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ABSTRACT

Tip-leakage flows for a linear compressor ("wade and a onestage shrouded pump rotor are discussed in this paper. A numerical
method solving the Reynolds averaged Navier Stokes equations is
used to explore various detail features of the tip-leakage flows.
Calculation results for the cascade provide an assessment for
predicting flow past a non-rotating blade passage with zero and 2%
chord clearances. On the other hand, the pump rotor ccinfigumtion
provides a swirling passage flow with the complication of a trailingedge separation vortex mixed with the tip-clearance and passage
vortices and produces a very complex three-dimensional flow in the
rotor wake. The physical aspects of the tip-clearance flows are
discussed including suction-side reloading and pressure-side
unloading due to a tip clearance and formation and transportation of
the tip-leakage vortex. Detailed velocity comparisons in the blade
passage and the tip gap region are shown to indicate the difficult y of
predicting tip-leakage flow. The pressure at the core of the tip vortex
is also examined to evaluate the strength of the tip-leakage vortex.
Some computational guidelines for design usage are provided for
these tip-leakage flow calculations.

T.E.
TLF
TLV

UREF
V
VI'
V,
x,y,z
0

V,

cob
e,n,c

trailing edge
tip-leakage flow
tip-leakage vortex
velocity in x-direction
velocity in y-direction
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chord
pressure coefficient
leading edge
defined in Eq. (2)
viscous terms
source tef711

static pressure
defined in Eq. (2)
non-dimensional radius by the blade tip radius
pitch
shear stress tensor
pseudo-time

Tip-leakage flow (TLF) past ducted or shrouded blade tips
occurs in many turbomachinery applications including axial-flow
machines, centrifugal impellers and ducted propulsors. Because of the
relative movement between the blade tip and the adjacent wall, the
gap flows in rotating machinery applications are typically driven by a
combination of the pressure difference between the pressure and
suction sides of the blade and the viscous forces arising from the
relative motion between the adjacent surfaces. Depending on the
parameters and the geometries involved, either of these may be the
primary driver in a g iven application. When the gap is large and the
blade loading is high, the tip-gap flows are generally dominated by
pressure effects, while very narrow gaps or low blade loading lead to
gap flows that are more dependent on the relative movement between
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CHARACTERISTICS OF TIP-CLEARANCE FLOWS OF A COMPRESSOR
CASCADE AND A PROPULSION PUMP

match the conditions tested by Zierke et al. (1994) who have
furnished a reasonably complete outline of the wake of a pump rotor
in the rotating frame including information on the transport of the tip-.
leakage vortex. The pacsage flow for this rotor has been investigated
numerically by Dreyer and Zierke (1995), Yang (1995), and Lee et al.
(1996). Dreyer and Zimice (1995) quantitatively compared their
predicted tip flow with the measured data at the design tip gap size.
The cascade experiments were obtained with a stationary wall so that
the gap flows are driven by pressure drop alone, while the pump rotor
experiment involves the effects (in the relative frame) of a moving
shroud. Thus, these two cases not only provide us with detailed
experimental data against which we can check our computations, but
they also represent an interesting comparison of the effects of the
moving wall. Our emphasis therefore is on comparing the details of
the tip gap flow in a cascade with a stationary wall with those in a
rotating pump stage where there is relative motion between the blade
and the casing.
In the following sections, we first present the numerical method
along with the numerical gridding techniques with particular emphasis
on the tip-clearance region. Then a brief summary of the
experimental data used for comparison is given. The formation and
the transport of the tip-leakage vortex for both cases are then
examined in detail in the results section. In particular, we present
numerical solutions for two tip gap clearances for both the cascade
and the pump rotor.

NUMERICAL METHOD

Computational solutions of the Reynolds-averaged Navier Stokes
equations were performed to explore the features of tip-leakage flow.
A brief discussion of this numerical approach is given next
Governing Equations and Turbulence Closure

The incompressible Reynolds averaged Navier Stokes equations
with an artificial compressibility term are formulated as
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the blade tip and the casing. In general, however, inertial forces in this
narrow gap region are sufficient to generate a tip-leakage vortex
(TLV) on the suction side of the blade that not only produces
substantial losses, but may also initiate blade surface cavitation
(Farrell and Billet, 1994; Green and Duan, 1995). Over the life span
of a turbomachine, the machine efficiency and operating margin
deteriorate due to the increase in tip gap spacing.
The engineering importance of tip gap flows, and the complexity
of the physics they contain, has stimulated numerous previous studies
of this phenomena. Recent studies of tip-leakage flow have involved
various turbomachinery configurations, including linear cascades,
compressors, turbines and pumps. Experimental studies of tip-gap
flows in cascades have been reported by Kang and Hirsch (1989,
1993) and Watanabe et al. (1995), while Lakshminarayana et al.
(1986), Inoue et al. (1986), Suder and Celestina (1994), and Foley and
Ivey (1994), have conducted measurements in compressors. Tip-gap
flows in turbines have been studied experimentally by Chan et al.
(1994), Yamamoto et al. (1994), and DeCecco et al. (1995) while
pump flow experiments have been reported by Graham (1986) and
Zierke et al. (1994).
In addition to these experimental investigations, many analytical
studies and numerical simulations of tip-gap flows have also been
reported. Because our emphasis in the present paper is computational
in nature we emphasize the latter here. Previous computational studies
have included the simulations reported by Hah (1986), Dawes (1987),
Crook (1989), Adamczyk et al. (1990), Copenhaver et al. (1994), and
Kang and Hirsch (1994). Of the numerous analytical studies, we here
cite only the work of Chen et al. (1991) who have developed a
similarity scaling for the crossflow in the clearance region and a
generalized description of the tip-leakage vortex based on inviscidflow modeling. A comparison of our tip-leakage vortex trajectories
with the model of Chen et al. (1991) is presented later.
Although the experimental investigations and numerical
simulations cited above have revealed many features of tip-leakage
flows, many unsettled issues still remain. In general, the results to date
have shown that several characteristic features tend to dominate the
tip-gap region in most cases. These include: (i) the formation,
transport and trajectory of the tip-leakage vortex; (ii) the interaction of
the tip-leakage flow with vortices generated by other mechanisms; and
(iii) the size of the tip clearance and the blade loading. Despite these
similarities, the detailed characteristics of the tip-leakage flow vary
from one type of machine to another. For example, the relative motion
between the blade tip and the shroud acts in an opposite direction in
compressors and turbines. In compressor rotors, the relative
movement between the blade tip and the casing or shroud tends to
enhance tip leakage by dragging fluid through the gap region in the
same direction as the pressure drop. By contrast, the relative motion in
turbine rotors is in the opposite direction and tends to negate the
effects of pressure drop.
The present study investigates the physical processes involved in
the generation and transport of the tip-leakage vortex by means of
numerical solutions of the three-dimensional Navier-Stokes equations.
Results are presented for both a stationary cascade and a high
Reynolds number axial rotor. The cascade geometry and operating
conditions are chosen to match the low-speed compressor cascade
experiments of ICang and Hirsch (1989, 1993) who have provided a
detailed map of the passage and tip-leakage flow at three different tip
clearance conditions. The axial-flow rotor computations are chosen to
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A time marching scheme is used to obtain the steady-state
incompressible Navier Stokes equations.
The coefficient v i, in Eq. (3) represents the effective viscosity
which includes contributions from both the molecular viscosity and
the turbulent viscosity. A standard two-equation k-e turbulence
model (Chien, 1982) was used to provide the turbulent viscosity
closure in Eq. (3) for the computations presented in this paper. To
facilitate resolution near the walls, a wall-function approach was used
to enforce wall boundary conditions. This wall-function calculation
was applied to all the rotating and non-rotating solid surfaces.
Although the prediction results shown in the later sections are not
perfect, all the tip-leakage flow characteristics including blade-top
flow separation are predicted in a reasonable manner based on the
current closure model.

NUMERICAL RESULTS
Description of Geometries Studied
(ia) Compressor cascade

As noted above, two geometries are used to study tip-leakage
flow. The first is a stationary linear compressor cascade studied
experimentally by Kang and Hirsch (1989 and 1993). The second is a
one-stage stator-rotor pump measured by Zierke et al. (1994). For the
cascade case, the wall is stationary, and the tip-leakage flow is totally
pressure driven. For the rotor case, the tip-leakage flow is also
facilitated by the relative motion at the blade tip. The results show
that the tip-leakage flow of the cascade case presents stronger mixing
phenomena including tip leading -edge flow separation, a larger tipleakage vortex and more pronounced blade suction-side reloading.
The blades used in the linear cascade tests of Kang and Hirsh
(1989 and 1993) have a modified NACA 65 - 1810 cross section with a
rounded trailing edge. As shown in Fig. 2, the blade has a chord of
200 mm and a solidity of 1.1. The stagger angle is 10 degrees and the
blade aspect ratio is unity. At the design condition, the inflow angle
is 29.3 degrees and the flow deflection angle is about 40 degrees. The
inflow is turbulent and has a Reynolds number of 3 x 10 5 based on the
average inlet velocity and the blade chord length. The cascade flow
was measured at tip-gap clearances of 0%, 1% and 2% of the chord.
Predictions of both the 0% and 2% cases are presented in this paper.
The axial-flow pump consists of a 13-blade inlet guide vane
(IGV) followed by a 7-blade backward swept rotor. This stator-rotor
configuration is referred to as the HIREP rotor (Zierke et al., 1994).
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( 1 b ) Pump rotor
Figure 1. Surface computational grids
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The combined Reynolds-averaged Navier Stokes equations and
the two-equation turbulence model in Eq. (1) were jointly solved by
means of a four-stage Runge-Kutta time marching approach (Merkle
and Tsai, 1986). In the formulation, both viscous and inviscid spatial
derivatives are computed by means of second-order central difference
representations. Fourth-order artificial dissipation is applied to
prevent odd-even splitting in the numerical solution. A local time
step size is defined in conjunction with the artificial compressibility
coefficient to obtain an optimal convergence rate.
A multi-block structure is employed to model blade passages
with tip clearance. As shown in Fig. 1, the layout of the grid for both
the cascade and the pump rotor consists of four H-type blocks. They
include the inlet block (from the inlet to the blade leading edge), the
blade passage block (from the blade leading edge to the blade trailing
edge and from the hub to the blade tip), the blade tip block between
the blade tip and the casing, and the exit block from the blade trailing
edge to the exit. Grid lines are continuous across block interfaces.
There are three types of boundary conditions associated with
these grid structures: inlet and exit boundaries, periodic boundaries
between adjacent blade passages, and non-slip wall boundaries
including rotating and nonrotating blade surfaces and the stationary
casing. The inlet conditions are enforced by specifying the velocity
components at inlet boundaries and extrapolating the static pressure
from conditions on the inside. At outflow boundaries, the static
pressure is calculated from local radial equilibrium and the velocity is
extrapolated.

(4)

separation region grows rapidly until it covers about 25% of the span
at the trailing edge.
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Figure 2. Cascade parameters
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The spacing between the IGV blade row and the rotor blade row at the
outer casing is approximately 1.3 IGV chord lengths. The pump has a
constant hub diameter of 0.533 m and a constant casing diameter of
1.067 m. The IGV blades have a constant spanwise chord of 0.175 m.
The chord length of the rotor blades decreases from 0.285 m at the
hub to 0.266 m at the tip. The corresponding solidity values are 1.19
at the hub and 0.56 at the tip. The tip section of the rotor blade has a
thickness-to-chord ratio of 10.1%. The nominal rotor tip clearance is
0.330 mm, which corresponds to 0.64 % of the pump casing radius.
The pump operates at an inlet velocity of 10.7 m/s and an inlet
pressure of 3.04 kg/cm 2. The rotational speed and tip speed are 260
RPM and 14.5 m/s, respectively, while the flow coefficient is 1.36.
The tested Reynolds number based on the chord of the IGV blade is
2.3 x 106. The details of the measurement hardware and results are
given in Zierke et al. (1994).
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Tip-Gap Flow in the Cascade
(3b) 2% clearance
Figure 3. Pressure distributions on blade surface

Calculations of the cascade geometry were made for two blade
tip clearances, zero and 2% chord (and span), at an inflow angle
corresponding to the design condition. For the tip clearance
calculation, the blade height was decreased by 2%s thereby reducing
the blade aspect ratio to 0.98. In both cases, the embedded H-type
grid described above was used. As shown in Fig. la, the embedded
grid provides a good representation of both the blade leading and
trailing edge regions while also providing a smooth grid change from
the blade tip to the tip-clearance region. The grid has 95 nodes in the
axial direction, 51 nodes from blade to blade, and 41 nodes from hub
to tip. For the case of 2% tip gap, the grid is heavily stretched near
the blade tip and there are ten grid points in the spanwise direction
between the blade tip and the endwall. Twelve grid points are placed
inside the gap in the blade-to-blade direction. Such a grid resolution
appears to satisfy the minimum accuracy requirement needed to
capture most features of the tip-leakage flow (Kang and Hirsch,
1994).
In Fig. 3, the blade surface pressure distributions for both the
zero and 2% tip gap cases are presented at three span locations, 50%,
85% and 98.5%. The predicted pressure distributions for the zero tip
clearance case which are shown in Fig. 3a agree well with the
experimental data. The flow, which is approximately symmetric
about the mid-span, separates near the mid-chord at the endwall. This

For the 2% tip gap case the predicted pressures at mid-span
(49%) and 83.3% span shown in Fig. 3b again agree quite well with
the measured values. The pressure-side unloading from mid-span to
tip is clearly shown in both the calculation and the experiment. At the
96.5% span, the experimental measurements show a local minimum in
the suction side pressure distribution at about the 40% chord location.
This minimum is evidence that a strong tip-leakage vortex exists. The
impact of the reloading characteristics of this vortex are indicated by
the fact that the minimum pressure peak at 96.5% span is even lower
than that at 49% span. Similarly, the computational pressure
distribution shows a minimum in the suction side pressure distribution
at 96.5% span that is also lower than that at 49% span indicating that
the prediction clearly captures the qualitative features of the leakage
vortex. Quantitative comparison of the experimental and
computational results, however, shows that both the location and the
magnitude of the suction side reloading is somewhat different from
the experimental measurements. Similar suction-side reloading is also
seen by the experimental investigations of Graham (1986) and Foley
et al. (1994) and suggests that the tip gap may not always lead to
blade tip unloading, as has been widely assumed.
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The tip reloading noted in Fig. 3b is governed by the details of
the transport of the tip-leakage vortex as is demonstrated in more
detail in Fig. 4. Because of the relatively high blade loading in the
cascade, the tip vortex starts to separate relatively close to the blade
leading edge as shown in Fig. 4a. The separating vortex at the blade
top forms a limiting streamline. The vortex core starts to roll up and
is transported nearly parallel to the pressure side of the blade for about
80% chord. On the other side of the limiting streamline the flow
moves to the suction side in the lateral direction and is pushed down
towards the hub as the leakage vortex is formed and convened
downstream. This separating and leakage vortices were also
investigated by Watanabe et al. (1995). Figures 4b and 4c show the
surface painted flow and the simulation results by Kang and Hirsch
(1994) for the same cascade. Both the experiment and the present
calculation are at the design condition with a Reynolds number of 3 x
105. Kang's calculation, however, was performed at a higher
Reynolds number of 3 x 106. A slightly different flow trace pattern
between the 1Cang's result and the present result is noted near the
trailing-edge region. The present prediction indicates that the flow
goes either to the suction side or downstream, while the Kang's
prediction shows flow towards the pressure side. The experimental
paint trace, however, is not clearly enough to validate both
predictions.
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(4c1 Pressure at vortex core
Figure 4. Features of cascade tip-leakage vortex
An indication of the variation in the local strength of the vortex
can be deduced from measurements of the static pressure at the vortex
center. Representative results of this nature are shown in Fig. 4d for
both the experiment and the computations. The pressure
measurements in Fig. 4d indicate that the vortex strength is a
maximum where it first separates from the blade tip. As it is
convected away from the blade and in the downstream (chordwise)
direction, it begins to weaken and disperse although it continues to
grow in size. Figure 4c1 shows comparisons between the calculated
pressure along the vortex core and the measurements (Kang and
Hirsch, 1989 and 1993). The two vortex trajectories are similar in
shape and magnitude, although the predictions are somewhat
displaced from the experimental results.
The tip-leakage flow can also be evaluated from the flow pattern
on the endwall in the vicinity of the tip as shown in Fig. 5. The
comparison between the calculated endwall streamlines in Fig. 5a and
the experimental paint traces in Fig. 5b indicates that the experimental
suction-side separation line in the blade wake region is closer to the
suction side than in the computational prediction. The predicted
pressure contours on the tip endwall are shown in Fig. Sc. The high
pressure-gradient region on the suction side of the blade matches with
the suction-side separation line shown in Fig. 5a. A comparison of
these two figures also clearly shows that the tip-leakage vortex leaves
the blade tip section at the minimum pressure location.

,•••••••

(4a) Predicted separation on blade top

(4b) Experimental paint traces on blade top

(5a) Predicted streamline traces
(4e) Flow pattern predicted by ICang and Hirsch (1994)
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Figure 5. Flow pattern on tip endwall

At

A
Figure 6 presents a more detailed comparison of the predicted
and measured velocity components. This comparison shows two
velocity components in the blade-to-blade plane at three axial
sections, 11%, 55% and 99% chord. In particular, the axial velocity
component, u, and the blade-to-blade velocity component, w, are
compared. At each of the three sections results for two spanwise
locations, mid-span (y4148) and near tip (y.96), are presented.
The mid-span predictions agree well with the measurements at all
three locations. For the near-tip section, the agreement is good at 11%
chord (Fig. 6a), where the tip-leakage vortex is not yet formed. At
mid-chord (Fig. 6b), where the tip-leakage vortex is well established,
its influence is clearly reflected in the two velocity components. The
axial velocity dips strongly and the lateral velocity accelerates
dramatically because of the presence of the tip-leakage vortex on the
suction side. The computation slightly overpredicts the dip while it
underpredicts the tangential peak. This difference implies a small
disagreement in the vortex location, the vortex core orientation, and
the vortex strength (also indicated from the pressure comparison
shown in Fig. 4d) between the computation and the experiment. This
disagreement is augmented somewhat at the trailing-edge section
further downstream (see Fig. 6c). Here, the computational solutions
predicts the magnitude of the tangential velocity peak reasonably well,
but its location is too close to the suction side. Meanwhile, the peak
in the axial velocity is much too large in the predictions.
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(6c) 99% chord
Figure 6. Velocity comparisons along blade passage
The downstream remnants of the gap flow on the cascade wake
are shown Fig. 7. Here we show the contours of the absolute cross
sectional velocity in the blade-to-blade and hub-to-tip plane for both
the predictions and the measurements. These results are presented at
an axial section that is 25% chord downstream of the blade trailing
edge. Figure 7a presents the predicted cross-sectional velocity
contours, while Fig. 7b shows the corresponding experimental results.
It is important to note that Fig. 7b presents only the upper half (midspan to casing) of the flow passage, while Fig. 7a shows the full
paccage (hub to casing). The local concentration of velocity contours
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3

on the suction side of the blade near the tip in both figures represents
the tip-leakage vortex. The passage vortex (PV) occupies the center
region of the cross section and is labeled in both Fig. 7a and 7b. The
horseshoe vortex generated at the leading edge of the blade exists only
in the immediate vicinity of the leading edge and then quickly
disperses and merges with the passage vortex. Consequently, it can
no longer be distinguished in the wake, and so is not visible in these
contour plots.

7a) Predicted velocity contours

Tip-Gap Flow In the HIREP Rotor
As compared to a stationary blade, a rotating pump stage
facilitates the gap flow because the blade rotates in the opposite
direction to the gap flow, and hence, the casing tends to pump the
flow in the tip region and to enhance the gap flow effects. Obviously,
the degree of such rotational effects depends on the tip-gap height, the
RPM, the blade loading, and the blade thickness. As noted above, the
computations were carried out for the HIREP rotor for which detailed
experimental measurements have been carried out by Zierke et al.
(1994).
An H-type multi-block embedded grid structure similar to that
shown in Fig. lb is used to describe the rotor blade geometry. Two
grid sizes are used for the present investigation: a coarse grid of
79x53x47 nodes in the axial, blade-to-blade and spanwise directions
respectively, and a fine grid of 105x108x87 nodes. Like the linear
cascade, the coarse grid maintains 12x10 grid points inside the gap.
The fine grid has 24x12 grid points inside the gap and approximately
doubles the grid everywhere else on each axial, cross-sectional plane.
Because the coarse grid is approximately similar in grid resolution to
the cascade grid, we first present solutions on the coarse grid and
compare them with experiment After that, the fine grid solutions are
used to ascertain the accuracy of the coarse grid solution. Unless
specifically mentioned, the computational solutions were presented
for the coarse grid. Again the blade leading and trailing edges are
adequately represented with both grids.
Three different tip clearance cases were computed. They are
0.64% 1.17% and 3.22% of the outer casing radius respectively. For
all three gap sizes, the number of grid nodes inside the tip gaps
remained the same. For all computations presented in this paper, the
rotor inflow was determined from the circumferentially avenged

7d) Measured velocity contours
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7e) Velocity comparisons
Figure 7. Comparison In blade wake at x=.25
As a last comparison in the wake, Fig. 7c shows the axial and
blade-to-blade velocity components on hub-to-tip lines passing
through the center of the tip-leakage vortex and the center of the
passage vortex as determined from Figs. 7a and 7b. The axial velocity
on the line passing through the passage vortex shows only the

7

Downloaded from http://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1997/78682/V001T03A003/2408926/v001t03a003-97-gt-036.pdf by guest on 03 October 2022

characteristics of a normal boundary layer, i.e. the velocity decreases
monotonically from the mean passage to both the casing and the hub.
The experimental and computational comparisons for both the u and
w velocity components on this line are seen to be in quite good
agreement. The velocity components on the line passing through the
tip-leakage vortex, however, show considerably different behavior.
The tip-leakage vortex causes the axial velocity to dip to a minimum
considerably before reaching the casing wall. The blade-to-blade
velocity component, however, shows a very complicated shape with,
particularly, a strong peak near the casing wall because of the residual
strength of the tip-leakage vortex. For these much more sensitive
profiles, the comparisons between the measurements and the
computations are again qualitatively similar, but quantitatively quite
different. The computation clearly overpredicts the tip-leakage vortex
velocity, but its general features are reasonably well captured.
In summary, the comparisons between the predictions and the
measurements for the rasrade case show that the pressure
distributions with and without tip clearance effects agree quite well
with the measured values. In general, however, pressure levels are
less sensitive and easier to predict than the cross-plane velocities. The
comparisons of the more sensitive flow quantities such as the tipleakage vortex core velocity and pressure are qualitatively accurate,
but there is some difficulty in predicting the exact location and
strength of the tip-leakage vortex. Overall, the comparisons suggest
that the flow features are captured reasonably although there remains
room for improvement.

stator exit flow solution. The profiles of the velocity components
obtained from this averaging process are shown in Fig. S. This simple
mixed-out approach was proven to be adequate in handling the
present stage flow in a steady manner (Yang, 1995; Lee et al., 1996).
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Figure 8. Inflow velocity for pump rotor

Os

The design tip clearance for the HIFtEP rotor is 0.64% of the
outer casing radius. Figure 9 shows a comparison between an
experimental visualization of the interaction between the tip vortex
and the trailing-edge vortex and the corresponding predictions. This
visualization photograph was obtained by reducing the tunnel pressure
to the point that cavitation appeared at the core of both vortices.
Based on the sizes of the cavitating vortices, the tip-leakage vortex
seems to have a larger strength than the trailing-edge vortex. The two
vortices pass one another at different radii and do not intersect. The
present photo shows only the last 30% of the blade chord. Both Inoue
and Kuroumaru (1986) and Zierke et al. (1994a) located the onset of
the tip-leakage vortex roll-up as the point of minimum pressure on the
suction surface.
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Figure 10. Trajectory of tip-leakage vortex
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Figure 9. Vortices near blade tip trailing edge

A comparison of the effect of tip-gap height on the pressure
distribution in the rotor is shown in Fig. 11 for each of the three tip-
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The predicted results indicate that the tip-leakage vortex passes
over the tip section from the pressure side to the suction side at about
15% of the chord as shown in Fig. 10a at the design clearance. This
location is in good agreement with that observed by Zierke et al.
(1994a) for the onset of vortex roll-up on the suction side. Also,
shown in Fig. 10a is the predicted vortex path by Chen eta]. (1991).
Figure 10b shows the spanwise location of the tip-leakage vortex
downstream of the trailing edge. In this figure, the origin of the
abscissa, ricTir, = 0, corresponds to the trailing edge of the rotor. For
both the predictions and the measurements, the path of the tip-leakage
vortex moves radially inward by approximately 1% of the casing
radius in the near wake and then levels off at an essentially constant
radius from the near wake to the far wake. The sudden change in
radial location may relate to the development of the blade passage
boundary layer to the free-shear wake flow. Considering the
difficulty in locating the exact location of the vortex core, the
trajectory of the tip-leakage vortex in both the blade-to-blade and the
spanwise directions compares favorably with the experimental data.
The calculation also correctly predicts the relative size and the
crossover location of both vortices.

In Fig. 12, the pressure distributions obtained from the coarse
and the fine grids at three radii from hub to tip are presented together
with the corresponding experimental measurements at the design
clearance 0.64%. The computations and the experiments are in
excellent agreement, except near the blade trailing edge where a small
difference exists. The coarse-grid solution, however, agrees with the
fine-grid solution even in the trailing-edge region.
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Figure 12. Blade surface pressure in the spanwise
direction
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Figure 13 shows the comparison of the wake velocity at 16.1%
casing radius (or 32.4% tip chord) downstream of the tip trailing edge.
Although the test data is only for the small gap, the comparison
between the experiment and the calculation is made for both gap sizes.
Two radial sections are selected for comparisons, i.e. r = 0.786 (midspan) and 0.971 (near tip), respectively. Although the calculation
overpredicts the thickness of the shear layer, the fine grid solution
captures the blade wake more precisely as shown for the mid-span
comparison. For the tip-velocity comparison, the blade wake
becomes much smaller in both size and magnitude, and the TLV
dominates the variation of the velocity distribution. The prediction at
the design gap clearly captures the vortex activity but underpredicts
the strength of the TLV. The difference is also related to the deviation
in predicting the location of the TLV as shown in Fig. 10a where the

100

(li e) EXPT (r=0.64%) CALC (T=1.17%)

axial distance (based on the tip chord) for this wake comparing
section is 0.324. For the larger gap, the blade wake at the tip shown
in Fig. 13 disappears and the TLV covers the whole passage from the
suction side to the pressure side. Figure 10 indicates that this TLV

(11a) EXPT (T=0.64%) CALC (3.22%)
Figure 11. Blade pressure distributions for three
clearances

leaves the suction side around 60% tip chord, and moves closer to the
suction side and to the casing wall than the smaller gap TLV.
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gap sizes mentioned above. The results on Fig. II are presented for
three radial blade locations: 1%, 3%, and 5% of the casing radius
away from the blade tip. The only available measurement is
performed at a radial location of 95% of the casing radius at the
design condition (0.64% tip gap). As can be seen in Fig. I la, when
the tip gap is small (0.64%), the pressure distribution shows little gap
unloading like that seen in the cascade even close to the tip gap,
however, as the gap spacing increases, the unloading develops. At the
largest gap (3.22%), the tip unloading toward the outer radius
becomes significant as indicated by the reduction of the enclosed area
between the pressure and suction side pressure distributions as can be
seen in Fig. 11c. Comparing against the cascade case, the reloading
on the suction side appears to be weaker and does not appear until
much further downstream, indicating a much weaker tip-leakage
vortex. However, the suction-side reloading starts around 1% tip gap
as indicated in Fig. I lb.

However, the sharp drop-off seen for the small gap solution in Fig.
10b exists also for the large gap solution, but with a milder slope.
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