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ABSTRACT

An ex¥perimental investigation 1s carried
out to study the effect of inlet boundary
layer thickness, aspect ratic and €xit Mach
number on the energy loss and on the behaviour
of secondary vortices downstream of a stra-
ight turbine cascade of blades having 82°
turning angle .

Some correlations were deduced which
predict, the cascade efficiency and the gross
secondary loss coefficient as function of the
downstream distance.

NOMENCLATURE

AR=h/c Blade aspect ratio.

axial chord length.

Absclute velocity

Blade chord iength.

Shape factor.

Static enthalpy or blade height.

Stagnation enthalpy or reference

blade height eguals to 64 mm.

Isentropic index.

Distance from trailing edge in stream-

wise direction.

M Mach number.

m Index in power law of the inlet bou-
ndary layver-velocity profile expre-
ssion.

P Fressure.

Arithmetic average height of surface roughness

Leading edge radius.

s Blade pitch

t Maximum thickness.

t

X

om0 Oy

=

=

a Trailing edge thickness.
Axial coordinate along the cascade
axis.
Y Stagnatlion pressure loss coefficient.
¥ Pitch-wise coordinate.

]

Spanwise coordinate measured from
the cascade lower endwall
Blade angle measured frem
direction.

Boundary layer thickness.
Displacemeht thickness.
Blade turning angle.
Enthalpy lecss coefficient
igsentropic heat droep.
Enthalpy loss coefficient
actual heat drop.

Gross secondary loss coefficient.
Cascade efficiency.

Momentum thickness.

T

tangential

*

g m O o

based on

based on
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Subscripts

o .. Stagnation conditicn

1 Inlet to the cascade.

2 Outlet from the cascade.
ms Midspan values

s Isentropic

Superscripts

- Pitch-averaged values
= Pitch and span averaged values.

INTRODUCTION

Use of small power fturbines is characte-
rised by the small dimensicns of the stage as
a result of the limited mass flow rate. This
is greatly reflected upon the turbine perfor-
mance as it is necessary to use low aspsact
ratio blades and/or partial admission. In both
cases, it is very important to specify the
optimum configuration that makes the total
energy loss as low as possible.

In turbines of low aspect ratio, second-
ary losses form a significant part of total
losses and their reduction would offer a sub-
stantial potential to improve efficiency.
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At the end
layer separates

walls, the inlet boundary
near the leading edge and
forms a leading vortex with one leg 1o the
suction surface of the blade and the other
leg crossing the passage to mest the suction
surface of the adjacent blade. The pressure
gradient betwsen pressure and suction surface
also leads to filow from the pressure to suc-
tion surface in the beundary layer on the
wall. This flow reinforces the pressure side
leq of the leading edge vortex and both with
the entrained fluid from the main stream flow
in the cascade passage form the passage vor-
tex (Langston, 198¢). Due to this flow on
the wall, low énergy material accumulates near
the wall on the suction surface. Behind the
trailing edges, the 'passage vertex comprises
the low energy material which has accumulated
near the suction surface (Binder and Romey
1983).

r

Tn the last ten years, detailed studies
of flow in turbine cascade have been carried
out by various investigators. For example
Came [1973) and Chen and Dixon {1985)show that
the gross secondary flow and mixing process
downstream of the cascade are affected by the
inlet boundary layer thickness. Langston et
al. {1977) show that about one-third to one-
nalf of the losses cccurring downstream
presumably due to mixing out of a ponuniform
flow at the blade exit.

In the present paper, experimental inves-
tigation is directed towards the study of the
effect of inlet beoundary layer thickness,aspect
ratioc and exit Mach number on the local vajues
of energy loss ceoeificient and on the behavi-
our of secondary vortices downstream the tur-
bine cascade of blades.

The aspect ratio was changed by changing
the btade height and keeping the chord cons-—
tant. .
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Fig. 1 Spanwise distribution of the inlet
boundary layer velocity profiles.

EXPERIMENTAL FACILITY

The cascades, test
atien, instrumentation
described in detail in Mobarak et al.,{1988).
Only a few of the main features of the test
facilities will be given here.

facilities, test evalu-
and measurements are

The main geometric details of the tested
cascade of blades are given in Table 1. The
number of blades for the testsed cascade are
wﬁgﬁg&_in crder to have a pitch to chord ratio
cf 0.61 which is the optimum value correspon-

ding to the tested blade profile (Abdel Hafiz,
1982).

Table 1: Geowmetry of the turbine cascade.
Blade chord length, clmm) ’ 55
Blade axial chord, b, (mm) 43
Leading edge radius, ry(mm) 3.5
Blade height, h, {mm) 64
Blade aspect ratic, h/c 1.16
Pitch/chord ratic, S/c 0.61
Maximum thickness to chord ratio,t/c 0.264
Trailing edge thickness to pitech ratic

tel 8 0.0147
Inlet blade angle,f 83°
Qutlet blade angle,” g 14°
Blade turnining angle, ¢ 83°

£= 180 -(Bi " B'Z)

The inlet boundary layer was measured
with a boundary layver probe of 0.5 mm diame-—
ter. The inlet boundary layer was changed by
sticking sand papers on upper aed lower end-
walls before, through and after -the cascade
in order to simulate the real case when the
roughness of these surfaces may be changed.
This is because in real situation all the
surface will be roughened and not only that
part before the cascade. Figure 1 shows the
shape of inlet velocity and boundary layer
profiles for different wvalues of relative
arithmetic average heights (Rgy/hg). The
velocity profile can be described by the
relation:

Cy

C1ms

= (z/8)" )

The values of boundary layer parameters
may be obtained as given in Table 2.

Table 2: Inlet boundary layer properties for
AR = 1.16 and M2 = 0.4
& 6 &
R _/h 51 m 8 /h 1 1 3| I/C
2o (um) R T R
l.SleDFS 10 0,215 0.156 1.77 1.237 1.43 9.042
4.96x10_5 15 0.220 0.234 2.70 1.878 1.44 0.049
7.Elx10_5 17 0.216 0.266 3.02 2.109 1.43 0.055
10.9x10—5 20 0.2310  0.313 3.47 2.440 1.42 0.063
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The inlet turbulence intensity at the

central passage was measured using a hot wire
anemomelter probe for different values of the
tested parameters and it was found to vary
within 2-3%.

To check the periodicity of flow through
the cascade, measursients were carried out at
cascade exit and it was found that the simila-
rity of velocity profiles exists.

Measurements cf flow parameters were per-~
formed at Four different planes downstream of
the cascade by using a five-hole probe of 3mm
diameter. The distances of the measuring
planes from trailing edge were measured in the
streamwise direction and these planes are
located at &/c = 0.25, 0.75, 1.25 and 2.25 ,
where "g¢" is the streamwlse distance, Fig.2.
These planes correspond to an axial distance
ratios %/c = 0.06, 0.18,0.30 and 0.54.

The sldpe angles of f£low were measured at
exit plane and it was found to be equal zero
at imidspan for all tested parameters,

Tedts were conducted at an air speea
such that the blade chord Reynolds number was
varied from 2.2 x 105 to 5.5 x 10% based on
the average outlet velocity, which is relati-
vely high. Thus, the effect of Reynolds number
on ioss coefficient can be neglected, (Kacker
and Okapuu, 1981). Local values of total ene-
rgy loss coefficient corresponding to each
exit measuring staticn was calculated using
the rslation:

k-1
K

B (Polfpoz) -1 (2)

- k-1
®

(B /Py) -1

[

The pltch-avergged and passage-averaged
energy 1o0ss coefficients were calculated oo
mass-averaged basis.
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Downsiream measisng planes

g. 2 Inlet and exit measuring stations as distributed in
pitchwise direction.

RESULTS AND DISCUSSION

The experimantal results are given at.the
optimum incidence. The incidence angle was
changed for all tested values of inlet boun-
dary layer thickness, aspect ratio and exit
Mach nuaber, Tt was found that the optimum
incidence is zero degree.

Tne local loss coefficient maps at AR =
1.16, 681/hg = 0.156 and M, = 0.4 are given
tn figures 3-6 for different values of the
distance downsiream %/c = 0.25, 0.7%5, 1.25

and 2.25 respectively.

The results shown in Fig.3 at %/c = 0.25
indicate that the loss characteristics at the
trailing edges are similar and the high loss
zones appear near the endwalls. It Is clear fruw
this figure that the regions of low energy
{which are characterised by two peaks of ene-
rgy loss or cores of loss) lie near the suc-
tion surface and the endwalls. These two reg-
ions of nigh loss lie at 12.5% and B7.5% of
the blade span from the lower end wall. The
two cores of loss are nct caused by the wake,
they are the result of secondary f£lows within
the blade passage. The development of such
loss regions is described in the works of
Mardhal and Sieverding (1977), Langston{1980)
and Sharma and Butler (1986).

Figure 3 is a typical one for the total
energy lLoss contours at the trailing edge of

straight nozzle blade cascades as obtained by
many investigators.

Moustapha et al.{1985) tested planar and
annular cascades having the same aspect ratio
of 0.88 and turning angle of 128.5°. Results
for the planar cascade show that there are
two high loss cores close and parallel to the
projection of the blade suction surface at
0.32 and 0.65 of the bldde span. For the ann-
ular cascade, a large high loss core is visi-
ble at the middle of the blade passage betwesan
0.48 and 0.77 span. He attributed it to the



varying pitch to chord ratio, the
of tne blades in the annulus, and
pressure gradients ocourring in
cascade. Thes=s factors a combined =ffect
on the merding of the two passage vortices and
+he radial position of ihe= rssulting high loss
core.

crientation
the radial
the annular

have

¥Ye Da-Jdun and Zhen Li-Wei (1983) tested
a3 rectilinear cascade of 1.047 aspect ratie
and 70° turning angle. Tney found that the
positions of the loss cores lie at 0.2 span
from the nsighbouring end wall.

From the abhove comparison, it is clear
that the aspect ratio and turning angle of the
rectilinear cascade affect on positions of
the secandary flow patterns.

The total energy loss coefficient contour
plots for /e = 0.75 and 1.25 are shown in
Figs.4 and 5 respectively. Both mixing of the
wake and pitchwise flow of the low energy
material towards the pressure side are clear
in these figures. The wake width gets wider
and the loss values within the wakz decrease
due to fluid mixing between the low energy
f£fluid in the wake and the high energy fluid
outside it. Also, the loss regions near the
end walls are more extended but their intens-
ity is reduced as a result of mixing. The
effect of deviation and pressure difference on
the blade surfaces is to displace the loss
cores towards the pressure side of the adja-
cent blade as it flows downstream

pt L/c = 2.25, Fih.6, the discrete regi-
ons of high losses have disappeared and the
wake iltself is scarcely visible because of
mixing. Due to the nearly unifeorm stream ,
the iso-loss lines become horizontal and the
iosses are low except at regicns close to end
walks.

T+ is clear from Flgs 3-6 that the span-
wise positions of the loss cores are approxi-
mately constant with distance downstream.

Therefore, i1t can be concluded that the
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Fig. 3 Total energy contours at &fc = 0.25 for
Q/ho - 0.156, AR = 1.16 and M, = 0.4.

.case of AR =

effect of mixing downstream of a straight
cascade is to decrease the intensity of seco-
ndary vorticeas.

Figurss 3 and 7-9 illustrate the total
energy loss coatours at &/c = 0.25 for the
1.16, M7 = 0.4 and for four dif-
ferent values of inlet boundary layer thick-
ness to span ratios (81/hg) namely 0.156,0.234
0.266 and 0.313 respectively. It is observed
that large areas of the f£low are virtually
loss free while there is a significant loss
increase within the blade wakes and in  the
regions close tec the end walls.

The total energy loss distribution shows
clearly the expected increase in loss at the
end walls due to the effect of boundary layer
loss and the extension of it towards the mid-
span in the wake region due {o secondary flows.
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Fig. 5 Total energy loss contours at £/c=1.25
foxr §,/h, Z6.156, AR=1.16 and M,=0.4
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Fig. 7 Total energy contours at R/c = 0.25 for

51/h0:0.234, AR=1.16 and M,=0.4

The esnergy loss peaks are typical of such
measurements and correspond tc the seceondary
vortices, The spanwise positions of centre
of loss cores are independent of ©1/h, and lie
at about 12.5% of the blade span from the
neighbouring end wall.

Therefore from the presented results, it
is clear that the effect cf inlet boundary
layer thickness on flow picture behind the
cascade is more pronounced near the wallswith
an increased loss in the vortices regions and
tendency to move towards the midspan.

Figures 3 and 10-12 illustrate the conto-
urs of total energy loss coefficient at L/c=
0.25 for the four investigated values of asp-
ect ratio. The most striking aspect of the
loss contour plets is the loss core region
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Fig. 8 Totzl energy contours at £/c=0.25 for
§ ,/h,=0.266, AR=1.16 and M,=0.4
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Fig. 9 Total energy contours at L/c = 0,25
for 8;/h, = 0.313,AR=1.16 and M,=0.4

sitruated on the suction side of the wake cen-
ter line. Reducing blade aspect ratio from
1.16 to 0.8, the two cores of loss were shif-
ted from a spanwise location of 12Z.5% toabout
20% from the neighbouring wall. With further
reduction of AR fo 0.5, Fig.1ll, the two cores
of less approach each ather which increases
energy loss at blade midspan. The spanwise
location of the loss cores lie at 25.5% of the

" blade height from the end walls.

As it is mentioned in Moustapha et al.,
(1985}, Woeds experimental results indicated
that the loss peak was shifted from a span-
wise location of 15% to about 24% as the
aspect ratio was reduced from 1.036 £0 0.592.

For the lowest value of tested aspect
ratio {AR = 0.25) the two cores of 1oss
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Fig. 11 Total energy contours at &/c = 0.25 for
61/h0=0.156, AR =0.5 and M2=0_4

combine together fto form a single strong loss
core at the midspan as shown in Fig.1l2.
voreover, this single core occupies a great
portion of the exit area.

Figures 13 and 14 illustrate the total
energy Loss contours at the exit plane (L/c=
0.25) for two values of M, which are 0.2 and
0.5 respectively. It is worthy to menticn
that the effect of increasing Mach number 1s
to decrease local values of energy loss co-
efficient.This is a well known behaviour for
subsonic flow as the increase of Mach number
improves the profile loss and helps in dis-
placing the cores of secondary vortices tow-
ards the blade suction surface. This, 1in turn,
help in increasing the potential core at
passage exit and improves the cascade perfor-
mance. The shape of the 20% iso-loss line at
the end wall for My = 0.2 (Fig.l3) indicates
the presance of corner losses. With incféasing
Mach number, this phencmenon tends to disapp-
ear.

The Gross Secondary Loss

For nign aspect ratio blades, the gross
secondary losses are determined by subtract-
ing the measured midspan {profile) pitchwise-
averaged loss ceoefficlent from the passage -
averaged loss coefficient. For low aspect
ratio blades used in the present tests, the
differentiation between the profile and the
secondary loss is difficult due to the merging
of vortices {(Moustapha et 2l.,1985). Therefore
the gross secondéary less is evaluated for AR=
1.1%6 only.
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Fig. 12 Total energy <¢ontours at % /e=0.25 for
51/ho =0.,156, AR=0.25 and M2=O.4
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61/h0=0.156, AR=0.8 and M2=O,2

535P.5-

€1

A<
z¢Be S
S<Ce 10
104 D< 20
W< E<C I

£> 0

[+

Fig. 14 Total energy contours at %/¢ =0.25 fo:

6]/ho=0.156, AR=0.8 and M,=0.5

Figure 15 shows the variation of the
gross secondary loss coefficient with the down-
stream distance to chord ratio {/c) for
different values of relative upstream boundary
layer thickness (or poundary layer displace-
ment thickness to chord ratio 6{/0) at AR =
1.16 and Mp = 0.4.

It is clear from this figure that the
gross secondary loss coefficient lucreases
with the increase of %/c and with the increase
of the value &;/h, {or Gf/c). Also it is
evident that the loss coefficient increase
rapidly with &/c for higher values of dy/h,
{or 65/cl. This behaviour may be aktributed
to the redisktribution and the growth of
additional loss due to the skin friction on
the endwalls. This additional loss may be
significant for high values of §q/h, because
of the effect of large velocity gradients
produced near the endwalls.
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Sieverding and Wilputte (1981}, found
from tests on a linear cascade of aspect ratio
near unity that the secondary loss ceoefficient
does not vary greatly in a range of M; from
0.1 to 0.6. Therefors, the effect of Mach
number on the gross secondary loss is not inc-
luded in the following correlations.

Simple correlations of the gross second-
ary loss coefficient with the distance down-
stream and with the inlet boundary layer dis-
placement thickness can be derived from Fig.
1% immediately.

The relation between the gross secondary

L N _* —
loss coefficient (;SGO) at glo/C = (0.032 and
2/c given by:
-4
2.352 x 10 (3)
- = 1 -_— e L
Esqo = 0-0183 5TE
(&/c)

The variation of loss coefficient {&_.)
with él/c, away from £ at a particular
thickness ratio ai‘o/c, can be given in the
form,

3% *® E

- - . 3l B 610 2

‘ = £ + E.( } {4)

°5G T 5560 1 -
where E, and E., are constants each of them
depends on the distance downstream of the
trailing edge,

B, = 3.157 + 69.6 (L/c)?°0% (s

E, = 3.506 - _141_3_3_3 (6)

(%/cy¥

Correlation {4) accurately represents the
experimental results within +10% deviations as
shown in Fig.l6.

Figure 17 shows the variation of thegross
secondary loss coefficient with the relative
upstream boundary layver displacement thickness
for the present test results and other ceorre-
lations which were deduced by other investi-
gators. Correlations of Dunham and Came{(1970),
Dunham {1970}, Came {1973} and Chen and Dixon
(1985} are processed to convert the pressure
loss coefficient Y, te Sgg for comparison.

To convert Ygg to &g , the relations ocbtained
by Horlock (1966) can be used.

£ o= Y/ {1+k{uZ/2))

5 (7}
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Fig. 17 Variation of gross secondary loss
coefficient with inlet displacement
thickness.

Eo= E' JLL 4 £7) (8)
Came {1973} ohtaindd his correlation from
data measuread at i/c = 1.35 and Chen's corre-
lation is drawn in Fig. 17 at %¥%c = 1.35while
the positions, at which the other two correla-—

tionsg were deduced, are not given.

The present correlabion shows a rising
trend with increasing Ethe upstream displace-
ment thickness while the correlations deduced
by Came (1973), Chen and Dixon (1985) and Dunham
{1970} show a constant rate of increase with

5*/c. In contrast, correlation of Dunham and
cdme (19707 is independent of 6I/c.

The present results show increasing rate
of gross secondary loss with &*/c which may
be attributed to the.effect of blade shape and
regime of operation.

However, it is clear from Fig.1l7 that the
present correlaticn, at % /c = 1.25 or the
expected at L/c = 1.35, lies in between Came's
and Chen's correlations at %£/c = 1.35.
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Tests results are prasenkted in another
formgin Fig.l8 where cascade efficiency (1] =
1 - 7} 1s plotted against the recipreocal of

AR for different values of 4/c at Mp= 0.4 and
§1/hy = 0156,

It is evident that a straight line rela -

tionship can be expressed for AR lower than

1.16 (or approximataly one) in the form:
F
n= By - 3n for AR < 1.16 (9)
where B, and E, are constants that depend con

Y/c, gedmetric®and aerodynamic parameters of
the tested cascade. The term FE4 represents
the blade efficiency (or profile efficiency)

for AR tends to infinity and given as function
of M2 and /¢, { Osman, 1987}. :

By = 0.9155 + 0.07 w2 4 —2=024_ (10

© (e

The values of E, which is the slope of
the straight liine reiation n - 1/AR, can be
given by, (0sman, 1987).

. -3
E, = 0.0374 - 2:122.x 10 (11)
{ /e

For the tested cascade of blades, the
efficiency at AR = 1.16 is approximstely equal
to the value of the efficiency corresponding
to relatively high aspect ratic blades 1/AR=0
where secondary losseg are neglected and pro-
files losses sexist only.

1t ig clear from Fig.l9 that the correla-
tion (%lgives good agreement with the experi-

Lmental results withio + 1.2% deviations.

neiations similar to relation (9) were
obtained by Ohlsson (1964) for blades of a
true tubbine stage having aspect ratio in the
range 0.7 - 0.07 and Mobarak et al.{1985) fox
a straight turbine blades having AR 0.654 -
0.148 at L/c = 0.4.
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Fig. 18 Cascade efficlency versus 1/AR at
M, = 0.4
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Fig. 19 Correlated efficiency shows good

agreement with the present data
at 61/hO = 0.156,

Tt is clear from Fig.l8 that Mobarak's
and Ohlsson relations give good agreemeni with
the present correlation.

CONCLUSIONS

From the

previous results and discussicn
the following

conclusions can be drawn:

1- The analysis of measured energy loss con-
tours show that the spanwise positions of
the centres of leoss cores are independent
of the downskream distance, inlet boundary
layer thickness and Mach number. Increas-
ing inlet boundary layer thickness, inc-
reases the spanwise extent of the zone
behind the cascade in which the secondary
loss vortex dominates and in kturn the gross
secondary loss increases {correlation 41].

2- Reducing blade aspect ratico, the tweo cores
of loss were shifted towards the midspan
and combine together at the lower value of
aspect ratios (MR = 0.25} to form a single
strong loss core. The results show a dec-
resdsing rate of the cascade efficiency with
reducing aspect ratio due to the contrac-
tion of the low loss core of the flow and
the increase of endwall effects. It has
been found that a straight line relation-
ship could be obtained in the range cof AR
from 0.9 to 0.25 to relate cascade effi-
ciency and the inverse of AR for different
downstream distances. This relation is
similar to relations suggested by other
jnvestigators at trailing edge for other
ranges of aspect ratio lower than one.
This means that a generalized relationship
can be formulated to cover all values and
ranges of aspect ratio lower than one.
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