
Figure 1. Relative configuration of the water 
spray, fan, and ice-accreting rotor. 
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Experiments have been conducted to provide a 
basis for a computer model that simulates 
atmospheric ice accretion on a rotating 
blade. A comparison of the computer model 
simulation and experimental results reveals 
that general agreement exists within the 
temperature range 0°C to -250C and the velo-
city range 0 to 60 m/s. Beyond 60 m/s the 
computer simulation over-predicts the thick-
ness of the ice accretion at the leading 
edge. Possible explanations for this observa-
tion are that beyond 60 m/s and in the wet 
growth regime the centrifugal forces exper-
ienced by the collected liquid water are a 
major contributing factor to water migration 
and shedding and therefore loss of liquid 
water and accreted ice. Also, there may be a 
significant loss in the collection efficiency 
at higher velocity due to turbulence develop- 
d by the proximity of the tip of the rotor. 
Below -250C the simulation and experimental 
results disagree in that the simulation 
significantly overpredicts the thickness of 
the accretion at the leading edge. The 
possible explanation for the difference is 
that the effective liquid water content is 
suppresed due to increased ice particles in 
the air at these lower temperatures. 

A preliminary model of the ice accretion 
phenomenon on an idealized helicopter rotor blade 
is being developed (1, 2, 3). Here we report some 
experimental data that can be used to test and 
improve the model and give further insight into 
the physical processes involved in icing. Six 
parameters, three of the ambient environment (air 
temperature, liquid water content and droplet size 
distribution) and three of the accreting object 
(velocity, cross section and shape), can specify 
the ice accretion process (3). 

This paper discusses a series of experiments 
on a rotating icing system in which only the 
ambient air temperature and liquid water content 
were varied. 

Experimental Apparatus 

Figure 1 is a schematic of the experimental 
apparatus. The ice was built up on .a hollow 
stainless steel cylinder 25.14 mm in Outside diameter 
and 500 mm long with a 50-mm-diameter hub, centered 
at 250 mm from either tip so that the effective 
length of the leading edge was 225 mm. The rotor 
was driven by a 1.5 horsepower electric motor 
operating at approximately 373 radians per second 
(3600 rpm), resulting in a tip velocity of approxi-
mately 93.0 + 3.1 meters/second. 

A simuj.eted cloud environment was provided 
using an air atomizing spray nozzle and an electric 
fan (Figure la). The spray nozzle was operated in 
a variable head siphon configuration at 103 kP (15 
psi). The electric fan delivered air moving 
perpendicular to the spray cone of water and 
carried a cloud of water droplets to the plane of 
the rotor (Figure lb). 

The droplet distribution of the simulated 
cloud was determined using a four stage cascade 
impactor as shown in Figure 2 (14).  Glass slides 
covered with gelatin were mounted on each disc to 
record the droplets which impacted upon them. 
These glass slides were then examined under a 
microscope and by use of a semi-automated system 
the droplet size distribution was obtained. 
Figure 3 shows a histogram and average statistics 
of the droplet distribution. 
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Figure 2. Four-stage cascade impactor. Gelatin-covered glass 
slides were mounted on the disc and were held against the re-
spective jets by the springs behind each disc. Jets 214 are 
rectangular slits whose dimensions are given below. Jets 1 
and 2 are shown in cross section, detailing the dimensions. 
Jet 1 is 19 nun wide, 7 mm deep at the center, and 6 mm deep 
at the sides. All sides are straight except the bottom, 
which has a 145-mm  radius of curvature. 

Clearance from 

Jet 	Width () 	 Depth (B) 	 disc (C) 

2 	1.14 x 10 2  m 	1.145 x 10 	m 	2.00 x lO 	m 

3 	•1.14x10 2 m 	7.50x10m 	3.60x10m 
14 	1.14 	10_2 m 	2.50 x 10 	m 	1.14 x 10 	m 
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Figure 3. Histogram of water drople distribution. 
The meandroplet radius was,9.56x10 m with a stan-
dard deviation of ll.09x10 m and a distribution 
skewness of +1.60. The mean volume radius was 
1.87xl0 5 m. 
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The liquid water content was obtained by 
measuring the rate of water usage by the spraying 
system in kg/s and dividing it by the total flux 
of air moved through the experimental setup by the 
fan. 

The experiments were conducted in a coldroom 
held to within + 0.5°C of each experimental tempera-
ture. The experiments were run for 2140 + 5 
seconds total elapsed spraying time. Ambient air 
and water temperatures were taken just prior to 
and following each experiment. The accretion was 
photographed and weighed and its thickness measured 
on the rotor after each experiment was terminated. 
Thickness measurements were made along the leading 
edge at 10-mm increments. Ice accretion thickness 
measurements were also made at increments of six 
degrees of arc from the leading edge around the 
axis of the cylinder, up to 30 degrees of arc, on 
both sides of the leading edge. Maximum cross 
section widths were also measured at the corres-
ponding 10 mm increments. 

After these measurements were completed, the 
ice accretions were removed from the rotor and 
segmented into four 50-mm sections and one 25-mm 
section, beginning at the hub and proceeding to 
the tip. These segments wire then weighed and 
used to obtain a density profile of the accretion. 
Thin sections. for crystal structure analysis were 
then taken of the samples at the beginning and end 
of each section. 

Results 

Table 1 lists the experiments performed and 
the pertinent parameters for each experiment. The 
intent was to hold all variables constant with the 
exception of the ambient air temperature. As seen 
from Table 1, some variability was seen in the 
liquid water content between experiments. For the 
experiments, it was also assumed that the droplet 
size distribution remained the same as shown in 

Figure 3, where the values measured were taken at 
the usual experimental value of 1 g/m3. It may be 
possible that the droplet size distributions also 
fluctuate with the variations in liquid water 
content. 

Photographs of the accretions formed at -13, 
-17.5 and -29°C on the rotating cylinders (Figures 
14 5 and 6) illustrate three distinct regimes of ice 
formation. In the high temperature region from 
-130C to the melting point, considerable amounts 
of unfrozen water were present, leading to the 
rough, irregular forms of the accretions shown in 
Figure 14•  At lower temperatures.(Figure 5) less 
unfrozen water was present, at least in the half 
of the rotor closest to the center of rotation 
(hub), and the ice accretion had a smoother appear-
ance, more in conformity with the original rotor 
surface. The portions of the rotor nearest the 
hub began to show a more opaque appearance, 
indicating that the temperatures of formation on 
the rotor surface were somewhat below the freezing 
point (5). 

At the lowest temperature (Figure 6) the ice 
accretion was smooth and regular in form, probably 
because the impacting droplets froze almost in 
place with relatively little movement .of unfrozen 
water along the surface of the accretion prior to 
freezing. The ice also appeared milky and opaque, 
indicating that the surface temperature of the 
accretion was nominally below the freezing point, 
unlike the transparent ice formed at temperatures 
near the melting point (Figures 4,5). 

In Figures 7 - 9 we show the variation of the 
ice thickness along the leading edge, together 
with the results of a numerical simulation carried 
out by computer analysis using similar initial 
conditions as those of the experiments (2, 3). 
The thickness is plotted against the linear velocity 
of the position from the center: 

v=Rw 	 (1) 

Table 1. Rotor test conditions and resulting maximum ice thickness. 

Maximum 	Velocity 

Test 	 Temperature 	 lwc 	 accretion 	of max 

(°C) 	 (g/m3) 	 (mm) 	location 
(cm/s) 

T-7-1 - 8.9 1.0851 9.3 61.51 
T-13-1 -11.1 1.0851 10.19 68.97 
T-9-2 -13.0 1.0851 10.614 68.97 
T-11-2 -13.0 1.1109 10.32 68.97 
T-10-2 (Fig 	14) -13.0 1.2662 11.08 68.97 
T-15-1 -13.3 1.0330 9.05 61.51 
T-17-1 -15.5 1.2140 8.27 65.214 
T-19-1 -17.5 1.0593 9.28 65.214 
T-12-2 (Fig 5) -17.5 1.21400 9.55 61.51 
T-18-1 -17.6 1.0851 9.87 65.214 
T-20-1 -19.5 0.9817 9.33 65.214 
T-21-1 -20.0 1.0851 9.37 68.97 
T-13-2 -21.5 1.14209 10.51 65.214 
T-23-1 -21.9 1.0593 10.10 72.70 
T-22-2 -22.2 1.0330 9.65 72.70 
T-214-1 -214.0 1.1109 8.99 68.97 
T-25-1 -214.2 1.1369 11.58 65.214 
T-27-1 -214.9 1.0593 9.97 68.97 
T-26-1 -25.0 1.18814 9.95 68.97 
T_114_2 -25.0 1.3176 8.87 61.51 
T-15-2 (Fig 6) -29.0 1.2039 5.64 72.70 
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Figure 	Ice accretion on rotor at -13°C 
(a) Leading edge 
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(t) Cross section at tip of rotor 

Figure 5. Ice accretion on rotor at -17.50  
(a) Leading edge 	 (b) Cross section at tip of rotor 
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Figure 6. Ice accretion on rotor at -29°C 

(a) Leading edge 	
(b) Cross section at tip of rotor 



Figure 7. Experimental and computer simulation results for -130C 
ambient air temperature. The Polynomial Fit represents the experi-
mental ice accretion measurements. The scale at the top represents 
the grain size distribution versus velocity as measured on the thin 
sections. 
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Figure 8. Experimental and computer simulation results for -17.50C 
ambient air temperature. The Polynomial Fit represents the experi-
mental ice accretion measurements. The scale at the top represents 
the grain size distribution versus velocity as measured on the thin 
sect ions. 
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where v is the velocity, Rthe distance from the 
rotor center and w the angular velocity of rotation. 
Some of the points of agreement and discrepancy 
between the experiments and numerical results are 
discussed more fully later. We note here a greater 
variability about the draxn curve (a fit of a 4th 
order polynomial to the experimental data) at the 
higher temperatures, as indicated by the rough 
appearance of the accretion in the photographs 
'(Figure 14). 

The accretions are characterized by a nearly 
straight line increase in thickness with velocity 
at lowervelocities (up to 50m/s), with a ten-
dency for a longer straight line portion as the 
temperature is lowered. The accretion thickness 
reaches a maximum and falls off toward the tip of 
the rotor at higher velocities. The position of  

the maximum also shifts to higher velocity (for 
the smoothed fit) as the temperature is lowered: 
about 55 m/s at -13°C, 65 m/s at -17.5°C, and 70 m/s 
at -29°C. 

Figure 10 shows the cross-sectional forms at 
velocity values that correspond to the position of 
the maximum leading edge thickness. As seen here, 
the maximum thickness occurs in the leading edge 
position with a tapering toward the outer positions 
of the rotor, the form changing slightly with the 
experimental conditions. For the -13°C temperature 
the cross-sectional thickness is nearly constant 
at the maximum value over a broad surface while 
at -17.5°C the form is strikingly like a linear 
translation of the initial circular rotor cross 
section. At the lowest temperature (-29°C) the 
form seems to drop back smoothly towards the edges 



12<1 

E 

Figure 9. Experimental and computer simulation results for -290C 
ambient air temperature. The Polynomial Fit represents the experi-
mental ice accretion measurements. The second Numerical Simulation 
curve adjacent to the Polynomial Fit represents the adjusted com-
puter simulation assuming an approximately 50% lower effective lwc. 
The scale at the top represents the grain size distribution versus 
velocity as measured on the thin sections. 
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so that the front section has an elliptical form 
rather than a circular Shape as at -17.5°C. 

An example of a thin section of the ice 
accretion is shown in Figure 11. This section was 
taken along the leading edge in the plane of 
rotation at a distance between 25 and 58 ima from 
the rotor center corresponding to velocities of 
9.3 and 21.6 m/s. As shown here, the grain size 
changes from about 1 to 2 ass to 1 to6 mm in the 
15 m/s velocity region. Previous work on hailstone 
growth (6) has indicated that such a transition in 
grain size usually corresponds to a change in 
surface temperature from below 0°C to 0°C. These 

regimes are called the 'dry" (T <000 an "wet" 
(T = 0°C) growth regimes, implying either the 
absence or presence of a liquid film at the 
surface during freezing. The figure also indicates 
a grain size change from the first layer formed at 
the rotor surface, shown at the top of the thin 
section, to those subsequently forming. This size 
change may possibly arise from a change in heat 
transfer conditions, where initially the latent 
heat of freezing escapes both into the rotor 
surface and also into the air flow, whereas later, 
because of the poorthermal conductivity of the 
initial ice layer, the heat transfer is dominated 
by transfer processes into the flow alone (2,3). 

Discussion 

In an accompanying paper (3) the methodology 
and assumptions of the numerical simulation are 
presented. Here we discuss the comparison of 
simulations with the experimental results shown 
earlier in Figures 7, 8 and 9. Figure 7 (-13°C) 
shows quite good agreement between the thickness. 
predicted at the leading edge and that actually 
observed in the experiment. For velocities up to 
70 m/s, it appears that the simulation consistently 
under-predicts the ice thickness, with the greatest 
discrepancy existing in the range from 140 to 60 rn/s 
This velocity range is also that just beyond the 
position where the predicted surface temperature 
goes to 0°C, in good agreement with the transition 
between small- and large-grained ice, which effec- 

tively delineates this temperature transition in 
the experimental ice accretion (Figure 11). Beyond 
70 m/s, the experimental thickness drops off, 
while the numerical simulation predicts a con-
tinuing rise in ice accretion thickness at a 
reduced rate. 

One possible source of the under-prediction 
in the 140 to 60 m/s range is the flow of unfrozen 
water frominboard positions, which subsequently 
refreezes in an irregular manner farther out. In 
the numerical simulation, the blade is broken down 
into individual velocity segments and the unfrozen 
water remaining after the heat balance is satisfied 
is assumed to be lost into the flow, i.e. no 
movement of unfrozen water is allowed along the 
blade. The outboard pointing icicles shown for 
the -130C case in Figure 14 indicate this is not 
the case experimentally. Furthermore, the irregular 
surface protruding into the flow would_allow a 
more efficient local heat transfer and possibly 
more freezing than the smoothly shaped surface 
assumed in the simulation. At positions beyond 
70 rn/s, the experimental ice thickness falls below 
that predicted by the simulation, possibly from 
two causes. One is the variation in the flow 
field near the tip of the rotor induced, by the 
blunt end that probably causes turbulent effects 
for some distance inboard (e.g. as much as two 
diameters or 5 cm). That effect would considerably 
modify the flow field in this region and break 
down the assumptions on how many droplets/ unit 
time are carried to the rotor. The second cause 
is the higher accelerations experienced nearer the 
tip as indicated by the lack of irregular forms 
(icicles) in this region. The migration of un-
frozen water to the region beyond 70 m/s and later 
refreezing therefore may not occur as it apparently,  

does at lower velocities.. 
At -17.50C (Fig. 8) the simulation is also 

in good agreement with the predicted thickness up 
to about 140 m/s, where the discrepancy between 
predicted and experimental conditions starts to 
become significant, with the slopes of the accretion 
curves changing at 60 m/s. As with the -13°C 
experiment, the simulated surface temperature rise 
to 0°C is in good agreement with the observed 



Figure 10. Ice accretion thickness shown in cross 
section at the velocity of maximum thickness for ex-
perinents performed at -130C, -17.50  and -290C. 

Figure 11. Thin section of ice accretion taken in 
the plane of the leading edge at -130C. The thin 
section is from 25 mm to 58 mm from the center of 
the hub, in the velocity range 9.33 to 21.6 m/s. 
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grain size transition that would indicate experiment-
ally that this transition has occurred. The dis-
crepancies between the simulated and observed 
thicknesses can again be broken into categories by 
velocity. In the range of 40 to 60 m/s, the 
simulation over-predicts the ice thickness. But 
if we also refer to the cross section in Figure 
lOb for this temperature, as noted earlier, the 
cross section resembles a translated circular 
section of the original rotor. In the simulation, 
however, we assume that the ice accretes in an 
elliptical manner with the maximum value at the 
leading edge, dropping smoothly to zero thickness 
at the 90°  points. We can easily see that the 
total mass of ice for the simulated and experimental 
cases could then be very similar. But because of 
our assumption on the distribution as an ellipse, 
the centerline thickness would then appear greater 

L-7- 
3cm 	 cm 	 cm 	' cm 

in the simulation (elliptical cross section) than 
it would in the experimental case (circular cross 
section). Beyond 60 m/s, the differences become 
much greater and the effects may be as mentioned 
earlier, an end effect on the rotor and the high 
accelerations on the boundary layer at the larger 
distances from the center of rotation. The 
experiments also indicate a transition back to 
smaller grain sizes in the 60 m/s range for both 
the -130C and -17. 5°C experiments. Since the 
thermodynamic conditions differ between these two 
experiments, the Only common feature is the mech-
anical forces on the droplets, and we therefore 
imply this as a further confirmation of end effects, 
high inertial forces or other mechanical processes 
dominating at the higher velocities. 

Figure 9 shows the comparison between the 
simulated and predicted values for the given 
conditions at -29°C. Here the agreement between 
the simulated and experimental values is quite 
poor (solid line and circles). For temperatures 
below -25°C, the tendency was for decreasing 
amounts of ice accretion, even though the simulation 
would indicate that all the available water could 
be accounted for as secreted ice with the given 
heat balance. A simulation at an lwc les than half 
that of the meaured value (0.00046 kg/rn compared 
to 0.00108 kg/rn ) gives a reasonable simulation of 
the accumulation seen up to the previously well-
simulated velocity of 60 m/s. 

A number of possibilities exist as to why 
less than the predicted amount of ice is accumulated 
at this temperature. These are only possibilities 
at this stage, without further evidence, but may 
provide some guidance for future experiments aimed 
at sorting Out these possible effects. One of 
these is a drop in the effective liquid water 
content by the droplets nucleating to ice particles 
prior to striking the "dry" surface of the object 
and bouncing off rather than being captured. 
Hobbs (7) has indicated an exponential rise in ice 
nuclei Tin the free atmosphere) at temperatures 
below -250C compared to nearly constant values 
independent of temperature above -250C. Presumably 
the chance for capture of an ice nucleus by a 
droplet and ice formation in the atmosphere might 
then be more likely at the lower temperature. A 
second factor might be a change in the properties 
of the droplets causing a tendency for increased 
rolling or bouncing off the object after striking 
it (still as supercooled water), thereby reducing 
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the number that are directly captured at the lower 
temperatures. Unquestionably the effect is there, 
in that the amount of accreted ice is less than 
expected for the given conditions, but the explana-
tion is open for future studies. The grain sizes 
of the accreted ice are less than'0.l mm and are 
consistent with the droplets freezing nearly 
immediately on impact with little spreading. 

Conclusions 

In general, we find reasonable agreement 
between the simulated and experimental ice accre-
tion thicknesses formed at the object's leading 
edge for temperatures down to '-25°C and in the 
velocity range from 0 to 60 m/s. The one major 
difference that can be adjusted to in this velocity 
range is the possibility of unfrozen water migrating 
along the object surface and refreezing irregularly 
at a different location. The cross-Sectional 
shape in the wet growth regime (generally the 
higher temperatures but equivalently higher liquid 
water content at lower temperatures) appears to be 
flatter and more uniform across the cross section 
(Figure ba) than the elliptical shape assumed in 
the numerical simulation. Good agreement is found 
between the predicted surface temperature rise to 

0°C in the simulation and the structural evidence 
for this change given by the small- to large-
grained transition in the ice accretions. This 
agreement indicates the thermodynamic formulation 
used in the numerical simulation (2) is reasonably 
good. Within this framework some adjustments can 
be introduced into the current numerics to account 
for these variations which seem to be both general 
and currently explainable. 

Less explainable are the deviation between 
the numerical results and the experiments at 
velocities greater than 60 m/s. Two possibilities 
appear at this time; one is the high radial ac-
celerations at these velocities and the other is 
end effects because of the blunt end of the 
rotor. More experiments are necessary at different 
rotation rates and with longer rotors at the same 
rotation rate to further clarify the effects seen 
here at velocities greater than 60 m/s. 

Similarly, the less_than_predicted accretions 

seen at -29°C have a few possible causes at this 
time and it has not been decided whether the 
effects arise from processes in the droplet's path 
to the rotor (e.g. greater numbers of ice nuclei) 
or from processes at the rotor surface such as a 
greater propensity for droplets to roll or bounce 
of f without accreting at these temperatures. 
Experiments to examine the structure of the droplets 
prior to accreting are planned and may assist in 
clarifying this problem. In addition, analysis of 
data obtained this past season at Mt. Washington 
may also assist in resolving these issues. This 
analysis will be proceeding and will be the 
subject of future reports. 

The problems reported here for the rotating 
case should be viewed in that context, however, 
and we are strongly encouraged by the good agree-
ment up to the 60 m/s velocities. Since this 
velocity range encompasses most of the naturally 
occurring wind velocities on the earth's surface, 
we conclude that the numerical ice accretion 
simulation will probably give quite reasonable 
results for many structural applications that do 
not have the complex velocity fields reported 
here. These include power lines, tall towers, and 
ship icing conditions. 
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