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ABSTRACT 

The growing need for increased performance from gas turbines has fueled the drive to raise 

turbine inlet temperatures. This results in high thermal stresses especially along the first stage 

nozzle guide vane cascade as the hot combustion products exiting modern day gas turbine 

combustors generally reach temperatures that could endanger the structural stability of these vanes 

and greatly reduce the vane life. The highest heat transfer coefficients in the vane passage occurs 

near the endwall, particularly in the leading edge-endwall junction where vortical flows cause the 

flow of hotter fluid in the mainstream to mix with relatively lower temperature boundary layer 

fluid. This work documents the computational investigation of air injection at the end wall through 

a cylindrical hole placed upstream of the nozzle guide vane leading edge-end wall junction. The 

effect of the secondary jet on the formation of the leading edge horseshoe vortex and the 

consequent formation of the passage vortex has been studied. For the computations, the Reynolds 

averaged NavierïStokes (RANS) equations were solved with the commercial software ANSYS 

Fluent using the SST k-ɤ model. Total pressure loss coefficient and kinetic energy loss Coefficient 

contour plots at the exit of the cascade to estimate the effect of the endwall fluid injection on loss 

profiles at the vane cascade exit. Swirling strength contours were plotted at several axial chord 

locations in order to track the path of the passage vortex in and downstream of the vane cascade. 

Two different hole-positions (located at 1 hole diameter and 2 hole diameters from the leading 

edge) along a plane parallel to the incident flow were considered in order to study the effect of the 

hole position with respect to the vane leading edge-endwall junction. Three different streamwise 

hole inclination angles with respect to the mainstream flow direction were studied to identify the 

best angle for the injection of fluid through the endwall. This angle was combined with five 

different compound angles (0°, 30°, 45°, 60° and 90°) in order to study the effect of varying the 

compound angle on the leading edge vortex and the passage vortex. Each of the above studies were 

conducted at two different injected fluid-to-mainstream mass flow ratios (0.5% and 1%) in order 

to study the effect of varying injected flow rate on the formation of the leading edge vortex and 



 

 

the vane passage vortex. From the results it was observed that suitable selection of the secondary 

injection mass flow rate, injection angle and hole-position caused an absence of the leading edge 

horseshoe vortex and delayed migration of the passage vortex across the guide vane passage. Heat 

Transfer studies were also conducted to observe the absence/weakening of the leading edge vortex 

and the delayed pitch-wise movement of the passage vortex.    
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GENERAL ABSTRACT 

Gas turbines are a kind of Internal Combustion engine that convert chemical energy to 

mechanical energy by way of burning an air-fuel mixture to cause turbine blades to spin and 

produce power. A typical gas turbine consists of a compressor which compresses the air intake 

into the combustion chamber, the combustion chamber in which energy is released from fuel by 

the combustion of the air-fuel mixture, and a turbine coupled to the compressor that is made to 

spin by the high pressure high temperature exhaust from the combustor. In order to increase the 

amount of power produced per unit (by weight or volume) of fuel consumed and increase the 

performance of the engine, the turbine inlet temperature i.e. the temperature of the hot gas products 

leaving the gas turbine combustor is increased by changing the fuel flow rate into the combustors 

and the amount of compression of the air entering the combustor. Consequently, the first 

component of the turbine, the nozzle guide vane faces high thermal loading which could 

structurally endanger vane life. The existence of complex secondary flows (leading edge vortex, 

passage vortex, corner vortices) near the junction of vaneôs leading edge and the turbine endwall 

to which the vane is connected to causes increased heat transfer at this point as opposed to other 

points on the vane surface. The aim of this work is to study through computational simulations 

how injecting high momentum fluid (air) near the leading edge junction to observe any changes to 

the secondary flow near the endwall. The angle at which this fluid is injected and the rate of 

injection of this fluid are, among others, the parameters varied in this study. The flow near the 

leading edge and through the vane passage is visualized and the pressures at the inlet and outlet of 

the test domain measured at each step to compute parameters which decide how further studies are 

designed. The ultimate aim of this project is to identify if injecting fluid through the endwall would 

prove useful in reducing the vortical flows near the endwall (thereby reducing the thermal load on 

the endwall).
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CHAPTER 1: INTRODUCTION  

The continually increasing global energy demand has led to a drive to increase the power 

output of gas turbine engines, and higher turbine inlet temperatures are a direct consequence of 

this. In present-day gas turbines, the turbine inlet temperatures are higher than the maximum 

temperature that the first stage nozzle guide vane can withstand, thus causing increased thermal 

loads. The upper limit of the permissible turbine inlet temperature depends on the material strength 

of the gas turbine components.  The leading edge end wall junction region of the first stage nozzle 

guide vane is of particular interest due to the complex flow field in the region. This occurs due to 

the interaction between the boundary layer and strong pressure gradients which results in the 

formation of leading edge horseshoe vortices. The leading edge horseshoe vortices form due to the 

separation of the inlet boundary layer at the saddle point of separation and subsequent rolling up 

of the boundary layer due to the radial total pressure gradient. These vortices split into pressure 

side and the suction side vortices at the leading edge. In vane cascades the pressure-side vortices 

migrate towards the suction side of adjacent vanes due to the crossflow resulting from the pitch-

wise pressure gradient and form the passage vortex. The passage vortex is detrimental due to the 

fact that it causes the flow in the approaching endwall boundary layer to separate from the endwall 

and get swept towards the suction side, thus leaving a large section of the endwall to get exposed 

to large thermal gradients. This poses a problem from the film-cooling perspective as greater the 

portion of the endwall exposed to high heat transfer from the mainstream to the endwall, greater 

the mass flow of coolant required to cool the vane and endwall and ensure structural stability. The 

vane-endwall region poses a particular challenge due to the complex nature of the flow in this 

region that impedes attempts to cool the endwall through traditional cooling methods as the 

secondary flow structures, in addition to causing aerodynamic losses, also result in the relatively 

low momentum cooling fluid injected through the endwall being lifted off the surface, thus 

exposing the endwall to high temperatures and increased rates of convective heat transfer. 

According to Langston [1], secondary flows account for a third of all aerodynamic losses in turbine 

cascades. This study is driven by a desire to reduce the endwall aerodynamic losses cause by the 

secondary flow in a first stage nozzle guide vane passage. The endwall region in a turbine cascade 

is subjected to high thermal loading (high fluid temperatures, high temperature gradients) owing 

to the formation of secondary flows, primarily the leading edge horseshoe vortex upstream of the 

vane leading edge and a passage vortex within the vane passage. When the flow upstream of the 
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vane leading edge endwall junction within the incoming endwall boundary layer approaches the 

vane stagnation point, it decelerates and there occurs a corresponding rise in the local static 

pressure. As the mainstream flow velocity is much higher than the velocity in the endwall boundary 

layer, there is a greater deceleration in the mainstream flow as opposed to the flow in the near-wall 

boundary layer region. This causes a larger static pressure rise in the mainstream region above the 

boundary layer as opposed to the endwall boundary layer. The resulting span-wise pressure 

gradient causes the boundary layer flow to separate from the endwall and causes a vortex roll up 

by turning the flow towards the endwall, which is known as the leading edge horseshoe vortex. 

Eckerle and Langston [2] reported that this horseshoe vortex is typically confined to a region less 

than one boundary-layer thickness from the endwall. The point at which the approaching endwall 

boundary layer flow meets the near-wall reverse flow resulting from the vortex roll up is known 

as the saddle point.   The location of the center of the horseshoe vortex and this saddle point depend 

on the diameter of the leading edge and the thickness of the oncoming endwall boundary layer( 

[3], [4]). This leading edge horseshoe vortex splits into two legs near the saddle point, i.e. the 

pressure and suction-side legs of the horseshoe vortex, that are convected downstream by the 

mainstream flow into adjacent passages of the blade cascade on either side of the vane. Each of 

these legs has a sense of rotation that is opposite to that of the other leg. The pressure side-leg 

travels across the passage along the pressure side endwall separation line to the suction side of the 

adjacent blade owing to the pitchwise pressure gradient in the blade cascade. According to 

Denton[5] who discussed loss mechanisms in turbomachines, this cross passage migration of 

boundary layer fluid to the suction side is hastened by the increased blade loading. Meanwhile, the 

suction side leg travels from the stagnation region, around the blade leading edge to the suction 

side of the blade along the suction side separation line and further downstream close to the suction 

side. Downstream of the endwall separation/liftoff lines, a new thin boundary layer develops[6]. 

Flow from this boundary layer is continuously swept towards the suction side blade surface due to 

the pitchwise pressure gradient and the secondary flow near the endwall. Hence this endwall 

continues to remain very thin overall, and relatively thicker closer to the suction side. The pressure 

side leg of the horseshoe vortex encounters the suction side leg near the blade suction surface after 

which they combine to form a counter-rotating vortex pair which grows in size as it ingests more 

endwall boundary layer fluid. This passage vortex continues to travel downstream along the edge 

of the suction side/endwall junction and lifts off the endwall surface owing to the spanwise 
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pressure gradient near the suction surface of the blade. After it passes the trailing edge of the 

cascade, the passage vortex mixes out with the mainstream flow. In actual gas turbine operating 

conditions, the vortex roll up would cause high temperature fluid above the endwall to convect 

toward the endwall thus resulting in high local convective heat transfer coefficient values. A 

number of flow models have been previously proposed to depict the complex secondary flow 

structures in the endwall boundary layer region. Langston et al [7] studied the flowfield in turbine 

cascade passage and presented a model that described the three dimensional nature of flow in the 

endwall boundary layer region including the separation of boundary layer fluid as it approached 

the airfoil leading edge and the formation of a new relatively thin endwall boundary layer beyond 

the separation line of the incoming endwall boundary layer. They reported the vortical roll-up of 

the endwall boundary layer that resulted in the formation of the leading edge horseshoe vortex and 

the consequent formation of the passage vortex from the pressure side leg of the leading edge 

horseshoe vortex. As the passage vortex is guided by the cross passage pressure gradient across 

the passage to the suction side of the adjacent vane.  The suction side-leg, with a sense of rotation 

opposite that of the passage vortex, travels downstream close to the suction surface until it meets 

the passage vortex becomes a counter rotating vortex within the larger passage vortex. The growth 

of the passage vortex as it propagated through the cascade passage was attributed to the 

entrainment of fluid from the mainstream, the newly formed thin endwall boundary layer and the 

suction side surface boundary layer. Sharma and Butler [10] provided a similar description of the 

flow structure in the endwall region, albeit with one primary difference. In their model, the suction 

side leg of the horseshoe vortex lifts off the endwall and orbits around the passage vortex instead 

of being surrounded by the passage vortex itself, as proposed by Langston et al [7]. 
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a) Three dimensional boundary layer 

separation in a turbine cascade as proposed 

by Langston[8] 

b) Schematic of endwall three dimensional 

separation lines (Sieverding [9]) based on 

work by Langston et al [7] 

 

 

c) Cascade endwall flow structure as 

explained by Sharma et al  [10] 

d) Interpretation of vortex flow pattern by 

Wang et al  [11] 

Figure 1: Endwall flow models proposed by (a) Langston (b) Sieverding (c) Sharma et al and 

(d) Wang et al   

Sieverding et al [12] a similar vortex set-up with the suction side vortex wrapping itself around 

the pressure side vortex leg during their colored smoke visualization studies in a turbine blade 

cascade. Wang et al  [11] also proposed a model similar to the  one suggested by Sharma and 

Butler [10]. In addition, they also noticed corner vortices at the leading edge, and on the pressure 

and suction sides. Lastly, they noticed another small vortex induced by the passage vortex 

originating at the merging point of the pressure and suction side-legs of the horseshoe vortex. 

Goldstein and Spores [13] proposed a model in which the suction side leg of the horseshoe vortex 

lifts off the endwall at the separation layer and continues downstream adjacent to the passage 
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vortex. Like Wang et al  [11] they too noticed the presence of the smaller corner vortices at the 

pressure and suction sides in addition to the main legs of the horseshoe vortex. Praisner et al  [14] 

conducted experimental studies in a water channel to investigate the flowfield at the leading edge 

junction of a bluff body and noticed the presence of a smaller secondary vortex upstream of the 

larger primary (horseshoe) vortex and another tertiary vortex upstream of the secondary vortex. 

The secondary vortex, while not apparent in the time-mean streamline data, was characterized by 

a region of negative vorticity between the primary and the tertiary vortices. Kang et al  [15] 

performed an experimental study to determine the effects of Reynolds number of the incoming 

flowfield on the leading edge vortex flowfield. They observed that the leading edge flow separation 

occurred further upstream for higher Reynolds numbers. They also observed that the roll up of the 

leading edge vortex was more pronounced for lower Reynolds numbers. Various control methods 

have been proposed to control secondary flow structures like the leading edge horseshoe vortex 

and the passage vortex. Some of them are a) Addition of a fence of the endwall ([16],[17],[18]) , 

b) Vortex Generators- The generation of a vortex rotating opposite to that of the passage/horseshoe 

vortex ([19], [20]) c) Contoured endwalls([21], [22]) d) Contouring of the leading edge of the 

blade that include the addition of leading edge fillets[23] and e) Endwall flow injection[24]. N. 

Sundaram et al  [25] performed measurements in the endwall region upstream of a vane leading 

edge in order to study the flowfield upstream of the leading edge in the presence of the injection 

of coolant from the endwall through a combination of a 45° interface slot and 30° trenched holes, 

17D and 4D upstream of the vane leading edge respectively. They found that the addition of a 

trench to the film cooling holes helped destroy a second vortex formed due to the coolant ejection, 

between the un-trenched holes and the vane leading edge. It was observed that the presence of the 

slot did not influence the flow approaching the vane stagnation region. In addition, they did not 

report changes to the leading edge horseshoe vortex in comparison to the baseline case without 

any coolant injection. Vortex was formed at X/C=-0.06. Levchenya et al  [26] performed a RANS-

based numerical simulation on a computational model that resembled the experimental 

configuration used by Praisner et al [14] . The computational results, which corroborated the 

findings of Praisner et al [14], showed the existence of a multiple-vortex system (i.e. the horseshoe 

vortex, the secondary vortex and the tertiary vortex in addition to the corner vortex) ahead of the 

leading edge of the bluff body. Hermanson and Thole [4] computationally studied the effect of 

inlet boundary layer thickness on leading-edge horseshoe vortex and other secondary flow 
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formation in the endwall region of a first stage stator vane. They concluded that a thicker boundary 

layer causes the leading edge horseshoe vortex to occupy a greater region of the endwall and the 

core of the horseshoe vortex is located farther away from the leading edge than a thinner boundary 

layer. Takeishi et al  [27] experimentally and numerically investigated the interaction between a 

film cooling jet injected from the endwall upstream of a symmetric airfoil on the formation of a 

leading edge horseshoe vortex. They reported that the injection of insufficient amount of coolant 

reinforced the horseshoe vortex while the injection of a sufficient amount of coolant could weaken 

the downwash responsible for the formation of the horseshoe vortex by giving counter momentum, 

thus diminishing the size of the leading edge horseshoe vortex and pushing it closer to the leading 

edge. According to Oda et al  [28] The location of the center of the horseshoe vortex is determined 

by the relative strengths of the oncoming boundary layer flow and the reverse flow caused by the 

vortex roll-up. They concluded that since sufficient injection of coolant weakens the downwash 

responsible for the horseshoe vortex, the oncoming boundary layer flow forces the center of the 

vortex closer to the blade leading edge. Thrift et al  [24] experimentally investigated the interaction 

of fluid injected through a slot located in the endwall region upstream of a vane leading edge with 

the endwall boundary layer flow. They performed experiments for a range of flow injection angles 

(300, 450, 650, and 900) and two mass flux ratios (0.5% and 1%). For the higher MFR, they reported 

the presence of a time averaged vortex for the 900 and 650 slots that was larger than the vortex 

formed in the baseline case, while no presence of the vortex structure was detected in the 450 and 

300 slot cases resulting from the stronger shear layers in the endwall region and a stronger upwash 

in the corner region. For the case with the lower MFR, a horseshoe vortex was noticed for all slot 

injection angles as the weaker injection was unable to counteract the strong turning of flow toward 

the endwall. Kost et al [29] conducted measurements of the flowfield in the near endwall region 

of a turbine cascade to study the effect of fluid injection (MFR: 1.3%) an upstream slot placed 0.2 

axial chord lengths upstream of blade leading edge and observed that the ejection through the slot 

intensified the leading edge horseshoe vortex. There have been numerous studies on the control 

strategies to limit/ suppress the leading edge horseshoe vortex and to delay the migration of the 

passage vortex across the blade cascade. Some of these are the axisymmetric and non-

axisymmetric endwall profiling/contouring, blade leading edge modifications (bulbs, fillets etc.,), 

endwall fences, vortex generators, and endwall injection. Previous flowfield studies on fluid 

injection through holes in blade cascade endwalls have generally accompanied film cooling studies 



 

7 

 

and the study of endwall fluid injection with the prime motive of controlling leading edge 

horseshoe vortices and passage vortices are few in number. The aim of the present study is to 

employ endwall fluid injection through a hole placed along a plane parallel to the incident flow 

immediately upstream of the vane leading edge in the vicinity of the saddle point and vane 

stagnation region. The effects of the of the endwall fluid injection on the flowfield at the leading 

edge and the vane passage are to be studied. 
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CHAPTER 2: COMPUTATIONAL ME THODOLOGY  

This section contains a summary of the computational domain, the grid used for computation, 

and details of the CFD solver, the turbulence model and the boundary conditions used for solving.   

2.1 Computational Domain and Grid Generation 

Figure 2 depicts the computational domain of the baseline case that was used for numerical 

simulations. The domain was intended to be representative of the vane cascade used for 

experimental heat transfer studies by Ravi et al [30], which consisted of GE E3 vanes scaled up 

four times, axial chord, pitch, span, pitch and absolute flow angle 0.1349 m, 0.1778m, 0.1524 m 

and 73.1°. The present computational domain consists of one vane with half the vane passage on 

either side of the vane. The computational domain was aligned with the vane span in the Z-

direction, the vane pitch in the Y direction and the vane axial chord in the X- direction. A symmetry 

boundary condition was used at the midspan plane to save on computation time. Translational 

periodicity was applied to the top and bottom planes of the domain in the pitchwise direction. A 

velocity inlet boundary condition was applied 0.75C upstream of the blade leading edge and a 

pressure outlet boundary condition was placed 1C downstream of the vane passage. A second 

velocity inlet boundary condition was also applied at the hole inlet in those cases with secondary 

fluid injection through a hole placed in the endwall. All the other surfaces were designated as no 

slip walls.   All the holes had a diameter of 5mm and were inclined at either 30°, 90° or 150° to 

the endwall surface in the streamwise direction. The hole openings were placed at either 1d or 2d 

away from the leading edge along a plane parallel to the incident flow. A series of hole geometries 

which combined the 30° inclination angle to the streamwise with compound angles (30°,45°, 60° 

and 90°) in the Y-Z plane were also investigated. All the hole geometries that have been 

investigated are depicted in figure 3. The different planes that were used for studying the flowfield 

at the leading edge and through the vane passage have been highlighted in Figure 8. A hybrid mesh 

comprising tetrahedrons, pyramids and prism elements created using the ANSYS meshing 

software. The computational grid used for the numerical study is presented in figure 4. The sizing 

functions in ANSYS meshing were made use of in order to refine the mesh close to the vane 

leading edge and trailing edge. The non-dimensional wall distance of y+~1 was maintained on all 

physical surfaces in accordance with the near-wall requirement of the SST k-ɤ turbulence model. 

The number of prism layers used in the endwall region was 18 layers while those used near the 

vane surface and hole wall were 18 and 19 layers respectively. The growth rate used in all three 
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regions was 1.2, thus corresponding to a first cell height of 0.0125mm near the endwall, 0.0075mm 

near the vane surface, and 0.005mm near the hole wall. 

 

 

 

 

 

 

 

 

 

 

  
 

(a) (b) (c) 

 Figure 5: (a) Schematic of vane cascade used by Ravi et al [30] (b) 2D cut-section of 

computational domain (c) 3D view of computational domain 
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Figure 6: Top and side views of hole configurations at X=2D for (a) Ŭ=90° (b)Ŭ=30° (c)Ŭ=150 
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Figure 7: Numerical grid with endwall inflation layers highlighted  

   

Figure 8: Numerical grid with vane inflation layers highlighted 
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2.2 Solver and Turbulence Model 

The Steady state Reynolds Averaged Navier Stokes (RANS) equations for the mass and 

momentum conservation of an incompressible fluid were numerically solved using the ANSYS 

Fluent 15.0 solver.  The numerical method used to solve the RANS equations in Fluent is a second 

order accurate Finite Volume discretization scheme. The SIMPLE method was used for pressure-

velocity coupling. Previous studies using RANS-based models have been shown to accurately 

predict the secondary flow structures near endwalls in turbine vane cascades. The Shear Stress 

Model (SST) is a combination of the k-ɤ and k-Ů models, with the k-ɤ model being used in the 

near wall region and the k-Ů model farther away from the wall surface. The merits the SST model 

in handling adverse pressure gradients have been previously demonstrated. Also many studies 

([26],[31],[32],[33] have shown that the SST model accurately predicts the flow field and heat 

transfer in the leading edge region, and the passage in a turbine vane cascade, which is essential 

for this study. Therefore we have used the SST k-ɤ model with automatic wall function treatment 

to model the turbulent flowfield.  

 

2.3 Grid Independence Study and Convergence Criteria 

A grid independence study was performed on the baseline case (i.e. without secondary 

injection) to establish the independence of the obtained numerical results of the mesh size used. 

The three different mesh sizes considered were 3.74 million, 6.98 million and 8.86 million. The 

parameter used to establish the grid independence was the total pressure loss coefficient, ɤ. The 

results of this study are shown in Table 1. The percentage difference in the ɋ value between the 

coarsest and the finest mesh sizes was 5.2% while the same between the finest and the next finest 

mesh was 0.9%. Thus the grid with 6.98 million mesh elements was chosen as the mesh size for 

all the computations in this study. For cases involving change of geometry such as the change in 

hole location or orientation, appropriate mesh controls were made use of to approximately keep 

the mesh size constant. The computational solution was said to have converged if the residuals for 

the continuity, momentum and turbulent transport equations reached values lower that 10-5 and if 

the residual for the energy equation reached values below 10-8 (In select cases in which the energy 

equation was solved, in order to study the heat transfer from endwall). In addition to monitoring 

the residuals, the velocity and the temperature of the mainstream flow close to the endwall (in 
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cases where the energy equation was solved) were monitored at a number of locations in order to 

ensure a steady converged solution. 

Table 1: Grid Independence Study 

Elements(millions) Total Pressure Loss 

Dynamic 

3.74 0.078930492 

6.98 0.082288401 

8.86 0.083084893 

 

 

Figure 9: Total Pressure Loss Coefficient values for different mesh sizes 

 

2.4 Boundary Conditions 

The working fluid (air) was assumed to be incompressible with constant fluid properties. The flow 

was assumed to be steady, three-dimensional and turbulent. Uniform velocity of 12.1516 m/s 

(M=0.035) was specified at the inlet. The inlet velocity was calculated based on the inlet conditions 

used by Ravi et al[30]. At the hole inlet, a velocity inlet corresponding to the appropriate mass 

flow ratio was placed. The turbulence intensity value was retained at the default value of 5% for 

both the and the length scale used was 0.1 times that of the hydraulic diameter used at the inlet 
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(4*A/P). A pressure boundary condition was specified at the outlet with the pressure equal to the 

atmospheric pressure (Gauge pressure=0). A no-slip wall condition was specified at all the 

physical surfaces in the domain. A symmetry boundary condition was specified at the vane 

midspan while a periodic boundary condition was used on the other two surfaces. In certain cases 

where the heat transfer from the endwall was studied too, the endwall and the vane surface were 

held at the constant temperature of 300K while the mainstream inlet at 12.1516 m/s was at a 

temperature of 325K. All the other aforementioned boundary conditions remained the same.   

 

 

Figure 10: Schematic of boundary conditions applied on computational domain 
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CHAPTER 3: RESULTS AND DISCUSSION 
 

 

Figure 11: Depiction of planes PP1-PP7 at different axial locations, inlet plane, and outlet plane 

 

The study was conducted in three parts in order to identify the ideal parameters at which all further 

cases were to be studied. First the flow through the baseline case with no endwall fluid injection 

was studied following which studies were conducted to identify two mass flow ratios to conduct 

further optimization studies. Following this, three different hole inclination angles with respect to 

the endwall (Ŭ) i.e. 30°, 90°, and 150° were studied in order to identify an inclination angle with 

which the aerodynamic losses would be minimized. After identifying a suitable hole inclination 

angle, the compound angle of the hole is varied to further minimize the aerodynamic losses by 

way of weakening/destroying the leading edge horseshoe vortex and delaying the  of the adjacent 

blade. Progress of the pressure side leg of the horseshoe vortex i.e. the passage vortex to the suction 

side Planes perpendicular to the inlet flow direction, named PP1-PP7 (as shown in figure 12) 

located at the leading edge of the vane cascade, 25%, 50%, 75%, 100%, 110% and 125% of the 

axial chord distance of the vane from the leading edge through the vane passage and downstream 

of the vane passage in order to track the motion of the passage vortex and measure the total and 

static pressures for calculating the total pressure loss coefficient and the kinetic energy loss 

coefficient. For all studies, the leading edge vortex structure is visualized by plotting velocity 

streamlines and velocity vectors at the leading edge plane LE, which is parallel to the inlet flow 

and is incident upon the vane at the stagnation line. Total pressure contours are plotted on the plane 

to witness the momentum of the fluid jet of the fluid being injected through the hole upstream of 

the leading edge. The total pressure loss coefficient, ɤ was calculated at the exit plane of the 
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domain by using the following formula by following the same method as that used by Blot et al 

[34] and Denton[5] by normalizing the total pressure loss with the outlet dynamic pressure.  The 

kinetic energy loss coefficient, ɖ which in essence takes into account the loss of kinetic 

energy/momentum through the vane cascade due to the mixing of the injected fluid with the 

mainstream was calculated at the exit plane of the computational domain. Contours of the total 

pressure loss coefficient were plotted at the exit plane, which is located at the outlet of the domain, 

1C downstream of the vane passage. Pitchwise averaged values of both the total pressure loss 

coefficient and the kinetic energy loss coefficient were found in order to study the span-wise 

variation of losses for the various cases studied. Mass averaged values of the same were studied in 

order to estimate the difference in losses between the baseline and the case being considered. In 

addition to the above parameters, the vane surface Mach number was plotted at the midspan region 

for each case to check how much the injected fluid alters the vane aerodynamics when compared 

to the baseline. The aim is to reduce secondary flow losses while not impacting the overall 

aerodynamics of the blade midspan too drastically.    
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3.1 Baseline Case 

3.1.1 Leading edge vortex 

Figure 9 shows the flow pattern in the near-wall region upstream of the vane leading edge. The 

region which extends upto 15% of the axial chord upstream of the leading edge and 4% of the 

blade span away from the endwall contains the leading edge vortical structures that occur due to 

the roll-up of the inlet boundary layer i.e. the primary horseshoe vortex HV with a clockwise sense 

of rotation, the smaller secondary vortex SV with an opposite sense of rotation as that of the 

primary vortex and the tertiary vortex TV with the same sense of rotation as that of the primary 

horseshoe vortex. There is also a small corner vortex at the junction region of the leading edge and 

the endwall. 

 

 

 

Figure 13: Leading edge velocity streamlines and vectors overlaid with total pressure (absolute) contours 

for the baseline case 

 

These clearly match with the flow description presented by Praisner et al [14] which has been 

shown in figure 14.  The saddle point of rotation which results from the confluence of two flows 

with opposing sense of direction, which are namely the near wall boundary layer fluid whose 

direction of flow has been reversed by the horseshoe vortex, and the mainstream flow that is 

approaching the leading edge region. 
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Figure 15: Schematic representation of the time-mean symmetry- plane streamline topology 

in a turbulent endwall flow[14] 

 

3.1.2 Passage vortex 

Figure 16 shows swirling strength plots for the baseline case with no endwall fluid injection. 

As explained by Sangston et al [35] and Chakraborty et al[36], swirling strength is a method of 

vortex identification, which quantifies the rate of rotation of local fluid elements. As opposed to 

vorticity which takes into account the rotation as well as shear of the fluid elements, this method 

doesnôt take into account regions which possess an appreciable amount of vorticity but no spiraling 

movement of the fluid flow (i.e. shear layers as opposed to vortical structures). This method has 

previously been explained in detail by Zhou et al [37]. 

 

   

(a) PP1 (c) PP5 

SS PS 

 



 

19 

 

  

(b) PP2 (f) PP6 

  

(c) PP3 (g) PP7 

 

 

(d) PP4  

Figure 17: Swirling strength (s-1) contours located at planes PP1-PP7 in the vane passage 

 

The leading edge vortex as shown in Figure 18 is drawn by the stream-wise gradient into the 

vane passage. The leading edge vortex structure splits into the suction side vortex and the pressure 

side vortex   One can clearly notice the movement of the pressure side section of the leading edge 

vortex from the pressure side of one blade bounding the vane passage to the suction side (these 

have been denoted by the acronyms PS and SS in the contour plot at the location PP1) of the 

adjacent blade bounding the vane passage. The vortex appears to be restricted to 5% of the total 

vane span. Meanwhile the suction side vortex, initially about 10% of the cascade pitch away from 

the suction side is convected much close to the suction side surface. Through the passage, as it 

ingests low energy fluid from the boundary layer region, it seems to grow in size (as can be seen 

from the plane PP4) and appears to rise from the endwall surface owing to the upwash close to the 
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suction side surface.  The passage vortex can be seen to have completed the cross-over to the 

suction side vane at the exit of the vane cascade, as can be seen in the trailing edge plane PP5, 

wherein it encounters the suction side vortex that has begun to rise up from the endwall close to 

the suction side and appears to combine with it to form one region of swirling flow.  This region 

of spiraling fluid appears to slightly mix out with the mainstream flow at 25% of the axial chord 

distance downstream of the vane cascade. This can be conjectured from the fact that the region of 

vortical movement of fluid appears to lack a defined boundary the further it moves beyond the exit 

plane of the vane cascade, as can be seen in planes PP6 and PP7 which are at located at 10% and 

25% of the vane axial chord distance downstream of the vane cascade. 

3.1.3 Exit plane loss coefficients 

The exit plane EP coincides with the outlet of the computational domain, which is situated at 

1C downstream of the vane cascade. This plane is used to visualize the total pressure loss 

coefficient contours and the kinetic energy loss coefficient contours. These are useful in 

identifying regions of high loss at the cascade exit. The total pressure loss coefficient values do 

not take into account the energy difference between the injected secondary flow and the 

mainstream flow. This difference becomes more prominent as the mass flow ratio between the 

 
 

  

(a) Total pressure loss coefficient (b) Kinetic energy loss coefficient 

Figure 19: Exit Plane Loss Contours for total pressure loss coefficient and kinetic energy 

loss coefficient 
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injected flow and the mainstream flow increases (especially at blowing ratios greater than 1). The 

kinetic energy loss coefficient is an extension of the total pressure loss coefficient, but accounts 

for the energy of the coolant flow. This coefficient has been used by Raffel et al [38] in 

investigating the aerodynamic losses due to coolant ejection. 

Figure 20 provides a graphic description of the total pressure loss coefficient and the kinetic 

energy loss coefficient plots for the baseline case. As can be seen from the plots in figure 21 and 

the pitch-wise averaged plots in figure 22, the losses reach a maximum value around 20% of the 

vane span in the mainstream region above the boundary layer region. In the near-endwall boundary 

layer region, the losses increase rapidly to reach a maximum value at the endwall. This is due to 

the velocity profile in the boundary layer region which leads to a corresponding total pressure 

profile, which reaches a minimum value in the total pressure at the endwall. This in turn causes 

the total pressure difference between the mass averaged total pressure at the outlet and the local 

total pressure to reach a maximum value at the endwall.  

 

 

     Figure 23: Pitchwise averaged total pressure loss coefficient for the baseline case 
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Figure 24: Pitchwise averaged kinetic energy loss coefficient for the baseline case 

 

Table 2: Mass averaged value of total pressure loss coefficient and kinetic energy loss 

coefficient values 

ɤ ɖ 

0.0823 0.0760 

 

Table 3 provides the mass averaged values of the total pressure and the kinetic energy loss 

coefficients. This provides us with a numerical value of the loss coefficients which we can use to 

compare cases against the baseline case, to look at enhancement or worsening of the secondary 

flow characteristics. 
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3.1.4 Vane surface Mach number profile  

 

 

Figure 25: Midspan vane surface Mach number profile for the baseline case 

 

Figure 26 shows the streamwise variation of the vane surface Mach number. The vane surface 

Mach number is essentially a plot of the ideal surface Mach number one would have without any 

losses resulting from wall friction and no-slip conditions. The quantity is calculated using 

isentropic flow relations. This plot has been used to determine by how much the vane surface Mach 

number profile has been altered by the addition of the fluid injected through the endwall. Thus by 

describing the vane surface Mach number profile and the loss coefficient plots, we have 

successfully established a baseline to compare which establish a baseline to compare all further 

cases against, in order to look at improvements/ diminishments. 
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3.2 MFR Study 

In order to identify suitable mass flow ratios for further studies involving endwall injection, 

the cases described in the test matrices in tables 4 and 5 were considered. These two angles were 

mainly chosen in accordance with the ultimate aim of optimizing the hole-inclination angle. The 

hole exit and inlet are along a plane parallel to the endwall and the exit areas along the plane are 

the same for the 30° and the 150° hole inclination angles, while it is different for the 90° case. This 

area is of importance as the difference causes the hole inlet velocity to be different for the 90° case 

as opposed to the 30° and 150° cases. Thus for the same MFR values we get different blowing 

ratios for different hole inclination angles. Thus it was decided to perform an MFR study for both 

the 30° as well as the 90° case to find common ground in selecting MFR values to use for 

subsequent tests(i.e. that of optimizing hole inclination and hole compound angles).  

Table 6: Test Matrix for MFR study of 30 degree hole 

x/d Ŭ ɓ MFR  

2 30 0 0.1 

2 30 0 0.25 

2 30 0 0.5 

2 30 0 0.75 

2 30 0 1 

 

Table 7: Test Matrix for MFR study of 90 degree hole 

x/d Ŭ (deg) ɓ (deg) MFR (%)  

2 90 N/A 0.1 

2 90 N/A 0.25 

2 90 N/A 0.5 

2 90 N/A 0.75 

2 90 N/A 1 
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3.2.1 Leading Edge Vortex 

The leading edge vortex was visualized by using velocity streamlines overlaid with total 

pressure contour plots in order to study the interaction of the leading edge vortex system with the 

injected fluid. Figure 27 shows the comparison of a number of cases with different MFRs for the 

30° hole located at a distance of 2D from the leading edge along a plane parallel to the inlet flow 

direction. 

 

 

 

 

 

 

  

a) MFR: 0.1% d) MFR: 0.75% 

  

b) MFR: 0.25% e) MFR: 1% 

 

 

c) MFR: 0.5%  

Figure 27: Leading edge velocity streamlines and vectors overlaid with total pressure 

contours at different MFRs Ŭ=30°, X=2D 
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From the figure it can be seen that for the case with MFR=0.1%, there is not much of an effect on 

the leading edge vortex structure except for the fact that the weaker secondary vortex has been 

dissipated while fragments of the tertiary vortex remain. For the cases with MFR=0.25%-1%, the 

leading edge horseshoe vortex system has been dissipated by the injection of the secondary jet; 

however, a second vortex has been created in the region downstream of the hole because the high 

momentum jet blocks the mainstream flow and causes a low pressure region closer to the endwall 

junction thus creating a total pressure difference which drives the injected fluid back down to the 

surface thus causing a second vortex downstream of the film cooled hole. This effect has been 

observed by Sundaram et al [25] in studying the effect of trenched holes on film cooling flowfields. 

A similar effect was also observed in cases with 90° (Figure 28). As the MFR is increased from 

 

  

a) Baseline d) MFR: 0.5% 

  

b) MFR: 0.1% e) MFR: 0.75% 

  

c) MFR: 0.25% f) MFR: 1% 

Figure 28: Leading edge velocity streamlines and vectors overlaid with total pressure 

contours at different MFRs Ŭ=90°, X=2D 
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0.25 to 1%, this effect is even more pronounced and the greater pressure differential between the 

stagnation region at the location of impingement of the jet, thus causing more injected fluid roll 

down to the surface thus causing greater velocity of the induced vortex. This can be seen   

Thus from the leading edge flowfield study, it was possible to eliminate the 0.1% MFR case 

from further studies based on the fact that it did not aid the cause of eliminating the leading edge 

vortex structure. However, further investigation was required to draw conclusions regarding the 

selection of suitable MFRs.  

3.2.2 Passage Vortex 

 

Baseline Xh=2D, Ŭ=30Á, ɓ=0°, MFR=1% 

   

(a) PP1 

  

(b) PP2 

SS PS 
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(c) PP3 

  

(d) PP4 

  

(c) PP5 

  

(f) PP6 

  

(g) PP7 
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Figure 29: Swirling strength contours located at planes PP1-PP7 in the vane passage 

 

For the 30 degree hole inclination, the swirling strength contours plotted on planes PP1-PP7 for 

the cases MFR=0.1%-1% were compared against one another and against the baseline case. It was 

observed that in the cases MFR=0.1% and 0.25%, there was no change with respect to the 

secondary flow structure close to the endwall which reflected the ineffectiveness of the injected 

fluid. For the cases 0.5%-1%, the injected coolant appeared to have fragmented the pressure side 

leg of the horseshoe vortex into vortex filaments with the effect being more pronounced with the 

increase in mass flow ratio. In the cases with MFR=0.5% and 0.75%, one fragment of the vortex 

traversed the passage in the pitch-wise direction quicker than the other. Still, there was no large 

scale difference in the location (axial length) traversed by the entire passage vortex while being 

convected across the passage as compared to the baseline case (i.e. The passage vortex was 

completely convected across the passage at 100% of the vane axial chord distance downstream of 

the passage inlet) .  In the case with 1% MFR, the effect was much more pronounced with the 

passage vortex being disintegrated into clear fragments with one fragment continuing close to the 

pressure side vane while the other fragment was swept by the cross passage gradient onto the 

suction side. Thus in the cases of MFR=0.5%-1%, there appeared to be a scope for further 

exploration in diminishing the passage vortex while no major difference was observed in the 

swirling strength/trajectory of the passage vortex in the entire range of the mass flow ratios tested. 

3.2.3 Exit Plane Loss Coefficients 
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(a)  (d) 

  

(b)  (e) 

 

 

(c)   

Figure 30: Total pressure loss coefficient contours for (a) Baseline case (b) Ŭ=30°, 

MFR=0.5% (c) Ŭ=30°, MFR=1% (d)  Ŭ=90°, MFR=0.5% (e) Ŭ=90°, MFR=1%  

 

Figure 31: Pitch-wise averaged total pressure loss coefficient for different MFRs for Ŭ=30Á 
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Figure 32: Pitch-wise averaged kinetic energy loss coefficient for different MFRs for Ŭ=30Á 

 

Table 8: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for cases with Ŭ=30Á and X/D=2 for different values of MFR 

X/D Ŭ (deg) ɓ (deg) MFR ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 30 0 0.1 0.0821 -0.2774 0.0757 -0.4217 

2 30 0 0.25 0.0835 1.4163 0.0877 15.3842 

2 30 0 0.5 0.0856 4.0534 0.1562 105.3762 

2 30 0 0.75 0.0898 9.1712 0.2832 272.3802 

2 30 0 1 0.0984 19.5750 0.4297 464.9989 
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Table 9: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for for cases with Ŭ=90Á and X/D=2 for different values of MFR 

X/D Ŭ (deg) ɓ (deg) MFR ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 90 0 0.1 0.0818 -0.6463 0.0753 -0.9761 

2 90 0 0.25 0.0814 -1.0210 0.0795 4.5385 

2 90 0 0.5 0.0875 6.3487 0.1157 52.1255 

2 90 0 0.75 0.1226 48.9823 0.2102 176.3837 

2 90 0 1 0.1456 76.9377 0.3202 320.9826 

 

 

The total pressure loss coefficient contours and the kinetic energy loss coefficient loss contours 

were compared against the baseline case. From the loss contours and the pitch averaged and mass 

averaged values, a suitable conclusion could not be drawn primarily due to the fact that as the mass 

flow rate increased, the losses increased and at no particular mass flow ratio was there an 

appreciable change in the loss values due to a change in the flow structure. These trends were 

echoed in the hole with 90° inclination (See Appendix). 

 

Using the patterns observed in the path of the passage vortex using the swirling strength plots, the 

range of mass flow ratios to be further studied was decided as MFR=0.5% to 1%. In order to save 

on computational time and because of the lack of much distinction between the results of the 

MFR=0.75% case from other two MFR values, two mass flow ratios chosen were 0.5% and 1%.  
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3.2.4 Vane surface Mach number plots 

 

Figure 33: Midspan vane surface Mach number distribution for 30° hole 
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Figure 34: Midspan vane surface Mach number distribution for 90° hole 

From the above vane surface Mach number in figures 35 and 36 at the vane midspan, it can be 

noticed that for the 30° streamwise inclination angle, for all of the mass flow ratios, there is no 

shift from the surface Mach number profiles on the suction side until an axial chord location of 

0.25 C downstream of the leading edge of the vane. Downstream of this point, the vane surface 

Mach number profiles are similar to the baseline case for low mass flow ratios (0.1%, 0.25% and 

0.5%) while for the higher mass flow ratios (0.75% and 1%) the suction side surface Mach numbers 

tend to be higher. On the pressure side too, a similar trend of the surface Mach number variation 

was noticed. For the 90° case, it could be noticed from figure 25 that there are major aerodynamic 

shifts for the blade with respect to the vane surface Mach number profiles in that both the pressure 

side as well as suction side Mach number profiles are higher that the baseline case for the higher 

mass flow ratio cases as opposed to the lower mass flow ratio cases (0.1%, 0.25%, and 0.5%) 

which almost completely trace the Mach number profile of the baseline case of 0% MFR. 
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3.3 Alpha Study 

Table 10: Test matrix for  Alpha study 

x/d Ŭ (deg) ɓ (deg) MFR (%)  

1 30 0 0.5 

1 90 0 0.5 

1 150 0 0.5 

1 30 0 1 

1 90 0 1 

1 150 0 1 

2 30 0 0.5 

2 90 0 0.5 

2 150 0 0.5 

2 30 0 1 

2 90 0 1 

2 150 0 1 

In order to identify the ideal inclination of hole angle, studies were conducted to compare the 

effect of changing the angle of inclination at 3 different hole inclination angles(30°,90°, and 150°) 

at 2 different hole locations(X=D and 2D) at 2 different mass flow ratios(MFR=0.5% and 1%). In 

order to make comparisons simpler, the list of test cases was classified into low MFR cases and 

high MFR cases, and each of these was classified based on distance of the hole from the leading 

edge (X=D and X=2D). This resulted in four subsets of test cases. 

3.1.1 Leading edge Vortex 

In order to study the aerodynamic performance of the different streamwise inclination angles 

to be tested based on the selection of MFRs in the previous study the leading edge flowfield was 
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simulated and the velocity streamlines and vectors were visualized. These were overlaid with total 

pressure contours in order to clearly see the fluid jet injected through hole in the endwall. From 

the velocity vectors and streamlines, one could notice the fact that the horseshoe vortex. For the 

case with Ŭ=30Á, the flowfields were similar to those observed in the MFR study for the same 

mainstream inclination angle. One commonality with respect to all the cases tested in the alpha 

study for alpha=30 degrees was that the leading edge horseshoe vortex was uniformly absent in all 

of them. Also evident in all the cases was the presence of a secondary vortex induced due to a low 

pressure region induced underneath the jet mainstream near the endwall. This vortex occupied a 

greater region in case of the X/D=2 case as opposed to the X/D=1 case, regardless of the MFR, 

thus showing that the larger the low pressure region, greater the size of the vortex (though not 

necessarily the speed of rotation of the vortex).   

  

  

  

(a) (c) 

  

  

(b) (d) 

Figure 37: Leading edge vortex streamlines and velocity vectors overlaid with total pressure 

contours for a)X=D,0.5%MFR b)X=D,1%MFR c)X=2D, 0.5% MFR d) X=2D, 1% MFR 
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For the case with the 90 degree streamwise inclination angle, the leading edge vortex was 

visibly absent in all of the tested cases barring the high momentum injection (MFR=1%) at the 

hole position X/D=1. This was because the high velocity fluid acted as a physical barrier and the 

flow mechanics causing the leading edge horseshoe vortex caused the vortex to form just as in the 

case with no injection. The position of core of the vortex was the same position as before, i.e. 0.05 

C upstream of the vane leading edge. Also noticeably, the size of the induced vortex in (a), (c), 

and (d) in Figure 30 was greater with greater distance from the endwall of the jet injected. 

  

  

(a) (c) 

  

  

 

(b) (d) 

Figure 38: Leading edge vortex streamlines and velocity vectors overlaid with total 

pressure contours for Ŭ=90° a)X=D,0.5%MFR b)X=D,1%MFR c)X=2D, 0.5% MFR d) 

X=2D, 1% MFR 

 For the case with 150°streamwise inclination with the jet appearing to pointing in the opposite 

direction as the mainstream flow, there appears to be no leading edge vortex for the low momentum 

cases in either hole location, due to the fact that there is no drastic pressure change near the leading 

edge unlike in previous cases where a spanwise pressure gradient was caused at the leading edge 

due to the flow from the jet having a high dynamic component which was converted to a static 

component upon impingement and the relatively lower pressure closer to the endwall/leading edge 
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junction drawing portions of the fluid down to the into a spiraling motion. However, for a high 

momentum case, as can be seen in Figure 39 (b) and (d), the high flow velocity tends to entrain 

flow from above the jet down to the endwall due to the high velocity. This tends to cause another 

induced vortex albeit in the direction opposite that of the induced vortex caused in the 30 degree 

streamwise inclination angle which implies that the vortex was created by a spanwise component 

of velocity rather that a streamwise component, which further affirms the proposition that the fluid 

entrained by the jet induced the corner vortex.   

  

  

(a) (c) 

  

  

(b) (d) 

Figure 39: Leading edge vortex streamlines and velocity vectors overlaid with total pressure 

contours for Ŭ=150° a)X=D,0.5%MFR b)X=D,1%MFR c)X=2D, 0.5% MFR d) X=2D, 1% 

MFR 
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3.1.2 Passage vortex 

 

   

(a) PP1 

  

(b) PP2 

   

(c) PP3 

  

(d) PP4 

SS PS 

 



 

40 

 

  

(c) PP5 

  

(f) PP6 

  

(g) PP7 

Figure 40: Swirling strength contours located at planes PP1-PP7 in the vane passage 

 

As before, the passage vortex was monitored through planes placed perpendicular to the inlet 

mainstream flow direction in different axial locations (PP1-PP7) and the swirling strength contours 

in each of these planes was plotted in order to track the movement of the passage vortex. The 

passage vortex shows up as a small region of swirling motion typically within 5% of the total span 

of the blade. The aim of the present study is to identify those alpha angles of the coolant which 

result in a fragmentation, weakening of the spiraling movement or delay of the passage of the 

vortex due to the cross passage gradient. This would be a direct result of the coolant interacting 

with the passage vortex in the leading edge region and altering its passage downstream in the 

pitchwise direction. In case of the 30° alpha angle at X/D=1 and 0.5% MFR, it was observed that 

there was some interaction of the vortex with the injected jet, due to the fact that there was a slight 
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shedding of smaller vortex filaments from the relatively larger vortex at 50% of the vane axial 

chord and 75% of the vane axial chord. Also visible was the slight enlargement (1-2%) of the 

diameter of the swirling motion and a small intensification of the rotational motion at the core of 

the vortex. Still, the overall path of the vortex remained mostly unaltered and the vortex, which 

began its pitchwise movement at the leading edge, reached the adjacent vaneôs suction side flow 

near the trailing edge of the vane cascade. One drawback noted was the creation of a large cloud 

of swirling fluid close to the mainstream which was caused due to the lifting of the injected fluid 

off the endwall surface and folding against the blade surface post impingement and a similar jet 

injected from the opposite endwall. This was a common drawback noted across different hole 

inclination angles, mass flow ratios and hole positions. For the same streamwise inclination angle 

(30°) and hole location, there was a more delayed traversal of the passage vortex from the pressure 

to the suction side which was evident by the fact that the vortex reached the suction side beyond 

the end of the vane cascade, at PP6 located 10% downstream of the trailing edge of the vane 

passage. The strength of the swirling motion was also strengthened, albeit by a greater factor than 

in the X/D=1, 0.5% MFR case. For the X/D=2 hole location, similar results were noted with respect 

to the fact that there was no appreciable change in the passage vortexôs path through the cascade 

for the 0.5% MFR case but a delayed migration coupled with fragmentation for the 1% MFR case. 

For the 90° hole inclination angle, no interaction whatsoever with the passage vortex, except in 

the leading edge region could be deduced owing to the fact that the size and the path followed by 

the passage vortex remained virtually undisturbed by changing the hole location and the flow rate 

through the hole. For the 150° inclination angle of the hole, in all four instances of its usage (two 

hole locations for two mass flow ratios), the passage vortex seemed much more intense and larger 

in diameter as compared to the baseline case. Thus based on the monitoring of the passage vortex, 

it was concluded that aiming the injected flow in the direction of the flow as opposed to against 

the mainstream would be suitable if the disruption or delay in formation/migration of the passage 

vortex was sought. Injecting the flow perpendicular to the endwall would simply result in a 

localized weakening of the vortex close to the vane stagnation point, but no large-scale change in 

the behavior of the vortex. Thus the 30° angle seemed most promising among the angles chosen 

for this study in positively changing the path of the passage vortex by disrupting the flow near the 

region of formation of the passage vortex and delaying the cross-passage migration of the passage 

vortex.  
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3.1.3 Exit Plane Loss Coefficients 

 

  

(a) (d)  

  

(b)  (e)  

 

 

(c)   

 

Figure 41: Total Pressure Loss coefficient contours for Ŭ=30°, ɓ=0Á for (a) Baseline (b) 

MFR=0.5%, X=D (c) MFR=1% , X=D (d) MFR=0.5%, X=2D (e) MFR=0.5%, X=2D 



 

43 

 

 

Figure 42: Pitch-wise averaged kinetic energy loss coefficient for different Ŭ angles at X/D=1 

 

Figure 43: Pitch-wise averaged total pressure loss coefficient for different Ŭ angles at X/D=1 
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Figure 44: Pitch-wise averaged kinetic energy loss coefficient for different Ŭ angles at X/D=2 

 

Figure 45: Pitch-wise averaged total pressure loss coefficient for different Ŭ angles at X/D=2 
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Table 12: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient values for 

cases with X/D=1, MFR=1% for different values of Ŭ 

X/D Ŭ (deg) ɓ (deg) MFR ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

1 30 0 1 0.1064 29.2770 0.4418 480.9924 

1 90 0 1 0.1361 65.3417 
0.3153 

314.6407 

1 150 0 1 0.1601 94.5604 0.4462 486.6913 

 

Table 13: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient values for 

cases with X/D=2, MFR=0.5% for different values of Ŭ 

X/D Ŭ (deg) ɓ (deg) MFR ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 30 0 0.5 0.0856 4.0534 0.1562 105.3762 

2 90 0 0.5 0.0875 6.3487 
0.1157 52.1255 

2 150 0 0.5 0.1209 46.9709 0.1786 134.8727 

 

Table 11: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient values for 

cases with X/D=1, MFR=0.5% for different values of Ŭ 

X/D Ŭ (deg) ɓ (deg) MFR (%) ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

1 30 0 0.5 0.0877 6.5906 0.1604 110.9568 

1 90 0 0.5 0.0886 7.6685 
0.1161 

52.6199 

1 150 0 0.5 0.1150 39.7001 0.1748 129.8050 



 

46 

 

 

Table 14: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient values for 

cases with X/D=2, MFR=1% for different values of Ŭ 

X/D Ŭ (deg) ɓ (deg) MFR ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 30 0 1 0.0984 19.5750 0.4297 464.9989 

2 90 0 1 0.1456 76.9377 
0.3202 320.9826 

2 150 0 1  0.1710 107.8317 0.4478 488.7794 

 

 

The pitch averaged values of the total pressure loss coefficients and kinetic energy loss coefficients 

were studied to quantify the losses caused by the secondary flow and the endwall fluid injection. 

In this study, the entire test matrix of 12 cases was segregated into four sets of cases (based on 

hole location and for each hole location, two sets of mass flow ratios) with three streamwise 

inclination angles for each set of cases. Based on the pitchwise averaged distributions of the kinetic 

energy loss coefficient and the pitchwise averaged total pressure loss coefficient profiles, it was 

observed that for each hole location and each hole inclination angle, though the total pressure loss 

coefficient was measured to be the least for the 30° inclination angle as opposed to the 90° and 

150° angles, the kinetic energy loss coefficient was the least for the 90° hole in each case. This 

was mainly because of the large difference in kinetic energies possessed by the jets ejected from 

the 30° and the 150° holes as opposed to the 90° hole. Since the exit area of the 30° and the 150° 

holes was nearly twice that the 90°hole, the velocity of the flow coming out of them was double 

the velocity of the fluid being ejected by the 30°hole which led to the kinetic energy energy loss 

coefficient being lower than the other two angles. Thus there was an ambiguity in the selection of 

the streamwise inclination angle since for the same mass flow rate, there were two different 

blowing ratios and two trends based on the two different loss coefficients measured. 
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3.1.4 Vane surface Mach number  

 

Figure 46: Midspan vane surface Mach number for cases with hole location at X/D=1 

 

Based on the observations of the vane surface Mach number profiles at the two hole locations, 

it can be seen that apart from two cases (Ŭ=90° 1% MFR, Ŭ=30° 1% MFR case), most other hole 

geometries do not cause a major shift in the surface velocities at the vane midspan. For the Ŭ=30° 

1% MFR case on the pressure side, a marked change in the vane surface Mach number can be 

noticed which is characterized by an increase in the pressure side vane surface Mach number from 

0.2 C downstream of the vane onwards while for the suction side the change in the Mach number 

is prominent from 0.4 C downwards. For the 90° case there is a complete shift of the entire profile 

by over 100%, thus making it unfeasible for using this configuration for further use. Thus looking 

at the passage vortex patterns and the vane surface Mach number profiles, in combination with 

total pressure loss coefficient values and the overarching aim of studying the interaction between 

the passage vortex and the injected fluid, the 30° streamwise inclination angle was chosen.   
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Figure 47: Midspan vane surface Mach number for cases with hole location at X/D=2 
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3.4 Beta Study 

In combination with the optimized streamwise inclination angle (30°) identified in the previous 

study, five different compound angles were used to test the performance of the endwall injection 

on the leading edge vortex structure and the passage vortex. Two different hole positions (X/D=1, 

2) and two different MFRs (0.5%, 1%) were chosen for this study.  Table 15 shows the list of cases 

tested in the ɓ study. 

Table 15: Test Matri x for ɓ-study 

X/D Ŭ (deg) ɓ (deg) MFR  

1 30 0 0.5 

1 30 30 0.5 

1 30 45 0.5 

1 30 60 0.5 

1 30 90 0.5 

1 30 0 1 

1 30 30 1 

1 30 45 1 

1 30 60 1 

1 30 90 1 

2 30 0 0.5 

2 30 30 0.5 

2 30 45 0.5 

2 30 60 0.5 

2 30 90 0.5 

2 30 0 1 

2 30 30 1 

2 30 45 1 

2 30 60 1 

2 30 90 1 
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a) ɓ=0° b) ɓ=30° c) ɓ=45° 

  

 

d) ɓ=60° e) ɓ=90°  

Figure 48: Graphical depiction of hole compound angles tested in the ɓ-study 
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3.4.1 Leading Edge Vortex 

MFR=0.5% MFR=1% 

  

  

b) ɓ=0° b) ɓ=0° 

  

c) ɓ=30° c) ɓ=30° 

  

d) ɓ=45° d) ɓ=45° 

              

d) ɓ=60° d) ɓ=60° 

  

e) ɓ=90° e) ɓ=90° 

Figure 49: Leading edge velocity streamlines and vectors overlaid with total pressure 

(absolute) contours at different ɓ values at Ŭ=30°, and X=D 
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MFR=0.5% MFR=1% 

  

  

b) ɓ=0° 

  

c) ɓ=30° 

  

d) ɓ=45° 

              

d) ɓ=60° 

  

e) ɓ=90° 

Figure 50: Leading edge velocity streamlines and vectors overlaid with total pressure 

(absolute) contours at different ɓ values at Ŭ=30°, and X=2D 
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The leading edge flowfield was studied by plotting velocity streamlines overlaid with velocity 

vectors and velocity streamlines were plotted with velocity vectors and total pressure contours in 

order to trace the flow patterns and the trajectory of the injected jet in the leading edge plane in 

the stagnation region. One common feature noticed in all the different compound angles, mass 

flow ratios and hole positions studied was the absence of a leading edge horseshoe vortex. This is 

due to the counter momentum provided opposite to the direction of the pressure gradient caused 

due to the stagnation of the oncoming boundary layer flow which results in the spiraling of the 

flow. Also noticeable was the diminishing of the induced corner vortex with the increase in the 

compound angle. One can clearly notice the presence of induced vortex in the case of the 

0°compound angle and to a reduced extent in the instance with the 30° compound angle. This is 

due to the absence of a well-defined low pressure region in the stagnation plane of the vane. Thus 

there is no driving force to draw the fluid from the injected jet down to the endwall to form another 

induced vortex. As the compound angle increases beyond 30°, there is no evidence of a leading 

edge vortex in the 45° and 60° compound angle instances. However for the 90° instance, the 

leading edge vortex is not completely eliminated but some elements of the vortex remain as can 

be seen from figure. This is because the injected jet is completely aligned in the pitchwise direction 

and the spanwise component of the velocity, which would provide the momentum to break the 

vortex is quite low. Thus remnants of the vortical motion can still be seen in the 90° compound 

angle flowfield results for all X/D locations of the hole and MFR values. 
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3.4.2 Passage Vortex 

 

Baseline Xh=2D, Ŭ=30Á, ɓ=60Á, MFR=0.5% 

   

(a) PP1 

   

(b) PP2 

   

(c) PP3 

  

(d) PP4 

SS PS 
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(e) PP5 

  

(f) PP6 

  

(g) PP7 

Figure 51: Swirling strength contours located at planes PP1-PP7 in the vane passage 

As the swirling strength contours were plotted and the trajectory of the passage vortex 

monitored it was seen that for each set of mass flow rates and each set of hole locations, the 60° 

compound angle provided the best delaying effect of the pitchwise motion of the horseshoe vortex 

near the endwall. In Figure 51, both the delaying effect as well as the weakening of the passage 

vortex can be seen at 0.1 C downstream of the trailing edge of the vane cascade, with the bulk of 

the swirling motion at 60% of the passage in the cross passage direction for the X/D=2, ɓ=60Á case 

while the passage vortex in the baseline case has begun the process of merging with the suction 

side secondary flow. This is assumed to be due to the fact that it matches up best with the 

compound angle of the passage vortex itself (as can be seen in Figure 65) and thus enables the 
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disruption of the passage vortex, forcing it to develop at a later point as opposed to the leading 

edge in the baseline case.  

3.4.3 Exit plane loss coefficients 

 

MFR=0.5% and X=D MFR=1%  and X=D 

  

0.5% and X=2D MFR=1%  and X=2D 

  

Figure 52: Total Pressure Loss coefficient contours for ɓ=60° 
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Figure 53: Pitch-wise averaged kinetic energy loss coefficient for X/D=1, 0.5 MFR 

 

Figure 54: Pitch-wise averaged total pressure loss coefficient for X/D=1, 0.5 MFR 
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Figure 55: Pitch-wise averaged total pressure loss coefficient for X/D=1, MFR=1% 
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Figure 56: Pitch-wise averaged kinetic energy loss coefficient for X/D=1, MFR=1% 

 

   

Figure 57: Pitch-wise averaged kinetic energy loss coefficient for X/D=2, MFR=1% 
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Figure 58: Pitch-wise averaged total pressure loss coefficient for X/D=2, MFR=1% 

     

Figure 59: Pitch-wise averaged kinetic energy loss coefficient for X/D=2, MFR=0.5% 
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Figure 60: Pitch-wise averaged total pressure loss coefficient for X/D=2, MFR=0.5% 

 

Table 16: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for cases with X/D=1, Ŭ=30Á, MFR=0.5% for different values of ɓ 

X/D Ŭ (deg) ɓ (deg) MFR (%) ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

1 30 0 0.5 0.0877 6.5906 0.1604 110.9568 

1 30 30 0.5 0.0848 3.0270 
0.1534 

101.7220 

1 30 45 0.5 0.0758 -7.8782 0.1450 90.6924 

1 30 60 0.5 0.0681 -17.2927 0.1394 83.2394 

1 30 90 0.5 0.0786 -4.4404 
0.1478 

94.3847 

Table 17: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for cases with X/D=1, Ŭ=30Á, MFR=1%  for different values of ɓ 

X/D Ŭ (deg) ɓ (deg) MFR (%) ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 
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1 30 0 1 0.1064 29.2770 0.4418 480.9924 

1 30 30 1 0.0703 -14.5162 0.4132 443.3328 

1 30 45 1 0.0440 -46.5709 
0.3994 425.2302 

1 30 60 1 0.0104 -87.4067 0.3889 411.4169 

1 30 90 1 0.0589 -28.4580 0.4052 432.7963 

Table 18: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for cases with X/D=2, Ŭ=30Á, MFR=0.5% for different values of ɓ 

X/D Ŭ (deg) ɓ (deg) MFR (%) ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 30 0 0.5 0.0856 4.0534 
0.1562 105.3762 

2 30 30 0.5 0.0851 3.3675 0.1529 101.1145 

2 30 45 0.5 0.0737 -10.3944 0.1441 89.4564 

2 30 60 0.5 0.0690 -16.1841 0.1408 85.0961 

2 30 90 0.5 0.0805 -2.1435 0.1488 95.7220 

 

Table 19: Mass averaged total pressure loss coefficient and kinetic energy loss coefficient 

values for cases with X/D=2, Ŭ=30Á, MFR=1%  for different values of ɓ 

X/D Ŭ (deg) ɓ (deg) MFR (%) ɤ % change 

w.r.t baseline 

ɖ % change 

w.r.t baseline 

N/A N/A N/A N/A 0.0823 -baseline- 0.0760 -baseline- 

2 30 0 1 0.0984 19.5750 0.4297 464.9989 

2 30 30 1 0.0499 -39.3714 0.4033 430.3663 

2 30 45 1 0.0102 -87.5937 0.3855 406.9277 

2 30 60 1 0.0094 -88.6230 0.3884 410.7502 

2 30 90 1 0.0600 -27.1023 0.4066 434.6030 

 

From the exit plane loss contour plots and pitchwise averaged loss plots, we can see that the 

60° compound angle presents the best case for endwall injection with respect to the fact that for 

each mass flow ratio, for the 30° streamwise inclination angle the 60° compound angle provides 
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the lowest pitchwise averaged loss profile as well as the mass averaged loss value. Tables 16-19 

quantify the losses caused by the endwall injection. The increase in the losses with respect to the 

baseline case have been shown to be minimized while the effect on the pressure side leg of the 

horseshoe vortex is maximized for the 60° compound angle injection.  This was true for both hole 

locations, since no clear pattern could be established, since for the X/D=2 location, there was a 1% 

drop in the kinetic energy loss coefficient for the 1% MFR case as compared to the X/D=1 hole 

location. As opposed to this there was a 2% increase in kinetic energy losses for the 0.5% MFR 

case for the X/D=2 hole location as opposed to the X/D=1 hole location.  There, however, is a 

clear trend of increasing losses with increasing MFR, as there tends to be a higher kinetic energy 

loss resulting in a higher kinetic energy loss coefficient. 

3.4.4 Vane Surface Mach number Plots 

 

Figure 61: Midspan vane surface Mach number at X/D=1, Ŭ=30° and MFR=0.5% 
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Figure 62: Midspan vane surface Mach number at X/D=1, Ŭ=30° and MFR=1% 
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Figure 63: Midspan vane surface Mach number at X/D=2, Ŭ=30° and MFR=0.5% 
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Figure 64: Midspan vane surface Mach number at X/D=2, Ŭ=30° and MFR=1% 

When the vane surface Mach number profiles were compared with the baseline case, it was 

observed that the 60° compound angle presented the best case from the aerodynamic perspective, 

since it minimized the variation of the surface Mach number profile from the baseline case as 

opposed to the other compound angles. 
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3.5 Heat Transfer Study 

To further confirm that the 60° compound angle combined with the 30° streamwise inclination 

angle is beneficial towards weakening the leading edge horseshoe vortex and delaying the 

pitchwise movement of the passage vortex towards the suction side of the vane passage, heat 

transfer studies were conducted by heating the mainstream air inlet combined with an endwall held 

at constant temperature. The leading edge vortex tends to cause intense mixing of flow at the 

leading edge and as the pressure side leg of the passage vortex is convected downstream develops 

into the passage vortex which also causes increased heat transfer. The passage vortex tends to 

cause creates a separation line along its path and directs the endwall boundary layer flow along the 

separation line towards the suction side of vane passage. A virtual barrier to the oncoming 

boundary layer is caused by the separation line and a new boundary layer begins developing 

downstream of the separation line. This boundary layer flow is very thin and is continuously 

removed by the cross-passage pressure gradient from the endwall region and pushed to the suction 

side even as new fluid from the mainstream migrates toward the gap left by the fluid convected 

away. This causes large portions of the endwall to be exposed to high heat transfer even when film 

cooling is employed upstream of the vane passage, since the coolant entering the vane passage 

tends to be low momentum fluid (in order to prevent separation from the endwall surface it aims 

to cool) which cannot surpass the passage vortex and feeds into it. Thus one can easily ñseeò the 

presence of the passage vortex merely by conducting a heat transfer study and identifying regions 

of high heat transfer in the vane passage stretching from the leading edge region downstream into 

the vane passage marked by the separation line which is traced by the passage vortex.  
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Figure 65: Depiction of high heat transfer bands at the endwall near the leading edge 

junction. 

Thus an increased amount of coolant by way of increasing the mass flow ratio through the 

coolant and the use of cooling schemes to prevent flow separation from the endwall such as the 

tripod hole/trenched hole concept to prevent separation of flow from the endwall even at high 

coolant to mainstream mass flow ratios is required. An alternative to increasing the coolant flow 

would be to try and weaken the passage vortex, or delay the movement of the passage vortex to 

0° incidence line 

Stagnation point 

ɓ~55° 
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the suction side (thereby moving the separation line further downstream and causing a net drop). 

The present heat transfer study is intended to be illustrative of the concept of using endwall fluid 

injection to weaken the leading edge horseshoe vortex and modify the separation line by delaying 

the movement of the passage vortex and reducing the area exposed to high heat flux values. 
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3.5.1 Boundary Conditions 

The main domain used in the heat transfer study was similar to the one used in the previous 

studies. Four different cases in addition to the baseline were simulated with a mainstream heated 

to 325 K at the inlet and the endwall temperature held at 300K. A second order accurate Finite 

Volume discretization scheme Steady state RANS equations solve the mass and momentum 

conservation equations similar to the flowfield studies. The heat flux and the heat transfer contour 

profiles were studied at the endwall upstream of the guide vanes and in the vane passage.  

 

Figure 66: Schematic of the Vane Cascade geometry with boundary conditions indicated 
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3.5.2 Heat Transfer Study Results 

 

     

a) Baseline b) X=D, Ŭ=30Á, ɓ=60Á, 

MFR: 0.5% 

c) X=D, Ŭ=30Á, ɓ=60Á, 

MFR: 1%  

d) X=2D, Ŭ=30Á, ɓ=60Á, 

MFR: 0.5% 

e) X=2D, Ŭ=30Á, ɓ=60Á, 

MFR: 1%  

Figure 67: Endwall Heat Transfer Coefficient Contours depicting passage vortex path  
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Figure 67: Endwall Heat Transfer Coefficient Contours depicting passage vortex path shows the 

endwall heat transfer coefficient contours for each of the cases tested in the heat transfer study. 

Each of the cases depicts the change in the path of the passage vortex and the change in the scouring 

effect caused by the change in the passage vortex.  Table 20 shows the average heat transfer 

coefficient values on the endwall calculated using the heat flux values on the endwall surface and 

the mainstream temperature. It is clearly visible that the injection of fluid from the endwall has 

had a positive effect on the heat transfer of the endwall due to the fact that the separation of the 

endwall boundary layer by the passage vortex in the vane passage is delayed as compared to the 

baseline. This allows a greater portion of the endwall to remain covered by the lower temperature 

endwall boundary layer preventing direct exposure to the hotter mainstream gas. 

Table 21: Average endwall heat transfer coefficient values for heat transfer studies 

Case Average HTC on Endwall 

(W/m2-K) 

% change with respect 

to baseline 

Baseline 92.354 0(Baseline) 

X/D=1Σ ʰҐол°Σ ʲҐсл°, MFR: 0.5% 85.540 -7.378 

X/D=1Σ ʰҐол°Σ ʲҐсл°, MFR: 1% 85.093 -7.862 

X/D=2Σ ʰҐол°Σ ʲҐсл°, MFR: 0.5% 84.073 -8.966 

X/D=2Σ ʰҐол°Σ ʲҐсл°, MFR: 1% 84.251 -8.774 

 

It can be seen from the above results that there is a drop in heat transfer in all the above cases  with 

the low MFR case for the hole located at X/D=2 with the streamwise inclination angle of 30° and 

compound angle of 60° providing nearly 9% drop in the heat transfer coefficient in the vane 

passage.  
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CHAPTER 4: CONCLUSIONS 

The flowfield close to the endwall upstream of a first stage nozzle guide vane and the inter-

vane passage in a vane cascade was simulated and the formation of the leading edge horseshoe 

vortex and the passage vortex was studied. Endwall fluid injection through a cylindrical hole was 

employed to study the effects on the passage vortex and the injection parameters namely the hole 

location on the endwall, the mass flow rate of the fluid injected, the streamwise inclination angle, 

and the compound angle. These were varied and the results analyzed in a series of studies to pick 

the corresponding parameter that would cause the least harm to the vane aerodynamics while 

disrupting the leading edge vortex and altering the passage vortex trajectory positively. During the 

study to identify the most suitable MFR for the endwall injection, it was decided based on the 

leading edge velocity streamlines and swirling strength contours in the vane passage in 

combination with loss coefficient values that the MFR range that would best serve the purpose was 

0.5% to 1% of the mainstream mass flow. Thus two mass flow rates (0.5% and 1%) were selected 

and used for further testing in order to save on computational time rather than test the entire range 

of mass flow ratios. For the Ŭ-angle study, three streamwise inclination angles were studied and 

the 30° hole was shown to have the least adverse effect on the loss coefficient values while having 

a potential to disturb the passage vortex. Five different ɓ-angles from 0° to 90° were tested and 

during the study, and the 60° compound angle was chosen based on the absence of the leading 

edge vortex, delaying of the passage vortex development. In all, four cases with the compound 

angle 60° were chosen for conducting heat transfer studies. Heat transfer studies were conducted 

to observe the benefits of altering the passage vortex path by looking at the imprint of the passage 

vortex on the endwall, which is separated into regions of high and low heat transfer. Based on the 

average HTC drop in the vane passage, it was seen that there were drops in heat transfer in each 

of the 60° cases as compared with the baseline ranging from 7.3% to 9% with the X/D=2, MFR=0.5 

case having the largest drop in heat transfer.   
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APPENDIX 

MFR Study 

Table 22: Details of parameters tested in MFR study for 30 degree hole 

x/d Ŭ ɓ MFR  

2 30 0 0.1 

2 30 0 0.25 

2 30 0 0.5 

2 30 0 0.75 

2 30 0 1 

 

 

Table 23: Details of parameters tested in MFR study for 90 degree hole 

x/d Ŭ (deg) ɓ (deg) MFR (%)  

2 90 N/A 0.1 

2 90 N/A 0.25 

2 90 N/A 0.5 

2 90 N/A 0.75 

2 90 N/A 1 
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Leading Edge Vortex Streamlines 

 

 

a) Baseline 

 

b) MFR: 0.1% 

 

c) MFR: 0.25% 
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d) MFR: 0.5% 

 

e) MFR: 0.75% 

 

f) MFR: 1% 

Figure 68: Leading edge velocity streamlines and vectors overlaid with total pressure 

(absolute) contours at different mass flow ratios for Ŭ=30° and X=2D 
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a) Baseline 

 

b) MFR: 0.1% 

 

c) MFR: 0.25% 
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d) MFR: 0.5% 

 

e) MFR: 0.75% 

 

f) MFR: 1%  

Figure 69: Leading edge velocity streamlines and vectors overlaid with total pressure 

(absolute) contours at different mass flow ratios for Ŭ=90° and X=2D. 



 

83 

 

Passage Vortex Swirling Strength Plots 

 

  

(a) PP1 (e) PP5 

  

(b) PP2 (f) PP6 

  

(c) PP3 (g) PP7 

 

 

(d) PP4  
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Figure 70: Swirling Strength Contours at various axial planes through the passage for the 

baseline case 

 

 

 

 

 

  

(a) PP1 (e) PP5 

 

 

(b) PP2 (f) PP6 

  

(c) PP3 (g) PP7 
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(d) PP4  

Figure 71: Swirling Strength Contours at various axial planes through the passage for the 

case Xh=2D, Ŭ=30Á, ɓ=0, MFR=0.1% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

86 

 

 

  

(a) PP1 (e) PP5 

  

(b) PP2 (f) PP6 

   

(c) PP3 (g) PP7 

 

 

(d) PP4  

Figure 72: Swirling Strength Contours at various axial planes through the passage for the 

case Xh=2D, Ŭ=30Á, ɓ=0, MFR=0.25% 
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(a) PP1 (e) PP5 

  

(b) PP2 (f) PP6 

   

(c) PP3 (g) PP7 

 

 

(d) PP4  

Figure 73: Swirling Strength Contours at various axial planes through the passage for the 

case Xh=2D, Ŭ=30Á, ɓ=0, MFR=0.5% 
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(a) PP1 (e) PP5 

  

(b) PP2 (f) PP6 

   

(c) PP3 (g) PP7 

 

 

(d) PP4  

Figure 74: Swirling Strength Contours at various axial planes through the passage for the 

case Xh=2D, Ŭ=30Á, ɓ=0, MFR=0.75% 


























































































































































