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Droplet Size Distribution Effects
on Aircraft Ice Accretion

R. John Hansman Jt.*
Massachusetts Institute of Technology, Cambridge, Massachusetts

The impinging mass flux distribution which determines aircraft ice accretion rate is shown to be related to the
atmospheric droplet size distribution through the droplet collection efficiency of the body. Collection efficiency
is studied by means of a two-dimensional droplet trajectory code which includes the effect of nonspherical
droplet shape due to hydrodynamic deformation. The simulation was found to agree with wind tumnel
photographic studies of droplet kinematics. The results of the simulation are used to generate impinging mass
flux distributions for typical cloud and precipitation size distributions. The impinging mass approach is also
used to determine relative icing rates from several supercooled cloud characterizations including the intermittent
maximum icing enveldpe of Federal Aviation Regulation, Part 25.

Nomenclature

A =droplet area perpendicular to the relative wind

a = droplet acceleration vector

C, =drag coefficient

D,, =diameter of equivolumetric sphere

D, =median volume diameter

f =droplet size distribution function

H =height of body

h =height of impingement window

K, =constant in droplet equation of motion

LWC =liquid water content

M,; =droplet mass

Re  =Reynolds number based on D,

U = freestream velocity

u = fluid velocity

v =droplet velocity

v  =relative wind velocity

b =structure collection efficiency

M =dynamic viscosity of air

Pa = air density

Pp =droplet density

¢ =impinging mass flux distribution function
Introduction

UCH of the basic experimental and analytical icing

work in the U.S. was done in the 1940’s and 1950’s by
NACA and the aviation industry.!? In the 1980’s icing has re-
emerged as an important area. This is due to the developing
needs of the helicopter, general-aviation, and commerical-
aviation communities coupled with technical advances such as
high-speed digital computation.? The advances in computa-
tional power are extremely well suited to the calculation of
droplet impingement trajectories, which are a cornerstone of
any icing analysis work. Recently, several droplet trajectory
codes have been written which iteratively solve the droplet
equations of motion;*® however, there has been very little
direct experimental validation of these codes.
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In the following, a simple two-dimensional droplet trajec-
tory code was developed and subjected to experimental
verification. The code follows the standard approach of
Langmuir and Blodgett’” where the droplet is driven by the
hydrodynamic drag. It was found that the hard sphere drag
coefficients employed by most investigators do not agree with
experimental results for large drops due primarily to droplet
flattening. A new set of empirically corrected drag coefficients
was generated from well accepted droplet terminal velocity
data.® With the modified drag coefficients, the code was
found to agree well with wind tunnel photographic studies of
droplet kinematics.

The droplet trajectory code was used to study the effect of
droplet size on collection efficiency. Large droplets are seen to
be more important in the icing process due to their increased
collection efficiency and higher mass. This size effect is
quantified by the impinging mass flux distribution function
which is the atmospheric size distribution function weighted
by droplet mass and collection efficiency. Icing rate can be
directly related to the impinging mass distribution. Using the
simulation results as a guide to the collection efficiency, imp-
inging mass flux distribution functions were generated for
typical cloud and precipitation distribution functions. In addi-
tion, collection efficiency weighting was applied to the inter-
mittent maximum icing envelope of Federal Aviation Regula-
tion (FAR) Part 25° and the recent characterization of super-
cooled clouds below 10,000 ft.'® The resulting relative icing
rates highlight critical areas for concentration in icing cer-
tification programs.

Computeér Simulation of Droplet Trajectories

A computer code to calculate droplet trajectories in an ar-
bitrary two-dimensional flowfield has been written and is
described in this section.

Droplet Equations of Motion

The equation of motion for a droplet driven by another
fluid can be written from the hydrodynamic drag equation as

Ma=(Cy/2)p, Alu—vi(u—v) (n

where a and v are the acceleration and velocity vectors of the
drop, u the velocity vector of the fluid, M, the mass of the
drop, p, and p, the densities of air and water, A the area of the
drop perpendicular to the relative wind, and C, the drag coef-
ficient of the drop.
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In order to simplify the use of Eq. (1), it is assumed that the
area A of the droplet is the value for an equivolumetric sphere
and that any deviation from sphericity will be included in the
drag coefficient C,. The Reynolds number for the droplets is
defined as

Re = (pa/l")Dequel (2)

where v, is the magnitude of the relative wind felt by the drop
and D, the equivolumetric sphere diameter.

U =l —vl 3)

The equation of motion [Eq. (2)] now can be written in
simplified form as

a (CdRe) P @)
= —v
2 )k, "
where
1 p,
= Pp
=g DY ©)

which is constant over a particular trajectory.

Equation (4) is the equation of motion used in the trajectory
code. It has a form similar to the equation of motion first pro-
posed by Langmuir and Blodgett.” The coefficient (C,Re/24)
is presumed to be a function of the Reynolds number and is
discussed in a later section; K, is constant (assuming D, re-
mains constant); and (u—v) is the relative wind felt by the
droplets.

Iteration A]gorithin

A flow diagram for the iterative computation of two-
dimensional droplet trajectories is shown in Fig. 1. Three
groups of input parameters are required: the flowfield, the in-
itial droplet conditions, and the atmospheric conditions. The
code calculates trajectories for an arbitrary, known two-
dimensional flowfield. The velocity field must be input either
through flow equations or by means of tabulated values. If
trajectories near the bodies are being calculated, then the posi-
tion of the body surfaces must be included.

The code also checks for instability which may cause large
droplets to break up when experiencing high accelerations.
Secondary forces such as gravity can be included also.

Drag Coefficients

In most calculations of droplet trajectories, investigators
have used the drag coefficients for solid spheres*® first sug-
gested by Langrhuir and Blodgett.”

In order to check the validity of the Langmuir and Blodgett
drag coefficients C, or, equivalently, (C,Re/24), the code was
used to compute the terminal fall velocity of drops in the
Earth’s gravitational field. The results are shown in Fig. 2,
along with the well-accepted experimental results of Gunn and
Kinzer.® The Langmuir and Blodgett coefficients predict a
higher terminal velocity than observed experimentally. The
reason for the discrepancy is that the Langmuir and Blodgett
coefficients neglect such effects as drop deformation and the
increased drag due to turbulent eddies downstream of the
drop. These effects increase C,; and, hence, reduce the ter-
minal velocity.

In order to improve on the Langmuir and Blodgett coeffi-
cients, it was decided to invert the Gunn and Kinzer ex-
perimental results to determine a set of empirically modified
drag coefficients. The modified values of (C,Re/(24) are plot-
ted against Reynolds number in Fig. 3, along with the
Langmuir and Blodgett values. The experimental values cut
off at Re=3500, due to drop breakup. It is assumed that the
values of (C,Re/24) can be extrapolated to higher Reynolds
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numbers. Therefore, from Fig. 3,
C,R
> ® —1.699% 10-° (Re)"* Re>3500 ©)

Using the modified drag coefficients, the terminal velocity
was calculated both by code and analysis. As expected, the
values agree well with the Gunn and Kinzer data for the at-
mospheric conditions of 1080/millibars and 20°C at which the
experiments were performed.

Wind Tunnel Validation
of Computer Trajectories

In order to verify the computer-predicted trajectories,
droplets were observed in the setup shown in Fig. 4. Droplets
were injected into a free-flowing wind tunnel perpendicular to
the flow. Droplet velocity components along the tunnel axis
were measured 125 cm downstream of the injection site. The
measurements were made using a double strobe photographic
technique. Two strobes, sequentially fired at a fixed time in-
terval, illuminated the droplets from behind, forming a dual-
image shadowgraph from which droplet velocities could be
obtained.

In the initial experiment, droplets were injected into a
uniform flow. The observed droplet velocities for three values
of the tunncl freestream velocity (45, 60, and 75 mph) are
shown in Fig. 5 along with the computer-calculated values.
There is good agreement over the observed 0.15 to 1.0 mm
range of equivalent droplet diameters. At the observation site,
the small droplets, due to their low inertia, are close to the
freestream velocity, while the larger droplets are slower and
still accelerating. The minor scatter between observed and
predicted values of velocity is attributed to difficulty in
measuring D, slight variations in the tunnel velocity, and
perturbed initial conditions due to droplet breakup or other
injection effects.

In order to confirm that the computer code predicted the
trajectories in regions of spatially varying flow accurately,
observations of droplet velocity were made just upstream of a
cylinder. A cylinder was chosen because the two-dimensional
flow ahead of a cylinder has a well-known, simple analytical
form.

Trajectories ahead of two cylinders of 11.25 and 2.4 ¢m in
diameter were observed in the wind tunnel at freestream
velocities from 45 to 75 mph. Several hundred droplet
velocities were observed and compared to the computed
values. The measured and computed drop velocities were
found to agree with a standard deviation of less than 3% of
the predicted velocity for accurately photographed droplets.

In conclusion, the experimental evidence supports the
results of the computer simulations. Therefore, the code can
be applied to other situations of interest with some confidence
in the results.

Impinging Mass Flux Distribution
In studies of aircraft icing, the primary atmospheric
parameters are temperature and liquid water content (LWC).
The atmospheric droplet size distribution function f(D,)
which characterizes the spectrum of droplet size in terms of
the equivolumetric sphere diameter D,, is also considered an
important parameter. It is essential to recognize that it is not
the ambient distribution of supercooled water droplets in the
atmosphere which influences the rate of ice accretion on an
aircraft structure, but, rather, the mass flux distribution of
droplets which actually impinge on the structure.
The impinging mass flux distribution function per unit span
#(D,,) can be related to the atmospheric size distribution func-
tion f(D,,) by

4 D,
8(De) = UH-— 701|225 0 (01700 ™
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Fig. 2 Terminal velocity of water drops vs equivalent diameter.

where U is the freestream velocity, H the thickness of the
structure, p, the density of the droplets, and 5 (D) the collec-
tion efficiency of the structure, dependent on D,,. From Eq.
(7) it is clear that the impinging mass distribution function is
significantly different from the droplet size distribution func-
tion due to the size dependence of the collection efficiency and
the D}, volume term. The rate of ice accumulation can be ob-
tained by integrating ¢ (D,,) over all droplet sizes.

In order to study the impinging mass flux distribution for
different atmospheric cases, the previously discussed droplet
trajectory simulation was employed to investigate the
dependence of the collection efficiency on D,. Using the
simulation results as a guide for #(D,,), the impinging mass
flux distribution functions are then generated for typical cloud
and precipitation distribution functions.
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Fig. 3 Drag coefficient vs Reynolds number.

Droplet Collection Efficiency of a Half-Body

In Fig. 6, two-dimensional trajectories are plotted near a
half-body for droplets of various equivalent diameters. The
effect of droplet inertia is apparent—small droplets are swept
by the airfoil, while the inertia of the large drops causes them
to resist change in direction and they impact the airfoil. In the
example in Fig. 6, the freestream velocity was 60 m/s to the
left and the body thickness was 20 cm. The atmospheric condi-
tions were typical icing values of 750 millibars pressure
(equivalent altitude approximately 10,000 ft), —10°C
temperature, and gravitational acceleration was neglected.

In the simulated trajectories and Refs. 11-14 it was observed
that for a given droplet size only those droplets within a nar-
row ‘‘impingement window’’ around the stagnation
streamline impact the body. If A(D,,) is defined as the height
of the impingement window, then it is possible to write the col-
lection efficiency as .

h(Dey)

(D) =— ®)
In Fig. 7, the impingement window height is plotted against
D,, for a 20-cm-thick half-body simulation. The freestream
velocities studied were 40, 60, and 80 m/s. It is interesting to
note that droplets with D, less than 10 pm are always swept
by the half-body at these velocities. Above 10 um, the height
of the impingement window increases roughly linearly with
diameter up to 75 pm after which the impingement window
begins to approach an asymptotic value of 10 cm. This linear
behavior was also observed by Brun et al.'>'* and Bergeron!*
in their simulations. The slight irregularities in the curves are
not physical. They are a remnant of the discrete nature of the
sampling algorithm and, therefore, should be ignored.

Typical Distribution

Using the preceding results as a guide for estimating the col-
lection efficiency, it is instructive to look at the impinging
mass flux distribution functions for typical cloud and
precipitation size distributions.

Typical Cloud Distributions

An approximate form of the cloud size distribution function
is the Khrgian-Mazan distribution!":

Jkm (Deg) = constDZ exp ~3D /Dy } 9)
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Fig. 5 Droplet velocity along the tunnel axis at the photographic
region vs equivalent diameter (several values of freestream velocity).

where D, is the mean effective droplet diameter. Combining
Egs. (7-9) and noting that # is roughly proportional to D, for
cloud-size droplets (10-40 um) yields

dxm (Deg ) =constDS exp{ —3D,, /D, ) (10)

An example of the Khrgian-Mazan distribution function and
the impinging mass distribution function is shown in Fig. 8 for
D, =20 pm. It is interesting to note that the peak value of the
mass distribution function occurs at 40 um, which is twice the
mean diameter D, in the cloud. Indeed, the extreme value
condition for Eq. (10) yields

D, Imax ¢gy =20, 80

From Fig. 8 it is clear that the shape of the ambient size
distribution is a very important factor in determining the icing
severity of a particular cloud. A relatively low cloud liquid
water content is a significant icing threat if it consists of large
droplets. On the other hand, if the cloud consists of small
droplets, even very high liquid water content would only cause
trace icing. The strong influence that the atmospheric droplet
size distribution has on aircraft icing and the lack of real-time
information on the distribution make accurate forecasting of
icing conditions difficult.

Typical Freezing Rain Distribution

For raindrops, the collection efficiency is approximately
unity. The accepted size distribution function for rain is the
Marshall-Palmer distribution,'® further refined by Atlas.'”

Jup (D) =const exp{ —3.67D.,/D,} (12)

where D, is the median volume diameter. This results in an im-
pinging mass distribution of

dmp (Deq) =constD? exp{ —3.67D.,/D,) (13)
Figure 9 shows an example of the Marshall-Palmer distribu-

tion function and the impinging mass flux distribution func-
tion for a typical rain case of D, =1 mm. Again it is clear that
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Fig. 8 Khrgian-Mazan ambient cloud droplet size distribution and
the resulting impinging mass flux distribution.

although there are a significant number of small drops in the
ambient distribution, the real icing threat arises from the
larger drops in the tail of the distribution.

Icing Envelopes

The impinging mass approach can be used to determine the
relative icing rates that would resuit from various icing
envelopes used for aircraft certification. The intermittent
maximum icing conditions from FAR Part 25° are shown in
Fig. 10. The maximum liquid water content is plotted against
median volume diameter for several temperature ranges. Since
the liquid water content includes the mass of the droplets, the
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Fig. 11 Relative maximum icing rates corresponding to the intermit-
tent maximum conditions of FAR Part 25, App. C.

relative icing rate can, to first order, be found by simply
weighting the LWC by the droplet collection efficiency of the
airfoil. The relative maximum icing rates corresponding to the
intermittent maximum conditions of FAR Part 25 are shown
in Fig. 11. In this case the collection efficiency is assumed to
be linear and the icing rate is normalized to the maximum 0°C
value. There is a peak in the relative icing rate for all
temperatures at approximately 20 pm, and there is still a
significant icing rate at the maximum envelope diameter of 50
pm. The maximum relative icing rate decreases with
temperature for all sizes.

Recently a more realistic characterization of supercooled
clouds below 10,000 ft has been made by Masters'® and is

AIRCRAFT ICE ACCRETION 507

010 -15C

15 to -20C

/\— 20 10 -25C

i3 i it 1

[¢] 20 40
MEDIAN VOLUME DIAMETER (microns)

Fig. 12 Characterization of supercooled clouds below 10,000 ft.

LIS NN SN N N HD SN RN A SN Y S B S MRS ¥

O'to -15C

-1510-20C

/\-20 t0-25C
o} ‘ éO l 410
MEDIAN VOLUME DIAMETER (microns)

Fig. 13 Relative maximum icing rates corresponding to the
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shown in Fig. 12. The relative maximum icing rates corres-
ponding to this characterization are shown in Fig. 13, given
the previous assumption of a linear collection efficiency. The
warm temperature envelope (0to — 15°C) exhibits significantly
higher maximum icing rates than the colder envelopes due to
the high LWC’s and droplet sizes. The — 15 to —20°C range
has a peak icing rate of 30% of the highest warm value, while
the colder range (— 20 to —25°C) has a peak value of only 12%.

Conclusion

The results of this work indicate that, for cloud size
droplets, the droplet size distribution function is a very impor-
tant factor in aircraft icing. Larger droplets are seen to present
a significantly greater threat than small droplets. For
precipitation size droplets the collection efficiency is approx-
imately unity. The implication of the preceding is that even a
small liquid water content may be a significant icing threat if it
consists of large drops.

The analysis of icing certification envelopes indicates that
the 0°C envelopes (which characteristically produce glaze ice)
exhibit the highest maximum icing rates due to high liquid
water content and large droplet size. Therefore, the 0°C
envelopes normally should be the primary focus of icing cer-
tification efforts.

The standard droplet drag coefficients of Langmuir and
Blodgett” commonly used in droplet trajectory codes were
found to be inadequate for large droplet sizes due to droplet
flattening. A set of empirically modified drag coefficients was
generated from well-accepted droplet terminal fall velocity
data. A simple two-dimensional code using these coefficients
was photographically verified in wind tunnel tests.
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