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Nomenclature

a, b = coefficients
d = piccolo-hole (jet) diameter
e = eccentricity of a conical curve
H = nozzle-to-surface distance
h = heat-transfer coefficient
k = thermal conductivity
M = Mach number
Nu = Nusselt number based on the hole diameter, hd=k
n = empirical coefficient
p = focal point of a conical curve
_q = heat flux
Rejet = Reynolds number based on jet diameter and mean jet

velocity, �ud=�
s = coordinate along the surface with its origin aft of the

center of the jet axis, y� 0 plane
T = temperature, K
u = velocity along the jet axis
�u = mean jet velocity
W = nozzle-to-nozzle distance
x, y, z = coordinate system with its origin aft of the center of

the jet exit
� = dynamic viscosity
� = kinematic viscosity, �=�

� = orientation angle of the jet
� = fluid density

Subscripts:

anti = from the anti-icing system
ave = averaged
jet = at the exit of the piccolo tube (jet condition)
max = at the maximum point of the indexed variable
min = at the minimum point of the indexed variable
s = at the surface

Introduction

T O ENHANCE flight safety under natural icing conditions, one
of the several key tasks outlined in the Federal Aviation

Administration (FAA) In-Flight Aircraft Icing Plan is to ensure the
validity and reliability of icing simulation and modeling methods
currently being used/developed [1]. In an effort to support the
objectives of the FAA Icing Plan and to facilitate Bombardier
Aerospace in the certification process, the main focus of research
under the J.-A. Bombardier Aeronautical Chair at Ecole
Polytechnique, Montreal, has been the development of a reliable
ice-accretion and anti-icing simulation code CANICE [2–6]. The
development of CANICE has been geared toward the specific needs
of Bombardier Aerospace. In particular, the anti-icing simulation is
modeled after what is most commonly used on the Bombardier
Aerospace regional jets: a hot-air anti-icing system. The anti-icing
system uses hot air from the engine compressor bleed. A system of
external mounted ice detectors, with a sensing probe oscillating with
a set frequency that decreases as ice accumulates on the surface, acts
as a warning system.

A basic model for a hot-air anti-icing system is being used in
CANICE. In this model, hot air from the engine is assumed to
impinge upon the inner surface of the airfoil leading edge, or the slat
(Fig. 1) in the case of amulti-element configuration. The inner region
(region� in Fig. 1) is then modeled with a local internal convection
coefficienthanti that is known a priori. The heatflux _qanti coming from
region� is then evaluatedwith the help of the jet temperatureTjet and
the local-surface temperature Ts:

_q anti � hanti�Tjet � Ts� (1)

A limitation of this method is that the internal heat flux _qanti or the
convection coefficient hanti and temperature Tjet are based on
empirical relations for a hot-air jet impinging on a flat plate [7,8]. A
good review of such empirical relations is found in [9]. Note that this
local distribution of internal heat flux or the convection coefficient
hanti is purely based on the local distribution on a flat plate and
therefore does not account for the curvature of the internal wall
region � of an airfoil leading-edge or the wing slat. Another
limitation of such a model is that it fails to provide an accurate
estimate of the hot-air flux requirements and the drain on the engine
power as a result of operating the hot-air anti-icing system.

To address these limitations, a more rigorous treatment of the
internal hot-air region� is needed. A review of literature reveals that
only a few experimental and theoretical/numerical studies have been
carried out to study the heat-transfer mechanism in the internal hot-
air region � [9–12]. Moreover, these studies have focused on
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specific concerns that neither address the issues related to the design
of a hot-air anti-icing system nor highlight variables that might play
an important part in an optimum design of such a system. More
recently, interest in heat transfer through curved surfaces has gained
much attention, as reflected in numerical studies [13–16]. An
evaluation of the jet impingement heat-transfer correlations for
piccolo-tube applicationwas also carried out by various investigators
[13,15].

Hence, a need for an in-depth analysis of a hot-air anti-icing
system becomes imperative. The use of computational fluid
dynamics (CFD) tools to model the internal hot-air region in
conjunction with a 3-D ice-accretion code requires extensive
computational resources, and therefore these tools are not cost-
efficient to accomplish anti-icing simulation or optimum design of
hot-air anti-icing systems for aircraft wings. One way to avoid such a
large computational overhead and make the anti-icing simulation
more efficient is to employ numerical correlations for the range of
operation of the anti-icing system. These tools can be used to develop
numerical correlations for internal heat transfer from a single or an
array of hot-air jets impinging on the internal surface of a typical
wing slat. Moreover, numerical simulations could also be used to
determine the effect of various important variables that can play an
important role in the simulation and design of such systems, such as
nozzle-to-surface height H, nozzle-to-nozzle spacing W, arrange-
ment of hot-air jets, hot-air jet orientation �, optimum height and
spacing H=W, temperature of the jet Tjet, external surface
temperature distribution Ts, Reynolds number of the jet, and
diameter of the jet.

The different variables that can influence the heat transfer in terms
of the surface Nusselt number distribution produced by a linear array
of hot-air jets impinging on a 3-D concave surface can be expressed
as follows:
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where e and p are related to a conical curve of the general form:

y2 � �1 � e2�x2 � 2px� p2 � 0 (3)

Relation (2) implies that for a complete study, a total of at least
310 � 6561 cases should be analyzed to obtain three data points for
every variation, assuming second-order correlations. To simplify the
task, only the most important variables were selected for the present
parametric study. The choice of these selected variableswas based on
a survey of previous numerical/experimental studies. The fixed
parameters are listed in Table 1. This reduces surfaceNusselt number
distribution dependence to 5 parameters:
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According to Brown et al. [10], hole diameter plays an important
role in heat-transfer performance of anti-icing systems and thus
should be considered for future study. Table 2 summarizes the
different values of parametersH=d,W=d, andMjet used in this study.
These values are based on existing wing leading edges and piccolo-
tube dimensions.

Although it is desirable to have choked flow (i.e.,M � 1) at the jet
exit, the jet Mach number was restricted to 0.8 because of numerical

stability problems encountered in choked-flow cases. Nine
geometries were modeled and a total of 27 cases were studied.

CFD Modeling

The state-of-the-art commercial CFD software FLUENT has been
used in this study. The software comes with the mesh generator
GAMBIT formodeling andmeshing geometry. Fluent is extensively
used for research and development by educational and research
institutions and industry and has proven to be reliable in predicting
CFD results. Figure 2a shows the coordinate reference frame used for
the modeling, and Fig. 2b outlines the geometric parameters used in
the anti-icing model of this study. No complex geometries such as
baffles and reduced outlet area were taken into account. A more
detailed analysis should, however, include such details for a more
accurate assessment of heat transfer. A single array of hot-air jet
holes on the piccolo tube was selected for the choice of geometry.

To take advantage of the simplicity of the model and to reduce the
size of computational domain, one-quarter of the jet along with the
domain was modeled and symmetrical boundary conditions were
applied to simulate an array of the jets. Table 3 outlines the different
boundary conditions shown in Fig. 3. A boundary-layer grid with a
first cell dimension of 3 � 10�5 was used along the impingement
surface, as well as the piccolo-tube surface, to reduce numerical error
and to capture large gradients near the walls. Figure 3 also shows the
structured mesh generated for use in the study. The mesh within the
jet core was refined to ensure a good capture of gradients and
numerical stability. Figure 4 shows the details of the mesh
refinement. A grid dependency study was carried out to find the best

Fig. 1 RAE 2822 airfoil with a modified leading edge to incorporate a
typical slat.

Table 1 Fixed parameters for the study

Variables Values

Piccolo-hole diameter d 2.5 mm
Jet orientation Horizontal
Curve shape Curve shapea

Piccolo-tube diameter 20 � d, or 50 mm (�2 in:)
Internal configuration No baffles
Tjet Constant at 400 K
Ts Constant at 260 K
Impinging surface material k� 202:4 W=m � Kb, 2 mm thick
Piccolo material k� 202:4 W=m � K, 7 mm thick

aThe center of the piccolo tube matches with the center of the circle
defining the curved surface.
bAluminum.

Table 2 Geometric characteristics and operating

conditions used in this study

Variables Values

Jet Mach numberMjet 0.4 0.6 0.8
Jet height-to-diameter ratio H=d 5 10 15
Jet spacing-to-diameter ratioW=d 7.5 15 22.5

Fig. 2 Illustrations of the a) coordinate system used for the anti-icing

system modeling and b) geometric parameters used for the singular

array of the jets configuration.
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geometry that would give reliable and stable results. The smallest
geometry consisted of 25,000 hexahedral elements and the largest
consisted of 60,000 elements. The coarse mesh demonstrated
superior stability in all cases.

An energy equation was used to include heat-transfer effects. The
one-equation Spalart-Allmaras (S-A) turbulence model was used
along with the wall-functions approach. A weakness of the S-A
model is its sensitivity to pressure gradients, which could affect the
accuracy of results [17]. However, this model is generally consistent
with the flow. A coupled solver was preferred, as it solves equations
in a vector form. An ideal-gas law was used to take into account
compressibility effects. Some computation models using a second-
order discretization scheme were found to be unstable at high jet
Mach numbers. All cases were thus performed using a first-order
discretization scheme. Figure 5 compares results from first- and
second-order spatial discretization schemes. Although the peak
Nusselt number of the first-order model is higher than that of the
second-ordermodel by about 5%, a similar trendwas observed for all
cases. Many problems had been encountered regarding numerical
stability at high Mach numbers. To avoid misrepresenting the
physical problem by using a constant velocity profile at the inlet and
to ensure numerical consistency, a turbulent velocity profile model
was used at the inlet following Munson and et al. [18] formulation,
given by
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The Reynolds number used in Eq. (6) is based on jet diameter and
mean jet velocity, as �ud=�. The preceding relation is valid for
104 < Rejet < 2 � 106. Typical run time for each case was about 20 h
on a 1 GHz RS6000 machine.

Validation Case

Literature dealing with hot-air jets impinging on a surface is
relatively limited [7,9,10,19–22]. Most of those studies deal with flat
plates as impingement surfaces, 2-D problems, or small-scale
turbine-blade cooling. Consequently, those studies cannot be
directly compared with larger geometries such as the leading edge of
an aircraft wing. However, to establish the validity of our CFD
model, the Gardon and Cobonpue [20] study has been used for
validation of the CFD model. This experimental study uses a flat
plate as the impingement surface. A simple 3-D model of the linear
array of the jets impinging on aflat platewas examined.A round-type
piccolo tube was considered to ensure similarity with their study. A
summary of input conditions for the validation case is listed in
Table 4. The boundary-layermesh near the exit holewas built to have
a maximum value of y� below 1 on all wall surfaces. Figure 6 shows
the CFD model and mesh used for the validation case. A good
agreement between the predicted local-surface Nusselt number
distribution and the experimental results of Gardon and Cobonpue
[20] is found, as shown in Fig. 7. The first 5% of s=d shows higher
heat transfer predicted by the numerical results, which can be
attributed to the use of a first-order spatial discretization scheme (see
Fig. 5).

Conclusions

Figure 8 shows a significant increase in local Nusselt number
distribution along s axis with a decrease in jet-to-surface distance
H=d. An increase in local Nusselt number distribution along the s
axis with jet-exit Mach number and jet-to-jet spacing W=d is
observed (Fig. 9). Figure 10 shows a significant decrease in local
Nusselt number distribution along the y axis, with an increase in jet-
to-surface distance H=d. An increase in local Nusselt number
distribution along the y axis with jet-exit Mach number and jet-to-jet
spacingW=d is also observed (Fig. 11), which suggests that a larger
spanwise spacing of the jets will tend to increase surface heat
transfer. In themajority of cases, a trough in the local Nusselt number
distribution near the jet centerline was observed. The size of this
trough is found to decrease with an increase inMjet and a decrease in

Table 3 Boundary conditions

Boundary name Boundary-type specification

Outlet (refer to Fig. 3) Pressure outlet
Inlet (refer to Fig. 3) Velocity/mass flow rate
Impact surface (refer to Fig. 3) Wall
Piccolo tube (refer to Fig. 3) Wall
Symmetrical surfaces (refer to Fig. 3) Symmetry
Internal surfaces (refer to Fig. 4) Interior

Fig. 4 Mesh refinement near the a) impingement surface (exterior

view) and b) inlet (interior view).

Fig. 3 Structured mesh and boundary conditions representing the

CFD model.

Fig. 5 Comparison of results of the first- and second-order
discretization schemes.

Table 4 Conditions used for the validation test case

Variable Value

Jet Mach number,Mjet 0.4
Jet height-to-diameter ratio, H=d 6
Jet spacing-to-diameter ratio,W=d 20
Piccolo-hole diameter, d 6.35 mm
�T � Tjet � Ts 20 K
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H=d. The trough appears when the potential core of the jet is far from
the impingement surface.

In all the cases studied, the Nusselt number decreases along the s
axismuch faster than along the y axis. The shape of a linear arraywill
maintain higher energy between jets along the array, as the flow
momentum tends to dissipate slowly. On the other hand, along the
direction perpendicular to the array, the flow momentum is seen to
dissipate quickly, as does the convection, leading to a fast decrease in
heat transfer. The current study, however, did not attempt to find the
optimum jet-to-surface H=d and jet-to-jet W=d spacing. It is
speculated that the use of smallerH is likely to bemore effective than
increasing jet Mach number or the number of the jets (i.e., a smaller
value of W). An ideal value of W=d would be the one that will
preserve the flow at a high turbulence level between jets and sustain
high level of convection.
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Fig. 6 Mesh used for the validation case.

Fig. 7 Comparison of heat-transfer distribution from a rectangular
array of the jets impinging on a flat plate: experiment vs numerical study

for validation purposes.

Fig. 8 Effect of H=d on Nusselt number along s.

Fig. 9 Effect of Mach number and W=d on Nusselt number along s.

Fig. 10 Effect of H=d on Nusselt number along y.

Fig. 11 Effect of Mach number andW=d on Nusselt number along y.
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