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Abstract
Turbulent impingement jet heat transfer on concave surfaces has been employed in different engineering applications, e.g., 
aviation industry. In the aircraft anti-icing systems, hot air from the engine compressor impinges on the inside surface of 
the leading edge through small drilled holes, configuring the so-called piccolo tube system. A critical aspect in the design 
of such system is the prediction of heat transfer impinging jets from the piccolo tube. The correct evaluation of the heat 
transfer rate in such devices is of great interest to optimize both the anti-icing performance and the hot-air bleeding from the 
high-pressure compressor. Therefore, the present study develops a parametric study of the impingement jet flow on concave 
surfaces employing the CFD tool. The main goal is to determine the effect of the jet Mach number on this heat transfer 
mechanism. The present results also showed that at lower H/d conditions, i.e., lower jet-to-impinging surface distances, the 
temperature field exhibits a more efficient heating process inside the domain, resulting in greater Nusselt number values. A 
correlation taking into account geometric parameters such as the jet-to-jet spacing and the jet-to-impinging surface distance 
and jet Mach number is also proposed.
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List of symbols
c	� Sound velocity
d	� Jet diameter
H	� Jet-to-impinging surface distance
h(x,y)	� Local convection heat coefficient
have	� Average convection heat coefficient
k	� Air thermal conductivity
Ma	� Mach number = V/c
Nu(x,y)	� Nusselt number = h(x,y)d/k
Nuave	� Average Nusselt number
p	� Pressure
qw	� Impinging surface local heat flux
Tw	� Impinging surface wall temperature
Tjet	� Jet inlet static temperature
V	� Jet velocity at the exit of the piccolo tube

W	� Jet-to-jet spanwise distance
x	� x coordinate
y	� y coordinate
ρ	� Air density
μ	� Air dynamic viscosity

1  Introduction

Turbulent impinging air jet has been encountered in many 
industrial and engineering applications, such as cooling of 
stock material during material-forming processes, glass tem-
pering, cooling of electronic components, heating of optical 
surfaces for defogging, cooling of critical machinery struc-
tures, and many other industrial processes. Usually, imping-
ing jets are often used when there is a strong demand for 
localized convective heat transfer rates [1–4].

Specifically, in the aviation industry, impingement jets 
have been used in turbine vanes cooling, developing verti-
cal takeoff and landing aircraft, electronics packages cool-
ing, cabin air-conditioning system and also in anti-icing 
thermal protection systems [5–9]. In typical engineering 
applications, such jets are usually under turbulent regime 
and arranged in banks to produce high transfer coefficients 
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over an extended area. Heating or cooling of large-surface-
area products is often carried out in device arrays of round 
or slot nozzles, through which air (or another gaseous 
medium) impinges vertically by enhancing the heat transfer 
mechanism.

It is well known that compared with classical convection 
cooling by confined flow parallel to the cooled surface, jet 
impingement produces much higher heat transfer coefficients 
once the attached boundary layers are much more thinner 
[10].

Furthermore, impingement flow devices allow for short 
flow paths on the surface and therefore relatively high heat 
transfer rate, mainly for aeronautical applications where 
weight and space are so restrictive conditions.

1.1 � Aircraft hot‑air anti‑icing systems

An accurate evaluation of the heat transfer rate in the hot-
air anti-icing systems is of great interest to optimize both 
the anti-icing performance and the hot-air bleeding from 
the aircraft high-pressure compressor. The icing formation 
also has many effects on aircraft aerodynamics performance. 
Ice or snow on the wing can reduce the lift and increase 
the drag. According to a work published by the Civil Avia-
tion Authority of New Zealand [11], research measurements 
taken on an aircraft with ice accretion disclosed a substantial 
increase of more than 60% in total drag and a loss of 17% 
in lift compared to a clean condition. These data were from 
a typical twin-engine commuter-type aircraft operation. If 
it is on leading edge, it may affect both of these to a greater 
degree. It may even change the point at which the airflow 
separates from the wing, altering the stall speed and stall 
characteristics of an airfoil.

Moreover, aircrafts should be equipped with two types 
of ice protection systems: deicing systems and anti-icing 
systems. The deicing systems work periodically, waiting 
that a small portion of ice attach on a surface before remov-
ing. Additionally, the anti-icing systems are designed not 
to allow any formation of ice, working continually at any 
indication of icing [12].

The most prevalent deicing and anti-icing technique is 
the use of hot bleed air from the high-pressure compres-
sor of the engine due to the availability of bleed and the 
reliability of this technology [5]. The hot-air system is 
applied in the leading edges of the wing, tailplane and 
fin, empennages surfaces, radomes and jet engine air 
intakes. In general, the hot air is diverted from the source 
by interconnecting ductwork to the interior of the loca-
tion to be anti-iced or deiced. For wings or engine inlets, 
the air is discharged from the ductwork into piccolo tubes 
or narrow-gap passages to transfer thermal energy to the 
aircraft skin along the chordwise direction. Figure 1 shows 
a typical hot-air anti-icing system. The rate of hot-air 

flow required for anti-icing or deicing is dependent on the 
source air temperature, heat losses through the ductwork, 
the geometry of the piccolo tube or narrow-gap passages 
and the parameters that affect ice accretion.

Design parameters such as the hole size and position or 
the specific mass flow could be carefully tuned from the 
knowledge of the temperature and flow fields [13].

However, the flow behavior within the slat is highly 
complex, as it spans both high-speed supersonic jets and a 
very-low-Mach-number core flow region. In addition, the 
heat transfer distribution along the inner side of the deicing 
surface is strongly influenced by the presence of large recir-
culating regions. Furthermore, three-dimensional effects can 
also be significant in the impingement jet-flow behavior as 
recently investigated in the literature [14]. Several studies 
have focused on the impingement jet-flow problem, consid-
ering both flat plates and concave impinging surfaces.

The effect of the jet orifice-to-plate spacing was experi-
mentally studied in [15] at jet Reynolds number equal to 
40,000. The authors tested three different jet arrays: single 
jet, 3 colinear jets and 7-jet array. For the single impinging 
jet case, a local minimum of Nusselt number was observed 
near the center of impingement for small jet-to-wall spac-
ing (zn/d = 2). Their results also showed that the higher heat 
transfer coefficient values occurred for smaller spacing 
(zn/d = 2) in comparison with larger ones (zn/d = 6) when 
7-jet and 3-jet arrays were taken into account.

The study of [16] investigated the effect of jet–jet spacing 
(cn/d) and low nozzle–plate spacings (zn/d) on the convec-
tive heat transfer in a flat-plate surface. Local and average 
Nusselt numbers were calculated for an array of axisym-
metric air jets. The Reynolds number varied in the range of 
3500–20,400. Their study revealed that when the nozzle-to-
plate distance decreases to zn/d = 1, there are a significant 
enhancement of the average Nusselt number and a more 
uniform heat flux distribution over the impingement surface.

Fig. 1   Schematic representation of a hot-air anti-icing bleed system
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The effect of jet–jet spacing on the heat transfer for con-
fined circular air jets impinging on a flat plate was investi-
gated in [17]. The authors considered five jets in equilater-
ally staggered array and three different jet Reynolds numbers 
(Re = 10,000, 20,000 and 30,000). To evaluate the influence 
of jet–jet spacing (cn/d), Reynolds number and nozzle–plate 
spacing (zn/d) on the stagnation Nusselt number, a thermo-
couple technique was adopted to measure the local tem-
perature on the impingement plate. From the experimental 
data obtained, it was concluded that the heat transfer of an 
impinging jet array is strongly affected by jet interference 
before impingement and/or jet source. According to the 
authors, the jet interference before impingement occurs in 
the case of a small jet–jet spacing due to the shear layer 
expansion. On the other hand, the jet source will form if the 
strength of the interaction of two adjacent wall jets is strong. 
Their results showed that both the effects, the jet interfer-
ence before impingement and the jet source, deteriorate the 
overall heat transfer. Analyzing the results, the authors also 
identified two relative maxima of the Nusselt number at the 
stagnation point. These maxima occur due to the effects of 
the jet interference before impingement and the jet source.

An experimental study focused on the heat transfer opti-
mization of a row of impinging jets on a flat plate was pre-
sented in [18]. They accurately evaluated the heat transfer 
characteristics, employing a heated-thin-foil technique cou-
pled with infrared thermography. The results were analyzed 
in terms of local and average Nusselt numbers. To realize 
the optimization, the influence of the impingement distance, 
zn/d, injection Reynolds number, Re, and spanwise distance 
between two holes of the row, cn/d, where cn is the spanwise 
distance between two holes, were taken into account. The 
measurements pointed out an optimum impingement dis-
tance (maximum heat transfer rates) within the range zn/d = 2 
and zn/d = 5. Also, increasing Re and decreasing cn/d tend to 
improve heat transfer rates.

Lee and Lee [19] experimentally investigated the tur-
bulent heat transfer characteristics in a stagnation region 
of an axisymmetric submerged air jet impinging normal 
to a heated flat plate. The main objective of that study 
was to obtain a better understanding of impingement jet 
heat transfer characteristics near the stagnation region and 
provide benchmark heat transfer data. The experimental 
results showed that the stagnation Nusselt number can be 
correlated with the Reynolds number in which dependence 
is enhanced with increasing zn/d. According to the authors, 
this is due to increase in the centerline turbulent intensity 
of the approaching jet. The results also showed that, for 
small nozzle-to-plate spacing of zn/d = 2, the local heat 
transfer distributions have two distinct peaks. The authors 
explained that the first peak is due to the accelerated radial 
flow at the edge location of the nozzle and the second 
peak is due to the transition from laminar to a turbulent 

boundary layer. Another observation is that the locations 
of maxima shifted outward with increasing jet Reynolds 
number. For larger nozzle-to-plate spacings than zn/d > 6, 
the results showed just one peak at the stagnation point 
and that the local heat transfer rate decreases monotoni-
cally with the radial distance.

Hannat and Morency [20] presented a complete modeling 
of the anti-icing/deicing system using a conjugate heat trans-
fer approach. The turbulence effect was taken into account 
applying the k–ε shear stress transport model. Results com-
puted for internal heat transfer coefficients were higher than 
the ones predicted by correlations commonly used in the 
literature [21].

The study of Bu et al. [22] presented experimental results 
for the jet impingement heat transfer concave surface. The 
authors showed that the heat transfer coefficient exhibited 
an approximate bell-shaped behavior, with the peak located 
close to the stagnation point. They investigated the jet Reyn-
olds number effect on the impinging surface heat transfer, 
but the Mach number dependence was neglected.

Brevet et al. [23] experimentally studied a single-round 
jet impinging on a flat surface. They proposed a correlation 
as a function of the nozzle-to-plate spacing, Reynolds and 
Mach numbers, but the jet-to-jet spacing effect on the heat 
transfer characteristics was not treated in their study.

The experimental study of Park et al. [24] analyzed the 
separate effects of Reynolds and Mach numbers on flat-
plate impingement jet-flow case. They showed that many 
heat transfer correlations currently in use are based on tests 
in which only the jet Reynolds number was varied. Hence, 
these data may be inaccurate for high Mach number condi-
tions. However, the jet-to-jet spacing (W/d) effect on Nusselt 
number distribution was neglected.

Vinze et al. [25] conducted an experimental study consid-
ering the impingement jet on a flat-plate surface. They stud-
ied the influence of different parameters: (1) nozzle profiles 
(circular pipe, contoured nozzle and orifice), (2) Mach num-
ber, (3) Reynolds number and (4) nozzle-to-plate distance, 
but employing a single-jet configuration.

Limaye et al. [26] reported the influence of Mach num-
ber and Reynolds number on the heat transfer and recovery 
factor distributions considering a flat-plate impingement jet 
problem. They showed that as Reynolds number is increased, 
the heat transfer rate also enhanced at all radial distances 
from the stagnation point and at all nozzle-to-plate tested 
spacing. However, the jet-to-jet effect on Nusselt number 
distribution was not investigated.

Most of the cited works investigated the Nusselt num-
ber behavior considering the impingement jet problem on 
flat-plate surfaces. More recent studies have focused on the 
impingement jet on concave surfaces. The experimental study 
of Zhou et al. [27] investigated the curvature effects on the 
impingement jet flow on a curved surface as a function of the 
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Reynolds number, but the Mach number and jet-to-jet spacing 
(W/d) influences were not taken into account.

Yang et al. [28] conducted a combined experimental and 
computational study to investigate the heat transfer char-
acteristics of impingement jets on the concave surface of 
the leading edge of a NACA0015 airfoil. Local and aver-
age Nusselt number results were presented as a function of 
the jet-to-jet spacing and the jet-to-impinging curved sur-
face distance, but considering only sonic flow conditions 
(Ma = 1).

The study of Hadipour and Zargarabadi [29] analyzes the 
heat transfer characteristics of an impinging jet on a concave 
surface, whereas the jet-to-surface distances (H/d) parameter 
was tested, considering very small jet-to-impinging surface 
conditions which are not suitable to aeronautical current 
anti-icing applications.

At this context, the current study complements the Yang 
et al.’s [28] impingement jet-flow research, mainly for com-
mercial aviation case where the Mach number is in the com-
pressible subsonic range. The present work will be focused 
on the influence of the Mach number on the heat transfer 
mechanisms associated with the impingement jet on typi-
cal anti-icing protection systems since this parameter is 
extremely relevant for aeronautical application purposes. 
This paper is organized as follows: (1) problem description; 
(2) mathematical modeling and boundary conditions; (3) 
computational strategy; (4) results discussion and conclud-
ing remarks.

2 � Problem description

The anti-icing system represents a penalty to the aircraft pro-
pulsion system because it utilizes hot bleed air to avoid wing 
ice formation [30]. Hence, it is very important to know the 
hot airflow requirements by identifying the impingement jet 
heat transfer mechanisms. Therefore, a simplified configura-
tion composed by a single array of round hot-air jets imping-
ing on a cylindrical curved surface will be considered. The 
jet emerges from a hole of constant diameter (d), located 
in the cylindrical surface axis. Numerical simulations are 
performed using the geometry and parameters illustrated in 
Fig. 2.

In order to reduce the computational efforts, symmetry 
properties can be employed resulting in a simplified com-
putational domain, as shown in Fig. 3 for two different 
configurations.

3 � Mathematical modeling

In the present study, RANS (Reynolds-averaged 
Navier–Stokes) equations for turbulent compressible 
fluid flow are numerically solved. Mass conservation, 

momentum and energy equations in the conservative form 
[31] are given by:

where ρ is the fluid density; U is the mean velocity; p rep-
resents the pressure; μ and μt are the laminar and turbulent 
dynamic viscosities, respectively; h is specific enthalpy; 
k = fluid thermal conductivity; Prt = turbulent Prandtl num-
ber; and u is the velocity component in the x direction, 
respectively.
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Fig. 2   Sketch of the impingement jet study: d = jet diameter; W = jet-
to-jet spacing and H = jet-to-impinging surface distance

(b)(a)

jet hole with 
diameter d 

Fig. 3   Two different computational domains: a W/d = 16 and H/d = 2; 
b W/d = 4 and H/d = 8
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Turbulence effects are taken into account employing the 
k–ω–SST turbulence model [32], as follows:

The turbulent dynamic viscosity is computed from 
Eq. (6), as follows:

where

Table 1 presents a description of used symbols in the 
turbulence model equations.

The constant values of k–ω–SST model are: σk,1 = 1.176; 
σk,2 = 1.176; σω,1 = 2.0; σω,2 = 1.168; a1 = 0.31; βi,1 = 0.075; 
βi,2 = 0.0828; �∗

∞
= 1 ; Rk = 6; βi = 0.072. A more detailed and 

comprehensive review of available turbulence models can 
be found in [33].

4 � Computational strategy

Numerical simulations have been carried out employing the 
CFD technique. A powerful tool to solve a great variety of 
engineering practical problems has been considered. Typical 
applications include chemical and manufacturing processes, 
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electronic cooling devices, solar energy, wind turbines, auto-
motive and aviation industries [34].

In the current study, the subsonic compressible impinge-
ment jet flow over a concave surface problem was solved 
using a finite volume method code with a density-based 
approach [31]. The SIMPLE algorithm was utilized as a 
strategy for the velocity–pressure coupling with a segre-
gated formulation. The numerical scheme was evaluated 
using second-order discretization for the advective terms and 
pressure. All simulations were carried out until the maxi-
mum residuals of the continuity, momentum and turbulent 
quantities reach a value of 10−5.

4.1 � Validation of the numerical procedure

Firstly, the procedure to obtain the numerical solution of the 
impingement jet on a concave surface was validated using 
the impingement jet on a flat-plate surface problem due to 
experimental data availability for comparison purposes [21]. 
Numerical results for this benchmark configuration were 
also presented in Fregeau et al. [5]. A polyhedral mesh with 
577,006 elements (Fig. 4) was selected after a mesh sensi-
tivity study (Table 3). A turbulence intensity of 5% and a 
turbulent-to-molecular viscosity ratio equal to 30 were set 
at the jet inlet surface.

The computational domain is represented by a quar-
ter of the original geometry due to symmetry conditions. 
Numerical simulation was performed for the parameters 
set listed in Table 2. For Mach number equal to 0.4 and 
jet inlet static temperature of Tjet = 300 K, the total tem-
perature is Tjet_total = 309.6 K and the total pressure is 

Table 1   Symbols of turbulence model equations

Symbol Description

G̃
k

Generation of turbulence kinetic energy due to the 
mean velocity gradients

G̃�
Represents the generation of ω

Yk and Yω Dissipation of k and ω due to turbulence
k Turbulence kinetic energy
�
t

Turbulent dynamic fluid viscosity
ω Specific dissipation rate
σk and σω Turbulent Prandtl numbers for k and ε, respectively
y Distance to the next surface
D

�
Represents the cross-diffusion term

D
+

�
Positive portion of the cross-diffusion term

S Strain rate magnitude
F1 and F2 Blending functions
Sk and Sω User-defined source terms
i, j Space components
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11,809.6 Pa. The impinging surface is maintained with a 
constant wall temperature Tw = 280 K. 

The heat transfer mechanism can be evaluated using the 
local Nusselt number as follows:

where k is the fluid thermal conductivity and h is the local 
convection heat coefficient given by:

qw is the impinging surface local heat flux and Tw is the 
impinging surface wall temperature. The average Nus-
selt number (Nuave) is determined using the following 
expression:

where A is impingement surface area. As observed in Fig. 5, 
the local Nusselt number gradually drops from its maxi-
mum (close to the stagnation point) and decreases along the 
impinging-wall surface. Moreover, the strong curvature of 
the streamlines has a stabilizing effect on the flow structure, 
reducing the turbulence energy levels when the flow reaches 
the impingement area (wall-jet region).

The mesh sensitivity analysis is shown in Table 3 employ-
ing three different mesh densities. Observe that the average 

(7)Nu(x, y) =
h(x, y) d

k

(8)h(x, y) =
qw(x, y)

(Tjet_total − Tw)

(9)Nuave =
1

A ∫A

Nu(x, y) dA

Nusselt number deviation between the intermediate and 
refined meshes is inferior to 1%. 

Furthermore, a comparison of the average Nusselt num-
ber for impingement jet on a flat-plate surface is presented 
in Table 4. Note that the present study results are in good 
agreement with experimental data (deviation around 7%).

5 � Results

In order to solve the impingement jet flow on a concave sur-
face, the numerical simulations were performed with differ-
ent jet hole diameters (1 mm < d < 6.35 mm) to keep a con-
stant Reynolds number condition, while the Mach number 
values are changed. The employed geometric parameters and 
Mach number are listed in Table 5, with a constant Reynolds 
number equal to 23,000.

Fig. 4   Mesh view for impingement jet on a flat-plate surface

Table 2   Jet and operational conditions

Jet Mach number 0.4
Hole diameter d 6.35 mm
Jet height-to-diameter ratio, H/d 6
Jet spacing-to-diameter ratio, W/d 20
ΔT = Tjet − Tw 20 K

Fig. 5   Distribution of local Nusselt number along the impinging-wall 
surface

Table 3   Mesh sensitivity study: impingement jet on a flat-plate sur-
face

Coarse Intermediate Refined

Elements number 412,308 577,006 726,240
Average Nusselt number 27.84 27.10 27.02

Table 4   Comparison of average Nusselt number for impingement jet 
on a flat-plate surface: validation case

Gardon and 
Cobonpue [19]

Fregeau et al. [5] Present study

Nuave 29.22 23.10 27.1
Diff. 0 20.9% 7%
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The imposed boundary conditions are shown in Fig. 6. 
Moreover, symmetry condition was specified in the span-
wise direction and through the middle of the piccolo jet. On 
the impinging concave wall, a no-slip constant temperature 
condition was imposed. A pressure boundary condition was 
set at the inlet and outlet boundaries.

Furthermore, a near-wall enhanced treatment combining 
a two-layer approach and conventional wall functions was 
utilized. In this method, the wall domain is subdivided into a 
viscosity-affected region and a fully turbulent region; thus, the 
enhanced wall functions act by smoothly blending an enhanced 
turbulent wall law with the laminar wall law. Besides, the wall 
Y plus value should be ~ 1 to ensure we are well capturing the 
laminar sub-layer adjacent to the surface concave wall.

Usually, the local Nusselt number distribution can be 
expressed in function of the geometric parameters and Mach 
number as:

where the local convection heat coefficient, h(x,y), is deter-
mined using Eq. (8).

Figures 7 and 8 present the local Nusselt number distri-
bution along the concave surface radial direction for two 
different jet-to-impinging surface distances H/d = 2 and 
H/d = 8, respectively. It can be observed that the maximum 
local Nusselt number occurs at the stagnation point and 
decreases in the downstream region from the jet centerline. 
The stagnation region is characterized by a change in the 
initial purely axial jet-flow behavior into a radial distribu-
tion. Consequently, this region generates a favorable pres-
sure gradient that causes local flow acceleration, acquiring 
a wall-jet behavior further downstream. Moreover, the local 
Nusselt number values increase as a function of the Ma 

(10)Nu(x, y) =
h(x, y) d

k
= f

(

x

d
,
y

d
,
W

d
,
H

d
,Ma

)

number. Hence, the stagnation Nu number value at Ma = 0.8 
is approximately twice higher than Ma = 0.2 for both pre-
sented H/d values.

Table 5   Tested Mach numbers 
and geometric parameters

Mach 0.2 0.4 0.6 0.8

W/d 4 8 12 16
H/d 2 3 4 6 8 10

Fig. 6   Prescribed boundary conditions
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Fig. 7   Local Nusselt number distribution for H/d = 2 and W/d = 12
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Fig. 8   Local Nusselt number distribution for H/d = 8 and W/d = 12
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The local Nusselt number behavior is strongly depend-
ent on the jet-to-impinging surface distance. For H/d = 2 
(Fig. 7), the profile exhibits a first peak close to the stag-
nation zone as well as a secondary peak appears around 
r/D = 2. Then, the thickness of the viscous and thermal 
boundary layers increases, while the local Nusselt number 
gradually decreases as the jet spreads along the concave 
impinging wall. According to the literature [35], the Nusselt 
secondary peak e is linked to the near-wall flow dynamics 
and it appears at H/d < 4. In this condition, when the jet dis-
charge is close to the impinging-wall surface, there is insuf-
ficient distance for significant mixing to occur with the sur-
rounding fluid. Therefore, the thermal boundary layer stays 
confined to the thickness of the viscous sub-layer. Thus, 
high near-wall shear strains starts to develop which gener-
ate high turbulence levels and consequently a heat transfer 
rate enhancement.

On the other hand, Fig. 8 shows the local Nusselt number 
distribution for H/d = 8. In this case, there is only one maxi-
mum value close to the stagnation region. Then, the heat 
transfer mechanism intensity drops, and the local Nu number 
decreases as the jet spreads along the concave surface wall.

For aeronautical design purposes, the average Nusselt 
number is more relevant than the local value. This occurs 
because the hot bleed mass airflow rate should be deter-
mined based on Nusselt average values. Therefore, the aver-
age Nusselt number can be calculated as:

Table 6 exhibits the average Nusselt number (Eq. 11) 
results as a function of the mesh refinement at Ma = 0.4 and 
W/d = 12. As the jet-to-impinging surface distance (H/d) 
increases, a more refined mesh has been required to well 
capture the flow pattern both near and outside of the stagna-
tion region (along the impinging curved wall). Furthermore, 
the average Nusselt number results are strongly dependent 
on the jet-to-impinging surface. At H/d = 2, the heat transfer 
mechanism is intense since the impinging surface is near the 
jet discharge, within its potential core region.

A similar study was also performed varying the jet-to-jet 
spacing (W/d). In these two tested parameters, the average 
Nusselt number calculated employing the intermediate and 
refined meshes did not change within 5%. Consequently, the 
intermediate mesh (see Fig. 9) was chosen due to computa-
tional effort saving.

Figure 10 shows static temperature contours with inlet 
Mach number equal to 0.4. Stagnation zone along the 
impinging wall reaches the high-temperature levels show-
ing a great non-uniformity of the heat transfer mechanism. 
This behavior provides support to understanding the intense 
local Nusselt number variations presented in Fig. 7.

(11)Nuave =
have d

k
= g

(

W

d
,
H

d
,Ma

)

Contours of Mach number for H/d = 10 and W/d = 16 are 
plotted in Fig. 11. It can be observed that the impinging sur-
face is now positioned outside of the jet potential core, so the 
jet flow experiences an intense exchange of momentum with 
the surrounding air, reducing the impinging-wall heating. 
This behavior was also reported by [36] at high jet-to-surface 
distances (H/d > 6).

Contours of static temperature are presented in Fig. 12. 
As expected, maximum temperature values occur close to 
the stagnation point of the impinging wall, which leads to 
high local Nusselt number values (Eq. 10). When the hot-
air jet impinges on the concave surface, the flow acquires a 
wall-jet pattern as it radially moves outward, reducing the 
heat transfer rate along the impinging surface curvature.

The analysis of Fig. 12 also shows a great non-uniformity 
in the temperature field leading to local variations of the heat 
transfer rate. Consequently, the average Nusselt number data 
are more advantageous than the local Nusselt number ones 
due to its less sensitive to spatial variations and thus much 
more reliable for engineering design purposes.

The effect of the jet-to-jet spacing (W/d) on the computed 
average Nusselt number (Eq. 11) for different impinging sur-
face distances (H/d) is presented in Fig. 13 at Mach number 
equal to 0.4. These results show that the heat transfer rate 

Table 6   Mesh sensitivity study: average Nusselt number results

Ma = 0.4 and W/d = 12

H/d (mm) Coarse Intermediate Refined

2 261,251 402,506 704,252
67.81 66.48 66.42

6 222,136 423,034 736,114
24.16 23.92 23.75

10 242,785 447,612 758,456
15.12 14.76 14.64

Fig. 9   Mesh view for impingement jet on a concave surface
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decays as W/d and H/d increase, but the impinging sur-
face distance has a more pronounced effect on the average 
Nusselt number values decay in comparison with jet-to-jet 
spacing.

A similar behavior is also observed in the average Nus-
selt number distribution at Mach number equal to 0.8 
(Fig. 14). The jet-to-jet spacing (W/d) influence on the 
average Nusselt number is weaker, mainly for H/d > 6. At 
lower H/d conditions, i.e., lower jet-to-impinging surface 
distances, the temperature field exhibits a more efficient 
heating process inside the domain, resulting in greater Nu 

values, as presented in correlated literature studies [37]. 
This behavior is also linked with the displacement of the 
impingement region. Another literature experimental 
work [38] showed that the displacement of the impinge-
ment region was correlated to the fluid velocity when the 
impingement surface was near the nozzle (H/d ~ 2.5) and 
independent of the fluid velocity when the surface was 
farthest from the nozzle (H/d ~ 8.5).

On the other hand, the heat transfer rate is intensified 
as the Mach number elevates. For example, at Ma = 0.4, 

inlet

inlet

Fig. 10   Static temperature contours for H/d = 2 and W/d = 8 with inlet 
Mach number = 0.4 and d = 6 mm

Fig. 11   Mach number contours for H/d = 2 and W/d = 4 with inlet 
Mach number = 0.4

Fig. 12   Static temperature contours for H/d = 2 and W/d = 4 with inlet 
jet Mach number = 0.4
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Fig. 13   Average Nusselt number as a function of the jet-to-jet spac-
ing (W/d) at Ma = 0.4 for different jet-to-impinging surface distances 
(H/d)
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W/d = 4 and H/d = 3, the average Nusselt number is ~ 70 
(Fig. 13). This value reaches ~ 120 at Ma = 0.8, justifying an 
investigation about the Mach number effect on the anti-icing 
system employing concave impinging surfaces.

Table 7 shows average Nusselt number of numerical and 
correlation results, keeping the same Reynolds number in 
order to separately evaluate the Mach number effect. A com-
parison with the available literature value is also presented, 
for the jet-to-surface distance H/d = 2.

A good agreement with Hadipour and Zargarabadi’s 
[29] result at Re = 23,000 (corresponding approximately to 
Ma = 0.2) can be observed. However, at higher Mach num-
ber values, the present results show that heat transfer rate 
is intensified due to compressibility effects action, but this 
parameter was not changed in Ref. [29] to allow comparison 
at Ma > 2.

As pointed out by Brevet et al. [23], the Mach number has 
a relevant impact on the heat transfer enhancement along the 
impinging surface, and this parameter cannot be neglected.

Current study results allowed, concluding that as the 
Mach number increases, the average Nusselt number also 
elevates acquiring a power-law dependence (Nu α Ma0.42), 
as shown in Fig. 15. Two configurations for the jet-to-surface 
spacing (H/d) and jet-to-jet distance (W/d) are plotted.

Based on the curve fitting over 96 tested cases (see 
Table 5), it is possible to propose a correlation to evaluate 
the average Nusselt number for the hot-air impingement jets 
on concave surface, taking into account the Mach number as 
well as the geometric parameters:

where A = 434.56; M = 0.42; N = − 0.56 and P = − 0.28.
It is important to mention that Eq. 12 is valid in the 

following ranges: 0.2 ≤ Ma ≤ 0.8; 2 ≤ H/d ≤ 10, and 
4 ≤ W/d ≤ 10.

Figure  16 shows a comparison between numerical 
(Eq. 11) and proposed correlation results (Eq. 12) for the 
average Nusselt number obtained along the impinging con-
cave surface wall (with H/d = 2 and W/d = 4). A good agree-
ment level, with deviations inferior to 10%, can be observed. 
The correlation data also satisfactorily agree with the avail-
able literature result provided by Hadipour and Zargarabadi 
[29], as shown in Table 7 (Ma = 0.2). 

6 � Concluding remarks

This work studied the heat transfer mechanism in hot-air 
impingement jet on concave surfaces encountered in typical 
aircraft anti-icing systems. The jet-to-jet spanwise and jet-
to-impinging surface distances were tested using different 
Mach number values. Results showed that the heat transfer 

(12)Nuave = A (Ma)M
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Fig. 14   Average Nusselt number as a function of the jet-to-jet spac-
ing (W/d) at Ma = 0.8 for different jet-to-impinging surface distances 
(H/d)

Table 7   Average Nusselt number results at Re = 23,000

H/d = 2 
and 
W/d = 4

Hadipour and Zargarabadi [29] (no Mach number vari-
ation)

99.16

Present study: numerical results Ma = 0.2 97.66
Ma = 0.4 110.67
Ma = 0.6 135.92
Ma = 0.8 164.83

Present study: correlation results Ma = 0.2 96.81
Ma = 0.4 124.18
Ma = 0.6 147.24
Ma = 0.8 166.15
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rate is intensified when the jet-to-impinging-wall distance 
is shorter, also reducing the jet-decay effect. Moreover, the 
Mach number has a relevant impact on the heat transfer 
enhancement in the impinging concave surface, and this 
parameter should not be neglected. A correlation has been 
proposed to evaluate the average Nusselt number taking into 
account the jet-to-jet spacing and the jet-to-impinging sur-
face distance with good accuracy in the subsonic regime 
0.2 ≤ Ma ≤ 0.8.
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