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Abstract 

A non-axisymmetric inlet distortion problem exists in a boundary layer ingesting propulsion 

system, which seriously affects the aerodynamic performance of the fan. This work presents 

an in-depth analysis of the fan stage under the influence of boundary layer ingestion. A high-

fidelity numerical approach is adopted to quantify the parameters that reduce the isentropic 

efficiency, total pressure ratio, and stability margin. At a later stage, an artificial neural 

network-based surrogate mathematical model is used in a multi-objective genetic algorithm 

to perform optimization. NASA stage 67 has been selected and validated against the 

experimental data. Entire annulus, steady-state, and three-dimensional modeling have been 

used for the combined analysis to analyze the effect of the inlet distortion on the fan stage. 

The numerical results indicated that the isentropic efficiency and total pressure ratio dropped 

by 9.49 % and 4.1%, respectively. The significant losses occurred at the suction side of the 

adjacent blade. Based on losses, trailing edge parameters are selected over the span near the 

blade's tip to ensure robust performance under the fan-face distortion. As a result of 

optimization, the isentropic efficiency and total pressure ratio improved by 2.88% and 1.69%, 

respectively. The optimization adds a value near the tip of the blade caused by the 

improvement of shockwave. 

Keywords:  

Non-axisymmetric Distortion; Boundary Layer Ingestion; Transonic Fan Blade; MOGA; 

Aerodynamic Design Optimization 
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Chapter 1 Introduction 

1.1 Background 

Civil aviation plays a vital role in transportation; it is one of the most devastatingly 

growing sectors in transportation. The rapid growth in air transportation causes 

significant consequences for the environment. The environmental impacts caused by 

air transportation are fundamentally divided into aircraft noise and the emissions as a 

result of the combustion of fuel. These pollutants affect the air quality in the 

environment and atmospheric life. Hence, the direct emission of CO2 into the 

atmosphere plays a vital role in climate change. Globally, 918 million metric tons of 

CO2 were produced in 2018, including 2.4 % of worldwide CO2 from fossil fuel use. 

These emissions considerably increased by about 32% over the last five years [2]. 

Special attention is required to protect the environment. Several legislative initiatives 

have been conducted to achieve these significant milestones: 1) a cap on net aviation 

CO2 from 2020 (carbon-neutral growth); 2) a reduction in net aviation CO2 emission 

of 50 % by 2050, relative to 2005 levels; 3) An average improvement in fuel efficiency 

of 1.5 % per year from 2009 to 2020[3]. Although the International Air Transport 

Association (IATA) introduced a strategy to achieve these milestones, all the 

stakeholders agreed on this ‘four pillar strategy’ composed of improved technology, 

more efficient aircraft operation, infrastructure, and economic measures [3]. 

Several innovative technologies are currently being attempted with different structural 

configurations to reduce emissions. Non-conventional aircraft blended wing body 

(BWB) is one such technology in which boundary layers were ingested (BLI) into the 

propulsion system. However, it theoretically reduces fuel combustion by up to 15% 

compared to conventional planes [4]–[6]. In the BWB aircraft, engines are integrated 

into the cylindrical fuselage at aft the airplane with a broader span. Therefore, it 

reduces the wetted area to a volume ratio and decreases the skin friction, which helps 

increase the lift-to-drag ratio (L/D) up to 20%.  The fan face ingests the boundary flow 

of the airframe, which is re-energized by the fan stage, reduces the wasted kinetic 

energy, and increases the propulsive efficiency of the aircraft [7].  

As the flow enters the fan face, non-uniform pressure distribution in BLI flow leads to 

the attenuation of axial velocity toward the casing at the upstream of the fan. The 

highly distorted flow captured at intake of fan face reduces the fan performance caused 
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by radial flow distribution. The inlet distortion flow field generates circumferential 

and radial variation in the diffusion factor with loss variation around the annulus.  

 

 

 

 

1.2 Research Gap 

As the boundary layer grows in duct a non-uniform flow observes at fan face. The flow 

is no longer to be an axis symmetric that required a special attention to perform a high-

fidelity simulation. Most of the up-to-date research is done up on stage analysis S67A. 

The pressure ratio distribution was varying uniformly from 0.9 to 1 at fan face.  In this 

type of analysis, the inlet pressure non-uniformity is much lower, and the Nosie 

signature is too high. But the major research gap still left In new configuration of 

aircraft where engines were embedded over the aft of surface. While In BWB 

configuration fan were embedded into the frame of aircraft that significantly affect the 

performance of fan.  

As most of researchers performed a CFD analysis on simple s duct and redesign it to 

improve the flow characteristics. To capture a boundary layer a lot of research has 

been done on the whole analysis of body to take insight idea about the flow separation 

in blade channel without s duct. Therefore, very little research on redesigning a blade 

in order to optimize the performance of efficiency and pressure ratio. As the flow 

moves toward the fan face the non-uniformity in static pressure is too high that reduce 

the efficiency, pressure ratio and stability margin is evidently suffer this research focus 

to predict the losses stability margin along with significantly decrease in efficiency 

and Pressure ratio. 

a) cb

Figure 1.1 Fan faces boundary layer in blended wing body aircraft. 
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Most of the research has been done on transonic fans to optimize the efficiency and 

pressure ratio by injection of mass flow at the wake region of blade therefore a gap in 

research still left in redesigning of blade under high inlet distortion. The whole stage 

continuously working under high fatigue, required attention to simulate the fluid 

structure interaction (FSI) analysis to observe wear and tear analysis. A major gap in 

research is up to date remained behind to operate a fan with different Speed line to 

optimize its performance. As the flow pass out through the stator blade its efficiency 

significantly drop due to high swirl generated by the rotor hence another gap in 

research to change the angle of attack of stator to overcome this factor in a specific 

region where the intensity of co swirl is high or to optimize the blade 

The noise level is significantly decreased in BLI that need the transient acoustic 

analysis at different height with different cruise condition. Therefore, the inlet 

distortion still increases the sound level due to velocity fluctuations in the vicinity of 

fan. 

One of the most significant parameters is to reduce the inlet distortion by using the 

boost trap fan at the rotor face or by installing the addition inlet guide van. The guide 

van helps to reduce the flow distortion by changing the direction of flow in a s duct. 

While boost trap fan helps to reenergize the flow in the wake region of s duct.  Addition 

factor to remove the boundary layer by adding the extra outlet in duct or to re-energies 

to slowly moving boundary layer by adding clean flow to increase the efficiency pr 

and stability margin. 

1.3 Aims and Objectives. 

The focus of this study to optimize the leading edge for designing distortion-tolerant 

fan stage. This study targets to explore the fan performance and detailed flow 

topography when subjected to boundary layer ingestion and design distortion tolerant 

fan stage for improved performance under the influence of BLI.   

These are the following objectives of this study that were widely adopted in this 

research. 

• To model the rotor and stator by using the Ansys Module blade gen. 

• To validate the rotor model with the experimental compressor map performed 

at the Lewis research laboratory. 

• To validate the whole stage 67B with experiment to justify the stator model. 

• To model the serpentine diffuser and check its Pressure recovery. 
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• To study the effect of non-axisymmetric flow field on the performance of axial 

fan stage.  

• To optimize the blade tip clearance and leading edge of blade at different span 

locations for an improved flow field. 

• To perform a sensitivity analysis of the objective functions for different input 

parameters. 

1.4 Present Work 

This work presents the optimization of whole stage to reduce the flow separation in a 

stage channel by optimizing the incidence angle from negative to positive and reduce 

the swirl angle that directly affects the performance of whole stage. The whole work 

present in detail in the following chapter 

Chapter 2 presents the thrust distribution that involves various configurations along 

with the power source of thrust and classification of aircraft configurations.  These 

thrust distributions were widely applicable in aircraft configuration. Therefore, the 

thrust distribution and configuration of aircraft changes different types of flow 

distortion occur that widely affect the performance of system.  

Chapter 3 would explain the different types of analytic model that were extensively 

used to reduce the computation cost. To analyze the flow behavior in certain conditions 

without an actual model. It also gives insight idea into the flow behavior as result of 

changing the whole model. The diffident types of design of experiment are also 

described that are used to conclude the behavior by changing the boundaries in certain 

limit of same parameters. That were used to predict the accuracy of fitness function. 

Chapter 4 describes the methodology that was adopted for the modeling of fan, stator, 

and duct. The grid sensitive analysis is performed to select the appropriate mesh. The 

solver setup is validated against the experiment with the same boundary condition. A 

single passage is run to validate the model. Therefore, the s duct is coupled to conclude 

the effect of boundary layer on the performance of stage. The optimization tool Multi 

objective genetic algorithm is used to optimize the objective functions pressure ratio 

and efficiency of whole model. 

Chapter 5 concludes the graphical representation of validation of model. The effect of 

BLI on the performance of whole stage, how the incidence angle affects the total 

pressure ratio and total temperature ratio. The flow separation is also discussed in 

baseline case. Furthermore, the optimized case is compared with the baseline case.  
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Summary 

This chapter gives a very brief idea about non-uniformities occur in a static pressure 

in Blended wing body aircraft due to boundary layer ingestion. As the moves toward 

the fan face the flow transport from upper portion to lower portion. The main research 

gap in this project is FSI analysis, two-way FSI. The effect of BLI on the performance 

of stage 67 A. the effect of angle of attack of stator on the performance of stage under 

BLI. In this research the focus is to conclude the effect of fan performance under high 

inlet distortion.   
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Chapter 2 Literature Review 

2.1 Types of Thrust Distribution Method 

The thrust distribution is a fundamental characteristic of every aircraft configuration. 

Therefore, with the advancement of technology to reduce the emission of fuel different 

types of thrust, power source and configuration of aircraft were designed. The use of 

mono lithic engines was extensively used till widespread wingspan configuration 

which are commonly used for commercial transportation. In future advanced 

distribution thrust propulsion systems are designed to make transportation clean and 

more effective. These are the following types of thrust distribution method. 

2.1.1 Distributed Exhaust 

The first configuration is jet flaps in which the exhaust of aircraft is ducted through 

the narrow section of trailing edge or through the slot near it. That provides a high 

thrust during the landing, take off and used for high supercritical lift. Some of them 

are called distributed exhaust. In this configuration the direction of exhaust is changed 

and further utilized to increase the thrust. Therefore, engine exhaust distributed 

through multiple slots at the trailing edge as result its propulsive efficiency increases. 

 

 

 

This figure represents the flow behavior when the pass through the wing at the trailing  

edge of wing it is clearly show the wake region behind them. The deficit of flow in 

this region cause to decrease the efficiency of System hence the exhaust flow pass 

through internal duct at trailing edge that increase the thrust as represent below. 

Figure 2.1 Distributed Exhaust Propulsion system 
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Figure 2.2 Internal duct at trailing edge of wing span 

 

 

Whereas duct exhaust not only promising this wake to cover the jet flap is another 

possible use of this technology, where a slit at or near the wing's trailing edge emits a 

high-velocity thin jet sheet that provides span wise thrust for cruise. 

2.1.2 Cross Flow Fans 

Cross flow fan distribution is a totally different form of thrust distribution system. In 

which fan is not rotating around the parallel axis to the motion of plane. Therefore, in 

this configuration the fan is rotating perpendicular to the motion of plane.  

 

Figure 2.3 Cross flow Propulsion system 
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The fan is enclosed in drum whereas the blade of fan is forward curved around the 

drum, and it extended across wingspan. They have rectangular inlet and outlet. The 

main advantage of this configuration is that they are produced uniform in flow and out 

flow. This fan design is proposed by Dornier and are widely used in HVAC systems.  

This type of fan is driven by internal combustion engine, gas turbine and through 

electric motors.  They have a single fan on wingspan but multiply fan over the span 

that are coupled between them. This fan has wake filling properties like jet faps the 

fan outlet flow is located at trailing edge of wingspan, that increase the propulsive 

efficiency due to active boundary layer. 

 

 

 

Figure 2.4 Cross flow fan application in aircarft  

 

 

This fan is examined by fan wing LTD with cooperation of German aerospace (DLR). 

This fan has short takeoff and landing aircraft as helicopters. The lower speed of this 

thrust distribution led to safely use for agriculture on large scale. 

2.1.3 Multiple Discrete 

 In multiple discrete thrust distribution systems axial fan flow is used that is widely 

applied to huge number of different types of aircraft, which commonly used for 

transportation of goods and passengers.  
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In this category two or more large size fans are used like AN-225 on the span wise 

direction. In this category the axial fan rotates along the axis of motion of plain. The 

number of RPM depends upon the size of the fan. The larger the fan, the lower will be 

the fan speed the world largest weight carrying aircraft. They have six axial flow fans 

at wingspan. So, the same type of axial fan flow is also used in different types of 

aircraft configuration in which the smaller size of axial fan is installed over the 

airframe. There is no any upper limit of individual number of axial fan or propulsor 

used over the airframe. In this type of propulsion system fan ingest the boundary layer 

to reduce the noise level and decrease the combustion of fuel so these types of 

propulsion used in blended wing body aircraft that reduce the weight of whole-body 

aircraft. In this project used the s duct to analyze the behavior of boundary layer on 

performance of axial flow fan this is NASA short takeoff and landing aircraft with 12 

turbofans install over the airframe of aircraft. 

 

 

 

2.2 Power Transmission of Thrust Distribution Systems 

Globally to reduce the emission of fuel several propulsion systems were examined to 

build aviation industry green. Aircraft propulsion systems are characterized by thrust 

distribution and power transmission. In general power is transmitted through the gear 

but different types of sources are utilized to drive the fan. Some of them are very 

commonly applied in this decade, some of them very unconventional. The pneumatic 

Figure 2.5 Distributed discrete fan in blended wing body and podded engines  

 



10 

 

power source is one of them in which fan is drive through the nozzle but did not widely 

apply at commercial level due to design limitations.  

2.2.1 Internal Combustion Engine 

The conventional aircraft is highly dependent upon the internal combustion engine. 

Therefore, the piston and gas turbine engine are used in DP system that are widely 

available in literature. The focus is to replace the fuel whose cost is low and 

combustion efficiency is high. The hydrogen-based fuel is applied in N3-X concept 

require a low temperature storage as a result it also used for cooling of superconducting 

as a fuel itself although its cost is very high. Another cryogenic fuel methane has a 

high consideration to use as fuel in aviation industry, it has lower cost as per energy 

than other fuel. 

2.2.2 Electrochemical Cells 

The drive of DP configuration in aerial vehicle is highly dependent on batteries. In 

which batteries are installed that convert chemical energy to electrical, furthermore the 

electrical energy converts into mechanical energy by using the motor. In future this 

technology will be tremendously applied for green transportation although a lot of 

research work is in progress due to its high cost. Therefore, multiple Distributed 

propellers will also work on this technology in future according to aviation industry.  

2.2.3 Hybrid Electric Power Systems 

This concept is based upon the central generator that is installed at the aft of fuselage 

that transmits electrical energy to the propellers. This technology covers the gap 

between the energy density in electrochemical and liquid chemical fuel in internal 

combustion. This arrangement is used in the NASA N3-X TEDP proposal, and it has 

also been suggested by Airbus/EADS in their E-thrust concept.  

2.3 Classification of Aircraft Configuration 

DP designs need a high degree of integration between the structure, aerodynamics, and 

propulsion systems of an aircraft design. To adopt a new technology of DP it requires 

a new architecture design that are compatible with DP. These are the following 

configuration of aircraft design. 

2.3.1 Aft-Tail 

This is a conventional aircraft that is referred to be a tube and wing. The load 

distribution is non-uniform in this case. The skin friction coefficient is high as 

compared to other cases that reduce the L/D ratio and as a result its efficiency drops. 
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The inertial load is very high as compared to other. Therefore, HPES is practically 

used in this configuration of airplane that reduces the 3% reduction in fuel 

consumption. 

 

 

 

Figure 2.6 Load distribution in podded engine 

 

 

2.3.2 Tandem Wing 

In this configuration airplane have two wing one at forward and the second is at the 

rear. The chord length of the second wing is equal to the first wing. The lift forces on 

the two wings of a tandem wing are longitudinally separated, enabling them to work 

together to generate stability, control, and trim. The stability and control mechanisms 

of a tandem wing are comparable to those of a tail-first or canard configuration; the 

key difference is the relative size of the front surface. 

2.3.3 Tailless 

Blended wing body is a type of tailless aircraft configuration. BWB aircraft engines 

are integrated into the cylindrical fuselage of airplane with wider span. which reduces 

the wetted area to a volume ratio and decreases the skin friction that helps to increase 

the L/D ratio up to 20%.  

The multiple DP configuration is used in this case that over all reduce its weight. The 

prototype of this model is tested but still in re-designing phase. When the boundary 

layer ingested by the fan it noses signature is reduce but the stability margin and 

efficiency is drop due to the inlet distortions at fan face.  
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2.4 Classification of Distortion 

While the different configurations give complex distortion at the fan face, they may be 

loosely categorized based on their impact, pattern, motion state, or duration time. 

Therefore, the distortion is categorized by inlet pressure distribution, total temperature 

distribution and swirl distribution are locally categorized by its location radially and 

circumferentially. Furthermore, this distortion is dependent upon either the stationary 

distortion or rotating distortion which relate to duration time. These are the following 

types of distortions. 

2.4.1 Total Pressure Distortion 

As the flow passes through the nacelle of aircraft it possesses a pressure distortion at 

fan face due to the boundary layer ingestion. Another reason for pressure distortion is 

also faces due to the crosswind flow at fan face. this pressure distortion may occur 

circumferentially and radially.  

This pressure distortion reduces the stability margin of axial flow fan and the 

efficiency of fan also reduced due to off design in flow condition. Pressure distortion 

is also examined circumferentially and radially Reid et al conclude that circumferential 

distortion badly effects the stall margin. While this effect is overcome by the delivery 

pressure into several portions of equal area. 

This figure represents the total pressure distortion in different configurations of 

aircraft. The first figure represents the pressure distortion at the aft of tube. When the 

flow passes the tube of aircraft that generates a boundary layer effect circumferentially 

around the hub. The second picture shows the boundary layer growth in double bubble 

D8 aircraft in which fan captures the boundary layer that increases the flow separation 

around the blade. Therefore, in figure they ingest the boundary from the side of tube 

where the fan embedded at side of tube. 

Figure 2.7 Aerodynamic Lift distribution in blended wing body 
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2.4.2 Total Temperature Distortion 

The total temperature distortion is very low in a true manner but occurs in a certain 

condition. This type of distortion is mostly useful for military purposes by ingesting 

steam for catapult, launching pads by ingestion hot gases and use for revere thrust 

during the landing. The TPD commonly reduces the efficiency and stall margin of 

compressor therefore it also occurs slight due to pressure distortion at fan face. The 

stability of the downstream components, such the combustion chamber, will be 

impacted by the propagation of the total temperature distortion from the upstream 

components. 

2.4.3 Swirl Distortion 

As the flow propagates towards the fan, swirls are generated due to crosswind, 

boundary layer ingestion, rotation of flow around the spinner and non-uniform static 

pressure at the fan face. Due to non-uniform inlet static pressure at the fan face, flow 

migrates from region high pressure to lower pressure in a radially direction that 

generates the swirl. Swirl is the key parameter that represents the distortion in flow. It 

is the angular deviation between local velocity vector and normal velocity vector in a 

cylindrical plane. Further swirl distortion was categorized into four types.  

Figure 2.8 Boundary layer distribution in different configuration of aircraft 
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• Bulk Swirl 

• Pair swirl 

• Tightly Wound Vortex 

• Cross flow swirl 

 

The bulk swirl is generated when whole flow field is rotate about the axis of the engine. 

This type of swirl is called co swirl while if the swirl direction is opposites to the 

rotation of axis is called the counter swirl.  

 

 

As the flow is non-axis-symmetric experiences a total pressure gradient normal to 

plane in s duct. The representation of co swirl and counter swirl is shown in figures.  

a

) 

b

)

c

) 

d

) 

Figure 2.9 Type of swirl a) Bulk swirl b) Pair swirl c) Tightly wound vortex d) Cross 

flow wind 

Figure 2.10 Representation of co-swirl and counter swirl. 
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The Paired swirl is developed when the flow passes through the duct. The lower 

momentum flow combined with high momentum flow due to velocity difference at 

plane within a duct. The second reason is the vorticity vector which is turned by 

curvature of a s-duct. As the velocity is zero due to boundary layer near the wall and 

it will be maximum at the core of duct, momentum is distributed accordingly. The type 

of swirl generally consists of two more vortices rotating in opposite directions. If the 

magnitude of the two vortices is equal, then it will be twin paired swirl.  

 

 

 

 

Figure 2.11 Paired swirl in S-duct 

 

A tightly wound vortex is generated at the ground level or near the surface of the 

airplane. A ground vortex swirl is highly energetic and generated by mechanisms 

such as tip vortices, an extension of the leading edge, and static operation near 

ground proximity. 

 

 

The crossflow swirl is generated in straight inlet duct. Meanwhile it is closely related 

to parried swirl. Therefore, the velocity flow is uniform in pair swirl but in cross flow 

field velocity is not uniform and flow is normal to fan face. 

Figure 2.12 Tightly vortex generated in Podded engine. 

 



16 

 

2.5 Rotor Interaction 

The non-uniform flow reduces the aerodynamic stability, performance, and stall 

margins of fan. The radial distribution flow generates the co-rotating and counter 

rotating vortices. The co-rotating vortices are ingested into the hub cause the drop in 

pressure ratio, corrected mass and fan loading [9]. While the counter vortices don’t 

affect the efficiency of compressor. Sieradzki et al.  [10]  Studied the effect of the BLI 

on the stall margin of fan. The result shows that 48% reduction in stall margin 

experimentally due to the inlet distortion. The compressor stalls when the clean flow 

region fail to remove the separated flow in a passage of a higher incidence angle. 

Therefore, injectors are installed at the tip section to enhance the stall margin and 

mitigate flow separation by restricting the higher incidence angle. Zhang et al. [11] 

performed an experimentation to energize the mass flow at tip section by installing the 

injectors. The mass flow rates are 0.66% and 1.2% at three positions of constant 85% 

Speedline of fan. The result indicated that by the injection of mass at a higher angle 

(350) degrees yielded the best performance. This injection angle increased the total 

pressure ratio (PR), improved the stall margin and maintained the fan efficiency. The 

isentropic efficiency, TPR, TTR and stability margins are highly dependent upon the 

Speed line. Results demonstrate that increase in Speed line cause to increase the 

pressure ratio, decrease the stall margin and increased the efficiency to a certain limit 

after that it drop significantly [12].  

2.6 Optimization 

Shahsavari at el. [13] Develop a computer program to extract the span wise distribution 

parameters of 3-dimensional blade. To optimize the axial flow fan by constant the de-

Haller number and radial equilibrium equation to increase the performance. The 

optimized blade has a lower area, sharper leading, trailing edge and larger chamber 

angle due to high loading. As a result, high pressure ratio due to chord distribution is 

shorter at hub and larger at tip. However, it makes the hub section narrow, caused to 

increase the stress at the root of blade. Another method to increase the performance of 

blade by adding the tandem blade at the suction and pressure side of the rotating blade. 

Ma at el  [14]performed the optimization of two stage rotor 67 as the stall margin and 

adiabatic efficiency are the objective function of this study. He concludes that 17.2% 

increased in a stall margin and 2.96% increase in efficiency as result of optimization 

of blade. Kim at el. [15] used the Latin hypercube model to construct the Surrogate 
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model to simultaneously increase the efficiency and decrease the Sound level. The 

genetic algorithm is used to optimize the single objective function while multi-

objective function is used to optimize more than one objective function. Results 

indicate that Genetic algorithm improved total efficiency by 1.90%, while through 

MOGA 2.20% improvement in efficiency and 0.44 dBA in SPL. Samadat el. [16]  

optimized the rotor 37 and conclude that 1.4% relatively increase in rotor efficiency 

along with pressure ratio and temperature ratio. Wang at el.[17] used the hybrid 

optimization algorithm to optimize the rotor 37 result conclude that 1.8% increase in 

pressure ratio and 0.8% increase in efficiency.  
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Summary 

In this chapter different types of thrust distribution method were discussed that are 

commonly used for different application therefore the distributed multiple discrete 

fans will used in future to improve the propulsion of aircraft along with hybrid electric 

power systems. The tailless wing configuration used in this thrust distribution system 

faces a total pressure distortion which leads to a decrease in the performance of the 

system. As the boundary layer ingests into the duct of blended wing body that reduces 

the efficiency, pressure and stability margin of fan. The optimized blade has sharper 

leading edge that leads to an increase in the aerodynamic performance of blade. 

Different researchers adopt different methodologies to increase the efficiency of fan 

by varying different parameters. 
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Chapter 3 Review of Numerical Models 

and Optimization Techniques   

3.1 Review on classification of Numerical and Analytic Model 

Several numerical methods and approaches have been developed to estimate the fan 

performance with the experimental data under inlet distortion. All these methods give 

adequate information about the performance of the fan through CFD under different 

operating conditions. Moreover, it is far less expensive and saves time as compared to 

testing, where the costs for conducting experiments are too high. Due to the rapid 

growth of CFD analysis for investigating diverse bodies at high Mach numbers, its 

widespread use is preferred. These studies need high Mach number wind tunnels, 

which are more expensive to build the experimental setup for the analysis. Hence the 

new design required crashed analysis or FSI analysis to find the frequency mode and 

damage of body. These analyses cause great destruction in the experimental setup, so 

CFD analysis is preferred with different numerical model finite volume method and 

finite element method. The finite volume method applied for flow analysis of complex 

bodies based on Navier Stroke equation while. The finite element method is used for 

the structural analysis of a body both were used during the fluid structure analysis to 

predict the effect of flow on the structure. 

3.1.1 Actuator Disk Model 

Wind farms are growing as the market for wind energy expands that requires special 

attention to analyze the behavior of air around the farm[18]. Analyzing the flow 

behavior using CFD in windfarm gives better understanding about the vortices 

generated between the wind turbine that required a huge computational cost to mesh 

the whole farm with actual wind turbine. Thus, an actuator disk model is a simplified 

model that is used in CFD analysis to estimate the aerodynamic performance of a wind 

turbine in a whole wind farm[19]. which further categorized by actuator line model 

and actuator surface model both have different application according to application. 

3.1.2 Vortex Method 

The vortex method is a numerical methodology for simulating fluid flow 

characteristics. It is frequently used in computational fluid dynamics (CFD) to 

investigate complex flows seen in aerodynamics, weather prediction, and fluid 
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transport. The approach is especially useful for examining flows with vortices which 

further classified to vortex line and vortex blobs method[20] [21].In 1931, following 

the time movement of a system of point vortices to approximate the motion of a two-

dimensional vortex sheet. For simulation purposes, the vorticity that was initially 

focused along a line in two dimensions (vortex sheet) was concentrated even more into 

a finite number of point vortices. Numerous researchers have employed vortices with 

limited cores or vortex blobs in these simulations. As a result, using distributed vortex 

cores or vortex blobs produces more realistic vorticity distributions and bounded 

induced velocities for all vortex elements. 

3.1.3 RANS 

Reynolds-averaged Naiver-Stokes equations (RANS) models are the most cost-

effective method for computing complex turbulent industrial flows. The k- or k-models 

in their various variants are typical examples of such models [22]. These models 

reduce the problem to two extra transport equations and introduce an eddy-viscosity 

(turbulent viscosity) to compute the Reynolds stresses [23]. More advanced RANS 

models are available that directly solve an equation for each of the six independent 

Reynolds stresses (RSM) plus a scale equation (-equation or -equation). RANS models 

are appropriate for many engineering applications and often provide the requisite level 

of accuracy. 

3.2 Classification Design of Experiment 

In the Design of an Experiment that is planned, the data-generating process is actively 

changed to enhance the information's quality and get rid of extraneous data. Obtaining 

data as sparingly as feasible while providing sufficient details to precisely estimate 

model parameters is a common goal of all experimental designs. There are several 

types of design of experiments is available to predict the behavior of results by varying 

the design properties as following.  

3.2.1 Full Factorial and Fractional Factorial Experiment  

It is widely acknowledged that full factorial designs at 2- and 3-levels are the most 

frequently utilized experimental designs in manufacturing firms. An investigator could 

examine the combined impact of the factors (or process/design parameters) on a 

response using factorial designs. Factorial designs come in whole and factorial 

varieties. 
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A complete factorial planned experiment includes all conceivable level combinations 

for all components. The total number of experiments required to investigate k factors 

at two levels is 2k[24]. The 2k complete factorial design is extremely effective in the 

early phases of experimental work, especially when there are fewer than or equal to 

four process parameters or design parameters (or factors). 

3.2.2 Fractional Factorial Experiment 

Often, experimenters do not have the time, resources, or budget to conduct FFEs. 

Suppose the experimenters can reasonably infer that certain higher-order interactions 

(third order and above) are unimportant. In that case, only a subset of the FFE can be 

run to collect information on the main effects and two-order interactions. A fractional 

factorial design is a sort of orthogonal array design that allows experimenters to 

explore primary effects and desired interaction effects in a limited number of trials or 

experimental runs. 

In industry, fractional factorial designs are the most popular and commonly utilized 

type of design. These designs are typically written as 2(k-p) [25] where k is the number 

of factors, and 1/2p is a portion of the full factorial 2k. For example, 2(5-2) is a 1/4th 

fraction of a 25 FFE. This means that instead of 32 trials, eight experimental trials 

might be used to analyze five components at 2 levels. 

3.2.3 Surface Response Method  

Box and Wilson1 introduced a response surface methodology (RSM) as a collection 

of mathematical and statistical tools used to analyze data using an empirical model. 

Which is further categorized by box behnken and central composite design. A BBD 

gives a higher-order surface response with fewer runs[26]. It is a class of rotatable 

second-order design. The number of DOEs is generated based on N=2k(k-1)+Co 

(Where k is the number of factors and Co is the number of central points on the 

face)[27]. The points at the center of the experimental domain and the “star” points 

outside this domain make it possible to estimate the curvature of the response surface. 

Therefore, these are the main classifications that were used in CFD. Furthermore, the 

DOE method available in open literature includes d-optimal design, Latin hypercube 

and quasi-random design.  
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Summary 

This chapter discusses the actual and analytic methods that are widely used in CFD.  

An actuator disk model is an analytic model while the flow behavior or solution is 

extracted on the basis RANS equation. Furthermore, it discusses the design of the 

experiment technique used to predict the behavior concerning the time and 

computational cost. 
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Chapter 4 Implementation of CFD for 

Axial Fan for Inlet Distortions 

4.1 Outline of the Study 

A well-accredited, high-performance, low aspect ratio transonic fan, NASA Rotor 67, 

has been selected for the study boundary layer ingestion (BLI). CFD rotor model 

validated against the experimental compressor performed by Strazisar [28]  in the 

Lewis research center. Furthermore, the S-duct is coupled with Stage 67B to analyze 

the effect of BLI on the performance of Rotor. An artificial neural network curve 

fitting-based surrogate model is used to optimize Stage. Therefore, efficiency and total 

pressure ratio are the objective functions of the whole computational domain. 

4.2 Case Study  

4.2.1 Computational Domain and Blade Parameter 

As shown in figure 1 the rotor and stator have clean inlet and outlet. The inlet is single 

times of rotor diameter in a clean case. 

 

 

 

Figure 4.1 Representation of computational domain s-duct and NASA rotor 67 
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As the outlet is 1.5 times the diameter of stator outlet is used for validation and as a 

clean case without s duct [29]. Fig. 4.1 shows that Stage 67b is coupled with duct. The 

duct inlet is 3.8 times the diameter of rotor blade, it helps to grow boundary layer 

properly in a duct that approaches the fan face. The duct is model in SolidWorks used 

as inlet [30], [31]. As the rotor inlet is very short it is at the exit of duct outlet and the 

distance between the rotor and stator is same as defined by Thomas F [32]. Therefore, 

the outlet duct at the stator exit interface helps to stabilize the flow and to increase the 

convergence of the solution. The rotor used in this study is Transonic fan R67 along 

with the stator 67b [28]. The rotor solidity is 3.114 at hub and 1.29 at the tip. The hub 

tip ratio changes from 0.375 at inlet to 0.478 at outlet. The stator has 17 blades with 

double circular arc design [32]. The inlet to outlet hub to tip ratio is 0.5 to 0.53. More 

information is to be found in Table 4.1 [33]. 

 

Table 4.1 Blade parameter of NASA stage 67B 

Blade Parameters Rotor  Stator 

Total Number of Blade 22 17 

RPM 16043 - 

Pressure Ratio 1.63 - 

Midspan Flow Coefficient 0.65 - 

Load Coefficient 0.5 - 

Aspect Ratio 1.56 2.01 

Mean Hub to Tip Ratio 0.43 0.53 

Blade Diameter [cm] 0.51  0.49 

Isentropic Efficiency 92 - 

Tip Mach Number 1.38 - 

 

4.2.3 Grid Processing and Sensitivity Analysis 

A Commercial software, Ansys Turbogrid, is used to generate multiblock structural 

grids. The H and O grid mesh is generated around the blade surface [24],[25]. To select 

the appropriate mesh, three different meshes were executed. The total element of the 

second mesh is three times the previous mesh in a rotor passage. Therefore, the stator 

mesh is two times the previous mesh. This strategy is adopted to choose the appropriate 

mesh concerning the result or computational cost. The grid independence size in the 
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rotor passage contains the number elements 300000, 900000, and 2700000, whereas 

the stator passage contains 200000,400000, and 800000 elements. 

 An unstructured grid is generated in a duct passage whose number of elements is 

225000 675000 and 2100000 elements. The grid independence is computed against 

the total pressure ratio (TPR) and temperature ratio (TTR), as shown in Fig 4.2 (a,b).  

 

 

 

4.2.3 Solver Setup 

A steady state analysis was performed by Ansys CFX. Several turbulence models were 

available, like k epsilon, RNG, k omega, and SST. The best linear and nonlinear 

Turbulence model is RNG k-epsilon to account for the small motion near the blade 

(a

) 

(b

)  

(a) (b) 

Figure 4.2 Representation grid around rotor and stator blade normalized span  
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with the scalable wall function [36]. This is the modified model of the standard k-

epsilon model. An Axisymmetric flow is considered in a single passage without a duct. 

The Adjacent side of the passage is treated as periodically. The single passages were 

simulated for solver validation against the experimental. The inlet static pressure is 

101325 Pa with a turbulence intensity of 5%, and the inlet temperature is 288.15 K. 

The rotor and stator interface are set to be a mixing plane circumferentially averaging 

the velocity, pressure, and temperature [35]. The outlet is set to be a static pressure to 

increase the stability of the solution, which is gradually increased from choked to stall 

to compare the compressor map with experimentation. 

To conclude, the effect of BLI on the fan's performance, thus s-duct, is coupled with 

the stage. The side-to-side interface of the whole annulus passage is a frozen rotor. 

Therefore, the remaining conditions are the same. The nose cone is attached within a 

duct that rotates in the direction of the blade at the same angular velocity. The lower 

surface of the duct acts as an adiabatic wall, while the upper surface acts as a free-slip 

wall. The inlet pressure is 101325 Pa at the duct inlet, while the interface is a frozen 

rotor between the duct outlet and stage. The outlet pressure is applied at the stator exit 

duct. The simulation was performed from the choke point to the stall point. 

To conclude, the effect of BLI on the fan's performance, thus s-duct, is coupled with 

the stage. The side-to-side interface of the whole annulus passage is a frozen rotor. 

Therefore, the remaining conditions are the same. The nose cone is attached within a 

duct that rotates in the direction of the blade at the same angular velocity. The lower 

surface of the duct acts as an adiabatic wall. 

4.3 Optimization Methodology 

A multi-objective genetic algorithm optimization (MOGA) tool is used to optimize the 

trailing edge of the rotor, to improve the efficiency of the whole system by reducing 

the rotor and stator losses. After the compressor map validation, a baseline is simulated 

to analyze the losses that help to select the parameter in optimization. The design of 

the experiment is built by adopting the Box Behnken methodology. 

All the experiments in DOE were simulated at a constant normalized mass flow rate. 

The surrogate model is developed using the artificial neural network (Ann). The 

mathematical model of Ann was read in the MOGA that generates the Pareto front by 

changing the dataset to a desired limit. The selected optimization point is tested using 
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the CFD analysis, concluding the difference between them. The whole methodology 

of validation and optimization is described in Fig. 4.3.  

 

 

4.3.1 Box Behnken Design (BBD) 

The large-size problem required a huge computational power to figure out the results 

of the objective function. The design of the experiment approach is adopted to 

circumvent this problem to generate a surface response [37]. 

 

Table 4.2 Trailing edge parametrization bounds of the rotor blade 

Input Variable Blade angle Bound 

Blade angle, βt.53 38.84o ±2.5o 

Blade angle, βt.76 50.66o ±2.5o 

Blade angle, βt1 54.42o ±2.5o 

 

A BBD gives a higher-order surface response with fewer runs. It is a class of rotatable 

second-order design. The number of DOEs is generated based on N=2k(k-1) +Co 

Figure 4.3 Methodology adopted for optimization. 
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(Where k is the number of factors and Co is the number of central points on the face). 

In this research, DOE is generated using three trailing edge points of the blade at 

different span locations. All the experiments in DOE is simulated approximately at the 

same normalized mass. The tolerance between the normalized mass in the experiment 

is ±0.0005. 

4.3.2 Surrogate Model  

The surrogate model was built based on high-fidelity simulation results obtained from 

the design of experiment (DOE). This model helps in the prediction of the 

mathematical model, which saves a lot of time and computation costs. Various 

surrogate models predict the mathematical model, like artificial neural network 

kriging, gradient-enhanced kriging, and polynomial response surface. This study 

selected the artificial neural network-based surrogate model for the mathematical 

model. There are two hidden layers in the ANN model. There is a total 10 number of 

neurons. Three neurons were in the first layer. At the same time, the remaining seven 

neurons were found in the second layer. The training is done by Levenberg Marquardt 

and is used to solve non-linear least-squared problems. The mean square error is 

0.0047, and the value of R-squared is 0.99, which is slightly overfit due to the system's 

complexity. 

4.3.3 Multi-Objective Optimization 

Several optimization methods were extensively available in MATLAB, like the least 

squared method, Genetic algorithm, constrained nonlinear minimization, and multi-

objective genetic algorithm (MOGA). Isentropic efficiency (ղ) and total pressure ratio 

(TRR) are the main objectives for optimization under the influence of BLI. The 

optimization is performed based on a mathematical model generated by Ann that reads 

in MOGA. Which is furthermore based on the biological process of generation.  
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Summary 

To conclude, the effect of BLI on the fan's performance, thus s-duct, is coupled with 

the stage. The medium-type mesh is selected for the validation. The inlet temperature 

is 288.15 K with an inlet pressure of 101325Pa.  The side-to-side interface of the whole 

annulus passage is a frozen rotor. Therefore, the remaining conditions are the same. 

The nose cone is attached to a duct that rotates in the direction of the blade at the same 

angular velocity. 
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Chapter 5 Results and Discussion  

5.1 Validation 

To validate the fan stage and computational setting, a single passage steady state 

analysis was performed at 100% Speed line to compare the CFD compressor map with 

the experiment performed by [18]. There is a very slight difference between the stall 

point and choke point.  

 

 

The experimental maximum isentropic efficiency (ղ) and total pressure ratio (TPR) 

are 0.93 and 1.64. Hence, the maximum is ղ predicted by simulation is 0.9220, with a 

TPR of 1.6852. There is a very slight difference between them due to the minor change 

in velocity triangles [8]. There is a slight decrease in mass flow rate from a choke 

point, and there is a drastic increase in efficiency till the design point, but TPR 

increases till the stall point. As demonstrated in Fig. 5.1 

d) Stage 67 Total Pressure Ratio 

a) Rotor 67 Isentropic Efficiency 

c) Stage 67b Isentropic Efficiency 

b) Rotor 67 Total Pressure Ratio 

Figure 5.1 Validation of transonic fan NASA rotor 67 and stage 67B 
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5.2 Baseline Case Stage Flow Field 

5.2.1 Fan Face Flow Field 

As flow reaches the fan face, it is no longer axisymmetric in each sector. A 

circumferential distortion occurs in swirl angle, axial velocity, and incidence angle. A 

fan is operating at design speed instead of operating at the design point. The pressure 

and mass flow distribution are no longer uniform upstream of the fan. Due to the non-

uniform circumferential distribution of inlet static pressure in the entire annulus, radial 

transportation occurs at the same plane near the fan face. 

 

 

As the flow approaches the presence of the fan, its non-uniformities in axial velocity 

increase circumferentially, as shown in Fig. 5.2 Therefore, the same behavior in static 

pressure occurred at the fan face, affecting the radial flow distribution. As a result of 

flow distribution, it generates a co-swirl and counter-swirl, as described in Fig. 5.3 (d). 

The radial flow distribution also occurs due to the presence of a spinner. The flow 

moves around the spinner in a radial direction, generating the swirl. Its intensity 

decreases as it moves from the hub to the tip. The maximum difference in flow occurs 

at 160°, where the direction of the counter swirl changes to co-swirl and starts 

decreasing. In the upper half region of annuals, the pressure is high at the fan upstream, 

while the flow tends to move from a region of higher pressure to lower pressure around 

a nose cone, as represented in Fig 5.3 (b).  

Figure 5.2 Normalized axial velocity at fan upstream and fan face 
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The stagnation point lies at the blade center in the absence of a nose cone. Hence, in 

the presence of the nose cone, the stagnation point lies at the bottom of the blade near 

the region of cleaner flow. The fan tries to recover this mass flow deficit. The region 

of lower mass flow rate that shows the fan working the at stall point gives slightly 

higher pressure, while the region of higher mass flow rate means the fan working near 

the choke point gives lower static pressure and higher efficiency. Static pressure gives 

a brief idea about the region where the isentropic efficiency drops and increases. It 

further depends upon the incidence angle. 

 

 

Incidence angle is highly dependent upon the swirl angle and axial velocity. As the 

swirl angle starts decreasing, it causes an increase in the axial velocity described in 

Meanwhile, both combine to decide the final incidence angle. Fig 5.4 (b) Indicates 

(d) Radial Velocity Cr [m/sec] 

 

(d) Radial Velocity Cr [m/sec] 

(a) Static Pressure: 
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(b) Stagnation Pressure: 
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2
 [-] 

 

θ= 0° 

 

θ= 0° 

 (c)Swirl angle α [°] 

 

 (c)Swirl angle α [°] 
Figure 5.3  Non-uniformities at fan face in static pressure, stagnation pressure, swirl 

angle, radial velocity 
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that the swirl angle drops from hub to tip due to radial fluid transportation around the 

spinner. As the swirl angle drops from a higher positive angle to a negative, the 

incidence angle starts increasing from lower positive to higher values, as represented 

in Fig 5.4 (c), causing an increase in the intensity of the counter swirl from 0 to 180. 

The black line indicates that the region near the hub has a maximum strength of 

counter-swirl at 180°. The maximum difference in swirl angle occurs at 180° that 

shows the region of the higher counter swirl will be slowly changed to co-swirl but 

behaves as counter co-swirl from (180-270). The intensity drops continuously till 

270°. The dark blue line indicates low-intensity counter swirls in whole annuals near 

the tip. The region (270-0°) will suffer the most due to a higher positive swirl angle 

and low axial velocity. 

 

 

Figure 5.4 Fan face distortion in incidence angle, normalized axial velocity and swirl 

angle at 30%span, 60%span, and 90%span. 

 

a) Incidence angle b) Swirl angle 

c) Normalized axial velocity 
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5.2.2 Rotor Flow Field 

As the Flow Passes through a blade passage, its axial velocity increases, as shown in 

Fig 5.5 (a). The increase in axial velocity is maximum near the hub at 180° due to a 

significant decrease in counter-swirl. Its axial velocity drop (270°-360°) increases the 

flow separation due to high static pressure at the fan face. This area (270°-360°) near 

the tip suffers the most, reducing the whole performance of the fan. 

 

 

 

The temperature ratio (TR) gives an insightful idea about the fan's work input, as 

represented in Fig 5.5 (b). Due to inlet distortion inflow at the fan face, there is also 

some non-uniformity in TTR. The increase in TTR was observed near the hub and 

casing of the fan. As the fan passes through the region of high contour-swirling (0-

180), it starts increasing near the hub due to a positive drop in swirl angle and an 

b) Fan downstream a) Fan face 

c) Fan downstream. 

Figure 5.5 Swirl angle and normalized axial velocity at rotor exit 
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increase in axial velocity, causing an increase in the incidence angle from negative to 

positive as a result TTR efficiency increased.   

 

 

 

TTR will be maximum at the end of the counter-swirling region at 180. After that, it 

starts decreasing and becomes the minimum near the hub at 0° due to the high negative 

value of the incidence angle. The tip area is working at the region of strong contour 

swirl region at the fan face, as described in Fig 5.6 (c), causing an increase in the TR. 

Therefore, the same behavior is observed in a Total pressure ratio (TPR). The areas 

with a greater temperature ratio have higher TPR and vice versa. However, they have 

Figure 5.6 Rotor downstream face contour  

 

(b) Total Temperature Ratio  
𝑇𝑜

𝑇𝑜,1
 [-] 

 

(b) Total Temperature Ratio  
𝑇𝑜  [-] 

(a) Total Pressure Ratio  
𝑃𝑜

𝑃𝑜,1
 [-] 

 

(c) Isentropic Efficiency ɳ [-] (d) Static Entropy s [𝐽. 𝑘𝑔−1𝐾−1] 
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a lower TPR toward the casing because the viscous layer near the casing wall tends to 

mix with the mainstream flow. 

Static entropy (s) directly relates to the losses that occur in a region. S increased from 

hub to tip and became maximum near the tip. The region where the static entropy is 

high has a significant drop in isentropic efficiency and is tolerated the most in a whole 

system. TPR decreases near the casing as the flow passes through a shock wave, 

causing flow separation. The boundary layers of lower energized fluid thickened the 

viscous layer near the casing due to an adverse pressure gradient. When it detaches 

from the casing, this boundary layer mixes with the mainstream flow causing increased 

losses. Hence, the entropy increases near the tip, as illustrated in Fig. 5.6 (d). 

5.2.3 Stator Flow Field 

The extra gained energy from the fluid by the rotation of the rotor is affected in a stator 

passage, which results in a series of non-uniformity in swirl flow. The distorted flow 

approaches the guide vanes, and the overall performance of the stator decreases due to 

the highly negative incidence angle () near the hub described in Fig 5.7 (b). The 

performance of the region (0 – 180) improves when the swirl angle starts to move 

from positive to negative in magnitude, while the opposite is true for the incidence 

angle. Therefore, the region (270-360) overall performance is tolerated near the tip 

and hub by the manifestation of co-swirl and highly negative incidence angle that 

increases the flow separation near the hub and tip. 

 

 

a) Swirl Angle   b) Incidence Angle  

Figure 5.7 Swirl angle at stator face and incidence angle 
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Fig. 5.8 shows that when a flow transvers through the stator, its aerodynamic losses 

are evident at the side-by-side periodic interfaces near the hub caused by the highly 

positive swirl angle that increases the flow separation. These losses tend to reduce the 

work input of the stator due to increased static entropy near the hub and shroud wall, 

reducing the isentropic efficiency and the temperature drop. As can be seen, there is a 

performance drop at a particular region (270 – 360) owing to variation in incidence 

angle from a lower negative value to a higher negative value. As explained above, a 

significant drop in efficiency is observed near the hub be (see Fig. 5.8). 

 

 

5.3 DOE-Based Baseline Optimized Test 

Ann developed surrogate-based mathematical based on DOE. The value of r-squared 

represents the curve fitting of the mathematical model. The higher the value of r-

squared, the greater the curve fitting of the model that presents the accuracy of the 

whole system. The value of R-squared is 0.99 with a root mean square error of 0.004, 

slightly over fit due to the complexity of the entire system.  The mathematical model 

is simulated on MATLAB using MOGA that optimizes both the isentropic efficiency 

(IE) and total pressure ratio, as shown in Fig 5.9. 

The selected point is validated by using the CFD simulation. The result shows that the 

deviation between IE is greater than MOGA due to the slight over fitness of the 

mathematical model. Therefore, another reason behind them is the complexity and size 

(a) Isentropic Efficiency ɳ [-] (b) Total Temperature Ratio  
𝑇𝑜

𝑇𝑜,2
 [-] 

Figure 5.8 isentropic efficiency and Total temperature ratio at stator downstream 
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of the whole system. Moreover, a significant increase is observed in the optimized case 

compared to the baseline, as discussed in section 4.3. 

 

 

Table 5.1 Comparison of objective functions 

Objective Function MOGA CFD Deviation [%] 

Total Pressure Ratio 1.4884 1.4842 0.28 

Isentropic Efficiency [%] 74.42 75.95 2.1 

 

5.4 Optimized Case Rotor Flow Field 

5.4.1 Fan Face Flow Field 

The three trailing edges of the rotor are optimized at 50% span, 70% span, and 100% 

span. To improve the aerodynamic properties near the tip. Fig 5.10 Clearly describes 

the optimized blade did not have the same behavior as the baseline case except for 

normalized axial velocity swirl angle.  

The non-uniformity in inlet distortion in normalized axial velocity, swirl angle, and 

incidence angle is minor reduced at the fan face near the tip due to shock wave 

penetration into the leading edges of the adjacent blade. Three different cases studied 

in this portion were discussed: Without (W/O) duct case, also called a clean case, a 

baseline case, and an optimized case. A clean case presents the effect of clean inlet 

flow without a duct on the fan's performance, while a baseline case studies the effect 

of BLI. However, the optimized case discusses the flow field that improved due to 

optimization under the influence of BLI. 

Figure 5.9 Pareto front of optimized blade 
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The flow field in an optimized case is fully non-uniform over the fan face as the 

baseline case. An increase in axial velocity is significant in a region (180-360°) near 

the tip that affects the whole aerodynamic performance of the blade due to the slight 

reduction in boundary layer induced at the blade's tip that affects the swirl angle. 

Moreover, the swirl angle is almost the same as the baseline except near the tip from 

(300-360°) due to constant static pressure. The incidence angle is the function of 

normalized axial velocity and swirl angle. As the incidence angle increases from lower 

positive to higher, the intensity of the counter swirl increases, which improves the 

aerodynamic performance. A major improvement occurs in an incidence angle (180-

360°) due to the reduction in axial velocity.  

5.4.2 Optimized Rotor Flow Field  

Fig 5.11 (a) Present total temperature ratio (TTR) comparison of baseline case and 

optimized case. The TTR is non-axis symmetrically distributed over the downstream 

B) 60% Span C) 90% Span A) 30% Span 

Figure 5.10 Comparison of baseline and optimized flow field 
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of the rotor. Therefore, TTR increases (0-90°)-(270-360°) from hub to tip due to 

increased axial velocity.  

 The incidence angle remains the same as the baseline case. The mid-span of the blade 

from the hub due to a lack of improvement in swirl angle and normalized axial 

velocity. Moreover, at the tip incidence angle, it moves toward the region of an un-

distorted flow like a W/O duct case, and as a result, its flow separation is reduced at 

the blade wall, causing to an increase in the TTR. 

Fig 5.11 (c) clearly shows the decrease in static entropy to (0-90°)-(270-360°) from 

hub to tip as a result of an increase in TPR. The positive gain in isentropic efficiency 

(ղ) at downstream of the rotor is caused by the radially circumferential increase in 

incidence angle. Thus, its ղ slightly drops near the hub (90-180°) due to the slight 

decrease in the axial velocity. The increases ɳ evenly distributed in the radial direction 

in a whole circumference led to a reduction in the static entropy (s). The overall 

decrease in s average is 5.2%, and the increase in ɳ at the rotor downstream by 2.11 

%, the average increase in TTR is .18%. 

 

 

The overall improvement is clearly described in Fig 5.11 as a result of optimization. 

As the flow passes through the fan, its swirl angle shifts from a higher positive to a 

lower value due to work input done by the fan on flow. As in the optimized case, the 

total pressure ratio (TPR) is maximum near the blade's tip due to the significant 

(b) Total Temperature Ratio  
𝑇𝑜

𝑇𝑜,1
 [-] 

(c) Static Entropy s [𝐽. 𝑘𝑔−1𝐾−1] 

Optimized Baseline Optimized Baseline 

(d) Isentropic Efficiency ɳ [-] 

(a) Total Pressure Ratio  
𝑃𝑜

𝑃𝑜,1
 [-] 

Figure 5.11 Optimized and baseline contour comparison. 



41 

 

increase in the axial velocity and swirl angle caused by the reduction in boundary flow 

separation between the walls of the blade in optimization. Moreover, the effect of the 

trailing edge also occurred at the hub section. The swirl angle improves near the hub, 

causing an increase in the TPR (0-60°) - (300-360°) at a 30% span. While at 60% span, 

the increase in TPR is more uniformly distributed-circumferentially due to a positive 

decrease in a swirl angle. 

 

 

The TPR is on average improved by 1.177 % due to the increase in axial velocity by 

1.9152%, reducing the flow separation at the rotor downstream. The increased swirl 

angle also manifested, which helped to improve the incidence angle at the stator face. 

The swirl angle is improved by 5.45%, directly affecting the isentropic efficiency at 

the downstream rotor. The static entropy drops by 5.266% with the increases of static 

enthalpy by 4.5%, directly impacting isentropic efficiency. Therefore, isentropic 

efficiency increases by 2.11% due to a drop in static entropy. The shock waves 

A)  30% Span B)   60% Span C)  90% Span 

Figure 5.12 Optimized Total pressure ratio normalized axial velocity and 

swirl angle compared to baseline at 30%span, 60%span and 90%span 
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improving the tip section is the main reason, as explained in the section blade-to-blade 

comparison.  

5.4.3 Optimized Case Stator Flow Field at Downstream Face 

Fig. 5.13 represents the comparison of baseline and optimized stator exit. A rise in 

temperature at the stator exit was observed near the tip due to reduced wake generated 

around the stator blade. However, the region (270-360) tolerates inevitably due to 

very high fluctuations in co-swirl and low normalized axial velocity (270-360°) in the 

baseline case. Therefore, in the optimized case, both decrease near the clean flow. As 

a result, aerodynamic performance increases in terms of flow separation due to an 

increase in normalized axial velocity near the tip. Here, the decrease in axial velocity 

near the hub causes a reduction in incidence angle from a higher negative to a low 

negative, causing a drop in the total temperature ratio (TTR), as shown in the red dotted 

line in Fig 5.13 (b). 

 

 

 The total pressure ratio (TPR) started increasing near the hub at a 30% span (270-

360°). In this region, a pure co-swirl that lies in the baseline case due to variation 

induced in static pressure at the rotor downstream, the maximum increase in TPR is 

observed as a result of optimization near the hub from (270-360°).  

Figure 5. 13 Optimized and baseline contour comparison at stator downstream 
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The increase in normalized axial velocity in tandem with the positive increase in swirl 

angle reduces the stator losses. Meanwhile, the high counter swirl region also 

decreases near the hub from (60-210°) due to a drop in incidence angle at the stator 

face near the hub. The incidence angle is the function of normalized axial velocity and 

swirl angle. Due to decreased normalized axial velocity at the fan face, the incidence 

angle drops at the stator face at the middle of the blade (60-270°). 

Therefore, it is clearly shown in Fig. 17 that the baseline isentropic efficiency (ղ) drop 

is maximum across the hub and tip of the stator at each periodic interface. As the flow 

transverses through the stator with an increased axial velocity, its flow separation is 

overcome due to a lower positive swirl angle along with a lack of radial flow in the 

passage that occurs due to the slight increase in static pressure at the tip. The 

normalized axial velocity increased maximum near the tip at 90% span, reduced the 

flow turning due to improvement in swirl angle is maximum (270-360°), and increased 

in the incidence angle at the fan face, causing an increase in the ղ, as represented in a 

black dotted region  as shown in Fig 5.13 (d). 

As its axial velocity tolerates slightly away from the hub, a 30% span (60 to 240) 

inevitably leads to a decrease in the isentropic efficiency due to the reduction in static 

entropy. Conversely, there is flow separation near the hub due to a higher negative 

incidence angle at the wall, causing a drop in the isentropic efficiency. At 60% span, 

axial velocity increased, yet there was no flow separation due to a lower negative 

incidence angle. Higher normalized axial velocity and swirl angle are helpful to 

maintain the positive incidence angle at mid-span at the stator face. The optimized 

incidence angle at 90% span starts to decrease from a higher negative angle to a lower 

negative value in the radial direction, which reduces the flow separation near the tip, 

causing to increase in the ղ.  

5.4.4 Optimized Flow Field at Duct-Outlet. 

As the flow moves from the stator downstream face, it revolves around the hub wall. 

Fig. 5.14 represents the improved flow field captured at the outlet. At 30% span, the 

flow field is slightly un-distorted due to a reduction in the intensity of counter-swirl 

(90-270°) along with the drop in axial velocity approaches to clean case (0-180°). As 

a result, the total pressure ratio (TPR) improved due to the decrease in intensity of co-

swirl at the stator face in a whole passage. No further improvement is observed in the 

middle of the blade due to the lack of improvement in the incidence angle at the fan 
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face. Moreover, a dramatic change is kept at the blade's tip due to increased axial 

velocity near the clean flow in the without duct case.  

 

 

The isentropic efficiency of the system exhibited a noteworthy improvement, 

specifically increasing by 5.4%, coinciding with a concurrent reduction in static 

entropy by 3.32%. Furthermore, the overall pressure ratio experienced a notable 

augmentation of 2.06%, attributable to a proportional augmentation in the intensity of 

the swirl angle by 0.82%. These observed alterations in key parameters hold promise 

for advancing the efficiency of the entire gas turbine. 

A) 30% Span B) 90% Span 

Figure 5.14 Isentropic efficiency total pressure ratio and normalized axial 

velocity contour comparison at duct downstream. 
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5.4.5 Blade to Blade Comparison: 

Fig. 19. Present the blade-to-blade flow behavior of Mach number and Temperature 

ratio at 90% span. The un-distorted flow has a higher mass flow rate than the distorted 

flow. The distorted flow starts increasing near the green line from 180°. Furthermore, 

the black dotted oval in Fig 5.15 (a) represented area that most suffers under BLI due 

to highly distorted flow in the baseline. The location of the shock wave is highly 

dependent on the mass flow rate passing through each sector of the whole annulus. At 

a higher mass flow rate near the choke point, shock waves were entirely swallowed at 

the blade's trailing edge (90-180°). For the distorted flow (270-360°), shock waves 

moved upstream of the blade's leading edge, combined with the bow shocked waves 

near the leading edge, making a more substantial shock wave. 

The shock waves are created close to the blade's trailing edge for the undistorted zone 

and interact with the pressure surface boundary layer of the adjacent blade, causing it 

to isolate. A significant wake can be visible downstream of the fan since the flow does 

not entirely reattach with the profile of the blades. The shock travels upstream as the 

blade passes through the distorted sector, generating flow separation on the blade 

suction surface. Therefore, in an optimized case, inevitable improvement is observed 

in shock waves being moved at the suction side of the blade, causing the flow 

separation to decrease. A noticeable improvement occurs at the incidence angle at the 

fan face, as discussed above. 

Due to lower mass flow, TTR contours demonstrate that the fan works in the distorted 

sector. As the fan approaches the distorted sector, the counter swirl increases, 

enhancing the incidence angle and the work done. The TTR decreases when the fan 

comes to the clean sector. This is owing to high co-swirl levels, which limit the total 

work done. While, as a result of optimization, the intensity of co-swirl decreases along 

with a slight decrease in incidence, the work done tries to distribute over the surface 

uniformly. 
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Figure 5.15 Blade to comparison of contour between optimized case and baseline 

with respect to Mach number and total temperature ratio at 90%span 
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Summary 

As the flow passes through the fan, its swirl angle shifts from a higher positive to a 

lower value due to work input done by the fan on flow. As in the optimized case, the 

total pressure ratio (TPR) is maximum near the blade's tip due to the significant 

increase in the axial velocity and swirl angle caused by the reduction in boundary flow 

separation between the walls of the blade in optimization. Moreover, the effect of the 

trailing edge also occurred at the hub section. The swirl angle improves near the hub, 

causing an increase in the TPR (0-60°) - (300-360°) at a 30% span. While at 60% span, 

the increase in TPR is more uniformly distributed-circumferentially due to a positive 

decrease in a swirl angle. TPR is on average improved by 1.177 % due to the increase 

in axial velocity by 1.9152%, reducing the flow separation at the rotor downstream. 

The increased swirl angle also manifested, which helped to improve the incidence 

angle at the stator face. The swirl angle is improved by 5.45%, directly affecting the 

isentropic efficiency at the downstream rotor. The static entropy drops by 5.266% with 

the increases of static enthalpy by 4.5%, directly impacting isentropic efficiency. 

Therefore, isentropic efficiency increases by 2.11% due to a drop in static entropy. The 

shock waves improving the tip section is the main reason, as explained in the section 

blade-to-blade comparison.  
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Chapter 6 Conclusions and 

Recommendations 

6.1 Conclusions 

The Model NASA Stage 67 is validated against the experiment performed from the 

choke point to the stall point. A slight difference occurs between the compressor map 

due to a minor change in the velocity diagram. The S-duct is combined with a stage to 

study the effect of the boundary layer. 

As the flow approaches the fan face, a non-axis-symmetric distortion occurs at each 

passage of the whole annulus. Due to inlet distortion, the Normalized axial velocity 

and swirl angle variation appear at the fan face. Meanwhile, the incidence angle is the 

function of normalized axial velocity and swirl angle. The co-swirl generated around 

th nose cone significantly affects the fan's performance. For the distorted flow, fan 

performance reduces as the intensity of the co-swirl increases. Moreover, for 

undistorted flow, the normalized axial velocity increases, and the swirl angle decreases 

as the intensity of the counter-swirl increases. As a result, the aerodynamic 

performance of the stage increases. 

For a distorted region, the Inlet Mach number is less as compared to an un-distorted 

region. The shock wave moves upstream of the fan face leading edge and merges with 

the bow of the shock wave, becoming a strong shock wave caused to stall the fan and 

drop its isentropic efficiency. To reduce the losses around the stator and rotor, a trailing 

edge of the blade is parameterized at 55% span, 76%, and 100%  to increase its 

performance. The isentropic efficiency and total pressure increase as a result of 

optimization. Co-swirl intensity decreases with the increased normalized axial 

velocity, which helps improve the incidence ang. Hence, the shock wave moves toward 

the trailing edge of the blade, causing an increase in the isentropic efficiency of the 

fan. 

6.2 Future Prospects 

This paper serves as a baseline to perform its high-fidelity unsteady simulation to 

capture the shock wave induced near the stall point to understand the flow field 

transiently. This paper presents the optimization of the blade, which can be extended 
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from baseline or optimization to improve the flow field around the stator to overcome 

the wave generated around the blade by parametrizing the flow angle of the 3-D blade. 
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APPENDIX-I 

Aerodynamic Performance and Parametric Optimization of 

Blade Edges under the Influence of Boundary Layer Ingestion 

Abstract 

A non-axisymmetric inlet distortion problem exists in a boundary layer 

ingesting propulsion system, which seriously affects the aerodynamic 

performance of the fan. This work presents an in-depth analysis of the fan stage 

under the influence of boundary layer ingestion. A high-fidelity numerical 

approach is adopted to quantify the parameters that reduce the isentropic 

efficiency, total pressure ratio, and stability margin. At a later stage, an artificial 

neural network-based surrogate mathematical model is used in a multi-objective 

genetic algorithm to perform optimization. NASA stage 67 has been selected 

and validated against the experimental data. Entire annulus, steady-state, and 

three-dimensional modeling have been used for the combined analysis to 

analyze the effect of the inlet distortion on the fan stage. The numerical results 

indicated that the isentropic efficiency and total pressure ratio dropped by 9.49 

% and 4.1%, respectively. The significant losses occurred at the suction side of 

the adjacent blade. Based on losses, trailing edge parameters are selected over 

the span near the blade's tip to ensure robust performance under the fan-face 

distortion. As a result of optimization, the isentropic efficiency and total 

pressure ratio improved by 2.88% and 1.69%, respectively. The optimization 

adds a value near the tip of the blade caused by the improvement of shockwave. 
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