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Abstract

Variation in the states of system, mass flow and pressure are some of the disturbances which are experienced by the compressors in the jet engine under working condition. One of the main factors that influence the efficiency of a jet engine is the pressure ratio. In order to achieve the required pressure ratio, we should have relatively a greater number of stages in the compressor that leads to an increase in the weight of the engine. The stator and rotor are the essential parts of an aircraft's axial compressor. CFD is used in order to evaluate the pressure ratio. In this paper, we are going to analyze a three-stage compressor instead of an actual six-stage compressor. The mass flow rate inside the control system can be used to maintain the stability of the system. Compressor weight and pressure ratio at each stage can be reduced if we have a clockwise and anti-clockwise rotating rotor. With the use of a universal gear system, the two clockwise rotors and one anti-clockwise rotor were analyzed. The main outlook of this work is to show the maximum pressure ratio of the compressor at the outlet with our desired configurations. In conclusion, it was shown that the weight of the aircraft engine can be effectively reduced.
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1 Introduction
There are many functions for the compressor section of a gas turbine engine. The primary function of this region is to supply pressurized air to the combustion chambers [1]. The air entering the compressor from the air inlet duct must be pressurized and then transferred to the burners at the required quantity and pressures. The secondary function of the compressor is to supply the bleed air. From various pressure stages, the bleed air is taken. Before the air entering the combustion chamber, the pressure of the air should be increased in order to achieve greater efficiency that is where the work of a compressor arrives. Regarding the operation of the compressor, it is rotated by a shaft which is powered by the turbine of the aircraft engine. Due to the rotation of the stages in the compressor section, the pressure and the temperature of the air are increased stage by stage [1].
The centrifugal type of compressor is the first one to be used in jet engines and they are still in use in turbojet and turboshaft engines. The airflow is diverted perpendicular to the axis of rotation by using the centrifugal compressor [2]. The air is collected in the scroll/volute once after it has been moved by the rotating impeller. Between the impeller and the volute, there may be a diffuser. A small pipe is an inlet to a centrifugal compressor [2,3]. The valve, stationary vanes, or airfoils are some of the features included in the inlet area. The pressure and temperature instrumentation are also housedin the inlet area. When it comes to the control of the centrifugal compressor, the aforementioned features play an important role. The centrifugal impeller is the principal component that makes the compressor centrifugal [2,3]. The energy of the working gas is raised gradually by the impeller which consists of a rotating set of vanes. This is similar to that of the axial compressor but in this process, due to the increasing radius of the impeller, we can reach higher energy levels and velocities. In a modern high-end centrifugal compressor, the exiting gas from the impeller cruises nearly at the speed of sound. On the contrary, the common and most available configurations of impellers are the open- visible blades, shrouded- with splitters.
Generally, adjustable guide vanes or rotating guide vanes are used for capacity control in a centrifugal compressor [3]. The rotational guide vanes are always placed at the eye of the impeller. For the inception of the surge in a centrifugal compressor, the main and key component is the radical diffuser vanes [3,4]. These radial diffuser vanes operate at high rotational speeds, being the main reason for the inception of a surge in the compressor. In 1975, the radial vaned diffuser has been attributed to the fact of rotating surge and stall. An impeller, a compressor manifold, and a diffuser are the main components comprised by a centrifugal–flow compressor. Relatively high-pressure (8:1) rise per each stage can be seen in a typical centrifugal compressor. Due to the efficiency concerns, the centrifugal compressors are limited to two stages [4]. So, the airflow leaving the passing through these stages will have high pressure. As previously discussed, while the airflow passes through each of the stages in the compressor, the pressure is increased by a ratio of about 8:1. All the aforementioned points are operating due to the centrifugal action. Though, the centrifugal compressor has some advantages, in modern-age, this type of compressor is not used as a primary compressor in the aircraft.
Airflow is diverted parallel to the axis of rotation in the axial compressor [5]. A series of airfoils consisting of rotors and stators are used in order to provide more efficiency. The rotors rotate at high speeds and are connected to the central shaft. Stators are fixed to the outer casing and help to increase the pressure [5]. One rotor added toone stator gives the equivalent resultas one stage of the compressor. The stators are stationary parts and the rotors are rotating parts of the compressor. The function of the stator is to guide the airflow to the next stage rotor in order to obtain maximum efficiency. The function of the rotor is to increase the pressure of the gas by cutting through the airflow [6]. In this case, the working fluid used in the compressor is air. The pressure is increased stage-by-stage resulting in rise inthe temperature of the gas. Due to the rotation of the rotors in each stage, the flow of air is cut in order to increase both of these factors. The governing factors for this process are the rotation of the shaft which is achieved by the turbine, design of the stator and rotor, and the number of stages in order to obtain the optimum efficiency [7]. In order to deliver the air to the inlet of the axial compressor, we use inlet guide vanes. The potential for unwanted emissions can be minimized by using this inlet guide vanes as it helps to maintain proper fuel to air ratio [8]. Variable stator vanes are present between the adjacent rotor blades. The variable stator vanes can be rotated about an axis to direct the airflow towards the compressor [4,8]. The vanes also help in the optimized performance of the compressor by monitoring the quantity of airflow in the compressor.
The counter-rotating compressor is a design that is yet to be deployed in commercial aircraft [9]. Hindustan Aerospace Limited analyzed the advantages and disadvantages of the counter-rotating compressor. In the present work, finite element modeling of the counter-rotating compressor was analyzed in order to bring out the total pressure and velocity distribution over the design of the compressor. There will be a change only in the blade profile and the rotation of the blades when it is compared to the actual design. An attempt has been made to come up with a compact and light-weight alternative to the existing axial compressor by optimizing its design. One of the major problems that are faced by exiting axial flow compressor is its geometric complexity which tends to reduce the performance of the engine [10,11]. Secondly, we need to increase the number of stages in the axial flow compressor to get a high-pressure ratio which in turn increases the weight of the aircraft resulting in the consumption of more amount of fuel [10]. Finally, the third problem is that the airflow is neutralized by the stator blades and that requires a high amount of power to start the axial flow compressor.
Traditionally, centrifugal compressors were used for the compressor region of the engine. In the later times, the centrifugal compressors were replaced with the axial compressorsthat arecharacterized by a lot of stages that canresult in a relatively higher weight of the overall system. In this particular work, an attempt has been made to analyze anaxial counter-rotatingcompressor that could potentially overcome the prevailing problems posed by the use of axial compressors [10,11].
The compressor provides the pressurized air to the turbine and it is located in the front section of the engine [9,10]. When we use a conventional axial stage compressor, the pressure of the air increases substantially from one stage to the other. The rotor blades in the compressor help in converting the mechanical energy to gaseous energy. The main role of the compressor is to produce sufficient energy during the combustion process [9]. Sufficient energy can't be achieved ifthe fuelis burnt in atmospheric conditions. Hence, axial compressor, centrifugal compressor, or axial-centrifugal compressor are the three main types of compressorsused to provide the air at required pressure for effective combustion [11].
Reliable operation of the fan and the turbine blades can be achieved only through the selection of appropriate materials during the manufacturing process. The composite materials were reported to perform better over titanium-based alloys due to their excellent strength and stiffness-to-weight ratio [12]. Three-dimensional weaving of the yarns in the form of fiber-reinforcement can be used to manufacture the airfoil structure of the fan blade [13].
Due to the vibrations, dynamic forces are reported to form which in turn lead to the fatigue of the rotating components and suchphenomenon is referred to as the high cycle fatigue. In one of the reports, during the experiment, the blades were placed at transverse vibration, and resonance condition was used in order to process the crack propagation [14]. The growth of crack during the fatigue test was monitored. In order to determine the stress state, a non-linear finite element method was used. The crack occurring point was the maximum principal stress zone [14]. Above the blade locking piece at a distance of 2–10 mm, cracks were formed at the convex surface of the blade profile during the visual test. For the compressor blades, the transverse vibrations are very harmful because during the blade resonance high stress occurs [14]. The transverse vibrations can be very dangerous for compressor blades due to the associated higher stress levels during the blade resonance.
Wearing that occurs between two surfaces which tend to move in oscillatory motion even of the small amplitudeis known as fretting [15]. The criticalcomponents in fields such as aerospace industry and nuclear-energy establishments, fretting fatigue is an important aspect of the overall safety of the systems. The fretting fatigue occurs at the dovetail roots of the compressor blades and their failure will have a serious impact on the engine integrity [16,17]. In a compressor blade, the blade or disk attachment which is also known as the dovetail joint is the most common failure which occurs due to the fretting fatigue and that is because of the vibrational loads and the high frequencies which in turn causes the high cycle fatigue condition on that blade resulting in the fretting fatigue. This is most common in the compressor blades made of Ti6Al4V alloydue to the short oscillations and high contact stresses at the interface between the blade and the disk which causes the fretting wear resulting in component failure [18].
The main idea of the counter-rotating compressor is to achieve more pressure by using fewer stages. In such compressors, the weight of each stage of the compressor varies from one another. The counter-rotating compressor eventually reduces the weight of the engine which in turn consumes less fuel. Efficient conversion of pressure can be obtained by using this model of a compressor as one stage rotates clockwise, and the subsequent stage rotates anti-clockwise. Efficient balance can be obtained if such type of compressor can be used so that the engine size and design can be made compact. Further, any changes in the atmospheric conditions does not affect the engine performance.
The present work involves a detailed account of the new technique that could be provided to the axial flow compressor of an aircraft engine. The implementation of such technique to the axial compressor is to maintain the pressure ratio in the compressor section of a gas turbine engine that can be housed in a commercial aircraft. The main theoretical background in the implementation of the counter-flow axial compressor is to reduce the compressor stages in the compressor section of the aircraft's engine compartment, increase the pressure output from the compressor, and reducethe total weight of the enginewhich in turn reduces the fuel consumption. The achievable objects with this approach include the maintainability of the pressure ratio in the compressor region which produces the desired pressure ratio by using a lesser number of compressor stages when compared to the other types of compressors. Due to the usage of a compressor with lesser number of stages, the compressor section weight is reduced, which in turn reduces the total weight of the engine consuming a lesser amount of fuel in order to produce the desired thrust.
2 Methodology
The principle of any heat engine is to convert heat into work, preferably as efficiently as possible. The ideal gas turbine cycle consists of the following processes and the numerical notation of which is used throughout this chapter are:
This P–V graph states that the number line 1–2 represents the frictionless adiabatic compression. The number line 2–3 represents the frictionless constant pressure heating. The number line 3–4 represents the frictionless adiabatic expansion. Finally, the number line 4–1 represents the frictionless constant pressure heat rejection.
Such cycle can be represented on a pressure-volume diagram, where the area enclosed represents the network output. A typical jet engine runs on Brayton cycle. In the present work, a single spool turbojet engine of 5 KN thrust class was selected with a fixed turbine inlet temperature of 1200K from a material and life point of view. For optimum specific fuel consumption, iterations were carried out and air mass flow rate (Ma) of 7.75 kg\s, and compressor pressure ratio (r) of 9 have been adopted. The specific parameters and the values which have been used are presented in Figure 1.
From the compressor pressure ratio, the value of compressor outlet pressure can be calculated as follows:[image: equation]
[image: equation]
[image: equation]

The compressor outlet temperature was calculated from the relation of temperature and pressure ratio for an isentropic flow,[image: equation]
[image: equation]

For air isentropic flow the gamma = 1.4[image: equation]
[image: equation]

For the ideal cycle, a constant pressure combustion process will take place,[image: equation]
[image: equation]

The mass flow rate of fuel (Mf) is calculated from the combustion chamber efficiency relation and substituting the values of mass flow rate of air (Ma), Turbine inlet temperature (T03), calorific value (CV), and compressor outlet temperature(T02).
From the heat balance equation across combustor,[image: equation]
[image: equation]
[image: equation]
[image: equation]

Nozzle inlet temperature (T04) is calculated from the mechanical efficiency formula by substituting the values of turbine inlet temperature (T03), the mass flow rate of fuel (Mf) and air (Ma), mechanical efficiency (ηm), and compressor outlet temperature (T02) [19,20].
From the spool matching equation or turbine and compressor matching equation,[image: equation]
[image: equation]
[image: equation]

The turbine exit pressure (P04) was obtained from the turbine efficiency formula by substituting the values of turbine inlet temperature (T03), the efficiency of the turbine (ηt), turbine exit pressure (P04), and turbine inlet pressure (P03).[image: equation]
[image: equation]
[image: equation]

As shown in the flowchart (Fig. 2), the first step would be selecting the existing model. Secondly, the design variables are identified. Design variables are entities that can change the shape of the model within a specific range during optimization. The next step would be the geometry and flow variables which are similar to the design variables. The fourth step would be the optimization process where the designing and analysis was conducted. The result wasthen projected as an optimized model. On the other hand, if the optimization does not converge, theniteration of the entire process (redesigning) was done Table 1.
	[image: thumbnail]	Fig. 1 Gas Turbine P–V cycle graph.



	[image: thumbnail]	Fig. 2 Flowchart of the depiction of systematic development for the axial compressor.



2.1 Axial compressor design for gas turbine
The vital dimensions for the existing standard axial compressor and the proposed design are given in Table 2. The values presented in Table 2 gives a direct comparison of existing and the proposed designs. Some of the important components from the design aspect, such as the height of the blade, the radius of the blade, profile of the blade, breath of the blade, and height of the compressor hub without the blade along with the dimensions of the stator and rotor were compared.
The Dassault Systèmes CATIA V5 software package was employed for planning the design of the compressor, owing to its dependability and user-friendliness. The part design involved the general framework in relevance to several 3D and 2D tools like line, profile line, constraints pad, and revolvefeatures in CATIA. The given Figure 3a, b, c, d, e, f represents the existing model of the axial compressor such as multi-view of the axial compressor, section view of existing and counterclockwise, closed and color variation with exiting axial compressor, and proposed design of axial compressor.
Table 1 
Basic parameters and the values used for the current study.

Table 2 
Comparison of the design parameters of existing and the proposed design.

	[image: thumbnail]	Fig. 3 (a) Multi-view of the existing model, (b) Clockwise axial compressor, (c) axial compressor model with color variation, (d) section-view of the existing axial compressor, (e) counter-rotating compressor, and (f) section-view of the counter-rotating compressor.



3 Results & discussion
Consequently, the boundary condition of the existing models and proposedcounter-rotated compressor are presented in Table 3. The data in Table 3 represents the comparison of the boundary conditions for the existing compressor model and the proposed model. With this comparison, the fluid medium, reference pressure, reference temperature, inlet total pressure, outlet static pressure, wall, clockwise rotating compressor speed, and anti-clockwise rotating compressor speed of the existing and new models are compared.
Table 3 
The boundary conditions for the existing compressor model and the proposed model.

4 The boundary conditions for the proposed model: counter-rotating compressor
Subsequent tothe application of boundary conditions, the analysis of both the compressor models was followed by evaluating the results of static pressure, total pressure, and velocity distribution across the structure (Fig. 2).
4.1 Analysis of existing axial compressor model
The static pressure experienced by the three stages of the axial compressor is shownin Figure 4. The first stage consists of one rotor and a stator and the rotor rotates in the clockwise direction. This clockwise rotating rotor consists of 30 blades and the stator associated with it consists of 33 blades. Particularly, the prevailing pressure helps in playing a major role which induces deformation and the development of the stresses. In other words, this is also called a static structural model. The pressure has increased at each stage in this image.
Secondly, Figures 4 and 5 show the contour plots in the middle portion of the compressor and they indicate the static pressure region associated with that part. Fromthe aforementioned diagram, it can be observed that the pressure increases from one stage to the other of the rotor. In Figures 4 and 5, a close look at the midplane, the total pressure distribution from the aforementioned diagram can be observed. There is a relative pressure rise across each stage for up to 7950–3600 Pa.
In Figure 6, the depiction of the distribution of velocity across the compressor is shown and it is evident that the velocity also increases from one stage to another. The simulated velocity contours also represent, at the midplane, it can be observed that the total velocity distribution from the aforementioned diagram.
Finally, by the means of velocity magnitude, the velocity vectors of the compressor can be observed as shown in Figure 7. In precise, the velocity vector tell about the rate of change of position of an object and the magnitude of the velocity vector tells the speed of the object.
	[image: thumbnail]	Fig. 4 Contours of static pressure (Units: Pa).



	[image: thumbnail]	Fig. 5 Contours of total pressure (Units: Pa) in the existing model.



	[image: thumbnail]	Fig. 6 Velocity magnitude contours of the existing model.



	[image: thumbnail]	Fig. 7 Velocity vectors colored by velocity magnitude for the existing model.



4.2 Analysis of axial counter rotating compressor
This type of compressor also consists of three stages and each stage will be provided with 1 clockwise and an anti-clockwise rotor. The clockwise rotor will consist of 30 blades and the anti-clockwise rotor will consist of 33 blades for its function. Static pressure and the velocity of the corresponding air is increased by the clockwise rotor. To achieve an increase in the total pressure, this clockwise stage air is later passed through the anti-clockwise rotor wherein the velocity is decreased, and the pressure is increased.
The Figure 8 portrays the total pressure distribution across the compressor. This can be used as evidence to mention that the pressure increases across each stage of the rotor. The relative increase of pressure from one stage to another would be of 9150–2800 Pa.
Figure 9 is used to portray the static pressure difference throughout the counter-rotating compressor. Further, it is also a proof that the pressure increases across each stage of the rotor. The pressure plays a major role which supports deformation and helps in creating stress in the entire model and simulation till it reaches the equilibrium state.
Figure 10 is used to brief out the velocity distribution across the compressor. Further, from the image, it can be concluded that the velocity also increases from one stage to the other.
However, this simulation image (Fig. 11) represents the velocity magnitude, and it can be observed that the velocity vectors of the compressor in the above-mentioned diagram. Mostly the velocity vector tells about the rate of change of position of an object and the magnitude of the velocity vector tells the speed of the object.
	[image: thumbnail]	Fig. 8 Contours of total pressure in the optimized model.



	[image: thumbnail]	Fig. 9 Contours of static pressure of the optimized model.



	[image: thumbnail]	Fig. 10 Velocity magnitude contours for the optimized model.



	[image: thumbnail]	Fig. 11 Velocity vector optimized model.



4.3 Result comparison
The Figure 12 compares the results of pressure difference in the existing and counter-rotating compressor. It shows that the pressure have been increased at each stage of the modified model compared to the existing axial compressor.
The regular axial compressor pressure ratio at 3 stage is 7.95. (2.6 per stage) and the counter rotating rotor pressure ratio at 3 stage is 9.15. (3.1 per stage) as shown in the above figure number 12. From the above comparison, it is clear that having two-stage contra-rotating rotor it is almost equivalent to three stage regular axial compressor. The shape and size of the engine will be compact, so that it can have an effective streamlining and balancing of the aircraft. Due to the counter-rotating compressor design the engine will run in a smooth manner and give desired performance result at various speeds from idle to full power, and engine will run smoothly at various atmospheric conditions. Also specific fuel consumptionwill reduce tremendously due to reduction in weight of an aircraft engine and air fuel burning ratio will increase. Hence, this proposed design can be used in a future gas turbine engine. The main drawback is maintenance and parts availability.
	[image: thumbnail]	Fig. 12 Represents the comparison result of existing and counter-rotating axial compressor.



5 Conclusion
The counter-rotating compressor rotates with a speed of 7000 RPM consisting of 3 clockwise and 3 anti-clockwise rotating rotors. Static pressure and the velocity of the air is increased by the clockwise rotor. Further, in order to increase the total pressure, the air was circulated to the anti-clockwise rotor wherein the pressure is increased, and the velocity is decreased. The two main designs which we have discussed in this paper are that the axial clockwise rotating compressor and the Axial counter-rotating rotor. The regular axial compressor has a pressure ratio of 7.95 and the counter-rotating consists of 9.5. So, it is clear that instead of using a 3-stage axial clockwise compressor, a 2-stage counter-rotating compressor can be used in order to achieve the same pressure ratio. This also significantly reduces the weight of the aircraft. Moreover, the other comparison between these two compressors is that the static pressure is more in the counter-rotating (6500 Pa) than the axial compressor (3600 Pa). A common factor between these two is that they have high pressure at the front stages of the compressor and another common thing is that the pressure increases at each stage of the rotor. Experimental set up of this counter-rotating compressor will be the future development in this process.
Nomenclature
r: 
Compressor pressure ratio

Ma: 
Inlet mass flow rate

PV: 
Pressure volume

CFD: 
Computational fluid dynamics

ηm: 
Mechanical efficiency

A: 
Area

IGV: 
Inlet guide vanes

AC: 
Axial compressor

CS: 
Centrifugal compressor

ρ: 
Density

Mf: 
Mass flow rate of fuel

Qc: 
Compressor's exit heat energy

Qb: 
Combustion chamber exit heat energy

Cv: 
Calorific value

ηt: 
Efficiency of turbine

Cp: 
Gas heat capacity at constant pressure

M: 
Mach number

P: 
Pressure

T: 
Temperature

N: 
Nozzle

CAD: 
Computer aided design

T: 
Turbine

C: 
Compressor

CC: 
Combustion chamber

T01: 
Compressor inlet temperature

T02: 
Compressor outlet temperature

T04: 
Nozzle inlet temperature

P01: 
Compressor inlet pressure

P02: 
Compressor outlet pressure

P03: 
Turbine inlet pressure

T04: 
Nozzle inlet temperature

P04: 
Nozzle inlet pressure

F: 
Thrust
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