
COMPUTATIONAL INVESTIGATION OF EFFECT OF CASING WALL MOTION ON

FLOW AND LOSSES IN AN ANNULAR TURBINE ROTOR IMPULSE CASCADE

Abstract

The present paper presents computational results of effect of casing wall motion on three

dimensional flow and losses in an annular turbine rotor impulse cascade. The flow at the inlet

of the rotor cascade is radially non uniform, which is simulated by means of an upstream nozzle

blade row. Commercial CFD software is used for the computations. No slip condition is used

for the case of stationary casing, whereas relative wall condition is used for the case of rotating

casing. Streamlines, velocity vectors, contours of static pressure on blade tip, contours of total

loss coefficient at blade exit, spanwise variation of lift coefficient, circumferentially averaged

flow angles and total pressure loss coefficient and axial variation of mass averaged total

pressure loss coefficient are presented for both cases. There are minor differences in the

spanwise variation of various parameters for both cases. The casing wall motion reduces the

losses in the region near to casing but increases in the region far away from the casing. The

blade loading and lift coefficient are increased with increase in casing wall motion near the

casing and reduced away from the casing. The casing motion causes a slight reduction of losses

associated directly with the leakage vortex. However total losses remain nearly same.

Keywords: Annular cascade; Turbine rotor impulse cascade; Non-uniform inlet flow; Com-

putational investigation; Tip clearance; Losses

Nomenclature

a = Axial chord (m)

C = Absolute velocity (m/s)

Ch = Chord (m)

Cp = Static pressure coefficient = 
2 (p1m − p )

ρ C
__

1m
 2

CL = Lift coefficient

H = Span (m)

i = Incidence angle (deg)

p = Static pressure (Pa)

po = Total pressure (Pa)

Re = Reynolds number

r = Radius (m)

s = Pitch (m)

X = Non-dimensional axial distance from the

    blace leading edge = x/a (X=0 corresponds

    to LE and X=1 corresponds to TE)

x = Axial distance from the leading edge

    of rotor (m)

U = Blade tip speed (m/s)

α = Flow angle (from axial direction) (deg)

β = Blade angle (from axial direction) (deg)

η = Non-dimensional span = (r-rh) / (rc-rh);

    ηh=0 and ηc=1

θ = Blade camber angle (deg)

ρ = Density (kg/m
3
)

τ = Tip clearance/chord x 100 (%)
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γ = Stagger angle (from axial direction (deg)

ψloss = Total pressure loss coefficient = 
2 (p0 1 − p0 2)

ρ C1m

  2

Subscripts

1 = Inlet to the rotor

2 = Exit of the rotor

c = Casing

h = Hub

m = Midspan

ref = Reference pressure

r = Radial component

u = Circumferential component

x = Axial component

Superscripts

- = Circumferentially averaged value

= = Mass averaged value

Abbreviations

CFD = Computational Fluid Dynamics

LE = Leading Edge

PS = Pressure Surface

SS = Suction Surface

TE = Trailing Edge

Introduction

Flow in axial turbines is extremely complex, three-di-

mensional and unsteady. It is mainly due to generation of

secondary flows, tip clearance flows, hub corner-stall and

blade profile wakes. Secondary and tip clearance losses

form a major part of internal losses. Majority of the work

in these areas has been performed by omitting relative

motion between the blade and outer casing and non-uni-

formity in the velocity at inlet of annular cascades. In

actual turbine, there is a relative motion between the blade

and outer casing. The relative motion exists when there is

a tip clearance between the rotating rotor blade and the

stationary casing. Also the inlet velocity to the rotor is

radially non-uniform. In a reference frame that is moving

with turbine blade, the outer casing can be seen to move

over the tip of the blade from suction side to pressure side.

Tallman and Lakshminarayana [1, 2] studied the effect of

casing wall motion in linear cascades. Yaras and Sjolander

[3] and Yaras et al. [4] carried out experimental studies on

the effect of casing motion in an axial turbine rotor linear

cascade. Studies with annular cascades are limited. Avail-

able literature on numerical investigation in annular cas-

cades mostly confined to uniform flow at inlet. For

example Sell et al. [5] studied the tip clearance effects in

an annular turbine cascade with uniform flow at inlet. But

in actual turbine the pressure at inlet is non-uniform due

to radial pressure gradient acting from hub to casing.

Objectives of the Present Investigation

The objective of the present investigation is to compu-

tationally study the effect of casing wall motion in an

annular turbine rotor impulse cascade with non-uniform

inlet flow. To provide non-uniformity at the rotor inlet an

annular nozzle cascade is provided at the upstream. The

flow in the rotor cascade having 3% tip clearance is

analyzed with and without casing wall motion. This value

is chosen as it represents most commonly used value in

small turbine engines. The casing speed relative to the

blade is mass averaged velocity at exit of the rotor cascade.

In addition to zero value, three other values, viz. U/Cx=0.5,

1.0 and 1.5 are chosen for the computations. These values

represent typical values used in turbine engine practice.

Governing Equations

The governing equations used in the present investiga-

tion are presented in the companion paper, Goutham Ku-

mar and Sitaram [6]. The reader is referred to the paper for

details.

Methodology

A two-dimensional model of stage (blade profile, cam-

ber line, upstream and downstream) created in AUTO-

CAD 2004 is shown in Fig.1. This drawing is exported to

ANSYS ICEM CFD 5.1 and three-dimensional model of

annular cascade is created. Unstructured tetrahedral ele-

ments are used for meshing. The cascade details are pre-

sented in Table-1.

Prismatic elements are used at the boundaries. Mesh-

ing is done separately for both rotor and nozzle. The

optimized structure of mesh at the mid-span for rotor and

nozzle is shown in Fig.2. This mesh is exported to CFX-

Pre. The boundary conditions used are shown in Fig.3.

 In CFX-Pre, boundary conditions, solver model, con-

vergence criteria are defined and a definition file is cre-

ated. At the inlet of the nozzle cascade uniform total

pressure is applied except in boundary layer region where

1/7
th

 power law is used. The nozzle inlet velocity and
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profiles of flow parameters computed at the rotor blade

inlet for zero clearance and zero casing wall motion are

presented in the companion paper, Goutham Kumar and

Sitaram [6]. The reader is referred to the paper for details.

Mass flow rate boundary condition at outlet, periodic

boundary condition for periodic surfaces and no slip

boundary condition for hub, tip and blade surfaces are

applied. No slip condition is used for the case of stationary

casing, whereas relative wall condition is used for the case

of casing wall motion. Stage interface condition is applied

at the rotor-nozzle interface i.e. at the nozzle outlet and

rotor inlet. Well known k-ω model is chosen as the turbu-

lence closure. A convergence criterion of 0.00001 is de-

fined.

The definition file is solved in CFX-Solve with PVM

local parallel mode. The governing continuity, momen-

tum, energy and turbulence equations are solved until the

required convergence criterion is reached. The results file

is opened in CFX-Post and results are extracted.

Results and Discussion

The computational results are presented and inter-

preted in the following sections. Because of large amount

of data, only typical data are presented. Casing wall with-

out rotation is referred to as stationary wall case, and

casing wall with rotation is referred to as moving wall case

in the following sections.

Plots of Streamlines

Streamlines of non-dimensional velocity are drawn for

all values of casing speed at two spanwise locations.

Figure 4 shows the streamlines that are released up-

stream from a spanwise location corresponding to the

blade tip. From the figure it is clear that less mass is

entrained into the clearance for moving wall cases when

compared to stationary wall case. This is due to the ob-

struction of casing wall boundary layer to the leakage

flow, and this obstruction increases with increase in casing

wall speed. Hence the amount of mass flow in the clear-

ance region is decreased with increase in casing wall

speed.

Figure 4 also shows that in the moving wall cases, most

of the leakage flow exiting the clearance on the suction

side does not find its way into the leakage vortex. Instead,

the exiting leakage flow travels towards the bottom of the

passage and joins together with the passage flow. The

casing wall boundary layer acts to reduce the amount of

clearance available to leakage flow results in reduction in

leakage flow boundary layer thickness on the blade tip and

a smaller leakage vortex. Fig.4 shows the size of leakage

vortex with this expectation.

Velocity Vectors in Blade-to-Blade Plane

Velocity vectors in blade-to-blade plane at different

spanwise positions are drawn and discussed for all values

of casing wall speed. Velocity vectors in the blade-to-

blade plane at η=0.9999 (very close to casing) are shown

for all values of casing wall speed in Fig.5. Across the

passage, near the pressure surface, the entrainment of fluid

into the clearance results in an underturning of the flow

for all cases.

In the leading edge region, the entrainment of fluid into

the clearance is more apparent in the stationary wall case

than in the moving wall cases. This is a direct result of

skewed boundary layer on the casing.

Near the leading edge, the flow enters with negligible

incidence for stationary wall case where as the tangential

component of velocity in casing wall shear layer results in

negative incidence for moving wall cases. The velocity on

the pressure side is reduced with increase in casing wall

speed. This may be due to reduction in leakage flow

boundary layer thickness on the blade tip, which is men-

tioned in the previous section.

Table-1 : Cascade Geometry

Axial chord, a 92.5 mm

Chord, Ch 95 mm

Hub radius, rh 200 mm

Casing radius, rc 300 mm

Blade height, h 100 mm

Spacing, S 52.35 mm (hub)

78.54 (mm (casing)

No. of blades 24

Inlet blade angle, β1 57.5°

Outlet blade angle, β2 -62.5°

Incidence, i 0°

Stagger angle, γ 12.5°

Blade camber angle, θ 120°
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Contour Plots

Contour plots of static pressure coefficient in blade-to-

blade plane are drawn at the blade tip for all values of

casing wall speed. Contour plots of total pressure loss

coefficient and non-dimensional velocity at various axial

locations in the passage are plotted and analyzed for all

values of casing wall speed.

Contour Plots of Static Pressure Coefficient: Fig.6

shows the distribution of static pressure coefficient in

blade-to-blade plane at the blade tip for all values of casing

wall speed. The pressure coefficient is defined as differ-

ence between local static pressure value and inlet midspan

static pressure values, non-dimensionalized by inlet mid-

span dynamic pressure. In the stationary wall case, a

low-pressure trough is visible which extends through the

entire passage and is situated near to the suction surface.

This low pressure region is associated with the leakage

vortex. The area of this low pressure region is decreased

with increase in casing wall speed. This low pressure

region is surrounded by high pressure region in all cases,

which indicates that the strength of leakage vortex is

diminished locally and the flow is stagnating locally.

The area of this high pressure region is increased with

increase in casing wall speed. The unloading of the blade

at the pressure side of the clearance is similar for all cases.

Contour Plots of Total Pressure Loss Coefficient: Fig.7

shows contour plots of total pressure loss coefficient at

X=0.95. The losses are reduced near the casing wall with

increase in casing wall speed. This can be observed by

reduction in loss area on the right of the blade pressure

surface and very near to the casing. The maximum losses

(indicated by red color) on the right of the pressure surface

of the blade are also reduced with increase in casing wall

speed. Although this sounds good at first, Fig.6 also shows

that the motion of the casing wall results in an increase in

losses in the negative span direction. This indicates that

the casing wall motion decreases the losses in circumfer-

ential direction, but increases in spanwise direction.

Contour Plots of Non-dimensional Absolute Velocity:

Contour plots of non-dimensional absolute velocity for all

values of casing wall speed are drawn at two axial loca-

tions. Fig.8 shows contour plots of non-dimensional ve-

locity in the downstream, at X=1.25. The velocity is

gained in tangential direction near the casing wall with

increase in casing wall speed. Due to the movement of the

leakage flow towards the hub by the casing wall motion,

the velocity in spanwise direction is reduced with increase

in casing wall speed.

Distribution of Static Pressure Coefficient on Blade

Surfaces

Figure 9 shows static pressure coefficient distribution

on suction and pressure surfaces of the blade at two

spanwise locations, η=0.90 and 0.94 for all values of

casing wall speed. It has been pointed out in the forgoing

text that the casing wall motion affects the pressure distri-

bution on the blade surfaces. At all the spanwise locations,

the suction surface pressures are slightly altered, particu-

larly near the trailing edge region, with the casing wall

motion, but there is no variation in pressure surface pres-

sures. The pressure on suction surface is reduced with

increase in casing wall speed resulting in reduced loading

as was also inferred by Yaras and Sjolander [3] as casing

wall speed is increased. The distortion of the suction

surface pressure field is a consequence of the tip leakage

vortex. Thus, the reduced blade loading with increasing

wall speed is consistent with the weakening of the tip

vortex inferred from the reduced core velocity in gap and

observed from the downstream data.

Figure 10 shows the spanwise distribution of lift coef-

ficient for all values of casing wall speed. As the lift

coefficient is proportional to area of the blade loading

curve, it is also altered with casing wall motion.

Very close to the tip i.e., at η=0.97, the lift coefficient

is increased with increase in casing wall speed. It is in-

creased by about 6% for Cc/C1xm=0.5, 19% for

Cc/C1xm=1.0 and 44% for Cc/C1xm=1.5 compared to sta-

tionary casing. This effect is visible up to η=0.95 and after

that the lift coefficient is decreased with increase in the

casing wall speed. This is due to the fact that the casing

wall motion not only obstructs the penetration of leakage

jet into the passage, but it also pushes the leakage fluid into

radially inward direction.

Circumferentially Averaged Flow Parameters

The total pressure loss coefficient and flow angle are

circumferentially averaged from hub to casing at six dif-

ferent axial locations for all values of casing wall speed;

three in the blade passage, X=0.50, 0.75 and 0.95 and three

in the downstream X=1.05, 1.25 and 1.50. The values are

plotted against the non-dimensional span between hub and

casing. Circumferentially averaged flow parameter is de-

fined as follows:
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q  =  ∫  
0

 s

q c
x
 d y d r  ⁄ ∫  

0

 s

c
x
 d y r  d r  , where q is any

flow parameter.

Spanwise Variation of Total Pressure Loss Coefficient:

Fig.11 shows circumferentially averaged total pressure

loss coefficient distribution from hub to casing at six axial

locations. At X=0.50, slight decrease in loss coefficient is

observed near the casing wall with increase in casing wall

speed. But the losses are increased between X=0.95 and

X=0.85 with casing wall speed. Similar pattern can be

observed at X=0.75 also, where the losses decrease with

increase in casing wall speed upto X=0.90, and from

thereafter they decrease upto X=0.75. The reduction in

losses from the casing wall to certain spanwise location

and after that increase in losses with increase in casing wall

speed is observed for other axial locations also. This

means that the casing wall motion obstructs the penetra-

tion of leakage vortex in circumferential direction and

pushes radially inwards into the passage. At X=1.50, the

effect of tip clearance on the losses can be observed upto

η=0.55 (45% of span from casing) for stationary wall case.

The extent of the effect is increased to upto η=0.40 (60%

of the span from casing) for moving wall cases.

Spanwise Variation of Flow Angle: Spanwise variation

of circumferentially averaged flow angle from hub to

casing for all values of casing wall speed is shown in

Fig.12 at six axial locations. Near the casing wall, decrease

in underturning of the flow with increase in casing wall

speed can be seen at X=0.50. Similar trend can be ob-

served, near the casing wall at X=0.75 also, but after

η=0.90 underturning of fluid increases with casing wall

speed. The decrease in underturning of the flow from the

casing wall to certain spanwise location, and thereafter

increase in underturning is observed at X=0.95, 1.05, 1.25

and 1.50 also. From the figure it is also clear that the casing

side passage vortex moves radially inwards with increase

in casing wall speed.

Mass Averaged Flow Parameters

Mass averaging of the total pressure loss coefficient

and flow angle in different axial planes is done from inlet

to outlet of the rotor. These properties are plotted against

the non-dimensional axial distance. Mass averaged flow

parameter is defined as follows:

q  =  ∫  
r
h

 r
c

∫  
0

 s

q c
x
 d y d r ⁄ ∫  

h

 c

∫  
0

 s

c
x
 d y r d r , where q is

any flow parameter.

Axial Variation of Total Pressure Loss Coefficient

from Inlet to Outlet: Axial variation of mass averaged

total pressure loss coefficient from inlet to outlet of the

rotor cascade is shown in Fig.13 for all values of casing

wall speed. From the figure it is clear that, the loss coeffi-

cient is slightly increased with increase in casing wall

speed. These trends indicate that the relative motion of

casing wall has very little effect on total loss field. The

casing wall motion reduces the losses in the region near to

casing and increases in the region away from the casing.

These two effects are roughly equal at all axial stations

from inlet to outlet of the cascade, resulting in nearly same

magnitudes of losses for all values of casing wall speed.

This should not be construed as identical losses. The

flow fields and loss mechanisms are entirely different.

Axial Variation of Flow Angle from Inlet to Outlet:

Axial variation of mass averaged flow angle from inlet to

outlet of the rotor cascade is shown in Fig.14 for all values

of casing wall speed. No variation of flow angle is ob-

served with increase in casing wall speed. The casing wall

motion reduces the underturning of the flow in the region

near to casing wall and increases in the region away from

the casing. So the cumulative effect of these two results in

almost identical distributions.

Conclusions

The following conclusions are drawn from the present

investigation.

• The casing wall motion and its subsequent shearing on

the leakage fluid acts to reduce the leakage flow

through the gap, and thus the size of leakage vortex.

• In the stationary wall (casing without rotation) case,

almost all of the leakage flow was eventually entrained

around the leakage vortex. In moving wall cases, much

of the leakage flow traveled around and underneath the

leakage vortex, where it developed a strong secondary

flow in spanwise direction.

• The casing wall motion reduces the losses in the region

near to casing but increases in the region far away from

the casing.

• The blade loading and lift coefficient are increased with

increase in casing wall motion near the casing and

reduced away from the casing. 

• Mass averaged total pressure losses in the passage

remained very similar in both stationary and moving

wall cases.
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Fig.1 Details of Cascade Geometry

Fig.2 Details of Computational Mesh at Cascade Midspan

Fig.3 Details of Boundary Conditions with Casing Wall

Motion

Fig.4 Streamlines of Non-dimensional Velocity at Blade Tip

for all Values of Casing Wall Speeds
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Fig.5 Velocity Vectors in Blade-to-Blade Plane at η=0.9999 for all Values of Casing Wall Speed

Fig.6 Contour Plots of Static Pressure Coefficient at Tip for

all Values of Casing Wall Speed
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Fig.7 Contour Plots of Total Pressure Loss Coefficient at

X=0.95 for all Values of Casing Wall Speed

Fig.8 Contour Plots for Non-dimensional Velocity at X=1.25

for all Values of Casing Wall Speed

Fig.9 Distribution of Static Pressure Coefficient on Blade Sur-

faces at η=0.94 and 0.90 for all Values of Casing Wall Speed

Fig.10 Spanwise Variation of Lift Coefficient for all Values of

Casing Wall Speed
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Fig.11 Spanwise Variation of Circumferentially Averaged

Total Pressure Loss Coefficient for all Values of

Casing Wall Speed

Fig.12 Spanwise Variation of Circumferentially Averaged

Flow Angle for all Values of Casing Wall Speed

Fig.13 Axial Variation of Mass Averaged Total Pressure Loss

Coefficient for all Values of Casing Wall Speed

Fig.14 Axial Variation of Mass Averaged Flow Angle for all

Values of Casing Wall Speed
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