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Abstract: The transient behaviour of electric heating and de-icing of the wing is studied by numerical method. The thermal convection coupling
method based on the equivalent heat transfer coefficient and the boundary condition iteration is developed for the two designed schemes of the
electric heating system. According to the surface temperature, the internal temperature, and the icing condition, the system transient performance
is investigated. The purpose of this study is to establish the de-icing transient model of the wing ice protection system, simulate the transient de-
icing process and form the method of performance estimation. The results under different working conditions show that the temperature distri-
bution of the skin surface is not uniform, rather presents certain regularity. The rising rate of temperature decreases with the increase of the tem-
perature. The trend is more obvious at lower ambient temperature, when the ambient temperature rises, the surface temperature rises rapidly in a
short period. Scheme 2 has certain advantages in heating capability, while the hot knives structure of scheme 1 can narrow and split the icing area.

1 Introduction

Aircrafts often encounter ice weather conditions in flight. Icing on
windward surfaces of different parts may cause different influence
to aircrafts. As the key parts to lift the aircraft, wings’ aerodynamic
quality influences the performance of the aircraft to a maximum
extent. The icing on the windward surface of the wing slats will
result in the decreasing of aircraft’s lift, the increasing of air resist-
ance, thus the deterioration of aircraft handling and stability and
other air quality, and cause disaster [1]. To ensure flight safety,
reduce the occurrence of ice accidents, ice protection system are
usually installed on the aircraft. There are a variety of ice protection
methods. Among them, the electrothermal method is efficient, easy
to control and power saving, thus is more commonly used in air-
crafts [2]. When the electrothermal ice protection system works,
the skin surface is heated, once the temperature rises above the
melting point of the ice, the ice on the surface is melted to a thin
liquid layer, and then the ice layer falls off the surface under aero-
dynamic and centrifugal force.

However, in the working process of electrothermal ice protection
system, it is prone to meet with overflow ice, internal overheating,
de-icing failure and other issues due to the design defects. So it is
necessary to conduct a certain performance verification analysis
to ensure the safety before actual uses. De-icing performance veri-
fication can be achieved through numerical simulation, ice wind
tunnel test, flight test and other means. Numerical simulation is
budget, time-saving to carry out tests under different conditions,
and is efficient to predict the performance of the ice protection
system under the entire flight envelope.

Foreign researchers have carried out a lot of researches on the nu-
merical simulation of the electrothermal de-icing process.
Stallabrass [3] established a mathematical model of the electrother-
mal de-icing plate for the first time, and studied the influence of the
thickness ratio of the inner and outer insulating layers, and then the
optimum thickness ratios of the inner and outer insulating layers
were obtained. In 1987, Masiulaniec [4] created a two-dimensional
(2D) model using the conformal-coordinate transformation method
to convert the stratified de-icing structure of the leading edges of the
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propeller to the Cartesian coordinate system to overcome the
problem of calculating curvature. Wright [5] carried out massive
numerical simulations to investigate the de-icing process; the
results showed that the alternating direction implicit (ADI)
method was superior whose large time step did not cause diver-
gence of the calculations. Yaslik established a 3D mathematical
model of the simplified electrothermal de-icing device in 1992
[6]. In recent years, representative studies of electrothermal ice pro-
tection system have included: Elangovan and Olsen [7] established
a mathematical model of the composite layer of the ice protection
system by ADI method. Temperature field was obtained by
solving the transient heat transfer equations, the control law was
researched, and the number and position of the heating mat are opti-
mised. Reid calculated the transient 2D de-icing process [8], and
researched the impacts of icing, overflow water and structural
model on the surface temperature by coupling the external icing
and internal thermal conduction. Habashi simulated the 3D
de-icing process, analysed the influence factors of de-icing effect
by self-developed Fensap programme [9—11]. The optimisation
method of the de-icing system is also studied.

Domestic research is relatively few due to the lack of the under-
standing of the importance of aircraft ice protection system and the
complexity of the numerical calculation of electrothermal de-icing
devices. In 1999, Han verified the performance of the anti-icing
device on the radome for a certain aircraft [12]. Chang researched
the thermal protection range of the ice protection system [13],
which was installed on the propeller blade of a certain helicopter,
and simulated the transient heat transfer process of the 2D electro-
thermal de-icing rectangle [14, 15]. Xiao calculated the thermo-
dynamic coupling characteristics of the electrothermal de-icing
process and its effect on de-icing performance, obtained the
change regulation of the ice layer stress with the heat flux, and pre-
dicted the damaging effect of thermodynamics coupling on the ice
[16].

In this paper, the electrothermal de-icing process of the wing is
numerically studied. Aiming at the two schemes of the electric
heating system, the method of internal heat conduction and external
heat convection coupling is developed. On the basis of the change
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of the surface temperature, interior temperature and icing conditions
during the de-icing process, the performance of the system was
investigated. The purpose of this paper is to establish the de-icing
model of the wing ice protection system and simulate the transient
de-icing process. The simulation includes the calculation of air flow
field and the water droplet field, heat conductivity of internal layers
of the composite heating mat, heat coupling of conductivity and
convection, and mass transfer across the skin surface. Besides,
the method of estimating the de-icing performance of the ice protec-
tion system is obtained, which can verify the rationality of the
design scheme.

2 Mathematical model and calculation method
2.1 Electric heating device structure

The electrothermal device is installed inside the skin with an elec-
tric heating composite layer structure, which is usually composed of
the corrosion protection layer (wear resistance layer), heating layer,
adiabatic (inside and outside insulations) layer, support layer and so
on. Figs. 1 and 2 show the two schemes of heating mat structure of
electric heating device introduced in this paper.

As shown in Fig. 1, the heating mat of scheme 1 is mainly com-
posed of metal heating element, glass fibre cloth and special glue.
Glass fibre cloth is used for insulation, between the heating
element and the outer skin; special glue is used to paste the
heating element, the fibre cloth, the stainless skin, and the base
layer by layer, and ensure the insulation between different layers
as well. The stainless steel is corrosion resisting with high strength,
so it can protect the entire heating device, besides, because of its
high thermal conductivity, the anti-icing efficiency of the outer
surface can be ensured.

Fig. 1 Heating mat structure of scheme 1
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Fig. 2 Heating mat structure of scheme 2
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Fig. 3 Heating scheme 1

Fig. 4 Scheme 2 structure

The heating mat of scheme 2 is composed of skin, thermally con-
ductive adhesive layer, backing layer, an adhesive layer, an insula-
tion layer, heating layer and so on.

Meanwhile, the layout of the heating element is designed for
scheme 1 and scheme 2. The heating element of scheme 1 uses
the heating mat structure as shown in Fig. 1, and the heating
element of scheme 2 uses the heating mat structure as shown in
Fig. 2. The layout of the heating element as shown in Fig. 3 is
designed for scheme 1, whereas the layout shown in Fig. 4 is
designed for scheme 2.

For scheme 1, the chordwise width of the spanwise hot knife is
8.6 mm, the spanwise width of the chordwise hot knife is 10 mm,
the cross-hot knife is symmetrical about the central line of the pro-
tected domain, and the area is 2974 mm?, which accounts for 20.7%
of the total area. The use of the cross-shaped hot knife can divide a
large piece of'ice into four small pieces, so they can be easily blown
off from the skin when the ice at the interface is melted, thus the
efficiency of de-icing is improved. When the temperature of the
heating element is super high, the signal transmitted through the
temperature sensor may cut off the power automatically to protect
the heating elements.

For scheme 2, the heating elements ®, @ and ® are installed in
turn along spanwise. The size of the heating elements is the
same, 80 mm in spanwise, and 40 mm in chordwise, the area of
each element is 3840 mm?.

The heat flux of scheme 1 and scheme 2 are both 2.8 W/cm?, the
heat flux of the cross-heat knife of scheme 1 is 2.05 W/cm?.

2.2 Internal thermal simulation

The models are based on following hypotheses:

(1) The material properties of each layer of the heating mat are
fixed.

(2) The interface between ice/water droplets and the skin surface,
and each layer adheres perfectly.

(3) Ice block may fall off when the interface at the skin is melted.
The melted thickness in this paper is supposed to be 0.2 mm.

The enthalpy equation of each layer of the heating mat is shown
below:

oH; _ yi, 7y 0t |
ar | ax? + n? + 9> ta M
where H is the total enthalpy (J) of the control volume; ¢ is the tem-
perature (K) of the control volume; £ is the thermal conductivity
(W/m k) of the control volume; j stands for appointed layer, ¢ is in-
ternal heat source (W/m?), the internal heat source of different
layers equals 0 except the heating layer.
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The enthalpy of the layers of the ice protection system presents a
linear trend when the temperature rises, while that of the mixture of
ice and water at the interface presents a non-linear trend because the
temperature of the mixture is always fixed. In this paper, an
improved enthalpy model is applied to analyse the heat transfer
process of the mixture layer. It is assumed that the phase transition
process takes place within a very small temperature range
(At=0.02°C). The relationship between the enthalpy of ice
(water) and the temperature is shown as follows:

For ice layer (t<t,)

H;=p;c,t 2
For water layer (¢>1,, + Ar)
Hy = p;cp ty 3)
H,,, =p,(c, 1, +1L) 4
H, =p,c,{t—1,)+p,(cpt, +1L) ®)

For mixed layer(t,, <t<t,, + Af)

Hm = Iiim + (t - tm)(H

wm fltm)/At (6)
where subscripts i, m, and w stand for ice, a mixture of ice and
water, and water, respectively. p stands for density(kg/m®); ¢
stands for the specific heat at constant pressure (J/kg K). L stands
for the latent heat of phase transition (J/kg) of ice. #,, stands for
the phase transition temperature (K) of water. At is the temperature
range of phase transition.

In the working process of electrothermal ice protection system,
the heat transfer on the outer surface of the wing is various and com-
plicated. Therefore, the concept of equivalent heat transfer coeffi-
cient Ay is introduced in this paper, and the synthetic heat
transfer process is simplified as Aep(?s — 7). Applying the skin
surface temperature #; and the equivalent heat transfer coefficient
hggr to the boundary condition formula (7) of the governing (1),
the surface temperature field can be calculated by coupling the in-
terior heat conduction and exterior complex heat convection. The
boundary conditions of the control (1) are:

Exterior boundary

ot
— ka—y = Mgty — 1) 7

Interior boundary

ot

> _ 8

ay ®)
Side boundary

ot

—=0 9

™ ©

where /¢ stands for the equivalent heat transfer coefficient of the
skin surface and the environmental air flow (W/m? k), while the in-
ternal layers are taken as adiabatic, 7, stands for the ambient tem-
perature (K).

2.3 External icing simulation

As part of the de-icing process is accompanied by icing phenom-
enon, it is needed to simulate the icing conditions on the skin
surface. The calculation of icing is mainly composed of flow field
calculation, water droplet impact characteristics and heat and
mass coupling calculation.
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The flow of fluid follows the mass, momentum and energy con-
servation equation. For the calculation of the flow field of an airfoil
with and without icing, this paper chooses S—4 equation as the tur-
bulence model [16], and uses FLUENT software to discretise the
control equations by the method of volume control, then the
SIMPLE algorithm is applied to solve the discretised equations.
In this paper, ICEM software is used to mesh the computational
domain. The far field which is 15 times the chord length is
meshed by the C-type structured grids, while the solid layers are
meshed by BLOCK structured grids. After the independent analysis
of the grids, the grids numbers of the far field and solid layers are
confirmed. In this paper, the supercritical airfoil of SC0710 devel-
oped by National Aeronautics and Space Administration is adopted
as the object of study, the chord length is 300 mm. The far-field
pressure is set as the boundary condition for the entrance of the air-
droplet field, the surface of the airfoil is assumed to be a non-slip
wall, upper and lower boundaries of the calculated domain are
taken as adiabatic, as shown in Figs. 5 and 6.

In the calculation of the water droplet field, Lagrangian algorithm
rather than Euler method is applied to save more computational
resources, because there is no need to couple the droplet field
with the air field. The following equation of water droplets for
icing issues is established:

&’z Re,, 18y d¥, )—paz | cyRe, 18y —
Xy 4 caRey 18pdyy _ pw Pag_|_0d ey 18 (10)

dr? 24 dpwdt T p, 24 d2pw

The initial conditions are

x,(0) = (X0» Yo 20) (11)
& = V., (12)

where C, is the resistance coefficient, Re,, is Reynolds number of
water droplets, u is the air dynamic viscosity (Pa s), V., is the vel-
ocity of the flow from far field (m/s), g is the acceleration of gravity
(m/s?), X, is the displacement of droplet (m), u is the velocity of the
water droplet, ¢ is time (s), and subscript 0 stands for the initial

Fig. 5 Wing far-field grid

Fig. 6 Solid grid
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conditions. On the basis of the classical Messinger icing model, the
thermal and mass equilibrium of the icing process on the outer
surface is studied. The specific solving process is introduced in lit-
eratures [17, 18].

2.4 Calculation method of internal and external coupling

Under icing conditions, the heat transfer process of the skin surface
of the wing is complicated. Therefore, the concept of equivalent
heat transfer coefficient /. is introduced in this paper, where the
complex heat transfer process is simplified and expressed by
formula (13), it can be seen that the internal heat conduction of
the composite layers and the external heat convection are coupled
to calculate the temperature field of the skin surface

Q = heffAS(ts - too) (13)

where Q=2X0Q;(t,) is the sum of the heat flow (kW), £ is the skin
surface temperature (K), 7., is the far-field temperature (K), and
AS is the effective area of protection (m?).

The coupling iteration follows these steps.

As shown in Fig. 7, the initial skin surface temperature is sup-
posed to be tg , then the updated surface temperature tsl, the equiva-
lent heat transfer coefficient hgff, and the thickness of the ice on the
skin surface 4° are calculated by the iteration of the external icing
module. The internal heat conduction module is applied with tsl
and hgff set as the external boundary condition for the control
volume. The 2D model is iterated after conformal transformation
[5] to obtain the updated surface temperature tg. tf is re-assigned
to the external icing module, once the heat transfer and mass equi-
librium are achieved, and the icing calculation is completed, the
updated results of héff and h' are obtained. According to the conver-
gence criteria |tf+' — tf | < o (oisa given constant), it can be deter-
mined whether the surface temperature is converged, if not, the
process will be repeated. Then the surface temperature can be
obtained for each timestep by carrying out the above steps.

3 Results and analysis

In this paper, the rationality of the design and the performance of
the system are verified in the following aspects: the temperature

Initial temperature of
. . 0
the skin surface f

Caleculation of
external icing module
b T

[Caleulation of the
skin temperature f
and the equivalent
heat transfer

0
|coefficient h!-.r:

Calculation of heat
conduction g{)dulo

; A 4
Update the skin
temperature f; and the

heat transfer |
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Convergence in
the timestep

Fig. 7 Iterative flowchart of internal and external coupling
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Table 1 Calculation conditions

Number Altitude, Temperature,°C  Liquid water content ~ Velocity,

km (LWC), g/m? m/s
1 2.5 -13 0.61 0.341
2 3 -45 0.54 0.369
3 3.05 26 0.17 0.460
4 4 -11 0.4 0.426
5 5 -175 0.26 0.577
6 6.7 -28.6 0.15 0.657
7 4.6 -15 0.316 0.525

field of the skin surface and its transient performance; the
maximum temperature of the composite layers and its transient per-
formance; the maximum icing thickness during the icing process
and the characteristics of the de-icing process.

3.1 Conditions for calculation

According to the results of the thermal load obtained by empirical
calculation, the working conditions of the larger thermal require-
ment in the flight envelope are selected. As shown in Table 1.

3.2 Surface temperature field analysis

As the temperature of the skin surface reaches the peak at the end of
the heating cycle and declines to the lowest at the end of the cooling
cycle, the analysis focuses on the surface temperature field at the
end of the heating cycle and the cooling cycle.

Figs. 8 and 9 show the surface temperature distribution at the end
of the heating cycle of scheme 1 and scheme 2 under the same
working condition (case 6), respectively. As the water collection
and the flow around the surface are different for the two schemes,
the surface temperature distribution is not uniform but presents a

Fig. 8 Surface temperature distribution of scheme 1 under working condi-
tion 6

Fig. 9 Surface temperature distribution of scheme 2 under working condi-
tion 6
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similar regular distribution. The maximum temperature of the
surface of the two schemes is both located at the trailing edge of
the lower surface, where the evaporation heat and the convection
heat is rather low, due to the weak impact of the water droplets
and the low velocity of air flow. The maximum temperature
(17°C) of scheme 1 is larger than that of scheme 2 (13°C),
because of the longer heating cycle. Since the heating power of
the hot knife is lower than that of the heating mats on upper and
lower surfaces for scheme 1, the surface temperature presents the
same trend, as shown in Fig. 8.

The results show that the surface temperature range of the aircraft
is different under different operating conditions in the flight enve-
lope but present similar distribution regulations. The average tem-
perature of the upper surface near the stagnation point is
generally low because the water collection and the heat convection
are enhanced. At the end of the heating cycle, the minimum tem-
perature of the surface is between 5.5 and 10°C. Compared to
other working conditions, the average temperature of case 6 is the
lowest and the minimum temperature is 5.5°C. As shown in
Table 1, the ambient temperature of case 6 is —28.6°C, the results
demonstrate the availability of the schemes of the ice protection
system.

During cooling cycle, case 3 and case 6 show typical frost situa-
tions, and the surface temperature is reduced to a minimum tem-
perature of —5°C. The surface temperature of case 1 remains
above 0°C due to the higher ambient temperature. For other calcu-
lated cases, the surface temperature drops to near 0°C, indicating
that the interface at the surface is in the state of water/ice mixture.

The cross-shaped hot knife of scheme 1 is heated continuously,
under conditions of case 3—case 7, the maximum temperature of
the skin surface at the stagnation point is between 4.5 and 7°C,
which is lower than 10°C.

3.3 Transient performance of the surface temperature

In the process of de-icing, the heating mats are heated periodically,
thus the surface temperature fluctuates regularly. On the basis of the
principle of heat and mass transfers, the impact of convective heat
transfer on the upper surface at the downstream of the stagnation is
much stronger than that on other protected area. Besides, comparing
with the trailing region, the efficiency of water collection at the
downstream of the stagnation is higher. Thus, it is generally taken
as the key region to be investigated with the lowest surface tempera-
ture. This view is also proved by the results of the surface tempera-
ture distribution shown in Fig. 8. Temperature sensors are assigned
to monitor the surface temperature, as shown in Fig. 10, the transi-
ent variation of the temperature of point @ is taken as emphasis.
Figs. 11 and 12 show the temperature changes of the sensor @
under different working conditions. It can be seen that the time
needed for the heating cycle is different under different working
conditions, so is the time needed for cooling cycle. The trend is
the lower the ambient temperature, the longer the required heating
time, and the shorter the allowable cooling time. After the heating
element is powered, the surface temperature rises from the initial
value, and the rate of rising decreases as the temperature increases.
This trend is much more obvious while ambient temperature is

20mm

£l 28mm

200mm

Fig. 10 Temperature sensors distribution
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Fig. 11 Temperature changes of sensor @ for scheme 2 under conditions of
cases 5—7
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Fig. 12 Temperature changes of sensor @ for scheme 2 under conditions of
cases 2 and 4

lower (as cases 5, 6, and 7). When the ambient temperature is
high, the surface temperature rises rapidly in a relatively short
period of time (cases 2 and 4).

From the results of the calculations, it can be seen that the surface
temperature of the monitoring point under the working conditions 1
and 2 is always >3°C and 1°C without freezing. While the surface
temperature under the working conditions 2, 4, and 7 gradually
decreases to 0°C and keeps stable, indicating that the interface on
the surface is in the state of ice/water mixture.

Compared to scheme 2, the heating time required for scheme 1 is
longer to reach a similar surface temperature. Taking case 7 as an
example (as shown in Fig. 13), the heating time required for
scheme 1 is 42.5 s, while the heating time required for scheme 2
is 32.5s.
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Fig. 13 Comparison of temperature change for scheme 1 and scheme 2 on
case 7
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Fig. 14 Temperature distribution of heating layer of scheme 1 under
working condition of case 6

3.4 Internal temperature of composite layers

During the de-icing process, the heating mats are periodically
powered and the internal temperature of the composite layers there-
with waves. The ice protection system limits the internal tempera-
ture to a certain extent by means of the temperature feedback.
The purpose of simulating and investigating the internal tempera-
ture is to clarify whether the heating mat is overheated under the
design working condition. Therefore, in order to prevent the mater-
ial from overheating, the maximum temperature inside the heating
mat during the de-icing process is investigated, that is, the tempera-
ture distribution at the end of the heating cycle.

Figs. 14 and 15 show the temperature profile of the heating layer
of scheme 1, when the average temperature reaches the highest at
the end of the heating cycle. The heating power of the cross knife
is much smaller than that of the heating mat on the upper and
lower surfaces, so the temperature of the hot knife is lower than
other regions at the same moment during the heating cycle. Since
the ambient temperature in case 6 is lower than that in case 7, the
average temperature of the heating element of case 6 is lower,
with a range of 50-94°C, while the range in case 7 is 55-98°C.

Figs. 16 and 17 show the temperature profile of the heating layer
of scheme 2, when the average temperature reaches the highest at
the end of the heating cycle. It can be seen that the temperature dis-
tribution of the internal heating element layer presents the similar
characteristics to that of the skin surface, is affected by the
ambient conditions. Owing to the lower ambient temperature of
the working condition 6, the average temperature of the heating
element layer is lower than that under the working condition
7. The temperature range of the former is 21-28°C, while the
latter is 25-33°C.

Temperature (K)

3.282240+002 3. 713670+ 002

Fig. 15 Temperature distribution of heating layer of scheme 1 under
working condition of case 7

Fig. 16 Temperature distribution of heating layer of scheme 2 under
working condition of case 6
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Fig. 17 Temperature distribution of heating layer of scheme 2 under
working condition of case 7

The results of different cases show that the maximum tempera-
ture of the heating element layer of scheme 1 varies from 61 to
98°C. The maximum temperature of the heating element layer of
scheme 2 varies from 20 to 33°C. Generally, the heat resistant tem-
perature of the composite layers is higher than 120°C. Therefore,
there is no overheating problem in the internal structure of
scheme 2. Although the maximum temperature is much higher
for the heating element of scheme 1 than scheme 2, the possibility
of overheating is also tiny.

3.5 De-icing process

The ice protection system allows the skin to ice to a certain extent
during the cooling cycle. This section examines the thickness of ice
adhered to the protected surface at the end of cooling cycle, its se-
verity is accessed and the de-icing characteristics are investigated.

Figs. 18-20 show the distribution of the icing thickness on the
skin surface of scheme 2 under the working condition of case
7. The de-icing process of the system is revealed by the change

-~

Fig. 18 Icing thickness distribution sketch of scheme 2 in case 7 (57.5 s)

s 000 6.0998T0-004

Fig. 19 Icing thickness distribution sketch of scheme 2 in case 7 (60 s)
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Fig. 20 Icing thickness distribution sketch of scheme 2 in case 7 (62.5 s)

of the cloud chart of the icing thickness with time. Fig. 21 shows the
icing thickness distribution along chordwise at the cross-sectional
position where Z=150 mm, the abscissa is the coordinate value
in the Y-direction, the unit is m, and the ordinate indicates the
icing thickness, the unit is m.

The results show the transient de-icing process of the heating ele-
ments of scheme 2 under the working condition of case 7. It can be
seen that the process of de-icing lasts in a short period of 5 s. From
the end of the cooling cycle at 57.5-62.5 s, the maximum icing
thickness on the skin surface decreases from 0.68 to 0 mm gradual-
ly, indicating that the ice adhered to the skin surface has been
removed. It can be seen from Fig. 21, under the working condition
of case 7, the ice presents the characteristics of glaze ice, where ap-
parent ridges are formed on both sides of the stagnation point (see
Fig. 22).

For the heating system of scheme 2, the surface temperature is
always higher than 0°C due to the higher ambient temperature in
case 1, so there is no icing occurring. The maximum icing thickness
of the rest of the investigated cases is between 0.07 and 0.68 mm.

0.0006
0.0005
0.0004
0.0003
0.0002
0.0001

-0.01 -0.005 0 0.005 0.01
Y

Fig. 21 Icing thickness distribution (z =150 mm) of scheme 2 in case 7
(57.5s)

Fig. 22 Icing thickness distribution sketch of scheme 2 in case 6 (47.5 s)
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Fig. 23 Icing thickness distribution (z=150 mm) of scheme 2 in case 6
(47.5s)
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0, 00000e+ 000 1.214580-003

Fig. 24 Icing thickness distribution sketch of scheme 1 in case 7 (62.5 s)

Among them, apparent rime ice is generated in case 6 due to the
lower ambient temperature, as shown in Fig. 23. According to the
icing scale grades derived from flight test, the maximum icing
thicknesses of 0.1-5 mm is taken as weak icing, which will not sig-
nificantly affect the aerodynamic performance of the wing.
Therefore, the control law of scheme 2 is safe and rational.

For the heating system of scheme 1, the surface temperature is
always higher than 0°C due to the higher ambient temperature in
case 1, so there is no icing that occurs too. The maximum icing
thickness of the rest of the investigated cases is between 0.12 and
1.39 mm, which is also taken as weak icing. Meanwhile, through-
out the de-icing process, there is no ice formed on the skin
surface at the location of the hot knife area, as shown in Fig. 24.
It is consistent with the design requirement of the system. The
cross-shaped hot knife, whose surface temperature remains 6—-10°
C, is used to divide a large block of ice into small ones, so that
they can be blown off from the skin surface by air flow easily.

4  Conclusion

In this paper, the problem of electrothermal ice protection system
for the leading edge of wing slat is studied. According to the two
specified heating schemes, the equivalent heat transfer coefficient
and the internal and external coupling methods are used to calculate
the temperature distribution of the skin surface. The effects of dif-
ferent working conditions on the surface temperature, internal tem-
perature, and the transient de-icing process are studied.

A comprehensive evaluation of the simulation results is sum-
marised as follows:

(1) Owing to the difference of water collection and outer flow, the
temperature distribution of skin surface is not uniform, rather pre-
sents certain regularity. On the basis of the principle of heat and
mass transfer, the impact of convective heat transfer on the upper
surface at the downstream of the stagnation is much stronger than
that on another protected area. Besides, comparing with the trailing
region, the efficiency of water collection at the downstream of the
stagnation is higher. Thus, it is generally taken as the key region
to be investigated with the lowest surface temperature.
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(2) During the de-icing process, the heating mats are periodically
powered and the internal temperature of the composite layers there-
with waves. The lower the ambient temperature, the longer the
heating time required, and the shorter the permissible cooling
time. The rate of temperature rising decreases as the temperature
increases. This trend is much more obvious while ambient tempera-
ture is lower. When the ambient temperature is high, the surface
temperature rises rapidly in a relatively short period of time.

(3) The structure and layout of the heating mat are different for the
two specified schemes, so is the performance of the system. Overall,
the surface temperature at the end of the heating cycle of scheme 2
is higher than that of scheme 1. In the meanwhile, the maximum
temperature of the interior layers of scheme 2 ranges from 20 to
33°C, which is much lower than 61 to 98°C of scheme
1. Therefore, scheme 2 has the advantages to scheme 1 on
heating performance. While the cross-shaped hot knife structure
of scheme 1 can narrow and divide large ice blocks into small
ones so that they can be blown away from the skin surface by air
flow easily.
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