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Anti-Icing System Simulation Using CANICE
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A mathematicalmodel of a hot air anti-icing system and its implementation in the ice accretion simulation code
CANICE are presented. The icing code is used to predict the surface temperature and the amount of runback water
for given atmospheric conditions and heat � ux distribution from an anti-icing device. The external boundary layer
is modeled with an integral method. Velocity and temperature distribution in the water � lm are estimated using
a polynomial approximation. Conduction in the airfoil skin is taken into account with a one-dimension model.
Numerical results are compared with experimental and numerical results from NASA for three different icing
conditions. The comparison shows that surface temperatures are very sensitive to the water droplet impingement
limits. The integral method used here failed to predict correctly the heat transfer coef� cients in the transition
region of the boundary layer. When experimental heat transfer coef� cients are used, the model gives satisfactory
results.

Nomenclature
A = control volume surface, m2

Ac = cross surface area of the metal skin, m2

AT , BT , CT = polynomial coef� cients
B = mass transfer driving force
C f = friction coef� cient
cp = speci� c heat of air, J/(kg K)
cw = speci� c heat of water, J/(kg K)
cw;g = speci� c heat of liquid (T ¸ 0±C) or solid

(T < 0±C) water
F = shear force, N/m2

f = freezing fraction
gx = mass transfer conductance, kg/(m2 s)
hanti = internal heat transfer coef� cient, W/(m2 K)
h x = heat transfer coef� cient, W/(m2 K)
k = thermal conductivity,W/(m K)
L e = latent heat of evaporation,J
L f = latent heat of fusion, J
L s = latent heat of sublimation, J
l = 1=2Reµ C f

M = m in C m imp ¡ mvap

m = mass � ow rate, kg/s
Pm = mass � ux, kg/(m2 s)
mH2O = mass concentrationof water (mass fraction)
Nimp = number of impacts on a panel
Nu = Nusselt number, Pr Re St
P = pressure, N/m2

PH2O = vapor pressure of water, N/m2

Pr = Prandtl number
Qanti = heat coming from anti-icing system, W/m2
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Q loss = heat � ux leaving the water � lm, W/m2

Qwall = heat � ux coming out of the wall, W/m2

Re = Reynolds number, ue x=º or ueµ=º
r = recovery factor, 0.875
St = Stanton number, hx=.½ueC p/
s = wrap distance from the stagnation point, m
T = temperature, K or ±C
Tanti = internal temperature in the anti-icing system, K
Tb = bulk temperature, K

½w

±

0
uw Tw dy

m

Twall = wall temperature, K
T0 = reference temperature, K
U± = water velocity at the interface water–air, m/s
U1 = freestream velocity, m/s
u = velocity, m/s
x , y = spatial coordinate, m
¯ = local collection ef� ciency
° = mass diffusion coef� cient, kg/(m s)
1s = surface distance between two impact points, m
1s p = panel length, m
1y = distance at the start between two trajectories, m
±.x/ = local water � lm thickness, m
µ = momentum thickness, m
¸ = dimensionless pressure gradient
º = kinematic viscosity, m2/s
½ = density, kg/m3

¿ = shear stress exerted by air, N/m2

[ ] = characteristicdimension

Subscripts

a = property of air
e = evaluated at the edge of the boundary layer
gl = ice
imp = relative to the impinging droplet
in = entering a control volume
out = leaving a control volume
s = evaluated at the runback water surface
vap = vapor
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w = property of liquid water
x = based on x
µ = based on µ
1 = freestream condition

Introduction

A IRCRAFT ice accretion prediction codes such as LEWICE1

or CANICE2 have now been in use for several years by air-
craft manufacturers to predict ice accretion on wing sections. The
mathematical model used in each of this codes comes mainly
from Messinger,3 whereas the numerical method comes from
MacArthur.4 Results obtained with these codes compare well with
experiments for rime ice accretion. In the case of glaze ice, when
the air temperature is warmer and some of the impinging water
� ows along the airfoil, experimental ice shapes are more dif� cult
to predict.5 Apart from improving ice shape prediction, the icing
codes must also be able to predict ice accretion on high lift devices
and have anti-icing or deicing simulation capabilities.

A few works have been done on anti-icing system simulation.6

Some of theseworks start with the mathematicalmodelingof a deic-
ing systemand use it to simulatean anti-icingsystem.7 These studies
concentrate on transient heat transfer calculations inside a multi-
layered wall. Some of them also try to solve the phase change and
sheddingproblems.8 Thesephenomenadonotoccurwhenanti-icing
systems are used properly.The works that address speci� cally anti-
icing simulationare concentratedeitheron predictingthe amount of
power available from the heat source, in generalhot air blown inside
the leading edge,9 or on the analysis of the runback water � lm.10

Most of the work done in anti-icing simulation is due to
Al-Khalil10 (see also Ref. 11). In Refs. 10 and 11, it is suggested
that the water will either run down as a continuous � lm � ow or will
breakup in rivulets when a minimum critical thickness is reached
outside the impinging water area. Velocity pro� les inside the run-
back water � lm and rivulets are determined with a theoretical rela-
tion. Temperature distribution in the water and the wall is found by
a � nite volume code. The heat coming from the anti-icing device is
determined using a known heat transfer coef� cient between inter-
nal hot air and airfoil skin. Interaction either between external air
or between impinging water droplets and the runback water is not
taken into account.

Few experimental studies are available to validate numerical re-
sults. The � rst experimental investigations of anti-icing systems
were made around 1950. These experiments provide empirical and
graphical relations useful in the design of anti-icing systems.12;13

In the last few years, increasing interest in the improvement of ice
protection systems has required that NASA build an experimental
database using icing wind-tunnel measurements.14 Surface temper-
atures together with heat � ux distributions have been measured on
a NACA 0012 for several different icing conditions.15

The objective of the present work is to compare the available
experimental results to the numerical results obtained with an anti-
icing system model developed in the context of J. A. Bombardier
AeronauticalChair of École Polytechnique.The droplet impact po-
sition and the amount of water that may freeze on the leading-edge
surface are computed using CANICE. The mathematical modeling
and analysis of the heat transfer are concentratedon the energy bal-
ance on the external side of the airfoil when a temperaturesuf� cient
to evaporate the impinging water is maintained.

The mathematical model is � rst presented. Then the highlights
of the numerical method used to solve the mathematical model are
given. Finally, comparisons with other experimental and numerical
results are made.

Anti-Icing Model
Four regionsmust be studied to developa completemathematical

model for anti-icing performance predictions: 1) the external � ow
region, 2) the runback water region, 3) the solid region, and 4) the
anti-icing hot air region.

These four regions are shown schematically in Fig. 1. The work
presented in this paper is concentrated on the second and third re-

Fig. 1 Different regions
in the model of an anti-
icing system.

gions. In CANICE, as in other ice accretion prediction codes, only
two of the four regions are modeled. The external � ow region and
the runback water region are modeled separately. The temperature
of the solid region is the same as the runback water temperature.

The icing code CANICE is modi� ed to include the temperature
gradient in the runback water, to determine the heat transfer in the
wall, and to include a simple model of the anti-icing hot air region.
An iterative procedure is used to solve the surface temperature dis-
tribution and the mass of water evaporated. The two-dimensional
models used for each of the four regions are presented in the fol-
lowing subsections.

External Flow Region

The external � ow region includes air� ow around the airfoil and
water droplet trajectories.To begin, a potential solution for the � ow
aroundairfoil is found.Startingin theunperturbedregionof the � ow,
we then determine the water droplet trajectories using the potential
� ow velocity � eld. From the droplet impingement distribution, the
local catch ef� ciencies are calculated and, thus, the impinging wa-
ter rate on the airfoil is determined. The procedure used has been
described in detail by Brahimi et al.16

The frictioncoef� cient, the heat transfercoef� cient,and theevap-
oration rate above the runback water are calculated by solving the
boundary layer equations with an integral method.17 The integral
method estimates the friction coef� cient C f and the Stanton num-
ber St for laminar and turbulent � ows.

For the laminar boundarylayer, the momentumthicknessµ is � rst
evaluated with the help of tangential velocity at the wall ue found
from the potential � ow solution,18

µ D
0:45ºa

u6
e

x

0

u5
e

0:5

(1)

The friction coef� cient C f can then be found with the following
relations19:

¸ D µ 2

ºa

due

dx
(2)

l.¸/ D 0:22 C 1:57¸ ¡ 1:8¸2 0 < ¸ < 0:1

l.¸/ D 0:22 C 1:402¸ ¡ 0:018¸

¸ C 0:107
¡ 0:1 < ¸ < 0

(3)

and, � nally,

C f D 2[l.¸/=Reµ ] (4)

A relation for the local Stanton number St is suggested by Kays
and Crawford18 for � ow over a constant temperature body of arbi-
trary shape,

St D 0:418
º0:5

a .½aue/
0:435

x

0
.½aue/1:87 dx

0:5
(5)

With the de� nition of the Stanton number, the local heat transfer
coef� cient h x is determined.

The transitionpoint location is either imposed or calculatedusing
the following relation19:

Reµ > 1:174[1 C .22,400=Rex /]Re0:46
x (6)
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For the turbulent boundary layer, the friction coef� cient and the
Stanton number are estimated from relations for turbulent � ow over
a smooth surface,18

µ D
0:036º0:2

a

u3:29
e

x

0

u3:86
e dx

0:8

(7)

C f =2 D 0:0125Re
¡ 1

4
µ

(8)

St D 0:0287Pr¡0:4 .Ts ¡ Te/
0:25º0:2

a
x

0
.Ts ¡ Te/1:25½aue dx

0:2
(9)

The evaporation rate Pmvap is given by the product of the conduc-
tance gx and the mass transfer driving force B (Ref. 18),

Pmvap D gx B (10)

The drivingforce B is functionof the mass concentrationof water
at the edgeof theboundarylayer,mH2O;e, and themass concentration
of water on the runback water surface, mH2O;s ,

B D
mH2O;e ¡ mH2O;s

mH2O;s ¡ 1
(11)

The mass concentration of water is related to the water vapor
pressure PH2O at the local temperature,

mH2O D PH2O 1:61Pe ¡ 0:61PH2O (12)

The vapor pressure is a functionof the temperatureand is given by a
polynomial interpolationfrom the American Society of Mechanical
Engineers steam table.20

For temperature near 0±C, Eq. (11) becomes

B D
PH2O;s ¡ PH2O;e

1:61Pe

(13)

which is the formulation used in icing codes.
The conductance, for a boundary layer with B near 0, is related

to the local heat transfer coef� cient hx ,

gx D .hx =cp/ Pr a .ºa=° / (14)

For a laminar boundary layer a D 0:6, and for a turbulentboundary
layer a D 0:4.

Runback Water Region

Water coming from the droplets that hit the airfoil will freeze,
runback,or evaporate.The runbackwater is modeledas a continuous
� lm � ow on the airfoil surface.For a thin � lm whose thickness ±.x/
changes slowly, inertia terms in the Navier–Stokes equations are
negligible. The momentum equation in the x direction becomes a
simple balancebetween the pressuregradient and the viscousforces
(see Fig. 2),

1

½w

dP

dx
D ºw

@2uw

@y2
(15)

The potential � ow solution of the external air region gives the
value for the pressure gradient. The � lm � ow is driven by the shear
force F . For slow water speed compared to air� ow, the boundary-
layer solution is approximatelythe same as the one over a stationary
wall. Thus, the shear force F is the sum of the wall friction ¿ found
with the boundary-layerintegral solution and of the momentum per
unit area from incoming water droplet Pm impu imp,

F D ¿ C Pm impu imp (16)

Fig. 2 Water � lm model.

By the considerationof the no-slip condition at the wall, Eq. (15)
can be solved to give a parabolic velocity distribution at every x
position,

uw.x; y/ D 1
2¹w

dP

dx
y2 C 1

¹w

F ¡ ±.x/
dp

dx
y (17)

If the energy rate entering the water � lm changes slowly, com-
pared to the � lm thickness ±, the energy equation for the � ow de-
scribed by Eq. (15) becomes

½w uwcw

dTw

dx
D

@

@y
kw

@T

@y
(18)

A parabolic temperature distribution is obtained by integrating
Eq. (18) in the y direction,

Tw.x; y/ D AT .x/y2 C BT .x/y C CT .x/ (19)

The heat � ux coming from the wall, Qwall, and the heat � ux
lost to the external air� ow, Q loss, respectively,give the temperature
slope at the wall and at the air–water interface. With the help of
these quantities, values for the polynomial coef� cients AT and BT

are found. The heat � ux lost to the air� ow includes convection,
evaporation,and the energy lost to the impinging droplets,

Q loss D hx .Ts ¡ Te ¡ rue=cp/ C Pmvap[cw.Ts ¡ T0/ C Le]

¡ Pm imp cw.T1 ¡ T0/ C 0:5u2
imp (20)

For a mass � ow rate m, the bulk temperature Tb inside the water
� lm sets the CT .x/ value.

The validity of the approximationsmade to obtain Eqs. (17) and
(19) are discussed in “Validity of the Surface Model” section.

Solid Region

For a thin plate made of material with a uniform conductivity
k and a cross surface area Ac , the temperature variation across the
thicknesscan be neglected.Thus, only conductionin directionof the
length is considered for the airfoil wall. The airfoil wall essentially
redistributes the heat coming from the anti-icing system, Qanti ,

Qwall D Qanti C k Ac
dTwall

dx2
(21)

Anti-Icing Hot Air Region

The anti-icing hot air region is modeled with a local internal
convection coef� cient hanti or an imposed heat � ux Qanti . The lo-
cal convection coef� cient is considered to be known from previous
calculations or experiments. When the heat transfer coef� cient is
speci� ed, heat � ux coming from the anti-icing system is evaluated
with the help of the internal air� ow temperature Tanti and the local
wall temperature Twall,

Qanti D hanti.Tanti ¡ Twall/ (22)
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Numerical Method
The model of the external � ow region is based on the usual icing

code formulation.1;2 The potential � ow around the airfoil is solved
by using the panel method of Hess and Smith (see Ref. 19). Each in-
dividualdroplettrajectory,startingat an unperturbedpoint upstream
of the airfoil, is calculated with a variable time step Runge–Kutta
method of order � ve (Ref. 21).

Once the � rst two impact points have been found, the local col-
lection ef� ciency ¯ is found from the ratio of the distance 1y at
the start of trajectories calculation to the surface distance between
impact 1s,

¯ D 1y

1s
(23)

With the help of this collectionef� ciency, the next step 1y between
startingpoints of trajectoriesis � xed by the number of impacts Nimp

on a panel,

1y D ¯1s p Nimp (24)

The rate of impinging water on each panel of the discretizedpro� le
is then calculated using the collection ef� ciency.16

The heat transfer coef� cient and the friction coef� cient on the
runback water surface are evaluated at each panel center using an
integral method to solve the boundary layer.17 At the stagnation
point, the starting value for the momentum thickness µ (Ref. 19)
and the Nusselt number Nu (Ref. 18) are given, respectively, by

µ D 0:075ºa

due=ds
(25)

Nu D 0:496 ue x=ºa (26)

The evaporationrate is calculated using Eq. (14) for the conduc-
tance and the vapor pressure at the water � lm surface.

The surface of the airfoil is divided into control volumes of the
length of the panel, as in the work of MacArthur.4 A mass and an
energy balance of each control volume is used to obtain the airfoil
surface temperature.

The mass balance equation can be written as

m in C m imp D mgl C mvap C mout (27)

A freezing fraction f is de� ned so that it ranges from 0 (no ice)
to 1 (no runback water, mout D 0),

f D mgl=.m in C m imp ¡ mvap/ (28)

The mass of water running back can then be expressed as a function
of the impinging water rate m imp , the incoming water rate m in, and
the evaporation rate mvap,

mout D .1 ¡ f /.m in C m imp ¡ mvap/ (29)

After some simpli� cations, a single energy balance equation is
obtained for the three possible surface cases: 1) dry ( f D 1), 2) wet
(0 < f < 1), and 3) liquid ( f D 0),

f M.cw Ts ¡ L f / C mvap.cw;gTs ¡ L f / C mvap L s C .1 ¡ f /Mcw Ts

D m imp cw T1 C U 2
1 2 C h x A ru2

e 2cp ¡ .Ts ¡ T1/

C Qwall C m incw Tb (30)

The airfoil wall is divided into control volumes of panel length
and of thickness of the airfoil wall to solve Eq. (21). The surface
temperature and the amount of water that evaporates for a given
internal heat transfer coef� cient are found with an iterative proce-
dure. An initial wall temperature distribution is used to obtain the
heat � ux Qanti from the anti-icingsystem.Then, theheat � uxcoming
out from the airfoil wall Qwall is calculated. This heat � ux is used

to � nd a new wall temperature Twall. The heat � ux Qanti , from the
anti-icing hot air region corresponding to this surface temperature,
is then evaluated again and used to calculate a new wall temper-
ature. The iterative process stops when energy entering the airfoil
wall equals energy leaving the airfoil wall. Relaxation is needed for
convergenceof the iterative process.

Results and Discussion
CANICE is used to compute ice catch rates and ice shapes over

Canadair supercriticalairfoils. It has already been validated against
experimental data collected during tests conducted at the NASA
John H. Glen Research Center at Lewis Field Icing Tunnel Test
Facility (see Ref. 22).

First, a comparison between the proposed runback water model
and the one of Al-Khalil10 is presented. Then, surface temperature
predictionsobtainedwith themodelare comparedwith experimental
and numerical results of Al-Khalil et al.15 for a NACA 0012 airfoil.
Finally, validity of the hypothesis made in the development of the
mathematical model is veri� ed.

Runback Water Results

Results obtained with the runback water model are compared to
those of Al-Khalil10 for a theoretical case described in detail. A � at
plate case is suggested for which the impinging rate as well as the
insideand theoutsideconvectioncoef� cients are presentedin Fig. 3.
The � at plate is made of aluminum and has a thermal conductivity
k D 100 W/m K. The inside air temperature changes linearly from
220 to 120±C. The temperature and pressure outside the boundary
layer are, respectively, ¡10±C and 0:5 atm. The shear force that
drives the water � lm is 10 Pa.

The Al-Khalil model10 is based on the assumption that velocity
changes linearly in the continuous � lm � ow. The temperature vari-
ation across runback water and in the wall is found with a two-
dimensional � nite volume method. Although this model simulates
the breakup of the water � lm into rivulets, results for a continuous
� lm � ow are also available in this � at plate case.

InFig.4, the temperaturedistributionsalongthe � at plateobtained
with the two models are shown. The temperaturescompare well, ex-
cept at the end of the � at plate. This deviation probablycomes from
differencesin the thermalboundaryconditions.Al-Khalil’s model10

seems to consider only the latent evaporation heat, neglecting the
vapor energy leaving the water � lm.

The water � lm thickness is also shown in Fig. 5. When a constant
water viscosity is used, the two models show practically the same
results. When the water viscosity is allowed to change with the
temperature in the model, the results are quite different. The use of
a constant or variable viscosity ¹w has practicallyno impact on the
average temperature results because the water � lm is so thin that the
temperature variation across the thickness is negligible.

Fig. 3 Flat plate case: rate of impinging water, internal and external
heat transfer coef� cients.
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Fig. 4 Average water temperature in the water � lm.

Fig. 5 Water � lm thickness.

Fig. 6 Heater bands inside the
airfoil.

Comparison with Experiments

Experiments

Numerical results are compared with the experimental surface
temperaturedistributionobtainedby Al-Khalil et al.15 In their study,
a NACA 0012 airfoil, 1.8288-m (6-ft) span and 0.9144 m (36 in)
chord, is � tted with an electrothermal ice protection system at the
leading edge. The ice protection system consisted of seven heater
bands, three on each side of the airfoil and one centered on the
leading edge, as shown in Fig. 6. The heater layup was accidentally
shifted toward the upper part of the airfoil. Table 1 lists the wrap
coordinates of each of the heaters.

The electrothermal ice protection system has six layers of differ-
ent conductivity and thickness, as Table 2 shows. The third layer is

Table 1 Wrap position of the heaters

Heater Start, cm End, cm

H1 ¡9.3599 ¡5.5499
H2 ¡5.5499 ¡3.0099
H3 ¡3.0099 ¡0.4699
H4 ¡0.4699 1.4351
H5 1.4351 3.9751
H6 3.9751 6.5151
H7 6.5151 10.3251

Table 2 Material conductivity and thickness from top
to bottom of the ice protection system

Layer Conductivity,W/(m K) Thickness, cm

1 16.27 0.02
2 0.256 0.028
3 41.02 0.00127
4 0.256 0.028
5 0.294 0.089
6 0.12 0.343

Table 3 Icing conditions for the three selected cases

Icing condition T1 , ±C U1 , m/s LWC, g/m3

22A ¡7.6 44.7 0.78
35A ¡18.8 44.7 0.78
67A ¡21.76 89.4 0.55

Table 4 Power from each heater

Heater power densities, kW/m2
Icing
condition H1 H2 H3 H4 H5 H6 H7

22A 9.920 10.230 32.550 46.500 18.600 6.975 10.230
35A 12.090 11.780 34.100 46.500 23.250 6.665 12.710
67A 20.150 21.700 32.550 43.400 26.350 18.600 18.600

the heating element. Because the present model can only simulate
a single layered solid region, an equivalent thermal conductivity is
calculated.

With the hypothesis of a constant temperature across thickness,
equivalent conductivity can be determined for chordwise conduc-
tion. For an equivalentthickness Ac D 0:500 cm, the equivalentcon-
ductivity is 0:9182 W/(m K) for the system.

In the icing tunnel, 15 icing conditions were tested. The three
cases presented here, at 0-deg angle of attack and with a mean
volumetric diameter of 20 ¹m, are described in Table 3. The heater
power densities used are presented in Table 4. For these three cases
all of the impinging water evaporated in the leading-edgearea.

Al-Khalil et al.15 also give the experimental heat transfer coef� -
cients over a clean airfoil. The numerical calculations of Al-Khalil
et al. are done with the experimental heat transfer coef� cients.

Collection Ef� ciencies

Determinationof thecollectionef� cienciesand impingementlim-
its are critical in the simulation of an anti-icing system. As will be
seen later, temperatures along the airfoil skin depend strongly on
the presence of water.

Figure 7 shows thenumericalcollectionef� cienciesobtainedwith
CANICE when U1 D 44:7 m/s. These collection ef� ciencies are
compared with the collection ef� ciencies used by Al-Khalil et al.15

The impingingwater area is quite largerin thecaseofAl-Khalil et al.,
results going from ¡5 to 5 cm instead of ¡2:5 to 2:5 cm. Figure 7
also shows the collection ef� ciencies if we consider that droplets
have a Median Volumetric Diameter (MVD)D 20 ¹m § 12% and
follow a log-normal distribution in the wind tunnel. The impinging
areaextendsa littlemorebecauseof the largedroplets.Nevertheless,
CANICE numericalresultsdonot showthe slowchangingcollection
ef� ciencies region of Al-Khalil et al. curves below ¯ D 0:1.
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Fig. 7 Collection ef� ciencies for cases 22A and 35A.

Fig. 8 Surface temperature distributionwith three different collection
ef� ciencies distribution for case 22A.

Note that a large number of panels, at least 600 with a sinusoidal
distribution, are needed to obtain collection ef� ciency coef� cients
in the region below ¯ D 0:05.

Surface Temperature Distribution

Figure 8 shows the effect of collection ef� ciency distribution on
surface temperature for case 22A of Ref 15. The experimental heat
transfer coef� cients of Al-Khalil et al.15 are used for this compari-
son. When the collection ef� ciencies distributionof Al-Khalil et al.
are used, the maximum temperature near ¡3 and 3 cm is approxi-
mately 10±C. This is because no water runs back after ¡3 and 3 cm
when theCANICE collectionef� cienciesare used.With a larger im-
pingement region, a part of the heating power is used to evaporate
the water between ¡3 and ¡5 cm or between 3 and 5 cm. Because
of the high water latent heat of evaporation, a small mass of water
is suf� cient to induce a large fall in the surface temperature.

In Figure 9, numerical surface temperaturedistributionsobtained
using Al-Khalil et al.15 collection ef� ciencies are presented. In
Fig. 9, experimental and numerical results of Al-Khalil et al. are
also shown. The curve CANICE A is obtained using the experi-
mental heat transfer coef� cient, whereas the curve CANICE B is
obtained using the numerical heat transfer coef� cient from the in-
tegral boundary-layermethod.

When the experimental heat transfer coef� cients are used,
CANICE results, plotted as curve CANICE A, are close to the ex-
perimental results. There is a signi� cant differencebetween the ex-
perimental and numerical surface temperature near the 5-cm area.
For almost all of the 15 icing cases presented by Al-Khalil et al.,15

Fig. 9 Comparison of surface temperature distributions for case 22A.

Fig. 10 Comparisonof surface temperaturedistributionsfor case 35A.

CANICE surface temperature in this area are below the experiment,
and it is suspected that this maybe due to an underestimationof the
heater power densities.

CANICE A and B curves are similar only between s D ¡2 and
2 cm, when water is still present on the airfoil. When there is no
water on the metal skin, surface temperature depends strongly on
heat transfercoef� cient. In the laminar region of the boundary layer,
the heat transfer coef� cients from the integralmethod are below the
experimentalones and, thus, surface temperaturesare higher for the
CANICE B curve.Because the transitionregionbetweenthe laminar
and turbulentboundarylayersis notmodeledby the integralmethod,
the heat transfercoef� cients rise abruptlyafter the transitionpoint is
set in s D §5 cm. This transition point is set based on experimental
observation.The numericalheat transfercoef� cientsbecomehigher
than the experimental ones, and surface temperature falls quickly
for CANICE B curve.

CANICE temperature predictions in the leading-edge area are
higher than those of Al-Khalil et al.15 because the driving force B is
estimated using Eq. (11) instead of Eq. (13). The evaporation rates
in CANICE are, thus, lower.

Results for case 35A of Ref. 15, using experimental heat trans-
fer coef� cients and numerical collection ef� ciency distribution,are
shown in Fig. 10. As in case 22A, CANICE surface temperatures
are higher than those of Al-Khalil et al.15 because evaporationrates
are lower. When no runback water is present, past ¡3 and 3 cm,
surface temperatures get closer to those of Al-Khalil et al. Because
of the smaller impingingarea of CANICE, a maximum surface tem-
perature above 100±C occurs.
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Fig. 11 Comparisonof surface temperaturedistributionsfor case 67A.

Case67AofRef.15 is presentedin Fig. 11.For this case,CANICE
collection ef� ciencies and heat transfer coef� cients are used, with
an imposed transition near ¡8 and 8 cm. In this case, there is water
rundown until ¡9 and 9 cm, and surface temperatures are less sen-
sitive to heat transfer coef� cient values. Because of this, CANICE
results are close to the experimental values, although a signi� cant
drop in surface temperature is visible near the transition point, just
after a maximum in surface temperature is reached.Again, a proper
model of the transition region is needed to induce a gradual change
in surface temperature as in the experimental results.

Validity of the Surface Model

The � rst assumption made in the development of the runback
water mathematical model, apart from the assumption of two di-
mensionality, is that the � lm � ow is continuous. The two others
main hypotheses are that droplet impacts do not perturb the water
� lm and that waves do not occur. These three hypotheses, although
not a good representation, lead to great simpli� cation of the prob-
lem and are almost unavoidable if the problem is to be solved as a
stationary one.

Once these assumptions are accepted, two hypotheses lead to the
simpli� ed equationsused for the runback water model. First, inertia
terms in the Navier–Stokes equation can be negligible. This is the
case if 23

[±]2=[x]2 ¿ ºw=[u][x] (31)

The rate of change [®] of thickness in the x direction gives the
characteristic length [x],

[x] D [±]=[®] (32)

Typical values for characteristic length are [u] D 0:02 m/s, [±] D
3 £ 10¡6 m, [®] D 0:001, and ºw D 80 £ 10¡8 m2/s. With these val-
ues, Eq. (31) is justi� ed.

The second hypothesis is that a fully developed temperature pro-
� le exists. This is true for18

[x]=[±] > 0:1.[u]=[±]/ºwPrw (33)

The extent of a heating area is taken as the characteristic length [x].
With [x] D 0:02 m and Prw D 7, Eq. (33) is also justi� ed.

Temperature variations across the electrothermal anti-icing de-
vice have been measured for case 22A in the leading-edge area.14

A variation of around 6±C occurs between the inner layer and the
surface. The difference of temperatures between the heater and the
surface is on the order of 0:5±C.

The hypothesis of constant temperature across the metal skin is
not accurate if we consider all of the layers in the anti-icing device.
Apart from the slight overestimationof the surface temperature, the

hypothesisof constant temperaturedoes notmodel two-dimensional
effects well. The two-dimensionaleffects are present particularlyin
the border of each heater area, as well as at the end of the runback
water area. From the presented results, it is near the end of the
runback water area, when energy is transferred from a dry region to
a wet region, that two-dimensionaleffects are the most important.

Conclusions
A mathematical model has been developed to analyze the heat

transfer over an airfoil in icing conditions with hot air anti-icing
systems. A simple runback water temperature model has been sug-
gested. This simple model gives good results when compared to
numerical results of Al-Khalil et al.15 For all of the cases studied
here, the runback water � lm is so thin that temperatureschange lin-
early across the water � lm. The main advantageof the presentmodel
is the possibility of implementing it in the CANICE code. Hence,
ice accretion when not enough heat is provided by the anti-icing
system can be simulated.

Numerical results have been compared to experimental results
available for a NACA 0012 airfoil with an electrothermalanti-icing
device. These comparisons show the sensitivity of the surface tem-
perature to the estimationof the impingementlimits and to the mass
of water captured. Surface temperatures also highly depend on the
local heat transfer coef� cient used. A proper model of the heat
transfer in the transition region is needed. With the integral method
presented here, heat transfer coef� cients rise too quickly after the
transition point, causing a sharp decrease of the temperature. Un-
fortunately, experimental measurement points of temperature are
too widely spaced to permit a good comparison with the numerical
results.

The hypothesesused in the developmentof the presentmodel ap-
pear to be valid for the runback water region. The one-dimensional
model of the solid region gives good results, although experimental
data showed that the temperature is not constant across the thick-
ness. A temperature pro� le comparison between the CANICE and
Al-Khalil et al.15 numerical results indicates that the present wall
model gives satisfactory results.
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