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Abstract
In axial compressors tip leakage flow is disadvantageous to efficiency and mass flow stability. The interac-
tion of tip leakage flow with incoming flow in a compressor cascade is investigated on a water channel at
various tip clearance width and angles of incidence. To study the flow, we considered the movement of inked
fluid elements in space and time. By increasing the angle of incidence the flow rate is decreased and the
stability limit is exceeded. The arising instability phenomena are described under various conditions. The
temporal evolution of a tip leakage vortex breakdown is visualized in detail. A sudden expansion of the vor-
tex with the formation of a recirculation region is observed. This causes a large blockage effect with signifi-
cant impact on the incoming flow. The stability limit is found. It depends on the tip clearance width. A strong

tip leakage vortex supports the beginning of instability.

1. NOMENCLATURE

t tip clearance m

c chord m

p density kg/m®

n dynamic viscosity Pas

14 velocity m/s

c absolute velocity m/s

w relative velocity m/s

u blade speed m/s

)it flow angle from axial °
(rotating frame of reference)

i incidence angle °

D flow coefficient -

Re Reynolds number -

Subscripts

ax axial direction

1 inlet

2. INTRODUCTION

The flow field in the tip region of an axial compressor is
extremely complex. The rotor tip clearance enables the
free rotation of the rotor blade row. However, the pressure
difference between the pressure and the suction side of
compressor rotor blades drives a leakage flow across the
tip clearance. An interaction of the tip leakage flow with
the boundary layers and the passage flow occurs. In an
axial flow compressor, it is well known that a major part of
the total loss arises from the blade tip region. The tip
clearance is recognized to be disadvantageous to both the
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efficiency and stability of axial compressors [1]. Previous
numerical investigations to the origin of compressor insta-
bility indicate that the tip leakage flow has a dominant
influence on the stability of the main flow [2-6]. Experi-
mental studies confirm this [7-9]. Simulations illustrate
that a tip leakage vortex breakdown occurs inside the rotor
at flow rates near the stability limit [3, 4]. The breakdown is
characterized by the existence of a recirculation region,
which generates a large blockage effect in the tip region of
the passage. This may initiate an unstable main flow.

We visualized the interaction of tip leakage flow with in-
coming flow exemplarily in a water flow channel. All exper-
imental results were obtained in a linear cascade compris-
ing five blades. High blade loading or low flow rates result
in an unstable flow. We reduced the flow rate by increas-
ing the incidence and investigated the flow structures and
vortex behavior under 2% and 4% of chord tip clearance.
These clearances are representative of those that can
occur in a multistage compressor [1]. To study the flow,
we considered the movement of inked fluid elements in
space and time.

3. BACKGROUND

The stable operation of an axial compressor is limited at
low mass flows by compressor stall. Stall is associated
with a decrease in overall pressure rise and fluctuations of
the through-flow. Aerodynamic instability is a great prob-
lem of high performance compressor design. Although
many researchers have studies on the instability issue for
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over 75 years, it is still unable to well predict the stalling
behaviors of a new compressor or to contribute much to
the design of a more stall resistant machine [10].

For multi-stage, highly loaded compressors the actual
position of the stability limit can only be determined at a
significant risk in the experiment. Due to the high pressure
ratios already the first compressor surge occurrence can
cause damage to the system. This results in the need for a
difficult advance calculation of the stability limit and on the
other hand the early detection of flow instabilities in the
operation [2].

In literature two modes of stall inception are described.
The long length scale or “modal” stall inception and the
short length-scale or “spike” stall inception. Many axial
compressors, however, exhibit spike stall inception which
is as yet not fully understood [11]. But it is known that local
flow separation or the tip leakage flow can be responsible
for the spike stall inception. This occurs at high blade
loading or low flow coefficients. The flow coefficient @ is
defined as the ratio of the axial component of the flow
velocity to the blade speed:

(1) p=-=

When stall occurs, the flow breakdown process nearly
always begins in the vicinity of the rotor tips [10]. Recent
numerical investigations indicate that the behavior of tip
leakage vortex plays a major role in the compressor rotor
stall inception [2, 3, 8]. Furukawa et al. [3] investigated the
onset of tip leakage vortex breakdown and its growth with
a decrease in flow rate. The Navier-Stokes flow simula-
tions reveal a major role of the vortex breakdown in the
characteristic of rotor performance (see Fig. 1).
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Fig. 1 Total pressure rise characteristic of a rotor [3]

In Fig. 1 square symbols denote results of the Navier-
Stokes flow simulations for the rotor with the blade tip
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clearance. The onset of bubble-type breakdown is ob-
served at @ = 0.37 where the total pressure rise starts to
decrease. As the flow rate is decreased the pressure rise
falling further and the breakdown is growing in the
streamwise, spanwise, and pitchwise directions.

The associated tip leakage vortex breakdown region in the
rotor passage is shown in Fig. 2 [3]. The formation of a
recirculation flow zone acts as an aerodynamic blockage.
A tip leakage streamline close to the tip leakage vortex
center is colored with relative velocity magnitude. The
relative velocity along the streamline decreases rapidly in
streamwise direction. It is evident that the deceleration of
the vortex core flow followed by the recirculation region
causes an expansion of the vortex [3]. A bubble-type tip
leakage vortex breakdown occurs at the middle of the
passage, as also shown in Fig. 3

s _ Recirculation region

o 0.6

I 0.0

Fig. 2 Streamlines close to tip vortex breakdown region
for @=0.37 [3]
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Fig. 3 Flow topology of vortex breakdown [3]

It is known that the distinctive features of vortex break-
down are the occurrence of the large-scale fluctuation in
the vortex structure as well as the existence of the stagna-
tion point in the vortex [4]. The onset of breakdown causes
significant changes in the nature of the tip leakage vortex.
Large expansion of the vortex has an extremely large
blockage effect, which has a significant effect on the onset
of stall.
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In the previous study [12] a comprehensive consideration
of the flow structures is carried out in the tip region of the
blades. By visualizing the flow a detailed insight in the
formation of the tip leakage flow and its interaction is
shown. There are two distinguishable flow zones in the
blade tip region: the leakage flow region and the incoming
flow region (see Fig. 4). A horseshoe vortex appears in the
upstream of the incoming flow for every tip clearance. The
incoming flow interacts with the tip leakage flow and it rolls
up into a vortex. Most of the experiments were done with a
fairly high incidence, but the investigations concentrate on
stable flow conditions.

Interference zone

Horse-shoe vortex
\é Main flow
s \

Fig. 4 Flow phenomena at the tip region of the blades [13]

However, for an incidence of 20° or higher, we found un-
stable flow structures [12]. They differ basically from stable
flow structures. A significant blockage of the passage and
oscillations were realized. The stability limit is exceeded
between 17.5° and 20° incidence. In the present study the
stability limit is to be found and the flow phenomena ex-
ceeding the stability limit is to be visualized. Criteria for the
inception of unstable flow can be found in the compressor
cascade.

4. WATER CHANNEL AND EXPERIMENTAL
SETUP

All experiments reported in this paper used the water
channel at the Institute of Aircraft Propulsion Systems of
the University of Stuttgart. A schematic design of the water
channel is shown in Fig. 5. Water circulates in a closed
circuit. A pump delivers it through a pipe to a reservoir,
from where it continues through downpipes to the main
basin. This arrangement reduces the influence of the
fluctuating pump flow rate. For reducing turbulence, the
water passes through a calming section. It consists of a
combination of sieves and honeycombs. Afterwards, the
water is accelerated through a nozzle and enters the
measuring section. After leaving the measurement sec-
tion, the water enters a collecting basin. The collecting
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basin leads the water to a water tank, from which the
pump is supplied.

A camera installed vertically above the measuring section
and a second camera installed horizontally at the side of
the measuring section allows the synchronous recording
of frames. Hence, the flow phenomena can be simultane-
ously observed from two orthogonally orientated directions
(see e.g. Fig. 9).
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Fig. 5 Schematic design of the water channel [14]
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Fig. 6 Measuring section of the water channel

For that purpose, color is added to the flow to observe the
flow in its course. Tough pigment is added at the cover
plate. Shear forces carry the dye and reveal flow traces of
the boundary layer. When inserting dye through probes,
the dye has the same density than the surrounding water.
The dye is part of the flow and reveals streaklines. These
visualization methods are detailed described by Vogt and
Zippel (see [15]).

The measuring section is shown in Fig. 6. It comprises the
linear cascade with five blades as shown in Fig. 7. The
cascade is mounted on a circular plate. We designed the
measurement section for a variation of the angle of inci-
dence and the tip clearance. The inlet flow angle of the
cascade can be easily altered by turning the circular plate.
On water level is a transparent cover plate with vertically
adjustable holdings. The height of the cover plate defines
the tip clearance.
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Flow conditions within the measuring section are set by a
weir, in a way which takes care that during a series of
measurements the overall mass flow and the water height
remain constant. Therefore, for each series of measure-
ments the same average inlet flow velocity into the meas-
uring section is given. On this average inlet flow velocity v
an average Reynolds number is established:

2) Re=2=

The characteristic length, included in the Reynolds num-
ber, is the chord length C of the blade. It is also used to
create a dimensionless tip clearance. The tip clearance is
formulated as per cent of chord.

positive
incidence

incoming

flow

Fig. 7 Cascade mounted on a circular plate for an easy
adjustment of the angle of incidence

The periodicity of the flow was controlled by adjustable
side walls. This setup is adequate because it is only nec-
essary to achieve the required flow conditions about the
central blade. For high incidence angles we additionally
used a flap to support the strong deflection of the flow in
the side wall region. An ideal inflow of the cascade can be
guaranteed even for high incidence.

Because water has a higher viscosity than air, no Reyn-
olds number similarity can be achieved in the water chan-
nel. However, it can be assumed that the basic structure
of the secondary flow don’t change even at considerably
higher Reynolds numbers than in the water channel [15].

We used the same NACA-65 blade profile than in the
previous study [7]. The NACA-65 is a standard compres-
sor profile. A circular arc is used to define the camber line.
The thickness distribution is added symmetrically about
the camber line according to Cumpsty [16]. The maximum
thickness is 10% of chord. According to Cumpsty the dif-
fusion factor DF = 0.45 is a typical design value [16]. An
overview over the cascade design data can be found at
Leitner et al. [12].

The linear cascade can be considered as a model of an
axial compressor blade row. To regard the rotating frame
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of reference, we introduce a relative flow angle f and a
relative velocity w. We assume the inlet flow is axial.
Hence, the absolute inlet rotor velocity is:

() €1=Gx1
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inlet angle&/ /

/

|ncommgflow

direction

-

Fig. 8 Velocity triangle of the linear compressor cascade

The relative inlet velocity w1 can be considered as the
inlet velocity of the measuring section. This assumption
requires, of course, a matching rotor blade speed u. In
Fig. 8 the respective velocity triangle is depicted. The
velocity triangle leads to:

@) tanp =

Gax1

With equation (4) we describe the flow coefficient (see
equation (1)) as follows:

1
tan ,Bl

(6) ¢ =

For design conditions f is the design inlet angle, respec-
tively 55°. To include the off design case, the incidence
angle 7 has to be added:

(6) F1=55°+1

Finally, we describe the flow coefficient as follows:

1
tan(55°+ 1)

7 ¢ =

Hence, the flow coefficient is only a function of the inci-
dence. With the turning of the circular plate the incidence
is increased and the flow rate through the cascade is
decreased.

5. EXPERMENTAL RESULTS AND DISCUSSION

The essential results are achieved under flow conditions
presented in Table 1. We started the measurements at an
incidence of 17.5°, where we found a stable flow state in
the previous study [12]. Then the incidence is increased
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until the stability limit is found. To study the influence of
the tip clearance, we distinguish between a small and a
large tip clearance at various angles of incidence.

incidence angle i 17.5° 18° 19°

Re=13000, t/C=2% | x X X

Re=13000, t/C=4% | x X X

Table 1 Investigated flow conditions

Fig. 9 demonstrate the interaction of the tip leakage flow
with the incoming flow for an incidence of 17.5°, 4% of
chord tip clearance, and a Reynolds number of 11436.
The figure is composed of two parts. The upper part re-
veals a vertical view and the lower part a horizontal view
of the regarded zone. The inlet boundary layer is visual-
ized by green inked fluid elements. The inlet boundary
layer first splits because of the high pressure in front of the
blades and then enters the passage. The inlet boundary
layer moves to the suction side of the adjacent blade. A
streakline crossing the tip clearance is visualized by blue
inked fluid elements. It can be seen that the inlet boundary
layer interacts with the tip leakage flow but don’t mix. The
area of interaction is highlighted by a red circle in both
upper and lower picture. The tip leakage flow rolls up into
a vortex and the boundary layer separates from the plate.
The phenomena are similar than the phenomena which
occur by a lower incidence (see [12]). Fig. 9 shows a sta-
ble flow.

Increasing the incidence generates a significant change in
the nature of the flow. The tip leakage vortex fluctuates
and demonstrates unstable flow phenomena as presented
in Fig. 10. In this Figure, it is noticeable that the tip leak-
age crosses the clearance near mid-chord. However, it
doesn’t remain there but fluctuates. The pressure differ-
ence between the pressure and the suction side of the
blade drives the tip leakage across the tip clearance.
Hence, a fluctuating tip leakage reveals a fluctuating pres-
sure field in the tip region. Moreover, no fluctuation of the
boundary layer is visible. The flow traces and the area of
interaction remain always on the same position in spite of
fluctuating of tip leakage. The instability doesn’t affect the
incoming boundary layer.

Further increase of the incidence to 19° (see Fig. 11)
increases the frequency of occurrence of unstable phe-
nomena. Also a fluctuating tip leakage flow and an unsta-
ble vortex occurs. It seems that a vortex breakdown with a
varying nature occurs.
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Fig. 9

Interaction of tip leakage flow with incoming flow
i=17.5°, ZC=4%’

- )
Fig. 10 Interaction of tip leakage flow with incoming flow
(7=18°, t/C=4%, Re=11339)

LY
b

Interaction of tip leakage flow with incoming flow

Fig. 11
(i=19°, t/C=4%, Re=11436)

In following figures the interaction of tip leakage flow with
incoming passage flow is described. As before, a streak-
line crossing the tip clearance is visualized by blue inked
fluid elements. Instead of the boundary layer a streakline
of the passage flow is now visualized by green inked fluid
elements. This provides an additional point of view. Fur-
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thermore, we may add less dye than before to the flow.
Hence, an extend time period can be surveyed without
changing the water in the channel.

Fig. 12 and Fig. 13 show the flow at the tip region of the
cascade for the same flow conditions. Although the flow
conditions are identical, the nature of the flow differs ele-
mentarily. For an incidence of 17.5° and a high tip clear-
ance the flow is mainly stable but from time to time unsta-
ble flow phenomena occur as shown in Fig. 13. In the
stable case the tip leakage flow rolls up into a vortex
alongside the suction side of the blade (see Fig. 12). The
vortex rotates in clockwise direction. The expansion of the
vortex rises downstream until a big part of the tip region of
the passage is filled by the vortex. The strong tip leakage
vortex results from the large tip clearance and the high
incidence. Both strengthen the tip leakage vortex. The tip
leakage vortex has a large expansion and therefore, alt-
hough it is stable, a quit large blockage effect. The tip
leakage flow deflects the incoming flow. An obvious de-
flection of the passage streakline can be observed.

However, there is an occasionally fluctuating of the flow
which can result in a blockage of the tip region of the pas-
sage. The reason of this blockage is the formation of a tip
leakage vortex breakdown. It can be seen in Fig. 13. A
bubble-like recirculation region can be observed. It seems
to be the same phenomenon as Furukawa et al. [3] has
found in their numerical study. In front of this area the flow
is decelerated and bended around the recirculation region.
To illustrate this region a red ellipse is used in both upper
and lower picture. It shall illustrate the roughly dimension
of this region but not the exact orientation. In the unstable
case the inflow, represented by the green steakline, is
deflected much stronger than in the stable case.

Fig. 12 Stable tip leakage flow (7 =17.5°, ¢t/C =4%,
Re=13854)
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Fig. 13 Unstable tip leakage flow (i =17.5°, t/C =4%,
Re=13854)

With increased incidence the instability of the flow in-
creases too. Higher instability induces more intensive
fluctuations and an increase of the recirculation region.
The increase of the recirculation region with an increase of
the incidence Furukawa et al. [3] found too. In Fig. 14 and
Fig. 15 a large blockage of the passage, caused by a tip
leakage vortex breakdown, is visible. The upper part of
Fig. 15 shows clearly how the recirculation region is
passed. The unsteady flow nature, caused by the break-
down of the tip leakage vortex in the axial compressor
cascade, is visible. The influence of the tip leakage on the
stability of the flow becomes obvious. Nevertheless all
pictures show only a snap-shot of the flow. The phenome-
na vary extremely by time. For example, the position
where the vortex breakdown takes place may vary from
the suction side of the blade to the pressure side of the
adjacent blade.

Fig. 14 Unstable tip leakage flow (i =18°, t/C =4%,
Re=11749)
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Fig. 15 Unstable tip leakage flow (7 =19°,
Re=13854)

t/C =4%,

Fig. 16, Fig. 17, and Fig. 18 belongs together. They illus-
trate exemplarily the temporal evolution of a tip leakage
vortex breakdown phenomenon. 18 snap-shots were rec-
orded with a frequency of 25 Hz. The top picture of Fig. 16
shows the beginning of this phenomenon, the bottom
picture of Fig. 18 shows the end. Accordingly, the tip leak-
age vortex breakdown phenomenon ends after 680 ms.
The vortex breakdown is visualized for an incidence of
19°, a large tip clearance, and a Reynolds number of
13854. A tip leakage streakline close to the vortex center
is visualized by blue inked fluid elements. A streakline of
the passage flow is visualized by green inked fluid ele-
ments.

In the image sequence (see Fig. 16, Fig. 17, and Fig. 18),
it can be noticed that the tip leakage flow doesn’'t move
alongside of the suction side of the blade but intrudes into
the passage. Then, it moves into the middle of the pas-
sage and downstream. After one-third of the duration, a
sudden expansion of the vortex is clearly visible (see Fig.
17, red double arrows). This expansion is increasing more
and more until almost the entire width of the passage is
filed. Consequently, a huge blockage of the passage
occurs. After about 480 ms, the maximum vortex expan-
sion is achieved. The green streakline of the passage flow
is blocked by the recirculation region of the vortex break-
down. The impact of the recirculation region on the pas-
sage flow becomes evident watching the movement of the
visualized passage streakline. The arrows A and B mark
fluid elements of the streakline (see Fig. 18). The rearward
part of the streakline moves faster than the forward part.
So, the passages flow has to bypass this obstacle in the
middle of the passage. This even affects the tip leakage
flow. After the breakdown, the whirling vortex area dis-
solves and is uniformly transported downstream. This last
phase of the phenomena can be described as a turbulent
mixing procedure. Du et al. [7] describe it in their experi-
mental study in the same way.
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Fig. 16 Temporal evolution of a vortex breakdown - part 1
(7=19°, t/C=4%, Re=13854)
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Fig. 17 Temporal evolution of a vortex breakdown - part 2  Fig. 18 Temporal evolution of a vortex breakdown - part 3
(i=19°, t/C=4%, Re=13854) (i=19°, t/C=4%, Re=13854)
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A considerably impact of the vortex breakdown on the tip
leakage flow is evident. A blockage of the tip clearance is
caused by the tip leakage breakdown and the passage
flow passing the obstacle. Temporarily, the tip leakage
flow couldn’t pass the tip clearance (see Fig. 18) and
remains on the suction side of the blade. Hence, the pres-
sure difference between the pressure and the suction side
of the blade temporarily dissolves at the tip region. The
red arrows in the image sequence at the pressure side of
the blade marks the position where the tip leakage flow
first enters the tip clearance. After about 640 ms, the tip
leakage flow begins to cross the tip clearance again at quit
the same position as at the beginning of the phenomenon.
After this phenomenon a stable tip leakage vortex may
come into being at this position.

There are no regular frequencies in the appearance and
disappearance of a tip leakage vortex breakdown phe-
nomenon. However, over time the following process is
observed in the unstable flow:

1. Fluctuating, but largely stable tip leakage vortex

2. Sudden expansion of the tip leakage vortex with
the formation of a recirculating region

3. The bursting vortex takes largely the entire width
of the passage. A blockage effect with significant
impact on the incoming flow occurs.

4. Whirling area dissolves and is uniformly trans-
ported downstream

5. Formation of a fluctuating but largely stable tip
leakage vortex again.

The average duration of this phenomenon is about half a
second. A long duration is in coincidence with a large
vortex breakdown; a short duration is in coincidence with a
small one. A large vortex breakdown may influence also
the adjacent passage.

Fig. 19 Stable tip leakage flow (/ =18°, t/C =2%,
Re=12878)

To study the influence of tip clearance, we also have done

measurements with a small tip clearance at various angles
of incidence. No noticeable fluctuations and a stable tip
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leakage vortex are observed by an incidence of 17.5° and
2% of chord tip clearance width. Fig. 19 shows the tip
leakage vortex and a passage streakline for an incidence
of 18° and 2% of chord tip clearance. Even for this higher
incidence no unstable phenomena are visible. The com-
parison between Fig. 14 and Fig. 19 reveals the influence
of tip clearance. Both images present a view of the flow by
the same incidence and quite the same Reynolds number,
but they differ in tip clearance. A small tip clearance caus-
es a stable flow; a large tip clearance an unstable flow.
Hence, a strong tip leakage flow stimulates instability.
Increasing the incidence even at a low tip clearance caus-
es instability. Fig. 20 shows a vortex breakdown for a
small tip clearance. Even for small tip clearance a consid-
erable blockage effect is visualized.

Fig. 20 Unstable tip leakage flow (i =19°, t/C =2%,
Re=12878)

In summary, we found that the stable flow state differ
significantly from the unstable flow state. The stable tip
leakage vortex is located alongside the suction side of the
blade; the unstable tip leakage vortex breakdown appears
somewhere in the passage. Increased incidence means
lower flow rate, increased fluctuations and an increased
vortex breakdown rate.

incidence 17.5° 18° 19°
angle /

Re=13000, stable stability | unstable
t/C=2% limit

Re=13000, stability unstable | unstable
t/C=4% limit

Table 2 Basic results
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Table 2 assembles the basic results due to the stability of
the flow. As the stability limit is achieved, small disturb-
ances in the incoming flow can induce instabilities as a
vortex breakdown. Further reducing of the flow rate pro-
duce the appearance and disappearance of a tip leakage
vortex breakdown phenomenon. The rate of this unstable
phenomenon is increasing with reducing flow rate. For an
incidence of 19° the flow is clearly unstable. The stability
limit depends on the tip clearance. A strong tip leakage
flow stimulates instability. Hence, the stability limit is found
by an incidence of 18° for small tip clearance and by an
incidence of 17.5° for large tip clearance. This correlates
with a flow coefficient of 0.306 for small tip clearance and
a flow coefficient of 0.315 for large tip clearance.

6. CONCLUSIONS

A consideration of the interaction between the tip leakage
flow and the incoming flow is carried out. Increasing inci-
dence generates a significant change in the nature of the
flow. The tip leakage flow fluctuates and reveals unstable
flow phenomena. The unstable flow structure is highly
fluctuating with time. Increased incidence means lower
flow rate, increased fluctuations and increased vortex
breakdown rate.

The temporal evolution process of a vortex breakdown
reveals the development of a recirculation region. A tem-
porary blockage of the tip region of the passage occurs.
The blockage may extend into the tip clearance. After the
vortex breakdown the whirling area dissolves and is uni-
formly transported downstream. Along with the broken tip
leakage vortex moves downstream, the tip leakage flow is
rolled up, forming a new vortex.

The stability limit is recognized. It depends on the tip
clearance width. A dominant tip leakage vortex supports
the beginning of instability. Hence, it is obvious that the tip
leakage flow plays an important role for the stability of the
flow.

A criterion for tip leakage blockage behavior, which is
associated with spike stall inception, is found in the water
channel. It is the tip leakage vortex breakdown. The water
channel results show a significant similarity to the vortex
breakdown phenomena found by Furukawa [3]. Details of
this phenomenon are only partly known, but it may explain
the spike type stall. If a vortex breakdown occurs in a
passage, the main flow is forced to go down and side-
ways. Especially the deflection on adjacent passages and
as a consequence the disturbance of the incoming flow
may induce stall.
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