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ABSTRACT

Aircraft icing remains a key aviation hazard as the global fleet of aircraft in various sectors
continues to expand, posing a serious threat to flight safety. As previously stated, the growth
of this type of aircraft has been accompanied by an increase in noise levels, and aircraft
is reportedly the second most bothersome noise source after traffic. However, integrating
an acoustic liner with anti-icing techniques on the leading edge of a nacelle would not
efficiently eliminate forward radiated noise and improve the thermal performance of the
anti-icing system. Hence, it is of the utmost importance to research the integration of ice
protection and noise abatement systems for aircraft applications. This review discusses
the integration of ice accretion and noise abatement systems in aircraft applications.
The prominence of this review is to explain significant features such as ice protection
systems, Computational Fluid Dynamics in ice protection, noise abatement systems, and
the integration of ice protection systems and noise abatement systems wherever they are
described.
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characterized by the accretion of ice on aircraft surfaces. Icing occurs frequently on the
leading edges of an aircraft’s wing, tails, engine inlet, windshield, and helicopter blade
(Sreedharan et al., 2014). Moreover, ice accumulation on the rotating spinner positioned
at the engine’s front surface would impair the uniformity of the inlet flow field, resulting
in airflow separation and compressor surge (Zheng et al., 2019). Additionally, ice of the
inlet lip would affect the vanes, resulting in mechanical damage and a drop in downstream
performance (Shen et al., 2013). The icing on the other surface, i.e., the windshield, would
affect output performance and result in energy loss (Yang et al., 2022).

Also, the accumulation of ice on the aircraft tail would impair the stability and control
of the aircraft. This phenomenon is most noticeable during landing, cruising, and rising
(Ronaudo et al., 1991). Ice buildup on the aircraft wing surface would exacerbate the
aircraft’s control and stability. Furthermore, the lift force is reduced due to ice on the
wing, thus increasing drag and altering moment characteristics (Ronaudo et al., 1991). As
a result, the aircraft’s fuel consumption increases, thus raising operational costs. Overall,
aircraft icing would hinder aircraft performance, increase aircraft weight and drag force,
reduce lift forces, and degrade thrust handling, thus creating significant safety concerns
(Hassaani et al., 2020).

Therefore, it is necessary to remove ice from aircraft to ensure its safe performance
and operation (Shen et al., 2013). As a consequence, several techniques to eliminate ice
accretion have been developed. Anti-icing and de-icing are the two primary methods
of an ice protection system. The de-icing method removes ice periodically when it has
accumulated to a significant thickness (Nagappan, 2013). Electro Magnetic Expulsion and
the Pneumatic Inflatable Boot are ice protection devices that use de-icing. On the other
hand, the anti-icing method is a prompting system that is activated prior to the onset of icing
conditions (Nagappan, 2013). Thermal and chemical fluids are examples of ice protection
systems that employ anti-icing methods. Thermal anti-icing is the more prevalent of the
two and is classified as either an electric heater or hot bleed air. As previously discussed,
an increase in the number of flights is frequently accompanied by a rise in noise levels. It
is considered that aircraft noise is the second most infuriating source of noise after traffic
noise (Ives, 2009). Researchers have proposed several solutions for reducing engine and
turbine noise, including installing an acoustic liner (AL) in a noise cowl zone. However,
combining an acoustic liner and anti-icing on the leading edge of a nacelle lip skin would
not be adequate to boost thermal performance (Ismail, 2013). Therefore, it is of the utmost
importance to research the integration of ice protection and noise abatement systems for
aviation applications.

This review discusses the integration of ice protection and noise abatement systems in
aircraft applications, particularly focusing on ice protection systems, CFD in ice protection,
and noise abatement systems.
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ICE PROTECTION SYSTEMS

Ice protection has been an important component of all aviation for a long time. The United
States National Transportation Safety Board (2007) reported that icing problems caused many
aircraft crashes. Chemical fluid, mechanical, thermal, hybrid, and other ice protection methods
are widely used in commercial aircraft. The chemical fluid ice protection method removes ice
deposits and forms a protective film on airplane surfaces (Grishaev et al., 2021). This method
protects aircraft surfaces from icing by lowering the freezing temperature of supercooled
water below the ambient temperature by mixing a chemical fluid with supercooled water that
has been impinged. The mechanical ice protection method, i.e., pneumatic inflatable boot,
on the other hand, breaks the ice’s bond from the aircraft’s surface, and the ice fragments are
blown away into the atmosphere. Also, the thermal ice protection method uses hot bleed air or
electricity to the protected aircraft surface. Lastly, a hybrid ice protection system comprises
a running wet electro-thermal anti-icing system and an Electro-Mechanical Expulsion De-
icing System (EMEDS). While the former system maintains temperatures above freezing
point, the actuators of the latter system periodically eradicate ice.

Two systems in aircraft ice protection are widely used in commercial aircraft: the
anti-icing system (Al) and the de-icing system (DI). The DI system removes or breaks
ice accumulation periodically, while the Al system prevents ice from always forming on
aircraft components. Therefore, it is understood that the fundamentals of ice protection
tools can guide researchers in recommending the most appropriate ice protection device for
a given icing condition. The types of ice protection tools are described, and their strengths
and weaknesses are listed in Table 1.

Table 1
Types of ice protection devices

Examples of Ice ~ Al/

Protection Devices DI Strengths Weaknesses
Mechanical DI These are light and have low operational costs. ~ Special compound
Deformation Ice Useful for small aircraft material and stretchable
Protection Less energy consumption and maintenance and  fabric-reinforced

the cost and weight are comparably small and clastomer are needed for

reliable (Li, 2012). PIB to avoid weathering

and erosion.

Electro-Mechanical DI Mostly used to lift aircraft surfaces, such as Conductive strips should
Expulsion Ice wings. be fabricated on the
Protection System Low power consumption. flexible dielectric sheet.

The cycling time would be controlled and

varied.

Efficient and automatic ice protection

The Pulse Electro- DI Low energy consumption is required. Difficult to manage ice
Thermal Ice Very useful on the windshields of many modes  formation outside the ice
Protection Systems of transportation, including airplanes, bridges, protection area (Ma, 2011)
(PETD) and automobiles. (Petrenko, 2005).
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Table 1 (continue)

Examples of Ice ~ Al/

Protection Devices DI Strengths Weaknesses
Thermo-Mechanical AI  This system provides excellent anti-icing This system is too
Expulsion Ice performance while consuming less energy (June expensive (Jun et al.,
Protection System 2020). 2020).

Thermal Ice Al  The optimum heat transfer from the jet to the Weight and manufacturing
Protection System impinging surface occurs at a distance from the  costs are comparatively

hole to the impinging surface of 5-7 times that ~ high (Syed et al., 2018).
of the jet diameter (Raghunathan et al., 2006). Higher energy costs are

required.
Hybrid Ice DI  Itis a more cost-effective method instead of Warm and high liquid
Protection System  and using hot air. water content condition is
Al required.
Double-walled Ice Al Provides a more uniform temperature. Disrupts installation of
Protection System Avoids hotspots occurring on the nacelle lip noise abatement material.
skin. Complex construction

is required, resulting
in higher installation
and maintenance costs
(Birbragher, 1988).

Chemical Liquids DI  Useful in small aircraft The required glycol
Ice Protection and solution must be carried
System Al on board.

Limited duration of ice
protection (Ramamurthy et

al., 1991).
Swirl Ice Protection Al  Construction is very simple in comparison to A huge amount of hot air
System other ice protection systems. is required.

Provide uniform temperature distribution on
the nacelle lip-skin, preventing the runback ice
accretion on the downstream area.

Mechanical Deformation Ice Protection

The pneumatic inflatable boot (PIB) is a mechanical deformation ice protection device
commonly used in light airplanes. The development of the inflatable boot began in 1928,
and this has been used in more than 30,000 small aircraft worldwide (Ramamurthy et al.,
1991). This device has inflatable rubber strips on the wings’ outer surface and control
surfaces where ice is accreted (Ronaudo et al., 1991). The ducts inside the rubber strips
function as an air conduit and become inflated when they receive pumped air from the
engine. Due to the combination of shear, bending, and peel forces, the surface distorts and
breaks the ice down. Then the broken ice is carried away from the surface by aerodynamic
force (Ramamurthy et al., 1991). The working principle of the pneumatic inflatable boot
is shown in Figure 1.
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Figure 1. Working principle of Pneumatic Inflatable Boot (PIB) (Battisti, 2015)

Electro Impulse Ice Protection System

This system ensures the aircraft’s safety Switch
during icing conditions. The capacitors are
discharged through an electric coil. This T Enggg;tg:zge )

system produces a huge magnetic field and, Col Skin
thus, large amplitude and impulse, which act
on a nearby electrically conductive plate.

The impulse force exerted on the nacelle’s Figure 2. Working principle of Electro Impulse Ice
surface slightly expands, then contracts, Protection (Jiang & Wang, 2019)

generating mechanical vibrations on the

leading edge. As a result, ice on the surface is shed due to mechanical vibration caused
by the Electro Impulse Ice Protection System’s impulse forces (Li, 2012). Figure 2 shows
the elementary circuit of this ice protection system. In this system, the pulse coils are
connected to a high voltage capacitor by low resistance, low inductance cables. When
the switch is turned on, the discharge of the capacitor through the impulse coils creates
a rapidly forming and collapsing electromagnetic field. According to Maxwell’s law, it
is known that the time-dependent magnetic field induces eddy currents in the metal skin.
Therefore, the Lorentz force formula obtains the instantaneous impulse force of several
hundred pounds in magnitude. However, the duration is only a few hundred microseconds.
A small amplitude, high acceleration movement of the skin acts to shatter, de-bond, and
expel the ice (Jiang & Wang, 2019).

Electro-mechanical Expulsion Ice Protection System

This system is a modern ice protection technique used in aircraft. In this case, opposing
electromagnetic fields are generated in actuators by a high-current electric pulse, which
causes the actuators to deflect. This deflection is then transmitted to the erosion shield,
which bends and vibrates at a very high frequency. As a result, the accumulated ice on
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the erosion shield is released (Goraj, 2004).

De-icing control

The working principle of this type of ice E;ﬁ;'%” "y module
protection system is shown in Figure 3. f,,,f-\ . f
The Pulse Electro-thermal Ice Wing h — T NA

Protection Systems (PETD) =
. . | Sensor
It is an improvement of the Electro-Thermal

_~=_Current Coil i

Ice protection system that uses an electro- @

/ ) _Acélé?ltor
thermal pulse approach. This system w—

—~___Impulsed

encompasses strips and shedding zones as | Force Detail A } == _icing
heating components. While the partition / =
strips maintain the surface temperature Detail B

above freezing, the shedding zones melt Figure 3. Working principle of Electro-Mechanical
the ice contact on the leading-edge surface  Expulsion Ice Protection System (Goraj, 2004)

(Ma, 2011). In addition, the thin ice layer is

melted by high-density power, which reduces the amount of melted runback water. Figure
4 displays the working principle of this type of system. In this system, the airflow cools
the skin temperature below freezing very quickly when the power is cut off. Thus, the
impinged water freezes quickly, resulting in minimal runback ice formation.

Thermo-mechanical Expulsion Ice Protection System

It is a hybrid system designed to provide ice protection on icing surfaces using less power.
This system employs a resistive heater connected to the leading edge, with special attention
paid to the impingement zone where the incoming air stream divides between upper and
lower surfaces and engineering applications require additional time (Al-Khalid, 2007).
Figure 5 shows a schematic representation of the system.

Metal
foil _5- Metal Skin leading edge _
O g
S5/ i<k | O
g 20
] (X
O :
Cold
Power Power|| plate Ice
sup suppl )
cha]c[?ctrlc—f" >y EMEDS Actuator
fim Bonded heater to Skin to spar

impingment limits attachment

Figure 4. Working principle of PETDS (Pulse Electro  Figure 5. Thermo Mechanical Expulsion Ice protection
Thermal De-icing, 2005) system (Al-Khalid, 2007)
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Thermal Ice Protection System
Acceleration siot | TR SRl
In this technique, thermal energy is 3

. . D-ba ”

transferred to the nacelle lip skin as well K{ ,\ Wing fixed
as a wing in modern commercial aviation t ' Aft-bay leading edge
(Khai et al., 2020). This energy evaporates  |fuoe ®—py ™ i

. .. Lo High-speed seal
the impinging water, a consequence of S

[

keeping the surface temperature above | Vet
freezing. Particularly, Piccolo Tube Anti Piccolo holes ~ ~*+—Slat heel exhaust

Icing (PTAI? I'S one of the mO.St popular Figure 6. Thermal Ice Protection System (Ismail,
thermal anti-icing systems for aircraft, and  2013)

it has staggered holes around the tube. The

engine compressors supply hot air at high temperatures and pressure. This hot, high-pressure
air is then introduced to PTAI, where the supply pipe is directed toward the internal surface
through discrete holes in the perforated piccolo tube. After impinging on the internal surface,
the exhaust air circulates the D-chamber and exits through the exhaust grill, as shown in
Figure 6 (Ismail, 2013). In this case, the pneumatically operated valves control the PTAI
system. The hot air is distributed via a piccolo tube that runs the length of an aircraft slat
within the D-chamber (Raghunathan et al., 20006).

Hybrid Ice Protection System

The fundamental concept of this system is similar to that of the Thermomechanical
Expulsion Ice protection system. Electric heaters and a low-power ice protection system
are combined to reduce energy consumption, which is therefore known as a hybrid anti-
icing system (Al-Khalil et al.,1997).

Double-walled Ice Protection System

| #——Wrap = 0%

It is another alternative ice protection
. . . —D-duct
system, as shown in Figure 7. This system

—i—Injection nozzle

-+—FEngine
=+—bleed air
\Q-#Llixhaust

+———Wrap = 100%

forces hot air from the D-chamber into a
channel between two walls. Consequently,
the heat from the hot air is transferred
to the walls by convection (Rosenthal &
Nelepovitz, 1985). This method provides a
more uniform temperature distribution and

prevents the occurrence of hotspots on the  Figure 7. Doubled-walled Ice Protection System
nacelle lip skin. (Rosenthal & Nelepovitz, 1985)
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Chemical Liquids Ice Protection System

The chemical ice protection system works by lowering the freezing point of an ethylene
glycol-based fluid through laser-drilled titanium panels on the leading edges of the wings,
horizontal and vertical stabilizers, and a slinger ring that protects the propeller. The fluid is
dispersed as air flows over the wing and empennage, coating the surfaces and preventing
the formation and adhesion of ice (Whitfeld, 2021).

Swirl Ice Protection System

This system transfers high-pressure and high-temperature air from the jet engine to the
D-chamber by a supply pipe (Ismail & Wang, 2018). The nozzle is located at the end of the
supply pipe and bent 90° to direct the high-pressure, hot air into the D-chamber. The air with
a high temperature and velocity exits the nozzle and comes into contact with the cooler air
in the D-chamber, causing a relatively large amount of cold air to be entrained by hot air.
Thus, the air is entrained in a circular motion around the annular D-chamber. As a result,
this system transfers heat from hot air to the nacelle lip skin more uniformly than other ice
protection systems (Ismail, 2013).

This technique has a variety of nozzle

designs and arrangements which enhance
heat transfer and temperature distribution in
stationary air due to turbulent enhancement,

Injection nozzle

thus increasing the mixing process between
hot air and stationary air. As a result, the AN Exhaust
duration of heat and momentum transfers NJ
from hot air to the nacelle lip skin has
been reduced significantly (Syed et al.,
2018). Figure 8 illustrates a schematic

> ' Figure 8. Swirl Ice Protection system (Rosenthal &
representation of this type of system. Nelepovitz, 1985)

CFD APPLICATION IN ICE PROTECTION SYSTEM

Many researchers use CFD applications in anti-icing due to the difficulty and cost constrain
in experiments and validation tests. Previous researchers applied CFD techniques to
optimize the performance of hot-air anti-icing systems, particularly Piccolo Tube Anti
Icing (PTAI). Al-Khalil et al. (1997) investigated the performance of hot-air anti-icing
using engine inlet ice protection. Here, the authors utilized trajectory code to estimate
local water-impingement rates on the nacelle inlet surface. The temperature distribution
on the nacelle lip skin was determined by solving the energy balance on surface runback
water and nacelle lip skin. According to the results, the authors recommended that a large
amount of heat be concentrated on the stagnation point of water droplet impingement
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to evaporate these water droplets. The results also showed that the runback water might
reach freezing temperature downstream of the nacelle lip-skin. Therefore, the authors also
suggested protecting this area with moderate thermal anti-icing systems, such as Electro
Thermal Heaters (ETH).

Subsequently, Morency et al. (1997) introduced a simple mathematical model to analyze
the heat transfer phenomenon on the aerofoil surface. This mathematical model was used
to simulate the temperature changes of the runback water film and the conduction in the
airfoil’s skin. The results demonstrated that evaporation heat loss increases with temperature
more rapidly than convection heat loss.

Later, Smith and Taylor. (1997) examined the simulation of a 2D anti-icing system in
dry and wet conditions using the PHEONICS code. This code solved the energy equation
to determine the cooling effects of water impingement. The simulation result was congruent
with the flight test. Afterward, Croce et al. (1998) obtained the predicted results from
the FENSAPICE code they had developed. The code utilized a finite element method to
determine ice accretion, droplet impingement, and conjugate heat transfer by solving the
Navier-Stokes equation. They used a standard k-epsilon model to resolve turbulent flows
inside the wing’s leading edge. Their results were claimed to be satisfactory. However,
there was no validation against experimental results. In addition, de Mattos and Olivera
(2000) studied conjugate heat transfer on an anti-icing system wing slat using the FLUENT
CFD code. The results showed that the heat transfer characteristics were proportional to
the mass flow rate of hot air.

Morency et al. (2000) once again developed a numerical code and implemented it
into a CANICE CFD code to design an ice protection system on wing-leading edges.
The boundary layer equations were solved by the finite difference method and integral
method. The results showed that the finite difference method was able to give results that
were in good agreement with experimental results obtained by the integral method. Hua
and Liu (2005) used the FLUENT CFD code to predict the temperature distribution along
the wing’s leading edge. They focused on two-dimensional bay slice approximations to
obtain predicted results. This method needed a low number of meshes and the shortest
time for the convergent. Further, the authors compared the results from the flow field of
the two-dimensional bay slice with those from the flow field of the three-dimensional
simulation. The comparison concluded that the results of the two-dimensional bay slice
had overestimated the vortex area inside the wing leading edge and the wing leading edge
temperature, confirmed by experimental results.

Subsequently, Planquart et al. (2005) employed the FLUENT CFD code to map heat
transfer coefficients in a multi-impinging jet anti-icing system. The authors observed that
their simulation results were relatively close to the experimental data for the surface heat
transfer coefficients measured by infrared thermography. Rigby (2006) later conducted a
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numerical analysis of the diamond hole arrangement of PTAI. He utilized a GLENNHT code,
which employed a standard k-epsilon model to fix the turbulent flow of jet impingement,
to forecast anti-icing performance. The author presented that a significant improvement
occurred even if a small amount of total heat was supplied to PTAI in the design.

Papadakis and Wong (2006) then applied the FLUENT CFD code to examine the effect
of piccolo tube configuration on the temperature distribution of the wing leading edge. They
reported that the predicted results closely matched the experimental results they obtained
in the same study. According to their investigation, the best configuration of the piccolo
tube occurred when the piccolo pipe center was 0.75 inches and 0.193 inches behind and
under the wing highlight, respectively.

Hua et al. (2007) developed 3D unsteady thermodynamic models to characterize
the dynamic response of an aircraft wing anti-icing operation. The results obtained by
the authors demonstrated that the three-dimensional CFD unsteady simulation yielded
an outstanding correlation with the flight test. However, the 2D unsteady simulation
underestimated the increment of skin temperature at the initial period and suddenly
overestimated the increment of skin surface when the flow was well set up.

Wang et al. (2007) used the FENSAPICE CFD code to investigate PTAI performance
on the wing slat under wet conditions. Based on the findings, they recommended double-
wall anti-icing on the lower slat surface to prevent icing on the wing leading edge surface.
In the same year, Elangovan and Hung (2007) formulated a new C++ code to predict the
temperature distribution on the wing leading edge, the minimum heat required for PTAI,
and skin temperature. A comprehensive experimental and numerical study of PTAI was
conducted by Wong et al. (2009). The authors predicted the temperature distribution
on the leading edge of a wing in wet and dry conditions using the FLUENT CFD code.
In this method, the authors could determine the minimum heat requirement of PTAI to
protect the wing from icing. The skin temperature prediction has been achieved by using
alternating direction implicit methods. The proposed heat transfer correlations and their
applications have been published in heat transfer literature to estimate heat transfer of
impinging jets on the inside skin. They also utilized thermodynamic energy transfer rate
to resolve thermodynamic energy and boundary conditions on the external wing skin. The
simulation showed that the wing skin temperature under dry conditions was higher than
that under wet conditions.

Domingos et al. (2010) then developed a 2D computational method to analyze hot-
air anti-icing systems. Using this method, they could predict the temperature of the wing
leading edge in both dry and wet situations, as well as the runback ice phenomenon. Reid
et al. (2012) conducted a numerical simulation of in-flight electro-thermal anti-icing
using a conjugate heat transfer technique, which had been implemented in FENSAPICE
for solving complex heat transfer phenomena. Here, the external and internal flow was
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decoupled before being used to provide boundary conditions to the steady-state thermal
dynamic model. They used a 2D RANS equation with SST k-® turbulent model to
compute gaseous phase flow for external flow. A Nusselt number correlation was also
used to solve the heat transfer problem in the internal flow module. It is claimed that
the simulation results showed good agreement with experimental data for both dry and
wet conditions.

Following that, Bu et al. (2012) proposed mathematical models and a numerical
code for the simulation of thermal ice protection. In their study, heat transfer coefficient
distributions were determined using the boundary layer integral method, and the external
flow field and local water collecting efficiency statistics were predicted with the Eulerian
method. This numerical code also calculates airfoil equilibrium surface temperature,
the mass flux of runback water, and runback ice mass flux. In addition, a user interface
is developed to integrate the computation fluid dynamic code to achieve a method for
analyzing a thermal anti-icing system.

A fully three-dimensional ice accretion model was developed by Shen et al. (2013) to
characterize ice shapes at the engine inlet. They determined the film flow direction and the
mass flux distribution of the runback water using the shear stress on the inlet surface. Hannat
and Morency (2014) introduced an anti-icing conjugate heat transfer method based on the
ANSYS-CFX flow solver and FENSAP-ICE software. Later, Bu et al. (2013) analyzed
the performance of the hot air ice protection system to calculate the external heat transfer
coefficient and thermal conductivity. Sreedharan et al. (2014) generated a CAD model of
the wing-piccolo tube using CATIA software. The discretization of the flow domain and
the steady-state CFD analysis of the internal and external flow field were performed using
ANSYS ICEM CFD and the ANSYS FLUENT, respectively. It was observed that a piccolo
tube-wing surface spacing of 9 mm provides desired temperature distribution. Ismail and
Abdullah (2015) then investigated the factor influencing the temperature distribution on
the nacelle lip. They demonstrated that the temperature deviation coefficient increases as
the nozzle diameter increases while the nacelle lip skin average temperature drops as the
average air velocity inside the nacelle lip decreases. However, the authors have not studied
the temperature distribution on the nacelle lip with bias flow.

Cao et al. (2016) presented a numerical simulation of three-dimensional ice accretion
on an aircraft wing. In this study, they derived the governing equations for supercooled
droplets in three-dimensional applications using the conservation of mass and momentum
laws. The droplet phase was regarded as pseudo-fluid. Furthermore, some meteorological
parameters involved in ice accumulation were also investigated in this study. In a separate
study, a 2D simulation of thermal Pitot tube de-icing was conducted by Asante et al. (2016).
By applying heat to the walls of the pitot probe, they determined the time taken to melt the
ice surrounding the pitot probe. Azam et al. (2016) subsequently investigated the effect of
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bias flow on the lift and drag forces. With a bias acoustic liner, the drag coefficient of the
nacelle lip is reduced by 90.5% compared to without a bias acoustic liner.

Zhou et al. (2017) published an article on temperature and runback ice prediction
methods for three-dimensional hot-air anti-icing systems. According to their findings, two
parameters, such as liquid water content and Mach number, significantly affect runback ice
accretion. Syed et al. (2018) used one-way fluid-structure interaction (FSI) to investigate
the influence of the Reynolds number based on the effective impingement surface of the
piccolo tube anti-icing system on the maximum thermal stress and strain of the nacelle
lip skin for different aluminum series. According to their simulation, the maximum strain
increases with the Reynolds number. The maximum stress, on the other hand, rises to a
peak and then quickly decays with the Reynolds number.

Liu et al. (2019) proposed a three-dimensional ice accretion model to simulate a
stratospheric airship icing performance in an ascending process. Rohini et al. (2019)
conducted additional research to compare the performance of a rotating piccolo tube with
apiccolo tube using CFD. Based on the results, the piccolo tube model performed better in
temperature distribution and had a higher surface temperature than the rotational piccolo
tube model. However, a higher and more concentrated temperature zone was obtained for
the fixed piccolo tube model.

The effect of ice accretion on an aircraft’s longitudinal aerodynamic properties was
then investigated by Cao et al. (2020). An engineering prediction of the longitudinal
aerodynamic derivatives was established based on the individual component CFD
calculation and narrow strip theory. Based on the flight test data, the longitudinal
aerodynamic parameters of clean aircraft and icing aircraft were calculated. Based on
their findings, the icing makes an aircraft’s lift and elevator less effective, and increases
drag. Barzanouni et al. (2020) numerically investigated the blowing-out impact on the
NACAO0012 airfoil surface to prevent ice accretion. The shear-stress transport k- model
was selected to simulate the turbulence closure model and make better predictions. The
results demonstrated that the diameter and pitch of the holes are important parameters for
reducing ice accretion and ice weight, respectively.

Khalil et al. (2020) examined the effects of hot air arrangement from a piccolo tube
using ANSYS software. In their studies, three distinct jet configurations were used: an
inclined shape with one jet row, a staggered shape with two jet rows, and a shape with three
jet rows. Based on the results, the third shape covers a larger surface area on the leading
edge as compared to the other two shapes.

Following this, Bu et al. (2020) carried out a numerical simulation of an aircraft thermal
anti-icing system based on a tight coupling method. The authors have established the heat
and mass transfer model of runback water. According to the results, this approach produces
downstream surfaces with a greater temperature and a lower drop rate. It contributes to
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a higher convective heat transfer coefficient. In another study, Hassaani et al. (2020)
performed a numerical investigation of the thermal anti-icing system of the aircraft wing.
Three-dimensional Navier-Stokes codes were used to simulate jet flow impinging on
aircraft leading edge surfaces, and the numerical results were claimed to be in excellent
agreement with the experimental data. In the same year, Huanyu et al. (2020) investigated
the optimisation of a simulated icing environment by altering the arrangement of nozzles
in atomization equipment for aircraft anti-icing and de-icing. According to the authors, the
study’s findings will contribute to creating a better-simulated icing environment.

Wang et al. (2022) investigated the numerical simulation of aircraft icing under a local
thermal protection state. The authors demonstrated the method for icing by considering
the water film flow. They designed different protection ranges and powers and simulated
them under different conditions. They found that when the protection range is large, and
the protection power is low, the ice will accumulate in the protection range. Further, ice
will accumulate outside the protected area when the protection range is small. They also
claimed that the ice ridges degrade the aerodynamic characteristics. Bennani et al. (2023)
presented the numerical simulation of an electro-thermal ice protection system in Al and DI
mode. The authors presented the models to describe the behavior of the thermal protection
system and unsteady ice accretion. They used many methods to solve the boundary layer
flow, and the solvers were used to compute the heat transfer coefficient. They also claimed
that this approach is easier to prolong to a three-dimensional solver than the Prandtl
boundary layer solver.

NOISE ABATEMENT SYSTEMS

The concept of noise abatement has been around since the Greek civilization. The ancient
Greeks used this concept to absorb and amplify sound, and their acoustic absorption coefficient
was at its highest value when fluid trapped inside resonated (Hoffman, 2007). On the other
hand, noise abatement tools are installed on commercial aircraft to reduce excessive engine
noise that may cause noise pollution in the surrounding environment (Azam & Ismail, 2018).
In this sense, porous material has been introduced and incorporated to enhance the acoustic
resistance of the acoustic liner. In contrast to the air cavity of the Helmholtz type, as depicted
in Figure 9, porous materials are effective acoustic energy absorbers throughout a broad
frequency range. Despite being commonly used in air-conditioning and motorcycle exhausts,
this material is unsuitable for aircraft applications due to a tendency to migrate, fracture, and
blind due to ash, dust, or liquid (Amin & Garris, 1996). As a result, modified acoustic liners
for aircraft applications have been introduced, and these types of acoustic liners comprise
porous plates, honeycomb channels, composite woven materials for acoustic absorbent, and
the backplate sheet, as displayed in Figure 10 (Azam et al., 2017). Bias acoustic liners (BAL)
have also been developed to advance this technique.
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Figure 9. Perforated face system (Moe et al., 2009)  Figure 10. Modified acoustic liners (Amin and
Garris, 1996)

Bias Acoustic Liner (BAL)

With technological advancements, the Boeing Company patented an improved version
of an acoustic liner known as the BAL, which uses hot air from the compressor (Ives,
2009). The benefit of using BAL is that it produces bias flow, which has a greater impact
on acoustic absorption (Sun et al., 2002). The bias acoustic liner and bias flow within the
bias acoustic liner are represented in Figures 11 and 12, respectively.

The performance of BAL for noise reduction is also important. BAL behaves similarly
to Helmholtz resonators that allow noise reduction within an optimized frequency range.
As aresult, BAL is suitable for fan noise, which is essentially atonal noise. Superimposed
layers of BAL, known as 2 degrees of freedom or 3 degrees of freedom acoustic liner, are
typically used to broaden the absorption range (Leylekian et al., 2014).

Research has been carried out to analyze the noise abatement effect of BAL, although
there were just a few. Legendre et al. (2014) investigated sound absorption using an acoustic
liner with bias flow. Based on their results, BAL with bias flow at a small Mach number
changes the acoustic pressure in the boundary layer, thus improving its acoustic properties.
Azam et al. (2017) presented a state-of-the-art noise abatement system in commercial
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Figure 11. Bias acoustic liner (Breer et al., 2021) Figure 12. Bias flow diagram (Azam et al., 2016)
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aircraft using BAL. According to their article, the BAL has an excellent noise-absorbing
capacity and is best used with the nacelle anti-icing system liner on the nacelle lip skin.
Azam and Ismail (2018) researched the effect of BAL on the lip skin of the nacelle on
civil aircraft and claimed that BAL significantly improves the aecrodynamic performance
of the nacelle lip skin.

Thanapal et al. (2019) investigated the effect of perforated liners’ porosity in the
presence of grazing flow. According to their findings, acoustic amplification will occur
instead of damping when the perforated liner has very low porosity. Increasing porosity
will increase the acoustic damping capability of the perforated liner until optimal porosity
is attained. Further increase in porosity will affect the performance of liners. Khai
(2021) conducted additional CFD research to study the thermal characteristics of the AL
and BAL in real flight conditions. The study concluded that the thermal performance of
hot air anti-icing systems with BAL is improved over those with AL and without any noise
abatement tools and is directly proportional to the number of BAL.

INTEGRATING ICE PROTECTION SYSTEM AND NOISE ABATEMENT
SYSTEM

Integrating ice protection systems with noise abatement systems is vital in aircraft
applications to eliminate thermal hotspots as well as noise pollution. In most aircraft
anti-icing systems that use hot bleed air, ice can be melted, which can cause the nacelle
surface to overheat due to non-uniform temperature distribution. Acoustic liners have been
developed to reduce noise while cooling the combustion chamber. However, acoustic liners
have desirable acoustic properties for absorbing excessive engine noise. Due to their poor
heat transfer characteristics, which lower the overall temperature of the lip skin surface,
these have an adverse effect when combined with hot air anti-icing. Consequently, a higher
anti-icing temperature must be supplied to hot air in the nacelle D-chamber, thus increasing
engine power, consumption, and expense (Khai, 2021).

Several studies have examined the aerothermal properties and noise abatement effect
of BAL. Ives (2009) reviewed the current state of the art of aerothermal properties of
acoustic liners. Based on their review, the author concluded that the heat transfer rate may
be insufficient due to the flow and thermal properties of the acoustic liner. Further studies
have been conducted on the noise abatement system in a nacelle lip skin application.

Khai et al. (2020) investigated hot air anti-icing adjoining with a noise abatement
system using a bias acoustic liner. The study concluded that the BAL has tunable sound
absorption characteristics due to various bias flow velocities through the perforated
faceplate. This sound absorption property gives BAL a higher heat transfer rate and a
longer lifespan than AL (Ma & Su, 2020).

Researching the integration of the ice protection system with the noise abatement
system is crucial. However, only a few studies have been initiated to date. According to
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the research by Ives et al. (2011), the heat transfer coefficient of BAL is higher than that
of AL as fluid can pass through two porous plates in BAL, whereas only one porous plate
exists in AL. As a result, the active area for heat transfer between a fluid and a solid surface
in BAL is approximately double that of AL (Ives, 2009).

Studies were performed by Ibrahim et al. (2018) to examine the effect of the perforation
shape of a perforated fin during heat transfer. They revealed that the perforation on the
fin facilitates heat transfer with higher turbulence intensity. Additionally, the turbulence
intensity depends on the shape or geometry of perforations. Since the higher turbulence
intensity causes rapid heat dissipation, BAL with a perforated back-face sheet has a higher
heat transfer rate than AL.

Therefore, scientists and researchers have proposed incorporating BAL into aircraft
anti-icing systems to diminish hotspots and maintain uniform temperatures (Khai, 2021).
In addition, flight manufacturers also intend to integrate an ice protection system with this
noise abatement tool due to its adverse heat transfer characteristics as well as minimizing
environmental noise pollution. However, employing this concept in real flight scenarios
is challenging due to the cost constraint in experiment and validation. In this sense, CFD
analysis gives the great opportunity of studying the comprehensive factors of integrating the
ice protection system with noise abatement technique. Surface temperature distribution, bias
flow velocity, uniformity of lip skin temperature, and air velocity and temperature profiles
inside bias acoustic liner are the important characteristics that are difficult to measure
during real flight conditions. However, these characteristics can be predicted by using
CFD. Hence, designing and analyzing these systems using CFD before implementation is
essential. Furthermore, this system would be designed by extending the noise abatement
tool from the nacelle nose cowl zone to the nacelle lip skin. Then, the hot air would be
sent to the nacelle lip skin via the PTAI system. Hence, this would be the most effective
technique for absorbing excessive engine noise and preventing noise pollution.

CONCLUSION

The article has reviewed the recent findings regarding integrating ice protection and noise
abatement systems. This review emphasizes various factors pertaining to integrating the
ice protection system with the noise abatement system. In the present review, various
ice protection systems are discussed in detail. Also discussed are the advantages and
disadvantages of each ice protection system. Anti-icing studies utilizing CFD have been
the subject of a limited number of studies. These are explained properly; the information
is very important for future research. In addition, noise abatement tools are crucial,
particularly in aircraft, to minimize excessive engine noise that might cause noise pollution
to the surroundings; these tools are therefore described in length. As it is essentially
important to integrate the ice protection system with the noise abatement system, this
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is also explored, along with prior research findings. Thus, this review will be valuable
for researchers interested in anti-icing and noise abatement techniques. Recently, many
researchers proposed substituting electric motors for jet engines in aircraft trust systems.
The designer of aircraft thermal systems, therefore, faces a new challenge in overcoming
icing and noise problems.
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