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Abstract

To assess the possibility of tip clearance loss
reduction and to explore the nature and origin of tip
clearance loss, blade tip geometries which reduce the

roughly 40% of total loss occurring within the gap were
studied. The shapes investigated aimed at reducing or
avoiding the gap separation bubble thought to
contribute significantly to both internal gap Tloss and
to the endwall mixing loss. It was found that radiusing
and contouring the blade at gap inlet eliminated the
separation bubble and reduced the internal gap loss but
created a higher mixing loss to give almost unchanged
overall Toss coefficients when compared with the simple

sharp edged flat tipped blade. The separation bubble
does not therefore appear to influence the mixing loss.
Using a method of assessing Tinear cascade experimental
data as though it were a rotor with work transfer, one
radiused geometry, contoured to shed radial flow into
the gap and reduce the leakage mass flow, was found to
have a significantly  higher efficiency. This
demonstrates the effectiveness of the data analysis
method and that cascade loss coefficient alone or gap
discharge coefficient cannot be used to accurately
evaluate tip clearance performance. Contouring may
ultimately lead to better rotor blade performances.

Nomenclature
C, = velocity ratio V/W Vs = swirl velocity
T, = loss coefficient W = relative velocity
Cin = mixing loss coefficient w = specific work
Cq = internal gap loss coefficient yA = spanwise flow integration height
Cw = work coefficient = pW/4oW’ z = spanwise distance
Co = gap discharge coefficient = M / fjs B = relative flow angle
Ce = gap mass flow cogfficient . Js) = density
= gap mass flow / inlet flow through 1 pitch x
blade length of 1/4 chord n = efficiency
ol = 1D gap loss coeff at given chord position Subscript notation
] = mass flow 0 = total quantity
p = pressure 1 = cascade inlet
S = pitch 2 = cascade exit
s = pitchwise distance ts = total to static
U = hypothetical rotor velocity tt = total to total
v = absolute velocity is = isentropic or loss free
Vaid = mass averaged vel above vortex at height Z, X = axial
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1 Introduction

In this paper the tip clearance loss is measured in a
Tinear cascade for 3 different gap geometries with the
threefold objective of improving the understanding of

the flow phenomena giving rise to rotor loss, of
developing an experimental procedure to assess rotor
efficiency based on detailed stationary cascade

anemometry and of identifying tip shapes for
performance.

improved

With respect to the flow phenomena responsible for tip
clearance loss, Bindon (1988) showed that for a simple
sharp edged flat tipped blade, the Tloss generated
internally within the gap was 40% of the overall tip
region loss while 50% was due to the mixing of leakage
vortex over the final half of the cascade flow. It
appeared that chordwise flow inside the gap separation
bubble caused not only the high internal gap loss but
was also the reason for a low discharge coefficient.
Over the forward half of the blade, Tleakage flow
reattaches behind the bubble with a relatively Tow loss
and high discharge coefficient.

At mid chord however where the gap pressure is the
Towest, well below that at gap exit on the suction
side, the flow inside the bubble accumulates and is
ejected from the gap by mixing with the high velocity
inlet jet 1induced by the Tow pressure at that point.
Thus  high internal gap Tloss and Tow discharge
coefficient develops at mid chord and a concentration
of Tow momentum fluid is fed into the suction corner
flow at this point. Since this flow encounters the
diffusing gradient of the suction corner, it was
suggested that it may "separate" to form the high
mixing loss seen to develop after mid chord. No mixing
loss was seen on the endwall prior to the 50% chord
position despite significant leakage occurring over the
forward half of the blade.

Thus the formation of both the internal gap loss and
the mixing Tloss 1is thought to be related to the
separation bubble.

In order to improve the understanding of the Tloss
phenomena as well as to address the objective of
developing improved gap shapes, it was considered
profitable to examine tip geometries which avoid the
formation of the bubble. In a preliminary study,
Morphis and Bindon (1988), showed that a radiused edge
eliminated the separation bubble and the associated
very low gap inlet static pressures. The first tip
geometry chosen was therefore the simple flat tip with
radiused edge. The second shape was a contoured tip
intended to avoid the separation bubble and to shed
radial flow into the gap so as to reduce the 1leakage
mass flow.

An experimental technique is required to compare the
performance of the different gap geometries. While the
ultimate test is that on an actual rotor, as done by
for example by Offenburg et al (1987) and
Booth et al (1982), such a test does not normally
provide any flow detail since rotor flow anemometry is
costly. Booth et al (1982) approached the problem by
measuring the overall gap discharge coefficient in gap
simulation rigs. This method provides no flow detail
and is based on the assumption that discharge
coefficient is the dominant factor. Bindon (1987),
(1988), wused the total pressure Toss coefficient
obtained in a linear cascade with tip clearance. While
this provides flow detail, in reality rotor performance
depends on the Euler work obtained by flow deflection.
Total pressure loss, while having an important effect,

is not the only factor involved in determining rotor
work transfer. As shown in Figure 1, loss will reduce
the velocity but ultimately it is the change in angular
momentum  that creates vrotor output. This paper
therefore presents and usas an analysis of experimental
cascade data whereby the stationary velocity vectors
are converted to the rotating frame by the addition of

a hypothetical blade speed to evaluate a hypothetical
rotor work and efficiency.
w, v
o U
Cel '

i

layer

T '
" freestream

V2 V2
= Y ‘Al.‘Ellllih;
] lver L weve-ve, |

Figure 1
By adding blade speed U to inlet velocity W and outlet
velocity W a stationary cascade flow field is converted
to a simulated rotor with absolute velocities V, and V,

2 Rotor performance simulation

The performance of a stationary cascade may be gauged
by determining the loss in total pressure. Such a loss
(or entropy increase) should be used with caution as a
performance indicator for a rotor where the work output
is created by the change in swirl velocity. Thus the
effect of both flow deflection and pressure loss in the
presence of tip clearance needs to be included in a
comparative performance assessment. Since flow field
measurements are easier to make in stationary cascades
than in moving rotors, cascade flow field data is not
only more accessible but also provides more intricate
flow detail which enhances the understanding of the
flow physics.
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If therefore stationary flow field data could beg
adapted to simulate a rotor flow, a tool for theg
evaluation of secondary flow phenomena in rotors wouldg
become available which is both inexpensive and highly &
informative. The proposed adaptation of linear cascade-g
data is shown in Figure 1 where the blade speed U isg
added to the measured cascade velocities W, and W, ate
inlet and outlet to create a simulated rotor withg

absolute velocities V, and V, and work transfer w. Theg
intention of this section is to obtain the mean work
transfer W for the whole measured flow field and use it 2
to deduce a simulated rotor efficiency. <
N
The 1incompressible energy equation for a rotor with R
work transfer is :-
P, = P tZAV, + jp + QW mmmmmmsmemsoee- (1)
The terms are all mass averaged quantities which are

determined by integration of the whole flow field.

In an incompressible rotor the pressure difference
represents the isentropic change. Therefore rotor
efficiencies may be defined in various ways following
the normal concept of real and ideal work. Thus :-



n = W/ = OW/Ap
where Ap is the driving pressure difference.

For the "total to total" case :-

oW PW

[ -
pol Po2

PW + AP,
The "total to static" case is

oW oW

B - P, AW AP +ZPV,

When applied to the simulated "rotor" some explanations
and assumptions are needed. The kinetic energy is
simply the mass averaged integration of V,. The work
term 1is the Euler work U(V, - Vo, ) mass averaged over

Tes

the inlet and outlet flows. The total pressure Toss
term, because it primarily involves fluid friction
generated in the flow over the blade and endwall

surfaces and that generated by secondary flows, is
assumed to be the same for the stationary cascade and
for the "rotor". The main factor that would make the
two losses different in reality would relate to the
different outer endwall motion (for unshrouded blades)

which affects the shear forces, the leakage flow
guantity and sets up the "scraping vortex".

Non dimensionalising each term with the cascade inlet
freestream velocity head J oW’

N = Co/(Ct CL) =1/ (1 + T /C)  —mmmmmmmes- (5)
= Cu/(Cur Tt €30 = 1 /7 (1 + T/C €, /C,) ----(6)

The integration for the rotor work transfer coefficient
C. would normally span the whole of the rotor passage

between hub and tip. Since the resulting efficiency
would then be somewhat insensitive to changes in tip
clearance performance because of the large loss free

zones at mid height, only the endwall zone affected by
leakage is integrated. In Bindon (1988) the reference

mass flow was that of free inlet fluid through an area
1 pitch x a spanwise distance of 1/4 chord, a figure
selected as providing a height greater than the
affected zone at cascade exit. This reference mass

flow is retained here.

At cascade exit, the integration is taken up to a
height Z, just sufficient for the mass flow through the

exit plane to match the mass flow through the inlet
plane. The exit plane height will depend on the extent
and intensity of the secondary flow and also of the

flow direction and is found by iteration, for each tip
clearance shape and associated flow field, from :-

L4 S ZZ
m=pWSZ =o//o/CD W, Cosp,dz ds

For convenienge, this can be non dimensionalised
the mass flow m

with

S rl,

The work term pw, and later the work coefficient C,,,

can be found by mass averaging the Euler work
U(Vs, = Voo ) for the inlet and outlet flow fields.
h hoo
/UVS, dh /Uvezdm
Tt o S e (8)
m m
As shown in Figure 1 for this hypothetical rotor

analysis of flow in the leakage affected zone near the
tip, the Tlinear cascade had an "axial" inlet and thus
the simulated swirl velocity Vs, is constant even within
the inlet boundary layer.

m ». m »
(/u Vy, dm U v, di
—_— ..____..__)

20W? m m

pw P
FoW?

C =

W

{

2 | dh U j's ;
) m o) Vor P W,Cosp, dz ds
m

W2 AWSZ
S rz,
2u? u Vg, Wy dz ds
= = - = — —Cospy— —  -------- (9)
W W WowW Z,$
9/ O

3 Cascade geometry and apparatus

A linear cascade of seven 186 mm span, 186 mm chord
blades with the same profile and spacing as in Bindon
(1988) were used. As shown in Figure 2, three tip
shapes were used, a flat sharp edged reference blade

which corresponded with the previous study and two
rounded tip designs to minimise the size and formation
of the separation bubble in the gap. The first rounded
tip has a rounded pressure side edge with a radius of
2.5 gap widths as found by Morphis and Bindon (1988) to
avoid bubble formation. The second tip is intended to
deflect flow radially into the gap so as to reduce the
gapwise component and hence the leakage mass flow. The
contours used to turn the flow radially are generously
curved to control the bubble formation. A1l results are
for a gap size of 2.5% chord. In all the results the
cascade exit Reynolds Number was 470 000.

7 7 7

N T

A\

(a) (b) (c)

Figure 2
Schematic of the three blade tip shapes tested
a) Square tip with sharp pressure edge
b) Flat tip with radiused pressure edge
c) Contoured tip radiused to create
radial leakage flow
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A five hole probe survey was done in the cascade exit
plane using a combination of two separate traverses.
The first traverse was done with a 1.5mm x .5mm 3 hole
cobra probe with the stem shaped in a tight gooseneck.
This allowed access to the flow through holes 1in the
tunnel wall and allowed the main pitchwise flow
direction to be determined by null yawing without probe
tip movement. The second traverse was done with a
1.8mm x .9mm two hole probe that was manually yawed in
the main pitchwise flow direction as determined by the
first traverse. The two holes were orientated 1in the
radial direction to provide the radial flow components.

As described by Bindon (1988), the total secondary flow
and leakage mixing loss is found by subtracting the
loss occurring within the clearance gap from the total
loss measured in the cascade exit plane. The internal
gap loss was found from 10 endwall traverses of the gap
exit flow with the gooseneck probe Tocated exactly in
Tine with the suction surface. For the two flat tipped
gap geometries there will be no radial components. For

the contoured tip specifically chosen to create radial
flow, the regime was too narrow to use the second
probe. Fortunately the resulting inaccuracy is not

serious since the cobra probe alone would tend to
overestimate the total pressure loss and, as will be
discussed Tlater, the loss was found to be relatively
Tow.

4 Experimental results

Table 1 presents the experimental results for the 3 tip
geometries as well as for the zero clearance case
necessary for comparison and to provide some data to
determine the mixing loss. Some quantities in the table
are defined in Section 2. A1l the results were computed
for an inlet to blade speed ratio W/U of 1/2 .

5 Internal Gap Loss and Leakage Mixing Loss.

The Tosses formed within the gap have been shown to be
an important part of the overall loss in a cascade with
tip clearance. As with any other Toss measurement, the
gap Toss should be determined from traverses at inlet
and outlet. However the flow at the gap inlet has
intense directional changes within the space of a few
millimeters and is difficult to traverse.

Since the inlet Jloss is largely contained 1in the
boundary Tlayer against the endwall, the contoured blade
tip geometry presents the possibilty of determining

Table 1
Tip Region Performance Criteria for Various Tip
Clearance Geometries.‘(clearance = ?.5%/;hord)

Schematic 7 L DN

of , 7, 7 7

Geometry “ ez “ s
Rotor eff ts Nee 97.70 76.90 74.09 80.68
Rotor eff tt ne 98,38 87.81 86.56 88.82
Loss coefficient C. 0.152 0.874 0.964 0.843
Internal gap loss Cq - 0.270 0.061 0.062
Mixing Toss Crm 0.152 0.452 0.751 0.629
Gap exit normal ke - 0.684 0.926 0.869
Work Coef Cn 9.225 7.869 6.212 6.700
Exit Height Z: 1.046  1.123 1.112 1.179
Gap Mass Flow Coef C= - 0.240 0.287 0.256
Gap discharge Coef C» - 0.824 0.926 0.920
Vel Coef (Va/W )* 1.794  1.862 1.994 1.600

both the gap inlet and gap exit Toss from a single
traverse at gap exit. A1l of these traverses showed a
virtually loss free core flow which separates the inlet
Toss against the endwall and the Toss in the boundary

Tayer against the blade. The Toss on the endwall does
not have a chance to grow because the flow path length
is short and the pressure gradient accelerating. Since

the gap inlet loss is due to the cascade inlet boundary
layer and endwall shear flow being drawn into the gap,
the varijation of this ingested Toss quantity between
the three tip geometries should not be Targe and the
value measured for the contoured blade (0.037) was
assumed to apply to the other two tip shapes.

umoQ

The internal gap loss coefficients are also presented§
in Table 1 above and figures for the radiused blade andg
for the contoured tip are only 22% of that for thed
sharp edged square tip thus confirming that theZ
separation bubble is Tlargely responsible for the§
formation of internal gap Toss and can be s1gn1f1cant1ym
reduced by suitable contouring.

Figure 3 shows the variation of gap Toss with chord forZ
the sharp edged blade. The shape of the curve is
different from that presented in Bindon (1988) for
same blade profile and tip region geometry. A peak had;
previously been seen at mid chord. The total 1ntegrated3
loss for the gap flow is lower at 31% of total aso
compared to the previously measured 38%. ThlS\
difference in the distribution of loss between the*
1ead1ng and trailing edges for the same blade shape buto

made in different laboratories and tested in d1fferentm
wind  tunnels would indicate that the m1crof10wc
phenomena measured in tip gaps are highly sensitive,&

not easily reproduced and the applicability to&
completely different profiles is doubtful.

//066119

The sharp peak previously seen in the gap Toss3

distribution had been linked with the flow within theﬁ
bubble accumulating near mid chord where the staticz
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Figure 3
Distribution of internal clarance gap loss with chord.
Square sharp edged blade with clearance of 2.5% chord.
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pressure was a minimum. The loss peak was thought to
resuit from the high velocity leakage jet mixing with
the bubble fluid. The absence of such a peak 1in the
present study suggests that there is a more even mixing
of the bubble fluid across the length of the blade
chord. Despite the lower internal gap loss measured in
the present study, the overall cascade lToss was the
same as that previously measured.

As in Bindon (1988) the mixing loss is calculated by
subtracting the internal gap loss and the endwall shear
flow and secondary loss from the overall cascade loss.
It 1is assumed that the normal secondary flow Tloss is
that found for the zero clearance case. The results
appear in Table 1. The figure of 0.451 for the flat
sharp edged reference blade compares favourably with
that of 0.4 measured previously.

The highest value is for the radiused edge and the
lowest for the square tip. The hypothesis suggested in
Bindon (1988) that the mixing loss could possibly be
due to the separation of the high loss wake within the
leakage flow leaving the gap 1is not corroborated
because in both the cases where the separation bubble
has been eliminated, the mixing loss is significantly
higher. The fact that the peak in the gap exit flow for
the flat tipped blade is no longer present cannot
explain the failure to validate the hypothesis. The
flat tipped blade still has the lowest mixing loss and
is virtually the same as when the peak was present.

It had been hoped to extend the measurements to cover
the detailed flow on the endwall for each tip geometry
before attempting to review the hypothesis or to
attempt an explanation of why it was not validated. In
the absence of these results it would appear that the
interaction of the leakage jet with the main flow is
much more complex than originally suggested and clearly
a great deal more research is required in order to
arrive at the reasons for any performance changes
realised. The rapid growth of mixing loss over the last
20% of chord needs urgent explanation.

The mixing loss is also not simply a function of the
leakage mass flow or of the gap discharge coefficient.
Dishart and Moore (1989) found that the mixing loss was
almost 1ddentical to the difference between the normal
kinetic energy Tleaving the clearance gap and the
secondary kinetic energy at cascade exit for a sharp
edged square tipped blade. In each of the present cases
the mixing loss was slightly lower than this kinetic
energy difference, 78% for the square blade, 97% for
the radiused blade and 80% for the contoured blade.

6 Exit Plane and Endwall Traverses.

The gradual development of the leakage vortex on the
endwall from the 40% axial station where it is very
small and close to the suction surface to the exit
plane (100% axial) is shown in Figure 4 for the square
tip. At all stations the leakage jet clings to the
endwall and 1ifts off suddenly to roll into the vortex.
Between the 80% and 90% stations, the distance of the
center of the vortex from the suction surface almost
doubles.

The vortex pattern in the exit plane for the contoured
clearance gap shape is presented in Figure 5. The
vortex center is further away from the blade and the
secondary kinetic energy is the lowest of all three tip
shapes which could partly contribute to the improved
performance.

7 Simulated Rotor Performance.

When the total to static performances of the two new
radiused tip shapes are compared with the original
datum flat tipped sharp edged blade, the efficiency
resulting from the simulated rotor analysis is 4.9%
higher for the contoured tip and 3.7% Tower for the
blade with the simply radiused edge. Since the
improvement with the contoured tip relates to the flow
through a blade height of 1/4 chord, the improvement
for a short blade of aspect ratio 1 would be
approximately 1.2% and for a long blade with an aspect
ratio of 2 it would be in the region of 0.6%.

The total to total efficiency is surprisingly
different. The contoured tip has only a 1.2%
improvement while the radiused edge is only 1.4% down.
The reason for this is the_significant difference in
Teaving kinetic energy (V,) for the two shapes, a
factor that does not affect the total to total result.

While these results may be of some importance to
designers of small machines which tend to have Tow
aspect ratio blades ground sharply square at the tip
for minimum clearance, of greater importance is that

cascade data has been used to compare one rotor tip gap
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The development of the leakage vortex at various
axial chord positions for square sharp edges tip.
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The exit plane (100% chord) leakage vortex
for the contoured clearance gap.
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geometry with another.
pertinent to the type of turbine built can
compared before final testing and selection.

A wide range of geometries
thus be

The relative rank in performance is also shown by the
total pressure loss coefficient. Although it s
logical, it is difficult to prove that the simulated

rotor efficiency analysis method is a more relijable
quantity. Rotor flows may well exist where pressure
loss and efficiency show a contradictory performance
rank of one geometry with respect to another.

Another significant result is that all three leakage
flows have a much higher absolute outlet velocity than
does the zero clearance case. To show this and to
highlight the distortion caused to the exit velocity
triangles by leakage and total pressure loss, Figure 6
presents diagrams at various points in the flow field
for the square tipped blade and Figure 7 the averaged
or mean result for each tip shape. The mean flow field
diagrams show that tip clearance increases the axial
velocity and decreases the deflection when compared to
the zero clearance case which adversely affects work
transfer and leaving loss. The most interesting vector
plots are those in the vortex region. In the center of
the vortex where there is high Toss, Figure 6b shows
that despite the high loss the "relative" velocity W,
is as high as in the freestream due to the Tow static
pressure in the middle of the rotating flow field. The
work transfer is still good as reflected by the small
exit swirl. At the top of the vortex (Figure 6d) there
is an even better work transfer and swirl. At the
bottom of the vortex {Figure 6a) which is in reality
the low loss leakage jet flowing near the endwall, the
swirl velocity is very large as is the axial velocity,
both factors contributing to this segment of the flow
field having a poor performance. Near the trailing edge
wake (Figure 6e), the total pressure Toss has reduced
the "relative" velocity W, and the swirl is therefore
high with a low work content.

The results in

Figure 8 shows the results over a range of blade

ratios.

higher blade

flow but at the penalty of an increased leaving

t

he

latter

total concept.

100

O/O

Efficiency

80

70

Table 1 are for W/U ratio of 0.5 .

The effect upon the total to static efficiency
is minimal but the total to total efficiency
with increasing blade speed. It would seem that at the
speed, more work is extracted from the

increases

fact not being reflected in the total

N
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Figure 8

Total to total efficiency (upper curves)
Total to static efficiency (lower curves)
over a range of blade speed W/U (CX/U) ratios
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Figure 6

Velocity triangles at various points marked in the exit plane flow field in Figure 4 of the square
sharp edged blade showing the influence of flow phenomena on exit swirl and local work transfer.

Figure 7
Mean flow field outlet velocity triangles for zero
clearance and for the three tip gap shapes.

220z ¥snbny 0z uo 3senb Aq ypd-zGL-16-06-870B10}.00A/081.91.ZH/870V L 0L L 00A/L706./066 1 LO/3pd-sBuipesooid/ 1 ©/610 awse uonosjoojeybipawse//:dny woy pepeojumoq



8 Conclusions

It was shown that radiusing and contouring the Teakage
gap geometry to prevent the formation of the separation

bubble significantly reduced the internal gap loss
which had been shown to form from 35% to 38% of the
overall cascade total pressure deficit.

The relationship between the bubble and the Teakage

mixing Toss was not established. The two geometries
that avoided bubble formation both showed a higher
mixing loss. However the Teakage jet entering the flow
did not show the high Toss concentration that had
previously been associated with the separation bubble.

A method whereby detailed stationary cascade flow field
data can be converted into a simulated rotor flow to
calculate work transfer and efficiency was presented
and its use demonstrated by comparing the endwall
region performance of the the tip clearance geometries
tested. The contoured tip with a loss free gap flow and
reduced Teakage rate by radial deflection of the jet
showed a better performance than the datum sharp edged
square tip despite having almost the same overall Jloss
coefficient. These results show the usefulness of the

method and points the way towards using stationary
cascades to develop tip geometries for better
performance.

The 1improved tip geometry realised in this paper was

primarily studied in order to reveal fundamental flow
phenomena changes. In practice the dincrease in
efficiency would be applicable only to sharply ground
flat tipped blades and would depend on the length of
the blade and on what type of efficiency is quoted.
Nevertheless, the fact that the internal gap Toss has
been greatly reduced and the fact an improved
performance was achieved is regarded as encouraging.

The results of this paper seem to indicate that tip
clearance flow and loss is very sensitive to geometry
and flow conditions. The internal gap loss measured for
the square edged blade was not the same as previously
measured and the high Toss wake in the gap exit flow
was not reproduced. Further study is warranted to test
new shapes for loss reduction and for the purpose of
understanding the factors involved in determining rotor
efficiency.
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