
direction since the increase occurs mainly in the axial compo
nent. This implies that little practical benefit would be derived 
from the higher blade loading induced by the leakage vortices: 
There would be a small increase in the torque developed by the 
rotor but a proportionately larger increase in the axial thrust. 
The latter effect is clearly connected with the tip leakage 
losses, representing a form of pressure drag or induced drag. 
In their compressor cascade, Lakshminarayana and Horlock 
(1967) observed a rise in the normal force coefficient of similar 
magnitude to the rise in resultant force coefficient observed 
here. However, they did not present the components of the 
force. 

Conclusions 

The present experiment shows that tip leakage flow is, if 
anything, even more complex than was already suspected. 
Furthermore, it is clear that many questions remain to be 
answered experimentally, such as the influence of the inlet 
boundary layer thickness, the effect of the blade geometry and 
loading distribution, and of course the effect of relative mo
tion by the tip wall. Recognizing then that ours is a particular 
case and that the flow patterns observed may not be universal, 
the picture which emerged is briefly summarized. 

The interaction of the blade and the endwall boundary layer 
is significantly affected by the presence of the clearance. The 
classic horseshoe vortex separation was found to be present, in 
a diminished form, only for the smallest gap and even in this 
case the pressure-side leg of the vortex was swept over the 
blade tip to become part of the leakage vortex. The endwall 
boundary layer fluid which was swept across the passage did 
roll up to form a passage vortex. This vortex appeared to re
main separate from the vortices formed by the tip-leakage 
flow. Within the tip gap the leakage flow appeared to follow 
closely the direction of the maximum pressure gradient and 
the velocity vectors at a given station were roughly coplanar. 
After emerging from the gap the leakage flow began to roll up 
into a vortex whose starting point moved rearward with in
creasing clearance. A new feature noted was that more than 
one discrete leakage vortex was formed at the larger 
clearances. The vortices retained their individual identities and 
resulted in multiple suction peaks on the suction side of the 
blade. The reduction in pressure induced by the leakage vor
tices on the suction side was larger than the reduction in 
pressure occurring simultaneously on the pressure side, with 
the net result that there was a rise in blade force as the tip was 
approached. It was found that the rise occurred primarily in 
the axial component of the force. 

It is felt that the present study has given new insights into 
the nature of the tip leakage flow and its effects on the blade 
loading. Additional measurements are currently being made to 
document the gap flow and its subsequent development. When 
they are completed the experiment should form a suitable and 
challenging test case for the fully three-dimensional viscous 
calculation methods which are currently being developed. 

D I S C U S S I O N 

R. G. Williamson1 

The paper presents detailed information on tip leakage 
phenomena in a stationary cascade, and the authors are to be 
congratulated on their careful approach. With this work as a 
base, it is natural to ask how the inferred vortex structures 
would be affected by relative movement between the tip and 
the casing. Clearly, the interpretation of Fig. 6, with stagna
tion lines on the casing, could no longer be valid, and the 
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presence of multiple vortices might be questioned. 
Some corroborative evidence for multiple tip vortices in a 

rotating blade environment is afforded by the flow visualiza
tion photograph presented as Fig. 14 of [19]. Rotor 51 blading 
clearly shows two dark streaks near the blade tip. 
Measurements of these surface markings, and a tentative in
terpretation of the associated multiple vortex structure, are 
contained in [20], and reproduced here as Figs. 12 and 13. The 
diameter of the main vortex structure at the trailing edge was 
estimated as about 10 mm (0.4 in.), or about eight times the tip 
gap, which correlates well with the measurements of Sjolander 
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Fig. 12 Flow visualization on rotor blade 

and Amrud. Flow turning of the rotor blade was affected over 
the outer 20 percent of the span (15 mm or 0.6 in.). It is noted 
that these data involved a tip clearance of 1.3 mm (0.050 in.), 
and that the measurements presented in [19] refer to a later 
build with 1.8 mm (0.070 in.) tip clearance. There is some 
evidence that the size of the vortex structure increased approx-

VIEW UPSTREAM NEAR BLADE T. E. 

Fig. 13 Possible flow pattern near blade tip 

imately in proportion to tip clearance. Further work is 
planned. 

References 
19 Moustapha, S. H., Okapuu, U., and Williamson, R. G., "Influence of 

Rotor Blade Aerodynamic Loading on the Performance of a Highly Loaded 
Turbine Stage," ASME JOURNAL OF TURBOMACHINERY, this issue. 

20 Williamson, R. G., "NRC/P&WC Highly Loaded Turbine. Report No. 2: 
Completion of Performance Mapping—Initial Build," (Company Confiden
tial), NRC LTR-GD-71, June 1982. 

Journal of Turbomachinery APRIL 1987, Vol. 109/245 

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/109/2/244/5839319/244_1.pdf by guest on 17 August 2022


