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ABSTRACT 

The Tip Vortex in axial compressor is studied in a theoretical way and it is compared from an 
extensive amount of works as theoretical, numerical and experimentation, the problem at these 
regions of the turbomachinery is due to the radial distributions along the radial height of the 
blades have an unsteadiness change, these radial variation in velocity, pressure and temperature 
induces vortices and in consequence losses. 

These vortices were investigated and measured by various researchers in recent years, the most 
modern theories based in radial equilibrium does not achieve at accurately results for these 
variations, CFD works have some disadvantages such as the theories, for this reason some 
researchers developed some loss models based on experimental data.  

After analyzing the background of previous works and researches, an experiment was carried out 
in order to find the effects and the nature of the Tip Vortex presented in tip clearance regions in 
subsonic and incompressible conditions, the experiment data shows a low deviation from the 
theoretical assumed behavior of the flow. The reduction of three different Tip gap heights 
demonstrates the reason why the manufacturers are using tip gaps in the order of 1% to 2% of the 
blade height, the streamlines in the experiment reveled an important data of the behavior from 
the five blades in a simple cascade arrangement. The boundary layer on the blade and the End-
Wall were found out as important parameters that sum or rest effect to the tip vortex. The 
reduction on the Tip gap reduces the influence of the tip vortex from 25% to 8.6% in the surface 
on the blades and makes the flow steadier along the axial length of the cascade.  

RESUMEN 

Los vórtices de punta en compresores axiales son analizados de forma analítica y es comparado 
con una extensa cantidad de trabajos e investigaciones tanto teóricas, numéricas y 
experimentales, los problemas en la región del claro de punta de alabes son debidos a las 
distribuciones radiales a lo largo de la altura radial del alabe las cuales tiene un comportamiento 
inestable, presente en variaciones de velocidad radial, en la presión y temperatura las cuales 
inducen vórtices y en consecuencia perdidas. 

Estos vórtices han sido investigados y medidos por varios investigadores en los últimos años, las 
teorías más modernas basadas en la teoría de equilibrio radial no tienen una aproximación precisa 
para la predicción de las variaciones por las pérdidas causadas por los vórtices, los trabajos en CFD 
tienen desventajas así como estas teorías analíticas, por esta razón los investigadores realizan 
modelos de perdidas basadas en datos experimentales. 

Habiendo analizado todos los trabajos e investigaciones previas realizadas por los diferentes 
investigadores, un análisis experimental fue realizado con el objetivo de encontrar los efectos y el 
comportamiento de los vortices de punta de alabe presentados en la región del claro de punta 
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bajo condiciones subsónicas e incompresibles, los datos obtenidos por el experimento muestran 
una ligera desviación con respecto al comportamiento teórico estimado. La reducción en tres 
casos de la altura del claro radial del punta de alabe demostró la razón por la que los expertos 
usan claros en el orden de 1% a 2% con respecto a la altura radial del alabe, las líneas de corriente 
demostraron datos importantes para los cinco alabes en cascada. El desprendimiento de la capa 
limite y la condición del límite del claro son importantes en el crecimiento o reducción de los 
vórtices de punta. La reducción del claro de punta mostro una considerable reducción del 25% al 
8.6% en la superficie del alabe y a su vez provoco un flujo más estable a lo largo de la longitud axial 
de la cascada conforme fue reducido el claro, 
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Nomenclature 
 

𝑐 Chord  [mm] 𝐹 Force [N] 

𝑠 Blade spacing [mm] 𝑓 Function [-] 

𝐿 Lift [N] 𝐶𝐿 Lift coefficient [-] 

𝐷 Drag [N] 𝐶𝐷 Drag Coefficient [-] 

𝑡 Blade Thickness [mm] 𝐴𝑝 Average Pressure [-] 

𝐴 Area [mm2] 𝑝 Pressure [Pa] 

𝑐𝑎 Absolute Velocity [m/s] �̇� Flow rate [kg/s] 

𝑐𝑤 Relative Velocity [m/s] 𝜘 Polytropic Coefficient [-] 

𝑐𝑢 Tangential Velocity [m/s] 𝑐𝑟 Radial Velocity [m/s] 

𝐴𝑅 Aspect ratio [-] 𝑐𝜃 Circumferential Velocity [m/s] 

𝑖 Incidence angle [°] 𝑐𝑥 Axial Velocity [m/s] 

𝐻𝑅 Hub Tip Ratio [-] 𝑇 Temperature [K] 

𝑥,𝑦, 𝑧 Coordinates [-] 𝐻 Total Enthalpy [kJ/kg] 

𝑟 Radius [mm] 𝐿𝑒 Meldahl End Loss [-] 

ℎ𝑏 Blade height [mm] 𝐿𝑡 Traupel Tip Loss [-] 

𝛿1 Displacement thickness [mm]    

𝛿2 Momentum thickness [-]    

𝛿3 Dissipation thickness [-]    

𝑉 Velocity [m/s]    

Δ𝛽 Turning angle [°]    

      

𝑆1 Surface Blade to Blade [-]    

𝑆2 Surface from Hub to Tip [-]    

𝑆3 Surface frontal of the 
passage 

[-]    

      



 

      

 

Greek Symbols 
 

𝛼 Air angle [°] 

𝛽 Blade angle [°] 

𝛾 Stagger angle [°] 

𝛿 Tip Clearance [mm] 

𝜃 Camber line [-] 

ξ Vorticity Parallel to Flow [-] 

𝜁 Loss Coefficient [-] 

𝜌 Density [kg/m3] 

𝜎 Solidity [-] 

Ω Work Coefficient [-] 

Λ Load Funciton [-] 

 

Suffix 
 

1 Inlet 

2 Outlet 

𝑡𝑖𝑝 Tip region 

𝑆 Suction Side 

𝑃 Pressure Side 

∞ Medium 

𝑆𝑊 Secondary Flow at End Wall 
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PROBLEM STATEMENT 

The basic concepts of multistage axial-flow compressor operation have been known for 
approximately 150 years, being presented to the French Academie des Sciences in 1853 by 
Tournaire. One of the earliest experimental axial flow compressors (1884) was obtained by C.A. 
Parsons by running a multistage reaction type turbine in reverse. Efficiencies for this type of unit 
were very low, primarily because the blading was not designed for the condition of a pressure rise 
in the direction of flow. Beginning at the turn of the last century, a number of axial-flow 
compressors were built, in some cases with the blade designed based on propeller theory. Since 
that time, considerable research has been directed at extending aerodynamic limits in an attempt 
to maximize compressor performance. One of the major developments in this direction has been 
the successful extensions of allowable relative inlet Mach numbers.[1] 

The flow through a turbomachine is generally three-dimensional, viscous, highly unsteady, 
turbulent, and compressible. This complex flow is associated with total pressure losses caused by 
different flow and geometry parameters. To accurately predict the efficiency of a turbomachine, 
accurate flow calculation is required. The most accurate flow calculation method is the direct 
numerical simulation (DNS), which solves the Navier-Stokes equations without including any 
turbulence and transition models. This method is currently being applied to different 
turbomachinery components with great success. However, for the time being, the computational 
efforts and the required computation time makes the application of DNS as a design tool 
impractical. As an alternative, the Reynolds average version of the Navier-Stokes equations (RANS) 
is routinely applied in turbomachinery design. To simulate the flow relatively accurately by RANS, 
the turbomachinery aerodynamicist has to choose, among a variety of turbulence and transition 
models, the most suitable one that satisfactorily predicts the efficiency of the turbomachine under 
design. Since most of these models involve empirical correlations that are derived from simple 
flow experiments, they deliver efficiencies that significantly differ from the measured efficiency of 
the machine. To find an acceptable solution, the computer Navier-Stokes codes are frequently 
calibrated.[2] 

OBJECTIVE 

Make a Vortex Study at Tip Clearance from Stator Blades of Axial Compressor in order to find out 
the influence of this Tip Vortex as the Tip Clearance is reduced and quantifying the change 
between the different Tip Vortices.  
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JUSTIFICATION 

Flow near the endwall region of an axial flow compressor rotor and IGV blade is extremely 
complicated due to the interaction of strong secondary and tip leakage flows, skewed boundary 
layers on the annulus walls and the blades, and the scraping vortex. Most of the investigations 
both theoretical and experimental, carried out so far are confined to a study of one of this flow 
phenomena in the absence of other effects. In actual rotor, all these flow phenomena exist and 
interact. The flow is further complicated due to the influence of rotation and streamlines 
curvature. The complex situation at the endwall region modifies the flow from the design 
conditions. The increased incidence causes the turbomachine blade row to stall in the endwall 
regions first and the stall margin is reduced, thus effectively reducing the operating range. 

The effects of the flow crossing this area in axial compressors are considered only as a efficiency or 
loss number, a lot of models to predict the losses in this area are developed for many experts in 
this area but most of these studies did not venture into total phenomena that occur in this region, 
since these effects are generally considered under the theory of secondary flows, which is limited 
as a theory to describe the phenomenon in its particularity that comes in this region. 

SCOPE 

The Vortices at Tip region will be studied and compared, the methodology for Tip Clearances will 
be considered and compared, the flow in this passage will include secondary flows, boundary layer 
and viscous flow effects and finally the experimental data is evaluate with another advantage of 
this development will be the comparison the behavior of this region varying the radial tip height to 
find the effects. The experiment on compressor blades is evaluated to compare with previous 
works and researches. 
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1.1. Introduction 

The basic concepts of multistage axial-flow compressor operation have been known for 
approximately 150 years, being presented to the French Academie des Sciences in 1853 by 
Tournaire. One of the earliest experimental axial flow compressors (1884) was obtained by C.A. 
Parsons by running a multistage reaction type turbine in reverse. Efficiencies for this type of unit 
were very low, primarily because the blading was not designed for the condition of a pressure rise 
in the direction of flow.  

Beginning at the turn of the last century, a number of axial-flow compressors were built, in some 
cases with the blade designed based on propeller theory. Since that time, considerable researches 
have been directed at extending aerodynamic limits in an attempt to maximize compressor 
performance. One of the major developments in this direction has been the successful extensions 
of allowable relative inlet Mach numbers.[1] 

The flow through a turbomachine is generally three-dimensional, viscous, highly unsteady, 
turbulent, and compressible. This complex flow is associated with total pressure losses caused by 
different flow and geometry parameters. To accurately predict the efficiency of a turbomachine, 
accurate flow calculation is required. The most accurate flow calculation method is the direct 
numerical simulation (DNS), which solves the Navier-Stokes equations without including any 
turbulence and transition models. This method is currently being applied to different 
turbomachinery components with great success. However, for the time being, the computational 
efforts and the required computation time makes the application of DNS as a design tool 
impractical.  

As an alternative, the Reynolds Average version of the Navier-Stokes equations (RANS) is routinely 
applied in turbomachinery design. To simulate the flow accurately by RANS, the turbomachinery 
aerodynamicist has to choose, among a variety of turbulence and transition models, the most 
suitable one that satisfactorily predicts the efficiency of the turbomachine under design. Since 
most of these models involve empirical correlations that are derived from simple flow 
experiments, they deliver efficiencies that significantly differ from the measured efficiency of the 
machine. To find an acceptable solution, the computer Navier-Stokes codes are frequently 
calibrated.[2] 

Secondary flow losses are caused by the flows that do not follow the axial direction in the 
compressor. Between the suction and pressure surface, there is a static pressure difference. In the 
mid-section of the passage where the flow is assumed to be quasi potential flow (at high Reynolds 
Number), there is an equilibrium condition between the forces due to the above pressure 
differences and the convective flow forces. Nearby the side walls (hub or casing) where the 
velocity is generally affected by viscous effects, the flow forces are not able to maintain the 
equilibrium condition. As a result, the fluid particles in the boundary layers tend to move from the 
pressure side (concave) to the suction side and form on both sides a system of secondary vortices. 
This phenomenon is schematically explained in Fig. 1.1. These vortex tubes induce, according to 
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the Bio-Savart Law, a velocity field with the corresponding induced drag forces, especially drag 
forces. These additional forces must be overcome by convective forces, which results in additional 
total pressure losses. Once the passage vortex has been formed, it tends to oppose turning and 
does not follow subsequent main stream turnings as it proceeds downstream.[3] 

 
Figure 1.1 Schematic explanation of secondary flows in a rotor compressor row.[3] 

 

Flow near the endwall region of an axial flow compressor rotor and IGV blade is extremely 
complicated to predict due to the interaction of strong secondary and tip leakage flows, skewed 
boundary layers on the annulus walls and the blades, and the scraping vortex. The complex nature 
of the endwall flow is illustrated in Fig. 1.2, where are presented gradients in radial and tangential 
directions which these make a complex system of variables. Most of the investigations both 
theoretical and experimental, carried out so far are confined to a study of one of this flow 
phenomena in the absence of other effects. In actual rotor, all these flow phenomena exist and 
interact. The flow is complex to analyze due to the influence of rotation and streamlines 
curvature. The complex situation at the endwall region modifies the flow from the design 
conditions. The increased incidence causes the turbomachine blade row to stall in the endwall 
regions first and the stall margin is reduced, thus effectively reducing the operating range. 

 
Figure 1.2. Nature of Rotor Blade Endwall Flows  [4] 
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The effects of the flow crossing this area in axial compressors are considered only as a efficiency or 
loss number, various models to predict the losses in this area were developed by many experts in 
this matter but most of these studies did not venture into total phenomena that occur in this 
region, since these effects are generally considered under the theory of secondary flows, which is 
limited as a theory to describe the phenomenon in its particularity that occurs in this region.  

The studies focus on the stability and problems as stall of surge establishing the hypothesis that 
the origin of these problems is the Tip Vortex. The main problem of the Tip clearance is not the 
loss induced by the vortex at the blades, the real problem of its effects is on the next blade row, 
the instabilities presented by the Tip Clearance can change the angle of the flow drastically and in 
some cases induce a blockage in the passages. That is why is important determine the vortex 
formation at Tip Clearances and the trailing edge of the blades. 

1.2. Application of Axial Compressor 

The air passes from one stage to the next, each stage raising the pressure slightly. By producing 
low pressure increases on the order of 1.1:1 to 1.4:1, very high efficiencies can be obtained as 
shown in Table 1.1 [5]. The use of multiple stages allows having overall pressure increases of up to 
40:1 in some aerospace applications and pressure ratios of 30:1 in some Industrial applications. 

Table 1.1. Axial Flow Compressor Characteristics [5] 

Application Flow Inlet Relative Velocity 
Mach Number 

Pressure Ratio per 
Stage 

Efficiency per 
Stage 

Industrial Subsonic 0.4 – 0.8 1.05 – 1.2 88% - 92% 
Aerospace Transonic 0.7 – 1.1 1.15 – 1.6 80% - 85% 
Research Supersonic 1.05 – 2.5 1.8 – 2.2 75% - 85% 
 

The aerospace engines lead the technology in the gas turbine by the accurately requirements in 
these industry. The design criteria for these engines is high reliability, high performance, with 
many starts and flexible operation throughout the flight envelope. The engine life of about 3500 
hours between major overhauls was considered acceptable. The aerospace engine performance 
has always been rated primarily on its Thrust/Weigh ratio, however, the Industrial Gas Turbine has 
always emphasized in longer life and this conservative approach has resulted in many aspects 
giving up high performance for rugged operation.  

Figure 1.3 indicates the growth of the Pressure Ratio in a gas turbine over the past years. The 
growth of the Pressure Ratio and Firing Temperature was carried out in parallel, both growths are 
necessary to achieving the thermal efficiency in Gas Turbines. The Axial flow compressor in most 
of the advanced gas turbine is a multistage compressor consisting of 17 to 22 stages with an 
exceedingly high pressure ratio. It is not uncommon to have pressure ratios in industrial gas 
turbines in the 17 to 20:1 range with some units having pressure ratios around 30:1 range.  
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Figure 1.3 Improvement of pressure ratio over the past years [2] 

1.3. Axial Compressor Configuration and Components 

Axial Compressor Inlet 

The stages of a compressor are calculated based on the pressure ratio of the compressor and per 
stages, these are defined by the designer, an example of this is shown in Fig. 1.4 where a 2 stages 
axial compressor cross section is shown, the inlet configuration is designed to achieve the correct 
direction of the streamlines incoming at the compressor. The configurations of this inlet depend of 
the application, for example, aero derivative engines, industrial and compressor stations. 

 
Figure 1.4 Two Stages Axial Compressor Cross Section 
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Rotor Blades 

The rotor blades are designed from an airfoil section and usually designed to have a pressure 
gradient along their length to ensure that the air maintains a uniform axial velocity, it as shown in 
Figure 1.5. The higher pressure towards the tip balances out the centrifugal action of the rotor on 
the airstream. To obtain these conditions is necessary to twist the blade from root to tip to give 
the correct angle of incidence at each point.  

 
Figure 1.5 Rotor Blades [6] 

Stator Vanes 

The stator vanes are designed from an airfoil section and are secured into the compressor casing 
or into stator vane retaining rings, which are themselves secured to the casing. The vanes are 
often assembled in segments in the front stages and may be shrouded at the inner ends to 
minimize the vibrational effect of flow variations on the longer vanes. It is also necessary to lock 
the stator vanes in such a manner that they will not rotate around the casing. An example of vanes 
is shown in Figure 1.6, there is noted an assembly of stator vanes in the casing using a retaining 
rings. 

 
Figure 1.6 Stator Vanes [6] 
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Tip Clearances 

The section between the blades to vanes and between the tip of the blades and the casing is called 
Labyrinth, the specific gap section between the tips of the blades and vanes is known as Tip 
Clearance. Fig. 1.7 shows these sections; the color blue specifies the Labyrinth and the orange, the 
Tip Clearance. These sections are important to the performance of the Axial Compressors because 
the losses per stage, per row or per blade and the sum of these are presented, which can reduce 
the efficiency of the compressor significantly. There are some values for Labyrinths and the Tip 
clearances established by manufacturers, however, each of them have their own values for their 
own design and the optimum value depend on each turbomachine. 

 
Figure 1.7 Tip Clearances in Axial Compressor  

1.4. Blade and Cascade Nomenclature 

Since airfoils are used in accelerating and diffusing the air in a compressor, much of the theory and 
research concerning the flow in axial compressors are based on studies of isolated airfoils. The 
nomenclature and methods of describing compressors blade shapes are almost identical to that of 
aircraft wings. Research in axial compressors involves the inter effect of one blade on the other; 
thus, several blades are placed in a row to simulate a compressor rotor or stator. Such a row is 
called a cascade. When discussing blades, all angles which describe the blade and its orientation 
are measured with respect to the shaft (Z axis) of the compressor. 

The airfoils are curved [5], convex on one side and concave on the other, with the rotor rotating 
toward the concave side. The concave side is defined as the pressure side of the blade, and the 
convex side is the suction side of the blade. The chordline of an airfoil is a straight line drawn from 
the leading edge to the trailing edge of the airfoil, and the chord is the length of the chordline as 
seen in Fig. 1.8. The camberline is a line drawn halfway between the two surfaces, and the 
distance between the camberline and the chordline is the camber of the blade. The aspect ratio 
AR is the ratio of the blade length to the chord length. The term “hub-to-tip ratio” is frequently 
used instead of aspect ratio. The aspect ratio becomes important when three-dimensional flow 
characteristics are discussed. The aspect ratio is established when the mass flow characteristics 
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are discussed. The aspect ratio is established when the mass flow and axial velocity have been 
determined. 

 
Figure1.8 Blade Profile Nomenclature 

The pitch 𝑆𝑏 of a cascade is the distance between blades, usually measured between the 
camberlines at the leading or trailing edges of the blades. The ratio of the chord length to the pitch 
is the solidity 𝜎 of the cascade. The solidity measures the relative interference effects of one blade 
with another. If the solidity is on the order of 0.5-0.7, the single or isolated airfoil test data, from 
which there are a profusion of shapes to choose, can be applied with considerable accuracy. The 
same methods can be applied up to a solidity of about 1.0 but with reduced accuracy. When the 
solidity is on the order of 1.0-1.5, cascade data are necessary.  For solidity in excess of 1.5, the 
channel theory can be employed. The majority of present designs are in cascade region. 

The blade inlet angle 𝛽1 is the angle formed by a line drawn tangent to the forward end of the 
camber line and the axis of the compressor. The blade outlet angle 𝛽2 is the angle of a line drawn 
tangent to the rear of the camber line. Subtracting 𝛽2 from 𝛽1 gives the blade camber angle. The 
angle that the chordline makes with the axis of the compressor is 𝛾, the setting or stagger angle of 
the blade. High-aspect ratio blades are often pretwisted so that at full operational speed the 
centrifugal forces acting on the blade will untwist the blades to the designed aerodynamic angle. 
The pretwist angle at the tip for blades with AR ratios of about four is between two and four 
degrees. 

The air inlet angle 𝛼1, at which incoming air approaches the blade, is different from 𝛽1. The 
difference between these two angles is the incidence angle. The angle of attack 𝛼 is the angle 
between the inlet air direction and the blade chord. As the air is turned by the blade, it offers 
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resistance to turning and leaves the blade at an angle greater than 𝛽2. The angle which the air 
does leave the blade is the air outlet angle 𝛼2. The difference between 𝛽2 and 𝛼2 is the deviation 
angle 𝛿. The air turning angle is the difference between 𝛼1 und 𝛼2 and is usually called the 
deflection angle. 

The original work by NACA and NASA is the basis on which some modern axial-flow compressor 
are designed, but the new advanced compressors rotors have fewer blades with higher loadings, 
and the blades are thinner, larger, and are designed using advance radial equilibrium theory, 
which create Three Dimensional and Controlled Diffusion shaped airfoils (3D/CDA), with smaller 
clearances and higher loading per stage. 

1.5. CFD, Experimental and Analytical Investigations 

To validate the model for predicting losses, some researches compare his investigations to 
experimental data and in the latest decades to CFD analysis, some important points to explain the 
effects of the tip clearance are presented and compare at following paragraphs: 

A review realized by P.E. Cock [7] for some works and experiments referred to the tip clearance, 
some extracts are given in form of list; there are some considerations and research for various 
authors: 

1. In an experiment using a single stage fan, the data of results shows that is a linear 
relationship between the efficiency and work coefficient to reduce with increase tip gap. 

2. For an industrial compressor, there was recorded a linear drop in peak efficiency from 93% 
to 84% as the tip gap effect was quadrupled, the 3% fall in efficiency of a machine when 
the radial clearance was doubled.  

3. The rate of efficiency loss was generally from 1.25% to 1.50% per 0.25 mm(0.010 in) 
increase in gap size. 

4. Another study , this in eight stage axial compressor, the range of tip varied from 0.264 to 
1.372 mm there was an almost linear drop in peak efficiency and a reduction in the 
temperature rise coefficient whose rate increased progressively with tip clearance.  

5. A study conducted for an axial velocity behind a rotor row, indicated a decrement in the 
velocity towards the tip region in keeping with the inlet boundary layer profile. At flow 
rates above the design value, there was little change of velocity with variation in tip gap, 
but if the flow rates less than the design value, the effect of the largest tip gap was marked 
over the outer 25% of the blade height. It was at high mass flows, however, that the effect 
of high tip clearance reduced locally the work coefficient. These data are commensurate 
with reduced turning of the flow because of tip leakage, the effect covering the outer 25% 
of the blade height.  

6. A test in fan at tip gaps, was noted that alteration of the tip gap led to substantial changes 
in the exit axial velocity and swirl angle over the whole of the blade height, the effect on 
static pressure rise extended over all of the blade height leading to an almost linear decay 
of work coefficient with tip gap. 
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7. Another observation realized was the evident change in the compressor stability limit 
operation with tip gap, in addition to the stability limit being encountered at higher mass 
flow coefficients with increase of tip gap, the strong hysteresis effect was removed.  The 
measurements of an experiment indicate that the pattern of rotating stall may be 
governed by the tip gap geometry.  

8. Some other studies mention that there is an optimum tip gap for operation, but there are 
not consistent at small tip geometries, and a theory of optimum tip gap is referred a work 
where explains that at small tip gap, of the order of 1% of the blade height, would be 
beneficial in a design. 

9. The displacement thickness was strongly affected by the gap size, reduced gap size 
permitting more energysation of the wall boundary layer to keep it thin. 

10. Stall was likely to occur at a limiting value of the boundary layer displacement thickness 
that depended upon tip clearance, indicated that the tip clearance contributed towards 
control of the limiting stall mechanism, it was noted that the tip gap alone was not enough 
to explain the variations of stalling pressure coefficient, but that the axial gap between 
blade rows also contributed, the lower the axial gap, the higher the stalling pressure rise 
at constant tip clearance. 

11. An increased tip gap affects the stability limit margin deleteriously. 
12. Over a period of 2000 flight cycles a 2% change in thrust would occur, mainly due to 

thermal distortion and erosion of the tips. 
13. The variations of blade-to-blade in tip clearances have an effect upon performance of a 

turbomachine. Different clearances between the blades of the same row could have a 
more general effect upon a machine than uniform blade tip where noticeable variation in 
tip aerodynamics are presented. 

14. A turbomachinery practices for that time, said that the penalty on compressor efficiency 
for the existence of a tip gap is of the order of 5% and that on turbine efficiency 4%. 

The conclusions of Peacock[7] are that the performance is reduced by the tip gap, the effects of 
the tip gap is not restricted to the tip clearance region, but can reach over the whole blade height, 
and there is a disagreement between the prediction methods to the effects of the tip gap. 

Moyle [8] made the comparative in Table 1.2 to some investigations of experimental and 
theoretical analysis, the table compares the parameters of the losses models developed by this 
different investigators, where is noted that geometric relations of clearances is used in all cases 
and it established a linear behavior between all models as the clearance is reduced.  

Table 1.2 Parameters comparative from different loss models at tip clearances 
Fickert (1946) ∆𝜂 = 𝑓�𝛿/𝑟𝑡𝑖𝑝,𝛾,Ω,𝐻𝑅� 
Rains (1954) ∆𝜂 = 𝑓�𝛿/𝑟𝑡𝑖𝑝,𝛾,Ω, cos𝛽 ,𝜎, 𝛿/𝛿1� 
Vavra (1960) ∆𝜂 = 𝑓(𝛿/ℎ𝑏 ,𝛾,Ω, cos𝛽 ,𝜎, ℎ𝑏/𝑠) 
Lakshminarayana (1970) ∆𝜂 = 𝑓(𝛿/ℎ𝑏 ,𝛾,Ω, cos𝛽 ,𝐴𝑅) 
Senoo (1986) ∆𝜂 = 𝑓(𝛿/ℎ𝑏 ,𝛾,Ω, cos𝛽 , cot𝛽 ,𝜎,𝐻𝑅) 
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Kock and Smith [9] made a method to determine the efficiency potential of a multistage axial 
compressor, where four loss models are contemplated (profile loss, end-wall loss, shock loss and 
part-span shroud loss). They compared their method to compressor test data, where the tip 
clearances are from 0.8% to 3.7% of annulus height at less than 0.15 Mach.  Their model has a 
good prediction to this test data. 

A study where is compared 3-D Digital PIV to CFD was presented by Wernet, Zante, Strazisar and 
Prahst  [10] where the tip clearance is 1.4% of span or 1.7 mm, their comparison between PIV and 
CFD have a disagreement in the radial component of the velocity. The Fig. 1.9, extracted from 
these work, shows this variation, there is noted a great change near the suction side, CFD 
prediction has a value of 50 m/s and PIV approximately 40 m/s. 

 
Figure 1.9 CFD and PIV Radial and Velocity Comparative [10] 

1.6. Flow Visualization Investigations at Tip Clearance 

Some important experimental research are focused at visualization field, the effects of the tip 
clearance is clearly shown by different methods of visualization. 

One of the first works of visualization was made by Herzig, Hansen and Costello [11], where they 
tested a cascade of turbine blades with smoke traces, Fig. 1.10shows their results at tip region. 
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Figure 1.10Flow Visualization of Tip Clearance [11] 

Herzig, Hansen and Costello [11] concluded that the existence of blade tip clearance in a cascade 
induces a vortex near the suction surface (formed from flow under the blade tip), which rotates in 
a direction opposite to the passage vortex. The tip-clearance vortex displaces the passage vortex 
from the region near the blade suction surface and rotates side by side with it without appreciable 
mixing. The magnitude of the tip clearance vortex varies with blade loading. 

An investigation made by Bernadier and Key [12], where three different tip clearances were tested 
in a three stage axial compressor, the compressor have an IGV followed with three stages. The IGV 
and the rotors were double circular arc (DCA) designs and the three stator vanes were NACA 65-
series airfoils. The tip clearances are the magnitude of 0.762 mm (0.03 in), 1.524 mm (0.06 in) and 
2.032 mm (0.08 in). Figure 1.11 shows the visualization and the schemes of the separation flow 
causes by Tip and Hub vortices. 

 
Figure 1.11 Schemes of Hub and Tip separation of flow on blade surface [12] 
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Figure 1.12 is extracted from the study of Bernadier and Key [12] and shows the increase of the tip 
clearance effect from the first to the third stages at different operational speeds, there is noted 
that with as the velocity is increased the effects of the tip vortex are also increased. 

 

Figure 1.12 Different Flow Visualizations at Vane surface from different velocities [12] 
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Another important observation is the effect on the passage from the tip vortex, Fig. 1.13 shows 
how is increased the percentage of the passage as the height of the tip clearance is increased, 
however the differences were reduced from the first to the third stages. 

 
Figure 1.13 Percentage of rotor passage affected by tip leakage flow [12] 

Grahl and Schwarz [13] conducted an analytic method for correction of the flow in the edge zones 
in multistage axial turbomachinery, they improved boundary layer theory at End-Wall and Hub-
Wall with corresponding secondary flow correlation to calculated a corrected edge zone, they 
used a 3 stage axial compressor as example of this methodology. Fig 1.14 extracted from this 
work, represents a velocity distribution through the passage of channel. It is noted that they 
considered a 25% of the blade height area affected by the tip clearance vortices. 

Cross –channel velocity distribution in the plane 2 
Channel Vortex  + Tip Gap Vortex  + Main flow Gradient 

 
 

 

Figure 1.14 Secondary flow component in the grid at outlet plane a) Secondary flow due to the side wall 
boundary layer, b) Gap flow as result of the radial clearance, c) Secondary flow due to mainstream 

gradient. 
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In the example calculation [13] of the 3 stage compressor they found the length of the boundary 
layer along the axial compressor for the tip and hub regions, they denoted the tip region by the 
variable 𝑥 and the hub region by 𝑧, the boundary layer is shown in Fig. 1.15, where they apply a 
linear interpolation to the curve of boundary layer displacement. 

 
Figure 1.15 Results of Two Dimension Boundary layer to 3 stage compressor 

 

1.7. Boundary Layer Region 

For an evaluation of the secondary circulations existing in the wall boundary regions of cascades of 
airfoils, the vorticity parallel to the flow at the outlet of cascades, to a first approximation for 
parallel inlet flow, is given by Seymour [14]: 

𝜉 = −2(Δ𝛽)
𝑑𝑉
𝑑𝑦

 
(1.1) 

 

where Δ𝛽 is the air turning angle and 𝑑𝑉/𝑑𝑦 is the gradient of the velocity distribution along the 
span in the inlet boundary layer (inlet vorticity) at the blade ends. The secondary circulation 
associated with this vorticity appears as shown by the streamlines of the secondary flow in Figure 
(1.16a), where the circulation velocity in the center of the region is zero.  

Although equation (1.1)  was derived for rectangular cascades and included the assumption of 
negligible viscous forces (as would be the case with layer boundary layers) and fixed total-pressure 
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surfaces as the fluid passes through the cascade, this general type of motion must exist in the case 
of annular cascades with relative thin boundary layers and where some distortion of the boundary 
layer surfaces occurs. Because of this circulatory flow, a marked variation in the mean turning 
angle of the fluid would be expected across the boundary layer with an underturning near the free 
stream and an overturning near the wall. This increase in turning angle at the blade ends has been 
well established experimentally, thus confirm the direction of the secondary flows. A typical 
example of an experimental turning-angle variation in a two-dimensional cascade is shown in 
Figure (1.16b). 

  
a) Streamlines of Secondary circulation b) Experimental variation of turning angle along 

span in two-dimensional cascade 

 
 

c) Displacement of boundary layers toward 
suction surface 

d) Effect of spacing pressure gradient 

Figure 1.16 Secondary flows in wall boundary layer region of cascades [14]. 

In addition to the circulatory flow illustrated in Fig. (1.16a), considerations of the pressure 
gradients between blade surfaces reveal that deflection of the through flow streamlines in the 
boundary layer regions will occur toward the wall near the pressure surface of the blade and away 
from the wall near the suction surface. As shown in Fig. (1.16c), this distortion of the boundary 
layer interface gives rise to a thickening of the boundary layer on the suction surface and a 
thinning of the boundary layer on the pressure surface. 

The deflection of the streamlines in the boundary layer regions is explained by the following 
considerations: The centrifugal force arising from the curved motion through the cascade passage 
creates a difference in pressure from pressure to suction surface that persists across the relatively 
thin boundary layers to the end-walls. The pressure gradient normal to the direction of the 
streamline 𝑑𝑠𝑠𝑡𝑟 is very closely given by 
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𝑑𝑝
𝑑𝑠𝑠𝑡𝑟

= 𝜌
𝑉2

𝑟𝑐𝑢𝑟𝑣
 

(1.2) 

 

where 𝑉 and 𝑟𝑐𝑢𝑟𝑣 are the free-stream velocity and radius of curvature, respectively, in planes to 
the side walls at the boundary layer interference (Fig. (1.16d)). As the velocity is decreased within 
the boundary layer, the reduced kinetic energy of the flow becomes insufficient to balance the 
imposed pressure gradient, and a deflection of the flow toward the suction surfaces results; that 
is, 𝑟𝑐𝑢𝑟𝑣 must be reduced. The streamline deflection is greatest, of course, adjacent to the walls 
where the velocities are the lowest. As a result of this deflection, the turning angle increases as 
the wall is approached and the boundary layer flow is displaced toward the blade suction surface. 
The same result of an increase the turning angle in the boundary layer at the walls was obtained 
from an analysis of turbulent boundary layers in a three-dimensional flow. 

The main general effects of the secondary flow in the wall boundary layer regions are thus 
tendencies toward underturning near the free-stream side and overturning near the end-walls, 
and a thickening of the wall boundary layers toward the suction surfaces. 

1.8. Secondary Flows Basics 

The effects of secondary flows on the performance of a series of blade rows are classified into 
general types by Leiblien[14]:  

• The first effect appears as a direct or inherent loss due to the absorption of energy from 
the through flow in order to produce the secondary motions and due to the partial 
dissipation of this energy by viscous action.  

• The second effect is an indirect or matching loss due to the derivations from design values 
of the direction and magnitude of the velocities leaving one blade row and entering the 
next. 

The magnitude of the inherent loss depends on the strength of the secondary flows, as 
represented by the vorticity of the motions, and upon the degree to which the associated energy 
is recovered as useful energy. Total pressure losses arising from secondary flows in a two-
dimensional cascade are a considerable portion of the losses in axial-flow compressors at design 
conditions are attributed to induced drag.  

Passage vortex [15].- A boundary layer streamline crossing a channel, as the streamline 
approaches to the suction surface it deflects spanwise and then rolls up into a vortex. All the 
streamlines in the wall boundary layer converged to approximately the same region and rolled up 
into the flow vortex as shown in Fig. 1.17.  

This secondary flow vortex is called the “passage vortex” in order to emphasize the fact that it is a 
passage wall and not a blading trailing edge vortex due to circulation changes along the blade. The 
size an vorticity of the passage vortex increases by increasing main-flow turning. Once the passage 
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vortex has been formed, it tends to resist turning and does not follow subsequent mainstream 
turnings as it proceeds downstream. 

 
Figure 1.17. Passage vortex scheme [15] 

Radial secondary flows in stator [15].- Just as the cross-channel pressure gradient imposed by the 
main stream causes cross-channel secondary flows, so the radial pressure gradient causes radial 
boundary flows. Given a boundary layer region extending from the inner to the outer shroud in a 
stator row, radial transport from the tip to the hub regions can occur. The quantity of such 
transport depends upon the thickness of the radial boundary layer region or flow path and the 
magnitude of the radial pressure gradient.  

Radial Mixing 

Another concept introduced by Ruyck, Hirsch and Sagaert [16] is the radial mixing, where in a real 
turbomachinery flow, several physical effects generate a secondary flow pattern in a transverse 
surface, roughly perpendicular to the main flow direction, thereby changing the geometrical 
axisymmetric of the 𝑆1 stream-surfaces. In addition, the 𝑆1 surfaces are also distorted by the 
random motions associated to turbulence. This unequal interaction results in a transfer of flow 
properties (in particular energy and losses) between the 𝑆1 stream-surfaces, a process of radial 
distribution of flow properties. This phenomenon is called radial mixing. 
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The radial redistribution of flow properties in turbomachines can be attributed to two different 
physical mechanisms: 

• Convective mixing: the macroscopic transport due to radial components of the 
deterministic flows in a transverse surface 

• Diffusive mixing: the microscopic transport due to radial components of the random 
motions associated to turbulence 

The secondary flows and turbulent diffusion play an important role in the mixing process, their 
relative importance is depending the location on the blade row, diffusive mixing is important 
everywhere and dominates in the free stream, while convective mixing is equally important in low-
momentum flow regions like end-wall boundary layers, profile boundary layers and wakes. 

To solve this radial mixing, it is necessary to introduce a new surface called𝑆3, added to the 𝑆1 and 
𝑆2 introduced by Wu [17], this third surface is composed by the radial and circumferential 
directions. In Fig. 1.18 is represented the secondary flows in the 𝑆3 surface: 

 
Figure 1.18 Sources of flow effects on the 𝑺𝟑 surface [16] 

This method applied by Ruyck, Hirsch and Sagaert [16] in computational program, tested three 
different cases: 

1. Linear cascade: where the secondary flows area mainly due to end-wall boundary layer 
effects 

2. Single compressor rotor with untwisted blading: where it yields an important non-free 
vortex 

3. Single compressor rotor 

The results between the computational program indicates that turbulent diffusion is important in 
all cases, while convective mixing only becomes significant when the radial flow velocities exceed 
about 6% of the main flow velocities. The convective mixing increases rapidly for larger secondary 
flows and then has a very considerable impact on the radial temperature profile by the radial 
mixing. 
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Other studies of comparatives between the numerical approaches and experimental data shows 
that the results diverges at the hub and tip regions, the divergence in results is presented 
approximately between the 80% to 90% of the spanwise at tip and the 15% to 20% at the hub, an 
example of this results is presented by Ekiler and Ücer [18]. 

1.9. Losses Due to Secondary Flows 

Secondary flow losses are induced by complex vortex systems in a turbomachinery stage. Among a 
variety of vortices inherent to a turbomachinery stage, tip clearance vortices, hub and tip endwall 
vortices are most significant in causing substantial losses. Fig.  1.19 shows schematically an 
overview of the hub and tip clearance vortices. 

 
Fig. 1.19 Schematic explanation of secondary flows in a turbine stage [2] 

Tip Clearance Vortices: These vortices area generated as the results of pressure differences at the 
blade tip. The fluid particles close to the blade tip have the tendency to move from the pressure 
surface to the suction surface and form a system of bound vortices, which at the blade trailing 
edge coalesce and form a free vortex system. The process of formation of the tip clearance bound 
and free vortices are illustrated in Fig. 1.20.  

As shown in Fig. 1.20, the fluid particles move through the tip clearance 𝛿 from the pressure side 
to the suction side. This movement triggers two mechanisms that contribute to efficiency and 
performance deterioration: 1) The tip clearances vortices induce drag forces and, thus, tip 
clearance secondary flow losses associated with an efficiency decrease of turbomachinery stage. 
2) The mass flow that escapes through the tip clearance does not contribute to the power 
generation thus causing a loss of turbine power. In case of a compressor, particularly the high 
pressure part, the existence of the tip clearances causes a substantial reduction of the pressure.  
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Fig. 1.20 Bound and free vortices caused by the tip clearance between the casing and the blade tip for an 

unshrouded turbine blade [2] 

 

Endwall Secondary Flow Vortices: These vortices are formed as a result of the interaction 
between the low energetic endwall boundary layer and the governing pressure difference with the 
blade channel very close to the endwall. Details are shown in Fig. 1.21. 

 
Fig. 1.21 Endwall secondary vortices at the hub and the tip [2] 
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Within the blade channel, there is a static pressure difference between the suction and pressure 
surface. In the mid-section of the channel where the high Reynolds number flow is assumed to be 
quasi potential flow, there is an equilibrium condition between the forces due to the above 
pressure differences and the convective flow forces. Near the side walls (hub or casing) where the 
boundary layer velocity distribution is affected by the viscosity, the low energetic boundary layer is 
not able to maintain this equilibrium condition. As a result, the fluid particles in the boundary 
layers tend to move from the pressure side (concave) to the suction side and form, on blade hub 
and tip regions, systems of secondary vortices. This phenomenon is schematically sketched in Fig. 
1.21. The circulation vectors of the two vortex systems have opposite directions. These vortices 
induce, according to the Bio-Savart law, a velocity field with the corresponding induced drag 
forces. These additional drag forces must be overcome by the convective forces which result in 
additional total pressure loss.  

Calculation of Tip Clearance Secondary Flow Losses [2] 

Considering a compressor cascade that undergoes an inviscid flow. Since there is no viscosity 
effect within the flow field, the corresponding drag forces are zero. Instead, there is an induced 
drag force which is caused by the secondary flow field. For a wing with finite span and an elliptical 
lift distribution, Prandtl established a relationship between the induced drag force and the lift 
force. This relation can also be applied to the compressor or turbine with small aspect ratio where 
the secondary flow effects are dominant. For the turbine and compressor cascades, the induced 
drag forces cause a total pressure loss which is similar to the viscous pressure loss: 

𝐷𝑎𝑥𝑖𝑛 = 𝑠ℎ𝑏Δ𝑝𝑜𝑠 =
𝐷𝑖𝑛

sin𝛼∞
   ,     with  Δ𝑝𝑜𝑠 =

𝐷𝑖𝑛
sin𝛼∞

1
𝑠ℎ

 (1.3) 

 

where, ℎ𝑏 represents the blade heigh, 𝑠 the spacing and the subscripts 𝑠 and 𝑖𝑛 refer to secondary 
flow and induced quantities. Using the cascade nomenclature, the induced drag may be set 
directly proportional to the square of lift force: 

𝐷𝑖𝑛 ∝
𝐹𝑖2

1
2𝜌𝑉∞

2𝑠ℎ𝑏
 

(1.4) 

 

with 𝐹𝑖 as the inviscid lift force. With the following definition of the total pressure loss coefficient 
due to the induced drag by secondary flow 

𝜁𝑠 =
Δ𝑝𝑜𝑠

1
2𝜌𝑉2

2
 (1.5) 

 

and Eq. (1.3), it is obtained: 
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𝜁𝑠 =
1

1
2𝜌𝑉2

2

𝐷𝑖𝑛
sin𝛼∞

1
𝑠ℎ

 (1.6) 

 

Introducing Eq. (1.4) into (1.6) results in: 

𝜁𝑠 ∝
𝐹2

�𝜌2�
2
𝑉22𝑉∞2(𝑠ℎ)2

 
1

sin𝛼∞
= �𝐶𝐿

𝑐
𝑠
�
2 sin𝛼∞

sin2 𝛼2
  ,     with  𝐶𝐿 =

𝐹𝑖
1
2𝜌𝑉2

2𝑐ℎ
 

(1.7) 

 

For an inviscid flow, the lift coefficient is given by: 

𝐶𝐿
𝑐
𝑠

= 2
sin2 𝛼2
sin𝛼∞

(cot𝛼2 − cot𝛼1) 
(1.8) 

 

Incorporating Eq. (1.8) into (1.6), the total pressure loss coefficient due to the induced drag is 
expressed as: 

𝜁𝑠 ∝ 4(cot𝛼2 − cot𝛼1)2
sin2 𝛼2
sin𝛼∞

 
(1.9) 

 

For which we introduce the following load function 

Λ = �𝐶𝐿
𝑐
𝑠
�
2 sin𝛼∞

sin2 𝛼2
= 4

sin2 𝛼2
sin𝛼∞

(cot𝛼2 − cot𝛼1)2 
(1.10) 

 

with 𝛼∞ as 

cot𝛼∞ =
1
2

(cot𝛼2 + cot𝛼1) (1.11) 

 

And considering Eq. (1.10), the proportionality relation (1.9) becomes 

𝜁𝑠 ∝ Λ (1.12) 
 

The relation (1.12) shows that the secondary flow loss coefficient is linearly proportional to the 
load function Eq. (1.10). Experimental investigations show that the secondary flow loss coefficient 
is also proportional to the dimensionless tip clearance: 

𝜁𝑠 ∝ 𝑓 �
𝛿 − 𝛿0
𝑐

� 
(1.13) 
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Where 𝛿 is the actual tip clearance and 𝛿0 a fictive tip clearance at which the tip clearance loss 
becomes zero. Combining Eqs. (1.12) and (1.13) and introducing a constant 𝐾 and exponent 𝑚, 
The final equation that describes the loss coefficient due to the induced drag: 

𝜁𝑠 = 𝐾Λ�
𝛿 − 𝛿0
𝑐

�
𝑚

 
(1.14) 

 

with 𝐾 = 0.169 and 𝑚 = 0.6. Thus, Eq. (1.14) is written for a stator blade without hub shroud: 

𝜁′𝑠𝑡 = 0.676(cot𝛼2 − cot𝛼1)
sin2 𝛼2
sin𝛼∞

�
𝛿 − 𝛿0
𝑐 �

𝑚

 
(1.15) 

 

and for rotor: 

𝜁′′𝑟𝑡 = 0.676(cot𝛽3 − cot𝛽2)
sin2 𝛽3
sin𝛽∞

�
𝛿 − 𝛿0
𝑐 �

𝑚

 
(1.16) 

 

The tip and hub clearance flows have two different effects. First, they generate secondary flow 
vortices which induce additional drag forces and, second, in case of a turbine rotor they cause a 
mass flow defect which does not participate in power production. These two effects result in a 
decrease of the stage efficiency and also a decrease in overall efficiency of turbomachines. The 
secondary flow losses caused by the tip clearance and the endwall vortices particularly affect the 
efficiency of those stages with small aspect ratios such as HP-blades. 

Calculation of Endwall Secondary Flow Losses [2] 

As mentioned previously, at the hub and tip endwalls, vortices are formed as a result of the 
interaction between the low energetic endwall boundary layer and the governing pressure 
difference between the suction and pressure surfaces very close to the endwall. Details are shown 
in Fig. 1.22. 
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Fig. 1.22 Development of tip, hub and endwall vortices in rotor and stator blades channels 

 

In addition to the tip clearance vortices, at the tip of a rotor (Fig. 1.22 left) blade, endwall vortices 
are also present due to the pressure difference mentioned above. Similarly, at the hub of 
unshrouded stator blades (Fig. 1.22 right), clearance and endwall vortices are developed. The 
working principle of endwall secondary flow vortices leading to induced drag forces and the 
subsequent total pressure loss is the same as the one by tip clearance vortices.  

Since the boundary layer development along the end-walls plays a significant role in generating 
the secondary vortices, it is obvious to include its momentum effect in a relationship that 
describes the endwall secondary flow loss coefficient. In order to account for the momentum 
deficit due to the boundary layer development, it is more exact to use the boundary layer 
momentum thickness 𝛿2 rather than the vague boundary layer thickness 𝛿. As a consequence, we 
may set the loss coefficient due to the secondary flow on the endwall 𝜁𝑆𝑊 as: 

𝜁𝑆𝑊 = 𝐾 �
𝛿2
ℎ
� �𝐶𝐿

𝑐
𝑠
�
2 sin𝛼∞

sin2 𝛼2
 

(1.17) 

 

with ℎ as the blade height. In addition to the endwall secondary flow losses, there is also a total 
pressure loss due to the wall friction caused by the fluid viscosity. 

The loss coefficient due to the boundary layer development along the endwalls may be set linearly 
proportional to the boundary layer momentum thickness. Furthermore, since the effect of the 
endwall friction diminishes with increasing the blade height ℎ𝑏, the loss coefficient may be set 
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inversely proportional to ℎ𝑏. The resulting relation is then multiplied with a constant to arrive at 
the following simple relationship for estimating the endwall friction coefficient: 

𝜁𝑓𝑤 = 𝐾1
𝛿2
ℎ

= 𝐾1
𝛿2
𝑐
𝑐
ℎ𝑏

 
(1.18) 

 

Assuming a fully turbulent boundary layer at the endwalls (this is of course are enough estimate) 
the momentum thickness can be estimated from the skin friction coefficient for a zero pressure 
gradient flat plate, as 

𝑐𝑓𝐹𝑃 = 2 �
𝛿2
𝑐
�
𝐹𝑃

= 0.074𝑅𝑒𝑐−1/5  ,   𝑤𝑖𝑡ℎ  𝑅𝑒𝑐 =
𝑉2𝑐
𝑣

 
(1.19) 

with 𝛿2 an 𝑐 as the boundary layer momentum thickness and the blade chord, respectively. To 
account for the acceleration of deceleration within a turbine or a compressor cascade, the skin 
friction in Eq. (1.19) must be corrected first. This is done by multiplying  𝑐𝑓𝐹𝑃  from Eq. (1.19) with a 
velocity ratio: 

𝑐𝑓 = 𝑐𝑓𝐹𝑃𝑓
0.8  ,

𝛿2
𝑐

= �
𝛿2
𝑐
�
𝐹𝑃
𝑓0.8       with   𝑓 = 0.2��

𝑉1
𝑉2
�
𝑛4

𝑛=0

 
(1.20) 

 

with 𝑉1 and 𝑉2 as the cascade inlet and exit velocities. In case of a rotor cascade, the absolute 
velocity must be replaced by the relative ones,  𝑐𝑤2 and 𝑐𝑤3. Expressing the momentum thickness 
in Eq. (1.18) in terms of skin friction, Eq. (1.20), we obtain the friction loss coefficient for the two 
endwalls with the following relationship: 

𝜁𝑓𝑤
ℎ𝑏
𝑐

= 4𝐾1 �
𝛿2
𝑐
� = 2𝐾1𝑐𝑓 

(1.21) 

 

Likewise, the boundary layer momentum thickness in Eq. (1.21) is expressed as: 

𝜁𝑠𝑤 = 2𝑐𝑓𝐾2
𝑐
ℎ𝑏
�𝐶𝐿

𝑐
𝑠
�
2 sin𝛼∞

sin2 𝛼2
 

(1.22) 

 

With Eqs. (1.21) and (1.22), the total pressure loss coefficient due to the endwall friction and the 
secondary flow is determined from 

𝜁𝑠𝑓 = 2𝑐𝑓 �𝐾1 + 𝐾2 �𝐶𝐿
𝑐
𝑠
�
2 sin𝛼∞

sin2 𝛼2
� (1.23) 
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Fig. 1.23 Combined secondary and endwall friction loss coefficient as a function of 𝜶𝟏 with 𝜶𝟐 as 

parameter [2] 

 

with the coefficients 𝐾1 = 4.65 and 𝐾2 = 0.675 from experiments. Equation (1.23) is plotted in 
Fig. 1.23. It shows the combined secondary and friction loss coefficient as a function of the inlet 
flow angle 𝛼1 with 𝛼2 as a parameter. For accelerated flows through turbine cascades, the inlet 
flow angle is 𝛼1 > 𝛼2. The Dashed-dot line is the locus of all 𝛼1 = 𝛼2. This is a special case where 
the flow undergoes no deflection, causing the contribution of the lift force in Eq. (1.23) to become 
zero. As a result, the wall friction is the only no-zero term in Eq. (1.23).  

For decelerated flows in compressor cascades, the inlet flow angle is 𝛼1 < 𝛼2. For a given exit flow 
angle 𝛼2, the loss coefficient remains close to its minimum as long as the 𝛼1 < 90°. In this case, 
the cascade has a small flow deflection from inlet to exit. For 𝛼1 > 90°, the deflection becomes 
large, leading to higher 𝜁𝑠𝑓 −values. Once the combined secondary and friction coefficient are 
determined from (1.23), the corresponding stage loss coefficient is calculated from: 

𝑍𝑠𝑓 = 𝜁′𝑠𝑓
𝑐𝑣22

2𝑙
+ 𝜁′′𝑠𝑓

𝑐𝑤32

2𝑙
 

(1.24) 
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1.10. Sinusoidal Method for Radial Equilibrium   

These Presented method was developed by Wu [19] and  Ecker [20]. The integration of the 
differential equation of the radial balance was carried out for the case of constant response over 
the radius and showed that for the meridional velocity distribution of the expression. 

𝑐𝑚𝑖
2 − 𝑐𝑚2 = 2𝜔2(1− r) �(1 − r)�𝑟2 − 𝑟𝑖2� ±

𝜓
2
𝑟𝑎2 ln �

𝑟
𝑟𝑖
�� (1.25) 

 

where: 
+ Meridional velocity distribution behind the rotor, 
- Meridional velocity distribution behind the stator, 

 
Figure 1.24 Expansion of the differential equation of turbomachinery flow by considering secondary 

centrifugal force [20] 

 

In order to derivative this relationship it was assumed that the flow runs on coaxial cylinder 
barrels, that is that the streamlines lines are in a compressor longitudinal section lines, which run 
parallel to the compressor axis. The double sign before the second term of the expression in the 
above relationship, however, shows that different upstream and downstream of a rotor or stator. 
Velocity distributions arise that in a series connection of several similar steps lead to a periodic 
course of the meridional flow lines, as it was r = 0.5. 
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Due to the curvature of the current paths in the meridian plane acting on air particles, additional 
ground forces are to be referred to secondary centrifugal forces and have to be considered when 
drawing up the radial equilibrium conditions. With the notation in Fig. 1.24 is obtained. 

𝑃 = 𝑍𝐼 + 𝑍𝐼𝐼  (1.26) 
 

𝑑𝑉
𝑑𝑝𝑠𝑎𝑡
𝑑𝑟

= 𝜚 ∙ 𝑑𝑉
𝑐𝑢2

𝑟
+ 𝜚 ∙ 𝑑𝑉

𝑐𝑚2

𝑅
 

1
𝜚
𝑑𝑝𝑠𝑎𝑡
𝑑𝑟

=
𝑐𝑢2

𝑟
+
𝑐𝑚2

𝑅
 

 

(1.27) 

Becomes 

𝑝𝑠𝑎𝑡 = 𝑝𝑡𝑜𝑡 −
𝜚
2

(𝑐𝑚2 + 𝑐𝑢2) 
1
𝜚
𝑑𝑝𝑠𝑎𝑡
𝑑𝑟

=
1
𝜚
𝑑𝑝𝑡𝑜𝑡
𝑑𝑟

− �𝑐𝑚
𝑑𝑐𝑚
𝑑𝑟

+ 𝑐𝑢
𝑑𝑐𝑢
𝑑𝑟

� 

(1.28) 

 

Substituting this relation in Eq. (1.27) gives the extended equation of compressor flow 

1
𝜚
𝑑𝑝𝑡𝑜𝑡
𝑑𝑟

= 𝑐𝑚 �
𝑐𝑚
𝑅

+
𝑑𝑐𝑚
𝑑𝑟

+� + 𝑐𝑢 �
𝑐𝑢
𝑟

+
𝑑𝑐𝑢
𝑑𝑟

� 
(1.29) 

 

For the numerical evaluation of this relationship of the radius of curvature 𝑅 = 𝑓(𝑟) is required, it 
is necessary to be calculated. 

a) The radius of curvature of the surface current axial sections 

The shape of current surface axial sections is not known in advance exactly. However, one can 
distinguish two main cases in their training. The first case is when the current paths in the gap 
under consideration have a turning point, such as is the gap B of Fig. 1.25 
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Figure 1.25. Axial section through a medium flow area at the inlet of an axial compressor with 50% 

reaction and constant pressure value in the rotor 𝑰, before guide 𝑽𝑳, 𝑹𝑰first rotor; 𝑳𝑰 stator behind first 
stage. 

 

 
Figure 1.26 Velocity triangles for axial stage 
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In Fig. 1.25 is a longitudinal section through the inlet stage of an axial compressor with 50% 
reaction and above the radius constant pressure increase in the first impeller is illustrated. From 
the associated velocity triangles (Fig. 1.26), it follows that the circumferential component 
𝑐2𝑢,𝑉𝐿 = 𝑐2𝑢,0  downstream of the inlet guide vane in the subsequent rotor (𝐼) to the absolute value 
𝑐1𝑢,𝐿𝐼  is increased.  

In order to know the forces acting on the particles centrifugal further increases, so that for the 
production of dynamic balance and the pressure gradient must be enlarged. Since the impeller 
requirement according creating constant head over the radius, the increase in the pressure 
gradient must be applied by a further increase in the velocity; This reaches a maximum value in 
the gap 𝐶 between impeller and subsequent stator. This has the profile illustrated in Fig. 1.25 of 
current surface axial sections result. In the gap 𝐶, the current surface sections have a maximum 
value in the gap B between before guide and rotor (𝐼), on the other hand a turning point. In this 
the radius of curvature R of the meridional flow line becomes infinite. Therefore, in the gap B does 
not occur resulting from the axial and radial components of motion additional centrifugal force 
((𝜚𝑐𝑚2 𝑑𝑉/𝑅), and the expanded differential equation is their simple, given the form returned. 

The second main case and at the same time the normal case in multi-stage compressors is 
characterized as meridional flow lines in the columns A and B each have extreme values of their 
spacing from the compressor axis. Since it is vibrational lines, it can be see the meridional flow 
lines piecewise approximated by sinusoidal lines or cosinusoidal lines. The radius of curvature in 
the intersections points of a sine curve is 

𝑅2 = −𝑅1 =
2𝑎2

𝜋2(𝑟2 − 𝑟1) 
(1.30) 

in which:  𝑎 is the distance from gap center to center gap, is un assumed to be equal to the 
impeller and diffuser;    𝑟2 and 𝑟1 are the extreme values of a meridional flow lines at the points A 
and B (gap center) as shown in Fig. 1.27. 

The determination of the radius difference 𝑟2 − 𝑟1 must be iterative. Only under simplifying 
assumptions can be found closed expressions for special cases.  

 
Figure 1.27 Sketch of use designations (Normal section) 
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Figure 1.28 Graphical determination of the radial difference 𝒓𝟐 − 𝒓𝟏 

For an annular flow tube between two flow surfaces with radii 𝑟2 + 𝑑𝑟2 (in section A) and 𝑟1 + 𝑑𝑟1 
(in Section B) applies to incompressible flow continuity relationship 

2𝜋𝑟2𝑑𝑟2𝑐𝑚2 = 2𝜋𝑟1𝑑𝑟1𝑐𝑚1 = const (1.31) 
 

Here, the direction 𝑐𝑚2(𝑟2) is known. The direction𝑐𝑚1(𝑟1), however, is the radius of curvature 
𝑅 = 𝑓(𝑟) of the current paths and thus of the difference (𝑟2 − 𝑟1) dependent. For the time being 
estimated direction 𝑐𝑚1� (𝑟1�) can 𝑟2 − 𝑟1�  according to Fig. 1.28 determined and a first 
approximation for 𝑅1 = 𝑓(𝑟) according to Eq. (144) are calculated. From the hereby determined 
velocity curve 𝑐𝑚1(𝑟1) obtained a second approximation to the radius difference 𝑟2 − 𝑟1.  

1.11. Tip Losses Models 

An Important study on Tip Clearance Flows was made by Chung Wu and Wen Wu [XX]. They make 
a research of many works published; some of this works was made by Meldahl and Traupel, who 
proposed the netx equations to predict the Tip Losses in a semi-empirical way: 

Meldahl Equation 

𝐿𝑒 = 0.1011 + 4.667 �
𝑠
𝑐
� (1.32) 

 

Traupel Equation 

𝐿𝑡 = 𝐾𝑇 �
𝐴𝑐
𝐴𝑎
�
��𝑠𝑡�∆𝑉

sin𝛼
 

(1.33) 
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In Fig. 1.29 and 1.30, the equations were plotted varying the ratios of (𝑠/𝑐) and ∆𝑉 respectively, a 
linear behavior is appreciate for both loss models, showing a proportional relation between the 
losses and the tip clearance geometry and velocities. 

 

Figure 1.29 Meldahl End-Losses 

 

Figure 1.30 Traupel Tip Losses 
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2.1.   Three-dimensional Theory 

In the case where the simple radial equilibrium condition is not compatible, as the secondary flow 
losses, this method needs to be replaced by a general one. Wu [19] introduced two sets of surface: 
Blade to blade surface called 𝑆1 and hub to tip surfaces labeled 𝑆2 as shown in Fig. 2.1. Utilizing 𝑆1 
and 𝑆2 surfaces proposed an iterative method to solve the three-dimensional inviscid flow field in 
turbomachinery stages. Coupling both surfaces, however, is associated with computational 
instabilities that gives rise to replacing the technique by complete Euler or Navier-Stokes. 

 
Figure 2.1 Surfaces 𝑺𝟏 and 𝑺𝟐 in a blade row 

These S1 surface will in general be twisted (Fig. 2.2); that is, the flows are not restricted to surfaces 
of revolution as in quasi-three-dimensional solutions developed elsewhere. The S1 surfaces can be 
modified and redefined in order to cope with the large circumferential derivatives that result from 
cases of large surface twist. Complications arise in regions where, because secondary flows, for 
example, particles leave the walls and flow onto the blade surface, or, as is more likely, leave the 
blade surface and flow onto the wall or even necessary to approximate a solution by assuming 
that the flow follows the hub and casing walls. 
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Figure 2.2 Twist of flow surfaces in axial-flow channel. 

A relative stream surface of the second kind S2 is one traced out by fluid particles which, at some 
axial position, were initially along a radial or nearly radial line. The most important S2 surface is 
the one that starts midway between two blades (Fig. 2.1) and divides the mass flow in the channel 
between the blades into two approximately equal parts. The through-flow solution obtained for 
large numbers of thin blades is a special case of S2 stream surface solution. The problems of 
surface twist and complications near the boundaries for S2 surfaces are similar to those already 
described for S1 surfaces. 

In general, three-dimensional solutions for both the direct and inverse problems employ the 
solutions on both these two kinds of surfaces. The correct solution on one kind of surface often 
requires information obtained from solutions of the other kind. For example, determination of 
flow on S1 surfaces requires information concerning the radial variation of the velocity 
components that is obtained from solution along the S2 surfaces. Consequently, iterative solutions 
between the two kinds of surfaces may be required. However, the computations are essentially 
two-dimensional and can be handled by present computational techniques. A general method is 
provided for solving the flow equations manually or by high-speed digital machine computations. 

In the direct problem, the solution starts with an assumed flow surface and proceeds with 
successive alternate solutions on the two kinds of flow surface until a satisfactory approximation is 
obtained. 

The process is usually shorter for the inverse problem. The calculation begins on the mean S2 
surface on which the designer has one degree of freedom and an estimated blade thickness 
distribution 𝐵 to specify. After the solution on this S2 surface has been obtained, the blade 
coordinates are determined by extending the solution circumferentially. 
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2.2. Flow Visualization, Streamlines 

Flow visualization is a tool in experimental fluid mechanics that renders certain properties of a 
flow field directly accessible to visual perception. It has always been believed that observation of a 
process pattern facilitates the development of an understanding and the subsequent analysis of 
such a phenomenon. The physical principles of many flow visualization methods are rather simple; 
a number of important discoveries were made with these techniques. 

The visualization technique of streamlines, filament lines or particle paths, which injects some 
foreign material into a flow as a tracer is the most popular one and has been widely used over a 
long period, up to now. These three curves coincide if the flow field is stationary. But in the flow 
that depends on space and time as well, the three types of curves are different from one another. 
Which curves will be visualized depends on: where the particles are introduced, the length of the 
exposure time and the reference system from which the flow is observed or photographed.  

• Streamline is the line traced by a given particle 
• A time line is a line traced formed by a set of particles 
• A streak line is a line of particles that are incrementally released into the flow 

Streamlines for this experiment will be represented by colored threads, which are attached to the 
surface of the blades, the stream lines are placed strategically to observe their movement through 
the surface and the passage formed by the blades, also was placed a millimeter scale on the same 
surface of the blades and walls to determine exactly the displacement gradients of each 
streamline, Fig. 2.3 shows this: 

 
Fig. 2.3 Milimetric Scale and streamlines at blades 
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2.3. Equipment used for the Experimentation 

A wind tunnel for the LABINTHAP at ESIME of the IPN was used for this experimentation, the wind 
tunnel is shown in Fig. 2.4, the wind tunnel used, have two electric motors, suction air from the 
nozzle section and the air passes through the test section so the blades coupled at the electric 
motors induce the suction and finally passes to the outlet section. 

 
Figure 2.4  Wind tunnel 

Compressor vanes are used; these vanes are from Siemens TB 5000 Ruston which are shown in 
Fig. 2.5, the corresponding of the firstly fifth stator blades are proposed to use for this 
experimentation. 

 
Figure 2.5 Stator Blades of TB-5000 Ruston Turbomachinery 
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Pitot Tube 

The basic pitot tube consists of a tube pointing directly into the fluid flow. As this tube contains 
fluid, a pressure can be measured; the moving fluid is brought to rest (stagnates) as there is no 
outlet to allow flow to continue. This pressure is the stagnation pressure of the fluid, also known 
as the total pressure or (particularly in aviation) the pitot pressure. Fig. 2.6 shows the Pitot tube  

Known the Bernoulli equation, which is valid along a single streamline in steady, inviscid flows 
where the continuum approximation holds. 

𝑑𝑝
𝜌

+ 𝑉𝑑𝑉 = 0 

The pressure–density relation 

1
2
𝜌𝑉2 =

1
2
𝜘𝑀2𝑝 

and the familiar incompressible (𝑀 = 0) form 

𝑝0 − 𝑝 =
1
2
𝜌𝑉2 

where 1/2𝜌𝑉2 is termed the dynamic head or dynamic pressure. Thus, for incompressible flow, 
measurements of density, and total and static pressures can be used to obtain the local velocity. 

             
Figure 2.6 Pitot Tube 

 

https://en.wikipedia.org/wiki/Stagnation_pressure
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2.4. Characteristics of TB-5000 Stator Blade  

The dimensions are presented in Fig. 2.7, the stator blades of this turbomachinery were 
measurement in order to find the geometry parameters of the blades as the angles of each blade, 
this measurements were obtained by precision equipment as shadow profile machine. 

 
Figure 2.7 Dimensions of the Stator Blades of TB-5000 

The Profile of the Blade of TB-5000 was measured and their geometric characteristics were found 
by different instruments for this purpose, the geometric characteristics are shown in Table 2.1, Fig. 
2.8 shows the comparison to the profile measured with a NACA-65 series profile to ensure the 
configuration of the real profile TB-5000, the complete characteristics of TB-5000 is in Appendix A 

Table 2.2 Profle Geometric Characteristics 

Profile TB-5000 Hub Med Tip 
Chord 𝑐 29.058 29.058 29.058 
Spacing 𝑠 19.15 19.15 19.15 
Inlet Angle 𝛼1 90 90 90 
Outlet Angle 𝛽1 121 119 117 
Camber angle 𝜃    
Incidence Angle 𝑖 -31 -29 -27 
Deviatio Angle Σ 0 0 0 
Blade Thickness 𝑡    
Stagger Angle 𝛾 31 29 27 
Solidity 𝜎    
Aspect Ratio 𝐴𝑅    
Blade high inlet ℎ1 73.33 
Blade high outlet ℎ2 68.17 
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Figure 2.8  Comparisons of Profile TB-5000 and NACA 6510 

 
Figure 2.9 Profiles along the Height of  TB-5000 2 Stage Stator 

2.5. Cascade Arrangement 

Figures 2.10 and 2.11 shows the arrangement used for this experimentation, this arrangement 
correspond in order to have the more passages as possible in the test section of the wind tunnel, 
this because the effects of the walls (side to side) gives a changes in the radial (height of the 
blades) loading at the blades surface. 
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Figure 2.10 Front view of the arrangement 

 

 
Figure 2.11 Arrangement of the blades cascades  

 

Figure 2.12 shows the top view of the arrangement and how many passages are formed in each 
cascade. The blades are numbered in order from the left wall to the right wall in flow direction. 
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Figure 2.12 Top view of the arrangement 

Figure 2.13 shows the areas formed at inlet from the different channels ant the tip clearance 
region. 

 
Figure 2.13 Areas at Cascade inlet 

In tables 2.2, 2.3 and 2.4 are shown the different areas and their area ratio with respect to the 
total area at inlet and outlet of the cascade for the first configuration of the cascade. 
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Table 2.2  Areas and ratios areas with the first heigth of the Tip Clearance 

Cascade 
Total CH 1 CH2 CH3 

𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 
Inlet Area 10173.90 100% 709.48 7.0% 1404.27 13.8% 1404.27 13.8% 

Outlet Area 9877.32 100% 1589.65 16.1% 1303.36 13.2% 1303.64 13.2% 

Cascade 
CH4 CH5 CH6 Tip 

𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 
Inlet Area 1404.27 13.8% 1404.27 13.8% 1886.40 18.5% 1960.94 19.3% 

Outlet Area 1303.64 13.2% 1303.64 13.2% 793.53 8.0% 2279.86 23.1% 
 

Table 2.3 Areas and ratios areas with the second heigth of the Tip Clearance 

Cascade Total CH 1 CH2 CH3 
𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 

Inlet Area 8626.24 100% 709.48 8.2% 1404.27 16.3% 1404.27 16.3% 
Outlet Area 8332.06 100% 1589.65 19.1% 1303.36 15.6% 1303.36 15.6% 

Cascade CH4 CH5 CH6 Tip 
𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 

Inlet Area 1404.27 16.3% 1404.27 16.3% 1886.40 21.9% 413.28 4.8% 
Outlet Area 1303.36 15.6% 1303.36 15.6% 793.53 9.5% 735.44 8.8% 
 

Table 2.4  Areas and ratios areas with the second heigth of the Tip Clearance 

Cascade 
Total CH 1 CH2 CH3 

𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 
Inlet Area 8419.88 100% 709.48 8.4% 1404.27 16.7% 1404.27 16.7% 

Outlet Area 8125.49 100% 1589.65 19.6% 1303.36 16.0% 1303.36 16.0% 

Cascade 
CH4 CH5 CH6 Tip 

𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 𝑚𝑚2 𝐴𝑟𝑡 
Inlet Area 1404.27 16.7% 1404.27 16.7% 1886.40 22.4% 206.92 2.5% 

Outlet Area 1303.36 16.0% 1303.36 16.0% 793.53 9.8% 528.87 6.5% 
 

Three different Tip Clearances where tested, the heights of the gaps are in Table 2.5, the height of 
each gap is reference with first point at the inlet cascade, the tip ratio is referenced with the inlet 
height of the blade of 73.33 mm and whit chord 29.05 mm. 

Table 2.5 Characteristics of the Tip Clearances 

Tip 
Clearances 

Height 
[mm] 

Tip Ratio 
[% 𝒉𝒃] 

Tip Ratio 
[% Chord] 

1 17.51 23.8  60.27 
2 3.69 5 12.70 
3 1.85 2.5 6.36 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3 

RESULTS 
  



Chapter 3 – Results 

48 
 

  



Chapter 3 – Results 

49 
 

3.1. Velocity Profile 

The Stator Cascade was tested in a nominal speed of wind tunnel, the nozzle section of the 
compressor makes that velocity varies with respect to reduced area along the nozzle section; Pitot 
tube was used to determine the velocity profile at middle section of the Stator height, Fig. 3.1 
shows the position before the cascade and Fig. 3.2 shows the velocity profile for each inlet 
channel. The velocity profile is no uniform in order to vary mass flow in each channel, Table 3.1 
shows the mass flow at each channel 

 
Figure 3.1 Position at Inlet Velocity measurements       Figure 3.2 Velocity Profile in Wind Tunnel at Inlet  

 

Table 3.1 Mass Flow for each passage 

 CH1 CH2 CH3 CH4 CH5 CH6 Tip 
 [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] [kg/s] 
Inlet 9.08E-03 2.66E-03 1.08E-02 9.03E-03 8.63E-03 1.88E-02 1.47E-02 

 
At outlet of the cascade in Tip Clearance region the velocity profile was calculated, Fig. 3.3 shows 
the position of the Pitot Tube to measurement the static and total pressure. Fig. 3.4 shows the 
velocity profile, in color blue is the velocity at exactly the outlet of the tip for each Stator Blade 
and in color red is the outlet velocity of each channel. 
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Figure 3.3 Pitot Point Data position at Inlet Velocity measurements 

 

 
Figure 3.4 Velocity Profile at Outlet Tip Blade 

3.2. Flow Visualization at Surfaces of the Blades 

The cascade was tested at subsonic and incompressible flow, the results of the experiment in 
order to find out the behavior at the tip region are present in the following paragraphs and figures, 
three different tip clearances were probed. Fig. 3.5 shows the three different gaps, the tip 
clearance vortex is presented in each case, Tip Clearance 1 has the more area affected by the 
vortices and as the tip gap is decreasing, less effect shown in the blade surface.  
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Figure 3.5. Three Tip Clearance Vortices effect into Suction Surface of Fith Blade. 

The influence of Tip Vortex on the surface is represented by height ratio, which is the height 
where the vortex induces a change in the streamlines; streamlines were represented by the color 
lines. The values of this height ratio are in Table 3.2 for the five blades at three different tip gaps. 

Table 3.2 Area affected by the Tip Clearance in all cases 

 Cascade 
 Blade Number 1 2 3 4 5 

Blade Height [mm] 73.33 73.33 73.33 73.33 73.33 

Ti
p 

C1
 H Tip Vortex P S [mm] 15.33 13.33 10.33 8.33 8.33 

H Tip Vortex S S [mm] 18.33 8.33 13.33 18.33 23.33 
Hr P Side [%] 20.9% 18.2% 14.1% 11.4% 11.4% 
Hr S Side [%] 25.0% 11.4% 18.2% 25.0% 31.8% 

Ti
p 

C2
 H Tip Vortex P S [mm] 5.33 10.33 9.33 5.33 28.33 

H Tip Vortex S S [mm] 10.33 5.33 5.33 8.33 21.33 
Hr P Side [%] 7.3% 14.1% 12.7% 7.3% 38.6% 
Hr S Side [%] 14.1% 7.3% 7.3% 11.4% 29.1% 

Ti
p 

C3
 H Tip Vortex P S [mm] 5.33 7.33 8.33 7.33 5.33 

H Tip Vortex S S[mm] 6.33 5.33 5.33 6.33 8.33 
Hr P Side [%] 7.3% 10.0% 11.4% 10.0% 7.3% 
Hr S Side [%] 8.6% 7.3% 7.3% 8.6% 11.4% 

 

Figures 3.6, 3.7  and 3.8 shows how the area affected by the tip clearance is reduced as the tip gap 
is smaller, the graphics are plotted with the data on Table 6.1 which is from the measurements on 
the surfaces at the blades, the blades were cover with a milimetric scale. 
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Figure 3.6 Height induced by Tip Vortex 1 respect to the blade height 

 
Figure 3.7 Height induced by Tip Vortex 2 respect to the blade height 

 
Figure 3.8 Height induced by Tip Vortex 3 respect to the blade height 
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Figures 3.9, 3.10 and 3.11 shows the trailing edges of the five blades, the scraping vortices and the 
outlet of the flow in the passages are shown as the behavior of the streamlines with the color 
lines, Fig. 3.9 is a picture taken from the Tip Clearance 1 arrangement, Fig. 3.10 corresponds to the 
second arrangement of the Tip Clearance and Fig. 3.11 is from the third arrangement. It should be 
noted that there is a more linear behavior over the radial height of the vanes, which indicates a 
more uniform as established the theories of radial equilibrium and meridional line behavior. 

 
Figure 3.9 Streamlines on the suction surface of the blades at trailing edge for the first Tip gap 

 
Figure 3.10 Streamlines on the suction surface of the blades at trailing edge for the second Tip gap 
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Figure 3.11. Streamlines on the suction surface of the blades at trailing edge for the third Tip gap. 

 

In tests with flow angles and corresponding to the geometry of the profiles, a quick detachment of 
the boundary layer at the leading edge of the Cascade on the pressure side of the blades was 
found. Figures 3.12, 3.13 and 3.14 correspond to this phenomenon for the different configurations 
of the Tip clearance. Equitable behavior is shown in all three cases, so there is no effect on the 
boundary layer profile caused by the vortex of blade tip, the phenomenon that is seen initially is 
like the flow of the wall end if affected by the boundary layer of the blade in its radial height. This 
effect is show more in detail in the following section. 

 
Figure 3.12 Streamlines on the pressure surface of the blades at leading edge for the first Tip gap 
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Figure 3.13 Streamlines on the pressure surface of the blades at leading edge for the second Tip gap 

 
Figure 3.14 Streamlines on the pressure surface of the blades at leading edge for the third Tip gap 

Figure 3.15 shows in more detail the top view, the scraping vortices at the tip region are 
represented by the streamlines, the third blade of the cascade shows a better example of this 
vortex type,  the first and fifth blades are affected by the wall but it is only represent a change in 
the loading factor on the blades, an important phenomenon discovered in these channels was that 
if the behavior change in a channel, it affects the adjacent channels to this, so if a channel of the 
row shows an anomaly, this is reflected in proportion to the flow direction in the following 
channels.  
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Figure 3.15 Top view of the cascade with streamlines at each case of study 

3.3. Flow Visualization at End-Wall 

An important region and it is effects is the End-Wall region, the literature and the works consulted 
previously, mark this region as governed by the boundary layer mainly, the boundary layer is 
always presented in a flow through a flat plate; the case of the casing losses is as flat plate 
boundary layer, however, the flow does not move axially along the compressor, the experiment 
shows an important component tangentially of the velocity. The streamlines in green color 
represents the streamlines at End-Wall, Fig. 3.16 shows these streamlines, there is noted that if 
the tip gap is reduced, the tangential component of the velocity is reduced too and the axial 
component predominates along the Cascade. 
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Figure 3.16 Streamlines at End-Wall for each case of the Tip Gap 

 

In Table 3.3, the angles between de axial axis and the Streamlines at End-Wall region are tabulate, 
the increment in the values of the angles in the Tip gap 2 and 3 are affected by the boundary layer 
presented in the Blade, that is because the streamlines descends at the boundary layer region on 
the blade, in some cases the streamlines descends nearly at hub, this at minimum Tip Gap. 

Table 3.3 Tangential Velocity Component of Streamlines at End-Wall 

Streamline Tip C1 Tip C2 Tip C3 
Angle Angle Angle 

[°] [°] [°] 
1 0 0 0 
2 0 13 0 
3 6 20 22 
4 14 11 1 
5 16 14 18 
6 16 15 1 
7 16 3 14 
8 18 13 2 
9 20 19 9 

10 21 10 22 
11 24 17 3 
12 20 0 0 
13 19 0 0 
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The Boundary Layer at End-Wall are measuremed between 1 to 3 mm for the first case of the Tip 
Clearance, for the Second and Third cases, streamlines remain attached to the casing to the point 
where the boundary layer profile makes descend, losing contact with the surface of the casing, it is 
noteworthy that the length boundary layer found in the blades of the cascade reaches greater 
than 5 mm separation of the surface on the pressure side of all the blades. Figures 3.17, 3.18 and 
3.19 corresponds to these Boundary Layer at End-Wall region for each case of the Tip Clearance. 

 
Figure 3.17 Streamlines at Boundary Layer for the First Case of Tip Clearance 

 
 

 
Figure 3.18 Streamlines at Boundary Layer for the Second Case of Tip Clearance 
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Figure 3.19 Streamlines at Boundary Layer for the Third Case of Tip Clearance 

3.4. Flow Visualization at Passages and Surfaces of the Blades 

The Fig. 3.20 shows the streamlines from the entrance to the Cascade and their behavior are 
shown, you can see the formation of tip vortices, especially in the blade number 3, where there is 
a greater concentration of streamlines and the behavior is shown in the radial height of the 
blades. 

 
Figure 3.20 Streamlines at passages of the Cascades 
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Figures 3.21 and 3.22 show the Tip vortices at trailing edge of the blades, there is noted the 
curvature of the streamlines at this region and how it is converge at the trailing edge on the Tip. 

 
Figure 3.21 Tip vortices at trailing edge for the first Tip Clearance 

 
Figure 3.22 Tip vortex at third Blade of the cascade for the first Tip Clearance 
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In Fig. 3.23, it can be noted how some streamlines at Tip Fourth Blade have not and important 
change in their axial direction, these is because it streamlines passes nearly o certain exactly by 
the radial center of the Tip Vortex, the streamlines suffers a small twist but no relevant, that is 
why it is concluded that in there is the radial center from the Tip vortex is referred to follow his 
curve path. 

 
Figure 3.23 Streamlines at Radial Center of the Tip Vortex for the First Tip Clearance2 

The presented boundary layer on all blades it is not studied in this work, the presence of detached 
boundary layer is important; Fig. 3.32 shows this boundary layer. 

 
Fig. 3.24 Boundary Layer on fifth blade 
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4.1. Flow Visualization for Radial Velocity Variation 

Given the streamlines on the surfaces of the blades as shown in the Fig. 4.1, 4.2 and 4.3 (for each 
case of the Tip Clearance) on the side suction, the changes seen in the direction of the radial 
velocity, since the fluid velocity is tangent to the streamlines for each selected point, the velocity 
change along the radial direction of the blades is important to determine, because as has been 
observed in the theoretical part, the theories of radial equilibrium are not able to determine this 
variation. The blade height where the tip vortex has influence is compared with Bernadier and Key 
[12] in Fig. 1.13 where shows a similar 20% of the passage affected by the tip vortex by a Tip 
Clearance of 1.5 % with respect to ℎ𝑏. 

Table 4.1 summarize the gradients in 𝑦-direction for the fifth blades, there is noted how in almost 
the cases the gradient as the smallest Tip gap have the minimum value. The first blade has no 
change in all their streamlines for the Tip C3, the fourth blade has the expected behavior as the 
theoretical information predicts. 

Table 4.1 Displacement Gradient in 𝒚-Direction for the fitth blades 

1 𝒉𝒃 Tip 
C1 

Tip 
C2 

Tip 
C3 2 𝒉𝒃 Tip 

C1 
Tip 
C2 

Tip 
C3 3 𝒉𝒃 Tip 

C1 
Tip 
C2 

Tip 
C3 

∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 

y 
Co

or
di

na
te

 

69 -2 1 0 
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Co
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di

na
te

 

69 3 3 2 

y 
Co
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di

na
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66 4 4 3 
65 0 -2 0 65 5 0 4 65 4 0 5 
58 -1 0 0 61 -3 -3 -1 62 5 0 2 
55 -1 -5 0 58 -2 -3 -2 60 6 -3 -3 
50 0 -4 0 52 0 0 -4 55 2.5 2.5 -1 
40 -4 -4 0 40.5 -5.5 -5.5 -5.5 50 3 3 -1 
20 -4 -4 0 20 -1.5 -1.5 -1.5 40 -1 -1 -1 

0 0 0 0 0 0 0 0 20 -1.5 -1.5 -1.5 
 

4 𝒉𝒃 Tip 
C1 

Tip 
C2 

Tip 
C3 5 𝒉𝒃 Tip 

C1 
Tip 
C2 

Tip 
C3 

∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 ∆𝑦 

y 
Co

or
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66 3 4 1.5 

y 
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66 6 4 6 
63 6 5 3 64 6 6 5 
60 5 0 -1.5 60 7 1 0 
55 3 0 -0.5 58 4 1 1 
52 2 0 -1 55 4.5 1.5 4 
49 1 -4 -1 50 3 2 3 
41 -2 -2 -2 46 1 1 1 
21 -4.5 -4.5 -4.5 40 -4 2 0 
0 0 0 0 20 -3 -3 0 
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Figure 4.1 Streamlines from the Suction Side for the five blades at Tip C1 
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Figure 4.2 Streamlines from the Suction Side for the five blades at Tip C2 
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Figure 4.3 Streamlines from the Suction Side for the five blades at Tip C3 

4.2. Flow Visualization for Tangential Velocity Variation 

Continuing the Streamlines analysis, the top view or the tip profile view is presented, Fig. 4.4 to 
4.8 are these for each blade, this view enables us to observe the distributions of vortices arising at 
the tip of the stator blade, as seen in each blade, there is a different behavior due to the pressure 
difference and the boundary layer, below will be explained in detail with each line current 
analyzed the differences that each one of these lines with the reduction of the Tip gap. 

For Fig. 4.4 shows the first blade, for the first streamline which is on the top of the blade, its three 
different position respect to the reduction of Tip Gap, it is noted that has a more theoretical 
behavior as the second tip gap but for the second streamline the third Tip gap is better. The 
blockage effect presented in this blade at Pressure Side does not have a clear affectation on the 
tip vortex. 
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Figure 4.4 Streamlines on Blade 1 at Tip Clearance 

 

For Fig. 4.5 which represents the streamlines for the second blade, it is noted that tangent at final 
point of each streamline is similar to the designed outlet angle as the Tip gap is reduced for all the 
streamlines, however in this blade, the influence of a the blockage effect of first blade have a 
notable influence on the streamlines in the entire radial height of the blade, that is showed by the 
streamlines which are more attached to the suction side of the first blade. 

For Fig. 4.6, the third Blade has the tangents more like to the outlet blade angle for the last points 
of the streamlines. At this blade, it is more clear that the center of the scrapping vortex is the 
chord line of the tip profile for the first Tip gap, but if the tip gap is reduced, the scrapping vortex 
loss its center and it is incorporated to the streamlines of the passage. 
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Figure 4.5 Streamlines on Blade 2 at Tip Clearance 

 
Figure 4.6 Streamlines on Blade 3 at Tip Clearance 
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Figure 4.7 Streamlines on Blade 4 at Tip Clearance 

 
Figure 4.8 Streamlines on Blade 5 at Tip Clearance 
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Fourth Blade shows in Fig. 4.7, has the expected behavior of the scrapping vortex, which is clearly 
noted its reduction as the Tip gap is reduced and its velocity vectors (tangent to streamline) are 
quite similar to the outlet angle of the blade.  Fig. 4.8 shows the fifth blade which has an wall 
effect, this is noted by the streamlines, the streamlines have a great relative velocity (y-direction 
of the graph) and it is no change as the other blades, this is explained by the increment of the 
pressure by the wall, and for a great pressure ration between the suction and pressure side of the 
blade, the fluid passes with more velocity, in this case, relative velocity. 

4.3. Tip Vortex Reduction 

An experimental study of the effects of tip clearance and tip geometry on a linear compressor 
cascade performance was made by Z. Jingjun, H. Shaobing, L. Huawei and K. Xiaoxy[21] shows the 
reduction of the tip vortex at a reduction of the tip clearance, this results are shown in Table 4.2, 
the comparative between their results and experimental data are shown in Table 4.3. From Table 
4.3 there is noted that the values of column [% 𝑠] has the expected behavior as the comparative 
results from reference [21], however the values of column [%ℎ𝑏] does not have a clear reduction 
as the tip clearance is reduced. 

Table 4.2 Tip Vortex Reduction [22] 

[22] 
Tip gap Vortex Reduction 
[%c] [%ℎ𝑏] [% 𝑠] 

2.0% - - 
1.5% 11 - 6 % 14 -10 % 
1.0% 17 - 12 % 42 -20 % 

Table 4.3 Comparative Vortex Tip Reduction between the five blades 

Experimental Results 
Tip Gap Vortex 1 B Vortex 2 B Vortex 3 B Vortex 4 B Vortex 5 B 

[%c] [%ℎ𝑏] [% 𝑠] [%ℎ𝑏] [% 𝑠] [%ℎ𝑏] [% 𝑠] [%ℎ𝑏] [% 𝑠] [%ℎ𝑏] [% 𝑠] 
60.3% - - - - - - - - - - 
12.7% 33.3% 36.0% 0.0% 11.2% 0.0% 44.9% 20.0% 27.2% 33.3% 43.7% 
6.4% 66.7% 27.4% 33.3% 4.7% 25.0% 44.4% 70.0% 31.6% 0.0% - 

 

In order to see the clear reduction of the Tip vortex, Fig. 4.9 were plotted where is shown the Tip 
vortex for the fifth stator Blades at the three different tip clearances, the differences between the 
five stator blades are due to the different mass flow per channel, the size of the tip vortex is 
dependable of the mass flow and in consequence the Pressure gradient between the SS and PS, 
the mass flow per channel 1 to 6 is increased as noted in Table 3.1.  
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Fig. 4.9 Vortex Tip from five stator Blades at outlet plan 

The experimental work made by B. Liu, G. An, X. Yu and Z. Zhang [22] are focused on rotor tip gaps 
from a highly loaded compressor, they tested for five different operation conditions and have the 
results as shown in Table 4.4 and the comparative with the Experimental data, there is noted that 
in results from Reference [23] they have a linear behavior from 0.5% to 1.5% of Tip Clearance, 
however they results are on Suction Side although the experimental data were from Suction and 
Pressure Side, Fig. 4.10 shows the plotted results. 

Table 4.4 Comparative between experimental data and work developed by [23] 

[23] Experimental Data 
Tip Clearance Corner Separation Tip Clearance Corner Separation 
[mm] [% ℎ𝑏] [%ℎ𝑏] [mm] [% ℎ𝑏] [% ℎ𝑏] 

1 0.50% 20% 
1.85 2.5% 7.3 -11.4 1.5 0.75% 24% 

2 1.00% 26% 
3.69 5% 7.3-38.6 2.5 1.25% 28% 

3 1.50% 30% 
17.51 24% 11.4-31.8 3.5 1.75% 50% 
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Figure 4.10 Corner Separations on Suction Side (SS) a) Reference [23] b) Experimental Data 

 

4.4. Outlet Angle at Tip Clearance 

For the stability of a compressor the fluid flow needs to be steady and in radial equilibrium, 
however in a real compressor instabilities due to the fluid are commonly presented. Meridional 
line theory,   stream curvature theory and the other theories assumed this radial equilibrium but 
the results presented in the experiment show a strong instability in the fluid as the tip clearance is 
increased, there is noted by the changes of the outlet angle (𝛽), Fig. 4.11 shows the outlet angle 
and the changes is this angle due to tip clearance, as large variation of change in outlet angle as 
the instabilities are presented, the problem is not in the blade where the tip vortex is presented, 
the real problem in efficiency of a compressor is how the tip vortex changes the outlet angle of 
this blade and how it interacts with the inlet angle of the incoming blade (stator or rotor). If the 
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flow does not in the direction of inlet angle, this provokes detached flow and increase losses in the 
next row form the tip vortex begins.  

 

 

Figure 4.11 Nomenclature of Outlet angles 

 

Figs. 4.12 to 4.16 shows the change in the outlet angle (∆𝛽), there is noted the 1st blade has an 
expected behavior of decreasing change in outlet angle of the fluid for two different streamlines, 
the outlet angle is calculated by the tangent of the streamline at the final point or at outlet plane 
of the blade. Fig. 4.13 shows the 2nd blade which has a similar behavior of 1st blade, however, Fig, 
4.14 for the 3rd blade shows a great change between the larger Tip Clearance with the smaller, for 
the 4th blade the same behavior as the second and the first blades, finally for the fifth blade (Fig. 
4.16) there is noted an change, there is increased in outlet angle as the smaller tip clearance, this 
behavior is due to the mass flow differences between the 6th channel and the 5th channel which 
are in SS and PS respectively, the flow has a great change in his direction because the scraping 
vortex is larger and cross the 5th channel. 
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Figure 4.12 Change in outlet angle for the three different tip clearances for the 1st Blade 

 
Figure 4.13 Change in outlet angle for the three different tip clearances for the 2nd Blade 

 
Figure 4.14 Change in outlet angle for the three different tip clearances for the 3rd Blade 
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Figure 4.15 Change in outlet angle for the three different tip clearances for the 4th Blade 

 
Figure 4.16 Change in outlet angle for the three different tip clearances for the 5th Blade 

 

The change in oulet angle affects the performance of the next row, this is compare with Grahl and 
Schwarz[10] with their analytic method to correct the influence of the tip clearance and Fig. 1.15. 
The change in inlet angle causes problems in compressor stability because the force coefficients 
(𝐶𝐿 and 𝐶𝐷) depends on inlet angle and if these coefficients change, Fig.  4.17 shows the graph of 
Lift coefficient (𝐶𝐿) versus inlet angle (𝛼) where is noted the great change on Lift Coefficient as 
inlet angle change. NACA 6510 is used as is described in Ch. 3 there is similar to TB-5000 blade 
profile. 
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Figure 4.17 (𝑪𝑳) vs (𝜶) for NACA 6510 series 

 

In order to calculate the losses due to the Tip Clearance, equations 1.32 and 1.33 was used for the 
three different conditions because the three different Tip Clearances, the results are summarized 
in Table 4.5 where both equations shows how the losses have a smaller value as the Tip Clearance 
is reduced. 

 

Table 4.5 Semi-Empirical Losses for the Three Different Tip Clearances 

Method Tip Loss 
1 TC 2 TC 3 TC 

Meldahl 2.871 0.685 0.394 
Traupel 0.389 0.017 0.003 

 



Chapter 4 – Results Analysis 

80 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

CONCLUSIONS 
  



Conclusions 

82 
 

  



Conclusions 

83 
 

CONCLUSIONS 

An Vortex Study at Tip Clearance from Stator Blades of Axial Compressor was carried out in order 
to find out the influence of these Tip Vortex as the Tip Clearance is reduced. 

After having analyzed all the theoretical, numerical and experimental information from previous 
work related to the calculation of lost point and the effects of tip vortices, Is concluded that the 
meridional models are acceptable to a large percentage of the height of the blades, as the effects 
of the tip vortex is reduced nearly to 10% on the surface of the blade when the minimum gap was 
2.5% with respect to the height of the blades. 

The influence of the boundary layer in the end-wall is appreciable a tip gap greater, it was 
observed that the tangential component of the streamlines was larger with the tip gap larger, the 
problem that a large detachment was presented the boundary layer on the surface of the blade 
pressure side, was that the area formed, affect considerably the streamlines that came from the 
casing, so that the boundary layer of the casing is lost and becomes a total phenomenon layer limit 
on the blades, also it was observed that the streamlines entering the region detachment boundary 
layer on the pressure side can get to the root of the blades. 

The effects of the tip vortex are different for each blade, this is due to the effects of the walls on 
the sides of the cascade and this effect on the blades is a change in loading coefficients. The 
effects by the walls side by side of the cascade shows an notable effect in the channels formed 
between these walls and the blades, the effects of the wall nearly the pressure side of the first 
blade provokes a blockage on channel number 1, the blockage in channel 1 shows a re-circulatory 
flow which affects the channel 2, in the other hand the effects of the wall on channel 6 affects the 
flow in channel 5. 

Another advantage of having a minimum tip gap was that the flow was less unstable, giving the 
flow behavior more ideal and attached to the analytical theories. An more steady behavior of the 
fluid the performance of the all compressor is more stable, this is why if the outlet angle of the 
stator rows has a great change, the rotor rows incoming are more probable to present a detached 
flow and losses effects in drag and lift coefficients, which makes a blockage phenomenon and 
probable stall and surge.  

FUTURE WORKS 

The problems at tip clearance and the phenomena presented in an axial compressor are not 
enough studied in order to determine with accuracy from analytical of numeral ways, for a simple 
design the loss models are sufficient accurately however, for a more realistic design of an axial 
compressor experimental data is needed. The new requirements for turbomachinery as more 
pressure ratio, calls for new models to design axial compressors. That is why experimental data is 
required as the new developments in axial compressors go beyond to the present models; 
transonic compressors are being more common at present instead of some years ago when these 
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kinds of compressors are only for military and aerospace industries. The experiment carried out in 
this work was made with stator blades in a simple cascade arrangement, however, this not the real 
arrangement for these blades, the method of visualization used at this research would be applied 
for a rotor rows or an stator rows in a complete radial arrangement as real axial compressors. Test 
more different blades could give a pattern to the vortex at tip clearance and more geometric and 
analytical relations could be developed for predict the exact position and the magnitude of these 
vortices. 
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RUSTON TB-5000 TECHNICAL DATA 
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TB-5000 CHARACTERIST 

Maximum Power Continus: 4 900 HP 

Índice de calor: 9 980 btu/hp-hr 
48.9 x 106btu/hr 

Air Mass Flow: 46 lb/seg (20.884 kg/seg) 

Inlet Velocity to Compressor: 148.245 m/seg 

Fuel Product Velocity: 10,600 r.p.m. 

Turbine Speed: 7,950 r.p.m. 

Pressure Relation: 7.0 

IGV: + 10° at start 
-5° in operation  

Fuel Consumpt: Gas: 1.0 millons per cubic 
feet / day  
Liquid: 224 barrels/day 

Nominal Temperature: T4-T1=507-15=492°C 

 

 

TEMPERATURE AND PRESSURE IN DIFFERENT POINTS OF THE MACHINE 

Point TEMPERATURE (°C) PRESSURE (ATM) 

Inlet Compressor (T1) 15 1.00 

Outlet Compressor (T2) 258 7.17 

Inlet Tubine  (T3) 890 6.74 

Interchange between 2nd Stage  
Turbine and 1st Stage Turbine. 

665 2.47 

Outlet  (T4) 507 1.0 
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Tables from Coordinates of Streamlines for each Blade 

1 X Coordinates on Surface 
0 5 10 15 20 25 29.05 

y 
Co

or
di

na
te

 
69 70 72     
65 65.25 65.5 66 66 66.5 67 
58 58 57.5 57 56.5 56 55 
55 55 55 55.5 56 57 58 
50 49.5 49 48.5 48 47 46 
40 40 40 39 39 37.5 36 
20 20 21 21 20 18 16 
0  0 0 0 0 0 

 

2 X Coordinates on Surface 
0 5 10 15 20 25 29.05 

y 
Co

or
di

na
te

 

69 70 72     
65 66 67 70    
61 61 61 60 60 59 58 
58 58 58 57.5 57 56.5 56 
52 52 52 52 52 52 52 

40.5 40.5 40 39 38 37 35 
20 20 20 21 20 19.5 18.5 
0 0 0 0 0 0 0 

 

3 X Coordinates on Surface 
0 5 10 15 20 25 29.05 

y 
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di

na
te

 

66 68 70     
65 66 67 69    
62 62 63 65 66 67  
60 60 61 62 63.5 64 66 
55 55 55.5 56 56.5 57 57.5 
50 51 52 52.5 52.5 53 53 
40 40 40 40 39.5 39 39 
20 20 20 19.5 19 18.5 18.5 
0 0 0 0 0 0 0 
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4 X Coordinates on Surface 
0 5 10 15 20 25 29.05 
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66 67 69     
63 64 66 69    
60 60 61 62 63 64 65 
55 55 56 56 56.5 57 58 
52 52.5 53.5 54 55 54.5 54 
49 48.5 48 49 50 50.5 50 
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0 0 0 0 0 0 0 

 

5 X Coordinates on Surface 
0 5 10 15 20 25 29.05 

y 
Co

or
di

na
te

 

66 66.5 68.5 70 72   
64 64 64.5 65.5 67.5 69 70 
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2 X Coordinates on Surface 
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5 X Coordinates on Surface 
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