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Abstract

An analysis of the experimental data of a linear compressor cascade
with tip clearance is presented with special attention to the
development of the tip leakage vortex. A method for determining the
tip vortex core size, centre position and voracity or circulation from
the measured data is proposed, based on the assumption of a circular
tip vortex core. It is observed that the axial velocity profile passing
through the tip vortex centre is wake-like. The vorticity of the tip
vortex increases rapidly near the leading edge and reaches its highest
values at a short distance downstream, from which it gradually
decreases. In the whole evolution, its size is growing and its centre is
moving away from both the suction surface and the endwall,
approximately in a linear way.

= inlet resultant velocity

= circumferential velocity of a vortex

= axial, spanwise and pitchwise distances

= inlet and outlet flow angles

= average flow angle, midspan flow angle

= circulation

= density

= tip clearance

= angular velocity

Cr2Xt Oy,

Nomenclature

= blade chord

Cp	= static pressure coefficient

Cpt
	= total pressure coefficient

1
	

= blade span

Ly	= coordinate of the tip vortex centre from low wall

= coordinate of the tip vortex centre from suction side

LE	= leading edge

PS
	

= pressure side

Pt
	= total pressure

= vortex core radius

= pitch

S S
	

= suction side

TE
	

= trailing edge

U, v, w = axial, spanwise and pitchwise velocities

ut	= blade speed
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nz, ns =axial, spanwise, pitchwise and streamwise vorticities

Introduction

The study of the tip leakage vortex through the vorticity field has
received an increasing interest in the published literature.
Lakshminarayana and Horlock (1962) analysed the voracity of the tip
leakage vortex for an isolated compressor blade by employing a
vortexmeter. The determination of voracity directly from the measured
velocity field was done recently by Inoue and Kuroumarou (1984) on
the flow field behind an axial compressor rotor, and Gregory-Smith et
al. (1988) in an axial turbine cascade. Measurements of the circulation
in the tip leakage vortex were performed by Inoue et al. (1986) for a
compressor rotor and Yaras and Sjolander (1990) for a planar turbine
cascade. Their data showed the behaviour of the tip vortex
downstream of the cascade exit. Obviously, it is necessary to
investigate the tip vortex behaviour in its whole evolving history.

The influence of the tip gap on the blade loading and on the behaviour
of the whole secondary flow field has been examined in the
companion part of this paper, Part I. And a multiple tip vortex
structure has been deduced, based on the flow visualizations and
traverse measurements, as shown in Fig.l. The vortex structure
consists of three discrete vortices, i.e., tip separation vortex,
secondary vortex and tip leakage vortex. This part will present further
discussions on the experiment data of the linear compressor cascade
with tip clearance, but with special attention to the development of the
tip leakage vortex, such as the evolution of its size, centre position
and vorticity or circulation.
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Fig.1 Schematic of the vortex structure around the tip, from Part I of
this paper

Velocity Profiles

The velocity profiles near the tip leakage vortex axis are examined
first. The vortex axis is defined here as the line passing through the
vortex centre and is mainly along the chordwise direction.

Figure 2 shows the spanwise distribution of the axial and pitchwise
velocities and the pitchwise distribution of the spanwise velocity, as
an example, for 2.0% tip clearance at different axial position. It is
found that the axial velocity (Fig.2a) in all the corresponding traversed
planes shows a wake-like shape around the tip vortex centre. Escudier
et al. (1980) reported, according to their study on the classification of
confined vortex flow regimes, that at sufficiently high Reynolds
number the vortex core is turbulent and its profile is wake like. In the
present case, at a Reynolds number of 2.9x 105, the inlet boundary
layer flow is turbulent. Hence the core of the tip vortex, formed from
the leakage flow mostly coming from the endwall and blade surface
boundary layers (see Part I), should be turbulent. The growth of the
depression part of the axial velocity profiles with axial distance shows
the growth of the tip vortex core. It is observed that inside the passage
the wake-like profile is sharp but diffuses rapidly behind the cascade.
Comparing the profiles for two tip clearances, it is found that at 1.0%
clearance the diffusion is stronger than at 2.0%. The reason may be
that the vortex core at 1.0% clearance is much closer to the wall (see
later discussions on the vortex centre location) and is more affected by
the wall boundary layer.

The spanwise and pitchwise velocities in Fig.2b and 2c around the tip
vortex centre show Z-shape profiles which indicate the rotation of the
tip vortex. The nonzero values of spanwise velocity far away from the
tip vortex centre is obviously associated with the evolution of the
passage vortex.

Vorticity in the Whole Field

The vorticity in the measured field is calculated from the following
formula, based on the definition of vorticity vector with the
incompressible and inviscid assumptions, see Appendix Eq.(A-4),

=

=	aac:	 (1)

Fig.2 Profiles passing through tip vortex centre with different x/c at
t/c=0.02, a) and b) spanwise profiles of u and w, c) pitchwise
profiles of v

= E. 4, acpt 
u 2 u 1 ay

where the velocities are normalized with the inlet velocity, and y with
span 1, z with pitch s. A similar method was used by Gregory-Smith
et. al. (1988) and Yaras and Sjolander (1990).

The illustration of vorticity signs is given in Fig.3. The isolines of the
three vorticity components on the S3 (traverse) planes are shown in
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Fig.3 Illustration of vorticity signs

Fig.4, the coordinates of the traverse planes being given in Fig.1 of
Part I. Figure 5 shows the voracity vectors on the S3 plane No.15 at
the clearance of 0.0, 1.0 and 2.0%. These plots are directly drawn
from the data calculated by using Eq.(1) without any smoothing.
Hence the unrealistic values in some points may be due to the
differentiation of the scattered experimental data.

It is seen from Fig.4b that the pitchwise vorticity across the pitch is
uniform near the endwall in the S3 plane No.1, 7.5% chord upstream
of the leading edge. This shows the uniform shear flow of the inlet
boundary layer. But the minus values (see Fig.3 for sign definition)
of the axial vorticity (Fig.4a) near the endwall in the plane is partly
due to the turning of the inlet voracity filament, and indicates the early
stage of the passage vortex. Starting from the S3 plane No.3 (11%
chord) the axial vorticity shows remarkably high values in the suction
side corner. The quasi-circular isovorticity lines with positive values
in the corner refers to the tip vortex core, according to the sign
definition given in Fig.3, and the negative values over a large range of
the passage represent the passage vortex. It is observed by using the
CFView visualization program that, due to the interaction of the tip
leakage vortex with the passage vortex, a relatively small region with
higher negative value is formed above the tip vortex after the S3 plane
No.5 (32% chord). It can be deduced that there might be a three
dimensional surface with zero voracity, surrounding the tip vortex.

Behind the cascade exit, for example on the S3 plane No.16 in Fig.4a,
the flat elliptic loops with their long axis along the spanwise direction
is refereed to the trailing vortex sheet. Because of the two dimensional
geometry, comparatively little vorticity is shed in the wake and the
wake is not quite clear on the streamwise voracity plots. But from the
contours of spanwise vorticity (Fig.4c), the wake can be easily
identified from the straight isolines perpendicular to the endwall near
midspan. Also from the vector plots in Fig.5, it is seen that the
spanwise vorticity in the two sides of the wake has opposite
directions, directed towards the endwall in the pressure side or
towards the rnidspan in the suction side.

As expected, the contours of spanwise (Fig.4b) and pitchwise
vorticities (Fig.4c) show two loops, with opposite sign values, in the
two sides of the tip vortex centre, due to the depression of the velocity
profiles in Fig.2. Because of the influence of the endwall and blade
suction surface boundary layers on the tip vortex motion, the two
loops are not exactly symmetric. Even so, it still can be suggested
with fair confidence, based on the closed circular isolines of the total
and static pressure coefficients (see Fig.9 in Part I) and the axialwise
vorticities (Fig.4a) around the tip vortex centre, that after the tip
vortex is rolled up, i) its core is circular; and ii) the variation of the
voracity inside its core is linear and axially symmetric. This feature of
axial symmetry was also reported by Yaras and Sjolander (1990) from
their downstream measurements on a turbine blade cascade.

In addition, the rolling up process of the leakage vortex can be clearly
observed from the vorticity vector plots in the traverse planes, for
example in the S3 plane No.15 for 1.0% and 2.0% clearances in
Fig.5. As a comparison, Figure 5 also shows the vorticity vector plots
in the same plane at zero tip clearance, from which the skewed wake
due to the interaction of the passage secondary flow, the concentrated
shed vortex defined in the previous paper (Kang and Hirsch, 1991)
and the corner vortex close to the wall can be identified.      

PS                 

Vorticity of the Tip Vortex Core

To explore the features of the tip vortex, based on the experimental
Fig.4 Contours of vorticities at Vc=0.02, a) axial vorticity, b)

pitchwise voracity, c) spanwise voracity
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Fig.5 Vector plots of vorticity on the S3 plane No.15 for a) T/c=0.01,

b) 'r/c=0.02 and c) t/c=0.0

data, an approximate method based on the supposition that the vortex
has a circular core and its vorticities are all concentrated inside the
core, is developed. The tip vortex is considered as a Rankine vortex
and rotates as a solid body with constant angular velocity 0012. The
size and centre location of the tip leakage vortex in each of the traverse
planes can be determined from the isoline plots of the measured
spanwise and pitchwise flow angles. As an example, Figure 6a shows
the isolines of the measured flow angles in the S3 plane No.15 (25%
chord behind the cascade) for 1.0% clearance, As a comparison,
Figure 7 shows the isolines of the flow angles induced by a pair of
vortices, imagined in a passage of an annular cascade, with circular
solid body cores. Two conclusions can be drawn out from these two
plots: i) the vortex centre is located at the cross point of the isolines of
the two flow angles with zero value; ii) the diameter of the vortex core
is approximately equal to the length of the straight portion, passing
through the vortex centre, along either of the flow angle contours.

1.5cHri

1.88

0.50

0 00

-0.50 0.80 0.50 1.00 1.50 2.00 2.58

1.1104,11.4 dls1anoo,8/s

- 1 0 °
	

1 6 °

b)
0. 2 ut

Fig.6 Isolines of flow angles; a) measured spanwise (solid lines) and
pitchwise (dashed lines) flow angles in the S3 plane No.15 at
T/c=0.01, in which the numbers are the values of spanwise
flow angle, and b) after Inoue et al.(1989)

Fig.7 Isolines of spanwise (solid lines) and pitchwise (dashed lines)
flow angles within an annular cascade with a pair of imaginary
vortices with a circular core

With these two conclusions, the geometry of the tip leakage vortex,
characterized by Ly, Lz and core radius R defined in Fig.8, can be
determined from the experimental data. Consequently, its voracity and
circulation can be calculated in the following approximate way. Since
the circumferential velocity Vu induced by a vortex with circular solid
core takes its largest values along the edge of the solid core, it can be
approximately read from the experimental data of spanwise velocity
component v in the point where y=Ly, z=Lz+R. If the spanwise
velocity at this point is not the largest, then, the largest in the small
region around it is taken as V. Thus the voracity and circulation,
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(
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Fig.8 Definition of tip vortex geometry

normalized by V i/s and V is respectively, can be calculated from
following formula

= 2\7'1\71 and F =	 (2)
RJs s2

Geometry of the Vortex Core Figure 9 shows the measured
positions, Ly and Lz, of the tip vortex core centre and Figure 10
shows its core radius R for two values of tip clearance. The zero point
of Lz within the passage is in the suction side, as shown if Fig.8,
behind the exit it is on the line drawn from the blade trailing edge in
the direction of the designed outflow angle. The values of Lz at
x/c=0.0 and 0.11 in dot-and-dash lines correspond to the positions
where the streamwise vorticities at the same axial coordinate take the
largest value. In Part I, it is shown that a horseshoe vortex is formed
in front of the blade leading edge, at the measured clearance cases,
and its suction side leg is merged together with the rolling-up leakage
flow in some distance downstream. Hence, the values at x/c=0.0 is
most probably the centre of the suction side leg of the horseshoe
vortex. It is seen that the horseshoe vortex, acted by the traverse
pressure gradient, is quickly moved towards the suction side, from
L7/s=0.3 at x/c=0.0 to 0.025 at x/c=0.11 for 1.0% tip clearance as an
example, and the suction side leg of the horseshoe vortex is closer to
suction side at larger clearance. It is observed from Fig.9 and 10 that
as the tip vortex stretches toward downstream, the centre of the tip
vortex is gradually moving far away from both of the solid walls,
characterized with the growth of Li and Lz, with its core radius R
growing. The growths of Ly and Lz almost obeys a linear relation
with the axial distance. With increasing clearance, the spanwise
coordinate of the vortex centre is increased, but the pitchwise
coordinate inside the passage changes less.

Chen et al. (1991) proposed a formula to predict the pitchwise
position of the tip vortex centre inside the compressor passage, based
on similarity analysis, as

c (tan Pi - tan k)

5 Cos pm	nfidspan

They suggested the constant A=0.46. But it is seen from Fig.9 that
for the present linear cascade with stationary endwall, the data are
rather close to A=0.19.

Yanagida (1989) and Inoue and Kuroumaru (1989) measured the tip
vortex trajectories from the coordinates of the low total or static
pressures on the endwall. These data were used by Chen et al. (1991)
to set up their model. The large difference between the model and the
present data in the line slope, i.e., the constant A, may be partly
related to the different way of determining the centre location, and
partly to the influence of the relative motion between the blade tip and
the endwall. The action of the relative motion tends to drag the tip
vortex towards the pressure side in compressor cascades. It is seen
from Fig.6 that the isolines of the pitchwise flow angle inside the tip

Fig.9 Evolution of tip vortex core location in the main stream
direction, compared to the predications by Chen et al.(1991).
The dot-dashed lines correspond to the positions of maximum
streamwise vorticity

Fig. 10 Evolution of the core radius in the main stream direction, with
predictions following Lalcshminarayana(1970)

vortex core are perpendicular to the endwall for the present stationary
cascade (Fig.6a) but seriously inclined against the wall for the case
(Fig. 6b) of Inoue and Kuroumaru (1989). These inclined isolines will
doubtlessly effect the local static and total pressure distribution on the
wall. Therefore, both of the methods for determining tip vortex
trajectory from the low static and/or total pressure positions on the
wall are not accurate, especially when the influence of the relative
motion and other kinds of secondary flows are strong.

The core radius R presented in Fig. 10 is the averaged value of those
measured respectively in spanwise and pitchwise directions from the
isoline plots of the flow angles (Fig.6a). Because of the constraint of
the present facility, the scales of the tip leakage vortex close to the
leading edge plane can not be determined from the plots of flow
angles. It is seen that downstream of the exit, the core radius varies in
the axial direction with nearly a linear relation. The different behaviour
of the core radius inside and outside the passage may be related to the
different behaviour of the vortex in the two regions. Inside the
passage, except for viscous diffusion, the rolling up of the vorticity
near the tip dominates its behaviour. But downstream it mainly decays
with distance due to fluid viscosity. The rapid increment of the radius
immediately downstream of the exit may be due to the sudden release
of the blade boundary.

Based on inviscid flow and constant blade loading along the chord,
Rains (1954) set up a theory to predict the tip vortex radius, which
has been used by Lakshminarayana (1970) in his theoretical model.
Comparing the values predicted with the present data by using Rains'
method, it is noted in Fig.10 that caution should be taken when using

Lis _ (
x/c

(3)
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Fig. 11 Evolution of the circumferential velocity at the tip vortex edge

Fig. 12 Evolution of the vorticities of the tip vortex core, with the
predicted values following Lalcshminarayana(1970)
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Fig. 13 Evolution of the circulations of the tip vortex core

it in the rear portions and downstream of the passage. In addition, the
experimental data show a stronger dependence upon the clearance
level than the predictions.

Vorticity and Circulation of the Vortex Core The obtained
circumferential velocities in the vortex core edge on each of the

Fig. 14 Static pressure at the centre of the tip vortex core

traverse planes are shown in Fig. 11 for the two clearances. With the
known values Vu, the vorticities (or angular velocities) and
circulations can be calculated from Eq.(2) as shown in Fig.12 and 13.
Due to the measurement difficulty, the information on the vorticity of
the tip vortex close to the leading edge is missing. The curves drawn
near the leading edge (x/c<0.44) with dashed line in Fig.12 is the
largest streamwise vorticity, calculated with Eq.(A-5), in the suction
side corner. This portion of the curves refers to the suction side leg of
the horseshoe vortex and the early stage of the tip leakage vortex.
From Fig.12, more conclusions can be drawn on the features of the
tip vortex: in the leading edge plane a weak horseshoe vortex is
formed with relative less vorticity, then the vorticity is increased
rapidly with the leakage flow and the size of the tip vortex core is
small. It achieves its largest value at a point after a short distance
downstream. Even though the subsequent leakage flow still tends to
increase the vorticity, the vorticity decay and streamwise adverse
pressure gradient are also increased. And also the growth of the core
radius reduces the vorticity, averaged over the core cross area.

Figure 12 also shows predictions according to Lakshminarayana
(1970). Since the predicted vorticity is less dependent on the tip
space, except near the leading edge, only the prediction on 1.0%
clearance case are presented in Fig. 12. It is seen that the predictions
show good correlation with the experimental data in the rear part of
the passage and downstream.

With the vorticity of the tip vortex monotonously decreasing in the
rear part of the passage, the corresponding circulation shown in
Fig.13, however, increases with a peak near the trailing edge. The
growth of the circulation indicates the increment of the total vorticity
of the tip vortex minus decay and diffusion in chordwise direction.
Downstream of the exit, the circulation of the tip vortex goes down
rapidly and then tends to remain constant toward far downstream. The
large values immediately downstream of the exit may be related to the
action of the blade wake. Because the rotation sense of the tip vortex
is the same as that of the trailing edge vortex, some of the vorticities
of the trailing vortex sheet, close to the tip vortex, are merged into the
tip vortex as seen from the vector plot of Fig.5. Further downstream,
its circulation is quickly decreased. It is seen that with the increasing
of the tip clearance the circulation increases.

Static Pressure at the Vortex Centre Figure 14 shows the static
pressure coefficients at the tip vortex centre. Normally, the static
pressure is the lowest in the region within the vortex core. It is seen
that the static pressure at the vortex centre is basically increasing with
distance for the two tip clearances, but is decreasing with tip
clearance.

Conclusions

Detailed examination and discussion on the tip vortex formed in the
linear compressor cascade at design conditions have been presented,
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from which following conclusions are drawn:

The axial velocity profile passing through the tip vortex centre shows
a wake like shape, which is diffusing while moving downstream. The
diffusion rate is affected by the wall boundary layer, especially when
the vortex centre is closer to the wall at smaller clearance.

A new method for determining the tip vortex trajectory, core radius
and vorticity from traverse measured data is proposed, based on the
supposition that the core is circular. It is shown that the method has an
acceptable accuracy.

It is found that the vorticity of the tip vortex increases rapidly near the
leading edge and reaches it highest values at a short distance
downstream of the leading edge, from which it gradually decreases
towards the exit. With increasing clearance, the vortex circulation
increases. The vorticity can be well predicted by the theory of
Lakshminarayana (1970), except near the leading edge.

During the tip vortex evolution, its centre is moving away from both
the blade suction surface and the endwall, approximately in a linear
relation with distance. But it is observed that the slope of the linear
relation for the pitchwise position of the tip vortex centre is greatly
different from that predicted by Chen et al. (1991).
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Appendix

Calculation of Vorticity The components of the vorticity vector

are obtained in the Cartesian coordinate system defined as x, y, and z
in the axial, spanwise, and pitchwise direction

Dv aw
az a
aw au

flY = ax az
au av

	

=	-

The axial component can be determined from the measured data in a
traverse plane. Taking some assumptions, the spanwise and pitchwise
components can also be obtained from such data. Assuming
incompressible flow, neglecting viscous effects, the following
equation can be used as an alternative way

"V. x = -1- Vpt	 (A-2)

Taking its y and z components,

	

-	— aPt
P aY

Y	- 	=x p az

If the vorticity components are normalized with inlet velocity V1 and
pitch s, for example, fIxs/V1, then the final formula is

_ ,av aw,
x ‘az 1 ay'

ClY =	+ Ill a.:t

wax	aCpt 
U	2 u 1 ay

where the velocities are normalized with inlet velocity V1, and y with
splti 1, z with pitch s.

The streamwise vorticity was taken as the component of vorticity in
the main flow direction, defined as the midspan flow, rather than the
component in the local flow direction. Thus the streamwise vorticity
becomes

	

us = nxcos	Ozsin 13m	 (A-5)

where Om is the pitchwise flow angle at midspan but varying with
pitchwise distance.
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