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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 
 
ρ density    kg/m3 
η dynamic viscosity   Pa s 
v velocity    m/s 
c absolute velocity   m/s 
w relative velocity   m/s 
u blade speed   m/s 
β flow angle from axial  ° 

(rotating frame of reference) 
i incidence angle     ° 
 
Ф 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 

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 Ф  is 
defined as the ratio of the axial component of the flow 
velocity to the blade speed: 

(1) ϕ =
 cax

u
 

 

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). 

 
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 

clearance. The onset of bubble-type breakdown is ob-
served at Ф = 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 

 
Fig. 2  Streamlines close to tip vortex breakdown region 
for Ф = 0.37 [3] 
 

 
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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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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