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of wings. The temperature distribution caused by the impingement of hot air must be
studied to get a better design of the anti-icing system. The skin geometry shape affects
hot airflow behavior in the impingement vicinity, hence influences temperature
distribution on wing skin and nacelle lip-skin. Thus, the CFD simulation of the hot air
impingement air various concave curvature radius was conducted by using ANSYS Fluent
19.2. The result shows the temperature contour has been plotted from the software.
Correlation between Nusselt number on impingement point and Reynolds number was
successfully done as the validation. Increasing the Reynolds number increases the
dimensionless temperature of the concave plate. Temperature is 0.147125 has been
recorded as the highest dimensionless temperature under the set of an air temperature
of 43°C, Reynolds number of 4070, and 300mm curvature radius. Besides that, increases
in heat dissipation decrease the dimensionless temperature of the plate with the
Keywords: curvature radius also decreases. The dimensionless temperature increases from
CFD; anti-icing; temperature 0.138747 to 0.142316 when the curvature radius increases from 150mm to 300mm.

1. Introduction

Aviation fatalities is a disaster and one of the common causes of air accident is an icing [1]. In-
flight and in-taxi conditions, icing can lead to serious trouble for the aircraft. Icing also can cause stall
and loss of control which impact is very dangerous to the passengers. De-icing and anti-icing systems
are equipped at all aircraft to overcome the icing problem. Both of these systems use different energy
to remove the ice including mechanical, chemical, and thermal energy. Pneumatic inflatable boot
(PIB) [2], Electro Impulse De-icing (EIDI) [3], and Electro-Magnetic Expulsion De-icing (EMEDS) [4]
utilize mechanical energy while chemical Fluid Anti Icing (FAI) [5] is used when weeping wing to
remove the ice accretion. Piccolo Tube Anti Icing (PTAI) [6] and Swirl Anti Icing (SAI) [7] system utilize
thermal energy to prevent the formation of ice. The phenomenon that ice accretion occurs on the
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surfaces of aircraft is aircraft icing. It is a serious threat to flight safety. The ice is formed when
supercooled water droplets in the clouds impinge on aircraft [8]. Some important parts of aircraft
such as leading edges of the wing, tails, engine inlet, windshield, and helicopter blade icing usually
occur [9]. Ice accretion can degrade the performance of aircraft as it causes an increase of weight
and drag, reduction of lift and thrust. During take-off, the clear ice loosened and was ingested by the
engines. Engines failure could have happened because the ice will damage the engine fan stages and
caused engine surges. If the condition is critical, an air crash may happen due to icing.

There are two types of ice protection systems mostly equipped in commercial aviation namely,
the anti-icing system (Al) and de-icing system (DI). Anti-icing systems are pre-emptive systems, they
are activated before the flight enters icing conditions. Anti-icing systems are aimed to prevent ice
from forming by providing energy continuously. De-icing systems are used to periodically get rid of
accreted ice when the ice has accumulated to a significant thickness [10]. Piccolo Tube Anti-Icing
system (PTAI) is one of the famous hot-air anti-icing systems. Tube with a series of in-line or staggered
holes placed inside the wing leading end near to its inner surface. The hot air is blown out from the
engine compressor, is then passed through the piccolo tube. The hot air is ejected from the piccolo
tube holes at high velocity and impinges on the inner surface of the wing leading edge. Hot enough
to prevent ice accretion heat is conducted from the wing inner surface to the outer surface so that
the outer surface of the wing leading edge [11]. Swirl Anti-Icing (SAIl) system, the air with high
temperature and velocity exits from the nozzle and mixes with the cool stationary air in the D-
chamber, which causes a large amount of cold air entrained by hot air. Hot air from the jet engine is
directed to the D-chamber at high pressure by a supply pipe. The end of the nozzle is bent 90° so that
the hot air can be expelled at a high velocity substantially along a tangent to the middle circle of the
D-chamber. Eventually, the mixed air swirls circularly around the annular D-chamber [1].

Ice accretion can be happened either on the ground or in the air. Slush, snow, clear ice, or a
combination of them were caused by the snow on the ground situation. Icing commonly happens in-
flight during the take-off or landing phase of a flight, when the aircraft needs to fly through clouds
in which the temperatures are at or below freezing point [12]. The droplets may be swept off from
the surface by aerodynamic forces or freeze [13]. Ice accretion has four types in-flight leading-edge
ice accretions, runback and “ridge” ice accretions, large in-flight and ground frost/ice accretions
causes maximum lift reductions, the corresponding stall angle reductions, resulting in drag penalties,
and trailing-edge control surface anomalies. Lynch and Khodadoust [14] have addressed the
aerodynamic performance and control degradations caused by various types of ice accretions on the
lifting surfaces of fixed-wing aircraft. The parting strip located near the stagnation point can greatly
prevent ice from covering the entire leading edge. At the upper and lower segment, the ice will be
accumulated. Eliminating the ice bridge formed at the stagnation point, ice shedding efficiency
increases. This separation leads to greater aerodynamic forces on the ice. Hann et al., [15] have
identified the most energy-efficient ice protection system (IPS) method among anti-icing systems,
conventional de-icing systems, and de-icing with the parting strip. A parting strip (PS) is a special
heating zone that is constantly heated and can be used to minimize the energy needed for de-icing
[16]. The most efficient system De-icing has proven to require much lower heat loads at all
temperatures. A conventional IPS, with a periodically heated leading-edge, and a parting strip IPS,
with a continuously heated small area, were tested for de-icing. De-icing with the parting strip needs
50% less energy than a conventional de-icing system.

In some simulation or CFD study of impingement heat transfer, Seyedein et al., [17] have
modelled a single confined turbulent slot jet impingement using various isotropic two-equation k-
turbulence models. The standard k-g turbulence model is not the most suitable model to simulate
the confined turbulent impinging jet. The accuracy of the results is greatly affected by the model
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parameters and the near-wall treatment. Low-Reynolds versions of the k- model are suitable for
modelling turbulent impinging jets. Shi et al., [18] used commercial finite volume code FLUENT 5.0 to
simulate the heat transfer characteristics of a single impinging semiconfined slot jet under turbulence
models, near-wall treatments, turbulence intensity, jet Reynolds number, and the type of thermal
boundary condition on the heat transfer by using standard k-€ and RSM models. Both the models
marginally overpredicted the Nusselt number distributions under some conditions.

In fact, the CFD impingement study not only applied for aircraft anti-icing only. Some researchers
employed a CFD impingement study for the cooling system. For example, Azmi et al., [19] employed
a synthetic jet to enhance heat impingement heat transfer coefficient. Another example, Ismail et
al., [20] used high frequency and low amplitude of synthetic jet impingement to reduces the
temperature of the electronic component. Most recently, the impingement study was applied on
stagnation point together with non-linear thermal radiation [21].

The simulated results performed well for large nozzle-to-target spacing if compared to the
experimental results, but the predictions for small nozzle-to-target spacing are inadequate in the
concave plate. The objective is to conduct CFD simulation at various Reynolds numbers of
impingement flow, hot air temperature, and concave radius on concave plate. Thus, the temperature
distribution of the concave plate is investigated and discussed in the present study.

2. Methodology

The model and dimension, the boundary condition, and the computational setup are discussed
in this section.

2.1 Geometric Modelling and Dimensions

The geometry is divided into three parts nozzle, air, and concave plate. The modelling of geometry
was developed using the software Solid works 2020. The nozzle is 20mm long with a diameter of
2.5mm. The length and width of the concave plate are fixed at 100mm with different radius of the
concave. The curvature radii of the concave plate are 150mm, 200mm, 250mm, and 300mm. Air is
the part between the nozzle and the concave plate. The distance between the nozzle outlet and the
plate is 37.5mm which is 15 times of nozzle diameter. The geometry was drawn as shown in Figure
1, Figure 2 and Figure 3.

[ nozzle

air

plate

Fig. 1. The geometry of the concave plate
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Fig. 2. Dimension of the geometry

Fig. 3. Geometry in design modeler

In order to use the geometry in ANSYS 19.2, the model was saved in STEP format. The geometry
was imported into Design Modeler. The bodies were named nozzle, air, and plate. The bodies were
formed as a new part.

There are two methods were used. Multizone meshing was used for air. The sweep method was
used for the nozzle and plate. Element size was set at Imm. Then, named selections were added to
define nozzle wall, velocity inlet, pressure inlet, and outlet. The skewness of the mesh is below 0.85.
It indicates the mesh quality is good.

2.2 Computational Setup

Named selections were added to define nozzle wall, velocity inlet, pressure inlet, and outlet. The
skewness of the mesh is below 0.85. It indicates the mesh quality is good. Energy equation was
enabled k-w model with SST was used. Shear stress transport (SST) turbulence models consist of the
advantages of the k-€ and k-w models, with a blending function that activates the k-¢ model in the
core region of the flow and shifts to the k-w model for near-wall region treatment. For material nozzle
and air were defined as air in Ansys. The plate was defined as aluminum. The properties of air and
aluminum were set as in Table 1 and Table 2.
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Table 1

The properties of air

Properties Value

Density Ideal gas
Specific Heat 1006.43 J/kg-K
Thermal Conductivity 0.0242 W/m-K
Viscosity Sutherland
Molecular Weight 28.966 kg/kmol
Table 2

The properties of aluminum
Properties Value

Density 2719 kg/m3
Specific Heat 871 J/kg-K

Thermal Conductivity 202.4 W/m-K

2.3 Boundary Conditions

Figure 4 illustrates the boundary condition of the study. Afterward, the temperature of the
pressure inlet and outlet was set at 27°C. The velocity of inlet air was set at 20, 22, 24, 26, and 28m/s.
The temperature of the inlet air was set at 43, 48, 53, and 58°C. The turbulence specification method
of velocity inlet was intensity, 5%, and hydraulic diameter, 0.0025m.

pressure outlet

Fig. 4. Boundaries of the geometry
3. Results and discussion
Effect of Reynolds number (Re) and hot air temperature on temperature distribution concave
plate. In order to study the effect, 5 different velocities of air were used, including 20, 22, 24, 26, and

28m/s. Since the velocity of air has a positive correlation to Re, therefore higher velocity indicates
higher Re. Re was calculated by Eq. (1) [20].

Re = — (2)
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where p, v,D, and u are air density, jet air velocity, nozzle diameter, and air dynamic viscosity,
respective.

The temperature of the concave plate is presented in dimensionless temperature. The
dimensionless temperature (Tgimensioniess) at @ point is calculated by Eq. (2).

_ Tpoint - Tambient 2
Tdimensionless - T —T (2)
air ambient

where Tpoints Tampient, Tair are local temperature, ambient temperature, and hot air temperature,
respectively. Table 3 summarised the temperature on the impingement point.

Table 3
The temperature on the impingement point for R=250mm
Air Temperature, Ty, (°C) Temperature on impingement point, To(°C)

Reynolds Number, Re 2681-2907 2949-3198 3217-3489 3485-3780 3753-4070
43 0.142458 0.143497 0.144592 0.145709 0.146850
48 0.141017 0.141953 0.142942 0.143945 0.144955
53 0.139763 0.140628 0.141547 0.142473 0.143404
58 0.138615 0.138615 0.140292 0.141167 0.142040

Figure 5 to 9 shows the contour plot of Tjimensioniess ON different Re with the same scale. The
range of Re is between 2681 and 3753 with the variation of air velocity from 20m/s to 28m/s. Since
the contours use the same scale, it is easy to observe that the Tjimensioniess iS the highest in Figure
1.5 when the Re is the highest. When Re=3753, Figure 1.4 shows more reddish on the plot. The
T gimensioniess ©N the impingement point is 0.142040 and the minimum Tgimensioniess 1S 0.129511 at
the four corners. The Tyimensioniess decreases when the Re decrease from 3753 to 2681. When
Re=2681, Figure 1.8 shows more bluish on the plot. The T imensioniess ©N impingement, the point is
0.135189, and the minimum Tgimensioniess 1S 0.128556451 at the four corners.

Fig. 5. Temperature contour of the concave plate Fig. 6. Temperature contour of the
for 250mm, 58°C, 28m/s concave plate for 250mm, 58°C, 26m/s
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Fig. 7. Temperature contour of the concave plate for Fig. 8. Temperature contour of the
250mm, 58°C, 24m/s concave plate for 250mm, 58°C, 22m/s

Fig. 9. Temperature contour of the concave plate for
250mm, 58°C, 20m/s

Based on Figure 10 and 11, Re and Tyimensioniess have a positive correlation. The Tyimensiontess
increases linearly with Re. The difference is around 0.0008 with the increase of 268 in Re or 2 m/s in
air velocity. The increase in velocity increases the Reynold number of the flow. Volumetric flow if the
air is higher at high velocity, more air is involved in the heat transfer. The higher the Re, the higher
the Nusselt number, indicating more heat is transferred. Therefore, the Tyimensioniess Of the concave
plate increases when Re increases.
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Fig. 11. Graph of Tyimensioniess @gainst X-axis with different Re

Figure 12 shows the velocity magnitude contour plot on XY plane under the set of 28m/s air
velocity, 58°C air temperature, 300mm of curvature radius. The air is flowing at its maximum velocity
along with the pipe nozzle. When it reaches the opening of the nozzle, the air diffuses and the velocity
decreases when it flows towards the concave plate.



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 95, Issue 1 (2022) 1-16

[mis]

Fig. 12. Velocity magnitude contour plot on XY plane

Figure 13 to 16 shows the contour plot of Tyimensioniess On different hot air temperatures with
the same scale (0.1295-0.1469). The temperature of air varies from 43°C to 58°C. From the contour
plots, lower temperature results in higherT imensioniess- The plot is more reddish at 43°C. In
comparison, the Tyimensioniess ON impingement, the point is 0.146850 when the air temperature is
43°C, 0.144955 when the air temperature is 48°C, 0.143404 when the air temperature is 53°C and
lastly it decreases to 0.142040 when the air temperature is 58°C.

0 0025 0050 (m)

0 0025 0.050 (m)

 —
00125 00375 00125 00375

Fig. 13. Temperature contour of the concave plate  Fig. 14. Temperature contour of the concave
for 250mm, 58°C, 28m/s plate for 250mm, 53°C, 28m/s
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0 0025 0,050 (m) 0 0025 0050 (m)
Fig. 15. Temperature contour of the concave plate Fig. 16. Temperature contour of the concave plate
for 250mm, 48°C, 28m/s for 250mm, 43°C, 28m/s

The trend can be observed from Figure 17 and 18 as well. Figure 17 shows that the Tyimensioniess
decreases with increasing air temperature. The decrement is not linear, it decreases from 0.001895
to 0.001551 and lastly 0.001364.
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Plate Temperature against X-axis with Different Hot Air Temperature
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Fig. 18. Graph of T mensioniess against X-axis with different T,;,- for Re from 3753 to 4070

Tiimensioniess €@N measure the performance of the system. The performance of the system at
lower air temperatures is better. It is because less heat is transferred to the ambient. The
temperature difference between hot air and ambient air is one of the factors affecting convective
heat transfer. The formula of convection heat transfer, Eq. (3),

Q = hconvection AAT (3)

shows that the higher the temperature difference, AT, the higher the heat transfer. Hence, when the
impingement air temperature is higher, more heat is transferred to ambient air through convection.
Although the temperature of the concave plate is higher, the Tjimensioniess Shows that the
performance of the system is lower. Some of the heat is transferred to the ambient air instead of the
concave plate.

Effect of concave radius on the temperature distribution concave plate. Figure 19 to 22 shows
the contour plot of Tyimensioniess On different curvature radius with the same scale (0.1268-0.1423).
The curvature radius of the concave plate varies from 150mm to 300mm. From the contour plots, a
higher curvature radius results in a higherT i mensioniess- The red spot at the middle is the largest in
Figure 19 when the curvature radius is 300mm.

11
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o 0025 0.050 (m)

Fig. 19. Temperature contour of the concave plate
for 300mm, 58°C, 28m/s
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Fig. 21. Temperature contour of the concave plate
for 200mm, 58°C, 28m/s
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Fig. 20. Temperature contour of the concave
plate for 250mm, 58°C, 28m/s

o 0.025
00125 00375

0.050 (m)
1

Fig. 22. Temperature contour of the concave plate
for 150mm, 58°C, 28m/s

From Figure 23 and Figure 24, curvature radius has a positive effect to the Tjimensioniess ©f the
plate. The temperature increases from 0.138747 to 0.142316 when the curvature radius increases

from 150mm to 300mm.
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However, the incre
the curvature radius is

ment is not uniform. The increment decreases even though the increment of
the same. Table 4 shows the curvature radius and area of the surface.

Table 4

The curvature radius and area of the surface

Curvature Radius, R (mm) Area of the surface, A (cm?)
150 101.951

200 101.072

250 100.679

300 100.469

13
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The result is caused by the area of the plate. When the radius curvature increases, the area of the
plate decreases. The trend of the area is shown in Figure 25, it is the inverse of the graph of
Taimensioniess Of impingement point against curvature radius. The increase in the area promotes the
dissipation of heat to ambient air. It can be further proven by the negative heat flux shown in Figure
26. The side region of the plate transfers heat to the ambient air. Increasing curvature radius causes
the region of negative heat flux to decrease. Hence, the Tjimensioniess iNcreases with increasing
curvature radius. In other words, the thermal performance is better on a higher curvature radius.

Area against Curvature Radius
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150 175 200 225 250 275 300
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Area of the surface, A (cm?)

Fig. 25. Graph of Surface Area against Curvature Radius
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Fig. 26. Heat Flux Contour Plot of Concave Plate

4. Conclusions
A total of 80 sets of the simulation was completed to study the effect of Re of impingement flow,

hot air temperature, and curvature radius on temperature distribution of concave plate. A few
conclusions can be made as below

14



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 95, Issue 1 (2022) 1-16

i.  Thevalidation was successfully done by using the correlation between Nusselt number on
impingement point and Re developed by Mohanty and Tawfek (1993) with a percentage
error of 0.09% to 6.11%.

ii.  The Tgimensioniess Of concave plate increases when Re increases and hot air temperature
decreases. The highest Tjimensioniess recorded is 0.147125 under the set of 300mm
curvature radius, air temperature of 43°C, Re of 4070.

iii.  The Tgimensioniess Of the plate decreases with the curvature radius decreases due to the
increase of heat dissipation. The Tyimensioniess increases from 0.138747 t0 0.142316 when
the curvature radius increases from 150mm to 300mm.
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