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Abstract: The formation of ice on the leading edge of aircraft engines is a serious issue, as it can have catastrophic consequences. The Swirl Anti-Icing (SAI) system, driven by ejection, circulates hot fluid within a 360° annular chamber to heat the engine inlet lip surface and prevent icing. This study employs a validated Computational Fluid Dynamics (CFD) approach to study the impact of key geometric parameters of this system on flow and heat transfer characteristics within the anti-icing chamber. Additionally, the entropy generation rate and exergy efficiency are analyzed to assess the energy utilization in the system. The research findings indicate that, within the considered flow range, reducing the nozzle specific area φ from 0.03061 to 0.01083 can enhance the ejection coefficient by over 60.7%. This enhancement increases the air circulating rate, thereby intensifying convective heat transfer within the SAI chamber. However, the reduction in φ also leads to a significant increase in the required bleed air pressure and a higher entropy generation rate, indicating lower exergy efficiency. The nozzle angle θ notably affects the distribution of hot and cold spots on the lip surface of the SAI chamber. Increasing θ from 0° to 20° reduces the maximum temperature difference on the anti-icing chamber surface by 60 K.
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Nomenclature



	A
	Area, m2



	C
	Wet circumference, m



	dh
	Hydraulic diameter, m



	G
	Mass flux, kg/(m2·s)



	h
	Average heat convection coefficient, W/(m2·K)



	H
	Enthalpy, J



	k
	Thermal conductivity, W/(m·K)



	n
	Ejection coefficient



	Nu
	Nusselt number



	P
	Pressure, Pa



	Pr
	Prandtl number



	ΔP
	Pressure difference, Pa



	Q
	Heat flux, W/m2



	Re
	Reynolds number



	S
	Entropy, J/K



	
\.Sg

	Entropy generation rate, W/K



	T
	Temperature, K



	u
	Velocity vector, m/s



	X
	Exergy, W



	Greek Symbols




	ρ
	Density, kg/m3



	μ
	Dynamic viscosity, Pa·s



	θ
	Nozzle angle, °



	φ
	Nozzle specific area



	η
	Exergy efficiency



	Subscripts




	ave
	Average



	b
	Bulk



	eff
	Effective



	in
	Inlet



	noz
	Nozzle



	out
	Outlet



	s
	Surface



	t
	Turbulent



	w
	Wall





1  Introduction

Aircraft engine icing is a crucial factor that affects both flight safety and aircraft performance [1]. Engines are highly susceptible to icing, and the accumulation of ice on their inlet surfaces can distort the engine’s aerodynamic shape, potentially leading to engine surges. The dislodging of ice chunks that are subsequently ingested into the engine can result in damage to the engine blades and a loss of thrust [2]. The consequences of an unanticipated failure of engine anti-icing functions in civil aircraft are of catastrophic magnitude [3]. Various anti-icing methods exist for aircraft, which can be categorized into mechanical, electric heating, and hot air heating methods based on their energy sources. Given the stringent requirements for the anti-icing performance of aircraft engines, coupled with the engine inlet’s proximity to the air source (the engine itself) which eliminates the necessity for lengthy ductwork, the utilization of hot air remains the optimal choice for engine nacelle anti-icing technology in the foreseeable future. Piccolo tubes are the most common devices for distributing hot air into the anti-icing chamber along the leading edge of aircraft engines. They utilize a pipeline with evenly spaced exhaust holes lining the chamber, releasing hot air that blows against the wall surface of the anti-icing chamber, thereby heating the lip wall surface and achieving the purpose of anti-icing.

The swirl anti-icing (SAI) system, which this paper investigates, is a recently developed technology for hot air anti-icing. Within this system, a tangential nozzle is positioned within the anti-icing chamber, injecting hot air at a specific velocity into the chamber. The nozzle operates similarly to an ejection pump within a 360° annular chamber. The circulation flow inside the chamber significantly surpasses the injected air flow, thereby enhancing convective heat transfer on the chamber’s inner wall surface. The internal circulation flow enhances the convective heat transfer of the chamber’s inner wall surface. Consequently, the leading edge of the engine’s skin is heated, achieving the purpose of anti-icing. When Compared to the piccolo tube, the swirl anti-icing technology requires only one nozzle for heat flow distribution, resulting in a reduction in system weight. This weight reduction is particularly advantageous for larger aircraft engines.

Existing research on aircraft anti-icing focuses on systems equipped with piccolo tubes, studying numerical prediction methods for the anti-icing performance and optimizing the system design to reduce the bleed air consumption. Brown et al. conducted an experimental study on the piccolo tube anti-icing (PTAI) system of the aircraft engine nacelles and proposed a heat transfer prediction correlation based on the impingement area [4]. Bu et al. conducted experimental investigations into the heat transfer characteristics from jet impingement on the inner wall surface of PTAI chambers, proposing distribution laws for stagnation point Nusselt numbers and their attenuation coefficient [5–7]. The CFD method proves effective and reliable for analyzing nacelle anti-icing system performance [8]. Guo et al. explored heat transfer characteristics of unexpanded jet impingement in a PTAI chamber, offering design requirements for the dimensionless impinging distance of the hot-air jet [9]. Pellissier et al. proposed a method for optimizing the PTAI system using the FENSAP-ICE platform and a genetic algorithm [10]. Researchers are also committed to exploring methods to enhance the heat transfer performance of hot-air jets emitted through piccolo holes. Saeed [11] conducted comparative studies using numerical simulation on various jet angles and chamber surfaces with different characteristics, such as smooth and etched surfaces. Research findings revealed that the heat transfer coefficient of the etched surface is 2–3 times higher than that of the smooth surface. Guan et al. [12] showcased through numerical research that arranging jets in an offset manner can ameliorate convective heat transfer characteristics of wedge-shaped concave surfaces. A pivotal research direction in augmenting jet impingement’s heat transfer effectiveness involves diverse nozzle designs. Notable examples encompass herringbone-shaped [13], triangular fins [14], and twisted-tape swirl jet nozzles [15], all of which have demonstrated enhanced jet heat transfer capabilities.

In 1985, Rosenthal et al. proposed a novel concept for aircraft engine anti-icing, known as SAI technology. They verified, through numerical analysis, ground experiments, flight tests, and icing wind tunnel experiments, that the SAI technology can achieve comparable performance to existing PTAI systems while boasting a simpler structure and lighter weight [16]. Subsequent to this, several studies on SAI were conducted. Chilukuri [17] scrutinized SAI performance using three distinct geometric shapes of anti-icing chambers equipped with tabbed ejector nozzles. The results suggested that the tabbed ejector nozzles did not markedly enhance the SAI chamber’s heat transfer performance. Ismail et al. [18] delved into the influence of nozzle rotation angle and specific injection area on SAI system performance across varying injection flow rates. The findings unveiled that both nozzle angle and specific injection area significantly impact the temperature distribution uniformity on the SAI chamber’s surface. Anderson [19] conducted a comparative analysis between PTAI and SAI systems, employing the CFD method. The research outcomes also demonstrated that the SAI system attains the same level of anti-icing performance as the PTAI system without necessitating additional bleed air. The few existing researches on swirl anti-icing systems only demonstrate the feasibility of swirl anti-icing systems replacing piccolo tube anti-icing systems. However, the flow and heat transfer characteristics in this 360° “closed loop” channel, as well as the improvement and optimization measures for the performance of the swirl anti-icing system, still need to be studied.

The SAI system utilizes a nozzle to provide high-velocity injection flow, propelling high-temperature air to circulate within the chamber. The high-velocity injection into the curved channel results in high-temperature fluid directly impinging upon the chamber wall, forming hot spots on the lip skin of the engine. The centrifugal effect of the annular channel flow and the local reverse pressure gradient caused by jet impingement may induce the occurrence of low-velocity areas adjacent to the channel’s inner skin, leading to cold spots on the D-chamber’s inner skin. The presence of hot spots can cause damage to nearby composite structural components, while cold spots directly impact the anti-icing performance in localized areas. The anti-icing effectiveness of the SAI system is influenced by various factors, with the design of the jet nozzle being of paramount importance. This design directly influences injection velocity and bleed pressure at the same bleed air flow rate. Furthermore, injection direction significantly affects the location of hot and cold spots, along with the uniformity of temperature distribution across the anti-icing chamber’s surface. This article aims to investigate the impact of nozzle specific area and arrangement angle on the flow and heat transfer performance of SAI chambers under varying bleed air flow rates.

2  Numerical Method

The engine anti-icing chamber is a self-enclosed annular channel. High-velocity air injection drives the fluid within the chamber to circulate along the annular channel, enabling heat exchange with the inner wall of the chamber through forced convection. Simultaneously, the outer surface of the anti-icing chamber experiences forced convection heat transfer with the surrounding environment. This study considers the coupled heat transfer mechanisms encompassing the external flow field, internal flow field, and the structural characteristics of the chamber’s skin. Traditional hot air anti-icing systems employ coupled calculation methods that can be classified as tight-coupling methods [20–23] and loose-coupling methods [24–27]. In this article, the tight-coupling method is adopted, which results in an integrated mesh encompassing both internal and external domains. The calculation procedure entails the simultaneous resolution of internal and external flow fields alongside the solid’s thermal conductivity.

The numerical method employs ANSYS fluent 2022 software to compute the flow field and temperature distribution across all calculation domains. This is achieved by solving the three-dimensional, steady, and viscous Navier-Stokes equations. The turbulence model used in this study is k-omega SST. The fluid medium, air, is modeled using the ideal gas model with the Sutherland viscosity condition. The second order upwind method was specified as the spatial numerical schemes, and the SIMPLEC algorithm was used for coupling pressure and velocity.

2.1 Physical Model and Boundary Conditions

In this study, the SAI system of the aircraft engine is equipped with a constant cross-section anti-icing chamber, employing a single jet nozzle to induce circular swirling of hot air within the annular housing. The entire computational domain, illustrated in Fig. 1, comprises internal and external flow domains that are interconnected through a coupled heat transfer interface. The diameter of the nacelle measures 1.492 m, and the cross-sectional area of the D-chamber is 0.02898 m2. A total of 12 exhaust outlets, evenly distributed along the bulkhead of the chamber, possess a combined area of 0.004705 m2. The analysis in this study will encompass various nozzle specific areas (
Anoz/Aduct
= 0.01097, 0.01574, 0.02088, 0.02588, 0.03061) and nozzle arrangement angles (θ = 0°, 5°, 10°, 15°, 20°), where 
Anoz
denotes the nozzle outlet cross-section area, and 
Aduct
represents the cross-section area of the chamber. The leading edge of the nacelle is crafted from aluminum alloy, the backhead from titanium alloy, and the nozzle from stainless steel.
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Figure 1: Computational domain and inlet/outlet location

Table 1 furnishes the boundary conditions utilized for the SAI system analysis. Given the emphasis of this study on the influence of nozzle structure and arrangement factors upon the internal flow and heat transfer characteristics of the SAI chamber, the external environment is modeled as dry air with consistent boundary conditions.
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2.2 Governing Equations and Data Reduction

The continuity, momentum, and energy equations for steady-state flow in the fluid domain are shown in Eqs. (1) to (3).


∂∂xiρui=0
(1)


∂∂xjρuiuj=−∂p∂xi+∂τij∂xj
(2)


∂∂xi(ui(ρE+p))=∂∂xi(keff∂T∂xi)
(3)

where 
ui
represents the total velocity vector, E stands for total energy, 
τij
denotes the stress tensor, and 
keff
represents the effective thermal conductivity.

In the solid region, the steady-state energy transfer equation is given in Eq. (4), where 
ksl
signifies the thermal conductivity of a solid material.


∂∂xi(ksl∂T∂xi)=0
(4)

To access the overall heat transfer performance of the fluid within the anti-icing chamber, the definitions of the average thermal convection coefficients h and Nu are provided in Eqs. (5) and (6), respectively.


h=QwTw−Tb
(5)


Nu=hdhk
(6)

where 
Qw
represents the total heat flux of the lip skin, 
Tw
is the area-weighted average wall temperature of the lip skin, 
Tb
represents the weighted average temperature of the fluid. 
dh
is the hydraulic diameter of the D-type anti-icing chamber, which is defined in Eq. (7).


dh=4AductC
(7)

The ejection coefficient n, as defined in Eq. (8), is employed to access the ejection performance within the anti-icing chamber.


n=GswGnoz
(8)

where 
Gsw
stands for the main mass flow rate of the SAI chamber and 
Gnoz
represents the mass flow rate of the bleed air.

The nozzle specific area 
φ
is defined in Eq. (9).


φ=Anoz/Aduct
(9)

2.3 Mesh Model

Fluent meshing is employed to create the computational meshes for both the internal and external fluid domains, as illustrated in Fig. 2. Tetrahedral meshes are utilized for both domains, with shared nodes at their interface. Local mesh refinement is applied around the nozzle and its immediate surroundings. To mitigate the potential influence of mesh-related factors on the numerical analysis results, four sets of meshes were generated, comprising 3703452, 4347881, 5523134, and 6678606 cells. It was observed that once the mesh count surpassed 5.5 million, the numerical analysis outcomes for swirl anti-icing exhibited relative stability, as depicted in Fig. 3. Taking computational efficiency into consideration, a mesh size of 6 million elements was selected for the subsequent analysis.
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Figure 2: Mesh model
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Figure 3: Mesh independence analysis

2.4 Verification with Experimental Data

To validate the accuracy and reliability of the numerical model, a comparative analysis was conducted against experimental data [16]. The model adopted a nozzle specific area 
φ
= 0.2088 and a nozzle angle θ = 20°. One of the most pivotal factors influencing the heat transfer and flow resistance characteristics of the circulating flow within the chamber is the ejection coefficient. When the bleeding pressure and mass flow rate remain constant, a higher ejection coefficient can lead to increased circulating flow velocity within the annular channel, consequently significantly enhancing the convective heat transfer performance within the chamber. The comparative results depicted in Fig. 4 reveal that within the flow rate range of the experimental data, the relative errors of the ejection coefficients obtained via numerical simulations remain within 1.05%. This observation signifies that the numerical analysis outcomes closely align with the experimental data, indicating a substantial degree of consistency. Hence, the numerical method employed in this study is deemed to be reliable.
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Figure 4: Experimental validation

3  Numerical Results and Analysis

The flow and heat transfer characteristics within the annular channel, driven by the ejector, are influenced by a variety of structural factors. The outlet area of the nozzle, 
Anoz
, has an impact on the injection velocity, which determines the strength of its influence on the surrounding flow field. This parameter is a key factor impacting the efficacy and efficiency of the ejector. The D-shaped annular anti-icing channel serves as the main flow passage, and its structural parameters directly affect the flow resistance of the circulating hot gas within the chamber. The nozzle angle has a direct effect on the location where the high-speed jet impinges on the wall, leading to distinct static pressure distributions within the chamber. This is also a crucial factor influencing both the flow and heat transfer performance within the SAI chamber.

3.1 Effect of 
φ
on Flow and Heat Transfer Performance of SAI Chamber

Five different 
φ
of 0.01097, 0.01574, 0.02088, 0.02588, and 0.03061 will be compared and analyzed. For each operating condition, the inlet of the jet nozzle will employ a mass flow rate boundary, ranging from 0.02 to 0.12 kg/s. The inlet temperature of the bleed air is fixed at 533 K. The exhaust outlet of the annular channel will employ a constant pressure boundary set at 96497 Pa. External air conditions encompass an air velocity of 48 m/s and a temperature of −6.7 K (dry air).

3.1.1 Effect of 
φ
on Ejection Performance

Results for the circulating mass flow rate 
Gsw
and the ejection coefficient n of the SAI chamber at various values of 
φ
are presented in Figs. 5a and 5b. It can be noted that reducing 
φ
significantly improves
 Gsw
and n. This is because, under an equivalent bleed mass flow rate, a smaller nozzle specific area 
φ
leads to a higher injection velocity, consequently boosting the ejection kinetic energy. The air within the chamber is propelled to circulate at an increased velocity within the SAI chamber. The results also reveal that for all 
φ
values, the ejection coefficient demonstrates a trend of initially increasing and then decreasing with the rise in the 
Gnoz
. The corresponding 
Gnoz
value to the optimal ejection coefficient increases with higher 
φ
values.
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Figure 5: Effect of 
φ
on ejection performance: (a)
 Gsw
; (b) n

Fig. 6 presents a comparison of velocity vectors in the SAI chamber across different nozzle specific areas φ. The annular anti-icing chamber features a distinctive curved flow path, leading to the high-velocity injection flow impinging on the wall.

[image: images]

Figure 6: Velocity vector plots of the SAI chamber in different φ cases

This impingement effect becomes more pronounced with higher injection velocities. Additionally, it is noticeable that the average flow velocity within the channel exhibits a declining trend as φ increases, which is unfavorable for the overall heat transfer performance of the channel. A low-velocity region emerges adjacent to the inner skin side of the annular channel in the nozzle outlet area, rendering this region susceptible to the formation of cold spots.

Furthermore, the flow velocity along the inner skin side of the annular channel is significantly lower compared to the outer skin side. This disparity primarily stems from the inherent characteristics of the circular flow itself. Within this circulating flow configuration in the annular channel, the centrifugal effect directs the fluid toward the outer ring side of the flow passage, resulting in a low-velocity region adjacent to the inner ring side and a relatively high-velocity region neighboring the outer ring side. The diminished heat transfer capability within these low-velocity regions can consequently contribute to the formation of cold spots in these areas.

Fig. 7 showcases contour maps depicting the local pressure distribution across various nozzle specific areas φ within the cross-section of the annular channel. The graph illustrates that the heightened injection velocity attributed to the smaller nozzle specific area prompts more pronounced wall impingement. This leads to elevated local static pressure in the proximity region of the impingement surface. These localized regions of elevated pressure induce a reverse pressure gradient within the chamber, resulting in heightened flow resistance throughout the internal circulation of the entire chamber. Consequently, as the mass flow rate of the bleeding air continues to rise, the rate of ejection coefficient decline is considerably more pronounced for smaller φ values than for larger ones. This phenomenon is attributed to the positive influence of heightened injection velocity, which supplies the driving energy for internal gas circulation, being offset by the local high-pressure resistance generated by wall impingement within the channel. Exploring methods to weaken this localized resistance can help further augment the heat transfer capability of the rotating circulation within the SAI chamber.
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Figure 7: Contour plots of the sectional static pressure of the SAI chamber in different φ cases

3.1.2 Effect of 
φ
on the Distribution of Cold and Hot Spots

As depicted in Fig. 8, diminishing the nozzle specific area φ can result in the reduction of temperature for the hot spots and an increase in temperature for the cold spots on the surface of the SAI chamber. Decreasing φ has two discernible effects on the formation of hot spots. On one hand, it amplifies the injection velocity, intensifying the impact of the jet impingement on the inner surface. This, in turn, encourages the emergence of hot spots and has a detrimental effect on the uniformity of surface temperature distribution. Conversely, as φ decreases, the nozzle area diminishes, and under a constant bleed flow rate, the air pressure within the bleeding system markedly rises as shown in Fig. 9. Consequently, this prompts a more pronounced jet flow expansion phenomenon at the nozzle outlet. As a result, the temperature of the injected fluid experiences a substantial reduction as it comes into contact with the chamber’s surface.
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Figure 8: Effect of 
φ
on the surface maximum and minimum temperature: (a) 
Ts_max
; (b)
 Ts_min
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Figure 9: Effect of 
φ
on the bleeding air pressure

Fig. 9 displays the data curve representing the requirement for bleeding air pressure in various 
φ
cases. The graph shows a discernible reduction in the bleeding air pressure demand as 
φ
increases. This trend emerges due to the amplified nozzle size resulting in significant mitigation of local resistance within the nozzle. In terms of the requirement for bleeding air pressure, a larger nozzle specific area 
φ
serves to substantially diminish the requisites for bleeding air pressure.

Fig. 10 illustrates contour maps portraying the cross-sectional temperature distribution within the annular anti-icing chamber across various φ values. It becomes evident that the impact of φ on the jet flow temperature is notably pronounced, resulting in a temperature disparity of approximately 80 K between the cases of φ = 0.01097 and φ = 0.03061. Concerning the formation of cold spots, as depicted in Fig. 8b, the reduction of φ proves advantageous in augmenting the temperature of these cold spots. As previously discussed in Section 3.1.1, the reduction of φ can enhance the ejection performance of the system. This alteration, under a consistent bleed mass flow rate, introduces greater kinetic energy to the anti-icing chamber. This energy propels the fluid within the chamber to circulate at a higher velocity, subsequently elevating the overall heat transfer performance within the SAI chamber. Additionally, this improvement extends to improve the heat transfer performance in the cold spot region on the chamber surface. Significantly, upon comparing Figs. 8a and 8b, it becomes evident that the reduction of φ results in a more substantial enhancement in elevating the temperature of cold spots as opposed to reducing the temperature of hot spots.
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Figure 10: Contour plots of the sectional temperature of the SAI chamber in different 
φ
cases

Fig. 11 illustrates the impact of φ on the maximum temperature difference between the cold and hot spots within the SAI chamber. Diminishing the bleeding air flow rate and reducing φ both contribute to a decrease in the maximum temperature difference between these regions. However, it is important to note that reducing φ comes with the consequence of heightened demand for bleeding air pressure. On the other hand, a reduction in the bleeding air flow rate results in a lower average temperature of the SAI surface, further decreasing the temperature of cold spots. Nevertheless, this strategy also raises the risk of localized ice formation. Therefore, a comprehensive trade-off assessment becomes essential to establish the optimal equilibrium between these factors, keeping in mind the constraints posed by the system design.
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Figure 11: Effect of 
φ
on the maximum temperature difference of the SAI chamber surface

Fig. 12 presents a contour map illustrating the distribution of lip surface temperatures within the SAI chamber. The graph reveals that the hot spots primarily manifest in the region where the high-temperature jet flow directly impinges upon the wall. Meanwhile, the cold spots predominantly emerge on the wall surface of inner ring side in the SAI chamber. Generally speaking, the temperature on the wall of outer ring side surpasses that on wall of inner ring side. This phenomenon predominantly stems from the centrifugal effect induced by the circular motion, yielding higher flow velocities and more effective heat transfer performance of the outer ring side region in the SAI chamber.
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Figure 12: Contour plots of temperature distribution of the lip wall surface in different 
φ
cases

The average surface temperature, denoted as 
TS
, stands as a key parameter reflecting the comprehensive anti-icing performance of the SAI chamber. Fig. 13 illustrates the influence of 
φ
on the average surface temperature of the lip skin under various 
Gnoz
conditions. Notably, 
TS
experiences a distinct rise as 
Gnoz
increases. Similarly, when holding 
Gnoz
, reducing φ leads to an elevation in 
TS
. However, the impact of 
TS
enhancement through φ reduction is not as pronounced as the concurrent elevation in the demand for bleeding air pressure.

[image: images]

Figure 13: Effect of 
φ
on the average surface temperature of the lip wall surface

3.1.3 Effect of 
φ
on the Average Heat Transfer Performance

Fig. 14 illustrates the impact of 
φ
on the average convective heat transfer coefficient, denoted as 
have
for the lip surface wall of the SAI chamber. The graph indicates that as φ decreases, 
have
exhibits an ascending pattern. This phenomenon primarily stems from the rise in the ejection coefficient due to φ reduction, leading to an augmentation in the circulation velocity within the chamber.
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Figure 14: Effect of 
φ
on the average convective heat transfer coefficient of the lip wall surface

In Ismail’s research [18], an empirical correlation between 
Nuave
and 
Reave
within the SAI chamber is defined by Eq. (10). The average Re utilized in this correlation is defined in Eq. (11), where the 
ρave
and 
vave
denote the average density, and average velocity inside the chamber, respectively. Additionally, 
dh
signifies the hydraulic diameter of the D-type cross-section SAI chamber.


Nuave=0.0055Reave0.947Pr1/3
(10)


Reave=ρavevavedhμ
(11)

Fig. 15 demonstrates the impact of 
φ
on the average 
Nuave
under operating conditions where the average 
Reave
ranges from 0 to 60000. Within this analyzed range of 
Reave
, an approximately linear relationship between the average 
Nuave
and 
Reave
is evident for the lip wall surface of the SAI chamber. Moreover, it Is worth noting that the variation in φ does not significantly alter the correlation between 
Nuave
and 
Reave
.
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Figure 15: Effect of 
φ
on 
Reave
of the lip wall surface

Nonetheless, a certain deviation is noticeable in the high 
Reave
region between the empirical correlation utilized in reference [18] and the numerical outcomes from this study. This discrepancy primarily stems from structural factors, such as the jet nozzle angle, the hydraulic diameter of the SAI chamber, and the channel’s ring diameter. As a result, a more suitable correlation has been proposed for the current SAI system in this research, presented as Eq. (12).


Nuave=0.0298Reave0.8Pr1/3
(12)

Elevated exhaust temperature Tout signifies that the expelled gas carries a greater amount of exergy that has not been fully utilized. Fig. 16 illustrates the effect of φ on the exhaust temperature in different Gnoz conditions. The graph reveals that as φ decreases, the exhaust temperature experiences a downward trend. However, it is important to consider that a lower φ necessitates higher bleeding air pressure. This implies that more exergy is introduced into the system through bleed air. Therefore, relying solely on exhaust temperature might not effectively evaluate the exergy efficiency of the system.
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Figure 16: Effect of 
φ
on 
Tout
of the lip wall surface

3.1.4 Effect of φ on the Exergy Efficiency of the SAI System

The SAI system utilizes engine bleed air with high temperature and pressure as an energy source to heat the lip surface of the nacelle for anti-icing purposes. During the circulating process within the SAI chamber, a portion of the exergy in the bleed air is transferred to the lip wall surface and used for anti-icing purposes; a portion of the exergy is lost due to irreversible processes such as jet expansion, friction flow, and heat transfer between two sources with different temperatures; the remaining portion, along with the exhaust, is discharged into the atmosphere. In this analysis, we assume that the exhausted gas from the SAI chamber directly enters the atmosphere, leading to the complete wastage of exergy. To comprehend the extent of irreversible loss in the process and the efficiency of utilizing the available energy contained in the engine’s bleed air, we define the entropy generation rate 
S˙g
and the energy efficiency 
ηX
of the SAI system as defined in Eqs. (13) and (14), respectively.


S˙gen=X˙destroyedT0=X˙H1−X˙H2−12Gnoz(v12−v22)+X˙QT0
(13)


ηX=X˙QX˙H1
(14)

where 
X˙H1
and 
X˙H2
represent the exergies carried by the enthalpy of the fluid entering and exiting the system, as defined by Eq. (15). Considering that the exhausted gas directly enters the atmosphere, 
X˙H2=0
. v1 and v2 denote the velocities of the nozzle inlet and the SAI chamber outlet. 
X˙Q
represents the exergy in heat flux, defined in Eq. (16).


X˙H=Gnoz(H−H0−T0(S−S0))
(15)


X˙Q=(1−TwT0)Qw
(16)

where 
Tw
represents the area-weighted average wall temperature of the lip wall surface. H and S denote the enthalpy and entropy of the working fluid, respectively. H0, S0, and 
T0
represent enthalpy, entropy, and temperature in the environmental condition. 
Qw
represents the total heat flux of the lip wall surface. It can be seen from this equation that increasing 
Qw
and 
Tw
contribute to a higher absolute value of 
X˙Q
, while is beneficial for enhancing the anti-icing capability of the SAI chamber.

Fig. 17 illustrates the effect of 
φ
on 
X˙Q
and 
X˙H1
under different Gnoz conditions. As depicted in Fig. 17a, reducing φ leads to an increase in 
X˙Q
, resulting in more exergy being utilized to heat the lip wall surface of the engine. However, this reduction in φ also corresponds to an increase in 
X˙H1
, as
 shown in 
Fig. 17b. This indicates that more exergy, which could potentially be converted into mechanical work, needs to be extracted from the engine.
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Figure 17: Effect of φ on the exergy: (a) 
 X˙Q
; (b) 
X˙H1

Fig. 18a presents the results of 
S˙gen
in different φ cases. It can be seen that reducing φ will lead to higher 
S˙gen
, causing greater irreversible losses within the SAI chamber. As illustrated in Fig. 18b, 
ηX
exhibits a pattern of initially increasing and then decreasing with the rise of Gnoz. Obviously, for varying φ conditions, the peak value of 
ηX
is achieved at different Gnoz. Furthermore, the maximum 
ηX
rises as φ increases. Therefore, increasing φ can enhance the optimal exergy efficiency of the system, and the corresponding bleed air mass flow rate for this optimal exergy efficiency also increases with rising φ.
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Figure 18: Effect of φ on exergy efficiency: (a) 
S˙gen
; (b) 
ηX

Based on the analysis in this section, reducing φ can result in improved ejection performance and enhanced heat transfer within the SAI chamber. However, this reduction also entails an increased demand for system bleed air pressure, leading to a decrease in the maximum attainable 
ηX
of the SAI system. Engineers need to strike a comprehensive balance between the anti-icing performance and exergy efficiency design requirements of the SAI system.

3.2 Effect of Nozzle Angle on Flow and Heat Transfer Performance of SAI Chamber

To examine the impact of the nozzle angle θ on the flow and heat transfer performance of the SAI chamber, this analysis considers five different θ (0°, 5°, 10°, 15°, 20°) while maintaining a constant nozzle specific area φ of 0.01097. The increase in θ should ensure that the core jet zone does not directly impinge on the wall surface of the inner ring to prevent the generation of heat spots in this area. The nozzle inlet is subjected to a mass flow rate boundary spanning from 0.02 to 0.12 kg/s, and the inlet temperature is set at 533 K. The exhaust outlet of the annular channel maintains a constant pressure boundary of 96497 Pa. The external flow field employs dry air as the working fluid, featuring a velocity of 48 m/s and a temperature of −6.7 K.

3.2.1 Effect of θ on Ejection Performance

The result of the circulating mass flow rate 
Gsw
and ejection coefficient n of the SAI chamber in different θ cases are shown in Figs. 19a and 19b. Notably, an increase in θ corresponds to elevated values of both 
Gsw
and n within the SAI chamber. For a given θ, the ejection coefficient n demonstrates an initial increase followed by a decrease with varying bleeding air flow rate Gnoz. Among the range of θ values investigated in this study, the case with Gnoz = 0.04 kg/s exhibits the most favorable ejection performance.

[image: images]

Figure 19: Effect of θ on ejection performance: (a)
 Gsw
; (b) n

Fig. 20 illustrates the contour plots depicting the distribution of local static pressure within the SAI chamber under various θ conditions. The high-velocity jet flow within the curved channel inevitably impinges upon the internal wall surface, resulting in localized high-pressure regions. These regions induce a reverse pressure gradient within the chamber, thus augmenting the flow resistance of the overall internal circulation. Furthermore, as the θ decreases, the proximity between the nozzle and the wall intensifies, amplifying the impingement effect and consequently elevating the local static pressure.

[image: images]

Figure 20: Contour plots of the sectional static pressure of the SAI chamber in different θ cases

3.2.2 Effect of θ on the Distribution of Cold and Hot Spots

Figs. 21a and 21b depict the maximum and minimum temperatures of hot spots and cold spots on the SAI chamber surface under various θ conditions. The analysis results reveal that an increase in θ can markedly decrease the maximum temperature of surface hot spots while concurrently raising the minimum temperature of surface cold spots. This effect contributes to enhancing the uniformity of surface temperature distribution within the SAI chamber.

[image: images]

Figure 21: Effect of θ on the surface maximum and minimum temperature: (a) 
Ts_max
; (b)
 Ts_min

The enhancement of surface temperature uniformity achieved by increasing θ can be attributed to two primary factors. Firstly, the augmentation of θ leads to a notable enlargement of the distance between the nozzle outlet and the impingement region on the wall. This extended distance allows for increased mixing time between the jet fluid and the circulating flow within the chamber. Consequently, the temperature of the jet fluid reaching the wall is reduced, leading to a decrease in the temperature of the hot spots. Secondly, this increased distance allows the jet fluid for more effective momentum exchange with circulating fluid before impinging on the wall. This exchange augments the kinetic energy of the circulating flow while concurrently mitigating the intensity of the impingement effect. Consequently, the local static pressure rise in the impingement zone is reduced. This reduction in turn diminishes the localized resistance induced by the reverse pressure in the chamber, thereby fostering a higher circulating flow rate. This, in turn, contributes to the overall improvement of heat transfer performance across the SAI chamber, including the cold spot region.

As illustrated in Fig. 22, an observable trend emerges whereby augmenting θ from 0° to 20° results in a reduction of approximately 60 K in the maximum temperature disparity between cold and hot spots. This noteworthy diminution in temperature difference holds the potential to substantially ameliorate the temperature uniformity of cold and hot spots on the chamber surface of the SAI system, enhancing its anti-icing performance.

[image: images]

Figure 22: Effect of θ on the maximum surface temperature difference on the lip wall

Fig. 23 illustrates contour plots depicting the local sectional temperature distribution within the SAI chamber under varying θ conditions. It can be observed that the change in nozzle angle does not affect the nozzle outlet temperature. However, with the increase of θ, the distance between the nozzle outlet and the impingement region on the wall increases. Consequently, at higher nozzle angles, the impinging influence of the jet fluid on the wall surface substantially diminishes, leading to a marked reduction in the temperature of the hot spot within the impingement region, as depicted in Fig. 24. The outer-skin side of the chamber exhibits a higher temperature than the inner-skin side, because of the centrifugal effect. Increasing the nozzle angle θ can notably curtail the maximum temperature of hot spots, representing a pivotal strategy to weaken the hot spots. Furthermore, augmenting θ can also exert a positive influence on the temperature of the cold spots to a certain degree by enhancing the velocity of the mainstream flow circulating within the SAI chamber.

[image: images]

Figure 23: Contour plots of sectional temperature of the SAI chamber in different θ cases
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Figure 24: Contour plots of lip surface temperature of the SAI chamber in different θ cases

3.2.3 Effect of θ on the Heat Transfer Performance of the SAI Chamber

The influence of nozzle angle on the average convective heat transfer coefficient of the lip wall surface is not significant as shown in Fig. 25. Although a smaller θ results in poorer ejection performance, leading to a decrease in the overall convective heat transfer performance within the SAI chamber, its local impingement effect is more significant. The convective heat transfer is enhanced within the region influenced by the jet impingement, leading to a substantial rise in local heat flux within this region. Consequently, both the area-weighted average temperature and convective heat transfer coefficient of the lip wall surface exhibit no appreciable disparities among the various θ cases.

[image: images]

Figure 25: Effect of θ on average convective heat transfer coefficient of the lip wall surface

Fig. 26 depicts the impact of nozzle angles θ on the internal average 
Nuave
of the lip wall surface. Unlike the conclusion drawn for the variation of φ having a minimal effect on the correlation between 
Nuave
and 
Reave
, altering θ significantly influences this correlation. Consequently, the relationship between 
Nuave
and 
Reave
should be adjusted for different θ configurations.

[image: images]

Figure 26: Effect of θ on 
Nuave
of the lip wall surface

4  Conclusion

The flow and heat transfer characteristics inside the ejection-driven SAI chamber of the aircraft engine were investigated using the CFD method, and the method was validated against experimental data. The study primarily focused on the effects of the nozzle specific area and nozzle angle on the flow and heat transfer performance inside the SAI chamber. The following conclusions were drawn:

1.   Reducing the nozzle specific area φ significantly increases the ejection coefficient. Under the same bleeding mass flow rate, this enhances the circulation flow velocity inside the chamber, thereby improving the convective heat transfer performance. However, at the same time, it also substantially increases the demand for bleeding pressure.

2.   From the perspective of exergy utilization, reducing φ will cause more irreversible losses to the SAI system, and the maximum achievable exergy efficiency will also decrease accordingly. Therefore, reducing φ is not beneficial for the exergy economy of the SAI system.

3.   The nozzle angle θ is a crucial factor affecting the distribution of cold and hot spots on the lip surface of the SAI chamber. As the nozzle angle increases from 0° to 20°, the maximum temperature difference between cold and hot spots can decrease by nearly 60 K. Therefore, adjusting the nozzle angle is an effective approach to improve the uniformity of the surface temperature in the SAI chamber.

4.   The nozzle specific area φ has little effect on the relationship between 
Nuave
and 
Reave
in the SAI chamber. Under the same nozzle angle, 
Nuave
for various φ cases can use the same correlation equation. However, the nozzle angle θ has a relatively larger influence on the relationship between 
Nuave
and 
Reave
, and 
Nuave
for different θ cases requires modification to the 
Nuave
correlation.
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Table 1: Boundary condition

Boundary condition Value
Ambient temperature —6.7°C
Bleed mass flow rate 0.2-1.2 kg/s
Bleed temperature 533 K
Ambient pressure 96497 Pa

Ambient wind speed 48 m/s
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