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FIGURE 21. Axial development of the tip-leakage-loss coefficient ().

each Reynolds stress component shows a highly anisotropic endwall turbulent flow
field.

It has been known that the dominant source of the tip-leakage-flow loss is the
interaction between the tip-leakage flow and the cascade main flow causing turbu-
lent mixing, along with the formation and dissipation of the vortical structures
(Lakshminarayana 1996). Lakshminarayana suggested that the tip-leakage loss is pro-
portional to kinetic energy in velocity fluctuations caused by the tip-leakage flow, and
proposed an approach for estimating the tip-leakage loss in favourable accuracy:

turbulent kinetic energy caused by the tip-leakage flow
inlet kinetic energy

L: Ly __  ____
{/ / (v’2+w/2)dydz}
0 0 v

= , 3.1
UAL,L: 50

Tip-leakage loss ~ ¢, =

where ¢, is the loss coefficient due to the tip-clearance flow and L; is the spanwise
domain size containing the tip-leakage flow.

The present LES results are employed for evaluating the loss distribution along
the streamwise direction shown in figure 21. The tip-leakage-loss coefficient increases
with the streamwise direction in the cascade passage, attains its peak just downstream
from the trailing edge, then decreases as the tip-leakage flow convects downstream.
This trend is a reflection of the streamwise variation of the turbulence intensity
and qualitatively quite similar to the experimental measurements in an axial cascade
performed by Bindon (1989).

3.3.4. Turbulent kinetic energy

The tip-leakage vortex, tip-leakage jet, and blade boundary layer separation
generate strong turbulent kinetic energy. The governing equation for turbulent kinetic
energy k is written as

Dk
—_— = T , 3.2
D1 e+T+e¢ (3.2)
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FiGure 22. Contour plots of mean turbulent kinetic energy and turbulent-kinetic-energy
production in (3.2) in y—z planes. (a) x/C, =0.5; (b) x/C,=0.7.

where
k= %uiug, 50——”2”32;];’
/
£ = —RieSi,jSi,j’ Sy = % <§Zi 22) .

Understanding the mechanism for turbulent-kinetic-energy production in the tip-
leakage flow will shed light on the mechanisms for viscous losses by turbulent mixing
in the cascade endwall region

Figures 22(a) and 22(b) show contour plots of mean turbulent kinetic energy (k/U2)
and kinetic-energy production (¢/U,C) in y—z planes at two streamwise locations
(x/C,=0.5 and 0.7). The gross shape of the turbulent-kinetic-energy distribution is
similar to those found in the mean streamwise velocity and Reynolds normal-stress
contour plots (figures 18 and 20). The tip-leakage vortex, tip-leakage jet, and blade
boundary layer are the main sources of active turbulent kinetic energy. More precisely,
the turbulent kinetic energy found in the tip-leakage jet and blade boundary layer
is slightly higher than that in the tip-leakage vortex. High levels of turbulent kinetic
energy in the tip-leakage jet and blade boundary layer region are consistently observed
throughout the blade passage, while the magnitude of turbulent kinetic energy in the
cross-stream measurement plane decreases along the axial direction.

A similar distribution shape is also observed in the contours of the turbulent-kinetic-
energy production (g, figure 22). The endwall region is quite active in producing
the turbulent kinetic energy. To examine the turbulent-kinetic-energy production in
more detail, each term in g (3.2) is considered separately. The production term is
decomposed as:

J— _M/u/aU _v/v/av _w/w/aW
®= ox ay 0z
——
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FiGure 23. Contour plots of turbulent-kinetic-energy production components in (3.3) in y—z
planes. (a) x/C,=0.5; (b) x/C,=0.7.

oU n A
v b
By ax

©3
(2L )
0z dx
§4
—v'w’ (%‘z/ + 8;;) . (3.3)
s

Since the production term —u'u/(dU/dx) becomes negligible, only the remaining 5
terms are considered in figures 23(a) and 23(b) in y—z planes at two streamwise
locations (x/C, =0.5 and 0.7).
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In the cascade passage, the turbulent-kinetic-energy production near the endwall
is dominated by the g, and g5 terms. Considering that the magnitudes of Reynolds
shear-stress components are much smaller than those of Reynolds normal-stress
components (figures 20a and 20b), it is evident that the spanwise derivatives of the
mean streamwise and pitchwise velocity components are major sources of turbulent-
kinetic-energy production. The g; term is found to dominate the turbulent-kinetic-
energy production on the blade suction surface due to the pitchwise derivative of the
streamwise velocity. The g, and g, terms are divided into four quadrants by their
signs around the tip-leakage-vortex core, and their quadrants are in opposite phase
to each other.

Throughout the blade passage, the tip-leakage jet produces the most significant
levels of turbulent-kinetic-energy production (figure 20). This is due to the large
spanwise derivatives of the streamwise or pitchwise velocity component caused by
the rapid change of flow direction across the tip gap (see figure 17). Therefore,
from these observations it is conclusive that significant turbulent kinetic energy is
produced mainly by the streamwise and pitchwise velocity deficits in the tip-leakage
flow. Muthanna & Devenport (2004) and Wang & Devenport (2004) also reported
that most of the turbulence is generated by the axial deficit of the tip-leakage vortex
rather than its rotating motion in the far downstream locations from the trailing edge.

4. Conclusions

An extensive analysis of the tip-clearance flow in a linear cascade with a moving
endwall has been performed with an emphasis on understanding the mean flow field,
turbulence characteristics, and vortex structures in the vicinity and downstream of
the tip gap. The tip-leakage vortex is found to be the dominant vortical structure in
the endwall region. It originates on the suction side of the blade tip at about 20 % to
30 % axial chord downstream from the leading edge. The trajectory of the tip-leakage
vortex in the cascade passage is strongly affected by the moving endwall while it is
mostly influenced by the cascade main stream after passing the trailing edge, where
the core of the tip-leakage vortex is lifted from the endwall. The evolution of the
tip-separation vortices, which are noticeable downstream from the blade tip near the
trailing edge, is also significantly affected by the endwall motion because of their
proximity to the endwall.

In addition, the endwall vortical structures, including the tip-leakage vortex, are
well identified by significantly reduced streamwise velocity and by the sign changes
in the cross-stream velocity components indicating circulating motions. As the tip-
leakage vortex convects downstream, it is observed that the magnitudes of streamwise
velocity in the cascade passage and the pitchwise velocity near the endwall are rapidly
reduced. By this mechanism, the static pressure downstream of the cascade increases.
The magnitude of the spanwise velocity is significantly smaller than those of the
streamwise and pitchwise velocity components.

The tip-leakage vortex is also identified by the region of high streamwise and
pitchwise vorticity magnitudes which suggest a helical configuration. The peak
vorticity magnitude in the tip-leakage vortex is observed to decay as it develops
downstream. The endwall region between the blade tip and the tip-leakage vortex
produces higher vorticity levels in the streamwise and pitchwise components compared
to those in the tip-leakage vortex. This is closely related to the direction of the tip-
leakage jet which is generated by the pressure difference between the pressure and
suction sides of the blade tip. The tip-leakage jet and tip-leakage vortex are found
to produce significant spanwise and pitchwise derivatives of the streamwise and
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pitchwise velocity components which result in highly enhanced vorticity magnitude.
The tip-leakage vortex and tip-leakage jet are found to generate most of the Reynolds
stresses and turbulent kinetic energy in the endwall region. This is also due to the
large spanwise derivatives of the streamwise or pitchwise velocity components in the
tip-leakage jet.

The peak deficit and turbulent fluctuations are found to drop rapidly as the
tip-leakage vortex convects downstream. In the cascade passage, u’u’ dominates
the Reynolds stresses, while the three Reynolds normal-stress components are of
comparable magnitude at downstream locations from the trailing edge. In general,
Reynolds normal-stress components are found to attain higher magnitudes than
Reynolds shear-stress components throughout the cascade. The strong influence of
the tip-leakage jet on the production of vorticity and turbulent kinetic energy have
been, surprisingly, less clearly identified in previous studies. This may be due to the
difficulty in measuring the strong tip-leakage jet very close to the moving endwall
using conventional experimental techniques and due to limitations of the RANS-
based numerical approaches, which usually predict the mean flow field.

Furthermore, the above analysis suggests that the viscous loss due to the tip-
leakage jet can be alleviated by changing the direction of the tip-leakage jet such that
the associated spanwise and pitchwise derivatives of the mean velocity are reduced.
Modifications of the blade profile and blade tip may be a feasible way of achieving
this. For instance, one may employ a rib-like structure to channel the leakage jet
towards a desirable direction. As mentioned in §3.3.2, a vortex generator which
generates vortices rotating in a direction opposite to that of the tip-leakage vortex
can also be utilized to diminish its strength.
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