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The objective of this paper is to accurately describe the influence of structural parameter uncertainties on the thermal efficiency of
an aircraft wing anti-icing cavity. To do this, a new method of parameter sensitivity evaluation is proposed according to the
weighted stochastic response surface method. First, the concept of fitting the explicit performance function of the anti-icing
cavity structure using the weighted stochastic response surface method is presented. A structural parameter sensitivity analysis
based on thermal efficiency is then conducted considering the uncertainties of the position of the flute tube, the height of the
double-skin channel, and the diameter and angle of the jet holes. The results indicate that the height of the double-skin channel

and the diameter of the jet holes are the main factors influencing the functional reliability of the anti-icing cavity.

1. Introduction

Ice accretion on airfoils can cause significant damage to an
aircraft not only by increasing its weight but also by deterio-
rating its aerodynamic capabilities and decreasing the avail-
able lift force, affecting its stability and safe operation [1-4].
Most modern aircraft in operation today, such as the Airbus
320 or Boeing 747, employ a thermal anti-icing system as the
main deicing and anti-icing method.

With the development of large aircraft projects in China,
the study of airfoil thermal anti-icing systems has attracted
increasing attention. As the core part of an airfoil thermal
anti-icing system, the design quality of the anti-icing cavity
has a significant impact on the deicing and anti-icing effect
provided to the aircraft [5, 6]. Parameters such as the jet hole
angle, jet hole diameter, and distance between the jet holes
and aircraft skin anti-icing area should be adjusted so that
the air supply system can effectively provide sufficient hot
air for deicing [7-10]. Traditional studies on anti-icing sys-
tems have mainly focused on the simulation of the flow char-
acteristics inside the cavity and the heat exchange between
the cavity and the aircraft skin under the condition that the
geometric structure of the anti-icing cavity is well known.

Under this approach, the anti-icing surface temperature can
be obtained by calculating the coupled results of the flow
and heat transfer equations without considering the influ-
ence of structural parameter uncertainty on the anti-icing
performance [8, 9].

When considering error factors introduced by manufac-
ture and assembly, the actual dimensions of the anti-icing
cavity will inherently have a certain degree of uncertainty
[7]. Thus, although the properties of an anti-icing cavity
can be determined during an anti-icing property experiment,
its functionality could still fail to be up to standard in practi-
cal use. Reliability sensitivity [11-14] can accordingly be used
to analyse the influence of anti-icing cavity structure param-
eters on functional reliability and is instructive in informing
the optimization design of the anti-icing cavity structure.

The most widely used methods for reliability sensitivity
analysis include the Monte Carlo method [15], first-order
second-moment method [16], and response surface method
[17, 18]. A major drawback of the first-order second-moment
method is that the estimation error in a nonlinear situation
is quite large, while the Monte Carlo method places less
demand on the expression of the limit state equation but
more demand on the sampling number to ensure calculation
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accuracy. The Fluent software [19] is used to simulate the
performance of an anti-icing cavity, typically taking about
half an hour on a 3.20 GHz Intel Core i5-3470 CPU with
4GB NVIDIA GeForce 605 memory. This long calculation
time makes use of the Monte Carlo method to conduct the
analysis somewhat infeasible. When using the response
surface method, the implicit performance function should
first be fitted into an explicit expression; then, an analysis is
performed based on this explicit expression. However, the
traditional polynomial response surface method can only
meet the accuracy requirements using multiple iterations,
and the computational cost remains significant. The stochas-
tic response surface method adopts the Hermite polynomial
chaos expansion model and its output to fit the performance
function expression without requiring iterative computations
[20]. Accordingly, this method can be used to improve the
solution efficiency of an anti-icing cavity functional reliability
sensitivity analysis. In order to insure sufficient fitting accu-
racy, the traditional response surface method usually adopts
a weighting strategy by increasing the weight factors of the
sample points that have a smaller value for the limit state
function in order to approach the actual limit state equation
on more preferable terms [21, 22]. This paper therefore
introduces the idea of weighting into the stochastic response
surface method to improve the fitting accuracy of the
anti-icing cavity performance function.

With the objective of analysing the anti-icing cavity of an
airfoil thermal anti-icing system, the computational fluid
mechanics software package Fluent was used in this study
to simulate the anti-icing cavity and obtain the effective avail-
ability of anti-icing hot air. The critical anti-icing thermal
efficiency was defined as the failure criterion, and an expres-
sion for the explicit performance function was obtained by
the weighted stochastic response surface method. Finally,
the Monte Carlo method was used to calculate the sensitivity
values of the structure parameters based on the results of the
previous steps.

The remainder of this paper is organized as follows. The
basic principle of the weighted stochastic response surface
method and reliability sensitivity analysis is introduced in
Section 2. The performance reliability sensitivity analysis of
the anti-icing cavity thermal efficiency is provided in Section
3, and conclusions are presented in Section 4.

2. Numerical Methods

2.1. Weighted Stochastic Response Surface Method. The sto-
chastic response surface method was originally proposed by
Isukapalli et al. [23, 24] as an evolution of the classical
response surface method during their study on the uncer-
tainty of environmental and economic systems. The first step
of the stochastic response method is used to express a normal
random variable §; as a function of a standard normal ran-
dom variable {;, using the following conversion equation:

where y, and o, are the mean value and standard deviation of
the normal variable §;, respectively.
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On this basis, the output response can be converted into a
Hermite stochastic polynomial expansion model that con-
tains mere standard normal stochastic variables as follows:
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where ay, a;, a;;, a;;;, and a;;; . are undetermined

coeflicients, n is the number of stochastic variables, and
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From equation (2), it can be seen that when the num-
ber of stochastic variables of the output stochastic response
is n, the computational equation for the number of terms
in the p-order Hermite random polynomial expansion can
be expressed as

N= (nnJ'rpI'))' ’ )

We can then obtain the response function expression
y(&) once T,(§;,§;,& ,-§; ) is estimated. For conve-
nience of description, the second-order expansion for two
stochastic variables is shown as follows:

y(&1, &) =ag +a§, + a8, +a, (ff - 1)
+ay (Ei - 1) +as&&,,

where six undetermined coefficients 4;(i=0,1,2,---,5) are
required for the second-order expansion model y,.

Solving for the undetermined coeflicients a; is the key
step in the stochastic response surface method. At present,
the most common methods for doing so are the probabi-
listic collocation method, modified probabilistic collocation
method, and efficient regression method. Among these
methods, the efficient regression method is able to obtain
the most stable results: when the input variables are &, ;

and &, ;, equation (5) can be transformed into

V(&1 82i) = a0 +a;§y; +ay8,; +as (Eil - 1)
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In order to obtain the six undetermined coeflicients in
equation (6), proper sample points are chosen, yielding
the combined form of the sample points as

(S5 820) (8120 822) -5 (1m0 S2m)- (7)

The values of £, ; and &, ; in equation (7) are the roots
of the p + 1-order Hermite polynomial, and equation (6) is
the expansion model of the second-order Hermite polyno-
mial; therefore, the roots (0,+/3,and —+/3) of the third-
order Hermite polynomial can be taken as the values of
the input variables &, ; and &, ;. The number of collocation
points available is N, = (p+1)", so there are nine potential
sample points. When there are more sample variables, the
available collocation points are much more numerous than
the undetermined coefficients, so the number of sample
points is usually selected as twice as the number of undeter-
mined coefficients.

The sample points chosen using the above method are
standard normal variables, so they need to be transformed
into original random variables by equation (1) before calcu-
lation; then, the corresponding authentic performance func-
tion matrix y of the sample points can be calculated, and
finally the six undetermined coeflicients a; can be obtained
by solving this system of linear equations using the least
square method, i.e.,

a=(B"B) By, (8)

where B, which is a 9 x 6 matrix composed of nine sample
points, and y are given as follows, respectively,

1 &, 6y, (8%1_1) (8%2_1> 81101,

B= 1 8y 6y (851_1) (632_1> 8,105,
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To further improve the fitting accuracy of the stochas-
tic response surface method, the concept of weighted
regression is proposed to fit the stochastic response surface
method by adopting the weighted least square method.
This approach has the effect of increasing the weight fac-
tors w; of the sample points with smaller values of |y(3;)]
to cause them to play more important roles, thus making
y(8) =0 close to y(8) = 0. The weighted regression form of
coefficient a is expressed as

a=(B"wB) “'BTwy, (10)

where w = diag(w;) is a weighting matrix.

The value of weight w; depends on the gap between the
sample points and the limit state function y(8) =0, deter-
mined as follows:

_ min, [y(3;)]
w; = e (11)

After obtaining the coefficient a;, the second-order
explicit response surface function can be obtained. Thus,
the required amount of simulation computation is greatly
reduced, and the reliability sensitivity can be effectively calcu-
lated by the Monte Carlo method [15].

2.2. Reliability Sensitivity Analysis. Reliability sensitivity
reflects the influence of the change in stochastic variables
on system reliability, providing guidance for structural opti-
mization design [25, 26]. The weighted stochastic response
surface method introduced in Section 2.1 can be used to obtain
an explicit performance function, and the Monte Carlo
method can then be adopted to provide a reliability sensitivity
analysis without requiring the use of the Fluent software pack-
age, significantly simplifying the computation process.

The explicit performance function y(8) is generated by
the weighted stochastic response surface method, where
6={68,,6,,--.0,} is a basic random variable that follows
the normal distribution, so the failure possibility P; can thus
be expressed as

P, = P(y(6) <0) = JQ £(8)ds, (12)

where f(8) is the joint probability density function and
Q={48]y(8) <0} is the failure domain.

Reliability sensitivity is defined as the partial derivative of
P; with respect to the distribution parameter 8 = {8;,8,,:+,
8,}, and the reliability sensitivity of the failure probability
Py to the mean value y; can be obtained by

oP; [ 9f(9)
ou; _JQ oy 4, 13)

describing the influence of the mean value of the basic vari-
able on the failure probability, which can be expressed as

E]Q. (14)
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The sensibility of failure probability P; to the standard
deviation is defined as

P, [ 0f(d)
aof :JQ 0, 4o, (15)

i

describing the influence of the standard deviation of the basic
variable on the failure probability, which can be expressed as

2 vl
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(a) General outline of the anti-icing cavity

The external skin

Double skin aisle

The internal skin

(b) Structure of the double skin

Flute-shape tube

Jet hole
(c) Flute

FIGURE 1: Sketches of the subject anti-icing cavity.

3. Performance Reliability Sensitivity
Analysis of Anti-Icing Cavity
Thermal Efficiency

3.1. Calculation Model. The anti-icing cavity structure con-
sidered in this study is shown in Figure 1, representing a
direct injection double-skin anti-icing cavity. The 3D model
of the subject anti-icing cavity was built using Gambit [27].
The thickness of the double skin is 1.6mm, the channel
height of the double skin is 3 mm, the outside diameter of
the flute is 34 mm, the distance between the cavity centre
and the edge of the wing is 37mm, and the two arrays of
the 2mm circular jet holes are staggered along the topside
of the flute at a pitch of 25 mm and angles of £15°. The hot
air transmitted from the engine compressor flows through a
pipe into the flute inside the slat on the leading edge of the
wing where it is jetted out through the jet holes onto the
internal surface of the front anti-icing cavity to heat the air-
foil skin, after which the hot gas flows through the channel
inside the double skin and towards the back anti-icing cavity,
where it is then emitted from the vent in the back cavity.

3.2. Numerical Simulation. The 3D thermal anti-icing
cavity was modelled with the Gambit preprocessing soft-
ware. In order to increase computational accuracy, struc-
tured grids were generated in the model using meshes
densified around the jet holes and boundary layer meshes
near the front anti-icing wall. Because skin temperature is

FIGURE 2: Overall anti-icing cavity grid model.

FIGURE 3: Grid model detail around jet holes.

a significant parameter and the skin thickness is only 1.6 mm,
the meshes were densified and the skin grid height was set
as 0.16 mm. Overall, the anti-icing cavity model consists of
about 630,000 grids. The anti-icing cavity mesh model is
shown in Figure 2, and the mesh model around the jet holes
is shown in Figure 3. Cavity flow and heat transfer were sim-
ulated using Fluent and the energy equation. This study
selected the proper S-A turbulence model, which is a good
fit for impinging jet surface computations, and set the discre-
tization scheme as a second-order upwind scheme.

For boundary conditions, each jet hole was set as a pres-
sure inlet with a pressure of 0.2 MPa, the hot gas temper-
ature was set at 473.15K, the exit temperature was set the
same as the environment temperature at 263.15K, the baf-
fles on both sides were set as symmetric boundaries, and the
anti-icing cavity external skin surface was set as the convec-
tion boundary condition, for which the convective heat
transfer coefficient reflects the external flow field velocity.
Specific boundary condition types are presented in Table 1.

3.3. Assessment of Anti-Icing Cavity Heat Transfer
Performance. The Fluent simulation of gas flow converged
after about 5000 iterations. The distribution of the external
skin surface temperature after convergence is shown in
Figure 4, in which it can be seen that the temperature reaches
its maximum value around the leading edge stagnation point,
then decreases along the chord before reaching its minimum
value at the end of the anti-icing cavity, changing a total of
about 60K. The effect of the double-skin channel can be
observed in the difference in skin temperature on the upper
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TaBLE 1: Boundary condition types.

Boundary condition Type
Jet hole
Export of the flow field

Outside skin surface

Pressure inlet
Pressure outlet
Convection wall

Inside skin surface
Wall flute

Back shield

Both sides of the baffle

Coupled wall
Fixed temperature wall
Adiabatic wall
Symmetry

3.75e702 o
3.73e702 )
3.70e702

3.68¢702

3.65¢702

362702

3.59¢702

3566702

3.53¢702 )
3516702
3.48¢702 £
3.45¢702

3.426702

3396702

3376702 .
3346702
3316702 ‘
3286702
3.25¢702
3.23¢702
3206702
3.17¢702
3.14¢702
3116702
3.08¢702 Y
3.06¢702
3.03¢702 X
3.00e02  \y

Contours of total temperature (k)

FIGURE 4: Temperature nephogram of the wing skin surface.

and lower surfaces in the anti-icing area: the upper surface
exhibits an obvious rising trend prior to entering the
double-skin channel and a decreasing trend along the chord,
so the temperature on the upper surface is higher than that
on the lower surface. The more complete contact between
the air flow and the skin in the double-skin channel clearly
provides superior heat transfer performance.

In order to verify the accuracy of their simulation, which
was constructed using an approach similar to that in the cur-
rent study, [28] built a test platform with which to evaluate
the anti-icing performance of a certain type of hot air wing
anti-icing cavity structure, and these test results were found
to be consistent with their numerical simulation results.

To intuitively reflect the anti-icing ability of the
anti-icing cavity, this study introduces the concept of anti-
icing efficiency 7 to describe the percentage of hot gas energy
provided by the system to warm the anti-icing surface,
expressed as

Tinlet - Toutlet
= Zinlet ~ " outlet 17
I (17)

inlet — + wall

where T, and T are the gas supply temperature and
exhaust temperature of the anti-icing system, respectively,
and T, is the average temperature of the anti-icing
area. Low anti-icing efficiency will lead to a marked increase
in the engine air supply required to provide sufficient
anti-icing performance, not only resulting in fuel waste but
also increasing the load on the engine, which is harmful to
its short- and long-term performance. Therefore, anti-icing
efficiency can be an important way to assess the effectiveness

of anti-icing cavity design.

3.4. Reliability Sensitivity Analysis. The four most important
parameters influencing anti-icing efficiency, the distance
between the centre of the flute and the skin H, the height
of the double-skin channel A, the jet hole diameter d, and
the jet hole angle 0, were chosen as stochastic variables to
analyse the system reliability sensitivity. These variables
are normal random variables that are mutually independent
of each other.

An appropriate test point for the four subject parameters
was selected using the stochastic response surface method.
Through equation (4), 15 unknown coefficients need to be
solved when performing the second-order Hermite stochas-
tic polynomial expansion. There are 3* optional test points,
from which twice the number of unknown coefficients (i.e.,
30 in this case) was selected by the efficient regression
method and inserted into the Fluent simulation.

When studying the problems of anti-icing system perfor-
mance reliability, the failure criteria must first be defined. For
the subject hot air anti-icing system, this study selected the
critical anti-icing efficiency #* as the failure criteria of the
anti-icing system. The critical anti-icing efficiency was iden-
tified by considering the maximum anti-icing hot air supply
provided by the engine that meets the dynamic conditions
and anti-icing hot air demand. Once the anti-icing efficiency
n is below the critical anti-icing efficiency #*, the anti-icing
system is regarded as failed. Accordingly, the anti-icing sys-
tem performance function is given by

y=n-n" (18)

where 7 is an implicit function of (H, h, d, 6), which must
be computed using the Fluent software package at the test points.

By selecting the critical hot gas anti-icing efficiency value
n* as 39% and the variation coefficient of the random vari-
ables as 0.1, the explicit expression of the performance func-
tion can be fitted by the weighted stochastic response surface
method, and the reliability sensitivity can then be analysed
by the Monte Carlo method. The anti-icing cavity function
reliability sensitivity was thus calculated under different
entrance temperatures with the results presented in Table 2,
where p,, 4, 4y, and p, are the average values of H, h, d,
and 0, respectively, and oy, 0,, 04, and o are the standard
deviations of H, h, d, and 0, respectively.

As can be observed in Table 2, the sensitivity analysis
results indicate that an increase in the standard deviations
of the angles between the jet holes and the horizontal plane
will lead to a decrease in failure probability; P; increases with
the increase in py;, 0, 4y, 03 s 045 and py; the sensitivities



TaBLE 2: Anti-icing cavity function reliability sensitivity under
different entrance temperatures.

Temperature (K)

473.15 483.15 493.15
op;
— 0.0003741 0.0003281 0.0003041
Oy
— 0.0002142 0.0002014 0.0001943
00y
3P,
=— 0.0112556 0.0105842 0.0102556
o,
— 0.0179093 0.0156254 0.0149093
o0,
3P,
— 0.026811 0.025322 0.023811
Opty
— 0.0704587 0.0650598 0.0614587
oo,
aP,
3, 0.0001327 0.0001112 0.0000927
0
9P,
o -0.0006281 -0.0005549 -0.0004881
0

of u,, oy, pys and oy, are relatively larger than those of the
other factors, indicating that they are the main factors
influencing the functional reliability of the anti-icing cavity.
Accordingly, reducing the double-skin channel height and
the average diameter and the standard deviation of the jet
holes will increase the functional reliability of the system,
and the functional reliability sensitivity of the anti-icing
cavity decreases with the increase in the hot air temperature
at the entrance.

4. Conclusions

This study conducted a functional reliability sensitivity
analysis of an aircraft wing anti-icing cavity. The accuracy
and computational efficiency problems associated with the
functional reliability sensitivity analysis of an anti-icing
cavity were solved using the CFD simulation software, the
weighted stochastic response surface method, and the Monte
Carlo method. First, the functional efficiency of an anti-icing
cavity was calculated using a Fluent simulation; then, an
anti-icing function reliability sensibility analysis model was
constructed, the explicit expression was fitted using the
weighted stochastic response surface method, and finally
the reliability sensitivities of the anti-icing cavity structural
parameters were calculated.

The calculation results indicate that the double-skin
channel height and jet hole diameter are the key structural
parameters influencing the functional reliability of an
anti-icing cavity, suggesting that the reliability of an aircraft
wing anti-icing system can be improved by the adjustment
of the double-skin channel height and jet hole diameter. This
method can be accordingly applied to different anti-icing sys-
tem designs to determine the parameters that provide the
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optimal functionality, improving aircraft safety and perfor-
mance in icy conditions.

Data Availability

In the manuscript 7851260 titled “Structural Parameter
Sensitivity Analysis of an Aircraft Anti-Icing Cavity Based
on Thermal Efficiency,” all data analysed during this study
are included in this manuscript. Therefore, there is no addi-
tional data available.
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