. Drops assumed spherical, deformed to twice 
sphere area (SEX2), or deformed to a uniform disk diameter 10 x drop diameter with mass conserved.  Plates assumed of uniform 
thickness; 250d2 ergs. Energy required for a shattered plate computed from idealized uniform breakup with two surfaces formed 
at each break. 
 
Kinetic energy/surface energy for a spherical drop: dV2/1000 ergs. Empirical evidence for splash of drops for Kinetic 
energy/Surface energy ratio > 10 (Hallett and Christenson, 1984). 

Viscous loss computed from eqn (1) assuming a sphere having all velocity difference across its diameter and time of deformation 
given by diameter/impact velocity or all velocity across disk without splash. 0.005 µVd2 ergs (µ water = 0 .01 poise; µ formvar 
solution = 0.45 poise). 
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Figure 1. Large Format Cloudscope with 2.5 cm forward facing sapphire window. Sample volume 5 � 50 liters per 
second. 
 
 
 

 
Figure 2.  Large Format Cloudscope with high speed side looking CCTV. 
 
 
 

 
Figure 3.  Small Format Cloudscope with 0.3 X 0.3cm sapphire window field of view and sample volume 25 - 50 cm3 
s-1. Instruments are readily exchanged in a standard aircraft-mounting pod.  
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200 µm 0.0 sec 1.0 sec 2.0 sec 3.0 sec 

4.0 sec 5.0 sec 6.0 sec 7.0 sec 

8.0 sec 9.0 sec 10.0 sec 11.0 sec 

12.0 sec 

Figure 4.  Cloudscope images of individual evaporating ice particles. A rimed column, as it 
sublimated the rime is removed revealing the column.  
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Figure 5.  An example of a particle with two area - time 
plot having different slopes and two different 
corresponding densities.  
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Field of view is approximately 1.5 cm. 
Figure 6.  Ice crystals accreting on the cloudscope at surface temperature below 0°C evaporating as individuals over a period 
of a few seconds. Air temperature: -30°C; stagnation temperature �15°C. Frame interval about 1 s. Individual crystals can be 
tracked as they are collected and evaporate.  
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Field of view 1.5 cm. 
Figure 7.  As ice crystal size or concentration increases, impacting crystals overlap with partly evaporated crystals; some adhere but 
others are dislodged and removed into the airstream. Conditions as Fig. 6. 
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Figure 8.  Measurements of the frequency of occurrence of ice particles collected in the outflow from
Hurricane Earl, 2 August 1998. Temperature �45°C. A composite distribution of time segments 10:59:51
to 11:00:00 Z.  





15 
American Institute of Aeronautics and Astronautics 

 
 
 
 

Figure 12.  Side view of particles collected on the large format cloudscope showing a sequence as the window is cooled over a 32 s
interval. Data was collected at 1/90 s to show collection detail. Size of illuminated part 1cm. At warm surface temperatures above
freezing ice particles quickly melt on accretion. As the heating is reduced to a surface temperature of colder than 0oC ice particles quickly
accrete and build up. Sideways viewing leads to an estimate of particle volume.  The ambient conditions were as follows: static
temperature (-8.8oC), altitude (11 kft), Nevzorov LWC (0.02 g m-3), Nevzorov TWC (0.124 g m-3). 



16 
American Institute of Aeronautics and Astronautics 

 

 

 

 
 

 

 

 

 
 
 
 

Field of view ½ cm 
Figure 13.  Accretion of larger ice particles (500µm) followed by much smaller ice particles (50µm) leads to spectacular 
erosion of the larger particles as pieces irregularly disappear from the field of view. The larger (apparently black) pieces 
collected earlier on have nearly completely eroded after a few seconds. 
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Field of view 1 cm. 
Figure 14.  Ice particles collected at near -30°C heated to melting. The stagnation point is top center; the melting particles are
carried outwards by the airflow away from the stagnation point (3, 4 in the sequence); incoming ice particles quickly (a few
frames 1/30 s) melt on impacting the region >0°C and their remnants are similarly carried outwards as droplets (last 3 of
sequence). 
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Figure 15.  As Fig. 14. only collected by the higher resolution cloudscope. (field of view 1/2 mm X 1/2 mm).  
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Figure 16.   With surface temperature a few degrees above 0°C incoming ice particles are accreted and melt within a few
seconds. Some move outwards from the stagnation point in association with outwards flowing liquid. As these particles
reach the outer edge of the heated region they refreeze on the surface. 
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Figure 17.   A sequence showing a crystal impacting, 
sliding towards the edge in the second frame, and then 
sliding into the periphery, possibly after colliding with a 
new particle. Sequence follows Fig. 16. 



Figure 18. Criteria for water drop breakup on impaction in terms of initial Kinetic Energy/Surface Energy ratio
for water drops impacting on a surface. Thick line represents Surface + Kinetic energy. The surface energy
dominates for a small drop <0.3 mm and the drop can be injected with a velocity resulting from its coalescence as
a vortex ring into any underlying fluid.
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