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This paper presents the impingement flow study on the temperature profile perforated 
plate. Icing is one of the most hazardous threats in aviation and this leads to unsafe flight 
conditions. Hence, thermal anti-Icing is very much useful in aircraft to prevent ice 
accretion on the surface. On the other hand, the hotspot temperature of this technique 
might destroy the Aluminum-based Bias Acoustic Liner (BAL) plate. Thus, it is highly 
essential to study the hotspot temperature profile on the perforated plate. This study is 
concerned with a numerical study of the convective heat exchange between an impinging 
air jet at temperatures of 70 °C and a structured perforated surface using the Fluent tool. 
The model is designed in an Aluminium plate with the dimensions of 100 mm x 100 mm 
x 1mm containing 0.15 cm diameter perforated hole. In addition, the 0.25 cm diameter 
circular nozzle is maintained at a constant jet-to-target distance of 3.71 cm. In this sense, 
the standard k-ω turbulence model jet equation is applied to this three-dimensional 
domain with periodic boundary conditions for the Reynolds numbers ranges from 2000–
9000. The simulations are performed based on the gap between two holes and the hole 
configuration (tandem and staggered) at different jet velocities. The simulation results 
reveal that there is a rapid increment in heat transfer with Reynolds number and the 
maximum local Nusselt number decreases by seven and increases to 24 when the 
Reynolds number varies from 2508.17 to 8778.588 at the surface of the perforated plate. 
The findings of the hole arrangement on the perforated plate indicate that the tandem 
hole configuration without a center hole is highly recommended for bias acoustic liners 
than the staggered configuration. Since the tandem hole arrangement has higher 
dimensionless temperature, a thicker high temperature layer will be developed at the 
outer surface. Hence, this kind of perforated plate is more suitable to prevent ice 
accretion in aircraft applications. 
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1. Introduction 
 

Icing is one of the most hazardous threats in aviation and the built-up of ice on the aerodynamic 
surfaces of the aircraft, such as the leading edges of the tail and the nacelle lip-skin surface will cause 
an unsafe flight condition [1,2]. Ice may also ingest into the engine which can damage the fan and 
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the compressor blade of the aircraft. Thus, the hot air anti-icing system is necessary for the aircraft 
to be protected from ice accumulation and this is most reliable and effective for safe aircraft journeys. 
Piccolo Tube Anti-Icing (PTAI) and Swirl Anti-Icing (SAI) are the two examples of anti-icing tools using 
a hot bleed air anti-icing system. PTAI is the most popular and effective anti-icing tool, however, it 
has low average heat transfer efficiency, produces a lot of hotspots along targeted surface and 
potentially create run-back ice accretion on the downstream of the nacelle lip, increasing aircraft 
noise [3,4]. 

This noise can be reduced by modifying the engine itself. However, in most cases, this can affect 
the engine’s performance. The acoustic liners which consist solid face sheet, honeycomb, and 
perforated back sheet offer an additional way of reducing noise without affecting the performance 
of the engine [4]. Commonly this is installed on the inner wall surface of the nacelle inlet section in 
order to absorb the radiated acoustic energy and to reduce the noise from the engine and 
compressor. On the other hand, installing this noise abatement technique on the nacelle’s leading 
edge due to the limited size of nose cowl zones. However, combining this acoustic liner and anti-icing 
on the leading edge of a nacelle may be ineffective at reducing forward-radiated noise and optimizing 
the thermal performance of the anti-icing system, as the acoustic liner’s solid face sheet acts as an 
insulation barrier, preventing the heat required for anti-ice formation from being conducted [5]. 

Three sheets comprise the Acoustic Liner: a solid face sheet, a honeycomb back sheet, and a 
perforated back sheet [4]. As a result, a bias acoustic liner (BAL) shown in Figure 1 is placed in that 
limited area to compensate for the heat transfer to the nacelle lip cowl zone being non-uniform [6]. 
This BAL is made up of two porous plates: a face sheet and a back sheet, separated by a honeycomb 
channel. Rather than a solid face sheet, the perforated back sheet allows hot air from the anti-icing 
system to flow through and it is released to the nacelle lip-skin and nose-cowl regions very easily [7]. 
BAL also has wider and tuneable sound absorption due to various bias flow velocities through the 
perforated face plate. Further, this gives higher average absorption, higher heat transfer rate, and 
longer life cycle than AL [8-10]. 
 

 
Fig. 1. Bias Acoustic Liners [7] 

 
On the other hand, the hotspot temperature of anti-icing might destroy Bias Acoustic Liner 

surface, since Bias Acoustic Liner is fabricated by thin aluminium plate. Thus, it is highly essential to 
study the hotspot temperature profile on the perforated plate needs to be studied. However, there 
are limited research on the hotspot temperature profile of impingement hot air flow on the 
perforated plate at different holes arrangements and Reynolds number. 
 
1.1 Impingement Jet Study 
 

There are several researchers have conducted research experimentally as well as computationally 
to ascertain the impinging jet’s heat transfer properties [11-15]. The impingement jet flow is 
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classified by three regions namely, free jet region, stagnation region and the wall jet region as shown 
in the Figure 2 [16,17]. The free jet region is defined as the zone within which the impingement plate 
has no effect flow. The velocity is predominantly axial and consistent along the jet centrelines. On 
the other hand, the flow is deflected away from its axial direction and into a radial direction in the 
stagnation region. The impact of increased heat transfer coefficients leads to the thinning of the 
boundary layer and an increase in turbulence intensity in this zone. In the wall jet zone, the velocity 
is mostly radial with the formation of a boundary layer along the radial direction [16]. 

In this configuration, the circular nozzle creates an air jet which is perpendicular to the 
impingement plate and this air jet is a kind of forced convection heat transfer resulting a turbulent 
regime near the stagnation point. Fundamentally, the turbulence in the jet flow is a function of the 
Reynolds number greater than 2000 [15,17]. 
 

 
Fig. 2. Jet Impingement to plate [16] 

 
1.2 CFD Study on Impingement Jet 
 

Computational fluid dynamics (CFD) models were used by Singh et al., [18] to investigate heat 
transfer from heated surfaces at various Reynolds numbers. They discovered that the Nusselt number 
and heat transfer coefficient are increasing with the Reynolds number. In this method, the heat 
transfer rate was increased by raising the jet stream’s turbulence intensity, which increases the jet 
velocity. Extensive early research studies were carried out by Lee et al., [19] on air jets impinging on 
perforated plates installed between an impinging jet nozzle and the target plate. Here, the studies 
were carried out with and without a perforated plate. In this case, it was discovered that the average 
Nusselt number in the stagnation zone was doubled when it was simulated with the perforated plate. 
It was shown that the Reynolds number is an essential parameter for investigating heat transfer 
distribution. Recent research studies reveal that simulating heat transfer in this turbulent flow 
arrangement is quite complicated. However, the numerical models used for these studies have a 
significant impact on the heat transfer predictions. The research on heat transfer performance of an 
impinging circular air jet using a numerical model was carried out by Alenezi [20]. In order to 
benchmark the experimental data, he developed seven different turbulence models in CFD Fluent to 
compare the accurate predictions among the models. Papadakis et al., [21] carried out research to 
evaluate five various eddy-viscosity models for a single jet impinging on a flat surface. The findings 
revealed that the SST turbulence model produced the most accurate and consistent results. Further, 
the SST model constrained that the kinetic energy levels in the stagnation zone increases the 
sensitivity of heat transfer estimates. Research investigations were performed on multi-jet 
impingement cooling on a flat plate using a CFD technique investigated multi-jet impingement 
cooling on a flat plate using a CFD technique [22,24]. According to the findings of four different 
turbulence models, the SST model can make accurate flow and heat transfer characteristics at a 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 94, Issue 2 (2022) 47-60 

 

50 
 

minimal computing cost. As per the results, the region below the nozzle has the lowest temperature 
with the increase of Reynolds number. There were three different turbulence models named as SST 
k-ɛ model, k-ɛ model, and the quadratic k- ɛ model used to investigate heat transfer from a free 
turbulent slot jet to a heated surface [24]. The findings derived that the SST k- ɛ models are much 
closer to the experimental findings. 
 
2. Methodology 
2.1 Design of the Model 
 

A three-dimensional model consists of a nozzle inlet, air domain, and the perforated plate is 
designed in SolidWorks using hot air anti-icing characteristics as shown in Figure 3. Further, this 
model is designed with the dimensions of 100 mm x 100 mm x 1mm containing 0.15 cm diameter 
perforated hole. In addition, the 0.25 cm diameter circular nozzle is maintained at a constant jet-to-
target distance of 3.71 cm. The distance between two holes in tandem and staggered configurations 
is maintained at 1 cm, 2 cm, 3 cm, and 4 cm respectively. 
 
2.2 Theoretical Aspects  
 

Though the air flow exiting the nozzle is predicted by measuring the Reynolds number of the flow, 
the Re for impingement jet is predicted as: 
 

𝑅𝑒𝑎𝑣𝑔 =  
𝜌𝑎𝑣𝑔𝑢𝑜𝐷ℎ

𝜇
             (1) 

 
where μ is the dynamic viscosity, 𝜌𝑎𝑣𝑔 is the Average density of air, and 𝐷ℎ is the hydraulic diameter.  

The average Nusselt number is used to study the rate of heat transfer from the hot jet to the 
perforated plate and it is calculated as: 
 

𝑁𝑢𝑎𝑣𝑔 =  
ℎ̅𝑎𝑣𝑔𝐷ℎ 

𝑘
             (2) 

 
where 𝐷ℎ is the hydraulic diameter, and k is the air thermal conductivity. 

Since there is no heat energy specified in the Fluent, the heat transfer coefficient is calculated 
using heat flux. 
 

ℎ =
𝑞

(𝑇ℎ𝑜𝑡𝑎𝑖𝑟𝑎𝑣𝑔−𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑎𝑣𝑔)
            (3) 

 
where 𝑞 is the convection heat transfer, 𝑇ℎ𝑜𝑡𝑎𝑖𝑟𝑎𝑣𝑔 is the air temperature of the nozzle, and 

𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑎𝑣𝑔 is the air temperature of the exhaust. 

 
2.3 Numerical Simulation 
 

The design was divided into 19 smaller bodies discretized independently to facilitate meshing and 
get the desired structured mesh. Boundary Meshes for three-dimensional surfaces have constructed 
the air container and plate using the edge sizing method to avoid excessive mesh elements and 
lengthy computation time. 
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Though the flow is incompressible, the standard k-ω turbulence model jet equation is applied to 
this three-dimensional domain with periodic boundary conditions for the Reynolds numbers ranges 
from 2000–9000. The simulations are performed for eight different hole configurations on both 
tandems and staggered at 11 different jet velocities. The material selected for the plate is Aluminium. 

Table 1 lists the computational boundary conditions for each material, along with their kinds and 
values for the effect of applied velocity and temperature. The pressure field was evaluated using the 
pressure-velocity coupling method (SIMPLE) (Semi Implicit Method for Pressure-Linked Equations). 
The turbulent kinetic energy and turbulent dissipation rate equations are solved using a first-order 
upwind discretization scheme. Then, the momentum, energy, and density equations are solved using 
a second-order upwind discretization scheme. When the energy equations reach a value of 10-3, the 
solutions are converged. The outcomes of the numerical simulations were compared to those 
acquired experimentally. Though there is no correlation between the Nusselt number and the 
Reynolds number for impingement jets on perforated plates, the correlation between the average 
Nusselt number and the Reynolds number for impingement on a flat plate is used. The same 
simulation setup is also used for validation. Thus, the average Nusselt number at the stagnation 
region for different velocities is simulated. 
 

Table 1 
The selection of boundaries according to conditions and values on the 
perforated plate 
Boundary Conditions Position Value 

Pressure Outlet Side face of air 
container 

Temperature: 27°C 

Pressure Inlet The upper face 
of the air 
container 

Temperature: 27°C 

Velocity Inlet The upper face 
of the nozzle 

Velocity magnitude: 
Eleven air velocities varied from 20 
m/s to 70 m/s with an increment of 5 
m/s  
Temperature: 70°C 

 

 
 

 

(a) (b) 

Fig. 3. Isometric View of (a) jet impinges to plate system (b) boundary condition of Hot air 
impingement 

 
 

100mm 100mm 

37.1mm 
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3. Results and Discussion 
3.1 Validation of the Numerical Procedure 
 

The simulation results obtained for the average Nusselt number at the stagnation region for 
different velocities were compared with the correlation made by Alenezi [20]. Figure 4 shows a 

comparison between the Nusselt number from simulation and the Nusselt number from correlation. 
 
𝑁𝑢𝑎𝑣𝑔 = 0.04592 × 𝑅𝑒0.6994           (4) 

 

 
Fig. 4. Graph of Nusselt number against Reynolds number for correlation and 
simulation 

 
The result discrepancy between the present study and empirical correlation happen because of 

the present model uses perforated plate and empirical correlation uses to predict thermal 
characteristic of flat plate. Besides, the thermal material properties, for example, thermal 
conductivity, and air flow characteristics i.e., air viscosity, air density, air thermal conductivity, and 
turbulent intensity of present work slightly different with empirical correlation. 
 
3.2 Impingement Flow Pattern on Perforated Plate 
 

Since plotting the effect of velocity profile and the temperature profile for the impingement flow 
on the perforated plate is highly essential, these were obtained from simulation. The velocity profile 
of a 1 cm of tandem and staggered configurations moving at 70 m/s in the y-z plane with a hole in 
the center of the perforated plate exemplifies the hole configuration as shown in Figure 5(a) and 
Figure 5(b). According to the figures, a portion of the flow passes directly through the hole and 
escapes to another air domain with a hole in the center. On the other hand, a very less amount of 
flow expands radially. 
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(a) (b) 

Fig. 5. (a) Velocity profile of 1 cm under 70 m/s in the y-z plane on a tandem perforated plate, (b) Velocity 
profile of 1 cm under 70 m/s in y-z plane on a staggered plate arrangement 

 
3.3 Temperature Distribution on The Surface of a Perforated Plate under Different Average Reynolds 
Number 
 

Though the dimensionless temperature is a key factor to evaluate the performance of each model 
analyzing the dimensionless temperature distribution on the surface of the perforated plate for 
various Reynolds Numbers is vital in this study. Thus, Figure 6 and Figure 7 show the dimensionless 
temperature distribution on the surface of the perforated plate for a 1 cm tandem arrangement 
under different Reynolds numbers along the x-axis and z-axis. According to the figures, the 
dimensionless temperature is steadily increasing in the range of 0.02 to 0.04 when the Reynolds 
number is slowly increasing from low values to high values. 
 

 

 
Fig. 6. Dimensionless temperature distribution of 1 cm tandem perforated plate 
for different Reynolds number along x-axis 
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Fig. 7. Dimensionless temperature distribution of 1 cm tandem perforated plate 
for different Reynolds number along the z-axis 

 
However, the increase in Reynolds number only provides a slight effect on the plate’s 

temperature when the radial distance reached 2.4 cm. This is because the heat may not transfer from 
the jet to the perforated plate. Hence, the dimensionless temperature of the perforated plate 
increased with the increase of Reynolds number, given the radial distance of the plate is within the 
effective impingement area. 
 
3.4 The Relationship between Reynolds Number and Nusselt Number to the Hot Air Impingement 
Study 
 

Commonly, the local Nusselt number is used to evaluate the performance of the impingement jet 
on the perforated plate. Though the Nusselt number shows the ratio of convective over conductive 
heat transfer, which can better represent the heat transfer from the jet to the perforated plate. 
Therefore, a higher Nusselt number indicates the higher convective heat transfer for the 
impingement jet. 

Plotting the variation of Nusselt number with the radial distance over nozzle diameter, r/D ratio 
is also very much useful. Hence, it is plotted in Figure 8 and it reveals that the Nusselt number is 
decreased exponentially as the radial distance over nozzle diameter, r/D ratio is increased. When the 
Reynolds number is increased, the Nusselt number is also increased. This is due to the lowest 
impingement jet velocity of 20 m/s has a Reynolds number of 2508.17, which is already turbulent. 
Any further increase in Reynolds number only increases the turbulence intensity but does not change 
the flow state. 
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Fig. 8. Graph of Nusselt number against r/D ratio 

 
3.5 The Effect of Holes Arrangement (Tandem and Staggered) on the Temperature Distribution of 
Perforated Plate in Impingement Flow Study. 
 

The dimensionless temperature distribution for the surface of the perforated plate for different 
hole arrangements is studied to determine the suitable hole arrangement for bias acoustic liner to 
prevent the ice accretion on the surface of the aircraft. 

The dimensionless temperature distribution for different hole arrangements of the perforated 
plate under low Reynolds number along the x-axis and z-axis are shown by Figure 9 and Figure 10 
respectively. Since the hot air from the piccolo tube has a very high velocity, the temperature for 
different hole arrangements under high Reynolds number are plotted to study the dimensionless 
temperature distribution under high Reynolds number. 
 

 
Fig. 9. Dimensionless temperature distribution of perforated plate for different hole arrangement under 
low Reynolds number along x-axis 
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Fig. 10. Dimensionless temperature distribution of inner surface of perforated plate for different hole 
arrangement under low Reynolds number along z-axis 

 
The temperature distribution of perforated plate for different hole arrangement under high 

Reynolds number along x-axis and z-axis are illustrated by Figure 11 and Figure 12 respectively. As 
per these figures, the 3 cm tandem arrangement shows the highest dimensional temperature of 
0.198. On the other hand, the 4 cm staggered arrangement and 1 cm tandem arrangement have 
dimensionless temperatures of 0.186 and 0.184, respectively. Further, the dimensionless 
temperature is similar for other hole configurations as well. This is due to the 1 cm and 3 cm tandem 
arrangement and the 4 cm staggered arrangement does not have a hole at the center of the 
perforated plate, so the jet can directly impinge on the plate. but for other arrangements, a portion 
of the hot air is passed through the center hole when the jet impinged on the surface results in the 
heat transfer from the jet to the perforated plate is nearly the same. 

At high Reynolds number, the difference between the dimensionless temperatures of 1 cm 
tandem arrangement, 3 cm tandem arrangement, and the 4 cm staggered arrangement become 
lesser, which only have differences in dimensionless temperature of 0.06. On the other hand, the 
velocity of the jet is lower at a low Reynolds number. 
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Fig. 11. Temperature distribution of perforated plate for different hole arrangement under high Reynolds 
number along x-axis 

 

 

 
Fig. 12. Temperature distribution of perforated plate for different hole 
arrangement under high Reynolds number along the z-axis 
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3.5.1 Nusselt number of perforated plates for different hole arrangement  
 

Since the Nusselt number is also one of the key parameters to analyze the temperature profile, 
the variation of the Nusselt number with r/D is obtained as shown in Figure 13(a) and Figure 13(b). 
These figures illustrate that the Nusselt number has an exponential decrement when the radial 
distance over nozzle diameter ratio, r/D increased. On the other hand, the Nusselt number for 3 cm 
tandem arrangement is higher under low Reynolds number and higher than other arrangements 
under high Reynolds number. 
 

 
(a) 

 
(b) 

Fig. 13. (a) Graph of Nusselt number against r/D for different hole 
arrangement under low Nusselt number, (b) Graph of Nusselt Number against 
r/D for different hole arrangement under high Nusselt Number 

 
4. Conclusions 
 

The impingement hot air flow on perforated plates with various hole configurations is simulated 
using computational fluid dynamics for a range of Reynolds numbers. The simulation results reveal 
that there is an increase in dimensionless temperature of the perforated plates with the Reynolds 
number of the flows. The increment of this dimensionless temperature varying from 0.02 to 0.04 
when the Reynolds number varying from low value to highest. 

Comparing the results, the tandem hole configuration is more suitable for bias acoustic liners 
than the staggered hole configuration. In this regard, the difference in dimensionless temperature 

0

2

4

6

8

10

12

0 2 4 6 8 10

N
u

ss
el

t 
N

u
m

b
er

,N
u

Radial Distance over nozzle diameter ratio,r/D

1cm Tandem Arrangement 3cm Tandem Arrangement

1cm Staggered arrangement 3cm Staggered arrangement

0

5

10

15

20

25

30

0 2 4 6 8 10

N
u

ss
el

t 
N

u
m

b
er

Radial Distance over nozzle diameter ratio,r/D
1cm Tandem Arrangement 3cm Tandem Arrangement

1cm staggered arrangement 3cm staggered arrangement



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 94, Issue 2 (2022) 47-60 

 

59 
 

between the 3 cm tandem hole configuration and the 4 cm staggered hole configuration is 0.1 and 
0.4 for low and high Reynolds numbers. This temperature difference might be due to the staggered 
hole configuration that increases the hole distance in the streamwise and spanwise direction, 
affecting the flow mixing effects. 

Considering the temperature profile developed after the jet impingement and the temperature 
distribution of the perforated plate for different hole arrangements, tandem hole configuration 
without a center hole is highly recommended. Further, the tandem hole configuration has a higher 
dimensionless temperature. Hence, a thicker high-temperature layer will be developed at the outer 
surface in order to make it more suitable for preventing ice accretion. 
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