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Vortex Effects Resulting from Transverse
Injection in Turbine Cascades, and
Attempts at Their Reduction

B. A. ABURWIN N. R. L. MACCALLUM
NOMENCLATURE

¢ = chord

d = distance along blade pitch from ocne mid-

passage line to next, in direction of suc-
tion surface

measure of strength of exit vortex, de-
fined by (Ae¥) (Ay*/c)

measure of kinetic energy of tangential
components in exit vortex,
(Aa®)“ (ay#/c)?

measure of angular momentum of exit vor-
tex, defined by (Aa*)(Ay*/c)j

rressure

ratio of maximum velocity of injected jet

defined by

to velocity of main approach flow
blade pitch

velocity in main flow directicn
velocity
distance in axial direction from leading
eage
distance from end-wall carrying injection
slot
distance along pitch direction from lead=-
ing edge

main flow angle, measured from axial di-
rection

density

Subscripts

= stagnation
= inlet to,
= ambient

outlet from cascade

average
secondary

Superscript

¥ = range of piftch-integrated exit vortex

INTRODUCTION

When an additional flow is injected

transversely intc the main flow entering a row
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Fig. 1 Test cascade

of turbine blades,
& gas turbine is returned,
effects in the main flow are observed (1).

EXIT
TRAVERSE
PLANE

as when disk cooling air in
several significant

One

of these effects is the strengthening of the

secondary vortex in the flow leaving the blade,

or nczzle guide vane row,

The influences of

injection and cascade variables on the strength

cf this exit vortex have been studied in straight

cascades (3, 3) and in an annular cascade (&),

The present work had two aims. The

1 Underlined numbers in parentheses

designate References at end of paper.
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able 1 Coordinates of Blade Profile -- 40-Deg
Stagger Angle

x/e 0.0 7,043 0,162 ©.285 0.332 0.476 0,544 0,613 C,676 G.749
pressure
surface
zfe 0.0 5,021 0,066 0.132 ©.205 0,275 0,342 0,404 6,507 (.6%0
. x/e 0.0 L045 0.154 0,277 0,378 NLRA0 0,534 0.60T  ULET2 D.T4A8
suction
surface
z/c 0.0 =(.020 -0,045 =0,016 0.037 ©.119 0.226 0.346 (.465 (.65

was to investigate the effect of the exit vortex
leaving one row of blades on the performance of
the next row. 7The second aim was to study
metheds of reducing the strength cf the exit
vortex, These investigations are discussed in
turn in this paper, and the major conclusions
are brought together in the final section.

APPARATUS

This consisted of a cascade of five
blades (four passages) having a chord of 129 mm
(5.07 in.), <f aspect ratio 1.0, set at a stag-
ger angle of 40 deg and at a pitch of 88 mm
(5.5 in.). The cascade, which had been used in
rrevious related experiments (1=-3), is il=-
lustrated in Fig. 1, and the ccordinatcs of
the blade profile are given in Table 1, The
cascade was placed in the suction to a variable
speed fan., Typically, the flow velocity at exit
from the cascade was 25 n/s (75 ft/s), corre-
sponding to a Reynolds Number, based on the
exit velocity and chord, of 2,2 x 107,

The main airflow to the cascade entered
through a contraction of area ratio 8.3. Wire
grids were placed in this contraction to give a
turbulence level, when there were no vortex
generators present, of 1.2 percent at inlet to
the cascade, The inlet to the cascade was set
fo give an air angle of 15 deg to the axial
direction,

When transverse injection was required,
this was made through a slot 3.0 mm wide, run-
ning across one end-=wall immediately in front
of the cascade, as i1llustrated in Fig. 1. In
the present work, the injected air was directed
at right angles to the main air flow. The in-
jected flow and the main flow were at the same
temrerature. When not reguired, the injection
slot was taped over.

Performance of the cascade was established
by traversing the flows at inlet and outlet.

The inlet traverse plane was at an axial dis-
tance of 1.5 axial chord upstream from the blade
leading edge, and the downstream plane was at an
axial distance of 1.03 axial chord from the
trailing edge. The instrument used for measur-
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Fig,., 2 Inlet pressure loss distributiocns -
without and with vortex generators

ing the flow velocity, direction and pressure
was a five-hole spherical probe of S-mm dia.
This instrunent was checked satisfactorily in
these flows against a three-hocle probe of 2.7-mm
dia. Estimated accuracy of the five-hole probe
is + 0.5 m/sec in velocity components and + O.
deg in direction.

The central blade in the cascade was pro-
vided with pressure tappings from which the pres-
sure distributions cculd be observed, over z
range of blade heights.

EFFECT OF VORTICES IN FLOW ENTERING A BIADE ROW

As described earlier, there are secondary
vortices in the flow leaving a turbine blade
row, and these are considerably enhanced if a
flow is injected transversely into the main
flow entering that blade row. In many turbines,
the flow leaving this row of blades then enters
a subsequent row. :

The aim of the tests reported here was to
simulate this series of vortices leaving the
first row, and study their effect on the second
row., For this work, the second row was rep-
resented by the straight cascade described
in the previous section, and the vortices in the
cascade entry flow were formed by introducing a
series of vortex generators. 1In the real tur-
bine the vortices move periodically across the
entry to the prassages, from the pressure to the
suction surfaces. As bime-mean instrumentation
was to bhe used to measure the flow velccity and
direction and the pressure at outlet from the
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Fig. 3 Secondary velocities at inlet to cas-
cade - vortex generators in line with mid-
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Fig. 4 1Integrated inlet angles - vortex gen-
erators in line with mid-passages

test cascade, it was decided that for this ini=
tial study, .the vortex generators should be kept
stationary relative to the cascade. Tests would
be carried out with generators in different
positions relative to the cascade., This use

of stationary generators, while not truly repre-
sentative, should give helrful indications of
the effects of these vortices.
the entry section to the cascade 1s greatly

The design of
simplified by this procedure,
Vortex (Generators

The vortex generators were prerared from
thin metal disks, S1l-mm dia, cut to make eight
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Fig. 5 Velocity contours at outlet traverse

plane - clean entry tc cascade

vanes, and the vanes twisted to 45 deg to the
axis of the disk, the direction of twisting
being such as to simulate the exit vortex; i.e.,
the flow at the side of the vortex nearest the
end-wall is twisted toward the suction surface
of the passage from which it is leaving. This
means that when the vortex enters the next row
of blades, the flow at the side of the vortex
nearest to the end-wall 1s twisted toward the
pressure surface of this new row.

The vortex generators were mounted, as
illustrated in Fig. 1, with their axes at a
height of 33 mm (0.26 chord) from one end-wall
and at an axial distance of 300 mm (5.1 axial
chord) in front of the cascade., The axes of the
generators were parallel to the axial flow di-
rection. This positioning of the generators
produced vortices which corresponded with the
slightly asymmetric exit vortices to be simu-
lated (1).

In the first series of tests using the
vortex generators, the generators were placed
as illustrated in Fig. 1, in the lines leading
to the mid-passage positions. In the second
test, the generators were placed in line with
the leading edges of the blades., In both cases,
therefore, the pitch between the generators was
the same as the pitch of the blades in the cas-
cade,

Test Procedure

For these tests, no transverse injection
was used and the injection slot was taped over,
as was the boundary layer suction slot.

With the entry to the cascade in the
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Fig. 6 Velocity contours at outlet traverse
plane - vortex generators in entry in line with

mnid-pascages

"clean" state, i.,e., with no vortex gencrators
introduced, the angles of the exit side-walls
were adjusted, relative to the cascade, until
there was a symmebric velocity distribution
across the exit flow. This occcurred when the
exit side~walls were at 59.5 deg to the axial
direction. The performance cf the cascade was
then established by traversing the flows at in-
let and outlet. Pressure distributions around
the blade surfaces were also recorded.

Vortex generabors were then introduced,
as described in the previous section, and the
above series of readings repecated.

tesulfs and Discussion
Inlet Velocity Distributions. The pitch-
integrated inlet pressure loss distributions,

relative tc atmospheric pressure, are shown in
Fig. 2, over 60 percent of the blade span,
starting from the end-wall on which the vortex
generators are mounted.

Wwhen there are no vortex generators the
losses are very uniform, and small, being due
to the inlet system, including turbulence grids.

The introducticn of the vortex generators
produces, as intended, vortex motion and the
secondary flow comronents are illustrated in
Fis. 33 in this case, the generators are situ-
ated in line with the mid-passage positions.
The blockage of the vortex generator leads to
a reduction in forward velocity dowmstream from
the generator, and this 1s indicated by the
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Fig. 7 Veloclty contours at outlet traverse
rlane - vortex generators in entry in line with
leading cdges

pitch~integrated loss distribution shown in
Pig. 2. The peak of this pressure loss associ-
ated with the vortex occurs at a blade span
value of about 0.24 for y/c, which compares
with the span position of the generators of
0.26 for y/c. Pitch-integrated inlet angles
are shown in Fig. 4.
Strengths of Inlet Vortices. It is

necessary to compare the strengths of these
vortices produced by the vortex generators with
the strengths of the vortices which are intro-
duced into blade passage exit flows as a result
of transverse injection. Three simple param=~
eters have been used to guantify the strengths
of these exit vortices (2). These parameters,
D, E, and ¥, are propcortional tc the circula-
tion, tec the kinetic energy of the tangential
components velocity components in the vortex,
and to the angular mcmentun of the vortex,
respectively, if the vortex is assumed to be

a rotating sclid body bounded in diameter by
the positions of maximum pitch-integrated posi-
tive and negative deviation, The parameters
are given by

D = (Aa*) {Av¥/c) (1)
B = (aar)? (Ayt/e)” (2)
Fo= (Aa*) (AyF/c)’ (3)

For a typlical case with transverse injection
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Fig., 8 Integrated stagnation pressure losses
across cascade for entry flows without and with
vortices

{3) -~ aspect ratio 1.0, stagger angle 45 deg,
inlet angle 15 deg, mass injection ratio 0.036
-- the values of the parameters, D, E, and ¥,
for the exit vortices are 1.4, 2.0, and 0.062,
respectively. When the flow is considered rela-
tive to the next row of blades, these parameters
will be somewhat changed due to the change in
(Ao®) as predicted from the velocity triangles.
Typically, the value of (A«*) might be increased
by 50 percent; thus, the values of D, E, and ¥
with reference to the next row of blades might
become 2.1, 4.5, and 0.093, respectively.

When The same technigue is applied to the
vortices produced by the generators in the entry
section of the present apparatus, the values of
the parameters, D, E, and F, are 3.6, 13, and
0.22, respectively,

Thus, the generators being used are creat-
ing vortices which are, say, twice as strong as
those resulting from the typical transverse in-
Jection case referred to (3). As it had been
found that the strength of the exit vortex re-
sulting from transverse injection is roughly
proportional to the mass injection ratio, it
was decided to continue with the present vortex
generators, and the results obtained can be
scaled linearly to correspond to the appropriate
exit vortex strength.
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Fig. 9 Integrated outlet angles for entry flows
without and with vortices

OQutlet Velocity Distributions and Lesses.,

Outlet velocity distributions are shown in Figs.
5, 6, and 7 for the cases of Y"clean" entry to
cascade, vortex generators in line with mid-~
passages and vortex generators in line with
blades, respectively.

The major point to note is that, while
with the clean entry to the cascade the wake
trough drops to about 0.86 of the plateau ve-
locity, when the vortices are introduced in the
inlet flow, the blade wake trough is less marked
and for a considerable propcortion of the span,
the velocity in the wake does not drop lower
than 0.9 of the maximum velocity. The velocity
gradients are, in general, weaker when inlet
vortices are present.

The losses In stagnation pressure, rela-
tive to the average inlet stagnation pressure,
have been integrated across the pitch, and are
shown in Fig. 8 as loss coefficients. These
coefficients have been based on the average,
rather than the maximum inlet stagnation pres-
sure due to the large change introduced by the
vortex generators in the inlet stagnation pres-
sure distribution (Fig. 2). The average kinetic
eriergy associated with the rotating motion in
the inlet vortices is very small, less than
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Fig. 10 Schemes for exit vortex recduction
0.1 percent of the kinetic energy of the cascade
exit flow, so its contribution as an energy or
velocity head input is negligible. Span-wise
integration of the lcss coefficients, up to a
y/¢ value of 0.75 gives a value for the average
loss coefficient of 0.064 for the "clean" inlet
condition and values of 0,049 and 0.056 for the
cases where there are inlet vortices, in line,
respectively, with the mid-passage and with the

-
[ /‘/1-\\N
ool /S
Y/e
A vt x — e e -
0-7F VAVt
/L/txﬁtxlxy,
0-6
¥ oo X o K K
0.51_ ¢ N\
0-4
i AV e A
0-3r X
- x o«
N N ‘// AT
/A
02D N T T NN
P AV A AN
NN T T ONON
04f T T N NN
N R R
LU S N " U A S U
0 4
0 d/s 05 00 0102
'_"‘L'_'VA/UZN\nx
Fig. 11 Secondary velocities at outlet traverse

plane - with transverse injection - basic cascade
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Fig. 12 Secondary velocities at outlet traverse
plane - with transverse injection - with thick
end-wall fence "C"

blades.
when 1nlet vortices are present is somewhat sur-

At first sight, this reduction in losses

prising. However, this finding is consistent
with the lower velocity gradients present in the
exit flow and, hence, less severe dissipation
regions.

On examining the secondary velocity com=-
ponents in the exit flow in the region up to
v/c = 0.6,

is "clean" the highest local secondary velocity

when the inlet flow to the cascade

amounts to 12 percent of the maximum main flow
velocity. When the vortices are introduced into
the inlet flow the highest local secondary ve-
locities are between 9 and 10 percent of the

It is important to
note that the pronounced vortex, which had

maximum main flow velocity.

existed in the inlet flow, appears to have been
dissipated in passing through the blade channel,

The pressure distributions around the
blade showed no discontinuities when vortices
were introduced, and the changes which were ob-
served were in line with the altered overall
loss of the cascade.

The manner in which the pitch-integrated
deviations in the exit flow are influenced by
inlet vortices is indicated in Fig. 9. Un-
fortunately, these pitch-integrated curves con-
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Fig. 13 Integrated outlet angles for various

vortex reducing schemes - no transverse injection

ceal the reduction in secondary velocities when
vortices are introduced. It should also be
noted, however, that when there are vortices

in the inlet flow, frequently the highest
secondary velocities are in directions which
are not parallel to the end-wall, and, there-
fore, they will not show up in prlots of devia-
tions.

The improvement in the secondary flows
resulting from the inlet vortices is probably
assocliated with The direction of rotation of the
inlet vortex. As stated previously, this direc-
tion is such that the side of the vortex nearcst
to the adjacent end-wall is twisted toward the
pressure surface of the blades which the flow
is entering,
in the passage in the flow nearest the end-wall
brings the end-wall flow out at an angle nearer

The higher turning angle obtained

to the main flow, rather than over-turning it.

REDUCTION OF STRENGTH OF VORTICES RESULTING
FROM TRANSVERSE INJECTION

An investigation has been made of several
possible methods of reducing the strength of the
vortices in the flow leaving a turbine blade row
which result from transverse injection in front
of that blade row,

8
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vortex reducing schemes - with ftransverse in-

jection

Devices Examined

Two different techniaues have been con-
sidered, The first was an attempt to counter
the motion from the pressure to the suction
surface which had been observed within the
separation bubble on the end-wall immediately
downstream of the slot from which the transverse
Jet emerged (1). It appeared that the exit
vortex originated from near the suction surface
end of this separation bubble. If the mass
flow, and hence momentum, within the bubble
toward the suction surface could be reduced,
then the exit vortex might be weakened. The
method used was to cut a slot through the tlade
adjacent to the end-wall, as illustrated (Scheme
A) in Fig. 10.
high pressure on the pressure surface side to a

The slot runs from a position of

position of lower pressure on the suction side,
It will, therefore, carry fluid into the separa-
tion bubble with a momentum to oppose the previ-
The di-

mensions of the slot are given in Fig. 10.

ously observed flow within the bubble,

The second technique was to employ boundary
layer fences, as described by Prumper (2), cn
the suction surface of the blades near the end-
wall from which the transverse jet is injected
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Integrated stagnation pressure losses

Fig. 15
for various vortex reducing schemes - no trans-

verse injJection

(Scheme B}, and on the end-wall itself parallel
to the suchtion surfaces {Scnemes C and D), Fence
B runs the full length of the suction surface at
a distance of 15,9 mm above the end-wall and
extends 7 mm out from the suction surface, The
thickness of the fence is 0.33 mm,
and D stand 13,5 mm out from the end-wall, have
the same profile as the suction surface, and are
positioned throughout their lengths at 0,33
blade pitech from the suction surface., Fence C
is 1.6 mm thick (the "thick" fence) while Fence
D is 0,46 mm thick (the "thin'fence).

Fences C

Test Procedure

The fturbine cascade employed was the same
as that used for the investigation described in
the earlier part of this paper on the effect of
vortices in the flow entering a cascade, i.e.,
the leading particulars were: stagger angle,
40 deg; inlet angle, 15 deg; aspect ratio, 1.0,
When transverse injection was introduced, the
velocity of the jet was 1.5 times, the velocity
of' the main approach flow and the injection
slot width was such that the ratio of injected
mass flow to main mass flow was 0.036. When no
transverse flow was required, the injection
slot was taped over. The boundary layer on the
end-wall carrylng the injection slot was sucked
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Fig. 16 Integrated stagnation pressure losses
for various vortex reducing schemes - with
transverse injection

away 180 mm in front of the slot.

Results and Discussion

As the primary aim of the various devices
was to reduce the exit vortex resulting from
transverse injection, the exit velocity patterns
under conditions of transverse injection are
first considered, particularly with reference
to the secondary velocity components.

With the basic cascade, transverse injec-
tion led to the significant vortex in the exit
flow 1llustrated in Fig, 11, The introduction
of Scheme A (slot through blade) made little
difference to this pattern., The fences on the
end-wall (Schemes C and D) led to a slightly
reduced vortex closer to the end-wall, and a
smaller vortex alongside, in counter rotation.
This is illustrated in Fig. 12. The device
which was most successful in reducing the exit
vortex was the fence on the blade suction sur-
face (Scheme B)., In order to give a numerical
comparison between the flows with the various
Schemes, the extremes of local deviations im-
mediately above and below the apparent eye of
the vortex have been examined. With the basic
cascade, the range of local deviations is just
over 10 deg, while with Scheme B, it is about
5 deg., Schemes A, C, and D indicate correspond-
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Table 2 Pressure Loss Coefficients for various
"yortex Reducing" Schemes
(pol T Foolave o1 Pz
Geometry
Lo Injection
transverse mass
injection ratio = 0.0%6
Basic Cascade G.0€1 C.075
Scheme A -
slot through blade ©.068 0.C76
Scheme B -
fence on suction surface 0.077 C.089
Scheme C -
thick end~wall fence 0.080 0.083
Scheme D -
thin erd-wall fence ©.068 0.079

ing deviation ranges of abcut 11, 9, and 6.5
deg, respectively,

Pitch~integrated deviations are shown in
Figs, 13 and 14 for cases without and with
transverse injecticn, Due to the creation by
the fences of other, smaller vortices, it is not
meaningful to apply equations (1) to (3) to
these pitch-integrated deviations. However, the
curves do give some indication of the variation
On this basis,
Scheme B (fence on sucblon surface) is seen to
be about the best of the alternatives, when

of directions in the exit flow.

transverse injection is taking place.

However, the changes in pressure loss
coefficients resulting from using the various
The pitch-inte-
grated loss coefficients are shown in Figs. 15
and 16 for the situations without and with trans-
To assist in the comparison of

devices must also be examined.

verse injection.
the loss coefficients, the pitch-integrated co-
efficients have been averaged over the blade
span up to y/c = 0.8,
Table 2.
jection, all Schemes adopted lead to higher
pressure losses, the greatest increase being
with Scheme ¢ (thick fence on end-wall) while
the smallest increase is with Scheme A (slot
through blade).
present, all Schemes except Scheme A lead to

The results are given in
For the cases without transverse in-

When transverse injection is

increased losses, when compared to the basic
cascade, Scheme B being the worst. With Scheme
A, the losses are virtually unchanged. Thus,

in no case has there been a reduction in losses
in the present work, although Fences of types

B, C, and D have been reported as giving reduced
losses elsewhere (5). The explanation for this
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Fig. 17 Velccity contours at outlet traverse

plane - with transverse injection - basic cascade

discrepancy may lie in the very locw aspect ratio
(0.25) used in Reference (5), which causes the
tuwo end-wall secondary flows to interact.
Turther insight into the effect of the
various Schemes on pressure losses can be gained
by looking at the exit main flow veloclty dis-
tributicns, Only two of fthese velocity distri-
buticns are presented here -- that for the basic
cascade in vwig. 17 ond that with Scheme D (thin
fence on end-wall) in Fig, 18, In both cases,
transverse injection is taking ylace. The pro-
nounced trough associated with the exit vortex
from the basic cascade is ccnsiderably dirminished

by the fence,
CONCLUSIONS

When there are vortices adjacent to an
end-wall in the flow approaching a cascade of
furbine blades, the vortices having the dircc-
tion of rotation toward the pressure surface
for the fluid on the side of the vortex nearest
the end-wall -~ as rcsults from transverse in-
jection in frcnt of the previous row of blades --
then, from these initial studies, there appears
to be a reduction in the pressure loss in the
row of blades belng considercd, The vortices
themselves virtually disappear as the flow
passes through the blade channels. These find-
ings reauire further testing to rrovide confirma-
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tion, particularly as in this simulation the
vortex generators were stationary relative to
the cascade that the flow was entering.

The vortex which results from transverse

injection can be reduced, O0Of the devices tested

for achieving this, the mest effective was a
boundary layver fence on the suction surface of
the blade, near to the end-wall, However, a
significant penalty in pressure loss is incurred.
Devices which have lower pressurc loss penalties
are less effective in vortex reduction. In view
of the conclusion given in the preceding para-
graph, it may not be desirable to reduce the
vortex which results from transverse injection,

ACYIIOWLEDGHELITS

The authors wish to thank Professcr
Fe S. Silver for his encouragenent, stalf of
rclls-Royce Ltd,, for stimulating cormments, and
he Science Research Council for financial sup-
C

CES

1 Shrivastava, Z. D., and Maccallum,
7. %. L., "The Effect o

£
Jected Stream on the FPlow Through Turbine Cas-
.
v

a 'Transversely In-

cades: Part I -- Tlow Effects," ASHME Paper Ho.

T7-GT-87 .
2 Shrivastava, ¥. D., and accallum,

7. R. L., "The =ffect of a Transversely Inlected

eam on the Flow Through Turbine (ascades:

~- Performance Changes," ASME Paper o,

3 Aburwin, B. A., and Haccallum, W. R. L.,
"The Effect of a Transversely Inject Stream on

ed
the Ilow Through Turbinc Cascades: Part III -=

TS
08 \0 J 09, of_

Ye

07
\ oo

¢
i

U/U,,,"-O»97\

L 2y &
06 og,
05k
SUCTION PRESSURE
SURFACE SURFACE
0.4F
03
$///‘
N
0-2h 0.
00 0-_91
094 %,
a, . o, &N
04 /o-ea % | ,0gg N
/o%\ij? \xf '\ //
/\\ m~
oot 0-85
0 1
0 0-5 10

40

Fig. 18 vVelocity contours at outlet traverse
rlane - with transverse injection - with thin
end-wall fence "D

Influence of Aspect Rates," ASME Paper No, 78-
GT-24%. To be published in Journal of Fngineer-
ing for Power,

I Binden, J. F., Aburwin, B. A., and

Maccallum, . R, L., "Comparison of Transverse
Injection Effects in Annular and in Straight
turbine Cascades,'" Paper offered to ASME Gas
Turbine Conference, 1979,

U Prumper, H,, "Application of Boundary
Layer Fences in Turbomachinery," Paper II-3 in
AGARDograph 164, 1972, pp. 311-331.

11

220z ¥snbny 9| uo 3senb Aq ypd-g1-16-6.-81.08 L 018 L ON/8FSZ6EZ/8LOV L 0LV LOA/ZL96./6.6 1 LOAPd-sBuipesdoid/ | ©/610-swse uonos|jooje)bipawse//:dny wol papeojumog



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11

