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Aircraft manufacturers need anti-icing system simulations to help in the design of ice protection systems. Heat
and mass transfer predictions obtained with two different methods to solve the boundary layer in the case of an
anti-icing simulation are compared. The integral method and the � nite difference method are used to solve the
boundary-layer equations, including the mass diffusion equation. The boundary-layer solvers are implemented
into the code CANICE, which models the ice accretion process. Comparison of heat and mass transfer distributions
and surface temperature distributionsare made. Surface temperatures predicted with the � nite difference method
are closer to experimental results than surface temperatures predicted with the integral method.

Nomenclature
c = airfoil chord, m
cp = speci� c heat of air, 1004.76 J/(kg K)
cw = speci� c heat of water, 4218J/(kg K)
F = shear force on water � lm, N/m2

f = fraction of water that freezes, Çmgl / Çm tot

H = total enthalpy, J/kg
ÇH = mass � ow of enthalpy, J/s

h x = heat transfer coef� cient, W/(m2 K)
k = thermal conductivity,W/(mK)
L e = latent heat of evaporation, 2512.08 kJ/kg
L f = latent heat of fusion, 334.944 kJ/kg

= molecular mass, kg/kmol
Çm = mass � ow rate, kg/s
Çm 0 0 = mass � ow rate per unit area, kg/m2 s
m j = mass fraction of substance j
( Çm j ) 0 0

s = evaporation rate, kg/m2 s
P = pressure, N/m2

Pv = partial vapor pressure of water, N/m2

Pr = Prandtl number, l cp / k
Q = heat, W
Q 0 0 = heat � ux, W/m2

Qbl = heat lost by convection,W
Rx = uex / m , Reynolds number
Sc = Schmidt number
s = curvilineardistance from stagnation point, m
T = temperature,K
Tb = bulk temperature in the water � lm, K
u, v = velocity component, m/s
u s =

p
( s / q ) friction velocity, m/s

vw = transpirationvelocity, m/s
x , y = spatial coordinate,m
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b = collection ef� ciency
c j = mass diffusion coef� cient, kg/(ms)
d = water � lm thickness,m
d l = boundary-layer thickness,m
e m = eddy viscosity, m2/s
l = dynamic viscosity, Ns/m2

m = kinematic viscosity, m2/s
q = density, kg/m3

s = shear stress at the wall, N/m2

Subscripts

air = property of air
bl = boundary layer
e = evaluated at the edge of the boundary layer
gl = ice
imp = relative to the water caught by airfoil
in = entering a control volume
out = leaving a control volume
s = evaluated at y equal to 0 in the boundary layer
t = turbulent
vap = vapor
w = property of water
wall = in the solid region
1 = freestream condition

Introduction

F LIGHT safety of aircraft operating under natural icing condi-
tions is one of the major concerns of certi� cation authorities

and aircraft manufacturers. Two kinds of in-� ight ice protection
systems can be used to prevent ice accretion on critical surfaces,
such as wings: de-icing or anti-icing systems. The de-icing systems
work periodically, waiting for some small amount of ice to accrete
before removing it. The anti-icingsystems are designed to allow no
ice accretion at all, working continuously from the start of any ice
accretion event.1

Usually, anti-icingsystemsuse heat to keep the cold water caught
by the aircraft above the freezing point. This heat comes either from
electrical pads installed in the metal skin or from hot air circulating
on the inner side of the metal skin. In the case of wings, anti-icing
systems are installed in the leading-edgearea where water droplets
impinge. Although it is possible to keep the leading-edge area just
above the freezing point so that water freezes farther downstream,2
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most of the anti-icingsystems are designed to evaporatea large part
of the water caught by wings.

Aircraft manufacturersuse ice accretion simulationcodes to help
in the design of ice protection systems. Bombardier Aerospace
uses the CANICE code developed at the École Polytechnique de
Montréal. In addition to its ice accretionsimulation capabilities,the
CANICE code can also simulate an anti-icing system. Anti-icing
simulation results depend mainly on the heat losses to convection
andon the evaporationratesused,once the collectionef� cienciesare
determined. In fact, in the case of an evaporativeanti-icing system,
more than 70% of the energy is used to evaporate the water.3,4 The
objective of the present work is to compare heat and mass transfer
predictions obtained with an integral solution and with a � nite dif-
ference solution of the two-dimensional boundary-layer equations
around an airfoil in icing conditions.

A short review of the models used for heat and mass transfer pre-
diction in the case of anti-icingsystemsimulationsis � rst presented.
Then, the mathematical model and the highlights of the numerical
method used in CANICE are given. Finally, comparison between
numerical results and experiments is made for a NACA 0012 in
icing conditions.

Previous Works
Al-Khalil5 has developeda speci� c model for an airfoil anti-icing

system. The two-dimensionalconduction equations are solved by a
� nite volume method in the airfoil skin, and a runback water model
is suggested. Water � ows on airfoil as a continuous � lm � ow in
the impingement region. The continuous � lm � ow breaks down in
rivulets when a minimum critical thickness is attained outside of
the impingement region. Heat transfer coef� cients between water
and external air are obtained either experimentally4 or by numeri-
cal methods.6 Evaporation rates are obtained from the heat trans-
fer coef� cient hx and the ratio of Prandtl number Pr, and Schmidt
number Sc:

Çm 0 0
vap =

hx

cp
( Pr

Sc )
2
3

air

w

air [ Pv ,w ¡ Pv ,e

Pe ¡ Pv ,w ] (1)

where Pv ,w is the saturated vapor pressure at the water � lm surface
and Pv ,e is the local vapor pressureat the edge of the boundary layer
accounting for the local relative humidity.

This kind of relation is the one usually used in codes that model
the ice accretion process7,8 to obtain the mass transfer. Only a few
models have been tried to predict heat transfer coef� cient in these
codes. An integral method for heat transfer over rough surfaces,
based on equivalent sand grain roughness, is widely used.9,10

Some workers have tried to simulate an anti-icing system with a
de-icing simulation code. For example, Henry11 developeda model
that simulates two-dimensionalheat transferwith an electrothermal
anti-icing/de-icing device. Effect of heating on heat transfer coef-
� cients is considered via a complete boundary-layer calculation.
Mass transfer rates are calculated from heat transfer coef� cients.

Mathematical Model
Numerical simulation of the anti-icing system using an integral

method is done with a version of CANICE code described in a
previous work.3 The highlightsof these modi� cations are described
here. Special attention is given to the model used with the � nite
difference method for the external boundary layer.

The anti-icingsystem is divided in four regions in the mathemat-
ical model: 1) the external � ow region, 2) the runback water region,
3) the solid region, and 4) the heating area. These four regions are
shown schematically in Fig. 1 for the case of a hot air anti-icing
system on a single element airfoil. The CANICE code that models
the ice accretion process is modi� ed to include the temperaturegra-
dient in the runback water, to model the heat transfer in the wall,
and to take into account the heating region. An iterative procedure
is used to � nd the surface temperature distribution and the mass of
water evaporated. The mathematical models used for each of the
four regions are presented in the following subsections.

Fig. 1 Typical model of an anti-icing system.

External Flow Region

The external � ow region, includingair� ow around the airfoil and
water droplet trajectories, is already modeled in the ice accretion
version of CANICE code. First, a potential solution for the � ow
around airfoil is looked for. Starting upstream of the airfoil, the
water droplet trajectories are then found, based on the drag force
exerted by the potential velocity � eld. From the distribution of the
droplet impact points, the local collection ef� ciencies are known
and, thus, the mass of water caught by the airfoil. The procedure
used has been described in detail by Brahimi et al.12

Wateronairfoil� ows as a thin water � lm. The shearforce, theheat
� ux, and the evaporation rate at the air–water interface of the � lm
� ow are calculated by solving the boundary-layer equations with
an integral method or a � nite difference method. The continuity
equation,the mass diffusionequation, the momentum equation,and
the energy equationare as follows, for a two-dimensionalboundary
layer13:
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The mass concentrationof substance j in the mixture is given by
m j . For an anti-icing system, only two substances are present: the
water and theair.A unitLewis numberassumption,Le =Pr / Sc =1,
is made to simplify the energyequation(5). In the case of a turbulent
boundary layer, the equations stay the same, except that a turbulent
viscosity l t , a turbulent mass diffusion coef� cient c j t , and a turbu-
lent thermal conductivity kt are added to the laminar ones.

The Cebeci and Smith (see Ref. 14) formulation is used to obtain
the eddy viscosity. The eddy-viscosity formula for a � ow over a
smooth surface with or without heat transfer is de� ned by

( e m)in = l2
ê
ê
ê
ê

@u

@y

ê
ê
ê
ê
c tr c (6)

for 0 · y · yc . The value of yc is de� ned as the point where ( e m )in =
( e m )out. For yc < y · d 1, the eddy-viscosity formula is

( e m)o = 0.0168
ê
ê
ê
ê
* 1

0

(ue ¡ u) dy
ê
ê
ê
ê
c tr c (7)

The mixing length l is given by

l = ky{1 ¡ exp[ ¡ (y / A)]} (8)
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where k = 0.40 and A is a damping-lengthconstant,which may be
represented by

A = 26( m / N )u ¡ 1
s (9)

N = { ( p+ / v +
w )[1 ¡ exp(11.8v +

w )] + exp(11.8v +
w )}

1
2 (10)

p+ =
m ue

u3
s

due

dx
(11)

v +
w = vw /u s (12)

An intermittency factor c tr is used in Eqs. (6) and (7) to represent
the transition region from laminar to turbulent � ow. It is de� ned by
an empirical correlation,

c tr = 1 ¡ exp[ ¡ G(x ¡ xtr) * x

xtr

dx

ue ] (13)

where xtr is the location of the start of the transition region. The
factor G is evaluated at xtr with

G = 8.33 £ 10 ¡ 4(u3
e / m 2) R ¡ 1.34

x (14)

Although Eq. (14) has been developed for uncoupled adiabatic
� ow, it is considered to be a valid approximation for the coupled
boundary layer with heat and mass transfer as studied here. The
heat and mass transfer rates are relatively small in the case of an
anti-icingsimulation and have a negligibleeffect on the momentum
boundary layer.

Another factor c is introduced to account for the intermittency
of turbulence as the freestream is approached. It is given by the
empirical expression

c = [1 + 5.5(y / y0)
6] ¡ 1

(15)

with y0 de� ned as the y location where u /ue =0.995.
The turbulent viscosity l t = q e m , together with the turbulent

Prandtl number Prt , and the turbulent Schmidt number Sct give
values for the turbulent conductivity and the turbulent mass diffu-
sion coef� cients. A constant value of 0.9 is taken for the turbulent
Prandtl and Schmidt numbers.

When an integral method is used, the diffusion equation (3) is
not solved. The evaporation rates around airfoil are obtained from
the heat transfer coef� cients, using an analogy between heat and
mass transfer. The equations used to solved the boundary layer by
an integralmethodhave alreadybeenpresentedin a previouspaper.3

At the edge of the boundary layer, the boundary conditions are
imposed using the tangential velocity ue, found from the potential
� ow solution. For the mass diffusion equation (3), the momentum
equation (4), and the energy equation (5), the conditions at y = d 1
are, respectively,

u = ue (16)

H = He (17)

m j = (m j ) 1 (18)

The boundary conditions at the wall, y = 0, are slightly more
complicated. For the momentum equation (4), that mass enters the
boundary layer from the evaporating water � lm must be taken into
account by using a transpirationvelocity vw :

u = 0 (19)

vw = ( Çm j )
0 0
s / q s (20)

For the energy equation (5), the total enthalpy is imposed

Hs = cpTs (21)

The surfacetemperatureused,Ts , is theoneat theair–water interface
when a water � lm is present.The water � lm model presented in the
following subsection is used to obtain this surface temperature.

The mass diffusion equation (3) is solved for an imposed mass
concentrationof water at the wall. The mass concentrationof water
in air is a function of the partial vapor pressure of water, Pv , and of
the local static pressure Pe:

(m j )vap = Pv / (1.61Pe ¡ 0.61Pv ) (22)

The partial vapor pressure is a function of the temperature and is
given by a polynomial interpolationof the steam table of Ref. 15.

A special case occurs if the evaporation rate is greater than the
mass � ow rate, Çm 0 0

in + Çm 0 0
imp, in the water � lm. Then, the evaporation

rate must be imposed. This evaporationrate will be less than the one
found by imposing the mass concentration of water. The boundary
condition becomes, at y =0,

m j = (m j )vap if ( Çm 0 0
j )s · Çm 0 0

in + Çm 0 0
imp (23)

dm j

dy
=

¡ Çm 0 0
in ¡ Çm 0 0

imp

c j
if ( Çm 0 0

j )s > Çm 0 0
in + Çm 0 0

imp (24)

Runback Water Region

Water coming from the droplets that hit the airfoil will freeze, or
runback,or evaporate.The runbackwater is modeledas a continuous
� lm � ow with no waves on the airfoil surface, as shown in Fig. 2.
In Fig. 2, a � lm � ow of thickness d is driven by a shear force F and
reaches a surface velocity of U d . Heat Qanti enters the solid region
from the internal hot air. This heat is redistributed before entering
the � lm � ow. The incoming heat Qwall is partly used to warm the
water � lm, and the rest, Q loss, is lost by convectionand evaporation.

The equation used for the velocity distribution in the water is3

uw (x , y) =
1

2 l w

dP

dx
y2 +

1
l w [F ¡ d (x)

dP

dx ] y (25)

The potential velocity � eld gives the value for the pressure gra-
dient. The � lm � ow is driven by the shear force F applied by the
external � ow region. The shear force F is the sum of the wall fric-
tion s air exerted by the boundary layer and of the momentum per
unit area from incoming water droplets Çm 0 0

impu imp :

F = s air + Çm 0 0
impu imp (26)

The water speed is slow compared to air velocityoutside the bound-
ary layer and, thus, can be neglected in the calculation of s air.

The temperature distribution is approximated by a second-order
polynomial:

Tw (x , y) = AT (x)y2 + BT (x)y + CT (x) (27)

The bulk temperaturein the � lm � ow, Tb , and the heat � ux lost to the
external air� ow, Q 0 0

loss, respectively, give the values for coef� cients
AT and BT . The heat � ux lost to the air� ow includes convection,
evaporation,and the energy losses to warm the impinging droplets.
The surface temperature of the metal skin sets the CT value.

Comparisonwith other numerical results has showed the validity
of the model for a very thin � lm � ow.3

Fig. 2 Runback water model.
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Solid Region

The temperaturedistributionin the metal skin is found by solving
the steady two-dimensional conduction equation:

d

dx (kwall
dTwall

dx ) +
d

dy (kwall
dTwall

dy ) + Swall = 0 (28)

A source term Swall is included to offer the possibility to simulate
electric de-icer pads. When an integral method is used to solve the
boundary layer, the temperature is assumed to be constant across
thickness, and a one-dimensional formulation of the conduction
equation is used.3

The boundary condition on the internal side of the metal skin is
given either as an imposed heat � ux distribution coming from the
anti-icing device or as a � xed heat transfer coef� cient distribution.
On the external side, heat � ux is imposed everywhere between the
solid surface and the water � lm or the boundary layer, except when
the surfaceis wet and ice and water arepresent. In this case,a surface
temperature of 0±C is imposed.

Heating Region

The heating area is modeled by a heat � ux Q 0 0
anti , or by a heat

transfer coef� cient hanti , or by a source term localized inside the
metal skin.When the temperaturesare constant across the thickness
of the metal skin, in the one-dimensionalmodel case, the y location
of the heat source inside the wall has no importance. The heat � ux
is then considered to come from the internal side of the metal skin,
even if the electric de-icer pads are located inside the wall.

Numerical Method
The numerical method used with the integral boundary-layerso-

lution is presented in a previous article.3 In this section, the imple-
mentationin CANICE of a � nite differencecode and a � nite volume
code is described.

The panel method of Hess and Smith (see Ref. 16) is � rst used
to obtain the velocity � eld around the airfoil. Then, each individual
droplet trajectory is calculated by integrating the droplet equation
of motion with a variable time step Runge–Kutta method of order
� ve.17 With the droplet impact points on the airfoil, the water mass
caught by each panel of the discretized airfoil is found.

Using the compressibleversion of the Falkner–Skan transforma-
tion and the compressible stream function, the coupled boundary-
layer equations(3), (4), and (5) are modi� ed. The transformedequa-
tions are then solved by a � nite difference method using the Box
method of Keller (see Ref. 14). This method gives second-order
accuracy for arbitrary x and y spacing.

The conductionequationin the solid region is solvedby a second-
order accurate � nite volume method.18 A quasi-orthogonal grid is
used to discretize the airfoil metal skin. Length of the control vol-
umes in the x direction is � xed by the panel sizes used for the
solution of the potential velocity � eld.

The boundary layer is solved for an initial surface temperature,
starting at stagnationpoint. For each panel of the discretizedairfoil,
the heat exchanged between the metal skin and the water � lm is
calculated.The heat lost by convectionto the air and the evaporation
rate are � rst estimated. Then, considering the mass � ow rate of
water caught, Çm imp , and the mass � ow rate in the � lm � ow, Çm in,
an energy balance is done on the water � lm. The energy lost by
evaporation is calculated using the evaporation rate and the latent
heat of evaporation.The real evaporation rate is given by

Çmvap = min( Çmvap , Çm imp + Çm in) (29)

Four cases can occur on the airfoil surface:1) no water is present,
2) all of the water freezes, 3) only a fraction of the water freezes,
and 4) all of the water is liquid.

The simplest case occurs when no water � lm is present. Then,
heat lost by the wall is equal to heat lost by convection Qbl ,

Qwall = Qbl (30)

The second case, when all of the water freezes, happens when
surface temperature is below 0±C. Then the freezing fraction f is 1,
and the ice temperature is equal to the surface temperature.

In the third case, when surface temperature is 0±C, the freezing
fraction f is evaluated with

f =
ÇHimp + ÇHin + Qbl ¡ Qwall ¡ ÇHvap ¡ ÇHtot

Çm tot L f

(31)

where Çm tot represents the amount of water not evaporated,

Çm tot = Çm in + Çm imp ¡ Çmvap (32)

and

ÇHtot = Çm totcw Tb (33)

ÇHvap = Çmvap(cw ,gTs + Le) (34)

In Eq. (34), cw ,g is the speci� c heat of water at the proper state
(liquid or ice) and Tb the bulk temperature in the water � lm. The
temperature is considered constant at 0±C across the water � lm. If
the calculatedfreezing fraction is between 0 and 1, then no changes
are made to Qwall. For freezing fractionsgreater than 1, calculations
are done as if all of the water freezes, and for freezing fractions
lower than 0, calculationsare done as if all of the water is liquid.

In the � nal case, when all of the water is liquid, temperature
variationacross the water � lm thicknessis calculatedusingEq. (27).
Prior to this calculation,thicknessof thewater� lm is estimatedusing
the velocity distribution found with Eq. (25). The freezing fraction
f is set equal to 0. The surface temperature used for the boundary-
layer calculation is no longer the temperature at the water–solid
interface but, instead, it is the one at the air–water interface.

The heat at the water–solid interface is given, for the three last
cases, by

Qwall = ¡ Çmgl (cw Ts ¡ L f ) ¡ ÇHvap ¡ Çmoutcw Tb + ÇHimp + Qbl + ÇHin

(35)

The rate of ice accretion Çmgl comes from

Çmgl = f Çm tot (36)

Once the boundary layer is solved and the heat Qwall is found,
the temperature distribution in the solid region is calculated.A heat
� ux Qanti , or a heat transfer coef� cient together with a reference
temperature, is imposed on the inner side of the airfoil skin. On the
external side, when the local freezing fraction is not between 0 and
1, the heat Qwall is imposed. When this is not the case, a surface
temperature of 0±C is imposed. The heat Qwall is then estimated in
these regions from the temperature distribution in the solid.

With the new surface temperature distribution and, possibly, the
newheat Qwall, theboundary-layerequationsare solvedagainbefore
a new temperature distribution in the solid region is sought. The
iterative process continues until the total energy leaving the metal
skin equals the total energy entering the metal skin.

Because of the temperature and mass concentrationvariations in
the boundary layer, properties of air are not constant. The density
changes with temperature and water concentration in the air. The
equivalentmolecular weight of the mixture is � rst found with

= 1/ [(m j )air / air + (m j )vap / w ] (37)

The molecular weight of air and water are, respectively, 28.966
and 18.01 kg/kmol. With R =8.31434 Nm/molK, the density of the
mixture becomes

q = Pe / RT (38)

Sutherland’s law (see Ref. 19) gives the variation of air viscosity
with temperature:

l = 1.45 ¡ 6 (T 1.5)

(T + 110.3)
(39)
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A constant Prandtl number of 0.7 is used to obtain the thermal
conductivity. The Schmidt number Sc is a function of the density,
through the mass diffusion coef� cient for a substance, c j :

Sc = l / c j (40)

c j = q D j (41)

where D j =0.25 £ 10 ¡ 4 m2/s is the diffusion coef� cient of water
in air.

Results and Discussion
Ice Accretion

The numericalresultsobtainedby solvingthe momentum,energy,
and mass diffusion equations for a boundary layer and the two-
dimensionalconductionequationin the metal skin are � rst validated
using previous numerical results. The code is tested with no heat
� ux coming from anti-icing device, and ice shapes similar to the
ones obtained with CANICE are found.

For all of the cases presented, a sinusoidal distribution is used
to discretize the airfoil in 300 panels along the chord. Seven con-
trol volumes were used across the metal skin thickness. This mesh
density gives a surface temperature distribution independent of the
grid.

In Fig. 3, ice shapes accreted after 6 min are plotted for the same
atmospheric conditions used for the anti-icing case presented sub-
sequently. Transition point locations are shown in Fig. 3, although
their positions are not critical in the case of rime ice accretion pre-
sented here. The NACA 0012 airfoil is at an angleof attack of 0 deg,
and the velocity is 44.7 m/s. The ambient temperature is ¡ 7.6±C.
The median volumetric droplet diameter is 20 l m, and the liquid
water content is 0.78 g/m3. The Reynolds number, based on the
airfoil chord, is 5.5 £ 106 for the calculations.

The collection ef� ciencies used for the calculations are shown
in Fig. 4 as a function of distance from stagnation point on airfoil
surface. Two curves are plotted in Fig. 4. The curve ICE is used
for icing calculations. The other one, ANTI, is used for anti-icing
calculations.The ICE curve is the collection ef� ciency distribution
calculated with CANICE. The ANTI curve comes from Al-Khalil
et al.4 results. Discrepancies between the two curves are discussed
by Morency et al.3

Ice shape obtained with the � nite difference (FD) boundary cal-
culations (CANICE FD) is similar to the one obtained using the
classical integral method (CANICE IM) with no conduction in
the metal skin. No heat is provided from the anti-icing system, and
the metal skin essentiallyacts to redistributeheat losses in CANICE
FD calculations.Temperaturecontours, from the CANICE FD two-
dimensional model of the metal skin, show that temperature is es-
sentiallyconstant across the thicknessof the metal skin, except near

Fig. 3 Ice accretion after 6 min when no anti-icing device is used.

Table 1 Wrap position of the heaters

Power density,
Heater Start, cm End, cm kW/m2

H1 ¡ 9.3599 ¡ 5.5499 9.920
H2 ¡ 5.5499 ¡ 3.0099 10.230
H3 ¡ 3.0099 ¡ 0.4699 32.550
H4 ¡ 0.4699 1.4351 46.500
H5 1.4351 3.9751 18.600
H6 3.9751 6.5151 6.975
H7 6,5151 10.3251 10.230

Fig. 4 Collection ef� ciencies used for the calculations.

Fig. 5 Heater bands inside the
airfoil.

the end of the icing area. There, heat is removed from the icing
area through conduction.This heat is lost by convectionin the clean
surface area. Ice accretion rates are, thus, higher near the end of the
icing area in the CANICE FD case.

Anti-Icing

The anti-icing code is also validated using the experimental data
of Al-Khalil et al.4 The experimental results were obtained on a
NACA 0012, 1.8288-m span and 0.9144-m chord, � 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 approximately centered on the leading
edge as shown in Fig. 5.

Table 1 lists the wrap coordinatesof each of the heaters, together
with the power densities used for the present case. Because of the
small shift of the heaters toward the airfoil upper part, heating is not
symmetric around airfoil leading edge. For example, the heat � ux
from the H3 heater is almost two times higher than the heat � ux
from the H5 heater. The electrothermal ice protection system has
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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

Fig. 6 Comparison of surface temperature distributions.

six layers of different conductivityand thickness, as Table 2 shows.
The third layer is the heating element.

With the impinging water mass caught known, the surface tem-
peratures on the airfoil are calculated either by CANICE IM or by
CANICE FD. To help in the comparisons, transition from lami-
nar to turbulent boundary layer is imposed at the same location,
s / c = 0.055, on the airfoil upper part and lower part.

Figure 6 shows the numerical surface temperature distributions
estimatedwith the IM and with the FD methodas a functionof curvi-
linear position along surface. Vertical lines are draw at transition
point locations. Because of asymmetric heating, surface tempera-
tures are higher on the lower part of the airfoil. The experimental
results of Al-Khalil et al.4 are also shown. From Fig. 6, it is clear
that the FD method gives a better approximation of the experimen-
tal temperatures.This is particularly true after the transition points,
where the smooth transition model used with the FD method avoids
an abrupt change in surface temperature.

In the case of surface temperatures obtained with CANICE FD,
inertia effects in the heated boundary layer retard the cooling of the
surface in some areas. This is visible past the heated region, near
s = 0.1 m, where surface temperaturedrops slowly instead of going
down abruptly, as in the case of CANICE IM results. There is more
than 10±C of difference in surface temperaturepast s =0.15 m. Far-
ther downstream, the two calculated surface temperatures become
almost equal.

Looking at the friction coef� cient distributions in Fig. 7 gives
an idea of the water evaporation effects on the boundary-layer ve-
locity pro� le. For this particular case, with a small mass rate of
water caught and, thus, a small mass of water evaporated, no ef-
fects are clearly visible on the friction coef� cient distribution from
CANICE FD. CANICE IM calculationsdo not take into account the
variation of air properties nor the blowing effect caused by water
evaporation.CANICE FD and IM results look the same, exceptnear
s = 0.05 m, where the effect of smooth transition from laminar to
turbulent boundary layer is visible.

The mass losses due to evaporation are compared in Fig. 8 for
the two methods. Because surface temperatures are not the same,
evaporation rates in the two cases are clearly different. The evapo-

Fig. 7 Comparison of friction coef� cients.

Fig. 8 Comparison of mass loss to evaporation.

Fig. 9 Comparison of heat loss to convection.

ratedwater mass riseswhensurface temperaturerisesand falls when
surface temperature falls. Evaporation rates are greater in CANICE
FD calculations. Because of the water high latent heat of evapora-
tion, the difference in the evaporatedwater mass near the stagnation
point is enoughto causea changeof more than10±C in thecalculated
surface temperature.

Heat lossesdue to convectionare presentedin Fig. 9 for CANICE
IM and CANICE FD calculations.Because no heat is providedpast
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Fig. 10 Surface temperatures and heat transfer coef� cients for FD
calculations.

Fig. 11 Surface temperatures obtained with the same heat transfer
coef� cients.

s = 0.1 m, heat lost to convection falls quickly near 0, although this
does not mean that the heat transfer coef� cients are 0. Far from the
heated and the wet area, the metal skin is in equilibrium with the
external airstream. By de� nition,

Qbl = hx (Ts ¡ Tref) (42)

and if Ts = Tref , then Qbl = 0 and the heat transfer coef� cient hx is
inde� nite.

Losses to convection in the stagnation point area are greater in
CANICE IM calculationsbecause surface temperatures are greater.
The evaporation rates, lower in CANICE IM than in CANICE FD,
cause the higher surface temperatures.

In Fig. 10, surface temperatures together with heat transfer coef-
� cients are plotted for CANICE FD calculations. Variations of the
temperature with the heat transfer coef� cient are clearly visible. In
addition, a sharp rise occurs in the heat transfer coef� cient when
the temperature increases near s = 0.04 m. This kind of rise is not
modeled with the hypothesis of constant surface temperature used
in the IM.

Finally, to see the effect of the heat transfer coef� cient values
used, the heat transfer coef� cients calculated by the FD method
have been employed in CANICE IM calculations. Surface temper-
ature distributions in Fig. 11 show that in the impinging water area,
temperatures calculated by CANICE IM are higher than those cal-
culated by CANICE FD. For the same heat transfer coef� cients,

evaporationrates are lower with the IM calculations.When there is
no water on the airfoil, agreement between surface temperatures is
better. Discrepanciesafter s =0.1 m are caused by the heat transfer
coef� cients from CANICE FD being inde� nite. Thus, outsideof the
heating area, heat transfer coef� cients from the IM must be used in
CANICE IM.

Conclusions
A mathematical model to solve the boundary layer around an

airfoil with heat and mass transfer has been presented.This mathe-
matical model has been implemented successfully in the CANICE
code. The modi� ed version of CANICE is able to predict heat and
mass transfer, surface temperature, and ice accretion for icing or
anti-icing cases.

A two-dimensional model of the metal skin has also been im-
plemented in CANICE. Numerical results for several cases showed
that two-dimensional effects are not always negligible at the end of
the wetted surface. However, when an ice protection system uses
an electrothermaldevice, instead of a hot air anti-icing device, two-
dimensional effects are small because the heating device is close to
the surface.

The heat transfer coef� cients found with the integral boundary-
layer method are not in perfect agreement with the ones found with
the FD method. Results show that heat transfer coef� cients from
the FD method are closer to the experimental ones. Even when
the heat transfer coef� cients from the FD calculations are used,
the evaporation rates found by analogy with heat transfer are too
low for the case studied here. The relation used to calculate evap-
oration rates by analogy from heat transfer coef� cients should be
veri� ed.

Finally, the FD method used to solve the boundary layer offers
� exibility in the simulation of the laminar–turbulent transition re-
gion. The smooth variation of the heat transfer coef� cient makes
the choice of the transition point less critical. A roughness model
must be added to take into account the state of the surface when ice
accretion occurs, for example, when the anti-icing device does not
provide enough heat.
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