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Time-dependence enters into calculations of 
ice accretion on objects primarily through 
terms dependent on the initial conditions and 
size and geometry of the object. A numerical 
technique to include the time-dependence is 
described here as well as simulation of 
complex situations where the conditions vary, 
for example, along a helicopter rotor blade. 
Some results of varying droplet sizes, velocity, 
and droplet distributions are presented. 
These indicate the general dependence of ice 
accretion on these parameters as well as 
illustrate the utility of numerical techniques 
in seeing how these effects can influence the 
rates of ice accretion for particular initial 
conditions. 

In this paper, we point out those features in 
the governing relationships for ice accretion that 
require special treatment because they implicitly 
contain time dependence leading to feedback effects. 
We then show how the time-dependent formalism can 
be solved by using numerical methods to more 
correctly account for these feedback effects and 
include them in calculations of ice accretion on 
objects, given the atmospheric conditions and 
object parameters. The computer model is useful 
as a simulation tool to provide input for design 
purposes such as helicopter deicing design or 
structural applications such as power line or 
tower icing prediction, or as a research tool to 
examine the sensitivity of the icing process to 
variations in the input variables. These simula-
tions may assist in the extension of limited 
laboratory and field testing, lending some gener-
ality to the understanding of ice accretion 
processes, and extension to applications where 
data are limited, for example, the case of power 
line icing in remote locations. 

Physics of Ice Accretion 

The primary sources of icing conditions are 
clouds and fog since the smaller droplets present 
in those configurations can sustain substantial 
supercooling over a wide temperature range. The  

six parameters necessary for quantifying the 
problem can be conveniently divided into three 
properties of the atmosphere (the ambient tempera-
ture T0, the liquid water content lwc, and the 
droplet radius distribution RdrO) and three of the 
accreting object (its cross section diameter, 
2a, velocity u, and shape, e.g. cylinder, airfoil, 
etc. ). 

If we move an object relative to a supercooled 
cloud, the rate of ice accretion depends on two 
factors. First, the icing rate depends on the 
kinematic interaction between the object and the 
droplets in the cloud. This relation determines 
whether particular droplet sizes are captured. 
Second, it depends on the thermodynamic processes 
at the object surface. Here, a balance is obtained 
between the rate of heat release necessary to 
freeze all or part of the impinging water and the 
rate at which heat can be carried away from the 
surface into the flow field by the processes of 
convection, evaporation, radiation, etc. We first 
consider the kinematic interaction. 

In determining the interaction between the 
droplets and the flow field, we integrate the 
equation of motion for the droplet in the flow 
field'. Following Brun (1), the assumptions for 
this formulation are: a) the streamlines deter-
mined for clear air are valid, i.e. the droplets 
are not sufficiently numerous to perturb the flow, 
b) gravity forces are significantly less than the 
inertial forces, so as to be neglected, c) the 
pressure forces on a droplet are equivalent to 
those on an equal volume of air at the same location, 
consequently they may also be neglected compared 
to the inertial forces because of the much greater 
density of water with respect to air. 

Neglecting terms due to these factors, the 
motion of the droplet therefore results primarily 
from the inertial and viscous drag forces as it 
drifts with the fluid streamline. The drag force 
is proportional to the velocity and the drag 
coefficient, cd, the droplet sees at any given 
time. Newton's second law in dimensionless form 
for the droplet, after Langnuir and Blodgett (2), 
therefore becomes, for the circular cylinder case: 

dud  cdRe  - - 
u-u) 	 (1) 
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Here ud  is the dimensionless velocity of the 
droplet at any point, 5 the dimensionless stream-
line velocity at the same point, Re the Reynolds 

)u 
number = 2 5 	p 	 , c the drag 

drop air 	n 	d 

coefficient, and k the inertial parameter (anal-
ogous to mass in dimensionless form) = 

2 p R 2 
	

u 
w drop 9a 
The drag coefficient of a spherical drop, Cd 

in general also exhibits a functional dependence 
on Reynolds number (•). 

The calculation of droplet trajectories, 
therefore, involves considerable computation time 
since the equation of motion has to be integrated 
numerically with respect to time to fully assess 
the degree to which the droplet deviates from the 
fluid streamlines. 

Langmuir and Blodgett (2) compile these 
computations into curves of the collection ef-
ficiency, E, as a function of two dimensionless 
parameters, each depending on the free-stream 
velocity, droplet radius, and cylinder radius. 
Collection efficiency is defined as the fraction 
of the distance from the centerline of the cylinder 
axis that a droplet can be and still be captured 
by the cylinder, i.e. the far field position of 
the droplet trajectory that is tangent to the 
cylinder (Fig. 1). It also refers to the fraction 
of the total possible droplets that is collected. 
Under natural conditions, there is usually a 
distribution of droplet sizes, so the computations 
become lengthy since an equation of motion has to 
be integrated separately for each size category. 
The total collection efficiency is then the sum of 
the collection efficiencies for each size times 
the fraction of the total lwc represented by that 
droplet size. 

Time-Dependence in the Droplet Trajectories 

The first of the time dependent effects that 
have not been treated in detail in earlier work is 
that of the droplet trajectories. As ice aceretes 
on the front surface of the cylinder it is apparent 
that the cylinder cannot maintain its initial 
circular shape. The streamline characterized by 
the boundary of the Object is, therefore, no 
longer the same as it was initially and the velocity 
field in other regions is proportionally distorted 
to maintain continuity. From equation 1, the 
change in velocity of the droplet depends on the 
streamline velocity in that location. The trajec-
tory and velocity of a given droplet size will 
therefore be modified over the initial value prior 
to the ice accretion, thereby changing the collec-
tion efficiency, E, as ice accretes. This effect 
has not been included systematically before be-
cause of the length of the computations required 
to get the initial pre-icing values of the collec-
tion efficiency. With a digital computer of 
sufficient power, however, this effect can be 
taken into consideration as we show in a later 
section. 

Thermodynamic Processes at the Object Surface 

In general, the mass rate of water arriving 
at the Object surface (per unit length) can be 
1ritten as: 

kg 
m = E lwc u (2a) 	rn-s 	 (2) 

where E, the collection efficiency as described, 
depends on the velocity, droplet size, object 
cross-sectional diameter, and object's characteris-
tic dimensions, lwc is the volumetric liquid water 

Figure 1. Air streamlines and droplet trajectories with respect to 
a right circular cylinder. Collection efficiency Ey0/a where y0  
is the initial far-field y location of the droplet trajectory that 
is just tangent to the cylinder and a is the radius of the cylinder. 
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content (kg/rn3), u is the free stream velocity 
(m/s), and 2a is the object cross section to the 
flow (rn). However, the mass of ice accreted will 
not in general be equal to this quantity if heat 
transfer processes cannot adequately freeze all of 
the accreted water. 

The heat transfer controlled by the properties 
of the flow is taken as the sum of the convective 
and evaporative fluxes, and the aerodynamic heating, 
of the incoming air (1): 

.6L 
qsurf = -H [(T-T o 	2c )- 	° + 

pc 	
(E'-E 

0 
)] (3) 

pair pair 

New terms are H, the convective heat transfer 
coefficient, B, the surface recovery factor, 
c air'  the heat capacity of air, L0, the latent 
heat of water vapor-ization, E', the vapor pressure 
of water at surface temperature T, E0, the vapor 
pressure of water at the ambient temperature T0, 
and p, the atmospheric pressure. The factor 

converts the mass flux from weights of water 
p 
vapor to the more convenient vapor pressure form 
and uses the relationship of latent and sensible 

heat transfer coefficients of 'm - F(Le) 
H - c air 

where F(Le), a function of the Lewis number Le 
(ratio of the diffusion coefficient to thermal 
diffusivity), is approximately 1. Therefore, 

H 
m 	C 
= 	, as indicated in equation 3. 

p air 

The total heat balance at the blade surface 
between the flow and that given up by the incoming 
droplets is shown schematically in Figure 2. 
Three cases of surface temperature define specific 
terms related to the droplets' heat transfer 
terms: 1) T>0°C, 2) T = 0°C, 3) T<0°C. 

Case 1. T>0°C. In this case, the heat flux 
is due to the temperature difference between the 
collected water and the droplet temperature in the 
flow plus the conversion of the droplet kinetic 
energy into heat. No ice is accreted if the 
surface temperature T>0. 

Case 2. T = 0. In this case, a fraction F 
of the accreted water is converted to ice, adding 
the latent heat of fusion (ij to the heat flux. 

Case 3. T<0. Here all the accreted water is 
frozen as ice, and a second additional term is 
added to account for the difference in specific 
heat between the incoming water and resulting ice 
at temperature T. The heat balance as shown 
schematically in Figure 2, after Messinger (11), can 
be taken for any of the three cases, and the 

residual heat, dQ, can then be used to modify the 
surface temperature by 

(T cbld  +dQ) 
T = 
new 	cbld 

Here, 

c 	mblade = c(bld) + m Fc p ice 	(5) 

i.e. the heat capacity of the object (blade) plus 
the heat capacity of any accreted ice. The new 
temperature Tnew  can then be checked to see if it 
is above or below 0°C and the appropriate terms in 

Figure 2. Schematic indicating the five terms and 
in the heat balance and whether they are carrying 
heat toward (+) or away C-) from the freezing sur-
face. Convective flux usually takes heat away 
from the surface (-) but at high velocities adia-
batic compression of the flow dominates and the 
convective heat flux is then given positive towards 
the surface. 
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the heat balance selected. In going across 0°C, 
the appropriate balance is chosen based on the 
value of the accreted ice fraction F. F must lie 
within the range 0<F<l in order for the T = 0 
thermodynamics to be chosen. 

Time Dependence in the Thermodynamics 

As with the droplet trajectories, the time 
dependence of the thermodynamics associated with 
ice accretion results from the distortion of the 
object's size and shape as ice accretes. The mass 
rate of water collected contains this dependence 
in the collection efficiency term which changes as 
the flow field responds to the increasing accretion. 
The heat flux from the surface into the flow 
varies with the change in heat transfer coefficient 
which in turn varies through the changes in 
surface area and shape with time as well as with 
the mass rate terms. In general, then, the correct 
form of the equations exhibits significant time-
dependence. A scheme to update the time-dependent 
parameters as ice accretion proceeds is described 
next. 

Numerical Ice Accretion Model 

In a first attempt to include time-dependence 
and its subsequent effects on later ice accretion, 
a numerical model of the ice accretion processes 
described has been programmed on a digital computer. 
The model is programmed in the language BASIC on 
the Dartmouth Time Sharing System (DTSS), which 
uses a Honeywell 66/140 computer. Hook-up is 
through an acoustic coupler connected by telephone 
line to the computer. The model includes software 
using DTSS subroutines for graphical display of 
the results using a Tektronix Model 14013 CRT 
display. A more extensive description of the 
program and its underlying physics is given in (5). 

Figure 3, a block diagram of the numerical 
model, indicates how the time dependence is an-
counted for by the loops indicated by the various 
arrows. The major one is the recomputation of the 
object profile after ice accretes, based on the 
mass of accreted ice. The new profile is then 
used to update the flow field and determines 



Figure 3. Block diagram of the numerical model for calculating ice 
accretion. Each block represents a subroutine of the program. 
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changes, for example, in the collection efficiency, 
E, and heat transfer coefficient, H, for the next 
timestep. 

Figure 14  shows the subroutine for the icing 
thermodynamics. This routine takes the output of 
the collection efficiency routine and the initial 
variables to compute the mass of ice accreted 
based on the thermodynamic balance. The temperature 
of the object surface is initialized in the control 
program at the recovery temperature of a non-icing 
flow at the same velocity. 

The model proceeds through the icing thermo-
dynamics based on the pseudo steady-state tempera-
ture hypothesis--i.e. over a small enough increment 
of time, the temperature of the object does not 
change. So, before the thermodynamic balance is 
initiated, the heat transfer coefficient is calcu-
lated using the current value of the surface 
temperature. Then, based on the current surface 
temperature, it branches to the appropriate thermo-
dynamic expression. The complete thermodynamic 
balance yields the new surface temperature, or new 
ice fraction accreted, if in the T = 0°C temperature 
regime. Of course, care must be taken to maintain 
physical as well as thermodynamic continuity as 
the temperature proceeds through the limits of 
each thermodynamic argument. The program naturally 
checks for errors in continuity and redirects 
execution at the appropriate level. 

At the end of the icing thermodynamics, the 
output is given as new ice mass, total heat capacity, 
and surface temperature. After several iterations 
of the thermodynamics, the new total ice mass is 
fed back to the object profile calculation (Fig. 
3) to recompute the object size, flow field char-
acteristics, and surface area for the next time 
period of the calculation. 

Helicopters flying in icing conditions have 
presented a continuing problem since they normally 
Operate at altitudes where icing conditions occur 
more often. They also have the interesting char-
acteristic that the linear velocity of the rotating 
blade varies over a large range, from essentially 
near zero in the hub region to nearly sonic 
velocities at the blade tip. This is given by 

v. 
1 = B 1  

.W 	 (6) 

where v. is the velocity of the segment, B1  the 
distance from the rotor hub and w the angular 
velocity of the rotor. Interest in how these 
changing conditions influence ice accretion 

processes was a continuing impetus in the develop-
ment of this numerical scheme. Two options to 
include the velocity variability were therefore 
built into the program. 

The first of these selects specific values of 
the velocities (or equivalently, position along 
the rotor) and computes the ice mass and profile 
changes as a function of time. Figure 5 shows 
such a calculation for a velocity of 10 m/s and 
initial conditions of 1.143 g/m3 lwc, droplet radius 
of 145 im and Ta= h7.7°C. Any number of velocities 
can be selected, allowing details of the ice 
accretion process to be seen, such as the time-
dependence of the collection efficiency or heat 
transfer. The heavy black line is the tangent 
trajectory used to compute the collection efficiency 
for this case. The figure is illustrative of the 
three. main time intervals of the calculation. The 
spacing of the dots in the temperature plot indi-
cates the time period (2 s) that we take for the 
pseudo steady-state heat balance, i.e. in the 2-s 
time interval it is assumed the thermodynamic 
properties of the system do not change signifi-
cantly. After 25 repetitions of the thermodynamic 
balance with successive updates of the heat flux, 
the profile dimensions are sufficiently changed to 
then require the updating of the collection ef-
ficiency, ice mass and profile shape character-
istics. The time periods of these are 50 s and 
are indicated by the hacks on the time scale. The 
changes in the profile dimensions indicated on the 
figure take place at these intervals. The third 
interval is the total time of the calculation, 
indicated by the full length of the time scale 
(300 a). Programming mechanics dictate that these 
times be integer multiples of the smallest value. 
However, they can be modified within this con-
straint. 

The second display option is shown in Figure 
6. Here the quantities final surface temperature, 
leading edge (maximum) ice thickness, and variations 
of collection efficiency and fraction of collected 
water accreted as ice are given as a function of 
velocity along the blade from 0 m/s to 250 m/s. 
The program computes and stores the heat balance, 
ice thickness, and collection efficiency for each 
10-m/s velocity interval for a period of 300 s 
and steps to the next velocity value. At the end 
of the 25 values (0 to 250 m/s in 10-m/s intervals), 
the information saved at the end of each calcu-
lational step is then displayed. Straight lines 
are drawn between the points to complete the 
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Figure 4. Subroutine THERMO calculates mass of water arriving and 
converted into ice or shed as unfrozen water if (>0°c). 
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curves asshown. In addition, the lowest plot 
shows the percentage of the accreted water that is 
frozen into ice. As shown for this particular 
plot, the fraction accreted and frozen drops below 
100% at the point where the surface temperature 
goes to 0°c as the thermodynamic equations would 
indicate. 

Result 

In this section, we give some examples of the 
effects introduced by including the time-dependence  

as formulated previously. First, the effects of 
including collection efficiency feedback and a 
distribution of droplet sizes are shown in Figure 7. 

Here the amount of ice accreted as time 
proceeds is plotted for the initial conditions of 
lwc = 1.08 9/m3, initial ambient air temperature = 
-5.50c, and velocity = 60 m/s. The droplet dis-
tribution selected is a Gaussian with six classes. 
The mean radius is 17 pm and the droplet radius 
standard deviation is 8 pm about the mean. As 
shown by the inset table listing the lwc amounts 
by droplet size, very little of the total water 
available is partitioned into the lower droplet 



Figure 5. (Top) The change in profile dimension at 50-s intervals by ice accretion 
is indicated by the profile shapes on the initial half cylinder. The black line 
coming from the right is the tangent trajectory at the beginning (top of the black 
line) and end (bottom of the black line) of the icing period of 300 s. (Bottom) 
The surface temperature of the front half cylinder as a function of time is plot-
ted. As seen, the surface temperature reaches an equilibrium value within about 
30 $ after the icing starts. 
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Figure 6. Numerical simulation of helicopter rotor blade icing showing the 
surface temperature, leading edge ice thickness, collection efficiency and 
fraction accreted (as ice) as a function of velocity for the initial 
conditions as shown. The maximum ice thickness occurs when heat transfer 
conditions optimize with amount of accreted water (equation 6) to form the 
most ice. 
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Figure 7. Droplet trajectories and ice profile changes for a Gaussian droplet 
size distribution. Droplet sizes and respective liquid water contents are 
given in the inset; collection efficiencies for the various droplet categories 
and their changes with profile dimension changes are given on the right hand 
scale. Profile ice thickness changes are shown at 50-s intervals. Thermo-
dynamic conditions for this simulation are such that the surface temperature 
was at 0°C (equilibrium) and some accreted water was not frozen. 
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sizes (for the two lowest droplet sizes the lwc is 
two to three orders of magnitude lower than for 
any of the four highest classes). Referring to 
the profile plots, the dark lines originating at 
the right refer to the collection efficiency and 
its changes with time and droplet size as shown. 
The thickness of these lines results from "over-
printing" on the display screen so the top of the 
line for any droplet class is the tangent trajectory 
that, when scaled to the object radius, gives the 
initial value of collection efficiency for that 
class (scale at right). The bottom of each thick 
line is the final collection efficiency value 
after 300 s of ice accretion has taken.place. For 
the highest droplet sizes (>20.2 pm) the collection 
efficiencies are generally 0.75 or above for this 
velocity. The collection efficiency drops markedly 
for sizes below 20 pm and the decrease in collection 
efficiency with ice accretion (given by the dis-
tance between the top and bottom trajectories or 
thickness of each line) is also greater for the 
smaller droplets. The ice accretion rate does not 
change dramatically since 90% of the liquid water 
is concentrated in the top three droplet classes. 
The collection efficiencies for these vary by the 
smallest amounts (13 to 5%) at this velocity and 
object radius so the rate of ice thickness change 
is not substantial for the time period of this 
simulation. It is seen from this plot that a 
lowering of the mean droplet size, such that a 
significant shift occurs in the amount of lvc 
available in small droplets (< 114 pm radius), would 
substantially change the ice accretion rate. The 
collection efficiency and its change with object 
profile are both more markedly affected at the 
lower droplet sizes, for example, the collection 
efficiency of the 1-pm category decreases from 
15% to 6%, a 60% change with object profile change. 

We illustrate this further in Figure 8, where 
two profiles are shown for the same conditions 
except that the droplet size is given as 30 pm 
(a) and half that, 15 pm (b). From this figure we 
see that the total centerline ice thickness is 
reduced by 140% by changing the droplet radius, 
even though the ambient temperature and liquid 
water content are the same for both cases. Similar-
ly, the calculated surface temperature is higher for 
the larger droplet size since more latent heat is 
liberated per unit time, increasing the heat flux 
to the object surface and increasing its temperature. 

In Figure 9, we compare and discuss a simula-
tion with experimental data to indicate both the 
general validity of the model and some specific 
differences that require more experimentation and 
better model parameterization. This figure, in 
the ice thickness distribution portion, shows the 
simulated and experimental results. The experi-
mental arrangement is more fully described in 
Ackley et al. (7). Briefly, the measurements were 
taken from a rotating cylinder system at 3600 rpm in 
a coldroom at the ambient temperature shown. 
Water of the mean droplet size and lwc indicated 
was sprayed onto the rotor. Comparing the two ice 
thickness curves it is seen that the simulated ice 
thickness somewhat underestimated the experimental 
accumulation but is reasonable within the cosi-
straints imposed by both the assumptions in the 
simulation (e.g. one droplet size at the mean 
experimental value) and the errors in measurement 
in the experiment on both droplet size and lwc 
('25%). In the experiment, analysis of the ice 
properties showed a grain size change indicating a 
transition in surface temperature from below 0°C 

to .0°C in the vicinity of the blade where the 
linear velocity was 20 m/s. As shown by the 
calculated temperature distribution (top of Figure 
9) the calculated rise to 0°C takes place in about 
the same velocity region. This agreement would 
indicate that the simulated heat transfer and 
thermodynamic relations are approximately compatible 
with the experimental measurements. 

A difference between the two is the location 
of the maximum ice thickness in the experimental 
data when the simulation indicates the ice thickness 
should be increasing all the way to the tip of the 
experimental rotor (v 100 m/s) for this set of 
conditions. Other experiments indicate, however, 
the maximum position may possibly be controlled by 
a flow field, perturbation induced by the blunt end 
of the cylindrical rotor. We plan further experi-
ments at different rotation rates (i.e. changing 
the velocity distribution without changing the 
physical dimensions of the rotor) to see if this 
effect is modified and in what way. At this time, 
therefore, we assign no particular significance to 
the position of the thickness maximum differing 
between the experiments and the simulation until 
further experimental results are available that 
can test the possible end effects of the rotor tip. 
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Figure 8. Accreted ice thickness and temperature for 	Figure 9. Comparison between experimental data 
ambient conditions indicated. The profile updates 	(ambient conditions inset)and model simulation of 
occur at 50-s intervals. The difference in accreted 	the same conditions. Agreement is reasonable con- 
ice thickness for the two cases (a) and (b) occurs 	sidering experimental errors in lwc (s 25%) and use 
because of the change in collection efficiency for 	of a single droplet size (mean experimental Size) 
the droplet sizes 30 pm (a) and 15 pm (b). 	 in the simulation compared to a distribution in the 
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In Figure 10 the relative contributions of 
the thermodynamic terms from the accretion shown 
in Figure 6 are shown. The heat balance requires 
the algebraic sum of the positive and negative 
contributions to the heat flux to equal zero as 
long as ice is accreting. If the balance goes 
positive, then the excess heat is taken up by a 
rise in surface temperature. At velocities below 
50 m/s, Figure 10 shows the convective flux domin-
ates, contributing about 50% of the necessary heat 
flux to freeze the accreted water with smaller and 
nearly equal contributions from droplet supercooling 
and evaporative heat.flux of'  25% each. At about 
80 m/s, the convective flux is at its maximum 
negative value and it then becomes less negative with 
increasing velocity because of the contribution to 
this flux by adiabatic compressional heating of the 

Ru2  
flow, 2 ° 

	

	(Figure 14).  Above 80 m/s, an addi- 
p air 

tional positive term, the kinetic energy imparted 
by droplet impact, also becomes significant. The 
increasing positive contribution of these terms 
causes the latent heat of freezing to reach its 
maximum, since the other terms, the evaporative 
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Figure 10. Magnitude of the individual thermo-
dynamic terms as. a function of velocity for the 
simulation shown in Figure 6. The terms are 
defined in Figure 14. 
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and supercooling influx, decrease more slowly with 
velocity than the positive terms are increasing. 
The maximum available latent heat requirement 
corresponds to the maximum ice thickness at 1140 m/s. 
At the maximum ice thickness, the heat necessary 
to freeze the accreted ice is about 145% from 
droplet supercooling, 25% from evaporative flux 
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and 30% from convective flux. Kinetic energy of 
the droplets consumes about 7% of the heat at this 
point, the remainder being balanced by the latent 
heat of freezing. No heat is available for freezing 
from convective flux above 200 m/s due to the 
heating effects of adiabatic compression. At 
about 21 0 m/s, the kinetic energy of droplet 
impact, the now positive convective flux, and the 
latent heat of freezing all consume equal amounts 
of the negative flux available from evaporative 
flux and droplet supercooling for this set of ini-
tial conditions. 

Conclusions and Future Studies 

As pointed out earlier, one important result 
of numerical methods is a more accurate comparison 
of theory with experimental results by including 
time dependence in a measurable way. These com-
parisons can provide more confidence in simulation 
of conditions that are not experimentally known. 
For example, it is clear from Figures 7 and.8 that 
a change in either mean droplet size or in the 
distribution such that large numbers of small 
droplets dominate the liquid water content can 
radically change the amount of ice accreted. 
Using the results of ground icing sprayers with 
large droplet sizes to test for cloud conditions 
may therefore be highly inaccurate. The change of 
collection efficiency with time as mass accretes 
is also a complex function of the initial condi-
tions more strongly affected by droplet sizes, and 
the numerical solution graphically portrays how 
these conditions can affect the ice buildup. 

In a situation such as a helicopter rotor 
blade, the thermodynamics determining the ice 
buildup at any particular linear velocity can show 
wide variability in which terms dominate, so a 
numerical solution and graphic display can provide 
a convenient method of seeing this variability. 
For design purposes, additional terms (for example, 
increasing the heat flux to the blade surface by 
electrical heating) can be evaluated to determine 
whether particular icing conditions would be 
relieved or unaffected by the extra .heat flux. An 
optimization procedure could then be used with 
statistics on meteorological conditions to evaluate 
the likelihood of the design change significantly 
increasing the chances for successful operation. 

At. present, within the data limitations that 
have been used for its formulation,, the model 
offers a significant method of evaluating time-
dependence (or independence) of the various para-
meters that influence the icing process. With 
this information, extension to engineering design 
may be facilitated by easy access, to a number of 
simulated 'case histories" applying to aircraft 
icing or ground-based structural problems. For 
example, total icing loads on a structure with a 
variety of different shaped and sized struts can 
be computed by breaking the structure down geo-
metrically, treating each shape individually, and 
summing up the individual loads into the total for 
the structure. 
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