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High flow rate aeroengines typically employ axial flow compressors, whose aerodynamic loss is predominantly
due to secondary flow features such as tip leakage and corner vortices. In very high altitude missions, turbomachinery operates at low density ambient atmosphere. The recent push toward a more compact engine core inevitably leads to the reduction of blade size. Low Reynolds number flowfield as a result of these two factors relatively amplifies the secondary flow effects, causing an increase in the loss. Thus the understanding of compressor
loss mechanism at low Reynolds number regime is of importance. This paper focuses on the behavior of tip leakage flow, investigating by use of both experimental and numerical approaches. In order to understand the complex
secondary flow behavior, cascade tests are usually conducted using a intrusive probe to determine the loss. As
published experimental studies on tip leakage flows which take into account the interaction between a rotating
blade row and its casing wall are relatively scarce, a new linear cascade facility has been designed with a moving
belt casing in order to reproduce more realistic flowfield as encountered by a rotating compressor row. Numerical
simulations were also performed to aid in the understanding of the complex flow features. The experimental results indicate a significant difference in the flowfield when the moving belt casing is present. The numerical simulations reveal that the leakage vortex is pulled by the shearing motion of the endwall toward the pressure side of
the adjacent blade. The results highlight the importance of casing wall relative motion in analyzing leakage flow
effects.
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Introduction
There is currently a trend in the aeroengine industry
toward increasingly compact engine core for higher efficiency. When such engines operate at higher altitude
conditions, the resulting low Reynolds number flow
poses a new challenge in the design of compressors. Reduced rotor blade height in a low density condition
translates into a significant increase in the importance of
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secondary flow such as tip leakage and corner vortices
which are dominant factors of loss. The focus of the present study is on the understanding of the tip leakage vortex in a Low Reynolds number condition.
The leakage flow due to the pressure difference between the pressure and the suction sides in the tip clearance region wraps around the blade tip, which in turn
develops into a tip leakage vortex. A typical height of
blade tip clearance is about one percent of blade height,
yet it greatly influences the operating range, performance,

and efficiency of axial compressors. [1][2]
There have been numerous studies on the behavior of
tip leakage flow in the past. A number of experimental
studies have been conducted using rotating test rigs [3]
and linear cascade facility [4], and so have numerical
studies. However, published experimental studies which
take into account the relative motion of casing wall are
relatively scarce. Dean [5] conducted a series of linear
cascade tests with a moving wall to simulate the effects
of relative motion between blades and the casing wall.
Doukelis et al. [6] studied tip leakage flows using a
unique rotating test rig configuration where the rotor
blades are fixed on the casing and the gap between the
blades and the rotating hub is used to simulate a tip
leakage flow. Wang and Devenport [6] used a linear cascade facility with a moving belt made in an effort to account for the casing wall motion and its influences on the
tip leakage flow. These past studies found the casing wall
motion greatly affected the behavior of tip leakage flow
in a compressor due to the fact that the shearing motion
by the moving casing wall acts in the direction of the
leakage, and all conclude the accurate prediction of compressor tip flows cannot be done without taking into account the effect of the casing wall relative motion.

Experimental Setup
Wind Tunnel
A schematic view of the experimental apparatus is
shown in Figure 1. The blower employed in the current
study is a single inlet centrifugal blower and the flow rate
is adjusted through a conical valve attached to the inlet.
The wind tunnel consists of a diffuser, a settling chamber,
and a nozzle. The settling chamber houses six
plain-woven stainless steel mesh screens with the opening ratio of 64.5%.

that exist in an actual compressor. The first is the centrifugal force due to the rotation of the rotor disk, and the
second is the relative motion of the casing endwall with
respect to the rotor blades. One approach to incorporate
the latter effect into a linear cascade test is the installation of a moving belt. Figure 2 shows an example of a
moving belt installation.
In the current study, the moving belt acts as the cascade duct wall on the blade tip side. The belt is driven by
an electric motor, reproducing the relative motion of the
casing wall of a compressor. The rotational speed of the
belt is monitored at the stretcher shaft (Figure 2) with
resolution of 7.5rpm.

Figure 2: moving belt drive system

Test Section
Figure 3 shows the detailed view of the test section
where the measurement takes place. The blade geometry
mimics a high pressure compressor blade tip region.
There are 7 blades installed in the section, two of which,
located in the middle of the cascade, are made of brass
and instrumented with static pressure holes.
The height of the gap can be set by adjusting the blade
span since the blades themselves are not structurally
fixed to the hub wall and thus can slide through the
blade-hub juncture. The test section has three slits
through which probes can be inserted. The slits are denoted S0, S1, and S2, respectively from upstream to
downstream, located at x/Cx = -0.305, 1.167, and 1.6
with respect to the blade leading edge. The transversal
widths of the slits are such that they cover two flow paths.
The downstream section of the cascade is equipped with
guide vanes and a screen for the adjustment of back
pressure so that the incidence angle can be controlled.

Figure 1: Wind tunnel overview

Moving Belt
In a typical linear cascade test, one ignores two factors

Figure 3: Cascade test section.

Flow Solver

Experimental Procedure
Measurement System
A 5-hole pitot probe is used for the measurement,
which can be traversed on a prescribed exit plane to obtain the total pressure distribution. The pressure reading
by the probe is fed into a pressure transducer whose output is then collected by a data logger connected to a
computer. Eight samples of pressure readings are taken
and averaged at each probed point.
The total pressure loss coefficient used for the evaluation of tip leakage flow is given by
(1)
where

and

are total pressure at the inflow

and outflow planes, respectively. In Eq. 1, y and z are
the coordinates in the pitchwise and spanwise directions,
respectively. The total pressure distribution at the exit
plane will be the primary indicator of the secondary flow
loss pattern.

ANSYS CFX Version 11 was used as the flow solver
which solves the Reynolds-averaged Navier-Stokes
equations with Shear Stress Transport model [8] as turbulence model. The flow domain of interest consists of a
single blade passage, assuming sufficient periodicity of
the cascade.
Computational Mesh
The computational mesh was generated using
POINTWISE GridGen Version 15.07. An HOH topology
was adopted with an O block around the blade and H
blocks placed in both the upstream and downstream of
the O block. The computational domain extends 1.5
chord length beyond the blade leading and trailing edges
as shown in Figure 4. The mesh consists of approximately 1.4 million nodes with 120 points in the pitchwise
direction and 100 points in the spanwise direction
.

Experimental Conditions
The test matrix used in the study is given in Table 1.
The exit plane measurement was carried out by inserting
a 5-hole pitot probe mounted on the traverse mechanism
through the slits S0 and S1.
Reynolds number is based on the chord length and the
inflow velocity. The gap height is given in percentage
with respect to the blade height. The belt speed corresponds to the rotor speed and is determined in the experiment from the axial component of the inflow velocity
and the flow coefficient.
Incidence
Inflow angle
Reynolds number
Tip Clearance
Moving Belt

0°
69.1°
105
0%,2%,4%
Stationary for 0% gap

Table 1: Experimental conditions.

Numerial Procedure
A series of CFD runs are performed in order to shed
light on the understanding of detailed flow physics of the
cascade passage flow which is not readily available from
the experiment.

Figure 4: Computational mesh.

Boundary Condition
The computational cases are set up using the conditions actually measured in the experiment. The working
fluid was air at 25°C. At the inflow plane, characteristic
boundary condition was used with the static pressure and
the velocity direction set to the experimental values. At
the outflow plane, static back pressure of 15Pa was applied using the experimental value of the static pressure
port located on the hub wall. The outflow condition was
implemented so that the averaged static pressure was
driven to match the specified value. No slip condition
was used on the solid walls. The casing wall velocity was
set to zero for the case with stationary moving belt, otherwise the speed of the belt. The fully matching periodic
condition was imposed on the pitchwise boundaries.

Figure 5: Total pressure distribution measured at outflow plane.

Results and Discussion
Figure 5 shows the total pressure distribution at the
outflow plane obtained from the 5-hole pitot probe
mounted on the traverse mechanism inserted through the
slit S1 denoted in Figure 3. The horizontal axis corresponds to the pitchwise direction and the coordinate is
normalized by the pitch, with zero origin located on the
line projected downstream from the trailing edge of the
center (3rd) blade. The moving direction of the belt is
from right to left in Figure 5. The vertical axis is the
spanwise direction normalized by the channel height,
starting at 0 on the hub wall to 1 on the moving belt
(casing wall.) The contours (a), (b) and (c) are for stationary belt, i.e., without the effects of casing wall relative motion. The contours (d) and (e) are taken with the
moving belt running. There was no tip gap in the contour
(a), whereas there are 2% gaps (with respect to the blade
span height) in the contours (b) and (d). The gap was
increased to 4% span in the contours (c) and (e).
For the case with no gap, Figure 5a shows a region of
high total pressure loss along the suction side, particularly pronounced near the blade tip. As the gap is in-

creased, tip leakage flow manifests itself as a large region
of total pressure loss near the casing wall which extends
along the passage, nearly reaching the pressure side of
the adjacent blade, as seen in the contours (b), (c), (d),
and (e). On the other hand, comparison of the contours
(b)-(d) and (c)-(e) reveals that the loss is suppressed near
the hub wall as well as the growth of the loss region due
to tip leakage as the gap widens.
One interesting feature observed in the contours (b)
and (d) is the reduction in area of the leakage loss region
when the moving belt is running. This is thought to be
due to the tip leakage vortex stretched by the shearing
motion of the moving casing wall, as described in Ref. 6.
More detailed analysis of this observation will be given
in the next section with the help of computational results.
Figure 6 shows the spanwise distribution of total
pressure loss coefficient, obtained by averaging in the
pitchwise direction. Figure 7 shows the post-processed
CFD results for the case where the gap is 2% and the
Reynolds number is 105. The filled contours (a) and (b)
are total pressure distribution at the exit plane, revealing
quite distinct flow patterns with/without the motion of
the casing wall. The plots (c) and (d) show streamlines
along with regions of high loss coefficient.

Comparing the contours (b) and (d) from Figure 5 and
the computed contours (a) and (b) from Figure 7, one can
see that the computed flow field largely matches that
observed in the experiment. The size of the leakage vortex is more or less the same in both the experiment and
the computation. The effect of the shearing relative motion of the moving belt is seen in the stretching of the
leakage vortex, though the numerical simulation seems to
over predict its effect, nearly flattening the vortex to the
extent that it almost diminishes, as seen in Figure 7(b).
Further numerical experiment will help understand the
overprediction of the lateral stretching effect.
Without the presence of casing wall relative motion,
the leakage vortex stays more or less in the vicinity of the
tip suction side, as seen from the streamline plot in
Figure 7(c). The shearing force due to the moving casing
wall deflects away the leakage vortex towards the pressure side of the adjacent blade as seen in Figure 7(d). The
significant difference as observed in these comparisons
highlights the importance of accounting for the relative
motion of the casing wall.

moving with respect to the rotor blades. The leakage
vortex stays in the vicinity of the blade suction side
without the moving casing wall. With the relative motion
of the casing wall with respect to the rotor blades is simulated by means of a moving belt of the cascade wind
tunnel, the leakage vortex was found to be stretched and
pushed away from the tip clearance from which it emanated toward the pressure side of the adjacent blade. The
experimental measurement at the exit flow plane revealed
the signs of such vortex behavior which were then visualized with the help of computational simulations.

Concluding Remarks
Experimental and numerical analyses of tip leakage
flow in a linear compressor cascade under a low Reynolds number condition have been conducted. The experimental measurement showed that the leakage vortex
behaved quite differently when the casing wall was

(a)

(b)

Figure 6: Pitchwise-averaged total pressure loss.

(c)

(d)

Figure 7: Computational results, 2% gap, Reynolds number = 105. (a) & (c) stationary casing wall, (b) & (d) moving casing wall
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