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Novel Two-Dimensional Modeling Approach for Aircraft Icing

Krzysztof Szilder*
National Research Council, Ottawa, Ontario KIA OR6, Canada

and

Edward P. Lozowski®
University of Alberta, Edmonton, Alberta T6G 2E3, Canada

A new modeling approach to tackle the challenging problem of in-flight icing prediction is formulated and
verified. With use of this new approach, termed morphogenetic modeling, the shape, structural details, and density
of aircraft ice accretions are predicted by emulating the behavior of individual fluid elements. A two-dimensional,
morphogenetic model is used to predict the ice accretion forming on a cylinder over a range of in-flight conditions.
The model predicts rime, glaze, and simultaneous glaze and rime accretions. A partial verification of the model
has been successfully accomplished. Although there are some discrepancies between experimental and predicted
accretion shapes, especially for large and wet accretions, the overall agreement is good. In particular, the prediction
of the stagnation line growth rate agrees well with experimental data. The results of our exploratory research are
encouraging and suggest that morphogenetic modeling has the potential to advance the simulation of in-flight icing.
Practical implementation of this approach will require coupling the model to an external flowfield solver, as well
as to heat transfer and droplet impingement solvers. Further verification and extension to three dimensions are

planned.
Nomenclature

cp = specific heat capacity of dry air at constant
pressure, J - kg™ - K~!

cw = specific heat capacity of water, J - kg~ - K~!

es, e, = saturation vapor pressure at Ts and Ty,
respectively, Pa

h = convective heat transfer coefficient, W-m~2-K~!

ka = thermal conductivity of air, W -m~' - K~!

Lp = specific latent heat of freezing, J - kg™!

Ly = specific latent heat of vaporization, J - kg™

Mp; = freezing mass flux per unit length at location j,
kg-m~!.s7!

Myy; = impinging water mass flux on a vertical surface
segment per unit length at location i, kg - m™! - s7!

m = water mass flux along the surface, kg- m~'-s~!

mp = freezing mass flux, kg -m=2.s~!

my = impinging water mass flux, kg-m=2.s7!

Nu = Nusselt number

P, = freezing probability

Pr = Prandtl number

)4 = static pressure in the freestream, Pa

Oc = convective heat flux, W - m2

Or = evaporative heat flux, W - m™2

Or = latent heat flux, W - m~2

Qv = aerodynamic heating flux, W - m—2

Ow = sensible heat flux of the impinging droplets, W - m~>

R = cylinder radius, m

Re = Reynolds number, 2RU /v

r = median-volume radius of the droplet spectrum, um
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rc = local recovery factor
S = runback factor
Sc = Schmidt number
T4 = air temperature, K
Ts = accretion surface temperature, K
U = uniform airstream velocity, m-s~!
Vv = droplet impact speed, m - s~!
w = airstream liquid water content, kg - m~3
o = azimuth angle measured from the
stagnation point, rad
ay = maximum impingement angle, rad
ap = maximum runback angle, rad
B = local collision efficiency
Al = lattice cell size, m
As = discrete length measured along the surface, m
£ = ratio of the molecular weights of water vapor
and dry air
v = kinematic viscosity of air, m?-s~!
01 = ice density, kg-m™3
Subscripts
i, j,n,m = indicate discrete locations on the accretion surface
Vv = vertical
0 = stagnation line

Introduction

VARIETY of numerical ice accretion models have been devel-

oped by research groups based in companies, research orga-
nizations, and universities around the world.'~* Despite differences
among the models, they all consist of the following four principal
elements: 1) determination of the airflow around the body of inter-
est, 2) calculation of supercooled water droplet trajectories and/or
determination of the liquid impingement distribution over the body,
3) thermal energy analysis of the air—water—ice—surface system that
determines the local rate of ice growth and the flux of water film
flow on the surface, and 4) determination of the evolving ice shape.
Depending on the complexity of the ice accretion model, a system
of partial or ordinary differential equations, along with appropriate
boundary and initial conditions, constitutes its mathematical frame-
work. We perceive that, in general, there is no clear relationship
between a model’s mathematical complexity and its accuracy in re-
producing experimental results. It appears that existing models do
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adequately predict rime ice growth.>% In addition, recently Myers
et al.” have proposed a theoretical model that focuses on computing
the surface liquid flow and glaze ice growth.

It is well known that, under certain icing conditions, the growth
of rime feathers may occur downstream from glaze ice. Rime feath-
ers are characterized by instantaneous solidification of the imping-
ing droplets (or at least the formation of a mechanically robust
ice shell), whereas a water layer covers the glaze ice surface that
forms upstream. Whereas rime feathers are strictly speaking a three-
dimensional phenomenon, a two-dimensional analog can be simu-
lated with the present model. To the best of our knowledge, a com-
prehensive model capable of simulating the coexistence of these two
types of icing has not yet been published, although some progress
has been made toward this goal.®

The goal of our research has been to work toward a new paradigm
in aircraft icing modeling. In this paper, we will introduce and val-
idate a novel, discrete particle model. This two-dimensional model
is capable of simulating icing over a range of in-flight icing con-
ditions, including coexisting glaze and rime icing. We call this ap-
proach to icing modeling morphogenetic modeling. Morphogenetic
modeling was introduced by Szilder® who used a discrete, random
walk method to simulate ice accretion on a two-dimensional cylin-
der due to freezing rain. Since then we have successfully used the
morphogenetic approach to simulate ice density at the stagnation
region in two-dimensional'® and three-dimensional'! simulations.
Three-dimensional ice accretion shapes forming on objects of vari-
ous geometries have also been investigated.'>'* However, until now,
the model has been applied primarily to the prediction of icing on
electrical power transmission lines and insulators.

Ice Accretion Model

The two-dimensional morphogenetic model presented here is an
enhanced version of the model described by Szilder” and Szilder
et al.'* It was developed originally for freezing rain applications.
Two essential features have been introduced since then: first, a dis-
tribution of local collision efficiency and, second, a distribution of
heat transfer over the icing surface. Our first attempt to simulate
in-flight glaze icing with constant density was reported by Szilder
and Lozowski." In this paper, we focus on the coexistence of glaze
and rime icing regimes. We will examine the predicted distribution
of ice density and undertake a partial experimental verification of
the model. Before describing our implementation of the discrete
particle method, we begin by summarizing the underlying theory.

Because the model has not yet been coupled to a droplet trajectory
model, we parameterize the effect of local collision efficiency by
imposing the following distribution of impinging water mass flux, "

my = UWpycos[(m/2)(a/ay)]  for  O=a=ay (1)
The stagnation point collision efficiency and the maximum impinge-
ment angle are considered to be functions of the airspeed, droplet
size, and cylinder radius as in Ref. 16. Qualitatively, this means that
an increase of either the airstream velocity or the droplet diameter
leads to an increase of the stagnation line collision efficiency and
the maximum impingement angle, for a given cylinder radius.

We assume that the physical processes occurring on the ice surface
are governed by a steady-state heat balance written in the form:

Qr=0Qc+0r+ Qv+ 0w @
The latent heat of freezing is given by
QO =Lpmp 3)
The convective heat flux is given by
Qc=h(Ts —Ty) where h=ksNu/2R
Nu = Re®3[2.4 — 1.2 cos(3.6a)] 4)

The expression for the Nusselt number distribution is a fit to exper-
imental data for a rough cylinder used by Lozowski et al.'®

The evaporative heat flux is given by
Qr = h(Pr/Sc)*PeLy/pcp(es — ex) ®)
The aerodynamic heating term, Qv is given by

Qy = —hrcU?[2c,  where  rc¢ =0.75+ 0.25cos(2at)

(0)

The sensible heat flux between the impinging droplets and the
accretion is given by

Ow =mwew(Ts — Ta) @)

Sublimation has been ignored, in accordance with the findings of
Lozowski et al.'® Equation (2), in conjunction with Eqgs. (3-7) and
specified atmospheric conditions, may be solved for the freezing
mass flux mp or the surface temperature 75. Two cases may be
distinguished: glaze ice when Ts = 0°C and the freezing mass flux is
calculated and rime ice when m » = my and the surface temperature
Ty is calculated. So far, the model is fairly conventional.

The shape of the resulting glaze ice accretion is determined, in
part, by the extent of the runback. To quantify this effect, we intro-
duce adimensionless runback factor S. Itis the ratio of the impinging
mass flux to the freezing mass flux at the stagnation line:

g = Mw@=0) ®)

mp(a = 0)

When S =1, all impinging water freezes on impact at the stag-
nation line, forming rime ice in its vicinity. When S > 1, unfrozen
water flows downstream from the stagnation line, forming glaze ice
from the stagnation line to a certain maximum runback angle ag.
Rime ice may grow beyond ag. The runback factor may be rewritten
using Egs. (1-3) as

§_ UWByLF ©)
Or(a=0)

‘We now summarize the main characteristics of the morphogenetic
model. In the following sections on glaze ice and rime ice, we will
focus on specific model characteristics for each regime. Overall,
however, the morphogenetic model, as implemented here, is a ran-
dom walk model that emulates the motion and freezing of discrete
fluid elements. A model fluid element may be imagined to consist of
an ensemble of cloud droplets, all of which undergo identical histo-
ries. A two-dimensional square lattice defines the accretion domain.
Because at present we lack coupled airflow and droplet trajectory
models, we constrain the morphogenetic model so that there is no up-
dating of the heat transfer or collision efficiency during ice growth.
Consequently, the model in its present form is strictly applicable
only to early ice growth.

Fluid elements impact randomly on the cylinder surface or on
the existing ice structure, in such a way that their distribution, on
impact, accords with the following equation:

B = Bocos[(m/2)(a/au)] 10)

Following impact, each fluid element begins a random walk from
grid cell to grid cell, moving downstream along the surface, from
its initial impact location (Fig. 1). At each step in the process, using
a FORTRAN library subroutine, a pseudorandom number is gen-
erated, having a uniform distribution between zero and unity. This
random number is compared with the probability of freezing that
will be introduced in the next section. Depending on the result of
this comparison, the element either freezes or moves to an adjacent
grid cell. Naturally, freezing occurs only if there is sufficient heat
transfer to the subfreezing airstream.

The model is sequential, so that, as soon as a particular fluid
element freezes, the behavior of the next element is considered.
Simulations of fluid element motion and freezing are performed
consecutively for the total number of fluid elements determined by
the total intercepted mass flux.
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Fig. 1 Morphogenetic prediction: W, glaze; H, rime; O, impinging
particles on glaze and rime ice; [J, locations visited by the moving fluid
particle; and O, final resting location.

Glaze Icing Submodel

Glaze ice occurs where there is surface liquid flow. As earlier,
we will begin with the underlying theory and then describe its nu-
merical implementation. We first consider the mass conservation
equation for steady water flow over the upstream half of the cylin-
der,0<a < %rr. Symmetry above and below the stagnation line is
imposed because gravitational effects are neglected. To keep the
model simple, we assume that once a fluid element hits the cylinder
surface (without splashing), it flows downstream along the surface. It
is further assumed that any unfrozen water is shed from the cylinder
at o = %n. The variation of the water mass flux along the cylin-
der surface is, therefore, determined by the difference between the
impinging water flux and the freezing mass flux:

dm
da

Integration of Eq. (11) gives the variation of the water mass with
azimuthal angle. The location where this water mass flux diminishes
to zero is defined as the maximum runback angle ag:

= [mw(a) —mp(@)]R 1D

/ [mw(e) —mp(e)]da =0 12)
0

The solution of Eq. (12) gives the maximum runback angle as
a function of atmospheric conditions. Three cases may be distin-
guished: ag =0, rime icing occurs everywhere where droplets im-
pinge (0 <« <ay); 0 <ag < ay, glaze appears downstream from
the stagnation line (0 <« <ap) and rime forms downstream from
the maximum runback angle (a¢p <o <ay); and oy <o, glaze
forms over the entire accretion (0 <« < ag).

We now derive a relation for the freezing probability as a function
of the controlling macroscopic physical variables. We examine the
nth lattice site measured downstream from the stagnation line along
the discretized cylinder or accretion surface. We consider that the
mass flux of impinging water on a vertical surface segment, per
unit length of the cylinder, Myy;, decreases from its maximum
value at the stagnation line to zero at the maximum impingement
location. In addition, we take the impinging mass flux to be zero on
horizontal surface segments and also on all segments downstream
from the maximum impingement location. The freezing rate per unit
length, MF;, varies with location, and freezing may occur on both
horizontal and vertical surface segments. Consequently, the mass of
water entering the nth site is given by the difference between the
total upstream impinging water mass,

Xm:MWVi

(where m is the number of upstream vertical surface segments), and
the total mass frozen upstream,

n—1

2 M

Jj=1

Note that m < n, because the discrete approximation of the cylinder
or accretion surface by the boundaries of square grid cells produces
a staircase surface profile, with some grid sites where fluid elements
cannot impinge directly, although they may freeze there, for exam-
ple, horizontal surface segments. If the freezing rate at the nth site
is Mr,, we set the freezing probability equal to the ratio of the mass
frozen at site n to the incoming liquid mass at the site:

n—1

iMww _ZMF_/' (13)

i=1 j=1

P, = Mg,

This means that the microscopic local freezing probability is set
equal to the macroscopic local freezing fraction. The morphogenetic
model values of My y; and Mr; may be related to the physical value
of the impinging water mass flux on vertical surfaces, myy;, and
the freezing rate m; as follows:

Myyi = myy; Al MpF; = mpjAs; (14)

where myy; is related to the impinging water mass flux according to
my; =myy; cos(e;) and ¢; is the angle between the mean droplet
impingement direction and the normal to the cylinder surface. The
dimension Al is the grid cell size, and As; is the discrete length
measured along the surface between grid cell centers at sites j — 1
and j. Substituting the expressions from Eq. (14) into Eq. (13) gives
a relation for the freezing probability at site n,

m n—1
As;
P, = As Al Sin—S —)
n n ; i,n l,n; Sl,j
where S, =1 p=12...n., m<n (I5)
_ -

where n, is the total number of segments measured along the discrete
surface, from the stagnation line to the shedding location. The local
runback factor, S; ;, defined as the ratio of local impinging and
freezing fluxes, may be expressed using Eqs. (1-3) and (9) as a
function of azimuth and the runback factor at the stagnation line:

_ UW B, cos[(w/2) (e o)1/ cos(a;)

Si
! Or(aj)/Lp
_ Scos[(rr/Z)(Ot,-/OtM)] Or(a=0) (16)
cos(e;) Qr(aj)

Before launching each new fluid element, a new distribution of the
freezing probability along the evolving surface is calculated using
Egs. (15) and (16). To accomplish this task, the accretion is di-
vided into upper and lower sections, as determined by the location
of the stagnation point. This allows us to ensure correspondence
between the direction of fluid element motion along the cylinder or
ice accretion surface and the direction of the adjacent airflow. This
recalculation of the distribution of freezing probability, before to
considering the motion of the next fluid element, allows the effect
of the changing accretion shape on the runback and freezing pro-
cesses to be taken into account, at least in part. For now, we use
Eq. (4) to specify the distribution of the heat transfer coefficient
throughout the growth. Hence, the direct effect of a changing accre-
tion shape on the local heat transfer coefficient is not considered, for
example, enhanced heat transfer over surface protrusions or horns.

Each fluid element ends its motion either by freezing or by shed-
ding while still in a liquid state. A fluid element is considered to
freeze if the pseudorandom number generated for a particular step
is less than or equal to the local freezing probability, specified by
Eq. (15). When a fluid element freezes, a cradle location is sought
in the neighborhood of the freezing grid cell. This neighborhood is
a circle centered on the initially determined freezing point with a
radius equal to SAI (Szilder®). The freezing fluid element is moved
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to the empty cell within this domain, where it will have the maxi-
mum number of occupied neighbors. If there is more than one such
location, the final site is chosen randomly from among them, as-
suming an equal probability of allocation to each site. The purpose
in seeking a cradle site for the final fluid element resting location
is to emulate the effect of surface tension in producing a relatively
compact and smooth ice accretion.

Rime Icing Submodel

Rime icing is considered to occur in the model at locations where
there is no surface liquid flow. Morphogenetic models of the internal
structure and density of rime in two and three dimensions have been
published by Szilder'® and Szilder and Lozowski.!! In these papers,
the droplets were considered to impinge perpendicularly on a flat
surface. This section is an extension of this previous work, where
droplets may impinge at various angles either on a bare cylinder or
on an ice-covered cylinder.

Macklin!? has argued that the density of accreted ice depends on
the ratio of the momentum of the impacting droplets (proportional
to r3V) to the strength of the ice bond (which varies as r2). In addi-
tion, he contends that the density also depends on the freezing time,
which, to a first approximation, varies inversely with the surface
temperature 75 expressed in degrees Celsius. Consequently, he sug-
gested that the accretion density might be expressed as a function
of the parameter rV (—Ts) ™!, now called the Macklin parameter.

There is a body of experimental results that relate the Macklin
parameter to ice density. However, we have not encountered an
explicit relation to predict ice accretion density variation with az-
imuthal angle on a cylinder. Consequently, we will employ, for the
entire impingement area, the following relation obtained for the
stagnation line of a fixed cylinder.'®

pr = 280(rV [=Ts)*° a7

When the variation of droplet impact velocity and surface temper-
ature is considered with azimuth angle, Eq. (17) yields the variation
of accretion density with azimuth angle. Using a simple droplet
trajectory model, we have parameterized the impact velocity as a
function of the airstream velocity and azimuth angle. In addition, the
surface temperature distribution has been obtained using Eqs. (1-7),
assuming that mp =my .

We assume that during fluid element motion on the rime ice struc-
ture, a fluid element may move in three perpendicular directions: in
the freestream direction, +x, and in the two directions normal to it,
+y. In addition, we assume that the probability of motion in these
three possible directions is the same. For each step of a fluid element,
two random numbers are generated, uniformly distributed between
0 and 1. The first determines the direction of fluid element motion,
whereas the second governs its freezing. If the random number ex-
ceeds the probability of freezing, the fluid element continues its
motion. If the random number is less than the freezing probability,
the element freezes.

Equation (17) is not used directly to compute ice density in the
model. Rather, it is used to express the freezing probability as a
function of the Macklin parameter. This is done by performing nu-
merical experiments for accretions growing on a flat surface with
perpendicularly impacting fluid elements. From these experiments,
arelation between the freezing probability and the average ice den-
sity has been determined, P, = f(p,), in a similar fashion to Szilder
and Lozowski.!" When this relation is used in conjunction with
Eq. (17), the ice density can be eliminated and the probability of
freezing may be expressed as a function of the icing conditions. As
in the glaze region, when a fluid element freezes, a cradle location
is sought, but for rime ice it is within a circle of radius Al. This
choice of cradle domain radius is made to emulate the interstitial
air gaps that arise in rime icing. It is, however, somewhat arbitrary
and can only be justified for now by the reasonableness of the model
simulations. The local model ice density is determined directly from
the simulations based on the local ratio of occupied to unoccupied
grid cells within the ice matrix.

Model Results and Discussion

In this section, we examine the ice accretion on a cylinder 2.54 cm
in diameter, produced by monodispersed supercooled droplets of
diameter 20 pum. The morphogenetic model simulations are per-
formed on a two-dimensional, square lattice with a grid size Al
of 60 um, consisting of 600 by 400 cells. The total incoming wa-
ter mass is divided into a set of fluid elements, each occupying
3600 um? after freezing. All computations were performed on a
personal computer with Microsoft Windows 2000 operating system
and an AMD Athlon XP 1.8-GHz processor with 512-MB RAM. For
the present domain size, the simulation time varies between about
30 and 60 min, depending on the total number of fluid elements and
the atmospheric conditions. In 60 min of CPU time, it is possible to
track about 40,000 fluid elements.

We will first compare model simulations with experimental re-
sults obtained by Lozowski et al.'® Figures 2 and 3 show pre-
dicted and experimental shapes for a nominal liquid water content

a)

b)

)

C
@
€

Fig. 2 Model-predicted and experimental accretion shapes for —15°C
air temperature and conditions corresponding to the experiments of
Lozowski et al.1%: a) airspeed 30.5 ms 1, liquid water content 0.40 gm 3,
icing duration 5.0 min, and grid size 60 zzm; b) airspeed 30.5 ms~!,
liquid water content 0.40 gm—3, icing duration 5.0 min, and grid size
30 pm; c) airspeed 61.0 ms—!, liquid water content 0.46 gm—3, and
icing duration 2.5 min; and d) airspeed 122.0 ms !, liquid water content
0.44 gm—3, and icing duration 2.5 min.
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a)

b)
©
Fig. 3 Model-predicted and experimental accretion shapes for —5°C
air temperature and conditions corresponding to the experiments of
Lozowski et al.1%: a) airspeed 30.5 ms 1, liquid water content 0.40 gm 3,
and icing duration 5.0 min; b) airspeed 61.0 ms—!, liquid water content

0.46 gm—3, and icing duration 4.0 min; and c) airspeed 91.5 ms !, liquid
water content 0.38 gm—3, and icing duration 4.0 min.

of 0.4 gm~? and air temperatures of —15°C and —5°C, respectively.
Shading is used to distinguish four consecutive ice layers grown
by the model in four equal mass increments. When the airspeed is
30.5 ms~!, the model predicts that the entire ice accretion consists
of rime ice (Figs. 2a and 2b). The difference between Figs. 2a and
2b is the grid resolution A/, which is 60 xm in Fig. 2a and 30 um
in Fig. 2b. Clearly, the increased grid resolution does not have a big
impact on the overall icing shape, although it does reduce the small-
scale surface roughness, whereas it retains the large-scale surface
roughness.

Hard rime prevails near the stagnation line, whereas a more porous
ice structure may be observed away from the stagnation line. In addi-
tion, the model exhibits certain stochastic features of the ice structure
such as roughness, porosity, and lack of perfect symmetry about the
cylinder’s horizontal axis of symmetry. The stochastic variability
of the model’s simulations is due to its underlying randomness. No
two simulations using different sequences of random numbers are
perfectly identical, even though the macroscopic conditions may
be the same. We will explore the issue of model variability later.
For now, however, we consider only single realizations produced by
the model and compare them with single experimental realizations.
Under these circumstances, the model accretion shapes generally
correspond well with the experimental shapes, with some excep-
tions. In addition, the agreement between the stagnation line growth
rates is also satisfactory (Figs. 4a and 4b).

Anincrease in airspeed to 61.0 ms~! (Fig. 2¢), leads to an increase
of the impingement area. The agreement between the predicted and
experimental rime ice shapes and the stagnation line growth rates is
once again reasonable. When the airspeed is 122.0 ms™' (Fig. 2d),
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Fig. 4 Comparison of predicted and experimental stagnation line
growth rate: a) stagnation line growth rate as a function of airspeed

for —5 and —15°C air temperatures and b) direct comparison with the
experiments of Lozowski et al.10

both the model simulation and the experiment exhibit glaze near the
stagnations line with rime farther downstream. Water flows away
from the stagnation line region leading to the formation of horns.
Rime ice forms downstream from the horns. The differences be-
tween the model and experimental ice shapes may be due, in part,
to the lack of recalculation of the airflow, the collection efficiency,
and the heat transfer conditions during this substantial ice growth.
Nevertheless, there is reasonable agreement in the stagnation line
growth rates.

At an air temperature of —5°C, the extent of glaze ice increases.
For an airspeed of 30.5 ms™!, regions of glaze and rime coexist
(Fig. 3a). The overall agreement between the model predictions and
the experiments is fair. However, the model does not simulate the
small depression near the leading edge (known as the stagnation line
hollow) in the experiments. At an airspeed of 61.0 ms~! (Fig. 3b),
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the model predicts pronounced horns, whereas the experimental
accretion exhibits rather small horns. This difference could be due, in
part, to an incorrect distribution of the parameterized convective heat
transfer coefficient, which does not account for the likelihood that
the horns themselves will substantially alter the local heat transfer.
Note that in the experiments there was a distribution of droplet sizes.
However, in the model only a single droplet size equal to the median
volume diameter of the experimental distribution was considered.
This should lead to underprediction of the extent of the impingement
area because larger droplets have a larger maximum impingement
angle. When the airspeed is 91.5ms™' (Fig. 3c), the model shape has
a somewhat greater thickness than the experimental accretion at the
stagnation line, although the other glaze features are qualitatively
similar.

A comparison between the model-predicted and experimental
stagnation line growth rates is shown in Fig. 4a, which shows the
stagnation line growth rate as a function of airspeed for a nominal
liquid water content of 0.4 gm™>. During the experiments, the liquid
water content varied somewhat from case to case (see captions of
Figs. 2 and 3), but, for consistency, all of the model results were
computed for a liquid water content of 0.40 gm™3. At an air tem-
perature of —15°C, an increase of airspeed leads to an almost linear
increase of the stagnation line growth rate. Deviations from linearity
occur at airspeeds less than 20 ms~!, where a gradually decreasing
density characterizes the growing rime. Consequently, in this air-
speed range, the stagnation line growth rate remains approximately
constant. This model prediction cannot be verified with the present
experimental results because airspeeds less than 30 ms~! were not
investigated. For airspeeds less than 105 ms~!, only rime ice forms,
whereas at greater airspeeds glaze ice occurs in the vicinity of the
stagnation line. At high airspeeds, the aerodynamic heating term
increases sufficiently to prevent total freezing at the stagnation line.
Consequently, in this regime, the growth rate increases more slowly
than linear with airspeed. Overall, there is encouraging agreement
between the model prediction and the experimental results.

In the model, at an air temperature of —5°C, there is initially a
similar variation of the stagnation line growth rate with airspeed. At
airspeeds less than 27 ms~!, rime ice forms, but its density remains
close to that of glaze ice. With an increasing airspeed, as a result of
aerodynamic heating, the model stagnation line growth rate reaches
a maximum and then starts to diminish. The experimental results
exhibit a similar qualitative behavior. For an airspeed of 122 ms™!,
ice accretion did not occur at the stagnation line in the experiment,
but the model predicts a thin layer of glaze ice.

A more direct and comprehensive comparison between the model
and experimental stagnation line growth rates is shown in Fig. 4b.
All of the experimental results for air temperatures of —15 and
—5°C are plotted vs the model predictions for the same conditions.
There is quite good agreement between the two growth rates (linear
correlation coefficient 0.988), despite the somewhat higher values
predicted by the model, especially when the growth rate is small.

We have also compared the morphogenetic model with other
model and experimental results drawn from Ref. 19 (Fig. 5b). For
this case, the discrepancy between the experimental ice shape and
the simulations by all of the existing models is very substantial.
All models underpredict the ice thickness over the domain where
experimental ice exists. A majority of the models overpredicts the
extent of the ice coverage. The morphogenetic model was run for
the same conditions, and the results are presented in Fig. 5a. There is
poor agreement between the simulated and experimental ice shapes.
These results suggest either a general problem with all of the models
or, possibly, experimental error in setting or measuring the environ-
mental conditions.

We have used the model to analyze the influence of air tempera-
ture on the ice structure, the ice density, and the location of ice horns.
At an air temperature of —25°C, the accretion consists entirely of
rime ice (Fig. 6a). As aresult of decreasing droplet impact speed and
decreasing ice surface temperature with increasing azimuthal angle,
the rime ice density decreases with azimuth (Fig. 7). Near the stagna-
tion line, the rime ice density is approximately equal to the glaze ice
density of 900 kgm 3, decreasing rapidly to 500 kgm~3, from about

’\P_—\‘__——-___f

a)

e— Cylinder
===« Experimental ce Shape
ONERA, ONERA-2000 (Guffond)
— —- CASA, ONERA-1990 (Simon)
~—- DERA, TRAJICE 1.12 (Gent)

=+ NASA, LEWICE 2.0 (Wright)

—-—— CIRA, Multi-Ice (Dima)
——— Eurocopter, ONERA-2000 (Aschettino)

Fig. 5 Model-predicted and experimental accretion shapes for an air
temperature of —2.95°C, airspeed 77.2 ms~!, liquid water content
0.44 gm 3, icing duration 5.5 min, median volume droplet diameter
18 pm, and cylinder diameter 6.35 cm: a) morphogenetic model simu-
lation and experimental accretion shape and b) other model predictions
and experimental accretion shape.

25 to 45 deg. Because of this decreasing ice density, rime ice horns
form on the accretion edges. These are two-dimensional analogs of
rime feathers. The changes in the model-simulated ice shape with
increasing air temperature may be seen in Figs. 2a and 3a. The rime
ice horns disappear, and glaze ice forms close to the stagnation line.
Further air temperature increases lead to expansion of the glaze re-
gion, the formation of glaze horns, and the entire disappearance
of the rime ice region at the edge of the accretion (Figs. 6b—6d).
Increasing air temperature results in downstream displacement of
the horn location (Fig. 8). In addition, with time, the horns tend to
grow closer to the stagnation line. In Fig. 8, the maximum value
is the location after the first minute, whereas the minimum value
is the location after 5 min of simulation. This observation is sup-
ported qualitatively by experimental data (Fig. 9).° In Fig. 9, the
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b) d

Fig. 6 Model-simulated accretion shape for an airspeed of 30.5 ms ™!,
liquid water content of 0.40 gm—3, and icing duration of 5.0 min: a) air
temperature —25°C, b) air temperature —4°C, ¢) air temperature
—3°C, and d) air temperature —2°C.
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Fig. 9 Experimental ice shape?® for air temperature —10°C, airspeed
45 ms~1, liquid water content 2.09 gm 3, icing duration 12 min, cylinder
diameter 5.0 cm, and median droplet diameter 120 zom.

Fig. 7 Simulated ice density as a function of azimuthal angle for con-
ditions corresponding to Fig. 6a.
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Fig. 8 Horn location as a function of air temperature for conditions
corresponding to Fig. 6 and intermediate temperatures.
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Fig. 10 Stochastic variability of the model-simulated accretion shape
for an airspeed of 30.5 ms~!, liquid water content of 0.40 gm—3, air
temperature —25°C, and icing duration of 5.0 min.

layers correspond to 2-min intervals. This experimental accretion
was grown under different conditions than those of Fig. 8 but an
inward migration of the maximum horn location was nonetheless
observed. The model simulations also suggest that the change of
horn azimuthal location during ice formation seems to be greatest
at higher air temperatures.

Finally, we have also examined the variability of the model sim-
ulations. The model has been run using four different sequences of
pseudorandom numbers for the conditions corresponding to Fig. 6a;
other conditions were identical. It is challenging to quantify the vari-
ability of these simulations, shown in Fig. 10. Qualitatively, one may
observe that the surface features of the dense rime near the stagnation
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line differ from run to run. (Note the pronounced bump on the lower
surface of the simulation in Fig. 10a). There is also considerable
variability in the rime feathers structure, forming at the upper and
lower edges of the accretion. Nevertheless, despite this stochastic
variability, the overall shape and the most prominent features of the
simulations, for example, horns, remain the same from run to run.

Conclusions

A two-dimensional morphogenetic model has been devised to
predict both the accretion shape and the structural details and den-
sity of the ice accretion forming on a cylinder over a wide range of
atmospheric and flight conditions. This allows, for the first time, to
the best of our knowledge, the prediction of both the ice shape and
density of aircraft ice accretions. We have produced morphogenetic
model simulations of ice accretions under rime, glaze, and mixed
glaze/rime conditions, as a function of the controlling parameters,
air temperature, liquid water content, and airspeed. We have par-
tially verified the model using experimental data on ice accretions
forming on a cylinder under rime and glaze conditions. The results
show that the morphogenetic model can simulate ice accretions on a
cylinder, in reasonable agreement, qualitatively and quantitatively,
with experimental data. It is difficult to assess fully the reasons for
the discrepancies between model and experiment using shape alone.
The experimental profiles were made using a plasticene mold in
some cases or by tracing the surface outline from a photograph of
a sectioned accretion. Neither technique is fully satisfactory. Be-
cause the current model resolves the internal features of the ice
accretion both in space and time (whereas the original Lozowski
etal.'® model did not), it would be interesting to compare it with thin
sections of experimental ice accretions, which reveal the temporal
development of its crystallographic and surficial structure (similar
to Fig. 9).

The results of this exploratory research are encouraging and
demonstrate that morphogenetic modeling has the potential to ad-
vance the simulation of in-flight icing. In the future, we plan to use
the model to simulate more accurately the time-dependent forma-
tion of ice accretion on airfoils, by recalculating the airflow, droplet
trajectories, and the distribution of the convective heat transfer co-
efficient as the ice accretion evolves with time. This will require
coupling it to airflow and droplet trajectory models. We also plan
to extend the model to three dimensions, to consider the use of
more appropriate lattice geometries, and to compare model vari-
ability with natural variability. Finally, it is essential to further
develop morphogenetic theory to better justify the choice of ar-
bitrary parameters and to improve the relations between micro-
scopic model variables and macroscopic environmental and flight
variables.
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