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ABSTRACT 
The effect of incidence on the generation and growth of 

secondary flows in a linear turbine cascade was studied in the 
present investigations using a Variable Density Cascade Thn-
nel at an exit Mach number of 0.43 and a Reynolds number 
of 8 x 105 . The angles of incidence chosen were +15°, +50 , 
00 , -e and -4.50 . The flow field was surveyed at five axial 
stations from cascade inlet to exit with a view to understand-
ing the development of the secondary flow with the help of the 
variation of mass averaged total pressure loss coefficient and 
the contours of local loss coefficients in the pitch and spanwiee 
directions. The total pressure loss coefficient and the net sec-
ondary loss coefficient have shown a steady growth along the 
cascade upto about 144 the axial chord from the leading edge 
and thereafter rose very rapidly. The incidence is found to have 
an effect on the passage vortex and the loss cores due to the inlet 
boundary layer. 

NOTATION 

: Velocity 

: Mass averaged velocity 

: Pressure Surface 

: Suction Surface 

: Spanwise total pressure at far upstream 

: Total pressure at the measurement location 

: Blade axial chord 

: Blade height 

: incidence 

: Blade pitch 

: Distance along the axial direction 

: Distance in pitchwise direction 

: Distance in spanwise direction 

: Total pressure loss (Pol (z)- Po(z, y)) 

: Blade stagger angle 

: Total pressure loss coefficient .  ( ont) 

: Inlet blade angle 

: Exit blade angle 

: Inlet flow angle 

: Overturning/underturning angle 

: Mass averaged total pressure loss coefficient 

(oc,..  4 4 

• 	aio/ a  4 p02”, 4 rry 

Subscript 

1 	: upstream of leading edge 

2 	: downstream of leading edge 

INTRODUCTION 

The flow in a turbomachine is quite complex and under-
standing of these three dimensional flows leads to improved 
designs with higher efficiency and better performance. The 
aerodynamic design of a turbine is usually carried out for its 
operation at design point. However, most often the turbines 
are also required to operate at conditions away from the de-
sign point. As a result, the inlet flow is often directed at other 
than the design incidence, leading to additional losses. The 
methods of predicting the incidence losses in a turbine are usu-
ally based on empirical correlations like Ainley and Mathieson 
(1951), modified later by Dunham (1970), Dunham and Came 
(1970) and Came(1973). The correlation technique is useful as 
a first order tool in turbomachinery design. However, this ap-
proach provides little insight into the nature of the secondary 
losses. 

In the recent past, Hodson and Dominy (1987 a,b) re-
ported the increase of secondary loss in a high speed linear cas-
cade with increase in incidence. The production of secondary 
loss was observed to be greater for the positive angles of inci-
dence. Warren and Tran (1987) showed that by decreasing the 
inlet flow angle at the tip region of the rotating blade and re-
ducing the flow deflection at the hub region, it was possible to 
reduce the incidence and secondary flow 'losses. Yamamoto and 
Nouse (1988) discussed the effects of incidence on cascade three 
dimensional flows and the associated loss generation mecha-
nism. 

It can be summerised from the available information in the 
literature that the overall performance is affected by the pres-
ence of secondary flows and the attention is directed towards 
the understanding of the loss mechanism as well as the meth-
ods for reducing these losses to enhance the output from the 
machine leading to improved designs. The effect of incidence 
on the development and generation of secondary flows is one 
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of the parameters identifiea in the reviews of Sieverding (1985) 
and Hirayama (1987): Most of the investigations hitherto have 
been carried out at low Mach numbers (j0.30). In the present 
investigations, the effect of variation of incidence on the gener-
ation, development and growth of secondary losses in a linear 
turbine cascade at an exit Mach number of 0.43 was studied by 
Venkata Ramana Murty (1993) for a better understanding of 
the secondary flows. 

EXPERIMENTAL APPARATUS 

The present experimental investigations were carried out 
on a Variable Density Cascade Tunnel (Venkata Ramana Murty, 
1993), shown in Fig. 1, operating in closed circuit at the Turbo-
machinery Laboratory, Bharat Heavy Electricals Limited, Hy-
derabad. The blades for the test cascade were made of carbon 
steel using spark erosion method. The cascade consisted of 8 
blades with an inlet angle of 139° and an exit blade angle of 
26° set at a stagger angle of 72° with respect to tangential di-
rection to give a geometric deflection of 113°. The machined 
blades having a chord of 100 mm were assembled in the cascade 
box such that the space chord ratio was 0.68 and the aspect ra-
tio was 1.52. Suitable slots were machined on the right hand 
side window looking from the trailing edge end corresponding 
to the middle passage formed by 4th and 5th blades at distances 
from the leading edge of 5%, 40%, and 74% of axial chord for 
traversing the probe within the blade passage. Slots were also 
machined at stations -15% axial chord upstream of the leading 
edge and 115% axial chord downstream of the leading edge of 
the cascade for detailed traversing of flow condition outside the 
blade passage. The traversing stations are marked as S1 to 55 
in Fig. 2. 

Fig. 1. LAYOUT OF VARIABLE DENSITY CASCADE TUNNEL 

A five hole hemispherical probe with a head diameter of 
3.0 rum was traversed at all the five traverse stations, Si to 
S5, from upstream to downstream of the cascade. The probe 
was traversed along the spanwise direction from the side wall 
to a distance a little greater than the midspan section (z/h = 
0.57) and in the pitchwise direction covering a little more than 
one blade pitch at stations Si and 55 and for interblade flow 
surveys at stations 52, S3 and 54 between the suction surface 
and pressure surface, in order to determine the flow field within 
and along the blade passage At each measuring location, the 
probe was nulled to make the pressures sensed by the yaw holes 
equal. The yaw angle and the pressure sensed by the five hole 
probe are recorded and the three components of velocity are 
determined using the cafibartion chart of the probe. The probe 
was traversed in the spanwise direction using a semi automatic 
traversing mechanism. 

Fig 2. 	LOCATION OF MEASOR:lia STATIONS 

RESULTS AND DISCUSSION 

The total pressure (poi ) along the spanwise direction at 
the upstream of the cascade was measured at tie = —100% 
(one chord upstream of the blade leading edge) for all the cases 
of incidence. The measured total pressure was normalised with 
the midspan total pressure (poi „,)„„ and its variation along the 
span is shown in Fig. 3. The flow was observed to be uniform 
at inlet with constant total pressure over 60% of the blade span 
and near the endwalls the total pressure diminished as a result 
of the growth of the boundary layer. The total pressure profiles 
were observed to be similar for the range of incidence angles 
tested without any upstream effects of the cascade leading edge. 

The effect of variation of incidence on the generation, 
growth and distribution of secondary flow in a linear turbine 
cascade is presented in the form of contours of total pressure 
loss coefficient at different traverse stations from SI to 55. The 
investigations were carried out for 5 angles of incidence in the 
range +15° to —8.5° . The variations of mass averaged total 
pressure loss coefficient from inlet to exit of the cascade for 
different angles of incidence are presented and the effect of in-
cidence is discussed. 

Contours of Total Pressure Loss Coefficient  

The iso-contours of total pressure loss coefficient (C) com-
puted from the total pressure at the measurement location and 
the total pressure at the corresponding spanwise location at one 
axial chord far upstream (x/e = —100%) are plotted in Figs. 
4 to 8 for the five cases of incidence, i = +15 0 , +50 ,00, —50  
and —8.5°. Although detailed flow surveys were made at 5 ax-
ial stations Si to 55 of Fig. 2, for the sake of brevity, only 
three stations were chosen for the purpose of illustration viz. 

x/e = —15%, 74% and 115%. The iso-contours represent the 
variation of total pressure loss coefficient in the pitchwise and 
spanwise directions at the selected axial stations from inlet to 
outlet of the cascade. 

Figs. 4a to 4c show the variation of total pressure loss co-
efficient from the inlet station Si to the exit station S5 for the 
maximum positive incidence angle of 15° .These figures show a 
continuous increase in the total pressure loss coefficient from 
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inlet to exit of the cascade in the regions close to the endwalls, 
corresponding to zlh = 0.05 to 0.30 indicating the growth of 
loss coefficient. The loss cQefficient which was around 0.14 near 
the end wall at x/e = 407o was observed to decrease towards 
x/e = 74% and subsequently increase towards the exit station 
x/e = 115% and the reduction could be due to the thinning 
down of the incoming endwall boundary layer under the influ-
ence of the transverse pressure gradient. 

The inlet boundary layer is thus seen to be discontinued 
and a new boundary layer developed at the maximum turning 
plane, x/e ze 40% (station 53, results not shown here), as was 
observed by Ye da-jun et al (1985). The new endwall bound-
ary layer is expected to be thinner than the inlet because of the 
accelerating flow within the cascade passages and hence the to-
tal pressure prevailing locally in the new boundary layer can 
be higher than at the inlet. Gregory Smith and Graves (1983) 
stated that the inlet boundary layer was swept towards the 
suction surface at about 38% of axial chord from leading edge 
in a 1100  deflection turbine cascade of aspect ratio 1.77. Such 
thinning down of endwall boundary layer within the cascade 
passage was reported by Senoo (1958), Langston et al (1977), 
Sieverding and Wilputte (1981), Dixon and Cooke (1982), and 
Gregory-Smith and Graves (1983). The total pressure loss co-
efficients were observed to increase sharply at the trailing end 
of the cascade, Fig. 4c. The contours at this station are char-
acterised with the formation of passage vortex (marked TV' 
in Fig: 4c) with the peak values of loss coefficient occurring at 
the centre of the vortex. The passage vortex occupied a large 
area in the span and pitchwise directions and is positioned away 
from the blade surfaces, but a little closer to the suction surface. 

The peak values of total pressure loss coefficient are seen 
to be moving towards the midspan and the centres of the vor-
tices are closer to the midspan as was observed by Hodson and 
Dominy (1987b). The downwash of the fluid is greater on the 
suction surface at positive incidence and hence the centres of 
the passage vortices are closer to the midspan. The variation 
of total pressure loss coefficient from inlet to exit of the cascade 
for an angle of incidence of +5 0  is shown in Figs. 5a to Sc. Con-
tours with large values of total pressure loss coefficient near the 
endwall were observed, Fig. 5a, representing the suction side 
and pressure side leg of the horse shoe vortex generated near 
the leading edge at the inlet endwall region. These vortices 
were observed to move towards suction surface and pressure 
surface respectively, Fig. 5b and 5c.  
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Fig. 3 Inlet Total Pressure Profiles 

The passage vortex near the suction surface at x/e 
115%, Fig. Sc, was observed to be placed with its centre at 
around z/h = 0.20 with large values of total pressure loss co-
efficient. The loss region near the pressure surface was thinner 

compared to that at the suction surface. The thinning of the 
endwall boundary layer beyond x/e = 40%and a subsequent 
increase of the loss coefficient in the endwall at exit were ob-
served as was the case fort = +15°. The peak value of the loss 
coefficient was seen more or less at the centre of the passage 
vortex near the suction surface. A weak formation of corner 
vortex with loss values of around 0.14 were noticed near the 
suction surface endwall corner at a/c = 115%. The local loss 
coefficients were found to increase gradually from inlet to exit, 
a/c = -15% to 115%, indicating growth of losses along the 
cascade due to the secondary flow motions and the interaction 
of the endwall boundary layer with the vortex generated at the 
leading edge. The boundary layer growth on the suction surface 
appears to be considerable. 
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Fig:5 Contours of Total Pressure Loss Coefficient 

Figs. 6a to 6c show the variation of total pressure loss coef-
ficient cortfours from inlet to exit of the cascade for an incidence 
angle of 0'. The values of the total pressure loss coefficient in-
creased indicating the continuous growth of losses from cascade 
inlet to exit. At the cascade inlet, at x le = -15%, two vortices 
with large values of total pressure loss coefficient were distinctly 
seen indicating the formation of the leading edge horseshoe vor-
tex. The peak values of the total pressure loss coefficient were 
located at the centres of these vortices. Both these vortices 
were observed to be located at the same spanwise position. As 
the flow passes through the cascade, at xle = 5%, (figure not 
shown here), one vortex located at z/h= 0.20 and y/s 7-- 0.40, 
was noticed in the measurement plane. Due to the physical 
constraints of the probe movements, the measurements could 
be taken only from y/s = 0.3 to 0.9 from suction surface. The 
vortex observed in this plane could be the pressure side leg of 
the horseshoe vortex moving towards the suction surface. The 
spanwise position has also shifted from zlh= 0.20 to about 0.25 
indicating the secondary flow motions in the spanwise direction. 
This is further corroborated by the increase in the values of the 
total pressure loss coefficients from station 1 xle = -15% to 
station 2, x/e = 5% even in the midspan region. 

The passage vortex formed due to the leading edge horse 
shoe vortex and the endwall boundary layer was observed at 
stations. x/e = 5% and 40% , at y/s = 0.40 and zlh = 0.20 
with large values of total pressure loss coefficient. Near the 
endwall at xle = 40% and 74% , the total pressure loss coeffi-
cient was observed to be less than that at the previous station 
due to the thinning down of the endwall boundary layer. The 
passage vortex is formed by engulfing the inlet endwall bound-
ary layer and the total pressure loss coefficient increases within 
the passage vortex . At the exit of the cascade at xle= 115%, 
the formation of the passage vortex is completed with its core 
centered at around yls = 0.10 and zlh = 0.20. The peak value 
of the loss coefficient is seen to be located at the centre of the 
vortex. The large values of loss coefficients are due to the com-
bined effect of low energy material transfer from the endwall 
to the blade suction side corner and the interaction of this flow 
with the main flow over the blade. The loss coefficients within 
the blade boundary layer at the pressure surface were observed 
to be smaller compared to the suction surface boundary layer 
in the rnidspan region. 

• The contours of the total pressure loss coefficient for the 
negative incidence of -5° are given in Fig. 7a to 7c at 3 axial 
stations along the cascade passage from inlet to exit. The trend 
of low values of loss near the suction surface and high values 
near the pressure surface were noticed at all stations from in-
let to exit. The loss coefficient in the endwall boundary layer 
increased in the region from x/e = -15% to x/e = 40% and 
subsequently it got decreased with a rise at the exit station as 
was the behaviour of the loss coefficient at other positive angles 
of incidence including 0°. These loss coefficients are relatively 
smaller than what were observed at 00  incidence. The vortex 
formation seen near the pressure surface could be a part of the 
leading edge horseshoe vortex at inlet, x/e = -15%. Another 
region of higher loss coefficient is observed at yls = 0.65 and 
zlh = 0.20. This could be a part of the suction side leg of 
the horseshoe vortex. Spanwise movement of the vortex from 
endwall towards midspan was observed. 

At the exit of the cascade, x/e = 115%, the existence of 
the passage vortex near the suction surface corner with peak 
loss values of around 0.44 at the centre of the vortex is noticed. 
The size of the vortex is not significant compared to its size at 
the other positive incidences. The growth of boundary layer 
was seen to be larger at the pressure surface compared to the 
suction surface as can be seen from Fig.7c. The thickness of 
the boundary layer was also considerable. This larger increase 
in losses at the pressure surface can be attributed to the flow 
separation from the blade leading edge which becomes one of 
the main cascade losses as was stated by Yamamoto and Nouse 
(1988). The strength of the passage vortex identified by the 
size of the vortex is observed to be smaller for the negative 
incidence angles as seen from the present investigations and 
was also as stated by Hodson and Dominy (1987b). 

The effects of further change of the incidence were studied 
by conducting the experiments at i = -8.5° and the results are 
plotted in Figs. 8a to Sc. The leading edge horse shoe vortex 
was located at yls = 0.70 and z/h = 0.25 with large values 
of total pressure loss coefficient. The loss contours appear to 
be disturbed and are not parallel to the end wall The vortex 
was seen to migrate towards the pressure surface with a corre-
sponding increase in the values of total pressure loss coefficient. 
The migration of the loss core was noticed only in the pitch-
wise direction and the location remained the same as that at 
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the inlet in the sparnvise direction. A peak value of the loss 
coefficient of about 0.10 is observed at the centre of the vortex 
at x/e = 747o near the pressure surface. The magnitude of the 
loss coefficient increased generally in the passage between the 
pressure and suction surfaces near the end wall region spanning 
upto zlh = 0,35. At the exit of the cascade at x/e = 115%, 
there is a thick blade surface boundary layer growth on the 
suction surface with loss coefficients of the order of 0.25. The 
vortex with peak loss values of around 0.45 was seen to be lo-
cated at the pressure surface at z/h around 0.15 - 0.20. The 
fluid experiences less turning in the case of negative incidences 
and hence the secondary flows are reduced and so the trans-
verse pressure gradients may not be substantial. This may be 
one of the reasons for the vortex to lie near the endwall region 
as was observed by Vijayaraghavan (1987) at -7° incidence. 

Mass Averaged Loss Parameters  

The local total pressure loss coefficients deduced at differ-
ent measuring stations are averaged both in the pitchwise and 
spanwise directions to obtain the overall mass averaged total 
pressure loss coefficient (0, the net secondary loss coefficient 
((i) and the profile (mictspan ) loss coefficient for all the angles 
of incidence investigated and are plotted in Fig. 9. It is seen 
from the figure that the total pressure loss coefficient increased 
with increase or decrease in incidence on either side of the zero 
incidence. The rate of increase was observed to be more for 
positive incidence compared to the negative incidence showing 
up an asymmetry in the variation. This is mainly due to the 
local separation on the suction surface at positive incidences 
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compared to the smaller area of separation at corresponding 
values of incidence in the negative direction. The secondary 
loss was observed to be increasing steeply towards the positive 
incidence compared to the negative angles of incidence. The 
fluid experiences less turning at the negative angles of incidence 
as it passes through the cascade and hence experiences reduced ' 
secondary flows. In the present investigations, for this cascade, 
it can be mentioned from the figure that it is the secondary loss 
coefficient which is playing a predominant role in increasing the 
overall total pressure loss coefficient for the positive angles of 
incidence. 

Fig. 10 shows the variation of mass averaged total pres-
sure loss coefficient (0 averaged in pitchwise and spanwise di-
rections at each axial measuring station of the cascade. The 
variation of the total pressure loss coefficient was found to be 
the highest for the maximum positive angle of incidence in the 
present studies ie. +150 . Yet another observation from this , 
figure is that with increasing angles of incidence in the positive 
direction, the averaged total pressure loss coefficient is generally 
found increasing from inlet Station, xle = -15% to exit sta-
tion, xle = 115%. The rate of increase is observed to be more 
near the trailing edge region commencing from xle= 74%. The 
total pressure losses at the trailing edge region increase due to 
the contributions made by the midspan losses and wake losses. 
The present experimental data shows that the rapid rise in the 
total pressure loss coefficient occurs downstream of the passage 
starting from tie = 74%. The growth may be attributed to 
the interaction of the endwall cross flow with the suction side 
boundary layer. The rolling up of the low energy fluids on to , 
the suction surface might be commencing from x/e = 74% in 
the present studies causing a steep rise in the secondary loss. 

The variation of the net secondary loss coefficient (0) av-
eraged in spanwise and pitchwise directions is shown in Fig. 
11. The figure reveals that the net secondary loss coefficient 
increases with the increased incidence. It is also observed that , 
the rate of growth of secondary loss is steady after entering the 
cascade and shoots up near the trailing edge plane. Larger turn-
ing of the flow in the cascade produces higher losses near the 
endwalls and near the blade surfaces. These increased losses 
lead to an increase in the overall loss coefficient for positive 
angles of incidence. Moreover, the migration of low energy 
fluid from the endwall increases with increase in incidence and . 
hence, the secondary loss coefficient increased with increase in 
incidence. It is observed that after a slight increase near the  

leading edge plane, the net secondary loss coefficient remains 
constant upto 74% of axial chord behind leading edge and then 
increases rapidly beyond this position towards trailing edge for 
angles of incidence i = +15°, -5°  and -8.5°. The rate of in-
crease for 0 0  and +50  was not all that rapid as was the case 
with other incidences, although there is an increase in the net 
secondary loss coefficient. 

It is seen from the above discussions on the evolution and 
. growth of the total pressure loss coefficient and secondary loss 
coefficient that the losses grow steadily from inlet to about 
x/e = 74% and then rises rapidly towards the trailing edge. 
This is in line with the observations of Sieverding and Wilputte 
(1981), Marchal and Sieverding (1977) and Gregory-Smith et 
al (1988). 

aciaco Total Pressure Loss Coefficient 
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Fig. 9 Variation of Mass Averaged Total Pressure 
Loss Coefficient (Station S5 : x/e=11554) 
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There are two main features of a turbine cascade secondary 
flow, the passage vortex and the loss core associated with the 
inlet boundary layer. The passage vortex convects the loss 
core across the passage to the suction surface. These features 
can be studied in a comprehensive manner at the exit of the 
cascade. Hence the variation of total pressure loss coefficient 
at x/c = 115% for all the angles of incidence investigated is 
shown in Fig 12 These curves show the dependence of the loss 
coefficient on the angle at which the cascade receives the flow 
or the angle of incidence. The largest values of loss coefficients 
are observed for the positive incidence-of +15 °  in the present 
studies. The peak loss coefficient was observed to decrease 
with decrease in incidence upto 00  and then again rise as the 
incidence is further decreased in the negative direction. The 
midspan flows seem to be affected only at the extreme angles 

, of incidence investigated namely +15° and -8.5 ° . 
The passage vortex becomes stronger with increased turn-

ing through the cascade and it can show up its influence right 
upto the midspan as is noticed in the present studies. Other-
wise the loss shown at the midspan represents the 2-D profile 
loss which is observed over 60% of the full span assuming that 
the conditions are symmetric in the other half of the unexplored 
distance of the span. At all other values of angles of incidence 
the endwall secondary flow effects are felt upto zlh = 0.30 to. 
0.35. The position of the peak value of loss coefficient is seen to 
be at z/h = 0.15 for oo , and oo whereas it has moved to 
z/h = 0.20 for +50  incidence and to 0.25 at +15° incidence. As 
stated earlier the movement of the loss peak towards midspan 
depends on the strength of the passage vortex. The variation 
of the pitch averaged loss coefficient, in general, depends on 
the position of the passage vortex which in turn depends on 
the inlet wall boundary layer thickness, aspect ratio and blade 
loading (Vijayaraghavan, 1987). Since the loss peak has moved 
considerably at +150  incidence, it seems that the passage vor-
tex is stronger at the maximum positive incidence. Yamamoto 
and Nouse(1988) observed that the passage vortex generated 
in the cascade is very strong at +74°. 
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Fig. Ii Variation of Secondary Loss 
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Total Pressure Loss Coefficient (Station 55 : x/e=115 

Apart from the passage vortex becoming stronger at higher 
positive incidence values, It can also be viewed that the suction 
surface boundary layer is turbulent over much of its length and 
hence the midspan loss increases at positive incidences (Hodson 

and Dominy, 1987b). The double loss peak distribution is ob-
served at i -= 0°  and at i = +15°. Mobarak et al (1989) showed 
that the high loss zones appear near the endwall at the trailing 
edge and lie near the suction surface and the endwalls, at i = 0 0  
and M2 = 0.4. They also stated that the aspect ratio and the 
turning angle of the rectilinear cascade affect the positions of 
the secondary flow pattern. The turning angle is related to the 
incidence and the present experimental investigations confirm 
such a dependence of the generation and growth of secondary 
flows on the incidence. 

Only a single loss peak is noticed in the present studies at 
i = +50  and -5°. Caine (1973) gave a likely explanation that 
the secondary loss is primarily due to the boundary layer swept 
by the passage secondary flow, but the high trailing velocities 
will draw in this fluid of low stagnation pressure and cause the 
concentration of the losses into a single peak. Two peaks are 
observed when the passage secondary vorticity is of comparable 
magnitude to the trailing vortices, then the vortices of oppo-
site senses cause two concentrations of the low stagnation fluid 
resulting in two loss peaks. The separation at the negative inci-
dence and the intensity of the passage vortex becoming stronger 
at the positive incidence seem to be the main reasons for the 
spanwise flows causing secondary flows in a blade cascade ex-
tending upto midspan region at the exit of the cascade. It may 
be summed up that the main factor leading to the development 
of the cascade secondary flow is the existence of shear flow near 
the endwall of the cascade inlet region. 

Variation of Momentum Averaged Flow Angle  

The secondary flow causes the flow angle to deviate from 
the primary flaw angle which will have an adverse effect on the 
work transfer in the subsequent stages in a multi stage turrbine. 
The effects of the variation of the momentum averaged outlet 
flow angle with incidence in the spanwise direction is shown in 
Fig. 13 in the form of overturning/ undertuming angle (aS). 
The flow is overturned near the endwall and underturned away 
from the endwall and near the the midspan. The overturning 
near the wall is seen to be maximum at around zlh = 0.05 and 
the position of maximum overturning remained the same for 
almost all the angles of incidence. The amount of overturning 
was found to be maximum for i = +15 0 . 

A general trend of undertuming near the midspan and 
overturning near the endwall was noticed for i = +5 ° ,0°  and 
-50  whereas the flow remained mostly overturned for the ex-
treme angles of positive and negative incidence. The outlet flow 
angle is controlled by the magnitude and location of the passage 
vortex. The overturning of the flow near the endwall indicates 
that the flow tries to migrate more strongly towards the suction 
surface and this effect increases with increase in incidence. As 
the incidence changes, the loading distribution changes on the 
blade surface and these changes in the flow conditions seem to 
alter the overturning near the wall. 

7 

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



0.00 1 	 i 	 1 

	

0.00 	0.20 	0.40 	0.00 	0.80 

	

LE 	 non dimensional distance 3/ e 
1.00 

TI 

0.80 

0.70 

0.50 

2 0.50 
n 
• 
"a' 0.40 

a 0.30 

0.20 

0.10 

-6 
-a 

-10 
0.00 	0.10 	0.20 	0.30 	0.40 	0.50 	0.80 

non dimensional distance VA 	• 
Fig. 13 Variation of Momentum averaged Flow Angle 

(x/e = 115%) 

The overturning at 00  and —5°  near the endwall appear 
to be small whereas the mderturning is maximum at 00  inci-
dence occurring at z I h = 0.20. The flow has been continuously 
overturning at i = 15° upto the rnidspan. Very close to the 
endwall, the overturning is seen to be getting reduced. This 
may be due to the effects of corner vortex near the suction sur-
face/endwall corner on the flow turning. These corner vortices 
may be caused by the endwall shear stresses and they draw back 
the overturning flows in the underturnitig direction. Sieverding 
(1985) indicated that the presence of corner vortex near the 
endwall can be identified by the characteristic reduction of the 
overturning near the endwall in the spanwise distribution of 
flow angle. 

Blade Surface Pressure Distribution  

The surface static pressures on the suction and pressure 
surface of the instrumented blade of the cascade were mea-
sured at three spanwise positions z/h = 0.066, 0.133 and 0.50 
for angles of incidence i = 5,0 0  and —5° to study the effect 
of incidence on the blade loading due to the development of 
secondary flows. Fig.14 shows the blade loading at i = 5° at 
different spanwise positions. It is observed that the spanwise 
position has no significant effect on the pressure distribution 
as was observed by Adjlout and Dixon, 1992. The region of 
separation on the suction surface was noticed between x/e = 
30% and 50% whereas the mass averaged total pressure loss 
coefficient showed a steep rise at x/e = 74%. 

Fig. 14 Surface Mach Number Distribution 
(incidence i = +5 

CONCLUSIONS 

The contours of the total pressure loss coefficient and the 
mass averaged results in the pitch and spanwise directions gave 
a more meaningful information on the development and growth 
of the secondary flows in a linear turbine cascade. The two 
main features of the turbine cascade secondary flow namely 
the passage vortex and the loss cores associated with the in-
let boundary layer were observed in a comprehensive Manner 
at the exit of the cascade in the present investigations. The 
passage vortex seen at the downstream plane is the strongest 
at the maximum positive angle of incidence. With decrease in 
incidence, it gets weaker and the amount of low energy fluid 
on the suction side decreases rapidly. The evolution and de-
velopment of the total pressure loss coefficient indicated the 
growth of these losses steadily from cascade inlet upto an axial. 
distance of 74% and then rise rapidly towards the trailing edge. 
The outlet flow angle is seen to be controlled by the location 
and magnitude of the passage vortex. The characteristic reduc-
tion in the overturning near the endwall indicated the presence 
of corner vortices. 
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