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Abstract

Losses in turbine cascade are categorized as profile loss, secondary loss, tip clearance loss and
annulus loss. Profile loss occurs due to development of boundary layer on surface of blade [1]. In-
crease in thickness of boundary layer and adverse pressure gradient increases profile loss. Sec-
ondary loss occurs due to turning of flow through flow passage which results in blowing of energy
from pressure side to suction side. In turbine rotor blade suction surface leads and tip clearance
loss occurs due to leakage of air from pressure side to suction side of the blade through tip clear-
ance. Annulus loss occurs due to development of boundary layer on stationary row of blade. It also
occurs in moving row of blade but in moving row of blades boundary layer is scraped by flow over
the blades. This paper presents effects of variation of pitch-chord ratio on secondary loss.
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1. Introduction

Secondary losses occur because of unwanted loss of energy due to formation of vortices and turning of flow [2].
The pressure gradient is not uniform due to formation of boundary layer on the blade surface, tip leakage, for-
mation of boundary layer on end walls, abrupt change in area of curved blade passage, viscous losses etc. Flow
is retarded at walls due to viscous losses, as a result pressure increases and velocity is reduced to zero. When the
area of curved passage increases, pressure rises and flow is decelerated. This causes increase in thickness of
boundary layer at walls.
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When area of passage decreases, flow is accelerated and thickness of boundary layer decreases. Since the flow
passage is curved, velocity changes due to change in direction of flow. It is assumed that flow follows the blade
passage and some energy is lost in changing direction of flow. This results in variation of pressure. The suction
surface and pressure surface of blade are not symmetric, so pressure on suction side is different from pressure on
pressure side of aerofoil. All these contribute to variation of pressure as flow proceeds through passage. This re-
sults in formation of vortices. Loss of energy occurs due to these vortices, resistance to flow and adverse pressure
gradient.

2. Literature Survey

Langston et al. (1977), Marchal and Sieverding (1977), Sharma and Buttler (1987), Hodson and Dominy (1987)
and Yamamotto (1987) clarified details of three dimensional flow development [3] [4]. Moore and Adhye (1985)
and Gregory smith et al. (1988) analyzed loss production mechanisms. Moore et al., Zunino et al., Gregory
Smith ef al. (1982) and Cleak (1990) determined the effect of turbulence quantities. Yamamoto and Nouse
(1988) have shown the influence of incidence angle on the three-dimensional flow inside a linear cascade. Hod-
son and Dominy have reported on secondary flows downstream of high speed linear cascade under off-design
conditions, including incidence angle, pitch-chord ratio, Reynolds number and inlet boundary layer thickness
variations. Hodson and Dominy have tested performance of low pressure turbine cascade at pitch chord ratios of
0.46, 0.56, and 0.69.

Experiments carried out at (Centro Nazionale per Ricerche Sulla propulsione e sull’” Energetica, Milano)
CNPM laboratory by Antonio Perdichizzi, Marco Savini and Vincenzo Dossena (1999) on secondary flows in
turbine cascade at pitch-chord ratios of 0.58, 0.73, and 0.87. The secondary kinetic energy grows considerably
as the pitch chord ratio increases. Experiment was performed on transonic wind tunnel [5].

Young J. Moon ef al. (2000) analyzed the effect of end wall fencing for reducing the secondary flow using £-&
turbulence model. They also justified the optimized positioning of the end wall fencing for reducing the secon-
dary flow losses, because the end wall fencing prevents the merging of pressure side horse shoe vortex with the
passage vortex and hence total pressure loss decreases [60]. Saha ef al. (2008) analyzed the turbulent flow through a
three dimensional non-axisymmetrical blade passage and observed that end wall contouring reduces the pitch
wise pressure gradient near the end wall which reduces the chances of flow separation.

Sonoda et al. (2009) used axi-symmetrical end wall contouring method for reducing the secondary losses in
high pressure turbine having low aspect ratio. Brear ef al. (2002) tried to reduce this pressure surface separation
by modifying the leading edge geometry.

They concluded that increasing the blade thickness at the pressure surface decrease the strength of secondary
flow by increasing the momentum near the wall. Shih ef al. (2003) observed effects of leading-edge airfoil fillet
on the flow in a turbine. The increased size of the stagnation zones on the end walls about the airfoil’s leading
edge lowers the flow speed and velocity gradients there, which in turns reduces turbulence production. Mah-
mood et al. (2007) studied the secondary structure in a blade passage with and without leading edge fillet and
observed that the size and strength of the passage vortex become smaller with the fillets.

Korakianitis et al. (2010) have proposed a direct design method based on specifying blade surface-curvature
distributions so as to minimize the chances of flow separation [7]. Lei ef al. (2011) analyzed the effect of leading
edge modification on the secondary loss. They used vortex generator for introducing counter rotating vortex
which oppose the passage vortex and hence reduce the secondary flow losses. Stream wise end wall fences were
employed by Kawai (1994), Moon and Koh (2001), and Govardhan et al. (2006).

Secondary loss predicted in various loss models had significantly different behaviours. It can be found that the
secondary losses predicted in the AMDC and K-O models were almost constant with the variation of pitch-
chord ratio while the loss predicted in the C-C model rises with increase in pitch-chord ratio. This is because the
influence of the pitch-chord variation on the secondary loss is not taken into account in the final secondary loss
models of the AMDC and K-O. Ainley/Mathieson and Dunham/Came (AMDC), Kacker/Okapuu (K-O) and
Craig/Cox (C-C) were compared by Ning (2000) [8].

3. Research Question

What is effect of variation of Pitch-chord ratio on seconadary losses in rectilinear stationary turbine cascade?
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4. Experimental Setup

A profile 6030 blade is chosen and a cascade is made using Ansys Work bench using two blades forming three
similar flow passages. Figure 1 shows profile of profile 6030 turbine blade. Upper and lower wall of cascade
near test section resemble pressure surface and suction surface of blade. The side walls are plane. Figure 2
shows cascade geometry. Chord of blade is 50 mm. Stagger angle is 70° degrees. Height of blade is 95 mm.
Figure 3 shows profile 6030 straight blade. In front of cascade a compressor is placed. At inlet to cascade the
pressure is 10 atm and velocity is 102 m/s. At exit of test section flow is assumed to follow flow passage. Exit of
cascade is open to atmosphere. Wall of cascade is isothermal and temperature is maintained at 25° Celsius. Tip
clearance is 5.26% of blade height. Inlet flow angle is 55° degrees and outlet angle of blade is 45° degrees. Since
cascade is stationary it is assumed that flow follows the passage at trailing edge of blade [9]. Fluid used is air.
Pitch of the blade is varied and effect of variation of pitch on secondary losses is studied.

5. Solution Methodology

In turbine flow is accelerated so boundary layer technique cannot be used to solve flow equations. Navier-stokes
equations are formed considering viscous forces, pressure forces, body forces and gravitational force. Surface
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tension force is negligible. To introduce turbulent forces or Reynolds stresses Navier stokes equations are time
averaged and two equation turbulence model (K-¢ model) is introduced into the transport equation. The equa-
tions are solved using Runge-Kutta algorithm. Unstructured grid is generated using tetrahedra, pyramids and
prisms. Grid refinement technique is used to minimize global and local error.

Since the turbulence level is less than 5% flow is assumed to be steady. The flow passage, leaving the areas
very close to the wall in test section, is divided into stream tubes whose inlet and exit areas are equal to 0.004 m x
0.010 m. The variation of velocity in passage is small so stream tubes are assumed to be of equal areas. The
control volumes are not chosen since the mass flow across the control surface is not known.

The value of pressure and velocity at leading edge and trailing edge of blade are taken for each stream tube.
The values of lift force, drag force, coefficient of lift, and coefficient of drag are calculated. Secondary loss co-
efficient is calculated using corrected Vavra equation.

6. Corrected Vavra’s Equation by Lakshminarayana and Horlock for Turbine
Blades

It is difficult to measure secondary losses experimentally. Non dimensional coefficient obtained from various
parameters is used. The constants are obtained from experimental results. Total loss is measured by measuring
inlet and exit parameters. Profile losses and other losses are measured experimentally and are subtracted from
total loss to obtain secondary losses. Corrected Vavra’s relation is explicit in nature and simple [10].
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K = aspect ratio;

P = Pitch of blade;

o = Blade tip clearance height;

C; = Coefficient of lift at tip;

C, = Coefficient of lift at hub.

Equation (2) is non-dimensional quantity which has blade loading, aspect ratio of blade and flow turning an-
gle as parameters. In case of lifting flow blade loading is a function of coefficient of lift.

Equation (3) is non-dimensional correction added to Equation (2). Coefficient of lift is different at different
points along span. Ratio of difference of lift coefficient at extreme ends along span to Lift coefficient at hub is
multiplied with Equation (2) along with correction for change in exit angle to obtain Equation (3). Value of Lift
coefficient is usually high at hub and decreases towards tip.

Equation (4) shows the effect of variation of tip clearance height on secondary losses. Tip leakage losses in-
crease with increase in tip clearance height. If tip clearnce is large secondary losses are reduced due to interac-
tion of tip vortex with passage vortex (Table 1).

7. Effect of Variation of Pitch-Chord Ratio on the Pressure and Velocity at Trailing
Edge of Blade

Usually in a stationary turbine cascade there is increase in velocity and decrease in pressure from leading edge
to trailing edge of blade. This is not contradictory to results obtained at various pitch-chord ratios except 0.42
and 0.44.

At pitch-chord ratio of 0.42 and 0.44 there is an increase in pressure from leading edge to trailing edge. This
is contradictory to usual observation.

At these two values of pitch-chord ratio at leading edge there is formation of expansion shock wave as a result
of which there is drop in pressure, increase in velocity and there is large amount of loss in head. The velocity in-
creases and becomes supersonic after expansion shock wave at leading edge of blade. As the supersonic fluid

Table 1. Values of secondary loss coefficients.

Pitch of blade Lift force Drag force Coefficient of ~ Coefficient of Coefficient of liftCoefficient of lift Secondary loss
(m) ™) ™) lift drag at hub at tip coefficient
0.016 171.85 442.82 0.0394 0.102 0.0043 0.0052 0.000161
0.017 167.66 232.68 0.0384 0.053 0.004 0.0046 0.000145
0.018 135.08 443.71 0.0318 0.105 0.0036 0.0037 0.000095
0.019 172.06 390.87 0.0437 0.099 0.0043 0.0046 0.000172
0.02 256.18 473.48 0.0628 0.116 0.0067 0.006 0.000343
0.021 910955.83 —162026.39 0.15 —0.027 0.0143 0.017 0.001882
0.022 229363.75 —34668.43 0.0909 -0.014 0.0118 0.0097 0.000668
0.023 262.84 434.98 0.0635 0.105 0.0053 0.0064 0.000316
0.024 160.39 406.21 0.0421 0.107 0.0034 0.0052 0.000134
0.025 235.6 563.06 0.0543 0.13 0.006 0.0063 0.000217
0.026 219.63 559.43 0.0522 0.133 0.005 0.006 0.000195
0.027 222.23 44541 0.0574 0.115 0.0053 0.0065 0.000229
0.028 199.56 493.48 0.0525 0.13 0.0042 0.0063 0.000187
0.03 399.77 241.74 0.0928 0.056 0.1287 0.1347 0.000542
0.032 297.72 691.56 0.0741 0.172 0.0056 0.0066 0.000341
0.034 278.55 187.74 0.0693 0.047 0.0039 0.0085 0.000287
0.035 300.85 706.74 0.0719 0.169 0.0043 0.0087 0.000303
0.036 373.27 726.15 0.0919 0.179 0.0089 0.0105 0.000486
0.038 472.59 582.77 0.1279 0.158 0.0135 0.0133 0.00091

0.04 312.07 699.57 0.2162 0.485 0.0068 0.0097 0.002522
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passes through blade pressure increases from leading edge to trailing edge. This happens because the pressure of
supersonic fluid increases in converging passage.

Average pressure and average velocity at leading edge are nearly same. Average density at leading edge is
nearly same. Exit pressure contours and exit velocity contours for various values of pitch are different. The area
of flow passage is different for various values of pitch. Flow in narrow passage is more uniform than broader
passage. The pressure losses in broader passages are more than narrow passages. This results in variation of
pressures at trailing edge with variation of pitch. The variation of area of passage and mass flow results in varia-
tion of pressure and velocity at trailing edge with variation of pitch.

8. Variation of Lift Force with Variation of Pitch

Variation of lift force with variation of pitch is shown by Figure 4 excluding the pitch chord ratios of 0.42 and
0.44 since, the value of lift force is high.

The value of lift force increases with increase in pitch. Since the pitch of the blade is varied, area at leading
edge is different and the mass flow rate is different. The inlet boundary conditions are same. Lift force depends
on pressure gradient from pressure surface to suction surface of blade. As the passage becomes broader the flow
becomes more non uniform. As a result greater pressure gradients are developed this results in increase in value
of lift force as the pitch of blade is varied.

At pitch chord ratios of 0.42 and 0.44 lift force drastically increases. The direction of lift force is opposite
when compared with other values of pitch blades.

9. Variation of Drag Force with Variation of Pitch

Variation of drag force with variation of pitch is shown by Figure 5 excluding the pitch chord ratios of 0.42 and
0.44 since the value of drag force is high. There is a variation in pressure at trailing edge with variation of pitch,
which results in variation of pressure drag. There is a variation of velocity at trailing edge for various values of
pitch this results in variation of frictional drag. Thus total drag force varies with variation of pitch. At pitch
chord ratios of 0.42 and 0.44 drag force drastically increases because at these values of pitch pressure increases
from leading edge to trailing edge and the inlet and exit velocities are supersonic. Frictional losses are high due
to adverse pressure gradient. There is high pressure at trailing edge which causes high pressure drag. Since the
velocities are supersonic there is high frictional drag. Thus the total drag is high. The value of frictional drag in-
creases due to increase in velocity. High frictional losses produce heating effect.

10. Variation of Coefficient of Lift (C.) with Variation of Pitch of Blade

Variation of coefficient of lift with variation of pitch is shown by Figure 6 excluding the pitch chord ratios of
0.42 and 0.44. The losses due to formation of boundary layer on end walls, cross flows, tip clearance effect af-
fect the value of coefficient of lift. Dynamic head varies for various values of pitch due to variation of mean av

Variation of lift force with pitch-chord ratio
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Figure 4. Variation of lift force.
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erage velocity and density at trailing edge. Value of lift force varies with variation of pitch. Thus the value of
coefficient of lift varies.

At pitch chord ratios of 0.42 and 0.44 coefficient of lift is low. At these values of pitch, pressure increases

from leading edge to trailing edge as inlet and exit velocities are supersonic. Even though the value of lift force
is high, the coefficient of lift is small as dynamic head is high.

11. Variation of Coefficient of Drag (Cp) with Variation of Pitch of Blade

Variation of coefficient of drag with variation of pitch is shown by Figure 7 excluding the pitch chord ratios of

Variation of drag force with pitch-chord ratio
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Figure 5. Variation of drag force.
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Figure 6. Variation of coefficient of lift.
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0.42 and 0.44. Variation of pressure and velocity contours for various values of pitch result in variation of drag
force and dynamic head. This results in variation of coefficient of drag.

At pitch chord ratios of 0.42 and 0.44 coefficient of drag is high. At this value of pitch, pressure increases
from leading edge to trailing edge of blade and inlet and exit velocities are supersonic. Because of adverse pres-
sure gradient the frictional losses are high and coefficient of drag is high.

12. Variation of Lift Force (L), Drag Force (D), Coefficient of Lift (C.) Coefficient of
Drag (Cp) along SPAN

Readings are taken for pitch chord ratios of 0.32, 0.34, 0.36, 0.38, 0.4, 0.42, 0.44, 0.46, 0.48, 0.5, 0.52, 0.54,
0.56, 0.6, 0.64, 0.68, 0.7, 0.72, 0.76 and 0.8. Values of lift force and drag force at various points along span is
noted for various values of pitch. Coefficient of lift, coefficient of drag at various points along span is calculated
for each value of pitch.

Exit pressure contours and exit velocity contours for various values of pitch are different. Variation of lift
force and drag force along span is usually high for higher values of pitch, since flow is more non uniform in
broader passage.

13. Variation of Secondary Loss Coefficient with Variation of Pitch of Blade

As pitch increases area of passage increases and flow through a broad passage is more non-uniform than flow
through narrow passage. The formation of boundary layers at walls, tip leakage effect, viscous losses result in
variation of pressure and velocity along span and pitch of blade.

The non uniform pressure gradients indicate secondary losses. Value of lift coefficient indicates pressure side
to suction side pressure gradient so it also indicates secondary loss. Variation of pressure along pitch causes lift
force.

Variation of pressure along pitch and span causes variation of pressure drag and variation of lift force. Varia-
tion of velocity along pitch and span of blade causes variation friction drag. So variation of pressure along span
is indicated by variation of lift force and drag force along span. Thus variation of lift force and drag force along
span indicates the amount of secondary loss. Variation of secondary losses with variation of pitch is shown by
Figure 8 excluding the pitch chord ratios of 0.42 and 0.44.

These pitch-wise and span-wise pressure gradients caused by turning of flow indicate secondary losses. The
value of coefficient of lift and variation of lift and drag forces along span are usually high for higher values of
pitch due to increased non uniformity of flow. The value of secondary loss coefficient is usually high for higher
values of pitch.

Loss of head from inlet of compressor to test section (before leading edge) is negligible.

14. Conclusions

Value of secondary loss is indicated by value of coefficient of lift and variation of lift and drag force along span
Variation of secondary loss coefficient with pitch-chord ratio
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Figure 8. Variation of secondary loss coefficient.
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which depends upon pitch-wise and span wise pressure gradients. Secondary losses are usually high for higher
values of pitch.

Although the secondary losses for rotor are higher than stationary cascade, this analysis helps in setting lower
limit for pitch-chord ratio. The lower limit is highest value of pitch-chord ratio at which expansion shock losses
occur due to rapid reduction of pressure plus the safety margin. It also helps in choosing an upper limit if re-
maining losses are also considered.

Since it is computational analysis, it saves money.
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