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Effect of Curvature in the Numerical Simulation
of an Electrothermal De-Icer Pad

J. R. Huang,* Theo G. Keith Jr.,T and Kenneth J. De Witt}
University of Toledo, Toledo, Ohio 43606

A finite element method, which incorporates an assumed phase state technique, is presented for the solution
of one- and two-dimensional heat conduction problems with phase change. A simulation of an electrothermal
de-iced aircraft surface is made using this method. The major interest of this study is the effect of the surface
curvature on the numerical results. Comparison of predicted temperatures within a rectangular simulation and
those within an airfoil reveals the extent and importance of modeling curvature effects. When surface curvature
is less than 0.25, curvature effects may be neglected and a rectangular shape may be used instead of the actual

geometry.

Nomenclature

= global matrix of linear system of equations

element geometry coefficients

apparent heat capacity

= dimensionless coefficient in Kirchhoff
temperature function

= specific heat capacity

= element area

= enthalpy per unit volume

= heat-transfer coefficient

= curvature

mass matrix

= boundary condition matrix

= thermal condition matrix

= thermal conductivity

= elemental side length

total node number

unit normal vector

global vector of linear system of equations

heat source vector

boundary condition vector

rate of heat generation per unit volume

temperature

= ambient temperature

time

node coordinates

boundary condition coefficients

time step

Kirchhoff variable

density
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Subscripts
i.j,k =
R =

nodal indices of a triangular element
reference value

Superscripts
n = time level
0 = initial condition
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Introduction

HE removal and/or prevention of ice on aircraft com-

ponents, e.g., wing surfaces, nacelles, inlets, etc., is vital
to aircraft performance and operation. Even small amounts
of ice can have disastrous consequences. Methods of ice con-
trol can be arranged into two broad categories: 1) anti-icing
methods and 2) de-icing methods. Anti-icing methods are
concerned with the prevention or minimization of ice buildup
on exposed surfaces. Anti-icing systems generally utilize
chemical or thermal principles. De-icing methods are con-
cerned with ice removal during and after ice buildup. De-
icing systems generally utilize mechanical or thermal princi-
ples.

An electrothermal de-icer pad is a widely used thermal de-
icing system. By this method of wing surface ice control,
heater pads are installed beneath the skin surrounding the
leading edge, as shown in Fig. 1. The heaters are activated
during icing conditions to remove any accreted ice. Electrical
energy in the form of conducted heat destroys the adhesion
forces at the ice-wing surface interface. Aerodynamic forces
are then able to sweep the ice from the surface.

The complexity associated with the airfoil geometry and
the phase change of the ice require that a numerical technique
be used to simulate an electrothermally de-iced aircraft sur-
face. However, there are three basic difficulties involved with
a numerical simulation of a de-icer pad: 1) the curved ge-
ometry, 2) the layered structure, and 3) the extremely small
layer thicknesses compared to the overall airfoil thickness and
chord length. A variety of numerical studies of a de-icer pad
have been performed over the past few years, e.g., Refs. 1
4. The numerical approach used in these studies is a transient
finite difference technique. The irregular geometry and lay-
ered composite materials that are involved make these tech-
niques difficult to apply. Accordingly, most of the previous
studies have focused on a rectangular geometry. Recently,
Huang et al.’¢ combined an enthalpy method with a finite
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Fig. 1 Airfoil with electrothermal thermal de-icer pad.
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Table 1 Data for a typical de-icer pad

Thermal
Thickness, conductivity, Diffusivity,

Layer in. btu/h-ft-°F ft*/h

Stainless steel abrasion shield 0.0300 8.70 0.1500
Epoxy/glass insulation 0.0388 0.22 0.0087
Copper heater element 0.0065 60.00 1.1500
Expoxy/glass insulation 0.1544 0.22 0.0087
Stainless steel blade skin 0.0300 8.70 0.1500
Aluminum doubler 0.0600 102.00 2.8300
Aluminum substrate 0.1750 102.00 2.8300

element technique (FEM) to simulate a two-dimensional elec-
trothermally de-iced aircraft surface. However, FEM usually
takes more CPU time than do comparable finite difference
methods. Also, the data input and output for FEM are more
involved. On the other hand, it has been reported' ~* that the
finite difference techniques can provide very good approxi-
mations compared to experimental data by using simplified
rectangular geometry instead of the actual curved de-icer pad
configuration. Of course such simplifications are valid only
when the curvature of the geometry is negligible. Moreover,
if geometry effects are unimportant, then it seems unnecessary
to introduce FEM to simulate airfoil geometries since these
methods require higher computer costs. At this point, when
to utilize FEM in de-icer pad simulations is still in question.

To resolve this question, the effect of curvature on de-icer
pad numerical simulation will be carefully examined. First,
the simulation results of an actual curved geometry and those
of a rectangular simulation will be compared under the same
test conditions. Next, a series of cylinders whose compositions
and physical properties are the same as those of a standard
de-icer pad except for the constant surface curvatures will be
analyzed to isolate curvature effects. These comparisons should
permit the following questions to be answered:

1) Does surface curvature affect a de-icer pad simulation?

2) If it does, how is the effect connected to the value of
the curvature? Conclusions about the effect of the curvature
on the de-icer pad simulation may be drawn from these com-
parisons.

Analysis
Physical Considerations

Geometric and thermal property data for the composite
structure investigated in this study are presented in Table 1.
The structure consists of seven layers plus a layer of accreted
ice. The bottom layer is the load-carrying substrate. The ex-
posed surface of the substrate is subjected to a convective
heat exchange. The internal surface of the substrate is covered
with a layer of insulation. The heater is sandwiched between
two layers of insulation. The bottom insulating layer is much
thicker than that of the top layer, so that most of the generated
heat is directed towards the ice. A protective metal abrasion
shield covers the top layer of insulation. The insulating layers
electrically isolate the heater from the metal substrate and
the abrasion shield. The layers of the composite are joined
to each other with adhesive whose effect will not be consid-
ered in this study. The heater is usually very thin (approxi-
mately 1/1000—-5/1000 in. thick). The ice surface, exposed to
the ambient, is subjected to a convective heat exchange that
is different from that of the substrate.

Analytical Considerations

The following assumptions were made in the development
of a mathematical model for heat conduction in the composite
geometry described above:

1) The ambient temperature, inside air temperature, and
all heat transfer coefficients are constant with respect to time.

2) There is perfect thermal contact between each layer.

3) The density change due to melting is negligible, i.e., the
effect of ice volume contraction during melting is neglected.

4) All materials are isotropic.

The general heat conduction equation is

(p0) & = V-(VT) + q 1)

This expression can be used to determine the temperature
distribution within any of the layers including that of the ice.
The heat source term g is nonzero only for the heaters.

The initial condition is

T=1T° at t=20

The convective heat transfer boundary condition for either
the bottom surface of the substrate or the ice layer-ambient
interface is

—kVT-n = K(T — T.)
This can be written more generally as
kNT-n + aT + B =0 2)

where n is the unit vector normal to the heat exchange surface.
Comparing the above two expressions reveals that « = 4 and
B = —hT..

The enthalpy method is used to determine the phase change
within the ice, and the method of assumed states’ will be used
to describe the latent heat absorption. Equation (1) may be
written in terms of the enthalpy per unit volume as

% = V-(kVT) + g 3)

where dH = pc dT. This equation can be applied in both the
composite material and the ice since the composite material
can be treated as a phase change material that will always be
in the solid state.

Equation (3) is nonlinear, due to the dependence of thermal
conductivity on temperature, i.e., K = k(7). This difficulty
can be circumvented by applying the Kirchhoff transformation

1 T(X.0)

o= — K(T) dT (4)

kg g

where kg is an arbitrary reference value of the thermal con-
ductivity. Integrating Eq. (4) using Leibnitz’s rule gives

Vo = [K(T)/kg]VT

Introducing this expression into Eq. (3) produces the fol-
lowing linear form:

oH
oz 29 5
a1 kpV3i0 = q (5
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Introducing phase change coefficients 8, C,, Hg, and
C*, and using standard FEM schemes, yields the following
results®-©:

(K] + [K])y*'[8 + C,TT!
+ [Kslnﬂ[HR + C*T]”+1 = [K3]"[HR + C*T]n

+ [P = [P (6)
or
(K.} + [K) (G Tl + (K[ e T
= ([K3]"[HR]" - [K?»]"H[HR]"H) - ([K1]
L

Assuming that the boundary condition will not be affected by
phase change, Eq. (7) can be simplified to

(KCT™ + [KiCrt + [KCrlr [T
= [KSC*]"[T]” + [KHR] — [KiHg]"!

_ [KI]n+l[0R]n+l + [PI]n+l — [PZ]n+1 (8)

To avoid numerical integration in the procedure of forming
the element matrix, a triangular element has been chosen in
this study. Using a triangular element in Eq. (8) results in the

following expression for two-dimensional problems:
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Results and Discussion

A computer program was written and run for one- and two-
dimensional problems, and, for purposes of validation, the
results were compared with existing numerical and experi-
mental data. The details of the comparison have been pre-
sented and discussed in Refs. 5 and 6. In this study, major
interest will be directed towards using Eq. (8) to simulate
two-dimensional de-icer pads that have the same layer struc-
ture, physical properties, and test conditions, i.e., 1) all test
models are eight layers, which includes the ice layer, (all
epoxy adhesive layers have been neglected), physical property
information for each layer is given in Table 1; 2) four heaters
are modeled, each heater element is 1 in. wide and the gap
between heaters is 0.061 in., a constant heater power of 30
W/in.? is used throughout; 3) initial temperatures are set at
20°F; and 4) the outer and inner convection coefficients are
150, and 10 Btu/h-ft>-°F, respectively. Since all structure,
physical properties, and test conditions have been set, the
only difference for the test problems is the geometric shape
and the surface curvature. In this way, the effects of shape
and curvature will become apparent from the differences in
results for the various test problems.

Rectangle vs Airfoil Simulation

First, a comparison will be made between the results ob-
tained by modeling a de-icer pad as a rectangle and by mod-
eling it using the actual airfoil geometry. The original rectan-
gle and airfoil input models are shown in Figs. 2 and 3,
respectively. The FEM mesh for the rectangle de-icer model

ai/'Lij oLy, aijLij oLy
3 * 3 6 6
n+1 n+l n+1 - *p+ 1 n+1
a,Ly, o;L;  apLy, oLy, e Ci T E 2 1 ¢y
T]r_1+1 + [B] Cr7l_j+lT]r_t+l + -_ 1 2 1 Cf)<n+lT]I_l+l
6 3 3 6 Tn+l Cn+1Tn+1 12At 1 1 2 Cj*n+lTn+l
o, Ly ajijk ajijk oLy k e Tk - * g
B 6 6 3 3]
071 E 211 Ci"Tr + Hiy — Hig! Bl, i T Brily; E q:]
= ~[B] | 63! 12A 1 21 CinTr + Hip — H' | - 2 BiyL; + BuyLy | + 3 q )
9'1'?21 11 2 CinTy + Hpp — Hif! B/ijk + Bl qr
where
- k k k k |
— b7 + — 7 —bb, + — — b, — ¢
4A 4A € 1A Db T g eq gz bbe F e
k k k k k k
Bl=| ——bb, + — Epry 2 Zph 4 ——c
[B] 4470 T 4A Y ga 1A S 1A bt g o
k k k k k k
Lobb + e, e bby + — Zop+ g
| 44 77 T 4a G 44 4A G a Pk T ggck

Constants a, b, and ¢ are determined from

a, a; a, X Ve =™ XY XY — XYe XY — XY
b, b, b} = Yi — Y« Yo — Y Yi = Y
G € G Xp = X; Xi = X XX

Equation (9) can then be assembled into an m, X m, linear
system of equations

[Al[TY " = [P] (10)

The choice of a solver of Eq. (10) is critical since the system
of equations is generally very large for an airfoil simulation.
In this study an improved lower and upper triangular matrix
factorization method was applied. As a result, the CPU time
was reduced from 20 to 100 times over the successive over-
relaxation method or the Gauss-Siedel method.®

(Fig. 2) and the airfoil de-icer model (Fig. 3) are shown in
Figs. 4 and 5, respectively.

The temperature histories of interfacial nodes that are po-
sitioned at the ice-abrasion shield interface for the rectangular
and airfoil geometries are shown in Figs. 6—9. Figures 6 and
7 are plots of temperature vs time for all the nodes at the ice-
abrasion shield interface for the rectangular and airfoil geom-
etries, respectively. Figures 8 and 9 are plots showing the
temperature at the stagnation point (labeled node 11 and node
18 in Figs. 2 and 3) and the leftmost point (labeled node 1 in
Figs. 2 and 3) at the shield interfaces. The differences between
treating the de-icer pad as a rectangle and treating it as an
airfoil may be listed as follows:

1) Figure 6 is a plot of the temperatures for all the nodes
along the interface. But only a few data lines are shown in
the plot. The reason for this is that many nodes have nearly
the same temperature history for the rectangular simulation

»
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Fig. 2 Rectangle de-icer configuration.
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Fig. 3 Airfoil de-icer configuration.
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Fig. 4 FEM mesh for rectangle de-icer configuration (for positions
of heater pads and nodes refer to Fig. 2).
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Fig. 5 FEM mesh for airfoil de-icer configuration (for positions of
heater pads and nodes refer to Fig. 3).
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Fig. 6 Temperature history for all rectangular interface nodes.
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Fig. 7 Temperature history for all airfoil interface nodes.

at the interface and, consequently, they all fall nearly on the
same line. On the other hand, many temperature-time lines
are shown in the Fig. 7. This indicates that the temperature
histories of the interfacial nodes for an actual curved airfoil
geometry are quite different from each other, and the nodal
temperatures on the interface show a more complicated be-
havior than do temperatures of the interface for the rectangle
case.
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Fig. 9 Temperature history for selected nodes at interface of airfoil.

2) At any specific time, the temperature range (Fig. 7) at
the interface (maximum nodal temperature minus minimum
nodal temperature) for the airfoil geometry is much larger
than the temperature difference (Fig. 6) at the interface for
the rectangular geometry.

3) Comparing Fig. 6 to Fig. 7, it can be seen that the flat
parts (which denote a two phase region), in both plots start
almost at the same time. But the flat portion of the curve for
the airfoil lasts about 5 s longer than that in the rectangle
simulation. This indicates that the start time of the melting
for the interfacial nodes in an airfoil simulation does not differ
much from that in a rectangle simulation. However, the time
of completing the phase change from ice to water at the in-
terface for an airfoil simulation is considerably longer than in
a rectangle simulation.

4) From Fig. 8, the temperature of the stagnation point
(node 11 in Fig. 2) for a rectangle simulation is always higher
than the leftmost node ( node 1in Fig. 2) at the shield interface
and the phase change starting and completion times occur
sooner at the stagnation point than at the leftmost node. But
Fig. 9 presents a totally different picture: the stagnation point
(node 18 in Fig. 3) temperature for an airfoil simulation is
always lower than the leftmost node (node 1 in Fig. 3) at the
interface. The melting starting time of the stagnation point is
a little later than the leftmost node and, the melting comple-
tion time of stagnation point for an airfoil simulation is much
later than that of the leftmost node.

The differences between airfoil and rectangle simulations
may be further delineated by examining the temperature pro-
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Fig. 10 Temperature profile for interfacial nodes of rectangle for
time a) 0—-10 and b) 0-40 s.

files of interfacial nodes at different times for the two simu-
lations. These are presented in Figs. 10 and 11. Comparison
of these figures reveals the following:

1) The temperature profiles of interfacial nodes for a rec-
tangular simulation resembles a trigonometric function. The
maximum and minimum temperatures are located at inter-
facial nodes over the centers of the heater and gap, respec-
tively. The difference between the maximum and minimum
temperatures is generally less than 5 deg. Only at the time
when the interfacial node over the heater center has com-
pleted its phase change and the node over the gap center is
undergoing phase change does the temperature difference
between those two groups of nodes become much larger.

2) For arectangle simulation, the phase change always starts
from the nodes that are positioned over the centers of heaters,
then gradually spreads to the nodes that are at the gap center.

3) For an airfoil simulation the temperature profile of in-
terfacial nodes also has features of a trigonometric function,
and the maximum and minimum temperature points align with
the center of the heater and gap, respectively. However, it
differs from the rectangular simulation results in that, the peak
occurs on either side of the interfacial points causing the melt-
ing interface to move towards node point 1 in Fig. 3. The
lowermost temperature value is always at the stagnation point.
As can be seen, the temperature of the stagnation point is
more than 5 deg lower than the temperature of the sides of
the interface before interfacial nodes complete the phase
change, and 20 deg lower than other nodes after the interfacial
nodes complete the phase change.
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Fig. 11 Temperature profile for interfacial nodes of airfoil for time
a) 0-10 and b) 0-40 s.

4) For an airfoil simulation, phase change always starts from
the two sides of the interface, then gradually moves toward
the center of the interface.

The comparison between the airfoil and rectangle simula-
tions reveals several important differences in the temperature
profiles, the temperature history and the melting process. In
summary the major differences are as follows:

1) In an airfoil simulation, the temperature at the stagnation
point (where curvature is the largest) is lower than the tem-
peratures on either side of it (where curvature is smaller). In
the rectangle simulation, the temperature of the node that is
over the center of the heater is slightly higher than the tem-
peratures of all other nodes.

2) Melting in the airfoil simulation always starts from the
two sides, then gradually moves towards the stagnation po-
sition. However, melting in the rectangle simulation occurs
almost simultaneously for every node in the same row if the
heater gap is small.

3) Comparing the entire melting process, the melting in the
airfoil simulation takes longer than that in the rectangle sim-
ulation. For the interfacial nodes, the start time of the melting
in an airfoil simulation does not differ much from that in a
rectangle simulation, usually taking about 0.1-0.5 s longer.
However, for the time to complete phase change at the in-
terface or melting time beyond the interfacial nodes, this dif-
ference gradually increases and the time delay of the melting
for an airfoil simulation becomes more apparent.

Since all the test conditions and physical properties are the
same for the two geometries, the only reason for these dif-
ferences must be attributed to the differences in geometry,
or more precisely, the difference in curvature. Obviously, the
curvature is closely related to the ratio of ice area/heater area.

For the rectangle, this ratio is always equal to one. In other
words, the area of the heater is always the same as the ice
area. However, for the airfoil the ice area is always larger
than the area of the heater since curvature is larger than zero.
Therefore, in the airfoil simulation, the unit heater area must
affect more of the ice area to make the ice melt sooner than
in the rectangle simulation. If the unit heater strength is equal
for both simulations, then the ice temperature in the airfoil
simulation will be lower than the ice temperature at a cor-
responding position in the rectangle simulation since it re-
ceived less heat from the heater. The larger the curvature,
the lower the temperature. For the airfoil simulation, the
curvature at the stagnation point is the largest, therefore, the
temperature of the stagnation point is the smallest. Another
important feature for the airfoil surface is the fact that the
curvature varies over its entire length. This causes the tem-
peratures of the nodes not to be constant along the surface
and creates an inward melting from the two sides of the airfoil
towards the stagnation point. After running a number of cases,
it has been found that the curvature effect also depends on
the thickness of the ice and the distance from the heater to
the interface of the ice and substrate. For an airfoil simulation
the distance from heater to the interface is usually quite small.
Therefore, the curvature effect is not significant for the sim-
ulation at an interfacial node if the thickness of ice is small.
This can explain why it is difficult to discern the difference
in temperature between the simulations of the rectangle and
the airfoil for equal test conditions in dry tests (no ice layer).
However, if there is ice at the surface of the airfoil, then the
curvature effect grows as the thickness of ice increases.

Cylinder Simulation

For the rectangle the curvature is zero everywhere. How-
ever, for the airfoil, the curvature along the interface of the
airfoil is not constant. At the stagnation point of the airfoil,
the curvature is largest, then gradually reduces to zero along
the upper and lower surfaces of the airfoil. The curvature
varying along the interface of the airfoil causes the interfacial
temperature profile in the airfoil simulation to differ from
that in the rectangle simulation. The comparison between
these two forms of simulations does show the difference, but
most of the difference comes from the fact that the curvature
of the airfoil varies along the surface. From this kind of com-
parison it is difficult to see the pure effect of curvature. To
isolate curvature effects in the melting process, a set of circular
cylinders with different curvatures was analyzed. All test con-
ditions are the same except that the curvature is different for
each cylinder. All geometries analyzed have eight layers and
six heaters, except in the case of the smallest circular cylinder,
which only includes four heaters in order to create large cur-
vature. Figure 12 shows a) a full circular cylinder with four

Fig. 12 FEM mesh for cylinders with different curvature.
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heaters (curvature = 1.48), b} a full cylinder with six heaters
(curvature = 0.9869), c) a half cylinder (curvature = 0.49),
d) a quarter cylinder (curvature = 0.25), ¢) an eighth cylinder
(curvature = 0.12), and f) a sixteenth cylinder (curvature
0.06). Figure 13 shows the rectangular model (curvature
0). These figures are not plotted to scale in order to save
space. In fact, the thickness and total length for all these
geometries should be the same except for the circular cylinder
with four heaters. Each row of the full circular cylinder has
30 nodes. For the other geometries, each row has 31 nodes.
The test conditions are the same as those of the previous
problems except heater strengths have been set to 20 W/in.2,
and the heaters are turned on for 30 s in every 60-s period of
operation. The computed results are shown in Table 2, and
temperature histories of interfacial nodes for each geometry
are plotted in Figs. 14-20. This comparison gives a quanti-
tative basis for assessing curvature effects. The following ma-
jor points can be summarized from this comparison:

1) For all geometries, the interfacial nodes begin to change
phase at almost the same time, i.e., around 6.1 s. The reason
for this is that the distance from the heater to the interface
is quite small and that the curvature effect cannot be signif-
icant across this small distance.

2) After the interface node begins to change phase, cur-
vature effects become very apparent. For the full cylinder
(curvature = 1.48), it takes 1.6 s for all the interfacial nodes
to enter the mushy phase, and 6.2 s for all the interfacial

Fig. 13 FEM mesh for reference rectangle (curvature = 0).
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Fig. 14 Temperature history for the interface nodes of a full cylinder
with four heaters (curvature 1.48).
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nodes to become water. However, for the rectangle (curvature
= (), it takes 0.9 s for all of the interfacial nodes to reach
the two-phase state, and 3.3 s for all the interfacial nodes to
become water. This indicates that curvature affects the melt-
ing process. For geometries whose curvature is larger, it takes
a much longer time to complete the phase change.

3) After 60 s, there are 31 + 31 + 27 two-phase nodes and
31 + 27 water nodes for the rectangular geometry. However,
there are only 30 + 30 two-phase nodes, and 30 water nodes
for the full cylinder with four heaters. This also supports the
observation that curvature affects the melting process.

4) The comparison also indicates that when the curvature
ratio is less than 0.25, i.e., for the one-quarter, one-eighth,
and one-sixteenth cylinders and for the rectangle, the simu-
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Fig. 15 Temperature history for the interface nodes of a full cylinder

with six heaters (curvature = 0.99).
80
70 -
) 60
@ ]
E -
g 30
2 1
E -
g ]
= 40
30
20 T T T T T T T T
0 10 20 30 40 50 60
Time (sec)

Fig. 16 Temperature history for the interface nodes of a half-cylinder
(curvature = 0.49).

Table 2 Comparison of the melting time for cylinders with different curvature

Melting status of interfacial nodes, s

No. of
Two- Two-phase Water No. of two- water
phase complete Water complete phase nodes, nodes,
Geometry Curvature start time time start time time after 60 s after 60 s
Full cylinder (four heaters) 1.4800 6.1 7.7 17.5 23.7 30 + 30 30
Full cylinder (six heaters) 0.9869 6.1 7.6 17.5 23.3 30 + 30 30 + 12
Half-cylinder 0.4935 6.1 7.2 17.8 223 31 + 31+ 7 31 + 28
One-fourth cylinder 0.2467 6.1 7.1 17.9 21.8 31 + 31 + 17 31 + 28
Onc-eighth cylinder 0.1234 6.1 7.0 18.0 21.6 31 + 31 + 17 31 + 28
One-sixteenth cylinder 0.0617 6.1 7.0 18.0 21.5 31 + 31 + 27 31 + 28
Rectangle 0 6.0 6.9 18.0 21.3 31 + 31 + 27 31 + 28
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Fig. 17 Temperature history for the interface nodes of a quarter-
cylinder (curvature = 0.25).
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Fig. 18 Temperature history for the interface nodes of a one-eighth
cylinder (curvature = 0.12).

lation results for those geometries are almost the same. There-
fore, a rectangular simulation to model portions of airfoil
where curvature is less than 0.25 may be acceptable. However,
for the part of the airfoil in which the curvature exceeds 0.9,
the actual geometry should be modeled in order to avoid an
error for this particular example.

5) Comparing the temperature history of the interfacial
nodes (Figs. 14-20), all the curve shapes are very similar (this
is expected since the geometric structures are the same and
the surface curvatures are constant). But the maximum tem-
peratures for each geometry show some differences. For ex-
ample, the maximum temperature for the rectangle at its in-
terface after 31 s is 70.9°F compared to: 65.3°F (for the full
cylinder with four heaters), 67.0°F (for the full cylinder with
six heaters), 70.1°F (for the half cylinder), 70.6°F (for the
one-quarter cylinder), 70.7°F (for the one-eighth cylinder),
70.8°F (for the one-sixteenth cylinder), respectively.

The comparisons above indicate that when curvature ex-
ceeds 0.9, if a rectangular simulation is used instead of the
actual geometry, a significant difference could be produced.
For an airfoil, the curvature K at any location can be calcu-
lated from

K = [0+ 57 an

Calculation indicates that the curvature at a typical stag-
nation point is around 18. Accordingly, the curvature effect
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Fig. 19 Temperature history for the interface nodes of a one-sixteenth
cylinder (curvature = 0.06).
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Fig. 20 Temperature history for the interface nodes of a rectangle
(curvature = 0).

at the stagnation point may be even more apparent than the
examples above indicate.

Concluding Remarks

1) The results of a simulation of a de-icer pad for an actual
airfoil have been compared to the results from a rectangular
simulation. The comparison reveals that curvature affects the
results in two ways. One is associated with longer melt times
for the airfoil model compared to the rectangular model. The
other is associated with the melt process: for the airfoil model,
melting progresses inwards towards the stagnation point.

2) When the curvature ratio is less than 0.25, the results
obtained by using a rectangular simulation are very close to
the results of the airfoil simulation for the examples consid-
ered in this article. However, at the stagnation point where
the curvature has a value of approximately 18, if a rectangular
simulation is used to predict the melting process, curvature
effects cause a difference in the results.

3) The curvature effect also depends on the thickness of
the ice and the distance from the heater to the ice interface.
For an airfoil simulation, the distance from the heater to the
interface is usually quite small. It was found that the curvature
effect is not significant in a simulation in which no ice layer
is present. However, for cases with ice on an airfoil surface,
the curvature effect is more pronounced for thicker ice layers.
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