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(Abstract) 

 
The interaction between rotor blade tip leakage vortex and inflow disturbances, 

such as encountered in shrouded marine propulsors, was simulated in the Virginia Tech 

Linear Cascade Wind Tunnel equipped with a moving endwall system. Upstream of the 

blade row, idealized periodic inflow unsteadiness was generated using vortex generator 

pairs attached to the endwall at the same spacing as the blade spacing. At three tip gap 

settings, 1.7%c, 3.3%c and 5.7%c, the flow near the lower endwall of the center blade 

passage was investigated through three-component mean velocity and turbulence 

distributions measured by four-sensor hotwires. Besides time-averaged data, the 

measurements were processed for phase-locked analysis, with respect to pitchwise 

locations of the vortex generators relative to the blade passage. Moreover, surface 

pressure distributions at the blade tip were acquired at eight tip gaps from 0.87%c to 

12.9%c. Measurements of pressure-velocity correlation were also performed with wall 

motion but without inflow disturbances.  

Achieved in this study is an understanding of the characteristics and structures of 

the tip leakage vortex at its initial formation. The mechanism of the tip leakage vortex 

formation seems to be independent of the tip gap setting. The tip leakage vortex consists 

of a vortical structure and a region of low streamwise-momentum fluid next to the 

endwall. The vortical structure is initially attached to the blade tip that creates it. This 

structure picks up circulation shed from that blade tip, as well as those from the endwall 



 

 iii

boundary layer, and becomes stronger with downstream distance. Partially induced by the 

mirror images in the endwall, the vortical structure starts to move across the passage 

resulting in a reduction in its rotational strength as the cross sectional area of the vortex 

increases but little circulation is added. The larger the tip gap, the longer the vortical 

structure stays attached to the blade tip, and the stronger the structure when it reaches 

downstream of the passage.  

Phased-averaged data show that the inflow disturbances cause small-scale responses 

and large-scale responses upstream and downstream of the vortex shedding location, 

respectively. This difference in scale is possibly dictated by a variation in the shedding 

location since the amount of circulation in the vortex is dependent on this location. The 

inflow disturbances possibly cause a variation in the shedding location by manipulating 

the separation of the tip leakage flow from the endwall and consequently the flow’s roll-

up process. Even though this manipulation only perturbs the leakage flow in a small 

scale, the shedding mechanism of the tip leakage vortex amplifies the outcome.   
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Introduction 

Known for its influence to the performance of turbomachines, the tip leakage 

vortex is a dominating feature of the flow field near the rotor blade tip region. In 

compressors or shrouded marine propulsors where the rotor blade tip is restricted in a 

confined space, the tip leakage flow is a consequence of the pressure difference on the 

rotor blade surfaces and the relative motion between the blade tip and the casing wall. 

This flow, shed to the adjacent blade passage, forms a vortex-like structure that convects 

downstream. This structure and its unsteadiness due to the stator-rotor interaction are 

sources of efficiency losses, noise and vibration. They can also induce the inception of 

the cavitation in liquid-handling pumps. In consequence, it is important to obtain a better 

understanding of the fundamental physics behind the unsteady tip leakage vortex. The 

focus of this study is to reveal the relationship between periodic inflow disturbances, 

resembling those produced by an upstream stator, and the unsteady tip leakage vortex 

shed from a rotor blade. This is achieved by reproducing the flow field in a linear cascade 

wind tunnel with the relative wall motion and idealized periodic inflow disturbances. 

Mean velocities and turbulence quantities as well as pressure are then measured to 

investigate the development of the unsteady tip leakage vortex in a length of a blade 

passage. 

1.1. Tip Leakage Vortex and Its Impact 

Since its conception, turbomachinery has been heavily incorporated to various 

aspects of modern industries, whether as a gas turbine in a power plant, as an aircraft 

engine or as a marine propulsor. Tremendous effort has been focused on developing 

state-of-the-art turbomachines that can answer the growing demand for higher 

performance. Additional features have been designed and installed to achieve superior 
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power output or overall efficiency. Consequently, significant improvements in the 

performance of turbomachines have leaded to noticeably increased of component 

complexity and unanticipated design penalties.  

From a fluid dynamic perspective, the complexity and diversity of flows present in 

turbomachinery is a remarkably challenging area of study. The combustion, intake and/or 

output processes aside, the motion of fluid through series of rotary and stationary blades 

alone has noteworthy influence on an overall efficiency of a turbomachine. Interaction of 

the fluid with these solid surfaces creates energy losses as a result of growing boundary 

layer and associated viscous features. Noise and vibration are also produced from 

unsteadiness of the local flow field and relative motion of different components. These 

undesired outcomes can greatly diminish aerodynamic, acoustic, thermal and structural 

performances of the turbomachine. 

Of particular relevance to this study is the flow through compressor, fan or 

propulsor rotors, especially near a blade tip region where viscous-dominated, high-

pressure-gradient and three-dimensional-turbulent conditions exist. Illustrated in figure 

1.1 is a schematic of the rotor blade tip flow in the rotor frame of reference. The figure 

shows the flow passing through the rotor blade region being dominated by both inviscid 

and viscous phenomena. Upstream of the rotor section, the turbulent inflow is composed 

of a boundary layer region near a casing wall and a potential core region away from the 

wall. While the wall boundary layer is expected to be naturally turbulent due to the high 

velocity inflow, the potential core flow turbulence can also arise from convected vortical 

and secondary flow structures upstream. As the rotor blades cut through it, the potential 

core flow is turned along the curvature of the blade surface primarily due to the pressure 

gradient existing between the suction and pressure side surfaces. This blade rotation 

results in a change of angular momentum and an increase in pressure. On the rotor blade 

surfaces, a laminar boundary layer starts to develop, grows, and becomes turbulent before 

shedding out as a wake passed the trailing edge. The wake may be closely two-

dimensional in the spanwise direction except for the viscous-dominated region near the 

blade tip clearance.  

The presence of the clearance between the tip and casing, commonly 1% of the 

span for the compressor and 3% of the span for the shrouded marine pump, is necessary 
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to avoid flow separation on the blade surface and also to prevent severe structural damage 

from rubbing. For modern low-aspect ratio blades, the tip clearance may dominates the 

blade tip flow characteristics. While the blade span decreases to compensate for other 

necessities, the tip clearance size is restricted by manufacturing processes. In the blade tip 

clearance region, various mechanisms play a significant role of influencing three-

dimensional, viscous-dominated and highly turbulent flow structures. In addition to the 

relative motion between the blade tip and casing, the pressure difference between the 

blade suction and pressure surfaces helps promote pitchwise motion of the fluid 

underneath the tip in the direction opposite to that of the blade rotation. The flow moving 

through the channel between the blade tip and the casing wall is known as the tip leakage 

flow. This leakage flow exits the clearance region as a shear-layer and, interacting with 

the blade boundary layer, creates a secondary flow field in the blade passage. The 

pressure field, created by the potential core flow through the blade passage is imposed 

upon the turbulent casing-wall boundary layer, and underturns the flow near the casing 

wall. Depending on flow characteristics, the area of the leakage flow influence can 

extend to the middle of the blade passage. Through adverse pressure gradients in the 

passage, the leakage flow starts separating off the casing wall and rolls up to form a low-

momentum, high-vorticity structure - the so-called tip leakage vortex.  

As mentioned, essential to the creation of the tip leakage vortex is the flow 

behavior in the vicinity of the blade. For instance, the time-varying pressure field over the 

blade surface plays a significant role in the characteristics of the tip leakage vortex.  

Nearby upstream components, i.e. stators or inlet guide vanes, create turbulent wakes that 

convect downstream into the blade row. Periodically interacting with the rotor blades, 

this wake flow disturbs a local flow angle and can cause early transition of the blade 

boundary layer resulting in a periodic unsteadiness of the pressure distribution on the 

blade surface. Near the casing wall, the upstream structures are also projected on to the 

casing turbulent boundary layer. Thus, the interaction in this region is more complicated 

due to additional junction and other secondary-flow vortices. These integrated factors 

induced the unsteadiness in the tip leakage vortex flow which can further influence 

aerodynamic, thermal and structural performance of a turbomachine, namely an axial 

compressors and propulsor pumps. 
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Known for its influence on aerodynamic efficiency, noise and vibration, the tip 

leakage vortex and its unsteady characteristics in a compressor are capable of altering the 

flow characteristics for several chord lengths downstream. A multistage compressor, 

necessary for achieving a high compressor pressure ratio, has many succeeding sets of 

stator and rotor blades that can complicate the influence of the tip leakage vortex. This 

influence is inevitable due to the close spacing of blade rows which is dictated by engine 

weight and size and efficiency constraints. The blade-row proximity results in a change in 

a local angle of attack attributable to the potential-core pressure gradient as well as the 

upstream distorted vortex and wake. These flow features introduce instability in a blade 

boundary layer and a potential flow separation which concludes in an aerodynamic 

efficiency loss. Moreover, the unsteady tip leakage vortex and its interaction with 

downstream components is also a noise-generating mechanism.  

Driven by environmental concern for noise exposure to airport community, noise 

reduction evidently becomes a priority of aircraft engine design. Studies reveal a periodic 

impinging of upstream disturbances and associated turbulence in the tip leakage vortex 

are a source of tonal and broadband noise respectively. A study by Ganz, Joppa, Patten 

and Scharpf, (1998) provides indications that the rotor blade tip interaction with the inlet 

boundary layer turbulence is an important source of noise. In addition, the change in tip 

gap dimension and blade loading can provide a change to the fan noise level which is the 

major contributor noise for aircraft engines.  

For water applications such as marine propellers, noise and vibration can be a result 

of a different phenomenon not seen in air, specifically cavitation. When water encounters 

the high tip velocity of the blade, at normal temperature and when the pressure is low it 

forms microscopic bubbles. Arndt (2002) stated that the cavitation inception occurs due 

to the change in ambient pressure that causes the rapid growth of these bubbles. Flow 

interaction between the blade tip and confined space like in shrouded marine propulsor 

can initiate cavitation to the tip clearance shear layer and vortex due to strong viscous 

effect in that region. The flow pressure is reduced to a vapor point and microscopic 

bubbles are created. Even though cavitation can be useful for some technological fields, 

generally it is harmful to marine propellers. It can affect the performance of the blade. 

The flow with cavitation can influence the turn of the flow toward the blade and then 
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change the blade pressure distribution. Occasionally, it can prevent the propulsor blade 

from reaching the design trust. Besides creating noise and vibration, cavitation can harm 

blade structure varying from relatively minor erosion over a period of time to rapid and 

severe damage.  

Consequently, an insight into the unsteady tip leakage vortex is necessary to find 

solutions to these problems mentioned above. Due to a complicated nature of this flow, a 

study using carefully designed methods is needed to reveal the mechanism behind the 

unsteadiness of the tip leakage vortex. After the physics of the flow is identified, the 

results will enable a development of suitable approaches to solve these problems. 

1.2. Current Research Motivations 

Known for its influence to aerodynamic efficiency, noise/vibration generation and 

even structure deterioration in the turbomachine, the tip leakage vortex has been carefully 

studied for over 50 years. To acquire a better understanding in the physics of the tip 

leakage vortex, many studies, as further described in chapter 2, have successfully 

revealed the principles of its formation and flow structure. Nevertheless, few efforts have 

concentrated on the problems related to the unsteadiness in the tip leakage vortex, 

especially unsteadiness resulting from stator-rotor interaction. 

The focus of this current study is the behavior of the tip leakage vortex under an 

influence of periodic inflow disturbances, such as that found in compressors or marine 

propulsors. Understanding the relationship between the unsteady tip leakage vortex and 

other neighboring flow parameters is important to the optimal aerodynamic design of a 

turbomachine. To reveal a mechanism behind the formation of the unsteady tip leakage 

vortex, an experimental study can play a vital role allowing an observer control over 

different flow parameters. An analysis of the experimental data can provide an insight 

into which flow parameters are important and thus the proper approach to avoid the 

problem. Moreover, experimental data is essential to the calibration and development of 

prediction tools. 

To reproduce the conditions found in an axial compressor or propulsion pump in a 
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laboratory, a linear cascade tunnel offers some advantages including its low-cost, ease of 

access and safe operation. Even though it is certain that the flow produced in the linear 

cascade lacks some aspects found in the actual rotating blade system such as centrifugal 

effects or blade twist or skew, the linear cascade can provide a realistic representation of 

the flow development near the tip of the blade. Here the effect of the normalized radial 

variations is less important than those in the pitchwise and axial directions since the ratio 

of the tip region is small compared to the whole blade span. The concept of using linear 

cascade with wall motion captures closely to the actual tip leakage flow in the rotor 

blades since it apparently accounts for all basic elements that drive the tip leakage flow: 

the presence of the clearance between blade tip and endwall, the pressure different 

between the two blade surfaces, the presence of the endwall boundary layer and the 

relative motion between the blade and that wall boundary layer.  

Over the last several years, the linear cascade tunnel at Virginia Tech has provided 

insightful studies related to the tip leakage flow of a compressor or shrouded marine 

propulsor. The application of a moving endwall system and different inflow disturbance 

techniques, such as stationary grids or vortex generators, has revealed interesting 

hypotheses concerning the formation of the unsteady tip leakage vortex. Of specific 

relevance to this current study is the study of the tip leakage vortex downstream of the 

cascade row by Ma (2003). Ma conjectured that unsteadiness in tip leakage vortex results 

from fluctuation of the blade tip circulation induced by the inflow disturbance and not the 

direct superimposition of it to the tip leakage vortex. Ma’s work raises the question as to 

what kind of mechanism is behind the unsteadiness of the tip leakage vortex and whether 

it is the blade tip circulation fluctuation that entirely controls the tip leakage vortex. 
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1.3. Research Objectives and Approach 

Understanding the cause and effect relationships of the unsteady tip leakage vortex 

is certainly required to solve the practical problems. Through experimental investigation, 

flow structures in the vicinity of a blade passage can be determined at the most 

fundamental level with satisfactory accuracy. Besides offering insight to the unsteady tip 

leakage vortex, detailed experimental data is also essential for the calibration of 

prediction and design tools. Benchmark data of the unsteady tip leakage vortex acquired 

in a simulated axial compressor, such as a linear cascade model, is helpful in developing 

a solid and reliable computational model due to the simplicity of such configuration. 

The purpose of the present study is to reveal the relationship between the 

unsteadiness in the tip leakage flow, blade-tip pressure distribution and tip leakage vortex 

in the passage. This entails a documentation of the flow structure in a manner suitable to 

obtain necessary answers of the fundamental physics involving the unsteady tip leakage 

vortex and applicable for a further development of simplified analytic solutions.  

Thus, the current research objectives are: 

1. To replicate the significant flow conditions found near the blade tip of the axial 

compressor in a linear compressor cascade. 

2. To reveal the flow mechanism of the tip leakage vortex in the linear compressor 

cascade. 

3. To reveal the relationship between the periodic inflow disturbances and the 

unsteady tip leakage vortex.  

4. To reveal the relationship between the unsteady blade tip pressure distribution 

and the unsteady tip leakage vortex shed from the same blade. 

5. To reveal the effect of tip clearance size and blade loading to the structure of 

unsteady tip leakage vortex. 

6. To provide archival dataset for the development and calibration of CFD models 

of this flow. 

These objectives have been accomplished by working in the linear compressor 

cascade wind tunnel. This wind tunnel is equipped with the moving endwall facility and 

vortex generator pairs to generate idealized inflow disturbances, as illustrated in figure1.2 
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Velocity and turbulence quantities were documented phase-locked with the vortex 

generator location for the flow in the blade passage. The cascade tunnel was configured 

for three different tip clearance sizes in order to relate the influence of the tip clearance 

size with the flow structure. Measurements were obtained using hotwire anemometry 

revealed the turbulence structure inside the tip leakage vortex. The data were interpreted 

for both time-averaged and phase-averaged quantities. Insight to the flow near the blade 

surface suction side and pressure along with the parallel study by Staubs (2005) on the 

blade tip pressure fluctuation were used to reveal the mechanism by which the blade 

sheds circulation to the tip leakage vortex.  

After analysis, the results provide detailed answers to questions concerning the 

structure of the unsteady tip leakage vortex and its relationship to the unsteady blade 

circulation induced by the periodic inflow disturbances. Additionally identified are the 

important flow parameters influencing the unsteadiness in the tip leakage vortex.  

1.4. Dissertation Outline 

The contents of this dissertation provide some insight into the mechanisms of an 

unsteady tip leakage vortex from its generation to the relationship with the blade pressure 

fluctuation. Starting in chapter 2, previous studies concerning tip leakage vortex 

generation in axial compressors and propulsor pumps will be discussed as well as the 

effect of upstream disturbances. Then prior developments using a linear cascade as a 

simulation for the actual flow field in the compressor will be described. Some of the 

previous and parallel studies in the Virginia Tech linear cascade leading to the current 

study will be discussed. 

Apparatus and techniques used in acquiring the present data are presented in 

chapter 3. Detail diagrams of the cascade tunnel and the moving wall system and its 

calibration are shown and described. The hotwire anemometry system, pressure 

measurement system, traversing option and data acquisition are discussed. Last is the 

presentation of the uncertainty analysis. 

Chapter 4 concerns the basic flow conditions found in the linear cascade tunnel 
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including the inflow and outflow conditions of the passage flow, endwall boundary layer, 

blade boundary layer and the blade mean-pressure distribution both midspan and near-tip. 

Also discussed is the variation of blade circulation with respect to tip gap size. This data 

provides the necessary boundary conditions of the unsteady tip leakage vortex. 

In chapter 5, passage flow velocity data are presented in terms of time-averaged 

quantities: mean velocities, turbulent stresses, turbulence kinetic energy and vorticity. 

The results show the development of the unsteady tip leakage vortex in a blade passage 

and its flow structure. At different tip clearance sizes, the flow quantities are displayed as 

at several locations in the passage to reveal the effect of the tip clearance size.  

Chapter 6 shows phase-averaged quantities of the tip leakage vortex in a similar 

manner as the time-averaged quantities in chapter 5. Responses in the leakage vortex due 

to its interaction with the inflow disturbances are studied. The results are also presented 

and compared with the pressure fluctuation data of Staubs (2005). The correlation 

between the unsteady tip leakage vortex and the pressure distribution of the blade tip is 

analyzed for the case without the inflow disturbances.  

Chapter 7 concludes the entire research work. 
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Figure 1. 1 Schematic of the rotor blade tip flow 
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Figure 1. 2  Simulation of the rotor blade tip flow in a linear cascade model  
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Literature Review 

Though complicated, the tip leakage flow and tip leakage vortex in a compressor 

rotor environment have been the subject of interest for much fluid dynamic research. 

Various researchers have devoted their efforts to achieve a better understanding of the 

flow in the blade tip region. Studies in laboratory axial compressors provided detail of the 

flow structure but without regard to unsteady phenomena. The results reveal the starting 

location, the formation and the structure of the vortex in the blade passage and its 

convection downstream. This can be found in section 2.1. 

Additional studies of the flow field in the blade tip region have been performed in 

simulated propulsion pumps as discussed in section 2.2. It is necessary to distinguish the 

flow field in an axial compressor from that in a pump since phenomena like cavitation 

can only be found in liquid operating systems. Studies showed cavitation inception as a 

result of the viscous effects in the tip leakage flow. Some researchers used the cavitation 

as a tool to visualize the tip leakage flow and vortex. Besides cavitation, many flow 

features in the propulsion pumps are similar to those found in axial compressor rotors. 

Applicable to an idealized simulation of the axial compressor flows, linear or 

annular cascade wind tunnels were chosen by some researchers to study flow field near 

the blade tip due to easy measurement accessibility. However, the lack of relative motion 

between the blade tip and the endwall can lead to significant divergence between linear 

cascade flow models and actual compressor rotor-tip flows. Studies in an annular cascade 

with a rotating endwall provided more realistic results. These discussions are shown in 

section 2.3. 

Sections 2.4 and 2.5 illustrate studies of the tip leakage vortex under variations of 

boundary conditions. The rotor/stator interaction to the turbine or compressor flow is one 

source of unsteadiness in the flow. The variation in tip gap size is also important to the 

strength and consequently unsteadiness in the vortex. 

Prior and parallel studies in the Virginia Tech linear cascade tunnel equipped with a 

moving endwall are discussed in section 2.6.  
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2.1. Tip Leakage Flow and Vortex in Axial Compressor 
Facilities  

To acquire insight on the tip leakage flow in compressor rotors, detailed studies of 

the flow field near the blade tip region have been performed in axial compressor facilities 

by various investigators. Their results provided insight into the tip leakage flow and 

vortex both within and downstream of the blade passage. The studies are particularly 

focused on the time-average flow structure and not unsteady effects. 

A series of experimental studies were preformed in a laboratory-reproduced 

compressor at Pennsylvania State University (Penn State). Lakshminarayana and 

colleagues surveyed three-dimensional turbulent flows in and downstream of the rotor 

passages of the Axial Flow Research Compressor. This facility included a set of 43 

blades inlet guide vane, 21 rotor blades and 25 stator vanes respectively 

(Lakshminarayana, 1980; Lakshminarayana, Zaccaria, & Marathe, 1995). The pressure 

rise and mass flow were varied by a separate fan with a variable blade setting. The flow 

coefficient based on tip speed was varied from 0.56 (Lakshminarayana and Ravindranath, 

1981) to 0.513 (Lakshminarayana et al., 1995), corresponding to pressure rise coefficient 

of 0.486 and 0.514, respectively. The rotor blade had a tip cross section of a NACA 65 

series which supplied moderate blade loading. The nominal tip gap was 2.27 percent of 

chord length or 1.52 percent of blade height (Lakshminarayana et al., 1995).  

Flow field measurements carried out using hotwire anemometry (Lakshminarayana, 

1980; Lakshminarayana and Ravindranath, 1981; Lakshminarayana, Pouagare & Davino, 

1982a, 1982b; Pandya and Lakshminaryayna, 1983a, 1983b; Murthy and 

Lakshminarayana, 1984) and laser Doppler velocimeter (Popovski and Lakshminaryayna, 

1985; Lakshminarayana and Murthy, 1987; Lakshminaryana, Zhang, & Murthy, 1987; 

Lakshminarayana et al., 1995) provided insightful information about the tip leakage 

vortex and its association with the tip leakage flow and downstream wake. The results 

revealed variation of local blade surface pressure distributions with radial location away 

from the blade tip. The peak pressure on the suction side decreased continuously as the 

blade tip was approached (Pandya and Lakshminarayana, 1983a). For the passage flow, 

the pressure losses and the radial velocity components in the passage confirmed that the 
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tip leakage flow was initiated near the quarter chord (Lakshminarayana et al., 1982a; 

Murthy and Lakshminarayana, 1984; Lakshminarayana and Murthy, 1987).  

Downstream of the mid-chord in the blade passage, the tip leakage flow moved 

away from the suction side of the blade. As it interacted with the annular wall boundary 

layer, the leakage flow rolled up and created a three-dimensional mixing region with high 

velocity deficit and turbulence intensity. The rotation of the rotor blades caused this 

region to move closer to the pressure side and augmented radial turbulence intensity 

levels. Turbulence intensity distributions were similar to those observed in a free shear 

layer or vortex. The turbulence level in the mixing region associated with the vortex 

reached its maximum approximately at the mid chord location. It decreased as flow 

moved closer to the trailing edge. This rolled-up leakage flow was seen to influence the 

flow field in the blade passage nearly 15-18% of chord away from the annular wall 

(Lakshminarayana et al., 1987). The influence of the tip leakage flow nearly disappeared 

as the flow progresses downstream of the trailing edge since the rollup region diffused 

and dissipated rapidly (over 1-2 chord lengths). In spite of its own high decay rate, the tip 

leakage flow was seen to reduce the decay rate of the blade wake near the tip region. 

Similar insight to the compressor tip leakage flow was given by Stauter (1993) 

through flow field measurements in a two-stage axial compressor model. This facility 

consisted of a set of 44 inlet guide vanes and two similar stages each of 44 blades with a 

flow coefficient of 0.51. Blade tip geometry of the rotor of interest in the second stage is 

a simple, squared-off design with a tip gap of 1% chord. Three-component velocities 

were measured using a laser Doppler velocimeter in and behind the blade passage at 

several axial locations (42% to 130% of chord length, from the rotor leading edge). 

Stauter found that the apparent center of the tip leakage vortex core, identified by 

secondary flow vector plots, barely matched the area of maximum axial velocity deficit 

located toward the blade pressure surface. In agreement with Pandya and 

Lakshminarayana (1983a, 1983b), the tip leakage vortex also started decaying while 

traveling inside the blade passage (approximately 75% chord from the blade leading 

edge). However, the vortex regained its strength near and after the trailing edge.   

Foley and Ivey (1996) observed the flow field of a four-stage, low-speed research 

compressor using pressure taps on blade surfaces, pressure probes and a Laser Time of 
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Flight anemometry. The stage studied was the third stage, with 79 rotor blades and 72 

cantilevered stators, and had a flow coefficient of 0.63. The rotor operated at the tip gap 

of 1.2% of a chord length. Unlike the results from Lakshminarayana et al. (1982), this 

study showed that the peak suction pressure near the blade tip was not lower than at mid 

span. The peak suction pressure at the tip was pushed forward closer to the leading edge 

at about 12% chord compared to 30% chord at midspan. Foley and Ivey believed that the 

change in the peak pressure location was caused by a radial flow traveling toward the 

blade tip as a result of tip leakage flow entrainment. In the rotor passage, the flow near 

the same height as the blade tip had significant underturning at all locations when 

compared to that away from the blade tip. The tip leakage jet was apparent at the 33% 

chord location. 

Inoue and Kuroumaru (1988) employed phase-locked single-sensor hotwire and 

wall-mounted, high-response pressure-sensor measurements for the tip leakage flow. The 

measurements were performed in a low-speed rotating cascade facility at various tip 

gaps. The isolated rotor had 12 blades with a NACA 65 series profile at the tip. Flow rate 

and pressure rise coefficient were 0.5 and 0.4 respectively. The results indicated two 

clearly visible regions near the tip gap: the through-flow region and the leakage flow 

region. Wall pressure measurements provided evidence of the tip leakage rollup at the 

early stage of the blade passage. Similar to the previous two studies, the vortex 

apparently decayed when it moved toward the trailing edge.  

The study of the vortex structure stability can be found in the report by Liu et al. 

(2004). The authors measured flow field in a low-speed single-state compressor at near 

stall condition using a Stereoscopic Particle Image Velocimetry (SPIV). The rotor tip gap 

is 0.5% of blade height. The flow coefficient and pressure rise coefficient were 0.58 and 

0.4, respectively. The results showed that the streamwise velocity in the tip leakage 

vortex core was considerably lower than in the mainstream. Liu et al. believed that the 

large velocity difference indicated the instability of the leakage vortex. When the vortex 

core broke down into many small vortices, its outer edge had a tendency to spread out 

toward the pressure side of the passage due to an effect of casing shear flow. It also 

caused an abrupt turning of the vortex path.  
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2.2. Tip Leakage Flow and Vortex Observations in 
Propulsion Pump Facilities 

In a liquid-operating turbomachine, flow near the blade tip region in the vicinity of 

a confining boundary, such as that in shrouded marine propulsors, is similar to a certain 

degree to that found in air-breathing systems. However, this interaction is also subjected 

to an additional phenomenon, cavitation – the production of microscopic bubbles inside a 

liquid. Experiments focusing on the tip leakage flow in liquid medium are not only 

suitable for certain measurement techniques (dye flow visualization or PIV for example), 

but also present this flow in realistic conditions for a problem like cavitation inception.  

Studies using idealized models of the flow near the blade tip region typically 

focused on specific features of the tip flow. A relationship between the tip leakage flow 

and cavitation inception was investigated by Gearhart (1966). A scaled-up model of an 

idealized blade tip and casing in a wooden duct wind tunnel with wall motion was used to 

demonstrate the effect of tip treatments on cavitation. Based on the Bernoulli’s equation, 

Gearhart suggested that the greater the exit velocity from the blade tip gap, the more 

susceptible the flow the inception of the tip cavitation. Tip treatments included uniform, 

convergent, divergent and rounded-edge types. Static pressure taps across the channel 

surface and on the upstream and downstream faces of the model were used to measure 

pressure distributions around this tip gap model. The results of the pressure 

measurements showed that rounding the pressure-side tip could delay gap cavitation. 

Moreover, the convergent-gap type has a potential to create strong tip gap cavitation 

while the divergent-gap type is less likely to promote cavitation. 

Similar to Gearhart’s (1966) tip geometry study is the investigation of Laborde, 

Chantrel, and Mory (1997) in an axial pump rotor of three 12-blade rotors with no inlet 

guide vanes. The sets of four different tip geometries were studied: with sharp edge, with 

rounded edge on the pressure side, with rounded edge on the pressure side and diverging 

toward the suction side, and with rounded edge on the pressure side and prolonged on the 

suction side by a thin plate. Cavitation observations in both the tip gap and the tip leakage 

vortex showed that the tip geometry affected gap cavitation greatly but had limited 
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influence on the vortex cavitation. Unlike in Gearhart’s initial suggestion, the diverging 

tip shows no apparent evidence of cavitation inception delay in the tip leakage vortex.  

 Boulon, Callenaere, Franc, and Michel (1999) also investigated the effect of 

confinement on tip vortex cavitation. An elliptical hydrofoil with a NACA 16-020 profile 

was placed on top of three flat plates of different upstream distances with adjustable gap 

heights. The tip gap varied from 1.25%-67% (no confinement) of root chord length. The 

measurements were performed in a hydrodynamic tunnel using laser Doppler velocimeter 

to measure velocity profiles in the spanwise direction downstream of the hydrofoil. The 

results demonstrated that different upstream boundary layer properties have no apparent 

effect on the cavitation inception in the tip leakage vortex. The presence of confinement 

tends to enlarge the vortex in the direction parallel to itself but decreases the maximum 

velocity. The confinement also advances cavitation inception. Boulon et al. suggested 

that this was a result of an image vortex in the confinement wall. The induced velocity 

from the image vortex, when combined with the freestream velocity, increases the angle 

of attack resulting in more lift and vortex strength. Consequently, the pressure in the core 

is reduced in the presence of the confinement, thus cavitation inception starts early.  

The development of the tip leakage vortex in a high-Reynolds number axial flow 

pump (HiREP) was studied by Zierke, Farrell, and Straka (1995). The pump consisted of 

a row of 13 inlet guide vanes and a row of 7 rotor blades. The tip gap was varied from 

1% to nearly 6% of tip chord length. Although not the primary purpose of the study, 

cavitation was used to visualize the tip leakage vortex. At 10%-span radial inward from 

the tip, Zierke et al.’s visualization showed that the first appearance of the vortex was at 

15% chord near the suction side of the blade tip. This location was also close to the peak-

pressure location on the suction surface. The vortex had remained attached to the suction 

side up to 80% chord downstream of the leading edge before migrating away from the 

blade. In the blade passage, velocity measurements using laser Doppler velocimeter also 

showed the vortex core moving inward in the radial direction as the vortex travels 

streamwise.  

As shown by Wernet, Van Zante, Strazisar, John, and Prahst (2002), the trajectory 

of the tip leakage vortex is apparent in the distribution of the radial velocity components 

near the blade tip region. Wernet et al. measuremed the flow in the rotor passage of a low 
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speed axial compressor using 3 component DPIV. The rotor tip clearance was 1.4% of 

span. The flow coefficients were 0.395 (design point) and 0.35 (above stall). The results 

showed that locations with a change in sign of the radial component of velocity were 

close to the center of the vortex. Also, the center of the vortex could be reasonably 

indicated by the region of low axial velocity. In this case, the tip leakage flow reduced the 

axial velocity near the rear of the blade passage while it rarely affected the flow 

upstream.  

Similar to Wernet et al. (2003), the tip leakage vortex was revealed to have low 

axial velocity near the casing side in the study by Uzol, Chow, Soranna and Katz (2004) 

of the tip vortices and rotor wake near the trailing edge. In the tip region, the rotor wake 

was confined between the two tip vortices: from the corresponding blade and the 

previous blade in the rotor row. The authors believed that the low axial velocity in the tip 

leakage vortex possibly caused by the casing boundary layer. There was also high lateral 

velocity field associated with the blade boundary layer. On the pressure side of the blade, 

the tip leakage vortex convected from the adjacent blade forced the flow to move radially 

inward toward the rotor axis. This rotor-rotor interaction could cause meandering and 

possibly bursting of the tip leakage vortex since the interaction greatly influenced the 

flow field on the pressure side of the blade. The influence of the tip leakage vortex was 

only significant near the 25% of the span closest – a slightly larger region than that 

revealed in axial compressor study of Lakshminarayana et al. (1987).  

Besides the tip leakage vortex, oil-flow and cavitation visualizations by Farrell and 

Billet (1994), Zierke et al. (1995), and Zierke and Straka (1996) in the HiREP facility 

illustrated the presence of a second vortex along the trailing edge line of the blade suction 

surface. This vortex was the result of a trailing edge separation and a centrifugal force 

that caused the flow to move radially outward and form a spanwise vortex. As it moved 

away from the suction surface, the trailing-edge separation vortex was believed to affect 

the tip-leakage vortex core trajectory. The presence of the second vortex was also 

supported by the study of Laborde et al. (1997) and the CFD calculation by Wernet et al. 

(2002). 
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2.3. Tip Leakage Flow Observations in Compressor 
Cascade Facilities 

Though stationary, a cascade model, either linear or annular, can be used to 

simulate the blade tip region of a compressor flow field. Much easier to handle both 

experimentally and computationally, the cascade model has been popular among 

researchers for theoretical studies of the tip leakage flow and vortex. In experimental 

investigations, cascade studies have been designed to create major flow structures as 

much like the compressor flow as possible.  

Studies in linear compressor cascade facilities with stationary endwalls have 

revealed the presence of the tip leakage vortex in blade tip region despite having an 

unrealistic endwall boundary layer. Typically in an axial compressor rotor, the inlet 

boundary layer on the casing is viewed in the rotor frame to be highly skewed while the 

endwall boundary layer of the linear cascade is more uniform. Storer (1989) showed in 

their studies of a 5-blade linear cascade that the tip leakage flow influences flow 

characteristics over the whole blade surface. A corner separation, developing near the 

trailing edge of the blade tip for zero or small tip gap (less than 2% of the chord length) 

disappeared when the interaction of the tip leakage flow and the passage secondary flow 

sweeping low energy fluid away from the endwall and preventing it from building up on 

the suction surface. The sweeping of the low fluid energy results in mixing within the 

passage and creates two circulatory flows rotating in opposite directions. The stronger 

circulatory flow, staying close to the suction side of the passage, is suggested to be the tip 

leakage vortex.  

The same two circulatory flows in the passage were also found in the study of flow 

in a compressor cascade by Kang and Hirsch (1993a, 1993b, 1994). With a stationary 

endwall, the tip leakage vortex induced the second circulatory flow, known as the 

passage vortex, to move closer to the endwall and the suction side of the blade passage 

than when the tip leakage vortex is not present. In this study, the tip leakage vortex core, 

associated with a low pressure and high axial vorticity region, initially formed near the 

10% chord. The development of the tip leakage vortex suggests that the vorticity near the 

vortex center increases to its largest value shortly after the leading edge, before decaying 
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toward the passage exit. However, the pressure at the vortex core tends to increase with 

the downstream distance in the passage. Besides the tip leakage vortex, the evidence of 

multiple vortices interacting with the blade tip was also seen, specifically tip separation 

vortices in the pressure and suction sides tip corners.  

In addition to being the location of the maximum pressure loss, the flow field 

investigation in a high-speed linear compressor cascade by Hubner and Fottner (1996) 

showed that the tip leakage vortex core to be the location of the minimum axial velocity 

as well. Consistent with Storer (1989),  Hubner and Fottner suggested that the tip leakage 

flow is associated with the accumulation of low energy fluid in the passage. The results 

without the tip gap show the low energy fluid is transported toward the suction side 

surface. 

Most flow field studies with a stationary endwall show that the tip leakage vortex 

stays close to the suction side of the passage as it progresses downstream. When relative 

motion between the blade tip and the endwall is added, the vortex behaves differently. 

Specifically, the vortex tends to vary in shape and trajectory due to the entrainment of the 

endwall motion as found in the studies discussed below. 

Bonhommet-Chabanel and Gerolymos (1998) investigated the mean velocity flow 

field in a high-speed annular compressor cascade with a rotating inner endwall to 

simulate the relative motion between the casing and blade tips. At different axial 

locations, the results showed the tip leakage vortex become larger and moved closer to 

the pressure side of the passage with downstream distance. Similar to the previously 

mentioned studies, the minimum pressure locations indicated the trajectory of the vortex. 

The authors also point out that the rollup of the tip leakage vortex corresponds to the 

location of the minimum static pressure on the blade suction surface. 

In the same test rig, Doukilis, Mathioudakis and Papailiou (1998a, 1998b) studied 

both the mean and fluctuating velocities within a passage of the cascade. Velocity 

fluctuation contours in the passage confirmed that the tip leakage vortex locations defined 

by the area of elevated turbulence levels coincided with the vortical structure of the mean 

velocity vectors. This area of high velocity fluctuations also followed the trajectory of the 

tip leakage vortex from the minimum pressure point on the blade suction surface on the 

blade and across the passage toward the pressure side.  
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2.4. Unsteadiness due to Stator/Rotor Interaction 

Yamamoto et al. (1994) studied unsteadiness in the endwall and tip leakage flow 

caused by the turbine rotor/stator interaction. Tip leakage flow and vortices in turbines 

can cause both aerodynamic and thermodynamic disadvantages. Hot gas driven through 

the tip gap due to the pressure difference between the pressure and suction side of the 

blade would meet the passage flow and roll up to form a tip leakage vortex similar to the 

vortex in the compressor. However, the motion of the tip leakage flow is different from 

the blade tip motion in the turbine rotor. Specifically, the tip leakage flow runs counter to 

the relative motion between the blade tip and casing in a turbine. Therefore, the turbine 

tip leakage vortex would have different trajectory from the compressor vortex. 

In a 1.5-stage, low-speed, axial turbine, Yamamoto et al. (1994) measured flow 

near the blade tip and covered a region including the first stage rotor and the second stage 

rotor. Measurements of the unsteady pressure on the endwall were obtained by using 

micro high-response pressure transducers. The results revealed that the random 

fluctuation of the endwall pressure was large near the blade surfaces due to the 

convergence and divergence of the flow at the entrance and the exit of the tip gap.  

Moyle, Shreeve, and Walker (1996) measured high-response pressure data on a 

casing surface in the tip gap region of a rotor, operating downstream of a stator. The 

measurements were conducted in a second stage of a multistage axial compressor with 

two 30-bladed rotor and 32-bladed stator stages. The results showed that the suction-side 

pressure on the rotor near the casing wall varies significantly with respect to the relative 

position between the rotor and stator. The pressure level at the entrance and the exit of 

the tip gap however varied only slightly with the relative position. This result suggests 

that the two flow fields are possibly independent. 

Uzol, Chow, Katz, and Meneveau (2002) obtained phase-averaged velocity field 

measurements in the second stage of a two-stage axial turbomachine using PIV at the 

midspan location covering the region from upstream of the stator to downstream of the 

rotor. Wake-wake and wake-blade interaction cause the flow field to vary significantly 

from different phases. These interactions were seen to play a major role in creating high 

turbulence stresses and tangential nonuniformities in the area between rotor-stator, near 
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the blades and in the blade wake. Uzol et al. (2003) conducted a further study of the 

phase-averaged flow field at the hub and tip regions of the same axial turbomachine. 

Their measurements suggested that tip leakage vortex was a dominant contributor to the 

phase-dependent unsteadiness and deterministic stresses in the tip region.  

 

2.5. Effect of tip gap size  

Several studies show that flow in the vicinity of the blade tip is dependent of the tip 

gap size. Results of Storer and Barton (1991) indicate that the tip leakage flow, separated 

from the tip surface after entering the tip gap, is unlikely to reattach if the tip thickness is 

less than 1.5 times the tip gap height. With a relative motion between blade tip and the 

endwall, Doukelis et al. (1998a) showed that by increasing the tip gap size, the pressure 

loss in the tip gap region increases. In their cases, this effect was not only confined near 

the tip gap region, but extended over the entire blade passage since the aspect ratio of the 

blades was small. For the case of wall motion, this study also showed that the location of 

the minimum pressure on the blade suction surface near the tip moves downstream with 

increasing tip gap size. The peak suction pressure moves from 33% of the chord length 

downstream of the leading edge, for the tip gap of 2% chord, to 55% chord, for the tip 

gap of 5.5% chord. The pressure distribution inside the gap (measures at the blade tip) is 

also similar to that on the blade tip suction surface. This peak suction pressure also 

moved downstream when wall motion was not applied. 

Similar variation in the location of minimum pressure was found by Bonhommet-

Chabanel and Gerolymos (1998) and Hubner and Fottner (1996). Bonhommet-Chabanel 

and Gerolymos revealed that the tip gap size affected the static pressure field near the 

blade tip with the minimum pressure moving back along the chord as the tip gap 

increases. The results in Hubner and Fottner (1996) indicate that increasing the tip gap 

size results in a shift of the suction-side maximum Mach number near the blade tip 

toward downstream direction while there was no change with tip gap for the maximum 

Mach number at midspan. They also found that the difference in the secondary losses 
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between zero and non-zero tip gap is not equivalent to the difference between two tip 

gaps of different size.  

Results in an axial compressor rotor also reveal dependency of the tip leakage 

vortex on the tip gap size. Inoue and Kuroumaru (1988) concluded that as the tip gap 

increases, the maximum pressure difference between that on the suction and pressure 

surface moves downstream indicating that the tip leakage flow induced by that difference 

also become stronger at downstream locations. Inoue, Kuroumaru, and Fukuhara (1986) 

also showed the effect of the tip gap size on the tip leakage vortex core. As the tip gap 

increases to a certain size, the vortex core moves away from the blade suction surface 

more. However, further increase in the tip gap no longer moves the core location.  

 

2.6. Prior Linear Cascade Studies at Virginia Tech 

The Virginia Tech Linear Cascade Wind Tunnel was developed for various 

experiments related to the simulation of compressor rotor flows. Equipped with a moving 

endwall system, this facility can properly model the relative motion between the blade 

tips and the endwall found in a turbomachine. The cascade row is made of eight GE rotor 

B compressor core cantilevered blades with adjustable tip gaps, hanged above the moving 

endwall. Further details of the tunnel and moving wall system will be presented later in 

Chapter 3.  

A number of previous studies have been completed in this facility. The results of 

these studies suggest several intriguing hypotheses concerning the mechanism behind the 

formation and unsteadiness of tip leakage flow. Leading up to the present study are the 

studies of Muthanna (1998, 2002), Wenger (1999), Wang (2000), Kuhl (2001), de la Riva 

(2001), Saha, Ma and Devenport (2001), Ma (2003), Mish (2003), Tian (2003), Tang 

(2004), Muthanna and Devenport (2004), Wang and Devenport (2004), Wenger, 

Devenport, Wittmer and Muthanna (2004), Staubs, Mish and Devenport (2004), and 

Staubs (2005).  

The first study by Muthanna (1998), and Muthanna and Devenport (2004) 

concerned measurements with no endwall motion for which the compressor cascade 
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blades were set at tip gaps of 0.8%, 1.7% and 3.3% chord.  Measurements of three-

component velocities and turbulence quantities at 4 cross-sections downstream of a blade 

row were made. The results revealed that the endwall region is dominated by the tip 

leakage vortex which was identified by both an oval region of large streamwise velocity 

deficit and a circular region of enhanced streamwise vorticity. A region of elevated 

turbulence levels was seen as an arc covering the top of vortex core. This turbulent region 

was apparently produced by the large streamwise velocity deficit in the tip leakage 

vortex.  

Two-point turbulence measurements in the same flow cross sections studied by 

Muthanna (1998) were performed by Wenger (1999) and Wenger, Devenport, Wittmer, 

and Muthanna (2004) for a tip gap of 1.7% chord. The data provided velocity spectra and 

space-time correlations in the downstream wake and tip leakage vortex. The spectral 

analysis showed no evidence of low frequencies typically associated with vortex 

wandering. There was also no correlation in turbulence motions between adjacent blade 

wakes or tip leakage vortices. Wenger et al. found significant large-scale anisotropic 

structure in the tip leakage vortex itself. A three-dimensional instantaneous velocity field 

and vorticity isosurfaces were obtained using the linear stochastic estimation and the 

Taylor’s hypothesis. These results suggested the presence intense elongated eddies 

skewed at 30 degrees with respect to the leakage vortex axis. A large streamwise velocity 

defect was believed to be a cause of turbulence in the tip leakage vortex. 

Muthanna (2002) and Muthanna and Devenport (2004) documented the flow 

characteristics through the blade center passage above the stationary endwall to observe 

the effects of freestream turbulence. At tip gap of 1.7% of chord, qualitative and 

quantitative measurements at 8 cross sections were mead for 0.80ca upstream of the blade 

row to 0.26ca downstream, where ca is an axial chord length. The freestream turbulence 

was generated using a static grid at the contraction exit giving approximately 3% 

turbulence intensity at the entrance of the blade row. Muthanna revealed through an oil-

flow visualization of the lower endwall that the separation line associated with the tip 

leakage vortex was unaffected by the freestream turbulence and originated from the point 

on the suction side of the blade 20% chord downstream of its leading edge. That line then 

moved downstream and across the passage similar to the path of the leakage flow 
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observed in Lakshminarayana’s (1981-1995) and other studies in simulated axial 

compressors. Mirroring his earlier results, Muthanna (2002) found that in the blade 

passage the tip leakage vortex could also be identified by high streamwise velocity deficit 

and turbulence kinetic energy. Despite its disappearance in the flow visualization, the 

freestream turbulence shifted the separation line obtained from the quantitative data by 

4% away from the suction side. Turbulence produced a reduction in blade lift by a similar 

percentage as well. Moreover, the effects of the free stream turbulence could also be seen 

by the increased turbulence level in the tip leakage vortex. 

The turbulence measurements gathered by Muthanna (2002) were compared to 

predictions using the Rapid Distortion Theory by de la Riva (2001). de la Riva’s RDT 

model did not account for the blade blocking effects and assumed the rate of viscous 

dissipation of the freestream turbulence to be unaffected by its distortion in the blade 

passage. Nevertheless, results suggest that the RDT model would provide a good level of 

accuracy if for this type of flow. 

To produce relative motion between the blade tips and endwall in this cascade, 

Wang (2000) built a large-scale moving wall system to replace the stationary lower 

endwall. He then made detailed mean-velocity and turbulence measurements at 3 cross 

sections downstream of the blade row at a tip gap of 1.7% chord with and without 

endwall motion. The wall motion appeared to have a significant effect on the tip leakage 

vortex structure which it flattened, extended pitchwise, and distorted so as to eliminate a 

clear vortex center. However, the fundamental mechanisms of turbulence production in 

the vortex were not altered by the wall motion since the tip leakage vortex was still 

dominated by its streamwise velocity deficit and high turbulence levels above its center. 

Saha et al. (2001) characterized the influence of unsteady periodic disturbances on 

the tip leakage vortex with endwall motion. By using pairs of vortex generators attached 

to the moving endwall upstream of the cascade, the periodic disturbances were created 

and effects on the tip leakage vortex were observed. Measurements of three-component 

mean velocity and turbulence quantities phase averaged with respect to the relative 

location of the inflow disturbances were obtained in the tip leakage vortex downstream of 

the cascade These measurements were used, among other things, to calculate the phase 

averaged circulation fluctuations in the leakage vortex produced by the inflow 
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unsteadiness. These results suggested that, for small tip gaps, the periodic inflow 

disturbances were superimposed on the tip leakage vortex but those for larger tip gaps 

had a much greater effect, apparently indirectly influencing the leakage vortex strength.  

Ma (2003) presented a more complete study of periodic and aperiodic behavior of 

the downstream tip leakage vortex under periodic inflow disturbances. Detailed single 

and two-point measurements of three component mean velocity and turbulence quantities 

were made with and without the vortex generators. The results demonstrated that large 

phase-averaged variations in the size, strength, structure and position of the downstream 

tip leakage vortex could be produced by circulation of the inflow disturbances one to two 

orders of magnitude weaker than that of the tip leakage vortex. Circulation fluctuations in 

the disturbed tip leakage vortex were about 7 times the circulation of the inflow vortices 

with a tip gap of 3.3% chord. The results suggested that the unsteadiness in the tip 

leakage vortex is induced by the inflow disturbances influencing the shedding of lift from 

the cascade blade tip. By using three-component unit vectors to represent velocity 

fluctuations at the fixed probe, Ma also calculated instantaneous velocity, velocity 

fluctuations and vorticity in the downstream tip leakage vortex. Representing the 

aperiodic portion of the unsteadiness in the tip leakage vortex, the results of the 

instantaneous velocity and vorticity fluctuation showed a structure different from that 

under phase averaging. Since the magnitude of the instantaneous vorticity was 

substantially higher than that of the phase-averaged one, Ma suggested that the real flow 

vorticity fluctuation may actually be a cause of the cavitation.  

Concurrently to the present study and following on from this earlier work, Mish 

(2003) and Staubs et al. (2004), studied the blade-tip pressure response to inflow 

disturbances by taking measurements of chordwise and spanwise surface pressure 

fluctuations on the blades at various tip gaps from 0.8% to 12.9% chord. Using arrays of 

24 microphones mounted subsurface, these studies showed that the pressure fluctuations 

become stronger near the trailing edge and that the amplitude of the pressure fluctuations 

varies linearly with tip gaps up to 5.7% chord length. At the same chordwise locations as 

the microphone measurements, Staubs et al. (2004) also measured velocity and 

turbulence profiles in the tip gap flow 1mm from the suction side of the blade tip for a tip 
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gap of 3.3% chord using a single sensor hotwire probe. In agreement with the pressure 

data, the magnitude of the velocity fluctuations increases with distance downstream. 

Staubs (2005) measured the effect on the unsteady blade loading of variations in 

the size and spacing of inflow disturbances. A set of vortex generators, half as high as 

those used in the previous studies, were used to observe the effects of disturbance size on 

the linear variation between the pressure and tip gap. The results surprisingly showed that 

changing the size of the disturbances had no effect on the blade tip pressure response.  

Moreover, the vortex generators spacing was increased to simulate a spacing that is not a 

multiple of blade spacing. The results were consistent with the case where the vortex 

generator spacing equal the blade spacing in that the shedding mechanism of the blade tip 

loading heavily involves the viscous effects. 

Other studies in the Virginia Tech Linear Cascade Tunnel by Kuhl (2001), Tian 

(2003), and Tang (2004) on the tip leakage flow using Laser Doppler Anemometry offer 

additional information on capabilities of the facility and different flow features in the 

linear cascade. Kuhl (2001) studied the three-dimensional near wall flow in the blade 

passage and under the blade tip with three endwall configurations: stationary endwall, 

moving endwall and moving endwall with vortex generators. From the stationary endwall 

data, Kuhl found that the driving force for the tip leakage flow is the pressure difference 

across the blade tip. There is also a major viscous effect under the tip gap. Endwall 

motion was found to rotate the near wall flow direction into the direction of that motion 

and caused a 9% increase in the thickness of the boundary layer from that of the 

stationary endwall.  

Tian (2003), and Tang (2004) provided additional results of the near wall flow in 

the linear cascade tunnel at different tip gap settings (1.65%c and 3.3%c) with and 

without endwall motion. The results show that the tip leakage flow is highly skewed three 

dimensional flow through out the tip gap and driven by the local tip pressure loading. Oil 

flow visualizations on the endwall revealed the separation region of the tip leakage vortex 

starting upstream near the suction side blade and reattaching downstream close to the 

pressure side blade. The low momentum fluid is also found in between the separation 

region. The visualization on the blade surfaces showed the boundary layer on both 

suction and pressure surfaces to be two dimensional except for the lower 20% of the 
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blade span on the suction surface that the flow is highly three-dimensional. LDA velocity 

measurments revealed that the tip leakage flow acts like a jet. The starting point of the tip 

leakage vortex is dependent of the tip gap setting by shifting downstream with the 

increasing tip gap.  

Indeed, more studies of the roll-up mechanism of the vortex when the tip leakage 

flow sheds into the passage is necessary to add details to aforementioned studies. Of 

interest is also the relationship between the unsteady blade tip circulation from the inflow 

disturbances and the tip leakage vortex formation. Thus, the current study presents a 

better understanding into these issues. 
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Apparatus and 
Techniques 

This chapter describes the Virginia Tech Low Speed Compressor Cascade Tunnel 

and instruments used in this study in detail. Configurations used with the test facility are 

shown in 3.1., including the moving endwall system, unsteady inflow setup and the 

tunnel calibration. The cascade experiences an inflow of 24.5 m/s at 65.1 degree with 

respect to the cascade axial axis. The endwall moves at the pitchwise velocity of the 

upstream flow. Vortex generators were used to simulate an ideal unsteady inflow and 

attached to the moving endwall. Primary measurements were performed using hotwire 

anemometry and pressure measurement systems as described in 3.2. Three-axis traverse 

system provides maneuvering capability for sets of point measurements in a large area.  

The phase averaging technique, used to present averaged results for different vortex 

generator locations, is presented in 3.3. A motion of the vortex generator pairs across one 

blade spacing was divided into 256 phases. Overall statistical notations and coordinate 

systems used in a presentation of experimental results are summarized in 3.4. Different 

sets of flow conditions used in this study are summarized in 3.5. This chapter ends with 

measurement uncertainties in 3.6. 

 

3.1. Test Facility and Configurations 

3.1.1. Overview of the Virginia Tech linear cascade tunnel  

Modified from turbine cascade wind tunnel by Muthanna (1998), the Virginia Tech 

Low Speed Compressor Cascade Tunnel was designed to reproduce flow conditions near 

a rotor blade tip of large aspect ratio of aircraft engine fan. These conditions also quite 

closely match those seen near the blade tip of a shrouded propulsion pump rotor. This 

open-circuit wind tunnel consists of blower, diffuser, settling camber, contraction, inlet 
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and downstream test section. Powered by a 15 hp constant speed AC motor, the 

centrifugal blower drives a flow through a diffuser and a settling chamber. After that, 

honey-comb and screens are used to improve the uniformity and reduce the turbulence 

level of the flow. To supply the test velocity at the entrance of the test section, the flow 

then goes through a 6.43:1 two dimensional contraction.  

Shown in figure 3.1 is a top-view schematic of a cascade tunnel test section. The 

test section is formed from two rectangular ducts. The inlet section has an upstream bleed 

as part of a lower endwall boundary layer treatment. Boundary layer scoops on the upper 

and lower endwall separate the inlet and downstream test section and are used to produce 

a pitchwise uniform boundary layer at the blade row entrance. The downstream test 

section consists of a row of blades followed by a set of sidewalls that can be adjusted to 

produce the turning angle matching the blade outlet angle. The downstream test section is 

ended with the screens at the exit to control the back pressure and speed of the tunnel. 

The moving endwall system is installed at the same level as the downstream endwall, 

parallel with the blade row. The temperature of the wind tunnel flow in the laboratory is 

controlled for hotwire measurements by managing the air temperature in the lab housing 

the facility.  
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Figure 3. 1 Schematic of the test section of Virginia Tech Cascade Wind Tunnel 
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3.1.2. Inlet section 

Flow entering the inlet section, from the 6.43:1 contraction, has a nominal velocity 

of 24.5 m/s with a turbulence intensity of 0.12% (Muthanna, 2002). The inlet section 

consists of a rectangular duct with a cross section of 762 mm x 305 mm. The entrance to 

the duct is perpendicular to its axis, but the exit is cut at a 65.1 degree angle to the axis, 

this being the inflow angle of the cascade. The two sidewalls, made of double Plexiglas 

sheets of 9.53 mm thick, are extended for 850 mm on the short side and 2350 mm on the 

long side of the duct.  

The upper endwall is divided into two sections: a fixed upstream part and a 

removable downstream part for easy access to the blade row. Both are made of 6.35-mm-

thick Plexiglas sheet. The lower endwall is made of 19.1 mm thick fin-form plywood 

with finished smooth epoxy surface. Located at 530 mm from the entrance, a perforated 

plate of 762 mm x 63.5 mm, spanning across the lower endwall, is embedded into the 

endwall surface to bleed air from the lower endwall boundary layer. Bleeding 8% of the 

inlet section flow, the perforated plate removes an old boundary layer for the lower 

endwall and grows a new one in an attempt to assist downstream boundary layer 

treatment process. Figure 3.2 shows the upstream perforated plate.  

 

 

 

The upstream roof 
is opened only for 
picture taking 

762 mm 

63.5 mm 
Upstream 
flow   

Figure 3. 2 The upstream bleed on the lower endwall viewing from upstream top of the inlet section. 
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Downstream of the perforated plate, a Dwyer Instruments Standard Model 160 

Pitot-static probe is inserted from the upper endwall into a mid height of the test section 

to measure the flow reference conditions. The tip of the probe is approximately 900 mm 

downstream of the inlet entrance and 197 mm away from the long sidewall. The Pitot-

static probe provides the upstream dynamic pressure and velocity based on the following 

calculations, respectively. 

∞∞∞ −= ppq 0               (3. 1)

( )
ρ

∞∞

∞

−
=

pp
U o2

              (3. 2) 

where  is the total pressure for the upstream flow,  is the static pressure for the 

upstream flow and 

∞p
∞0p

ρ  is the air density in the laboratory. 

At the exit of the inlet section, endwall boundary layer scoops, extended from the 

downstream test section, are placed parallel with the cascade. With the scoops, the height 

of the inlet duct is decreased to match that of the downstream section. The purpose of the 

scoops is to remove an upstream boundary layer and create a new boundary layer with 

pitchwise uniformity. Details information of these boundary layer scoops and the rest of 

the boundary layer treatment of the flow before entering the cascade can be found in the 

following section.    

 

3.1.3. Downstream test section 

Transitioning at the endwall boundary layer scoops, the downstream test section is 

an area with a parallelogram shape as shown in figure 3.1. The row of cascade blades 

shapes the entrance cross section while downstream sidewalls and endwalls maintain a 

constant rectangular cross section after the blade row. An A-A cross-sectional drawing 

from figure 3.1 for the endwall boundary layer scoops and blade sections is shown in 

figure 3.3. This figure also displays the moving endwall and vortex generator system, 

described further in the following sections. Description of significant features in this 

downstream test section is separated by their streamwise locations.  
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Boundary layer scoops and trip 

Connecting with the exit of the inlet section, the downstream rectangular duct starts 

with the upper and lower endwall boundary layer scoops, placing 189 mm axially 

upstream of the cascade. As shown in figure 3.3, the scoops, each with 25.4 mm in 

height, reduce the downstream test section height to 254 mm. Pressure difference 

between inside the test section and the ambient room drives the flow through the scoops 

causing the upstream boundary layer to be removed. However, the difference has to be 

provided properly so that not only the old boundary layers are totally removed but also 

causing no acceleration or deceleration to the flow outside scoop area. There are also 

adjustable flanges at the exit of the scoops to refine the pressure difference. Together 

with the upstream perforated plate, the endwall scoops create a pitchwise uniformed 

boundary layer on the endwalls after the scoops.  

Sidewall scoops, locating at gaps between the ends of the two upstream sidewalls 

and leading edges of first and last blade of the cascade, are used to remove sidewall 

boundary layers. As shown in figure 3.4, different-size flanges can be placed at scoop 

exists to control the amount of flow bleeding through it.  

Spanning the lower endwall at 7 mm downstream of the scoop is a 2.54 mm-high 

square cross section wire to trip the new boundary layer. This wire helps maintain a 

proper simulation of an endwall boundary layer in axial compressors, typically turbulence 

due to a high Reynolds number of a compressor flow.  
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Figure 3. 3 Cross section of the upstream and downstream test section 

 

 

 

   

Flanges of various sizes 

Sidewall boundary 
layer scoops 

 
    a) sidewall scoop next to blade 8         b) sidewall scoop next to blade 1 

Figure 3. 4 The sidewall scoops and flanges next to the leading edges of blade 1 and 8  
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Cascade blades 

In the following discussion, directions perpendicular and parallel to the cascade 

blade row are referred to as the axial and pitchwise direction respectively. The direction 

perpendicular to the lower endwall is described as the spanwise direction. The upstream 

flow proceeds past the trip wire to a row of eight GE rotor B compressor blades. The 

blade loading of the GE rotor B blade, as shown in Wisler (1981), is similar to that in the 

laboratory propulsion pump of Zierke et al. (1995, 1996) Thus, this chosen blade can be 

seen as a suitable account for the simulation of both flows in aircraft compressor rotors 

during take-off /landing and shrouded marine propulsions. 

The numbers 1 to 8 are used to refer to each blade as shown in figure 3.1 where 

blade 1 locates nearest to the short side of the tunnel and blade 8 is next to the long 

sidewall. These blades form seven passages, with a 236-mm blade spacing, that are 

sufficient to simulate an infinite passage cascade (Moore, Moore & Liu, 1996). The blade 

row is aligned for an inflow angle of 65.1 degrees, the resulting blade stagger simulating 

the rotation of a propulsor rotor. For the upstream velocity of 24.5, the blade passing 

frequency is approximately 94 Hz. The un-twisted aluminum blades have a 56.9 degree 

stagger angle and have a rectangular planform of 254 mm total chord (c). The stagger 

angle and chord length correspond to the axial chord length (ca) of 139 mm. The solidity 

of the cascade is 1.08. The blades are held in a cantilever position by a superstructure 

above the upper endwall and introduced to the flow through shaped slots in the upper end 

wall. The effective span, thus, is the test section height of 254 mm less the adjustable 

height of the tip gap.  

For the current study, the tip gap was set at eight different tip gaps from 2.1 mm to 

32.8 mm by shimming the structure and by fine adjustment. These tip gaps correspond to 

0.83%c to 12.9%c, respectively. The primary tip gap of the measurements is set at 8.4 

mm, equivalent to 3.3%c. Uncertainties of the tip gap, referencing with the tip gap of 

3.3%c in percentage of the chord length, are listed in table 3.1.  
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Table 3. 1 Tip gap uncertainties at the leading edge and trailing edge. 

Tip gap uncertainties in %c Blade 
No. L.E T.E. Average
1 ± 0.08 ± 0.06 ± 0.07 
2 ± 0.03 ± 0.05 ± 0.04 
3 ± 0.10 ± 0.15 ± 0.13 
4 ± 0.13 ± 0.10 ± 0.11 
5 ± 0.14 ± 0.09 ± 0.12 
6 ± 0.11 ± 0.04 ± 0.07 
7 ± 0.02 ± 0.14 ± 0.08 
8 ± 0.12 ± 0.13 ± 0.13 

 

 

To eliminate undesirable boundary layer transition, the blades have 6.4 mm wide 

boundary layer trips placed from tip to root on both suction and pressure sides at 25.4 

mm downstream of the blade leading edge. The trips are made of glass sanding beads of 

0.51 mm diameter spread a single layer over a strip of double-sided tape. The beads are 

also coated with clear lacquer to keep them firmly in place.  

 

Downstream duct and back screens 

Similar to the inlet section, the downstream upper endwall is primarily made of 

6.35 mm thick Plexiglas sheets divided in to three panels: the front panel above the blade 

row, the middle panel and the end panel. The three panels are connected with aluminum 

spacers on the tunnel structure. Slots are cut on the front and middle panel for an 

insertion of the blades and traversing probe holders. In the front panel, steel sheets of 0.8 

mm thick, cut out the blade profile, are used to seal the panel slots at the roots of the 

blades. The nominal gap between the sheet and the blade is 1 mm. When not in used, the 

slots for the probe holders in the middle panel are sealed with cellophane tape. This 

middle panel can be interchanged with a panel made of 6.35-thick foam boards to use 

with the three-axis traverse system. The foam boards provide flexibility for slot cutting to 

match required 3-direction probe traversing.  

 The majority of the downstream lower endwall is a slider bed for the moving 

endwall system, described in 3.1.4. The rest of the endwall toward the tunnel exit is made 

of the same 19.1 mm thick fin-form plywood with finished smooth epoxy surface as the 
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inlet section. Besides the upper and lower endwalls, flow downstream of the blade row is 

channeled by 2 adjustable tailboards hinged at the trailing edges of blades 1 and 8.  Set at 

11.8 degrees, they are used to guide the flow according to the blade turning angle so that 

there is no net pitchwise pressure gradient cross the tunnel.  

Displayed in figure 3.5, two screens with small horizontal and vertical strips of tape 

placed across the test section exit so as to generate a back pressure in the facility. Back 

pressure was closely monitored through the wall pressure taps in front of the exit. The 

desired back pressure is necessary to ensure proper operation of the boundary layer 

scoops.  

 

 

 
Clamps to hold 
screens in place Screens  Vertical strip 

Horizontal 
strip 

 

Figure 3. 5 The back screens of the linear cascade tunnel 
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3.1.4. Moving endwall 

Constructed by Wang (2000), the moving endwall system was designed to 

reproduce the flow conditions arising from the relative motion between a propulsor rotor 

blade tip and casing. The lower endwall, simulating the casing, is designed to move 

pitchwise below the stationary cascade blades by means of a moving belt system. The 

system consists of a belt, a slider bed, a drive motor and two high precision rollers 

(shown in figure 3.1).  

The belt is made of a 622-686 mm wide and approximately 8636 mm long strip of 

0.254-mm thick Mylar film. The two ends of the film are joined by overlapping and 

melting 50 mm together using a soldering iron as shown in the bottom part of figure 3.8. 

The belt passes beneath the blade tips over a flat rectangular bed. The 3200 mm x 800 

mm slider bed is made of a 1.6 mm-thick Teflon sheet on a plywood base to reduce 

friction and improve belt life. The bed is installed parallel to the blade row and extends 

beyond the test section’s sidewalls. Positioned at each longitudinal end of the bed, the 

two high precision rollers are used to drive and control the belt. The drive roller is 

propelled by a 15 hp AC motor powered by a Toshiba Tosvert-130G2+ digital variable-

frequency controller. The take-up roller positioned on the opposite side of the section is 

used to adjust the belt tracking. In normal operation, the width of the belt covers not only 

the locations under the cascade blade tip but also a 137 mm upstream and 346-410 mm 

downstream.  

Figure 3.6 shows important features in the moving wall system: the drive roller, the 

take-up roller and a belt suction plenum. Suction is applied through a row of 8 mm-

diameter holes on the bed surface. A vacuum pump connected to a plenum underneath 

the slider bed remove air between the Mylar belt and the bed before the belt enters the 

test section. The resulting vacuum holds the belt sheet tightly to the bed resulting in 

fluctuations in the vertical belt position of only 6.6 μm (Kuhl, 2001), which is 0.08% of 

the tip gap of 3.3%c. There was is no significant added heat due to friction (Wang, 2000). 

Anti-static brushes were also applied before and after the belt entering the test section. 

Air flow underneath the windward side of the belt is prevented by covering it with a 28 

mm-wide and 0.254 mm-thick Mylar sheet along the belt edge as shown by the diagram 

in figure. 3.3.  
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Drive roller 
Drive motor 

Anti-static brush Drive belt 
and pulley 

Protective casing 

Lateral motion 
tracker 

Take-up roller 

Belt suction plenum

 

Figure 3. 6 The moving endwall system: the drive motor and roller, the control roller, and the belt 

suction box underneath the slider bed. 
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3.1.5. Vortex generators and detector 

To produce an idealized periodic unsteady inflow to the blade tips, pairs of vortex 

generators, as tested by Ma (2003), are attached to the belt with their leading edge 92.4 

mm axially upstream of the blade leading edges. Marine glue is used as an adhesive. The 

generators as shown in figure 3.7 match the design studied by Pauley and Eaton (1989). 

They are made of 0.5-mm thick galvanized steel sheet, and have an axial chord length of 

25 mm, a height of 10 mm, and an angle of attack of ±18 degrees.  

Since Staubs (2005) proved the spacing and sizing of the vortex generators to have 

only weak effects on the unsteady flow they simulate in the cascade, they were simply 

mounted at the same spacing of 236 mm as the blades to ensure a pitchwise periodic 

unsteady boundary conditions, so as to simplify CFD modeling. This spacing implies the 

frequency of the unsteady inflow seen by the blade equivalent to the blade passing 

frequency. Since the total belt length was not an integer multiple of the generator spacing, 

it was necessary to have one long space on the belt. This long space was placed at the belt 

joint so that data taken here could be identified and be discarded in the post processing. 

See figure 3.8 for the picture of vortex generators attached to a Mylar belt and a belt 

joint.  

A photodiode and laser-based detector are used to track the position of the vortex 

generators in operation. The photodiode is embedded in the Teflon bed at 80.5 mm 

axially upstream of the center of the middle blade passage entrance.  It is lined up 

beneath the path of the generators, with the laser beam projected downward through the 

upper endwall. When the generators cut through the laser beam, the output voltage signal 

of the photodiode varies. This signal is recorded simultaneously with the flow 

measurements.  
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Figure 3. 7 schematic of the vortex generator pair 

 
Vortex generators  

Belt joint 

 

Figure 3. 8 The actual vortex generator pairs attached on the Mylar belt and the actual belt joint. 
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3.1.6. Tunnel calibration 

The main purpose of a cascade tunnel calibration was to generate the optimal flow 

characteristic inside the tunnel for operation of the cascade. To obtain the required flow, 

the following conditions must exist.   

1. No acceleration or deceleration of the inflow entering the blade row   

2. No velocity gradients in the potential core of the inflow 

3. No net pitchwise pressure gradients at either the inflow or flow downstream of 

the blade row 

(Muthanna, 2002) 

4. Constant back pressure through out the entire operation, matching the average 

pressure downstream of the blade row in condition 3. 

These requirements were verified from local pressure measurements across the test 

section for both upstream and downstream locations at the midspan height (127 mm from 

the lower endwall). The measurements were performed by a Dwyer Instruments Standard 

Model 160 pitot-static probe traversed pitchwise at 120.65 mm axially upstream of the 

cascade leading edge plane and 247.65 mm axially downstream of the trailing edge plane. 

Pressure was sensed using Setra Model 239 pressure transducers. Results are presented in 

terms of total pressure and static pressure coefficients calculated from the following 

equations. 

∞
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q
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C p
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0                  (3. 3) 
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C p                  (3. 4) 

where  and  are a local total and static pressure, respectively. The normalized local 

velocity can be determined from the two pressure coefficients by using the following 

equation. 
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0,                 (3. 5) 

Figures 3.9 and 3.10 are plots of the inflow and downstream local pressure and 

velocity distributions. The vertical axis is a relative pitchwise location where increasing 

number means moving more toward the short sidewall. The distributions show no net 
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gradients in either pressure or velocity across the passage except for locations too close to 

the side walls. For upstream distribution, the normalized inflow velocity was 1 ± 0.004 

indicating that the boundary layer scoops create no acceleration to the inflow and the 

newly developed boundary layer on the endwalls is pitchwise uniform. The blade passage 

turns the flow creating the pressure ratio of 0.43 and the velocity ratio of 0.76 

downstream. The passage potential core and wake periodicity are satisfactory. The 

potential core at this axial location has the width of 0.12ca ± 2% while the wake width 

was 0.05ca ± 3%, in all passages.   
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Figure 3. 9 The local velocity and pressure distribution upstream of the blade row 
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Figure 3. 10 The local velocity and pressure distribution downstream of the blade row 

 

3.2. Measurement Equipment 

Hotwire anemometry 

Velocity and turbulence measurements of the flow in the center blade passage were 

accomplished using single and four-sensor hotwire anemometers. The single sensor 

system was operated using a Dantec 55M10 anemometer bridge. Four-sensor probes were 

operated using different Dantec 56C17/56C01 bridges. Both anemometers used an 

overheat factor of 1.7. Buck and gain amplifiers with a gain of 10 and 50 kHz low-pass 

filters are used for signal conditioning. Signals are then passed to an Agilent E1432A, 16-

bit, 16-channel digitalizer controlled by a Laptop PC. Probes were calibrated before and 

after the measurement sequence using a TSI model 1125 calibrator. King’s Law was 

applied to relate bridge output voltages and effective velocities. The anemometer system 

was also dynamically balanced to give a flat frequency response 14 kHz for the single-

Cp,0 U/UCp
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ΔZ/c 

C

∞ 

p Downstream distribution
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sensor probe and 20 kHz for the four-sensor probe. The method of Bearman (1971) was 

used to correct for small temperature variations during measurement and calibration 

For the blade boundary layer and some passage flow measurements, single straight-

type hotwire probes, model AHWU-100, built by Auspex Corporation were used. These 

consist of a single 1-mm long, 5μm etched tungsten sensor (figure 3.11). TSI single-

sensor model 1218 standard boundary layer hotwire probes were used for the endwall 

boundary layer (figure 3.12). These types of probes are primarily sensitive to the velocity 

component perpendicular to the sensor.  

Diagramed in figure 3.13, the Auspex Corporation Kovaznay type 4-sensor 

subminiature probes, model AVOP-4-100 (short version), were used to obtain three-

component velocity measurements. These sensors consist of two perpendicular-X arrays 

with each wire inclined at a nominal 45° angle to the probe axis. The probes have a 

measurement volume of approximately 0.75 mm3. This probe provides measurements of 

the instantaneous velocity vector, but they require a full angle calibration varying from -

45° to 45° in both pitch and yaw. Calibrations were performed in a 25.4-mm wide 

variable speed jet using the look up table method of Wittmer, Devenport and Zsoldos 

(1998). 

 

 

Probe prongs
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Ceramic tubing
38 mm
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25.4 mm
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DUPONT BergCon
Type Connector

 

Figure 3. 11 Single-sensor, straight-type, hotwire probe for the blade boundary layer measurements.  
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Figure 3. 12 Single-sensor, standard boundary layer hotwire probe for the endwall boundary layer 

measurements in front of the blade row. 
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Figure 3. 13 Schemetic of a four-sensor. Kovaznay-type, subminiture hotwire probe for the 

measurement of the passage flow field.  
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3.2.2. Mean pressure measurement setup 

Mean pressure measurements were obtained in two forms through Pitot and Pitot-

static probes, and through pressure taps on the surfaces of the blades. Measurements of 

reference conditions and at upstream and downstream sections of the blade row for tunnel 

calibrations were performed using a Dwyer Instruments Standard Model 160 Pitot-static 

probe (figure 3.14 a.). Downstream characteristics of the center passage flow were 

measured using a Dwyer Instruments Model 166T Telescoping Pitot-static probe (figure 

3.14 b.). Inflow characteristics of the passage flow were obtained through a 1.9-mm inner 

diameter Pitot probe (figure 3.14 c.).   

For the blade surface pressure measurement, pressure taps embedded on both 

suction and pressure surfaces of several of the cascade blades were used to obtain data in 

the midspan and tip regions. Figure 3.15 shows one of the blades instrument with 

pressure taps on the suction side near the tip. Similar blades with pressure taps on the 

pressure side of the tip, and on the pressure and suction sides at midspan were also used. 

At midspan, 123mm inboard from the tip, these blades provided 46 pressure taps each on 

the suction side and the pressure side of the blade tip. In the tip region, 6.35 mm above 

the tip, these blades provided 25 pressure taps on either side of the center passage. The 

locations of the pressure taps are in tables 3.2 and 3.3.  

Pressures were converted into electronic signals for the data acquisition using Setra 

Model 239 pressure transducers. For the blade surface pressure measurement, a 

Scanivalve system, CTLR2P/S2-S6 Scannivalve Corp, was also employed. The system 

can automatically read pressure from 48 taps using one sensor by switching a connector 

for one tap at a time. The pressure sensed through the Scanivalve was then read by the 

pressure transducers. From the transducers, data were sent to a data translation DT2801-

A A/D converter and an IBM/AT286 computer, which was programmed for data 

acquisition in QBASIC. For the pressure measurements in the flow field, the reading 

from the pressure transducer signals were measured using an Agilent E1432A, 16-bit, 16-

channel digitalizer controlled by a Laptop PC. 
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61.7 mm 

4.1 mm Dia.

31.8 mm 

 
a) Dwyer Model 160 Pitot-static probe 

Static ports

300-1030 mm

27 mm 76.2 mm 

3.2 mm Dia. 

 
b) Dwyer Model 166T  Telescoping Pitot-static probe 

38.1 mm 

3.2 mm Dia. 

157.2 mm 35.3 mm 

 
c) Bent Pitot probe  

Figure 3. 14 Pitot and Pitot-static probes for pressure measurements in flow upstream and 

downstream of the blade row 
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Figure 3. 15 Blade surfaces embedded with the pressure taps at the suction-surface tip of the blade. 

 

Table 3. 2 Pressure tap location at the midspan of the blade with respect to the blade coordinate 

system where the origin is at the tip corner of the blade leading edge. 

Pressure side Suction side Tap 
No. x/c z/c x/c z/c 
1 0.0142 0.0001 0.0001 -0.0017
2 0.0284 -0.0024 0.0327 -0.0180
3 0.043 -0.0050 0.0471 -0.0219
4 0.0605 -0.0078 0.0648 -0.0265
5 0.0766 -0.0104 0.0812 -0.0306
6 0.0908 -0.0125 0.1157 -0.0386
7 0.1370 -0.0188 0.1319 -0.0421
8 0.1543 -0.0210 0.1471 -0.0453
9 0.1708 -0.0229 0.1632 -0.0484
10 0.1843 -0.0243 0.1777 -0.0511
11 0.2009 -0.0260 0.1921 -0.0537
12 0.2174 -0.0276 0.2068 -0.0562
13 0.2330 -0.0290 0.2227 -0.0588
14 0.2486 -0.0303 0.2383 -0.0611
15 0.2654 -0.0317 0.2699 -0.0655
16 0.2835 -0.0329 0.2997 -0.0692
17 0.3138 -0.0348 0.3319 -0.0726
18 0.3456 -0.0365 0.3638 -0.0754
19 0.3766 -0.0378 0.3949 -0.0777
20 0.4090 -0.0388 0.4273 -0.0796
21 0.4412 -0.0394 0.4592 -0.0810
22 0.4748 -0.0398 0.4906 -0.0818
23 0.5072 -0.0398 0.5219 -0.0823
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24 0.5426 -0.0395 0.5534 -0.0822
25 0.5737 -0.0389 0.5847 -0.0816
26 0.6058 -0.0380 0.6168 -0.0806
27 0.6361 -0.0368 0.6477 -0.0790
28 0.6681 -0.0354 0.6784 -0.0768
29 0.7001 -0.0337 0.7099 -0.0738
30 0.7288 -0.0319 0.7433 -0.0699
31 0.7463 -0.0306 0.7588 -0.0678
32 0.7615 -0.0294 0.7747 -0.0654
33 0.7776 -0.0280 0.7910 -0.0627
34 0.7937 -0.0265 0.8061 -0.0601
35 0.8098 -0.0249 0.8222 -0.0570
36 0.8258 -0.0231 0.8376 -0.0539
37 0.8410 -0.0213 0.8520 -0.0507
38 0.8567 -0.0194 0.8694 -0.0467
39 0.8731 -0.0172 0.8851 -0.0427
40 0.8889 -0.0149 0.9006 -0.0386
41 0.9047 -0.0125 0.9167 -0.0340
42 0.9212 -0.0098 0.9319 -0.0295
43 0.9373 -0.0070 0.9471 -0.0247
44 0.9545 -0.0038 0.9625 -0.0196
45 0.9705 -0.0007 0.9778 -0.0142
46 0.9867 0.0026 0.993 -0.0086

 

Table 3. 3 Pressure tap locations at the tip of the blade with respect to the blade coordinate system 

where the origin is at the tip corner of the blade leading edge. 

Pressure side Suction side Tap 
No. x/c z/c x/c z/c 

1 0.0126 0.0004 0.0091 -0.0094 
2 0.0322 -0.0031 0.0289 -0.0169 
3 0.0521 -0.0065 0.0486 -0.0223 
4 0.0721 -0.0097 0.0684 -0.0274 
5 0.0921 -0.0127 0.0882 -0.0323 
6 0.1422 -0.0195 0.1381 -0.0434 
7 0.1924 -0.0252 0.1884 -0.0531 
8 0.2426 -0.0299 0.2389 -0.0612 
9 0.2929 -0.0336 0.2897 -0.0680 
10 0.3433 -0.0364 0.3406 -0.0734 
11 0.3936 -0.0383 0.3917 -0.0775 
12 0.4441 -0.0395 0.4429 -0.0803 
13 0.4945 -0.0399 0.4941 -0.0819 
14 0.5449 -0.0395 0.5453 -0.0822 
15 0.5953 -0.0383 0.5966 -0.0813 
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16 0.6456 -0.0365 0.6478 -0.0790 
17 0.6958 -0.0339 0.6990 -0.0749 
18 0.7460 -0.0306 0.7500 -0.0690 
19 0.7960 -0.0263 0.8008 -0.0610 
20 0.8460 -0.0207 0.8512 -0.0509 
21 0.8958 -0.0139 0.9009 -0.0385 
22 0.9157 -0.0107 0.9206 -0.0329 
23 0.9356 -0.0073 0.9402 -0.0269 
24 0.9554 -0.0036 0.9597 -0.0205 
25 0.9752 0.0003 0.9789 -0.0138 

 
 

3.2.3. Unsteady pressure measurement setup 

Unsteady pressures were measured using two blades equipped with Sennheiser 

microphones embedded in their suction or pressure surfaces. These blades were used as 

blade 4 and blade 5 during the unsteady pressure measurement similar to Mish (2003) 

and Staubs (2005). The microphones have sensitivity of 10mVolt per Pascal. Microphone 

calibrations have a flat response from 100 to 5000 Hz. The only microphone used in this 

current study locates at x = 0.31c and y = 0.025c in the blade coordinate for the pressure-

velocity correlation study of the flow without unsteady inflow. Figure 3.16 shows 

microphone dimensions and its location on the blade.  

 

1mm 

4.75mm 

 

Microphone location for 
the correlation study 

 

Figure 3. 16 The microphone dimensions and location in the normalized blade coordinate 
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3.2.4. Probe mounting and traversing system 

Hotwire, pitot and pitot-static probes were traversed using a three-axis traverse 

system, as seen in figure 3.17, and controlled from the laptop PC. The traverse, operated 

using Parker PDX13 controllers and four Compumotor stepper motors, model S-57-83-

MO was capable of positioning probes in the axial, spanwise and pitchwise directions to 

resolution of 0.025 mm. The spanwise and pitchwise features connect to the axial feature 

through an I-beam and separable. For instance, when used in measurements upstream of 

the blade row, the I-beam and the spanwise and pitchwise features would sit on top of the 

blade superstructure. Sets of slots were cut on a form-board upper endwall to match 

different probe traverses (bottom part of figure 3.17). As shown by unvarying back 

pressure, layers of tape attached the slots keep flow bleeding to minimum.  

For measurement locations upstream and downstream of the blade row, measuring 

probes, sometimes attached to spanwise aligned stems, were insert through the upper 

endwall straight from a holder on the traverse. To extend a hotwire probe to measurement 

locations inside the blade passage, the hotwire probes were held in the flow from 

downstream of the cascade using a spanwise aligned stem, 8.5 mm in diameter projecting 

through the upper wall of the facility, and a rotated-end horizontal sliding arm of 6.3-mm 

diameter (figure 3.18). The spanwise-aligned stem connects the sliding arm through 

triangular mouths. Typically, only one spanwise aligned stem is required for a probe 

traverse without an axial movement. However, for set of probe traverse in the axial 

direction covering far upstream in the passage, two spanwise aligned stems are used to 

support the probe since the long horizontal arm was found to be too sensitive to vibration 

(figure 3.19).  

Probe setting was done using a gage block (± 0.0003 mm resolution) sitting on top 

of a transparency attached to the lower endwall. This transparency of 0.1-mm thickness 

shows a projection of the center blade passage on the lower endwall and maps reference 

positions relative to the cascade coordinate system. With one lower corner set at a known 

position on the transparency, the gage block of a known height marks another point in the 

three-dimensional space of the passage by its upper corner. A marking was done using a 

cathetometer. Once the gage block is removed, the measurement volume of a probe is 

moved to match that point to reference the probe location with the cascade coordinate 
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system. The application of the mapping transparency gave the uncertainties in axial and 

pitchwise locations as ± 0.4 mm while the uncertainty in spanwise locations is equivalent 

to the gage block resolution. 

 

Spanwise feature  

Spanwise-aligned 
stem holder.  

Pitchwise feature  

Blade 
superstructure  

I-beam, supporting the 
spanwise and pitchwise axis 
of the traverse system, sits on 
the axial-axis feature 

Axial feature 
downstream of 
the blade row 

Slots cut to match 
prove traverse and 
covered with tape. 
Foam board is 
changeable.  

 

Figure 3. 17 The three-axis traverse system. The top picture shows the spanwise and pitchwise 

components while the middle picture shows the axial component. The bottom picture shows the foam 

board with slots. The white arrow indicates the upstream direction of the axial axis. 
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 Rotated end 
 Side view Front view

Probe holder in top view

 

Figure 3. 18 Actual picture of rotated-end probe holder and significant dimensions.  

 

 

Figure 3. 19 The two spanwise-aligned stem supports the horizontal probe holder. This picture is a 

view from downstream of the tunnel. 

Blade 5  

Blade 4  

Blade passage 
mapping 
transparency  

 
including a hotwire probe 

Hotwire probe 

Set screw slots 

Spanwise- 
aligned stems 

Triangular 
mounts  

Rotated-end 
probe holder  
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3.2.5. 

3.3.1. 

Other equipment 

Temperature in the tunnel was monitored using an Omega copper-constantan 

thermocouple connected to an Omega model DP80 digital thermometer for reference 

velocity calculation. The thermometer uncertainty is 0.005 ºC. Atmospheric pressure was 

measured by Kahlsico Precision Aneroid Barometer Mk 2 with uncertainty of 0.01 kPa. 

 

3.3. Phase-Averaged Data Reduction 

Vortex generator signal reduction  

In post processing, raw signals from the vortex generator detector were processed 

to eliminate measurements made during undesirable generator periods such as those over 

the belt joint or missing generators. Also, phase averaging conditions were be defined 

using these generator signals. The conditions are based on the location of a vortex 

generator pair relative to a blade passage. Since the vortex generator spacing and the 

blade spacing was identical in this study, the flow configuration is repeated when the 

vortex generator pair moves one blade spacing.  

Shown in figure 3.20 in a yellow line that is the generator detector signal plotted 

against time as seen in the code processing used to process the generator signals. The line 

displays the signal after the first processing step, by subtracting of the mean, normalized 

on the root-mean-square and inverting the sign. A time at the center between a pair of 

spikes indicates the time when a vortex generator pair passes the center of the middle 

blade passage. A correct period from one pair of spikes to the next corresponds to the 

generator spacing divided by the pitchwise velocity of the upstream, equivalent to 10.6 

ms. Periods that do not fit closely into this time (such as the belt joint period and the 

period whe there are missing generators) are eliminated from processing. Approximately 

1500-4000 good periods were obtained for each measurement points. This process also 

ensures that reduced data were measured at a consistent moving endwall speed. The 

travel period between successive generator pairs is also extracted to determine that exact 

speed. 
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One period of the vortex generator passage is then divided into 256 phase bins as 

shown by the blue line in figure 3.20. These bins are numbered from 0 to 255 and are 

used to phase-average the measurement data. The vortex generator movement in one 

phase is equivalent to 0.9 mm. According to the convention of this study, phase 0 is 

defined as the time when the generator pairs are axially upstream of the passage centers. 

Thus, phase 128 is where the centerline of the generators pairs is axially upstream of the 

blade leading edges, as illustrated in figure 3.21. 

 

3.3.2. Phase-averaged data reduction 

The phasing data, processed as described above, is used for phase-averaging of 

velocity and turbulence quantities obtained in time series from the hotwires. Since they 

were obtained simultaneously, the hotwire time-series data can be processed into 256 

bins as the phasing data. As described in Ma (2003), the mean value for each phase time 

 can be computed using the following equation. pτ
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where a is a set of time series data, e.g. velocity components. N is the number of samples 

at the phase time pτ  and T is a period in which vortex generators passing through one 

blade passage.  

For the Reynolds stresses, the calculation has to be performed as follow. 
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Belt joint period 

 

Figure 3. 20 The window displays a typical raw signal from the vortex generator detector (yellow) 

and a processed signal to match phase-locked conditions (blue). 

 

 

 

Figure 3. 21 Schematic of the phase number corresponding to the vortex generator locations in the 

top view of the blade passage.  
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3.4. Coordinate Systems and Statistical Notations 

3.4.1. Position coordinate systems 

In the current study, two coordinate systems are used to present positions in the 

cascade flow: the cascade coordinate system (X, Y, Z) and blade coordinate system (x, y, 

z). The cascade coordinate system, as shown in figure 3.22, shows the origin of the 

system on the lower endwall at half distance from the leading edge of blade 4 to blade 5. 

Defined as positive downstream, the X as the axial direction is perpendicular to the blade 

row and parallel to the lower endwall. The Y, as the spanwise direction, has a positive 

upwash pointing away from the lower endwall while the Z, as the pitchwise direction, 

completes the right hand rule. Specifically, this coordinate system is applied to positions 

of the flow field from upstream to downstream of the passage and usually normalized by 

the axial chord length (ca) of 139 mm. Thus, X = 0 at the leading edge plane and X = ca at 

the trailing edge plane of the blade passage. 

The blade coordinate system, again shown in figure 3.22, represents a system with 

the origin at the tip corner of the leading edge of the blade. The chordwise direction, x, is 

parallel to the blade chord while the spanwise direction, y, points upwash for the positive 

direction. This coordinate system is used to present positions on the blade surfaces and 

typically normalized by the chord length (c) of 254 mm.  

Another position reference shown in figure 3.22 is the center-streamline aligned 

coordinate system (xc, y , zc c) for spatial derivatives in the passage flow. To obtain these 

derivatives using a finite difference method, differential distances have to be aligned with 

flow orientation, which is varied with an X location of the center streamline. The xc is 

aligned with the center streamline computed by Shin (2001). The yc is in the same 

direction as the Y direction and the zc completes the right hand rule. Compared to the 

cascade coordinate system, this system rotated around the Y axis in a positive direction 

for a θy degree. Table 3.4 shows the θy at significant X locations. 
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Table 3. 4 The angles between the center streamline and the X direction of the cascade coordinate 

system at significant X locations. 

X/c θa y (degree) 

0.41 56.5 
0.56 55.3 
0.76 54.3 

0.98 53.4 

 

3.4.2. Velocity coordinate system 

Three-component velocity and turbulent quantities are presented in three different 

coordinate systems: the upstream aligned coordinate system, inflow aligned coordinate 

system and center-streamline aligned coordinate system. The only difference between 

these coordinate systems is their rotation angle around the Y axis. Figure 3.22 displays the 

rotation of these systems as viewing from the top of the blade passage.  

The velocity ( , , ) in the upstream aligned coordinate system, denoted by 

the subscript ‘up’, is used to define flow components upstream of the blade row. The  

component is parallel to the upstream velocity direction and has the 

upU upV upW

upU

yθ of 65.1 degrees 

with respect to the X direction. The  component is defined as the component in the 

same direction as the Y axis and the  has a positive direction pointing away from the 

blade 4.  

upV

upW

Between-passage velocity is presented in the inflow aligned coordinate system to 

display overall path of the tip leakage vortex. The mean velocity components are denoted 

as ( , ,iU iV iW ) with the subscript ‘i’. This coordinate system has the  component 

makes 62.2-degree angle with the X direction, matching the flow angle on the center 

streamline computed by Shin (2001) at the leading edge of the passage. Since the  

component is identical to the  component, the  component has a direction pointing 

away from blade 4 corresponding to the coordinate system rotation. This coordinate 

system is independent of the X location in the passage. 

iU

iV

upV iW
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Unlike the inflow aligned coordinate system, the center-streamline aligned 

coordinate system for velocity filed ( , , ) varies with respect to an X location of 

an X-constant presenting plane. Similar to the position coordinate system with center-

streamline aligning, the  and  component is always parallel and perpendicular to the 

center streamline, respectively. The  component is then equivalent to the  and  

components. The angle of the U

cU cV cW

cU cW

cV upV iV

c component with respect to the X axis at significant X 

locations can be found in table 3.4 as well. 

Normalization for the mean velocity is the upstream velocity, U∞, measured by a 

Pitot-static probe located near the entrance of the inflow section. The nominal upstream 

velocity, as mentioned in 3.1.2, is 24.5 ± 1m/s. Note, U without any subscript is used for 

a generic representation of velocity. 

 

Figure 3. 22 Schematic of the postion and velocity coordinate systems used in this study 
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3.4.3. Time and phase-averaged velocity and pressure notations 

Instantaneous velocity (u) of the cascade flow is presented in terms of statistical 

quantities where the mean value and its fluctuation can be noted by equation 3.8 

uUu ′+=               (3. 8)       

′U  is the time-averaged mean value and the uThe  is the fluctuation. A character symbol 

is changed with respect to the velocity component of interest. For turbulence quantities, a 

notation in a form of 2u′  represents a time-averaged Reynolds normal stress while, vu ′′  

is a time-averaged Reynolds shear stress.  

 The velocity data are also phase-averaged based on a pitchwise location of vortex 

generators with respect to the blade passage at the leading edge. The instantaneous 

velocity can be presented as a sum of a phase-averaged mean velocity and its fluctuation 

as shown in equation 3.9. 

puUu ′+=              (3. 9) 

pu′Uwhere the  is the phase-averaged mean velocity and  is its fluctuation. Notations of 

phase-averaged quantities can be are distinguished by the triangular bracket,  and the 

subscript ‘p’ for the fluctuation is omitted. The Reynolds normal and shear stresses can 

be found as 2u′ vu ′′ and , respectively.  

For pressure notations, the p without a bar indicates the mean pressure in generic 

form while the p' represents its fluctuation. There is no discussion of the summation of 

mean and fluctuation in this dissertation. The presentation of pressure in coefficient form 

(C ) is also consistent with the generic from. p
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3.5. Flow conditions 

Different sets of measurements were performed upstream, in-between and 

downstream of the blade passage. The flow condition upstream of the blade row has a 

velocity of 24.5 ± 0.1 m/s, corresponding to the Reynolds number base on the chord 

length of 380600 ± 1500 and the Reynolds number base on the axial chord length of 

208300 ± 800. The upstream flow has 65.1-degree angle with the cascade, producing the 

pitchwise velocity of 22.2 ± 0.9 m/s. This pitchwise velocity is also equivalent to the 

moving endwall speed, but having an uncertainty of ± 0.04 m/s on top of the pitchwise 

velocity uncertainty.  

Measurement data were also collected at different cascade conditions. The list of 

flow conditions and test matrix of results can be seen in table 3.5. 

 

Table 3. 5 Flow conditions in the cascade based on the endwall inflow disturbances and tip gap. 

Moving 

endwall 
Flow conditions Vor. gen. Tip gap Results 

a) T-avg. passage velocity  

b) Ph-avg. passage velocity  

c) T-avg. blade-tip pressure  
1. Baseline 3.3%c yes yes 

d) T-avg. downstream total and static pressure 

e) T-avg. blade-midspan boundary layer 

f) T-avg. blade-tip boundary layer 

a) T-avg. passage velocity  
2. Inflow disturbances 

at tip gap of 1.7%c 
b) Ph-avg. passage velocity  yes yes 1.7%c 

c) T-avg. blade-tip pressure  

3. Inflow disturbances 

at tip gap of 5.7%c 

a) T-avg. passage velocity  
yes yes 5.7%c 

b) Ph-avg. passage velocity  

a) T-avg. blade-tip pressure 

b) T-avg. inflow total pressure 

4. Wall motion at tip 

gap of 3.3%c 

c) T-avg. blade-midspan boundary layer 
yes no 3.3%c 

d) T-avg. unsteady blade-tip pressure 

e) T-avg. passage velocity 

f) Pressure-velocity correlation 
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Moving 

endwall 
Flow conditions Vor. gen. Tip gap Results 

5. Wall motion at other 

tip gaps 
yes no 

0.83, 1.7, 

2.2, 4.5, 

5.7, 7.9, 

12.9%c 

a) T-avg. blade-tip pressure 

a) T-avg. inflow boundary layer 

b) T-avg. blade-midspan pressure 
6. Stationary wall at 

tip gap of 3.3%c 
c) T-avg. blade-tip pressure no no 3.3%c 

d) T-avg. blade-midspan boundary layer 

e) Tunnel calibration 

7. Stationary wall at 

tip gap of 1.7%c 

a) T-avg. blade-midspan pressure 
no no 1.7%c 

b) T-avg. blade-tip pressure 

a) T-avg. blade-midspan pressure 8. Stationary wall at 

tip gap of 5.7%c 
no no 5.7%c 

b) T-avg. blade-tip pressure 

9. Stationary wall at 

other tip gaps 
no no 

0.83, 2.2, 

4.5, 7.9, 

12.9%c 

a) T-avg. blade-tip pressure 

Remarks: Vor. gen. is vortex generator, t-avg. is time-averaged, and ph-avg. is phase-averaged. 

 

3.6. Sampling Schemes and Uncertainties  

3.6.1. Four-sensor hotwire measurements 

Measurements in the potential core area were sampled at a frequency of 6400 Hz in 

single record of 10240 samples, over an approximate sample time of 1.6 seconds. This 

time appeared sufficient to cover statistical analysis in this area for both time and phase-

averaged quantities.  

The sampling scheme was adjusted to acquire acceptable uncertainties for phase-

averaged quantities in the areas near the viscous endwall containing unsteady tip leakage 

flow and vortex. The sampling frequency was set at 25600 Hz so that a minimum of 256 

samples was taken in each period of vortex generator motion (~25600 Hz/10.6 ms). This 

sample number ensures that at least one sample from each period was used in each phase 

average bin. To assure that one record of continuous sampling covers a belt revolution, 
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data were collected in continuous records of 16384 samples, corresponding to 0.64s of 

record time. A total of thirty to one hundred records were used for each measurement 

points, depending on the flow conditions. 

Tables 3.6 and 3.7 show uncertainties calculated using the method as outline by 

Kline and McLintock (1953) for time and phase-averaged quantities, respectively. The 

hotwire uncertainty can be categorized as random and bias errors. These errors were 

introduced from random voltage uncertainty in the A/D converter, velocity and angle 

calibrations, and sampling scheme. Thus, the uncertainties for the four-sensor hotwire are 

varied with areas in the passage according to the sampling schemes. 

 

 
Table 3. 6 Uncertainties for time-averaged velocity and turbulence quantities at different areas of the 

passage in the case of four-sensor hotwire probe. 

Uncertainty (20:1 odd) 
Quantity 

Potential core area Tip leakage flow area Vortex core area 

∞UUδ 0.7% 0.7% 0.5%  

∞UVδ ∞UWδ 0.7%, 0.7% 1.5%, 1.5% 1%, 1% ,  

22 uu ′′δ 8% 2% 2%  
22 vv ′′δ 22 ww ′′δ 9%, 9% 3%, 3% 3%, 3% , 

'/' vuvu ′′δ , 

wvwv ′′ '/'δ 8%, 8%, 8% 4%, 5%, 4% 4%, 5%, 4% , 

wuwu ′′′′ /δ  

kk /δ 11% 3% 3%  
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Table 3. 7 Uncertainties for phase-averaged velocity and turbulence quantities at different areas of 

the passage in the case of four-sensor hotwire probe. 

Uncertainty (20:1 odd) 
Quantity 

Potential core area Tip leakage flow area Vortex core area 

∞UUδ  0.7% 0.9% 0.7% 

∞UVδ ,  ∞UWδ  0.7%, 0.7% 2%, 2% 1.6%, 1.6% 
22 uu ′′δ  8% 6% 4% 

22 vv ′′δ , 

22 ww ′′δ  
9%, 9% 7%, 7% 5%, 5% 

'/' vuvu ′′δ , 

wvwv ′′ '/'δ , 

wuwu ′′′′ /δ  

8%, 8%, 8% 11%, 11%, 11% 8%, 8%, 8% 

kk /δ  11% 8% 5% 

 

3.6.2. Single-sensor hotwire measurements 

Measurements using single-sensor hotwire were intended for time-averaged 

quantities. Thus, the sampling scheme was chosen for 6400-Hz sampling rate and 10240 

samples in total. Similar to the four-sensor hotwire, uncertainties associated with the 

single-sensor hotwire were computed using the method of Kline and McLintock (1953), 

and shown in table 3.8. 

 

Table 3. 8 Uncertainties for phase-averaged velocity and turbulence quantities in the case of single-

sensor hotwire probe. 

Quantity Uncertainty (20:1 odd) 

∞UUδ  1% 
22 uu ′′δ  9% 
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3.6.3. 

3.6.4. 

Mean pressure measurements 

Since only mean quantities are of interest, measurements of mean pressure were 

recorded at 3200 Hz for 5120 samples. The uncertainty for the mean pressure 

measurement is dependent on the uncertainty in the pressure transducer. For the pressure 

coefficient, the uncertainty is approximately 1% of C . p

 

Unsteady pressure measurements 

 Unsteady pressure was measured with microphone at the same sampling scheme 

as its correlated passage velocity. The sampling scheme has a frequency of 25600 Hz 

with 30 records of 16384 samples. At 20:1 odd, the uncertainty of the unsteady pressure 

coefficient is 1.9% of Cp', based on the uncertainty in microphone voltage, sensitivity and 

reference dynamic pressure.  
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Cascade-Flow 
Characteristics  

This chapter provides validity checks of the cascade flow surrounding the center 

passage, as well as reveals flow characteristics controlling the development of the tip 

leakage vortex. Section 4.1 discusses the characteristics of the flow coming toward the 

center passage of the cascade, referred as the inflow. This section includes the inflow 

uniformity and the endwall boundary layer profiles. In section 4.2, the flow in the vicinity 

of the blade is studied from surface pressure distributions at midspan and blade tip at 

different tip gap settings. The pressure distributions at the blade tip also provide a better 

understanding of the tip leakage vortex behaviors, especially locations where the vortex 

detaches from the blade tip. Characteristics of the flow downstream of the passage are 

discussed in section 4.3. 

 

4.1. Inflow Characteristics 

To properly reproduce the flow field responsible for the formation of the tip 

leakage vortex, the upstream flow of a linear cascade has to meet inflow conditions 

similar to those of the flow entering an axial compressor rotor. Described in 3.1.2, the 

flow from the contraction of the cascade tunnel requires endwall treatments to achieve 

pitchwise-uniformity of the boundary layer before it enters the blade row. Characteristics 

of the inflow, especially its boundary layer, can possibly influence the tip leakage flow 

since the blade tip region might be submerged in the endwall boundary layer, depending 

on the tip gap height. Knowing the inflow characteristics, therefore, is significant for a 

complete analysis of the tip leakage flow and vortex development in the passage. To 

achieve that, the boundary layer, as well as the pitchwise uniformity of the inflow, is 

carefully examined using velocity and pressure measurements in front of the blade row. 
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Figure 4.1 illustrates a top view schematic of the center blade passage in the linear 

cascade wind tunnel with the blade 4 on the bottom. The left edge of the plot corresponds 

to the starting point of the lower endwall boundary layer at the leading edge of the lower 

endwall boundary layer scoop. Dashed and dotted lines represent the beginning of the 

horizontal portion of the lower endwall and the trace of the leading edge of the vortex 

generators, respectively. The upstream aligned coordinate system was used for the 

presentation of the velocity measurements upstream of the passage ( , and ), 

while measurement locations are displayed in the cascade tunnel coordinate system (X, Y, 

Z). This figure also shows two black dashed lines corresponding to the streamlines of the 

blade surfaces obtained from the computation of Shin (2001). These lines describe 

envelops of the inflow entering the center passage. The inflow measurements consist of a 

cross sectional total pressure measurements as well as endwall boundary layer profiles at 

two different upstream stations. The two types of measurements were performed using a 

Pitot probe and a boundary-layer, single-sensor hotwire, respectively. These 

measurements were entirely taken for the 3.3%c tip gap (Y = 0.06c

upU upV upW

a for the blade tip). The 

results are also compared with an endwall inflow boundary layer measurement by Ma 

(2003) using also a boundary-layer, single-sensor hotwire.  
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Figure 4. 1 Inflow measurement locations with respect to the cascade tunnel coordinate system.
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4.1.1. Cross-sectional inflow 

At X = -0.44ca or 1.03ca distance upstream of the cascade origin in the direction of 

the upstream flow, total pressure was measured using a Pitot probe and pressure 

transducers (see 3.2.3 for details on the measurement system). Results are presented in 

terms of total pressure coefficient distributions of the inflow entering the center blade 

passage. These measurements were performed with a wall motion but without vortex 

generators since inflow disturbances were not expected to influence the mean 

characteristics of the flow. The cross section as illustrated in figure 4.2 displays contours 

of total pressure coefficient (Cp0) measured in the direction of the upstream flow while 

the cross section is parallel to the pitchwise direction. The left and right edges of the plot 

are Z = 0.07ca and 1.79ca, respectively. They correspond to the upstream-flow projection 

of blade 5’s and blade 4’s leading edges on the measurement plane. The measurements 

were taken approximately up to Y = 0.59ca (one-third of the tunnel test section height). 

These data are used for the uniformity and endwall boundary layer analysis of the flow. 

For visual interpretation, the plot is displayed up to half-span of the test section height. 

In the potential core region, the Cp0 is close to one with a uniform distribution. This 

result indicates that the boundary layer treatments create no acceleration of the mean 

velocity of the inflow, agreeing with the conclusions from the tunnel calibration in 3.1.6. 

Concentrating on the bottom of the plot, the spanwise total pressure gradient occurring 

near the endwall region shows some part of the endwall boundary layer of this inflow. 

Away from the blade leading edges, the boundary layer thickness is roughly uniform and 

close to 0.1ca or 165% of the tip gap 3.3%c. Detailed profiles of the boundary layer vary 

slightly for different pitchwise locations. Figure 4.3 shows the Cp0 profiles at Z =   0.71ca 

and 1.13ca. The profile gradient at Z = 0.71 ca is slightly larger than the one at Z = 1.13ca. 

It implies a small variation in the boundary layer momentum perhaps due to 

imperfections in the endwall surface for the area downstream of the boundary layer 

treatments. Nevertheless, the variation in this section of the boundary layer is not as 

apparent as that close to the blade leading edges.  

The boundary layer thickness on the left hand side of figure 4.2 is noticeably lower 

than that in the middle of the passage. This variation in the thickness is seemingly a result 

of the low pressure field created by the presence of the blade 5 downstream. However, 
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the right-side boundary layer, matching the leading edge of the blade 4, shows a thicker 

boundary layer instead. The result can be explained through an examination of the belt 

cover. As mentioned in 3.1.4, the one-inch wide belt cover was used to prevent the 

moving belt from lifting off the endwall surface during the belt operation. Since it could 

not be firmly attached to the belt surface, the overlap opening between the two was not 

truly uniform but varied within +/-0.01ca (+/-0.91 mm). Therefore, this inconsistent 

endwall surface could create a moderately uneven boundary layer especially when it is 

located also within the blade pressure field. However, this inconsistency in the boundary 

layer does not apparently affect the pitchwise uniformity in the potential core region of 

the inflow. As further discussion will show, there is no evidence of this disturbed 

boundary layer influencing downstream measurements.  

 

 

Cp0

Figure 4. 2. Total pressure coefficient distribution of the inflow cross section at X = -0.435ca
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Figure 4. 3 The Cp0 profiles at Z = 0.71ca and 1.13ca of the inflow cross sectional measurement 

 

4.1.2. Endwall boundary layer profiles 

Effective for measuring mean quantities in spacious environments, the Pitot probe 

has restrictions associated with its measurement volume. Therefore, the cross-sectional 

inflow measurement in 4.1.1 lacks details of the lower endwall boundary layer profile. To 

work around this limitation, a single hotwire probe was employed for quantitative 

measurements of the mean and fluctuation velocity in the direction of the upstream 

velocity. At a location directly upstream of the middle of the center passage, the velocity 

data were collected with no wall motion and no vortex generators at two locations, as 

seen in figure 4.1. The first location is at X = -0.87ca while the second one is closer 

downstream to X = -0.60ca. These boundary layer profiles were used for evaluating the 

development of the boundary layer over the lower endwall of the linear cascade. Since 

the wall motion is not applied, the moving wall is not presented in this measurement. 

Illustrated in figure 4.4 are the mean streamwise velocity profiles normalized by the 

edge velocity ( e ) with respect to the spanwise location normalized by the 

boundary layer thickness (Y/δ) at the two measurement locations. The profiles resemble 

up UU
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that of the turbulent boundary layer on a flat plate in which the mean velocity drops 

rapidly to zero in an extremely short distance away from the wall. The resemblance 

indicates that the transition trip behind the boundary layer scoop is successful in creating 

the desired turbulent boundary layer in the low Reynolds number flow. For the profile at 

X = -0.87ca, the boundary layer thickness is approximately 0.07ca. The part of the profile 

outside the viscous region shows a minor deficit from the upstream velocity. It is possibly 

a result of the faster near-wall flow over the obtuse corner of the boundary layer scoop 

(see diagram in figure 4.1) since the scoop is only 0.16ca (22.65 mm) axially upstream of 

the measurement location. Located on the traveling path of the vortex generators, the 

second profile at X = -0.60ca has a thicker boundary layer of roughly 0.12ca or 66% 

higher than the vortex generator height. This endwall boundary layer height is believed to 

be close to that of the boundary layer created when the wall motion and vortex generators 

are applied. Thus, when used, the vortex generators would be fully submerged in the 

viscous region of the endwall. Demonstrated in figure 4.5, the boundary layer profile at X 

= -0.60ca compares with Ma’s profiles at X = -0.23ca that used the moving endwall and 

vortex generators. The profiles are very similar for all conditions with a difference only 

in the velocity outside the boundary layer. Ma’s profiles are closer to the blade row and 

could experience the pressure gradient created by the presence of the blade.  

To evaluate the streamwise turbulence quantities of the two boundary layer 

profiles, the Reynolds streamwise normal stresses in the profiles are displayed in figure 

4.6 and normalized by the square of the edge velocity (Ue
2). For the near wall region, 

these profiles imply that the turbulent intensity level is as high as 7-8 % of the Ue 

whereas the level is close to 0.4%Ue in the freestream. As expected, the stress increases 

rapidly inside the boundary layer. The turbulence level is fairly similar for the two 

profiles except for the part where Y = 0.2δ – 0.5δ. The turbulence level is higher in this 

part for X = -0.60ca.  
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eUupU
 

Figure 4. 4 The mean velocity profiles at X = 0.60ca and -0.87ca of the inflow boundary layer with no 

wall motion. 

 

  eUupU

 

Figure 4. 5 The mean velocity profiles at X = -0.60ca with no wall motion compares with the profiles 

by Ma (2003) at X = -0.23ca with wall motion and vortex generators 
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up
 

Figure 4. 6 The Reynolds streamwise normal stress profiles at X = 0.60ca and -0.87ca of the inflow 

boundary layer with no wall motion. 

 

4.2. Flow over the blade surfaces 

Beside the inflow, the flow over the blade surfaces is another critical element in the 

vicinity of the blade passage. Characteristics of this flow control the pressure distribution 

on the blade suction and pressure surfaces, and consequently influence the tip leakage 

flow and vortex shed from that same blade. There are various approaches to verify the 

flow quality on a blade surface. For example, an oil-flow technique is usually applied to 

observe flow separation on the surface. With the endwall motion, results obtained from 

this technique by Tian (2003) and Tang (2004) on the blade surfaces of the same facility 

show a slightly separated flow on the suction surface near the trailing edge for the region 

away from the tip. The same results also indicate an outline of the tip leakage flow and 

vortex in the tip region. However, the quantitative approaches for investigating the flow 

over the blade, namely the mean pressure distribution at the midspan and tip of the blade, 

are needed to complete the study of the tip leakage vortex formation. Results acquired 
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from these approaches do not only define the flow conditions over the blade, but also 

provide an insight to the relationship between the blade loading at different circumstances 

and the tip leakage vortex.  

To measure the surface pressure distribution, pressure ports were embedded on the 

blade surfaces of the center passage. The pressure port arrays were horizontal and located 

at Y = 0.95ca and 0.11ca for the tip gap of 3.3%c (the midspan and 2.5%c away from the 

blade tip, respectively). The surface pressure measurement were performed using Scanni 

valve system with pressure transducers The detailed coordinates of the pressure ports and 

the pressure measurement setup can be found in 3.1.3 and 3.2.3, respectively. Figure 4.7 

illustrates a schematic of the pressure ports for both the midspan and blade tip locations. 

Blade 4 supported the suction-side ports while pressure-side ports were placed on Blade 

5. For the midspan pressure measurement, a total of forty-six pressure ports on each side 

are sufficient to detail the blade loading away from the endwall viscous region. The array 

at the blade tip, consisting of twenty-five pressure ports on each side, provides the mean 

pressure distribution in the vicinity of the tip leakage flow and vortex. 

In addition, the blade boundary layer on both suction and pressure surfaces near the 

trailing edge were also investigated to determine the viscous characteristics over the 

blade surface. Detailed boundary layer profiles achieved by single hotwire measurements 

can illustrate the type of boundary layer developed on the blade surface.   

 

4.2.1. Midspan mean-pressure distribution 

Ma (2003) showed that the relative motion between the endwall and the blade tip 

had no effect on the flow at this spanwise location, using pressure distributions measured 

at midspan with no wall motion, and at the three tip gaps important to the main 

investigations: 1.7%c, 3.3%c and 5.7%c (Y = 0.03ca, 0.06ca and 0.10ca at the blade tip, 

respectively). These tip gap sizes are equivalent to those found in compressor rotors, 

propulsion pumps with moderate tip gaps, and propulsion pumps with larger tip gaps, 

respectively. The measurements, disregarding the data from faulty pressure ports, are 

presented with respect to the blade coordinate system normalized by the chord length.  
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Figure 4. 7 Schematic of the pressure taps on the blade surfaces at midspan and tip. 

 
 
As mentioned by Ma (2003), the pressure distribution at midspan of the blade shows a 

profile on the pressure side similar to the two-dimensional pressure distribution by Shin 

(2001)’s computation. On the other hand, a three-dimensional effect is more established 

in the suction side of the blade. In figure 4.8, these pressure distributions on the blade 

surfaces are shown in term of the static pressure coefficient (Cp) at different normalized 

chordwise locations (x/c). The curves combining crosses, circles and triangles represent 

the pressure distribution at different tip gaps while the solid-line curve displays Shin 

(2001)’s two-dimensional data, renormalized by Ma (2003). Overall, the three 

experimental curves moderately agree with the two-dimensional results, except for the 

suction-side pressure distribution on the first-half chord of the blade.  

On the pressure side, the tip-gap variation creates a slight variation in the Cp 

magnitude, namely the pressure decreases as the tip gap increases. While there is only a 

minor variation between the pressures of the 1.7%c and 3.3%c tip gap, the pressure 

reduction in the case of 5.7%c tip gap is relatively larger. The possibly larger secondary 

flow region in this largest tip gap could directly affect the midspan flow and cause this 

 78



Chapter 4 Cascade-Flow Characteristics 

difference. The discontinuity in the 3.3%c curve near x = 0.85c, where the pressure 

decreasingly jumps at one pressure port, is unlikely a result of faulty port since there is no 

evidence in the other tip gap settings. This is possibly a single error in a reading from the 

pressure transducers or the Scanni-value system.  

Unlike on the pressure side, the blade-surface pressure on the suction side shows a 

variation with the tip gap setting that is varied at different chordwise locations. For the 

suction-side result behind x = 0.6c, the variation of the pressure distribution with the tip 

gap behaves similarly to that shown on the pressure side. The pressure distribution before 

this location, however, varies differently with the tip gap setting possibly due to the three-

dimensional effect in the flow field as demonstrated by the disagreement between the 

two-dimensional computation and experimental data. This difference could also be a 

result of slightly different in angle incidence between the two-dimensional and three- 

dimensional cases.  

The pressure distribution shows a region high adverse pressure gradient from x ~ 

0.7c to the trailing edge of the blade on the suction side. The distribution curves of the 

1.7%c and 3.3%c tip gap fall nearly on top of each other while the pressure distribution 

of the 5.7%c tip gap is higher than the other two. Since it does not exist on the pressure 

side, this variation possibly originates from the differences in the secondary flow field 

created by the tip gap flow up and downstream of the blade.  

 

4.2.2. Tip mean-pressure distribution 

Besides at midspan, the blade pressure was also measured at the tip of the blade on 

both suction and pressure sides using a total of 25 pressure taps. The taps were located at 

2.5%c from the tip of the blade or Y = 0.11ca for the tip gap of 3.3%c. The measurements 

were performed in three tunnel endwall configurations: stationary endwall, endwall 

motion, and endwall motion with attached vortex generators. Out of eight tip gap settings 

from 0.83%c to 12.9%c, the three most significant tip gaps are the 1.7%c, 3.3%c and 

5.7%c and are discussed more thoroughly in this current study than the others. Additional 

information for the other tip gaps can be found in Staubs (2005).  
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          Midspan 

Figure 4. 8 The midspan mean pressure distributions at three different tip gaps. The legends indicate 

the tip gap setting for that measurement. The solid line shows the modified two-dimensional pressure 

distribution from Shin (2001)’s computation. 

 

Comparisons between different tunnel endwall configurations can be found in 

figure 4.9. Blade tip pressure distributions at the tip gap of 3.3%c are plotted for the three 

cases along with the midspan pressure distributions. The plot illustrates the effects of the 

wall motion and vortex generators on the mean pressure at the tip of the blade. As 

expected, the wall motion plays a more significant role on the blade tip mean pressure. 

On the pressure side, the pressure distributions are identical for the cases of wall motion 

whether with or without vortex generators. However, the absence of the wall motion 

slightly decreases the overall pressure, excluding that near the trailing edge. The same 

variations also apply to the suction-side pressure except that the pressure increases with 

the removal of the wall motion. This result indicates that the blade loading at the tip 

seems to slightly increase with the appearance of the wall motion.  
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Figure 4. 9 The blade-tip mean pressure distributions at three tunnel endwall configurations for the 

tip gap of 3.3%c. Also displayed is the midspan pressure with no wall motion. 

 

The plot in figure 4.9 also presents comparisons between blade tip and midspan 

pressure distributions. The blade tip pressure on the pressure side is significantly different 

from the midspan pressure near x = 0.2c - 0.4c only while the pressure at the other x 

locations are closely agree with each other. On the other hand, the tip pressure diverges 

strongly from the midspan pressure on the suction side. The tip pressure matches the 

midspan pressure only for the locations before x = 0.10ca. After this location up to x = 

0.15ca, the tip pressure keeps on increasing to the point where the pressure is positive. 

The pressure then drops with the downstream distance until reaching the minimum point 

on the suction side at x = 0.60ca. The tip pressure begins to climb back to the ordinary 

midspan pressure level at x = 0.75ca. The pressure from x = 0.75ca to the trailing edge is 

still lower than the pressure level at midspan; however, the pressure gradient is fairly 

comparable from this point on. The significant variation of the suction-side tip from the 

midspan pressure is of interest since it implies that the tip leakage vortex affects the 

suction-side pressure much more than the pressure side.  
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The tip gap setting plays a major role in the blade tip pressure distributions. Figure 

4.10 illustrates the effect of the tip gap setting on the pressure distributions with wall 

motion at the tip gap of 3.3%c as well as 1.7%c, and 5.7%c. On the pressure side, the 

pressure is constant for all three tip gaps from the leading edge to x = 0.10ca. Toward the 

trailing edge, the pressure starts varying with the tip gap setting. The higher the tip gap, 

the lower the pressure on the pressure side. However, this variation is still minimal 

compared to the changes on the suction side. From the leading edge to x = 0.14ca, the 

suction-side pressure barely changes with the tip gap setting. Further downstream, the 

increase in the tip gap height intensifies the peak suction pressure as its location moves 

toward the trailing edge.  

The variation in the peak suction pressure with tip gap height contains significant 

information on tip leakage vortex characteristics. Figure 4.11 shows Cp values at the peak 

suction pressure and locations for all eight tip gaps. The right vertical axis indicates the 

normalized chord location while the left axis shows the Cp values. These characteristics 

of the peak suction pressure seem to have a linear variation with the tip gap height up to 

7.9%c. The result suggests the possibility that the tip leakage vortex characteristics also 

vary linearly with the height of the tip gap. 

 
 

 
Figure 4. 10 The blade-tip mean pressure distributions at three different tip gaps with wall motion. 
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Figure 4. 11 Variation of the chord locations and Cp values at the peak suction pressure of different 

tip gap heights. The left blue vertical axis shows the chord location while the right green vertical axis 

presents the Cp values.  

 

4.2.3. Blade circulation 

Midspan circulation 

Assuming the flow direction at the midspan is parallel to the blade profile, 

circulation estimation at this location was determined from: 

∫ −=Γ ∞
S

p dsCU 1                           (4. 2) 

where pCUU −= ∞ 1  is the surface-aligned velocity from the measured static pressure 

coefficient at the midspan and s is a distance along the close curve of the blade cross 

section. The line integral around this close curve has a direction starting from the leading 

edge on the suction side toward the trailing edge, and reversing back to the leading edge 

on the pressure side. The so-defined s direction yields a negative result in the integrand 

term on the pressure side and a positive result on the suction side. The integration was 
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performed numerically using a trapezoidal rule. Figure 4.12 shows the estimated blade 

circulation for all three tip gaps. 

Plotted with respect to its tip gap setting, the blade circulation in figure 4.12 is 

normalized by the freestream velocity and the chord length, ( )cU ⋅Γ ∞  . The results are 

consistent with the previous observations on the pressure distribution over the blade 

surface. The circulation over the blade at midspan varies insignificantly from 0.288U∞ c 

to 0.282U∞ c for the tip gap of 1.7%c and 3.3%c respectively. On the other hand, the 

results show noticeable reduction for the circulation of the 5.7%c tip gap. This circulation 

of 0.253U∞ c is equivalent to a 12% decrease from that of the 1.7%c tip gap. Overall, 

these circulations show that the cascade tunnel is fairly well calibrated over the almost 

entire tip gap conditions so that results in the passage flow would unlikely be influenced 

much by the varied blade loading conditions. 

 

 

  

Figure 4. 12  Variation of normalized midspan circulation with respect to tip gap sizing.  
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Blade tip circulation 

Following the approach applied to determine the midspan blade circulation, the 

blade-tip pressure distributions at different tip gaps can be used to provide a comparison 

of circulation at the blade tip. Figure 4.13 illustrates the blade tip circulation as a function 

of the tip gap height for all eight tip gaps. Overall, the circulations found at the tip of the 

blade are equivalent to the levels found at midspan although with slight variations 

between different tip gap settings.  

The circulation slightly decreases with the tip gap from the smallest tip gap to 

2.2%c. The circulations for the mid-height tip gaps, from 2.2%c to 5.7%c, are fairly 

constant when compared with the low-height tip gaps. The last two tip gaps, 7.9%c and 

12.9%c have a blade-tip circulation that does not line up with the smooth variation 

implied by the others. The drop in the circulation level for the 12.9%c tip gap is expected 

since the pressure distribution there varies from the other tip gaps significantly. 

Unlike the flow at midspan, the blade tip flow does not always travel parallel to the 

blade profile since the viscous and tip effects play a major role near the lower endwall 

region, so that the accuracy of the blade tip circulation needs to be kept in mind. 

 

  

Figure 4. 13 Variation of normalized blade-tip total circulation with respect to tip gap size. 
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Blade tip circulation with respect to the chordwise distance 

With respect to its chordwise location, the blade tip pressure distribution is also 

used to compute the local circulation along an s' curve, which includes the suction and 

pressure surfaces of the blade from the leading edge up to a given x location. The 

schematic in figure 4.14 displays the formation of the s' curve surrounding by a black 

dashed line. Thus the local blade tip circulation becomes: 

 ( ) ( )
( )
∫
′

∞ ′−=Γ
xs

p xsdCUx 1               (4. 3) 

From x of zero to the chord length (c), the local circulations of the three main tip 

gaps (1.7, 3.3 and 5.7%c) are plotted for comparison in figure 4.15. Dotted lines drawn 

from the horizontal axis to intersect the data curves show the points of the minimum 

pressure on the suction surface of the blade. Also, the dashed line starting from the origin 

highlights the linear variation part of the local circulation; mx=Γ  where m is constant, 

apparently independent of tip gap. The region where the circulation variation is 

independent of tip gap lasts up to x = 0.3c, nearly 18 times the height of the small tip gap 

of 1.7%c. Equivalent to the local circulation at the trailing edge, the total circulation 

hardly changes with the tip gap variation as previously shown. However, the local 

circulations at other x locations after 0.3c show a slight variation due to the tip gap 

influence especially near mid chord locations. Higher tip gaps seem to have slower 

circulation buildup upstream of the mid chord before rapidly increasing toward the 

trailing edge.  

The variation of circulation with respect to chordwise location implies that some 

amount of blade circulation could be collected by the tip leakage vortex. As the tip 

leakage vortex develops in the passage, the circulation shed from the blade at different 

chord locations adds little by little into the tip leakage vortex circulation. As shown in 

figure 4.15, the amount of circulation shed up to the point of peak suction pressure 

increases proportionally with the tip gap height even though the total blade tip 

circulations remains constant. This result indicates that the mechanism controlling the 

strength of the tip leakage vortex seems to be related to the peak suction pressure and the 

blade circulation up to this point. 
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A curve s' portion and 
direction for the local 
circulation at an x location 

Figure 4. 14 Schematic of the circulation loop for the calculation of the blade tip with respect to the 

chordwise distance from the leading edge.  

 
 

 

  

 

Figure 4. 15 The circulation variation as a function of the chordwise distance for three tip gaps. Also 

Γ = kx

displayed are the chordwise locations of the peak suction pressure. 

 

Points of peak suction pressure 
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4.2.4. Blade boundary layers 

To further reveal cascade blade characteristics, the blade boundary layers were 

studied near the trailing edge. As shown in figure 4.16, measurements of blade boundary 

layer profiles were performed at x = 0.9c on both suction and pressure sides of blade 4. 

With the tip gap set at 3.3%c, the boundary layer profiles were measured in the pitchwise 

direction at midspan and 2.5%c above the tip of the blade or Y = 0.11ca and 0.94ca. The 

boundary layer on the pressure side was only measured at the midspan station for the case 

of no endwall motion. On the suction side, profiles were measured for both spanwise 

locations for the stationary endwall, moving endwall and moving endwall with the vortex 

generator conditions. Since a spanwise oriented single-sensor hotwire sensor was used to 

obtain the mean velocity and turbulence quantities, these data will display the total 

velocity component parallel to the lower endwall, presumably moving along the profile 

of the blade surfaces. 

 

 

Top View 

Upstream flow 
direction

76 mm

 

Figure 4. 16 Schematic of the blade boundary layer measurements for both suction and pressure side 

of the blade at x = 0.9c. 
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Figures 4.17 and 4.18 display the time-averaged mean velocity profiles of the blade 

boundary layer for different endwall configurations. The horizontal axis represents the 

relative pitchwise direction where ΔZ is zero at the blade surface. In figure 4.17, the 

profiles on the pressure and suction sides at midspan show the presence of the boundary 

layers with almost the same thickness of nearly 14 mm. However, the velocity gradients 

inside the boundary layers are different. The pressure-side profile has some evidence of 

an adverse pressure gradient. The effect of the wall motion and vortex generators is 

barely visible at this midspan location, following Ma’s (2003) result in the blade pressure 

distribution at midspan. For the profile at the blade tip in figure 4.18, the mean velocity 

gradient inside the boundary layer is higher for the region near the wall. The variation 

outside the boundary layer presumably indicates the effects of the endwall viscous region. 

 

 

Figure 4. 17 The mean velocity profiles of blade boundary layer at the constant spanwise location of 

0.94ca (midspan) for different tunnel endwall configurations. 
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Figure 4. 18 The mean velocity profiles of blade boundary layer at two constant spanwise location of 

0.11ca (tip) and 0.94ca (midspan) for the moving endwall with vortex generators. 

 
Turbulence intensity profiles are also plotted in figure 4.19 and 4.20. The profiles 

in the pressure side appear to be those of a typical boundary layer flow where the 

intensity keeps on increasing as the measurement locations moves closer to the blade 

surface. However, from ΔZ = 0.01ca - 0.05ca, the turbulence intensity gradient drops 

slightly under. For the suction-side profiles, the turbulence induced by tip leakage vortex 

under influence of the unsteady inflow possibly increase the turbulent intensity away 

from the blade surface but not as much near the surface. Of interest is the reduction in the 

intensity for ΔZ < 0.02ca. The profiles indicate possible effect of the adverse pressure 

gradient when the maximum turbulent intensity locates in the part of the boundary layer 

away from the surface.  The adverse pressure gradient on the suction surface can be seen 

from the blade pressure distribution in figure 4.8 starting from x ~ 0.7ca. 
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Figure 4. 19 The turbulent intensity profiles of blade boundary layer at the constant spanwise 

location of 0.94ca (midspan) for different tunnel endwall configurations. 

 

 

Figure 4. 20 The turbulent intensity profiles of blade boundary layer at two constant spanwise 

location of 0.11ca (tip) and 0.94ca (midspan) for the moving endwall with vortex generators. 
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4.3. Downstream Characteristics 

For the tip gap of 3.3%c, the flow with wall motion and vortex generators was 

measured using a Pitot-static probe at X = 1.26ca over a grid of points forming a cross 

section downstream of the center passage. The contour plots of total pressure coefficient 

and normalized streamwise velocity are presented in figure 4.21 and 4.22, respectively. 

The plots display an area between two blade wakes and the tip leakage vortex as layers of 

velocity and stagnation pressure deficit. The left wake corresponds to blade 5 while the 

right one is the wake of blade 4. 

The similarity of the two wakes from blade 4 and 5 indicate the level of pitchwise 

periodicity in the cascade flow where both wakes are approximately 0.25ca thick and 

two-dimensional above the tip leakage vortex region. The presence of the tip leakage 

vortex and wall motion causes the wakes near the lower endwall to tilt slightly to the 

same direction as the motion of the endwall. The tip leakage vortex covers a region 

extending from the endwall up to Y = 0.43ca (or nearly 20% of the blade span) and the 

pitchwise distance of 1.32ca (approximately 78% of the blade spacing) The minimum 

streamwise velocity inside the vortex core is 0.4U∞. This tip leakage vortex size and 

magnitude is comparable to Ma (2003)’s results at X = 1.31ca, in which the vortex covers 

the endwall section up to Y ~ 0.44ca and the approximate pitchwise distance of 1.36ca. 

Ma’s tip leakage vortex core has a minimum streamwise velocity of 0.37U∞. 
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Figure 4. 21 The total pressure coefficient at the X = 1.26ca

 

 

Figure 4. 22 The normalized streamwise velocity at the X = 1.26ca
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4.4. Summary 

This chapter discussed characteristics of the flow before entering the blade passage, 

over the blade surfaces and downstream after exiting the passage, i.e. the flow in the 

cascade tunnel aside from the tip leakage vortex. The inflow and downstream of the 

passage were examined using Pitot-static probes. Moreover, single-sensor hotwire probes 

were used to obtain the boundary layer profiles of the inflow over the endwall and blade 

surfaces. Blade pressure distributions were also measured through pressure taps at the 

midspan and tip of the blade. Not only do these measurements provide validity check for 

the passage flow, but the results also reveal the environment controlling the development 

of the tip leakage vortex and its associated elements.  

The concluding results from this chapter are as following: 

1. The inflow entering the passage outside the boundary layer is fairly uniform 

with the exception of slight variations in the boundary layer thickness of the 

flow directing to blade 4’s leading edge. The variations are possibly due to the 

influence of the uneven belt cover. 

2. The profile of the boundary layer of the inflow indicates the turbulent 

boundary layer was successfully created by the boundary layer scoop. The 

thickness of the boundary layer is higher than the height of the vortex 

generators, possibly causing the production of the inflow vortices under the 

influence of the skewed boundary layer. 

3. The three-dimensional effect on the midspan blade pressure distribution 

appears only on the suction side of the blade, possibly due to the differences 

in the secondary flows characteristics, i.e. tip leakage flow and vortex. The 

variation in the midspan pressure as a result of tip gap setting only occurs at a 

tip gap of 5.7%c. There are two two possibilities for this result: the tip leakage 

vortex created at such tip gap is large enough to additionally influence the 

midspan flow and the tip gap change the inflow angle into the blade row. 

4. The blade-tip pressure distribution is moderately influenced by the presence of 

the wall motion, while the vortex generators have no effect on the mean 

pressure. The effect of the tip gap setting is significant on the suction-side 
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pressure at the blade tip. The characteristics of the peak suction pressure vary 

linearly with the tip gap height for its chordwise location as well as its 

pressure coefficient value. The results indicate a relationship between the 

blade tip pressure and the characteristics of the tip leakage vortex. There is a 

possibility that the production of the tip leakage vortex could be based on a 

simple linear mechanism. 

5. The blade circulation at the midspan varies only slightly with the tip gap 

height. Similarly, the circulation at the tip of the blade varies slightly except 

for the tip gaps higher than 5.7%c. When the loop for the circulation 

estimation at the tip is a function of the chordwise distance, the buildup in 

blade tip circulation at different tip gaps shows little variation. The amount of 

circulation shed from the blade tip to the tip leakage vortex is possibly based 

on the chordwise location of the peak suction pressure. 

6. The blade boundary layer shows evidence of an adverse pressure gradient near 

the trailing edge of the blade on both suction and pressure sides. At midspan, 

the differences in the tunnel endwall configurations do not affect the blade 

boundary layer. On the other hand, the presence of the vortex generator 

influences the boundary layer at the tip of the blade. 
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Mean-Flow Field of the 
Tip Leakage Vortex  

The tip leakage vortex formation and development in the passage is presented in 

this chapter. An overview of the measurements and the measurement schemes is 

presented in sections 5.1 and 5.2. Measurements are interpreted in section 5.3 for time-

averaged behavior of the baseline-case tip leakage vortex, where the tip gap is 3.3%c 

with the unsteady inflow. The baseline results are compared in section 5.4 with the other 

tip gap settings, 1.7%c and 5.7%c, as well as with Muthanna’s (2002), Ma’s (2003) and 

Staub’s (2005) flow of similar flow conditions through out the chapter. One of the most 

interesting results in this chapter is the shedding behavior of the tip leakage vortex, away 

from the originating blade tip. The relationships between the shedding point, the blade tip 

pressure distribution, and the vortex strength discussed in section 5.3, 5.4 and 5.6 are 

important factors to unsteady behavior in tip leakage vortex. Hypotheses of the shedding 

mechanism can be found in section 5.5 and 5.6. 

 

5.1. Overview  

Muthanna’s (2002) study of the flow structure in the linear cascade passage without 

endwall motion shows that the tip leakage vortex starts developing from the suction side 

of the blade near its leading edge. As it convects downstream, the vortex moves across 

the passage toward the pressure side of the adjacent blade. In Muthanna’s study, the 

vortex was easily traced by its distinctive separation line on the endwall. In this present 

study, similar development was expected to be found in the tip leakage vortex under the 

influence of the endwall motion and inflow disturbances.  

Figure 5.1 shows a mean flow model of the tip leakage vortex generated inside the 

blade passage developed from the results of Muthanna (2002). Despite the fact that 
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Muthanna’s flow differed from the present in terms of boundary conditions, this model is 

still a useful introductory tool for identifying significant structures of the tip leakage 

vortex. Looking at the blade passage from upstream, the tip leakage vortex is generated 

from the blade on the right. The tip leakage flow, ejected from the tip gap, intersects the 

boundary layer of the endwall creating a boundary layer separation. Together, they roll 

up and form a vortical flow structure convected downstream by its streamwise velocity. 

Muthanna found that this vortical structure dominated more than one-third of the lower 

endwall region as it moved downstream across the passage. There was also significant 

reduction of the vortical structure strength as it approached the trailing edge.   

The model in figure 5.1 will serve as a starting point for the present analysis of the 

mean flow structure in the blade passage and will be modified and filled with details 

coherent with the presented results and analysis. The final version of the model will show 

an overall view of the tip leakage vortex produced with endwall motion and inflow 

disturbances in addition to highlighting differences between the present flow model and 

the one found in Muthanna (2002). 
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Figure 5. 1 The overview mean flow model of the tip leakage vortex in the blade passage based on 

Muthanna (2002) results for the tip gap of 1.65%c without a moving wall. 
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5.2. Measurement Schemes for the Passage Flow 

Velocity and turbulence data in the passage of the linear cascade were collected so 

that the measurement results could be interpreted over total measurement time (time-

averaged quantities) or for specific phase-locked conditions (phase-averaged quantities). 

Time and phase-averaged measurement data were used respectively to reveal the mean 

structure of tip leakage vortex (chapter 5) and the unsteady behavior of the tip leakage 

vortex (chapter 6).  

To characterize the tip leakage vortex formation and its relationship with the inflow 

disturbances, measurements were performed using hotwire anemometry at various 

locations in the center passage of the linear cascade between blade 4 (suction side) and 

blade 5 (pressure side). The velocity measurements were chosen to fulfill two functions: 

to reveal the formation of the tip leakage vortex from the tip leakage flow interaction and 

to study the development of this vortical structure as it travels along the blade passage. 

The measurement results are presented in two different viewpoints: top-view and front-

view cross sections of the passage.  

At three tip gap heights, 1.7%c (0.03ca), 3.3%c (0.06ca) and 5.7%c (0.10ca), the 

passage flow was measured for its three-component velocities and turbulence 

characteristics using a four-sensor hotwire at the points shown in figure 5.2 in planes 

parallel to the tunnel endwall. The measurements concentrated more on the suction 

surface of the blade as the tip leakage vortex starts developing on this side. The 

measurement data were taken at the height close to that of the blade tip to thoroughly 

observe the influence of the tip leakage flow on the vortex formation. The measurement 

planes are at Y = 0.04ca, 0.07ca and 0.12ca for the tip gap of 1.7%c, 3.3%c and 5.7%c, 

respectively. Additional measurements were also performed at Y = 0.15ca for the baseline 

case (3.3%c tip gap with wall motion and vortex generators).The plots of these set of 

measurements will be displayed in the top view of the blade passage similar to figure 5.2, 

with blade 4 shown at the bottom and the flow moving from left to right. Measurement 

locations and positions of these measurement planes will be presented in the cascade 

coordinate system. Velocity and turbulence quantities will be presented using the inflow-

aligned coordinate system. 
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d) Y of 0.12ca at tip gap of 5.7%c (0.06ca) 

Figure 5. 2  Measurement grids at each plane parallel to the endwall. The subtitle indicates the 

measurement and the tip gap heights. 
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In addition to the measurements on the plane parallel to the endwall, the passage 

flow for the baseline case (3.3%c tip gap with wall motion and vortex generators) was 

measured in planes perpendicular to the X direction to reveal the tip leakage vortex 

structure at particular axial cross sections, as shown in figure 5.3. The mean velocities 

and turbulence quantities were collected using four-sensor hotwires at X = 0.41ca, 0.56ca, 

0.76ca and 0.98ca. The plane of X = 0.56ca is statistically presentable for time-averaged 

quantities only. Even though the measurement grids of these cross sections only partially 

cover the endwall region of the passage, they will be shown to sufficiently illustrate the 

tip leakage flow and vortex characteristics. Measurements made in these planes will be 

presented in a center-streamline aligned coordinate system. 

 

X/
c a

= 
0.

41
0.

56

0.
76
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Center 
streamline 

Figure 5.3 The measurement planes in the X-cross sections with the coordinate systems observed 

from the top view. Absent normal components (Y, Vi and Vc) have a positive direction pointing out of 

the paper. The dash lines through the passage are the streamline from 2D RANS by Shin (2001). 
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5.3. Mean Flow Structure in the Baseline Case 

As mentioned above, the baseline case is the measurements for the tip gap height of 

3.3%c with wall motion and vortex generators. This tip gap is significant since 

fluctuations in the unsteady blade tip circulation appeared to have a strong influence on 

the tip leakage vortex at this condition in the work of Ma (2003). The inflow disturbances 

and downstream unsteady tip leakage vortex, as well as the blade tip pressure, were well 

documented for this condition by Ma (2003) and Staubs (2005) so that comparisons with 

the present results can be made in some detail. Time-averaged quantities presented for 

this baseline case include the mean velocity and turbulence stress fields. These fields 

illustrate the formation and spatial development of the tip leakage vortex inside the blade 

passage under influence of the inflow disturbances. 

 

5.3.1. Mean velocity field 

Sets of three-component velocities at different locations and planes are used to 

characterize the spatial configuration of the tip leakage vortex in the passage. The 

velocity field is presented at two measurement planes parallel to the endwall and at four 

passage cross sections as described in 5.2. Also discussed is the relationship between the 

passage mean velocity and the blade-tip pressure distribution.  

 

5.3.1.1. Tip leakage vortex formation: based on the mean velocity field 

Plot schematics 

The velocity field near the endwall is plotted in figures 5.4 – 5.7 for the 

measurement planes parallel to the endwall. Normalized by upstream velocity (U∞), the 

velocity magnitude contours and the two-component vector plots projected into the 

planes of these figures are of iU , iV  and iW  components of the inflow-aligned 

coordinate system. The plots show the velocity field at 2 different heights, Y = 0.07ca and 

0.15ca above the lower endwall corresponding to 0.01ca and 0.09ca above the blade tip. 

Thus, the lower measurement plane reveals the passage flow field and tip leakage vortex 
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formation under the influence of the tip leakage flow, as opposed to the leakage flow 

itself. The higher plane reveals the flow structure inside the vortex under the indirect 

effect of the leakage flow.  

The measurement planes are presented together with blade passage schematics 

from the top view with the leading edge plane near the left side. The dashed lines show 

the stagnation streamline of the flow in the potential core region computed by Shin 

(2001). The black dash-dotted line, crossing diagonally from the suction side to the 

pressure side of the passage, represents the trace of points where iV component is zero 

inside the tip leakage vortex region. The details of this zero- iV  line will be discussed 

further in this chapter. 

Despite the physical limitations of the hotwire-probe traverse, the measurements 

cover the blade passage from the suction side surface of the blade to more than three-

quarters of the way across the passage. For the lower plane at Y = 0.07ca, the results are 

presented from the leading edge plane to X = 0.95ca downstream. The results of the 

higher plane, at Y = 0.15ca, start at X = 0.37ca and extend to the same X = 0.95ca location. 

Both cross-sections show satisfactory coverage of the tip leakage vortex formation and 

spatial development within the passage. Note that, for the vector plot, the data are shown 

at a subset of the measurement grid sufficient to visualize the flow direction in the 

passage. Vectors simply represent the iU - iW  velocity component, which is parallel to 

that measurement plane. Shown also as vertical and horizontal vectors at the lower left 

corner in each plot are reference vectors, equivalent to 20% of the U∞. 
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At Y = 0.07ca: ∞UU i  At Y = 0.15ca: ∞UU i  

 

Figure 5. 4 Ui component plots of time-averaged mean velocity at two measurement planes in the 

passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the measurement heights and the presented component. 
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At Y = 0.07ca: ∞UVi  At Y = 0.15ca: ∞UVi  

 

Figure 5. 5 Vi component plots of time-averaged mean velocity at two measurement planes in the 

passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the measurement heights and the presented component. 
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At Y = 0.07ca: ∞UWi  At Y= 0.15ca: ∞UWi  

Figure 5. 6 Wi component plots of time-averaged mean velocity at two measurement planes in the 

passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the measurement heights and the presented component. 
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At Y = 0.07ca: vector ( )
∞UWU ii ,  At Y = 0.15ca: vector ( )

∞UWU ii ,  

 

Figure 5. 7  The normalized Ui-Wi vector plots of time-averaged mean velocity at two measurement 

planes in the passage for the 3.3%c tip gap. The reference vectors at the lower left corner in the 

directions of X and Z are equivalent to 0.2U∞. The titles refer to the measurement heights and the 

presented component. 
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Flow at the passage entrance 

Figures 5.4 shows the iU  component contour plots for the two measurement planes 

with the titles referring to their heights. As discussed in 4.1.1, the inflow entering the 

center cascade blade passage at 0.07ca above the endwall is within the boundary layer of 

the endwall. Thus, it is of interest to investigate the relationship between the inflow ahead 

of the passage and at the entrance of the passage. To crudely compare flow characteristics 

at the two locations, the total pressure coefficients (Cp0) at X = -0.44ca across the blade 

passage, previously shown in figure 4.2, are repotted in figure 5.8 as the normalized 

velocity in the direction of the upstream flow ( ∞UU up ) calculated by assuming the static 

pressure coefficient to be pitchwise uniform and zero. (For comparison purpose, velocity 

components in figure 5.8 are entirely shown in the upstream flow direction.) The plots of 

the normalized upU  are shown with respect to the relative pitchwise location (ΔZ) for the 

values at Y = 0.07ca and 0.15ca, illustrated as dash-dotted and dotted lines respectively. 

ΔZ is pitchwise location measured from the track of the upstream center-streamline. 

Positive ΔZ values refer to locations toward the suction side of the passage. Thus, the 

right and left edges of figure 5.8 are equivalent to the upstream projection of the leading 

edges of blade 4 and 5, respectively.  

For the case of the upstream inflow, the upU  plot at Y = 0.07ca reveals the inflow 

inside the boundary layer to be pitchwise uniform except around the locations ΔZ = -0.2ca 

and near the suction side. The upU  values fall to some 3% and 10% below U∞ at these 

two locations, respectively. The values near the pressure side are also slightly higher than 

those from ΔZ = 0 to 0.6ca. Outside the boundary layer region at Y = 0.15ca, the variation 

in the upstream inflow is only visible near the suction side. Looking now at the 

measurements taken at the leading edge plane, the velocity adjacent to the blade suction 

side is slightly decelerated from U∞, similar to that found upstream. This is possibly a 

result of the inflow boundary layer growth in the adverse pressure gradient approaching 

the blade leading edge. Away from the blade suction surface in the same leading edge 

plane, the flow entering the passage is gradually accelerated from the upstream velocity 

with the greatest velocities being reached at ΔZ = 0.28ca or  33% of the passage spacing 
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away from the suction surface. The maximum upU  component at the passage entrance is 

20% higher than the U∞. From this maximum point toward the pressure side of the 

passage, the entering upU  steadily reduces and becomes lower than the U∞ at ΔZ = -

0.16ca. Thus, the flow entering the passage close to the pressure side decelerates from the 

upstream velocity rather than accelerates like the flow near the suction side.  

At the same leading edge plane, the iW  contours in figure 5.6 show the iW  velocity 

component as negative since the blades start turning the inflow, with an approximate 

peak value of -0.17U∞ next to the blade suction surface. The value of iW  gradually 

decreases across the passage. Combining the iU  and iW  components, the velocity vectors 

in figure 5.7 show that the flow angle with respect to the X direction at the entrance of the 

passage is larger than the inlet angle when they are close to the suction side.  

 

 

Figure 5. 8 The upU at the axial-location of -0.44ca for the two heights compared with the upU  

magnitude at the passage entrance (X = 0). 
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Almost un-influenced by the blade pressure gradient is the iV  component, as 

shown in figure 5.5. This component barely registers in the leading edge plane except for 

a small area next to the suction side of the blade. This upwash could be produced by 

three-dimensional flow associated with the blade tip interaction with the inflow. Other 

than this, secondary flow field, such as the tip leakage flow and vortex, appears to have a 

minor effect on the flow at the leading edge of the passage. The variation between the 

flow at the entrance of the passage and the upstream inflow is simply caused by the 

growing endwall boundary layer and pressure gradient created from the blade row.  

 

Origin of the tip leakage vortex 

Looking downstream from the leading edge plane, in the same set of figures, the 

flow changes its characteristics slowly over the first 20% of the blade chord. The contour 

plot of iU  (figure 5.4) displays a gradual deceleration region near the center of the 

passage and an acceleration region near the suction side. Similarly, the iW  component 

(figure 5.6) continues to vary in much the same way with respect to the pitchwise 

location. In the vector plot (figure 5.7), the flow turning angle changes less than ± 2 

degrees when comparing the leading edge plane to the plane at X = 0.15ca. However, the 

growing influence of the secondary flow field in the passage flow appears in the iV  

component (figure 5.5). The small region of upwash, adjacent to the suction side blade, 

grows in intensity. The upwash velocity, reaching over 0.2U∞  near X = 0.12ca, and 

associated region of upwash appears to spread across the passage. This area of upwash 

becomes separated from the blade surface by a very narrow band of small downwash as 

the flow develops with distance downstream. These areas of upwash and downwash, as 

well as the lateral motion of the flow near the endwall, tend to indicate the presence of a 

vortical motion in the passage.  

 

Shedding of the tip leakage vortex 

From the one-third to one-half axial chord stations, the mean flow structure at the 

lower measurement plane changes drastically near the suction side of the blade. The iU  

contours (figure 5.4) display significant acceleration of the flow near the suction side of 
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the passage that terminates in a narrow oval area of elevated iU . This area remains 

adjacent to the blade suction surface up to X = 0.4ca before shedding off across the 

passage. The maximum iU  magnitude in the lower measurement plane, reached at X = 

0.37ca near the suction surface, is as great as 1.28U∞. As the flow progresses downstream 

from the leading edge plane, the flow close to the center of the passage decelerates more 

rapidly than upstream. The flow at the higher measurement plane (Y = 0.15ca) also has a 

similar acceleration and deceleration pattern. However, there is no area of elevated iU  

and the overall magnitude of the iU  component is lower at this plane. At Y = 0.15ca, the 

maximum value of iU  is only 1.09U∞ . This value, 15% less than in the lower plane, is 

found at a location close to the maximum iU  location in the lower measurement plane.  

Following the variation of the iU  is the magnitude of the iW  component in figure 

5.6 which increases swiftly in the region away from the suction side. Starting from X ≈ 

0.3ca, the iW  contours show an area of elevated iW  attached to the blade suction surface.  

This area becomes narrower up to X ≈ 0.4ca before starting to shed away in a fashion 

similar to the elevated iU  area. The vectors (figure 5.7) in this region show that the flow 

adjacent to the suction surface is mostly unaffected by the leakage flow, since the 

velocity vectors remain almost parallel to the blade surface. However, away from the 

surface, the velocity vectors turn more toward the pitchwise direction, suggesting the 

influence of the leakage flow here. This area of large flow turning angle corresponds to 

the area of elevated iU  and iW  mentioned above. Close to the center of the passage, the 

flow is redirected to travel more consistently with the potential core flow shown in 

Muthanna (2002).  

In a manner completely opposite to the lower measurement plane, the iW  

component contours at Y = 0.15ca in figure 5.6 show that the elevated iW  area in the 

vicinity of the suction side has a positive component instead of a negative component 

found at Y = 0.07ca. At X = 0.37ca, the highest iW  component measured is 0.35U∞ - 

equivalent to the iW  component in the neighboring location of the 0.07ca-height plane 

but with opposite sign. This difference in sigh suggests that the lower measurement plane 

is below the vortex, and the upper plane is above it. 
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Unlike in the lower measurement plane, the vector plot at Y = 0.15ca of figure 5.7 

shows that most of the vectors close to the suction side of the passage remain parallel to 

the blade surface. The vectors on the other side of the passage show some turning toward 

the pressure side but at a smaller angle than those at Y = 0.07ca. Near the pressure side at 

X = 0.37ca and Z = -0.92ca, the flow angle is 6.4 and 1.3 degrees larger than the inlet 

angle for the lower and higher measurement planes, respectively. This may indicate that 

the flow away from the lower endwall is less influenced by the viscous region over the 

moving wall even though the secondary flow field due to the tip leakage flow does exist 

at that height.  

Another interesting flow feature in this section of the passage can be observed in 

the iV  contours (figure 5.5). The area of elevated upwash grows wider as the passage 

flow moves downstream. For the lower measurement plane, the maximum upwash of 

0.56U∞ can be found in the section near X = 0.37ca and Z = -0.18ca. In addition to the 

expansion of the upwash area, the area of elevated downwash also becomes more visible 

next to the suction surface. Like the area of elevated upwash, this downwash area grows 

wider as it moves downstream. The maximum downwash of -0.51U∞ is located next to 

the blade surface at X = 0.44ca, slightly downstream from the maximum upwash location.   

A similar pattern of elevated upwash and downwash areas can still be seen at the 

measurement plane of Y = 0.15ca. However, the magnitudes of upwash and downwash 

decrease from those at Y = 0.07ca. The maximum upwash of the higher plane is 0.27U∞ at 

the same axial location as the lower plane (X = 0.37ca) but at the different pitchwise 

location (Z = -0.77ca), nearly 48% drop of the 0.07ca-height plane. Between different 

measurement planes, the locations of the maximum upwash and the differences in their 

magnitudes establish that the vortex center is not at half way between the heights of the 

two measurement planes. 

This secondary flow and vortical structure found in iV  and iW  components can be 

used to identify the position of the tip leakage vortex shed from the suction surface of the 

blade tip. The opposite sign of the iW  component between the two heights suggests that 

the vortex core center is above the height of the tip gap (Y = 0.06ca) and away from the 

endwall as the vortex convects downstream. It stays close to the suction surface with the 
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downwash side remaining attached to the blade surface up to X = 0.44ca. As the flow 

moves further downstream, the vortex starts to shed off toward the center of the passage. 

This shedding point matches the location where the total velocity magnitude, V/U∞, 

reaches its maximum of 1.34U∞. Likewise, the blade-tip pressure distribution in 4.2.2 

shows that the peak suction pressure (Cp = -0.56) is at the axial location of 0.48ca. 

Matching between the shedding point and the peak suction pressure is of interest since 

the result seems to imply that the vortical structure only gains its streamwise momentum 

while stay attaching to the blade surface. This relationship will be discussed in more 

details in 5.4 where data from different tip gaps are also presented. 

 

Downstream of the mid-chord station 

As the flow travels past the mid-axial chord location, the vortical structure seen in 

the measurements at Y = 0.07ca no longer stays attached to the blade suction surface. This 

structure is convected across the passage and grows, occupying up to one-third of the 

passage width. The iW  component contours in figure 5.6 display an expansion in the size 

and magnitude of the elevated negative iW  area. iW  reaches a negative maximum of -

0.43U∞ near the mid-axial chord location at X = 0.51ca and Y = -0.57ca. Downstream of 

this location, its magnitude monotonically decreases toward the trailing edge plane. The 

area of elevated negative iW  spreads diagonally across the passage in an oval shape that 

is more or less centered on the zero- iV  line. This region is believed to be the trace of the 

tip leakage vortex on the lower endwall. Immediately adjacent to the suction-side blade 

surface, the iW  component shows a thin area of positive velocities, consistent with the 

fact that the flow here must remain parallel to the blade surface.  

At Y = 0.15ca the iW  component shows two regions of positive elevated values 

close to the blade suction surface. These possibly are features of two different parts in the 

tip leakage vortex. The first region, surrounding the maximum iW  (of 0.36U∞) at X = 

0.51ca on the zero- iV  line, is possibly the upper edge of the vortical structure. This region 

appears to follow the zero- iV  line for a short distance, where the iW  magnitudes reduce 

with distance downstream. The iW  component along the zero- iV  line then becomes 
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negative as the flow travels past X = 0.7ca. The second region of positive elevated iW  

component, starts near X = 0.65ca and continues to the trailing edge plane staying next to 

the suction side of the blade. This second region appears to be merely a result of the 

difference in streamwise angle between the flow downstream and the inflow direction 

used to define the component directions. The magnitudes of iW  in this region are smaller 

than in the region that tracks the vortex. 

In figure 5.4, the iU  component contours show that the flow at Y = 0.07ca 

decelerates near the suction surface over the downstream half of the blade. The same 

behavior is seen at Y = 0.15ca. Excepting the area of high iU  component where the 

vortex sheds, the overall magnitude of this component near the suction side is fairly 

similar in the two planes. Most differences between the lower and higher planes appear 

near the downstream-center section of the passage. At Y = 0.15ca, the velocity deficit is 

about 0.55U∞  - greater than at Y = 0.07ca. This area of the deficit covers 0.3ca or 18% 

pitchwise of the passage width, from X = 0.75ca to the trailing edge plane. The area of 

high velocity deficit is in the vicinity of the negative iW  area mentioned above. 

The vector plots of figure 5.7 provide further understanding of the flow structure in 

the downstream half of the blade passage. At Y = 0.07ca, the flow in the center of the 

passage is nearly parallel to the pitchwise direction while the flow near the suction 

surface travels parallel to the blade surface. At Y = 0.15ca the vectors clearly show less 

influence of the endwall and the tip leakage flow. The flow here is more dominated by 

the potential core flow. 

The iV  component (figure 5.5) downstream of the mid-chord location has the line 

of zero magnitude overlapping the area of maximum iW  component. This is consistent 

with the idea that the line of zero- iV  may lie along the tip leakage vortex core. After the 

maxima located in the region where the vortex sheds, the level of iV  decreases in 

magnitude as the flow travels toward the trailing edge plane. A similar flow structure can 

be found for the higher measurement plane but velocity magnitudes are generally weaker 

there. The location of the maximum downwash magnitude for this plane is at X = 0.51ca, 

adjacent to the blade surface, with a iV  magnitude of -0.29U∞ . This magnitude is 

approximately half of the maximum magnitude found in the lower measurement plane. 
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The location of maximum upwash also corresponds to the nearby axial location of 

maximum downwash, with a magnitude of 0.30U∞ for Z = -0.77ca. 

The changes in the iV  and iW  magnitudes as the flow moves downstream indicate 

the possibility that the measurement planes go through different parts of the tip leakage 

vortex in its formation. The most supportive evidence is the flow direction change seen in 

the iW  component along the tip leakage vortex area at Y = 0.15ca.  Assuming that the tip 

leakage vortex grows in size as it is convected downstream, this measurement plane 

would cut through the upper part of the vortex upstream and then the lower part 

downstream. Thus, it shows the variation in size, path and possibly structure of the vortex 

with respect to the location in the passage. The passage cross sections to be shown later 

provide further insight on the tip leakage vortex structure. 

 

Flow at the passage exit 

At the passage exit, X = 0.95ca, the iU  component at Y = 0.07ca shows the 

pitchwise variation in velocities plotted in figure 5.9. The lowest magnitude of this 

component is 0.41U∞ at Z = -1.89ca or near 68% of blade spacing from the suction side. 

This is the result of the high stagger angle of the cascade combining with the high 

velocity deficit next to the tip leakage vortex core as mentioned previously. Closer to the 

suction side, the flow exits the passage faster. The iU  component has its highest 

magnitude of 0.78U∞ at Z = -0.73ca. However, right next to the blade suction surface, the 

iU  magnitude becomes lower again as a result of the growing blade boundary layer from 

which the blade wake forms. The evidence of this boundary layer also appears in the iV  

and iW  components shown in figure 5.9. Figure 5.9 also compares the iU  variation at the 

exit to that measured downstream (with the Pitot-static) at X = 1.26ca in 4.3. This 

comparison shows that variations in the iU  component at the passage exit are still present 

downstream except that the region influenced by the blade wake grows larger. 

The pitchwise gradient of the iW  at the trailing edge plane (figure 5.9) is similar to 

that of the iU , apart from the location of the peak magnitude. The maximum iW  is 

0.22U∞  at Z = -1.50ca or 22% of blade spacing from the suction side. Near the blade 
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surface, the iW  plot shows positive values indicating a variation in the flow angle at the 

trailing edge plane in agreement with the iU  component and the vector plot. Near the tip 

leakage vortex area, the flow remains almost parallel to the pitchwise direction but less 

under-turned than the flow near mid-chord section. Unexpectedly, the location of the 

maximum iW  component is quite different from the location of the zero- iV . This may 

simply be the result of generally quite small iV  component produced by the tip leakage 

vortex at the trailing edge plane.  

 

 

Uc , X = 1.26ca

Ui , X = 0.95ca

Vi , X = 0.95ca

Wi , X = 0.95ca

Figure 5. 9 The exit mean velocities of the passage for 0.07ca above the endwall together with the 

velocity from the Pitot-static probe measurement at X = 1.26ca of the same height. 
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Summary of the tip leakage formation 

The time-averaged mean velocities in the plane parallel to the endwall, especially 

the iV  and iW  components, reveal the size and location of the tip leakage vortex in the 

blade passage. These secondary-flow components show the tip leakage flow intersects 

with the passage flow and starts rolling up near X = 0.12ca or x = 0.21c from the leading 

edge. The flow near the blade tip forms a vortex-like structure based on a right-hand-rule 

motion of the flow around the zero- iV  line.  

As it progresses downstream, the rolling-up flow stays attached to the blade suction 

surface up to X = 0.44ca or 57% of the blade chord before shedding off across the 

passage. The shedding location is where the velocity magnitude reaches its maximum of 

1.34U∞ with the peak suction pressure coefficient of -0.56. In the center of the passage, 

the rotation of the vortical flow looks asymmetrically placed with respect to the 

horizontal plane in that the flow near the endwall has higher secondary-flow magnitude 

than the one away from the endwall. The trace of the vortex core seems to be revealed by 

the zero- iV  contour shown in the plots. The vortex seems to increase in size and possibly 

change its structure as it travels downstream. These variations with the downstream 

distance can be further analyzed through the examination of the tip leakage vortex in the 

cross-sectional planes.  

 

5.3.1.2. Tip leakage vortex structure: based on the mean velocity field 

Plot schematics 

Time-averaged mean velocity contours of the flow in the passage are presented for 

four axial cross-sectional locations: 0.41ca, 0.56ca, 0.76ca and 0.98ca in figure 5.3. At 

these axial locations, the three-component velocities and turbulence quantities were 

measured by four-sensor hotwire probes traversed parallel to the pitchwise direction of 

the cascade. These cross sections of the flow are of particular interest since they are in the 

region where the tip leakage vortex separates from the suction side of the passage. As 

mentioned in 5.3.1.1, the passage flow development shows that the tip leakage vortex 

starts shedding off from the blade surface near the mid axial-chord location.  
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Figures 5.10-5.13 show cross-sectional contours of normalized streamwise mean 

velocity ( cU ) and cross flow components ( cV  and cW ) and cV - cW  vectors with respect to 

the center-streamline coordinate system. Similar to the measurements in the plane parallel 

to the endwall, these measurements are sufficient to cover the tip leakage vortex region. 

These figures show the passage flow as seen looking downstream. For every cross-

sectional plot, the right hand side of the plot represents the suction surface of the blade 

from where the tip leakage flow is generated. The left hand side of the plot is the pressure 

surface of the adjacent blade. The moving endwall is shown at the bottom of the plot and 

moves from right to left. The height of the tip gap is indicated by a dashed line across the 

section. On the bottom of the figures, a color scale is displayed for the contour magnitude 

plot while a subtitle on the top indicates the axial location of each cross sectional plot. 

 

Potential core flow and blade boundary layer 

In the blade passage, figure 5.10 shows magnitude contours of the cU  component 

flow structure at all four axial locations. Far away from the endwall, the area of lateral 

velocity gradient can be seen in every cross section. This area shows a potential core flow 

in the passage where the lateral velocity gradient is a result of the blade turning the 

passage flow. The streamwise velocity in this potential core flow is largest near the 

suction side with the cU  component of 1.09U∞ at X = 0.41ca, 1.06U∞ at X = 0.56ca, 

0.96U∞ at X = 0.76ca and 0.81U∞ at X = 0.98ca. These numbers follow closely to within 

0.01Cp the blade surface pressure at the mid-span locations (figure 4.8). The only 

exception is at the trailing edge plane where the suction side boundary layer is much 

thicker than upstream.  

The thickness of the blade boundary layer ranges from 0.04ca (5.4 mm) and 0.05ca 

(6.4 mm) at the axial locations of 0.56ca and 0.76ca to 0.10ca (13.7 mm) at the trailing 

edge section. The rapid growth of the boundary layer towards the trailing edge is 

presumably associated with the adverse pressure gradient downstream, and a possible 

small region of trailing edge separation (see Tian, 2003 and Tang, 2004). The boundary 

layers remain two dimensional with no rapid spanwise change in the viscous layer 

structure down to the region near the tip gap. The pressure side boundary layer is not 

shown in these plots except for a thin layer at X = 0.76ca and 0.98ca.  
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∞UU c

Figure 5. 10 Uc component plots of the time-averaged mean velocities for the cross sectional planes. 

The subtitles indicate the axial locations. The dashed line represents the tip gap height. 
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Figure 5. 11 Vc component plots of the time-averaged mean velocities for the cross sectional planes. 

The subtitles indicate the axial locations. The dashed line represents the tip gap height. 
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∞UWc

Figure 5. 12 Wc component plots of the time-averaged mean velocities for the cross sectional planes. 

The subtitles indicate the axial locations. The dashed line represents the tip gap height. 
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Figure 5. 13 The Vc-Wc vector plots for the time-averaged mean velocities for the cross sectional 

planes. The reference vectors in the Y and Z directions are 0.5U∞.The subtitles indicate the axial 

locations. The dashed line represents the tip gap height. 
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The tip leakage jet 

The tip leakage flow is clearly visible at the bottom part of the cross sections in the 

regions under viscous influence. Appearing in the right lower corner of the plots in figure 

5.10, shear layers of high streamwise velocity deficit characterize a jet of tip leakage flow 

ejecting from the suction-side tip gap. This leakage jet intersects the blade boundary layer 

near the tip gap and draws the low streamwise momentum flow away from the blade. The 

initial thickness of the jet at the first cross-section, X = 0.41ca, is well below the tip gap 

height and hidden in the plot. The leakage jet becomes visible at X = 0.56ca but quickly 

disappears at a short pitchwise-distance away from the blade tip. At the downstream 

location of X = 0.76ca, the leakage jet has a thickness equivalent to the height of the tip 

gap, Y = 0.06ca above the endwall. The thickness of the leakage jet is less distinguished at 

the trailing edge cross section since the flow in this area is a combination of the tip 

leakage flow, the blade boundary layer and the trailing edge wake near the tip gap area.  

There is also evidence of the tip leakage jet in the cW  component plots (figure 

5.12). The plots show the area of elevated negative cW  component at the bottom. Near 

the suction-side tip gap, this area height is comparable to the tip gap height before 

expanding as a thicker region across the passage. The magnitude of the cW  component in 

the tip leakage jet area also decreases with the distance downstream.  

 

The vortical structure core 

At X = 0.41ca, the cU  component plot (figure 5.10) shows an area of elevated cU  

matching the location of the region of elevated iU  contours found in the plane parallel to 

the endwall (5.3.1.1). The current cross section clearly shows that the elevated cU  area is 

outside the tip leakage jet since it stays relatively far above the cU  shear layer next to the 

blade tip. The maximum cU  component of this section is 1.25U∞ at Z = -0.16ca and Y = 

0.11ca. This elevated cU  area is part of the vortical structure core that starts forming 

upstream. The streamwise velocity at the core increases with distance downstream which 

matches the favorable pressure gradient at the tip of the blade suction side. As shown in 

4.2.2, the pressure on the suction side of the blade tip keeps decreasing from X = 0.07ca 

to 0.48ca. 
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The secondary flow components around the vortex core ( cV , cW ) are shown in 

figure 5.11 and figure 5.12. At X = 0.41ca, the center of the elevated cU  area locates 

between two cW  component areas of opposite direction. The cW  component is negative 

and large in magnitude near the endwall on the suction side of the passage. The area of 

negative cW  component extends across the passage but decreases in magnitude with 

distance from this point. The area of positive cW  component is concentrated near Z = -

0.19ca, Y = 0.15ca, above the elevated cU  area. Positive cW  velocity magnitudes are on 

the whole less than the negative magnitudes. The highest magnitude of the negative cW  

component is -0.85U∞ while the positive cW  component has its maximum value of just 

0.30U∞.  

The cV  component (figure 5.11) shows upwash and downwash areas on the two 

sides of the elevated cU  area, making the vortex center. At X = 0.41ca, the maximum and 

minimum cV  components are 0.35U∞ and -0.49U∞, respectively. The downwash and 

upwash areas, staying close to the suction surface of the blade, indicate the formation of 

the rolled-up leakage flow to a fully-organized vortex. The formation of the tip vortex is 

confirmed by the cV - cW  vector plot in figure 5.13. Even though the elevated cU  area is 

no longer appearing in the downstream cross sections, the vectors reveal the vortical 

structure core moves across the passage with downstream distance. From the viscous 

viewpoint, this vortex core and the other flow feature developed in the passage are 

combined as a tip leakage vortex found downstream of the blade passage.   

 

Flow features in the tip leakage vortex 

The cW  component contour plots (figure 5.12) indicate that the tip leakage flow, 

together with the moving endwall, cause the flow at the bottom part of the passage to 

move sideways toward the pressure side. The effect of the tip leakage flow on the 

pitchwise this motion vanishes when it intersects with the passage core flow from 

upstream. At the intersection point, the tip leakage flow and the endwall boundary layer 

start lifting from the endwall surface as shown by the vector plots in figure 5.13 on the 

pressure side of the vortical structure. This lifting region is near Z = -0.5ca at X = 0.41ca, 
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Z = -1.0ca at X = 0.56ca, Z = -1.6ca at X = 0.76ca and Z = -2.1ca at X = 0.98ca. The 

strength of this lifting flow decreases substantially with downstream distance, and while 

this region is very clear at X = 0.41ca, it is barely visible at X = 0.98ca. This lifting flow 

indicates a possible separation of the flow away from the endwall and will be referred to 

in what follows as the separation region. 

In Muthanna (2002), this region appears in the form of a separation line in the oil-

flow visualization on the endwall surface with no wall motion. The separation line 

divides the viscous endwall region into two sections: the rotating flow section and the 

low streamwise momentum section. The rotating flow section or the vortical structure 

core can be observed from the secondary-flow components and the elevated cU  

component as previously discussed. The section of low streamwise momentum can be 

found where the high cU  deficit contours exist in the contour plots of figure 5.10. 

Slightly upstream of the mid-axial chord location, the cU  component plot at X = 

0.41ca shows high cU  deficit between the center of the passage and the suction side. This 

region of high deficit moves to the center of the passage at X = 0.56ca and expands in 

size. At the last two cross sections, X = 0.76ca and X = 0.98ca, the region of high cU  

deficit is shifted further away from the center of the passage, closer to the pressure side, 

and grows larger. In the last two cross sections, this high velocity deficit region is seen as 

a large oval shape connected to the tip leakage jet. Moreover, the cU  component 

velocities found inside this region decrease in magnitude with downstream distance up to 

the third cross section, at X = 0.76ca. Unlike the upstream cross sections, the cross section 

at the trailing edge plane shows the region of high cU  deficit lifted off the endwall with 

no change in the minimum cU  component from the previous cross section. The 

magnitudes and locations of the minimum cU  component outside the blade boundary 

layer are shown in table 5.1. 

As the low streamwise momentum section evolves and becomes larger with 

downstream distance, the section of vortical structure near the suction side also lessens its 

strength. Table 5.2 shows the maximum magnitude of the secondary flow in the vortical 

structure. At X = 0.41ca, the peak cV  component is nearly half of U∞ but decreasing to 
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less than 10% of U∞ at the trailing edge plane. Similar to the cV  component, the cW  

component is also reduced in magnitude as the axial location increases. However, the 

vortical structure increases in size with downstream distance. The size of the vortical 

structure expands from 0.35ca wide and 0.11ca high to 1.15ca wide and 0.15ca high within 

a distance of half an axial chord. The size of the vortical structure region is defined as the 

distance between the points of maximum and minimum cV  and cW  components around 

the structure as shown in table 5.3. 

At this point, it is obvious that both the vortical structure and the low streamwise 

momentum section enlarge as the flow travels through the blade passage. At X = 0.41ca 

and 0.56ca, the contours of the lowest streamwise velocity are found immediately 

adjacent to the separation location of the tip leakage flow (figure 5.10 and 5.11). This 

illustrates that the passage core flow is slowed down by its intersection with the tip 

leakage flow. The deceleration of the flow presumably creates a blockage inside the 

passage, appearing as the low streamwise momentum region.  

At X = 0.41ca and 0.56ca, the vortical structure and low streamwise momentum 

regions develop close to each other, yet are separable. With the reduction in the vortical 

structure strength further downstream, the low streamwise momentum region becomes a 

dominate feature and less distinguishable from the vortical structure region, especially at 

the trailing edge cross section. In figure 5.10, the contour plot at X = 0.98ca shows the 

lowest streamwise momentum region no longer located next to the lower endwall, lifted 

off the endwall near Y = 0.15ca. The upward shift of this region coincides with the loss of 

upwash component and the negative cW  component in the vortical structure. Apparently, 

the separation line in Muthanna (2002)’s flow is less apparent near the downstream 

section of the passage as well.  
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Table 5. 1 The locations and magnitudes of the minimum cU  component from the measurements in 

the low streamwise momentum section of the tip leakage vortex. 

X/ca Y/ca Z/ca ∞UU c  

0.41 0.06 -0.67 0.65 

0.56 0.05 -1.14 0.52 

0.76 0.05 -1.56 0.35 

0.98 0.15 -1.83 0.35 

 

 

Table 5. 2 The locations and magnitudes of the maximum secondary flow from the measurements in 

the low streamwise momentum section of the tip leakage vortex. 

X/ca ∞UVc  Y/ca Z/ca ∞UWc  Y/ca Z/ca

0.35 0.11 -0.45 0.30 0.15 -0.19 
0.41 

-0.49 0.07 -0.10 -0.85 0.04   -0.23 

0.28 0.15 -0.88 0.23 0.22 -0.66 
0.56 

-0.36 0.07 -0.44 -0.70 0.04 -0.66 

0.11 0.15   -1.48  0.11 0.29 -1.15 
0.76 

-0.13 0.15 -0.53 -0.37 0.04   -1.19 

0.06 0.22   -1.98 0.08 0.29   -1.67 
0.98 

-0.09 0.11   -0.83 -0.26 0.04 -1.49 

 

 

Pressure-side tip leakage vortex 

The measurements in the passage flow near the pressure side of the passage at X = 

0.76ca and 0.98ca show that the connection between the tip leakage vortex of the 

preceding blade and the tip leakage flow of the succeeding blade. In figure 5.13, the cV -

cW vectors show the passage flow being drawn into the pressure-side tip gap (left of the 

picture). As mentioned above, this pressure-side section of the passage consists of low 

streamwise momentum flow. The low streamwise momentum contours shown in figure 
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5.10 for the two most downstream stations extend all the way to the pressure side tip gap 

(on the bottom left of the figure). This could explain why the tip leakage jet (from the 

suction side of the blade tip gap) has low streamwise velocity as well. Moreover, the 

passage flow below the tip gap height is not merely drawn straight into the tip gap, it is 

also turned around the tip corner in the presence of the tip boundary layer. The region of 

small upwash can be seen in figure 5.11 and 5.13 for the flow near the blade surface and 

away from the lower endwall viscous region.  

 

Summary of the tip leakage vortex structure 

The tip leakage vortex in the blade passage can be divided into two main features: 

the vortical structure flow and the low streamwise momentum flow. In the upstream part 

of the passage, the tip leakage jet exits the tip gap as shear layers of the low streamwise 

momentum. These layers are mostly picked up from the blade boundary layer. Slightly 

away from the suction-side tip gap, the tip leakage jet, combined with the moving 

endwall boundary layer, intersects with the passage core flow coming from upstream. 

This interaction makes the flow separate from the endwall surface. Part of the separated 

flow starts rolling up and forms a fully-organized vortex.  The vortex consists of a core of 

elevated streamwise velocity and a secondary flow rotating around it. The secondary flow 

near the endwall is much stronger due to the influence of the wall motion. The further 

downstream the flow travels, the closer this vortical structure moves toward the pressure 

side of the passage and the weaker its strength becomes.  

Promoted by the tip leakage flow and the passage core flow interaction, a region of 

high streamwise velocity deficit is created next to the vortical structure. The area is a 

result of the low streamwise momentum picked up from the moving endwall by the 

separated flow. This area of the tip leakage vortex also expands and the deficit increases 

in magnitude with downstream distance. Finally, the vortical structure and low 

streamwise momentum flow overlaps and forms a tip leakage vortex of low streamwise 

velocity downstream of the passage.  
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5.3.1.3. Mean flow model of the tip leakage vortex  

Figure 5.14-5.16 shows a mean-flow model of the tip leakage vortex inside the 

blade passage with the endwall motion and inflow disturbances. This model is developed 

from the previous discussions of the time-averaged mean velocity in 5.3.1.1 and 5.3.1.2. 

Similar to Muthanna (2002), the tip leakage flow, resembling a jet with high tangential 

momentum and comparatively low streamwise momentum, ejects from the suction side 

of the blade into the passage. This tip leakage jet, thus, intersects with the endwall 

boundary layer in the passage resulting in flow separation. The separation in this present 

study occurs closer to the pressure side of the passage than that shown in Muthanna 

(2002) since the tip gap is higher. Moreover, the tangential momentum of this tip leakage 

jet is an effect of not only the pressure difference between the blade surfaces, but the 

additional component from the viscous endwall motion as well. The pitchwise distance 

between the separation lines of the two cases can be seen by comparing the models in 

figure 5.1 and 5.14.  

Once separated from the endwall, part of the tip leakage flow and the endwall 

boundary layer is induced by the pressure gradient in the passage to roll back toward the 

suction side and the passage flow near the endwall region develops into a vortical flow 

structure. This results in the flow going through a rotating motion next to the blade 

surface as shown in figure 5.15. Initially formed near 12%ca downstream of the blade 

leading edge, the vortical structure grows larger with downstream distance. While 

remaining attached to the blade suction surface, the core of this vortical structure 

accelerates along the surface up to 40%ca. This upstream part of the vortical structure 

contains significant axial velocity and vorticity that keeps increasing in intensity, 

indicating signs of a fully-developed vortex. The center of the vortex core is defined by 

the zero magnitude of the normal velocity component. The axial velocity of the core 

reaches the maximum before the structure starts shedding across the passage toward the 

pressure side. This point marks a substantial change in the vortical structure. 

After shedding, the vortical structure loses some of its rotational strength. The 

rotating motion of the structure keeps decreasing while the structure expands across the 

passage.  By the time it reaches the trailing edge section, the rotating secondary flow in 

the vortical structure is no longer the dominating feature in the endwall region even 
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though the wall motion still maintains the tangential component of the endwall flow. The 

flow feature governing the endwall region is therefore the flow with low streamwise 

momentum. 

As previously mentioned, the interaction between the two flows of different 

orientations causes flow separation on the endwall. Even though the two flows contain 

high tangential momentum, they lack of momentum in the streamwise direction. 

Consequently, another part of the separated flow, the region of the low streamwise 

momentum, starts accumulating next to the vortical structure flow as shown in figure 

5.16. This flow feature, also expanding in size, becomes a dominating feature in the 

passage as it moves downstream.  

The further downstream, the higher the streamwise velocity deficit in the region of 

low streamwise momentum becomes. This is the result of the adverse pressure gradient in 

the passage. After the vortical structure sheds off the blade surface, the region of low 

streamwise momentum fluid moves closer to the vortex core but the expansion in its size 

keeps it close to the pressure side. Eventually, the region of low streamwise momentum 

flow reaches the adjacent blade. The fluid from this region can also travel through tip gap 

as part of the tip leakage jet indicating another connection between the tip leakage vortex 

from one blade to the next.  

At the exit of the blade passage, the tip leakage vortex can be resolved through two 

flow features: the vortical structure and the low streamwise momentum structure. 

Downstream of the passage, Ma (2003) shows the domination of the streamwise structure 

similar to that found in this present study.   
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Figure 5. 14 The mean flow model of the tip leakage vortex showing the interaction between the tip 

leakage flow and the passage core flow for the tip gap of 3.3%c with a moving wall.  
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Figure 5. 15 The mean flow model of the tip leakage vortex showing the rotating flow around an axial 

velocity core for the tip gap of 3.3%c with a moving wall. 

 

 

 

 132



 Chapter 5 Mean-Flow Field of The Tip Leakage Vortex 

 

 

 

 

 

Blade 5 The vortex core, V = 0 

 

 

 
 
Figure 5. 16 The mean flow model of the tip leakage vortex showing the flow with the low streamwise 

momentum next to the vortical structure flow for the tip gap of 3.3%c with a moving wall. 
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5.3.2. Streamwise vorticity and circulation of the tip leakage vortex 

To reveal the vortical structure of the tip leakage vortex, the streamwise vorticity 

was calculated from the flow measured in the X-cross sections using finite difference on 

the following equation. 

c

c

c

c
x z

V
y
W

∂
∂

−
∂
∂

=Ω             (5. 1) 

where  and  are distances in directions perpendicular to the Ucy∂ cz∂ c direction of each 

measurement plane in the center-streamline aligned coordinate system. The  has the 

same direction as the 

cy

y  and the Y directions, normal to the lower endwall, while the  

makes a 

cz

yθ  angle with the measurement plane (table 3.4). Thus, ( ) Zz yc ∂=∂ θcos . The 

partial derivative in the streamwise direction is assumed to be negligible, 0≈
∂
∂

cx
.  

Presented in figure 5.17 are the contour plots of the normalized streamwise 

vorticity ( ax cU ∞Ω ) for the baseline case. Positive vorticity is equivalent to clockwise 

rotation from this view point. At the axial cross sections of X = 0.41ca, 0.56ca, 0.76ca and 

0.98ca, the streamwise vorticity is concentrated in three areas: the blade boundary layer, 

the tip leakage flow and the vortical structure. Except for the cross section of X = 0.98ca, 

the boundary layer shown in the plots mostly consists with the positive streamwise 

vorticity.  

At X = 0.41ca, positive streamwise vorticity occurs near the suction-side tip gap and 

the center of the vortical structure. The plot reveals that the vortical structure stays close 

to the blade suction surface. For the vortical structure, the maximum positive vorticity of 

29.08U∞ca at Z = -0.19ca, Y = 0.07ca in this cross section is the highest of the four 

sections. There is also an area of negative streamwise vorticity near the lower endwall 

and center of the passage indicating a counter-rotating vortex.  

After shedding of the vortical structure, a similar vortical structure is seen at X = 

0.56ca with a decrease in the maximum vorticity to 14.14U∞ca. Negative streamwise 

vorticity level are also reduced and barely visible in the measurement area. Further 

downstream, the vortical structure decays rapidly so that there is no clear indication of a 

vorticity concentration in the vortex core at the trailing edge section. The streamwise 
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vorticity plot at X = 0.98ca shows islands of slightly positive vorticity across the center of 

the passage starting from Z = -1.25ca to -2ca. The structure in the passage at this section 

possibly consists of several small eddies similar to the Liu et al’s (2004) hypothesis of 

the tip leakage vortex flow after the shedding point Negative streamwise vorticity also 

appears in a small area near the pressure-side tip gap for this section. Table 5.3 shows the 

maximum level of positive streamwise vorticity in the area of the tip leakage flow and the 

vortical structure. 

Circulation around a certain loop can also reveal the strength of the vortical 

structure inside the loop. The circulation for the loop shown in figure 5.17 can be 

calculated from the following equation. 

( ) ( ) ( )( )∫ ∫∫∫ −−+−−++−+=Γ
3 421

cossincossin dZWUdyVdZWUdYV ycyccycycc θθθθ

                 (5. 2) 
where 1, 2, 3 and 4 indicate a side of the loop on which the line integral are performed. 

The selection of the loops for each cross section is subjective and, thus only the 

qualitative comparisons between different cross sections are of interest. The approximate 

circulations are 0.49U∞ca, 0.60U∞ca, 0.50U∞ca and 0.40U∞ca for the cross sections from 

upstream to downstream, respectively.  

As mentioned in 4.2.3, the tip leakage vortex is likely to pick up the blade tip 

circulation while staying close to that tip. For the baseline case, the amount of blade tip 

circulation accumulating up to the shedding location (X = 0.48ca) is close to 0.17U∞c or 

0.31U∞ca. This value is however lower than the circulation of 0.49U∞ca, calculated from 

equation 5.2, for the tip leakage vortex at X = 0.41ca. This implies that the circulation 

adding from the endwall boundary layer has an important contribution in the total 

circulation of the tip leakage vortex as well. 

To examine the contribution of the endwall boundary layer, the averaged vorticity 

of the endwall boundary layer per unit distance normal to the wall, in the pitchwise 

direction is the axial upstream velocity, ( )1.65cos, ∞=Ω Uendwallz . The circulation in the 

tip leakage vortex due to the endwall boundary layer would be this unit endwall vorticity 

in the normal direction of the vortex cross section, multiplied by width of the section, 

( )ωφsin,endwallzendwall Ω=Γ . φ  is the angle to which the unit endwall vorticity turns, 
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counter-rotating the turning of the streamwise flow in the moving wall frame of reference 

while ω  is the width. The φ  is approximated to be 33.3º, chosen from the angle between 

the upstream flow in the moving wall frame of reference ( ( )�1.65cos∞U ) and the outlet 

flow downstream of the passage in the same frame of reference ( ( )�1.65sin76.0 ∞∞ −UU ) 

for the cascade inlet angle of 65.1º and the turning angle of 11.8º. The added circulation 

due to the endwall boundary layer in a loop of half of the passage width (0.85ca) would 

be nearly 0.2U∞ca. The summation of the circulation from the blade tip and the endwall 

boundary layer (0.31U∞ca + 0.2U∞ca = 0.51U∞ca) is relatively comparable to the 

circulation found in the vortical structure at X = 0.41ca. This comparison indicates that 

the circulation from the endwall is equally important to the vortical structure as the blade 

circulation.  

These circulation results are of interest since they show that variations in boundary 

conditions of either flow over the blade or the lower endwall boundary layer can cause 

unsteadiness in the tip leakage vortex. 

 

Table 5. 3 The maximum positive streamwise vorticity for tip leakage flow and vortical structure. 

Tip leakage flow Vortical structure 

X/ca 
Y/ca Z/ca zx

cU
∞

Ω  Y/ca Z/ca 
zx
cU

∞
Ω

 

0.41 0.04 -0.07 35.50 0.07 -0.19 29.08 

0.56 0.04 -0.28 19.73 0.11 -0.67 14.14 

0.76 0.04 -0.52 22.19 0.15 -1.23 4.52 

0.98 0.04 -0.73 8.73 0.15 -1.49 2.55 
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Figure 5. 17 Time-averaged streamwise vorticity plots for the cross sectional planes. The subtitles 

indicate the axial locations. The horizontal dashed line represents the tip gap height. The blue dotted 

lines indicate the loops on which the circulation was calculated. 
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5.3.3. Turbulence kinetic energy field 

Muthanna (2002) describes one significant features found in the tip leakage vortex 

to be the level of high turbulence kinetic energy at the center and above the vortex core. 

The turbulence kinetic energy (k) is defined as half of the trace of the Reynolds normal 

stress tensors.  

 ( )222

2
1 wvuk ′+′+′⋅=                                    (5. 3) 

The turbulence kinetic energy is invariant with the coordinate orientation. The 

magnitude found in the passage can therefore be used to properly characterize the 

development of the tip leakage vortex without any speculation of the vortex path.  

 

5.3.3.1. Tip leakage vortex formation: based on the turbulence kinetic energy field 

Figure 5.18 displays contour plots of the turbulence kinetic energy when 

normalized by the square of the freestream velocity ( 2

∞Uk ) for the two measurement 

planes, Y = 0.07ca and 0.15ca, parallel to the endwall. The plot schematics are similar to 

that in 5.3.1.1 with the contour scaling of the turbulence kinetic energy level from 0 to 

0.05U∞
2. Since the turbulence kinetic energy is invariant with direction, the coordinate 

system does not apply to the magnitudes represented on these plots. The dash-dot black 

line across the passage is the same zero-Vi line shown in the mean velocity flow field.  

The locations remain defined by the cascade-tunnel coordinate system. 

At the entrance of the passage, the measurements in the lower plane, where Y = 

0.07ca, show an insignificant turbulence kinetic energy magnitude of 0.003U∞
2 on 

average. Based on the turbulence kinetic energy level, there is no visible evidence of the 

inflow disturbances at the beginning of the passage. Almost certainly, this turbulence 

kinetic energy level of the disturbances is subdued by the time-averaging. Away from the 

blade suction surface, the turbulence kinetic energy has consistently low magnitude as the 

passage flow progresses downstream. By X = 0.25ca, the magnitude of the turbulence 

kinetic energy has increased slightly to 0.008U∞
2. 
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At Y = 0.07ca: 
2

∞Uk  At Y = 0.15ca: 
2

∞Uk  

Figure 5. 18 Time-averaged turbulence kinetic energy at two measurement planes in the passage for 

the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles refer to the 

measurement heights and the presented component. 

 

The tip leakage flow has an influence on the turbulence characteristics of the 

passage flow especially near the blade suction surface. Close to X = 0.1ca, at Y = 0.07ca 

the turbulence kinetic energy level is slightly higher in the area around the suction side of 

the blade than that across the passage. Coinciding with the vortical structure, this area of 

moderate turbulence kinetic energy grows wider with the downstream distance and keeps 

increasing in magnitude. The increase of the turbulence kinetic energy occurs most 

strongly along the zero- iV  line, previously described as being close to the center of the 
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vortical structure in the passage. This overlapping indicates that the turbulent flow field is 

an important part of the tip leakage vortex core.  

At Y = 0.07ca, the turbulence kinetic energy surrounding the vortical structure core 

at X = 0.5ca is elevated to nearly 0.036U∞
2. When the structure starts shedding away from 

the blade surface, the flow with elevated turbulence kinetic energy can be seen 

accumulating in three different locations: along the vortical structure center and the 

upwash and downwash sides of the structure.  

The first area of elevated turbulence kinetic energy, aligning on the line of zero- iV , 

initially corresponds to the area of elevated iU , mentioned in 5.3.1.1. The location of the 

maximum turbulence kinetic energy along the vortex center, however, is found 

downstream of the maximum iU  location. The turbulence kinetic energy increases before 

reaching the maximum of 0.05U∞
2 near X = 0.51ca and Z = -0.513ca, comparatively close 

to the location of the maximum iW  magnitude. Located on both sides of the vortical 

structure core, the other two elevated turbulence kinetic energy areas are concentrated in 

regions where the iV  and iW  components are relatively low in magnitude. Compared to 

the flow upstream, the maximum turbulence kinetic energy is increased to 0.036U∞
2 on 

the upwash side of the vortex and 0.038U∞
2 on the downwash side.   

It is apparent in figure 5.18 for the lower measurement plane that the area of 

elevated turbulence kinetic energy on the upwash side of the vortex is smaller than on the 

downwash side and turbulence kinetic energy levels are slightly lower in magnitude. This 

is possibly caused by the fact that the upwash side of the vortical structure is across the 

passage from the tip leakage jet. It seems unlikely that the elevated turbulence kinetic 

energy from the jet convects to the other side of the passage. While there is no evidence 

of elevated turbulence kinetic energy levels in the tip leakage jet shown in figure 5.18, 

these are clearly shown in the X-cross sections discussed below. 

At Y = 0.15ca (figure 5.18), the level of the turbulence kinetic energy is fairly low 

before the mid axial-chord location and starts increasing with the downstream distance. 

Once more, the flow with the elevated turbulence kinetic energy centers on the vortical 

structure core. Unlike in the lower measurement plane, there is only one elevated 
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turbulence kinetic energy area. The flow on the upwash side of the core has slightly 

higher turbulence kinetic energy than that on the downwash side. Along the core line, the 

turbulence kinetic energy increases as the flow progresses downstream until reaching a 

maximum value of 0.041U∞
2 at X = 0.66ca. This value is lower than the maximum value 

of the turbulence kinetic energy at the lower measurement plane by 18% and the 

maximum is further downstream.  

In summary, the two contour plots in figure 5.18 show that the turbulence kinetic 

energy in the passage is not only concentrated around the interaction location of the cross 

flow with the potential core flow, but also spread around by the rotation of the flow in the 

vortical structure. The turbulence kinetic energy measurements plotted in the X-cross 

section presented below provides more details on this subject.  

 

5.3.3.2. Tip leakage vortex structure: based on the turbulence kinetic energy field 

Contour plots of the normalized turbulence kinetic energy ( 2

∞Uk ) in figure 5.19 

clearly show the structure of the tip leakage vortex and its relationship with the tip 

leakage flow. The contour plot is identical to the mean velocity plots in 5.3.1.2 except for 

the contour scaling of 0 to 0.05U∞
2. The presentation viewpoint is seen looking through 

the blade passage from upstream of the blade row. There are a total of four measurement 

planes: X = 0.41ca, 0.56ca, 0.76ca, and 0.98ca, referred to in each plot subtitle. The dashed 

line on the bottom of each plot represents the tip gap height of 3.3%c.    
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Figure 5. 19  Time-averaged turbulence kinetic energy plots for the cross sectional planes. The 

subtitles indicate the axial locations. The dashed line represents the tip gap height. 
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For every cross section shown in figure 5.19, the potential core flow, away from the 

endwall region, has turbulence kinetic energy of nearly zero while the turbulence kinetic 

energy is very small in the blade boundary layer area (0.009U∞
2 at the trailing edge plane, 

X = 0.98ca). The boundary layer is clearly visible at the downstream sections (X = 0.76ca 

and 0.98ca) on the right side of the plots where it is seen to transform from two 

dimensional to three dimensional near the endwall viscous region. On the blade suction 

surface at the trailing edge plane, there is no sign of large flow separation from the blade 

as the turbulence kinetic energy is consistent along the span.  

The turbulence kinetic energy of the blade boundary layer near the tip gap height is 

evidently increased by the effect of the tip leakage flow. The leakage flow ejected from 

below the tip gap contains elevated turbulence kinetic energy that initially increases with 

the downstream distance (X = 0.41ca and 0.56ca). However, the turbulence kinetic energy 

in the tip leakage flow decreases after the vortical structure sheds off the blade surface (X 

= 0.76ca and 0.98ca), possibly as a consequence of the reduction in the strength of the tip 

leakage flow. Table 5.4 numerically shows locations and levels of the maximum 

turbulence kinetic energy in the flow near the tip gap for these 4 cross sections.  

Before the vortical structure sheds away from the blade surface (X = 0.41ca), the 

contours of the turbulence kinetic energy illustrated in figure 5.19 shows no distinguished 

outline of the rotating flow region. The contours merely show turbulence being 

distributed around the whole region of the lower endwall. The area of elevated turbulence 

kinetic energy at X = 0.41ca shows two locations of concentrated turbulence in the 

passage matching those shown in the top-view plane of figure 5.18 at the same X location. 

They are located near the vortical structure core (the highest orange contour) and the 

separation line of the endwall boundary layer. The last location is the elevated turbulence 

kinetic energy induced by the tip leakage flow, mentioned previously.  

Immediately after the shedding of the vortical structure (X = 0.56ca), there is 

evidence of increased turbulence kinetic energy. The maximum level inside the vortical 

structure core increases from 0.036U∞
2 to 0.056U∞

2. Unlike the flow near the tip leakage 

jet and the vortical structure, the flow near the separation line no longer consists of 

distinctly elevated turbulence kinetic energy areas. The distribution of turbulence kinetic 

energy at this point does not precisely match the distribution found by Muthanna (2002). 
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Instead of covering just the top and center part of the tip leakage vortex, the area of 

elevated turbulence kinetic energy spreads over the entire endwall viscous region in the 

tip leakage vortex.  

As the tip leakage vortex convects away from the originating blade, the flow 

structure in figure 5.19 (X = 0.76ca and 0.98ca) reveals a bridge of elevated turbulence 

kinetic energy, stretching from the suction-side tip gap, across the passage and over the 

small area of low turbulence kinetic energy, before reattaching again near the pressure-

side tip gap. For the cross section of X = 0.76ca, the highest level of turbulence kinetic 

energy is found near the suction-side tip gap as shown in table 5.4. The level decreases 

with the distance away from the tip gap. For the part near the suction side of the passage, 

the bridge area covers the lower endwall region, including the lower part, the core, and 

the upper part of the vortical structure. Across the passage beyond the vortical structure 

core, the area of elevated turbulence kinetic energy makes a leap over the separation area 

of the endwall boundary layer. The level of turbulence kinetic energy near the endwall 

drops to nearly 0.008U∞
2 at Y = 0.04ca and Z = -1.63ca. This low turbulence kinetic 

energy area is part of the low streamwise momentum flow shown in figure 5.16 and is 

located close to the pressure-side tip gap where the velocity gradients are small.  

The bridge structure also exists in the trailing edge section where X = 0.98ca. 

Overall levels of turbulence kinetic energy are lower here when compared to the 

upstream sections except for the area close to the pressure-side tip gap. The low 

turbulence kinetic energy under the bridge appears to expand matching the development 

of the region of low streamwise momentum flow.    

The velocity gradients and the Reynolds stresses are of significant importance to 

the production of the turbulence kinetic energy, P . The production terms can be 

expressed in the center-streamwise aligned coordinate system as shown in equation 5.4. 
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                                        (5. 4)  
Since an orientation of the center-streamline aligned coordinate system presented in the 

above equation and the inflow-aligned coordinate system is only slightly different, 

equation 5.4 is used to analyze the turbulence production qualitatively. Observation of the 
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mean velocity contours in both plan views (5.3.1.1 and 5.3.1.2) can be used to crudely 

verify contribution of the velocity gradients to the turbulence kinetic energy production in 

the tip leakage vortex. The terminologies used to identify the directions associated with a 

quasi-streamwise vortex are: streamwise, transverse and spanwise, corresponding to 

gradients in the directions of ,  and  respectively.  cU cW cV

The flow around the vortical structure core has cU  deceleration in the streamwise 

direction (see figure 5.10) as well as changes in cV ,  cW  (figures 5.11 and 5.12) after the 

structure sheds off the blade surface. However, the variations in the streamwise direction 

are relatively smaller than the gradients of cV  in the transverse direction (figures 5.5 and 

5.11) and the gradients of cW  in the spanwise direction (figures 5.6 and 5.12). The region 

of highest turbulence kinetic energy with respect to the streamwise location (figure 5.18)  

is further downstream than the location of the two dominating gradients mention above.. 

An additional the turbulence kinetic energy in that region is possibly convected from 

different regions.  

For the elevated turbulence kinetic energy induced by the tip leakage flow, there 

are some evidence of the spanwise gradients of all three velocity components cU  (figures 

5.10-5.12), near the suction-side blade tip. For the upwash region of the vortical structure 

near the endwall, evidences of the velocity gradient inducing the turbulence kinetic 

energy are not as clear as the other regions. The source of turbulence kinetic energy 

production in this region seem to be related to the transverse gradients of cU  and cW  

(figures 5.10-5.12). 

 

Table 5. 4 The maximum turbulence kinetic energy at the area near the blade tip leakage jet. 

X/ca Y/ca Z/ca
2

∞Uk  

0.41 0.04 -0.10 0.043 

0.56 0.05 -0.30 0.048 

0.76 0.05 -0.57 0.038 

0.98 0.07 -0.86 0.024 
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5.3.3.3. Turbulent flow model of the tip leakage vortex  

The model of the turbulence kinetic energy distribution in the passage is illustrated 

in figure 5.20. Discussed previously, the flow with the elevated turbulence kinetic energy 

spreads around three main parts of the tip leakage vortex: the tip leakage jet, the vortical 

structure core and the separation line. The turbulence kinetic energy in the tip leakage jet 

contributes enormously to the neighboring area, i.e. near the suction-side tip gap, so that 

even the flow above the tip gap height has moderately high turbulence kinetic energy. 

The stronger the tip gap jet, the higher the turbulence kinetic energy. Thus, the maximum 

turbulence kinetic energy is located near the shedding point of the vortical structure. 

Afterwards, this near-tip-gap flow with elevated turbulence kinetic energy is convected 

across the passage and rolled up to form the vortical structure. As a result, turbulence 

kinetic energy appears to be both produced and convected into the vortical structure core. 

For this reason, the energy level in the core, highest after the shedding point, decreases 

with the expansion of the vortical structure.   

The other area of elevated turbulence kinetic energy can be found near the 

upstream section of the passage, where the endwall viscous flow dominates the 

interaction between the endwall boundary layer and the tip leakage jet. This interaction 

upstream causes large velocity gradients resulting in the elevated turbulence kinetic 

energy. The energy level decreases with the strength of the tip leakage jet, as well as the 

streamwise mean velocity. The accumulation of the low streamwise momentum flow 

diminishes the level of turbulence kinetic energy since the velocity varies only slightly in 

this area. This results in the area of the tip leakage vortex with low turbulence kinetic 

energy, under the bridge of elevated turbulence kinetic energy connecting the two sides 

of the tip gap, as the tip leakage vortex progresses downstream and across the passage.  
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Figure 5. 20 The turbulence flow model of the tip leakage vortex showing the distribution of the 

turbulence kinetic energy for the tip gap of 3.3%c with a moving wall. 
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5.3.4. Reynolds stress field 

Besides the turbulence kinetic energy, the flow field in the passage can be 

illustrated in terms of different Reynolds stress components to improve understanding of 

the turbulence field in the vicinity of the tip leakage vortex. In the first part of the 

discussion below, the Reynolds normal stresses in the planes parallel to the endwall are 

used in the discussion of the tip leakage vortex formation and its contribution to the 

turbulence kinetic energy and its production. Then, the Reynolds shear stresses are 

presented for comparison. The second part of this section shows the Reynolds stress 

tensors in the X-cross sectional plane in order to better reveal the structure of the tip 

leakage vortex. 

 

5.3.4.1. Tip leakage vortex formation: based on the Reynolds stress field 

Reynolds normal stresses 

Following the presentation of the mean velocities and turbulence kinetic energy 

detailed in 5.3.1 and 5.3.2, figures 5.21-5.23 show contour plots of the Reynolds normal 

stress of the same measurement planes above the lower endwall, Y = 0.07ca and 0.15ca, 

for the 3.3%c tip gap. The Reynolds normal stresses are normalized by the square of the 

freestream velocity and resolved in terms of components in the inflow-aligned coordinate 

system ( 22

∞
′ Uui , 22

∞
′ Uvi , 22

∞
′ Uwi ). The contour scales are from 0 to 0.035U∞

2, nearly 

two-thirds of the contour scales used in plotting the turbulence kinetic energy. The same 

zero- iV  lines are presented as a dash-dotted black line across the passage in each plot. 
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Figure 5. 21 Contour plots of time-averaged Reynolds normal stress 2

iu′  at two measurement planes 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 
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Figure 5. 22 Contour plots of time-averaged Reynolds normal stress 2

iv′  at two measurement planes 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 
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Figure 5. 23 Contour plots of time-averaged Reynolds normal stress 2

iw′  at two measurement planes 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 
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In figure 5.21, the 2

iu′  plot at Y = 0.07ca indicates only low levels at the passage 

entrance. The level of 2

iu′  at X = 0 is 0.0016U∞
2, approximately equivalent to a 

turbulence intensity of 4%. Figure 4.6 shows that the turbulence intensity of the inflow 

boundary layer at the same height but at X = -0.6ca was 4.2% for the measurement 

without wall motion. This measurement also compares with the turbulence intensity at 

the same height in the boundary layer at X = -0.23ca measured by Ma (2003). Ma found 

that the turbulence intensity at Y = 0.07ca was 3.4% for the flow with the wall motion and 

4.1% for the flow with the wall motion and vortex generators. These results indicate that 

the 2

iu′  level in the present inflow boundary layer mostly originates from the non-slip 

condition at the endwall rather than the inflow disturbances. 

Similar to the 2

iu′  component, the 2

iv′  component illustrated in figure 5.22 at Y = 

0.07ca shows only low levels at the entrance of the passage. The averaged magnitude is 

0.001U∞
2 at the leading edge plane. On the other hand, 2

iw′  at 0.003U∞
2 (figure 5.22), is 

nearly twice 2

iu′  and 2

iv′ . The 2

iw′  component is possibly under the influence of the 

skewed boundary layer produced by the moving endwall. As the passage flow travels 

downstream of X = 0.25ca, the three Reynolds normal stress components away from the 

blades increase in magnitude to approximately 0.003U∞
2 for 2

iu′  and 2

iv′ components and 

0.005U∞
2 for 2

iw′ . As the flow progresses further downstream, the Reynolds normal 

stresses increase as the potential core flow begins to intersect the vortical structure. 

Near the blade suction surface at Y = 0.07ca, the contour plots show evidence of the 

tip leakage flow in the form of increased 2

iu′  and 2

iv′ , starting from X = 0.1ca. These 

areas of slightly elevated 2

iu′ , 2

iv′  and 2

iw′  grow wider as the flow moves downstream, 

comparable to what was found in the mean velocity and turbulence kinetic energy results. 

After the shedding of the vortical structure, the distribution of all three Reynolds normal 

stresses resembles that of the turbulence kinetic energy. The Reynolds stress level is 

considerable in the areas influenced by the tip leakage jet, the vortical structure core and 

the endwall flow separation.  
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In the area under the tip leakage jet influence (downwash side of the vortical 

structure), the turbulence is dominated by the 2

iv′  and 2

iw′  components. The highest level 

of all three Reynolds normal stresses is 2

iw′  with a maximum of 0.036U∞
2 which occurs 

at X = 0.89ca, Z = -0.72ca. This is 81% and 17% higher than that of the 2

iu′  and 2

iv′  

components, respectively.  

Centered along the zero- iV  line in figures 5.21-5.23 for Y = 0.07ca, the area of 

elevated Reynolds normal stresses influenced by the vortical structure core sees maxima 

in the magnitudes of all three components. The 2

iw′  component in figure 5.23 increases 

with the distance along the core before reaching a maximum of 0.040U∞
2 at X = 0.51ca. 

The influence of the tip leakage jet on the strength of the 2

iw′  component is clearly 

visible in this area since the 2

iw′  level on the downwash side is greater than that away 

from the blade suction surface. Similar to the 2

iw′  component, the 2

iv′  component also 

rises as the vortical structure convects downstream with the maximum magnitude of 

0.048U∞
2 at X = 0.51ca. This location of maximum 2

iv′  also coincides with the place 

where the 2

iu′  and 2

iw′  components, and consequently the turbulence kinetic energy 

reach their peaks in the vortical structure core area. However, the maximum 2

iu′  of 

0.021U∞
2 in this area is not the highest 2

iu′  magnitude in the passage since this 

component is stronger near the endwall flow separation area. 

The area near where the endwall flow separates encompasses the weakest Reynolds 

normal stresses out of the three elevated areas. The highest 2

iw′  component of this area is 

nearly 42% lower than that of the vortical structure core, while the peak 2

iv′  is 

approximately 56% lower. The exception lies in the 2

iu′  component whose magnitude in 

this area is higher than the other two areas. However, the dominating component in this 

area is still the 2

iw′  component.  

At Y = 0.15ca, the only elevated Reynolds normal stress area is located near the 

vortical structure core. Besides the 2

iu′  component (figure 5.21), the other components 
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have magnitudes slightly lower than those found in the lower measurement plane. The 
2

iw′  component (figure 5.23) is the most influential of the three components. The 

elevated 2

iv′  component (figure 5.22), however, is moderately strong but does not cover 

the entire downstream section of the passage. Unlike the other two components, the effect 

of 2

iv′  component fades out before the flow reaches the trailing edge plane. The results at 

Y = 0.15ca indicate that the 2

iw′  component, while playing significant role in the 

turbulence characteristics of the tip leakage vortex, does not depend solely on the 

influence of the endwall motion.  

 

Reynolds shear stresses 

Figures 5.24-5.26 show the contour plots of the normalized Reynolds shear stress 

resolved into components of the inflow-aligned coordinate system ( 2

∞
′′ Uvu ii , 2

∞
′′ Uwu ii , 

2

∞
′′ Uwv ii ). The plot schematics are the same as the previous Reynolds normal stress plots 

for the two measurement heights. The Reynolds shear stresses in the tip leakage vortex 

are weak except for the ii wv ′′  term. 

Figure 5.24 shows the shear stress ii vu ′′  is insignificant over most of the passage at 

Y = 0.07ca. A slightly negative ii vu ′′  is found near the trailing edge plane on the suction-

surface blade. Along the vortical structure core, the ii vu ′′  component switches sign, going 

from negative to positive values, after the structure sheds off the blade surface. In 

contrast, the shear stress ii vu ′′  at the core is both negative and positive at Y = 0.15ca after 

the shedding point. Negative values are found on the downwash side while the upwash 

side is dominated by positive values. On the other hand, the shear stress ii wu ′′  in figure 

5.25 has a negative sign along the vortical structure at Y = 0.07ca while a positive sign is 

found at Y = 0.15ca.  

The shear stress ii wv ′′ at Y = 0.07ca in figure 5.26 is the only Reynolds shear stress 

component that shows large values across the entire tip leakage vortex area, excluding the 

upwash side near the low streamwise momentum flow. The ii wv ′′ component is negative 
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and relatively strong on the downwash side of the vortical structure while it is slightly 

positive on the other side. At Y = 0.15ca, the ii wv ′′  component is absent from the flow on 

the downwash side and only present as negative on the upwash side.  

 

 

 

At Y = 0.07ca: 
2

∞
′′ Uvu ii  At Y = 0.15ca: 

2

∞
′′ Uvu ii  

 

Figure 5. 24 Contour plots of time-averaged Reynolds shear stress ii vu ′′  at two measurement planes 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 

 

 

 

 155



 Chapter 5 Mean-Flow Field of The Tip Leakage Vortex 

 

 

 

 

Figure 5. 25 Contour plots of time-averaged Reynolds shear stress ii wu ′′  at two measurement planes 

 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 

 

 

 

 

 

At Y = 0.07ca: 
2

∞
′′ Uwu ii  

2

∞
′′ Uwu ii  At Y = 0.15ca: 
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Figure 5. 26 Contour plots of time-averaged Reynolds shear stress ii wv ′′  at two measurement planes 

 

in the passage for the 3.3%c tip gap. The contour scaling is on the right side of the figure. The titles 

refer to the measurement heights and the presented component. 

 

 
 
 
 

At Y = 0.07ca: 
2

∞
′′ Uwv ii  

2

∞
′′ Uwv ii  At Y = 0.15ca: 
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5.3.4.2. Tip leakage vortex structure: based on the Reynolds stress field 

Reynolds normal stresses 

Figures 5.27-5.29 illustrate the normalized Reynolds normal stresses in the X-cross 

sectional planes from X = 0.41ca to 0.98ca. The distribution of the highly turbulent flow 

in the tip leakage vortex is similar for all normal stress components. Starting first with the 

region of flow under the influence of the tip leakage flow, 2

cw′  (figure 5.29) is the 

dominating component with high intensity at X = 0.41ca and 0.56ca that decreases with 

downstream distance. The 2

cv′  component (figure 5.28) is moderately high around the 

shedding point of the vortical structure (X = 0.56ca) while the 2

cu′  component (figure 

5.27) is only weak in the leakage flow. Table 5.5 shows the maximum Reynolds normal 

stresses and their locations in the area near the blade tip leakage flow for Z > -0.25ca at X 

= 0.41ca, Z > -0.5ca at X = 0.56ca, Z > -ca at X = 0.76ca, and Z > -1.25ca at X = 0.98ca. For 

the area near the vortical structure core, the intensities of the 2

cv′  and 2

cw′  components 

are very strong in the first two cross sections before decaying downstream.  

 

Table 5. 5 The maximum Reynolds normal stresses in the area near the blade tip leakage flow. 

X/ca
22

∞
′ Uuc  (Y/ca, Z/ca) 22

∞
′ Uvc  (Y/ca, Z/ca) 22

∞
′ Uwc  (Y/ca, Z/ca) 

0.41 0.017 (0.05, -0.07) 0.032 (0.07, -0.19) 0.051 (0.04, -0.10) 

0.56 0.021 (0.05, -0.30) 0.030 (0.05, -0.37) 0.052 (0.05, -0.28) 

0.76 0.021 (0.07, -0.64) 0.024 (0.07, -0.64) 0.043 (0.04, -0.51) 

0.98 0.020 (0.07, -0.79) 0.014 (0.07, -0.86) 0.021 (0.05, -0.72) 
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22

∞
′ Uuc

Figure 5. 27 Time-averaged Reynolds normal stress 2

cu′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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22

∞
′ Uvc

Figure 5. 28 Time-averaged Reynolds normal stress 2

cv′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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22

∞
′ Uwc

Figure 5. 29 Time-averaged Reynolds normal stress 2

cw′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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Reynolds shear stresses 

Figures 5.30-5.32 illustrate the normalized Reynolds shear stresses in the X-cross 

sectional planes from X = 0.41ca to 0.98ca. Hidden in the measurement planes parallel to 

the endwall, the cc wu ′′  is the most important shear stress in the overall passage flow 

especially in the negative regions near the suction-side tip gap (figures 5.31). Negative 

values of this component, also found over the upper part of the tip leakage vortex, 

indicates that increasing  causes the cu′
cw′  to decrease and vice versa. The small positive 

levels of this component also exist near the separation line of the vortex. This difference 

in the cc wu ′′  magnitude trails off downstream as the tip leakage vortex possibly becomes 

more stable with less wandering. Even though the ccvu ′′  and cc wv ′′  components are not the 

dominating shear stress component in the passage, the distribution of these two 

components are fairly interesting. The flow pattern revealed by the contour plots (figures 

5.30 and 5.32) implies that increasing cv′  would decrease cu′  but increase  for the 

upper part of the tip leakage vortex. The same plots suggest that the lower part of the 

vortex behaves in the reverse of this fashion.   

cw′

 

5.3.4.3. Summary of the Reynolds stress field  

In the blade passage, the regions of high Reynolds stress field are distributed near 

the tip leakage jet, the vortical structure core and the endwall flow separation. The normal 

stresses, reaching their maxima near the shedding point, indicate that the secondary-flow 

velocity fluctuation plays a major role in generating the turbulence kinetic energy. The 

distribution of Reynolds shear stresses suggests that the vortex undergoes a wandering 

motion, consistent with Ma’s (2003) study for the vortex downstream of the passage. 

This wandering motion is a result of the variation in the shedding point of the vortical 

structure, which will be discussed in chapter 6. 
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2

∞
′′ Uvu cc

Figure 5. 30 Time-averaged Reynolds shear stress ccvu ′′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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2

∞
′′ Uwu cc

Figure 5. 31 Time-averaged Reynolds shear stress cc wu ′′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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2

∞
′′ Uwv cc

Figure 5. 32 Time-averaged Reynolds shear stress cc wv ′′  for the cross sectional planes. The subtitles 

indicate the axial locations. The dashed line represents the tip gap height. 
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5.4. Effect of Tip Gap Size on the Mean Flow Structure 

Besides the measurements at the baseline case of 3.3%c tip gap, data were also 

recorded for tip gap heights of 1.7%c (0.03ca) and 5.7%c (0.10ca). These two tip gaps are 

50% less and 75% more than the baseline tip gap height. Measurements were conducted 

on planes parallel to the lower endwall for mean velocity and turbulence quantities. The 

tip gap size effects offer a better understanding of the mechanism behind the creation of 

the tip leakage vortex especially its relationship with the tip leakage flow.  

Figures 5.33-5.43 present the overall mean velocity and turbulence quantity data 

resembling those shown for the baseline case. As the flow at the beginning of the passage 

is mostly unaffected by the tip leakage vortex, the measurement planes for these 

additional tip gaps only covers the region downstream of the blade leading edge.  For the 

1.7%c tip gap, measurement locations run from X = 0.06ca to X = 0.95ca and cover up to 

three-quarter of the blade passage in the pitchwise direction as shown in figure 5.2. The 

height of the measurement plane in this case is Y = 0.04ca or 0.01ca above the tip level. 

This plane is comparable to the baseline lower measurement plane and represents an 

analogous flow field. In the case of the 5.7%c tip gap, the measurement plan is at Y = 

0.12ca or 0.01ca above the blade tip. This plane covers from X = 0.21ca to X = 0.95ca with 

the same pitchwise coverage. These sets of measurements are enough to reveal the 

shedding locations for each tip gap setting.  
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t g = 1.7%c: ∞UU i  t g = 5.7%c: ∞UU i  

 

Figure 5. 33 Ui component plots of time-averaged mean velocity at two additional tip gaps: the 1.7%c 

and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to the tip gap 

settings and the presented component. 
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t g = 1.7%c: ∞UVi  t g = 5.7%c: ∞UV  i

 

Figure 5. 34 Vi component plots of time-averaged mean velocity at two additional tip gaps: the 1.7%c 

and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to the tip gap 

settings and the presented component. 
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t g = 1.7%c: ∞UWi  t g = 5.7%c: ∞UWi  

 

Figure 5. 35 Wi component plots of time-averaged mean velocity at two additional tip gaps: the 1.7%c 

and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to the tip gap 

settings and the presented component. 
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t g = 1.7%c: vector ( ) ∞UWU ii ,  t g = 5.7%c: vector ( ) ∞UWU ii ,  

 

Figure 5. 36 The normalized Ui-Wi vector plots of time-averaged mean velocity at two additional tip 

gaps: the 1.7%c and 5.7%c tip gap. The reference vectors at the lower left corner in the directions of 

X and Z are equivalent to 0.2U∞. The titles refer to the tip gap settings and the presented component. 
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t g = 1.7%c: 2

∞Uk  t g = 5.7%c: 2

∞Uk  

 

Figure 5. 37 Contour plots of time-averaged turbulence kinetic energy at two additional tip gaps: the 

1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to the 

tip gap settings and the presented component. 
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t g = 1.7%c: 22

∞
′ Uui  t g = 5.7%c: 22

∞
′ Uui  

 

Figure 5. 38 Contour plots of time-averaged Reynolds normal stress 2

iu′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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t g = 1.7%c: 22

∞
′ Uvi  t g = 5.7%c: 22

∞
′ Uvi  

 

Figure 5. 39 Contour plots of time-averaged Reynolds normal stress 2

iv′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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t g = 1.7%c: 22

∞
′ Uwi  t g = 5.7%c: 22

∞
′ Uwi  

 

Figure 5. 40 Contour plots of time-averaged Reynolds normal stress 2

iw′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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t g = 1.7%c: 2

∞
′′ Uvu ii  t g = 5.7%c: 2

∞
′′ Uvu ii  

 

Figure 5. 41 Contour plots of time-averaged Reynolds shear stress ii vu ′′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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t g = 1.7%c: 2

∞
′′ Uwu ii  t g = 5.7%c: 2

∞
′′ Uwu  ii

 

Figure 5. 42 Contour plots of time-averaged Reynolds shear stress ii wu ′′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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t g = 1.7%c: 2

∞
′′ Uwv ii  t g = 5.7%c: 2

∞
′′ Uwv ii  

 

Figure 5. 43 Contour plots of time-averaged Reynolds shear stress ii wv ′′  at two additional tip gaps: 

the 1.7%c and 5.7%c tip gap. The contour scaling is on the right side of the figure. The titles refer to 

the tip gap settings and the presented component. 
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At both tip gaps, the line of zero- iV  seems to provide solid evidence of the location 

of the vortical structure core and is again presented by black dash-dotted lines in the 

contour plots. Except for the shedding locations, the tip leakage vortex formation and its 

structure are barely altered by the tip gap variation. The mean velocity contour plots 

shown in figures 5.33-5.34 agree with the tip leakage vortex model presented in figure 

5.15-5.16. Nevertheless, the strength of the vortical structure changes between different 

tip gaps. The velocity magnitude in the elevated iU  area is amplified with the increased 

tip gap. The shedding point of the vortical structure also moves downstream as the tip gap 

grows.  

Figure 5.36 shows that the shedding of the vortical structure causes the associated 

flow to underturn from the potential core flow. The flow in the vortical structure travels 

almost parallel to the endwall motion regardless of its distance from the lower endwall. 

However, as illustrated in figure 5.35, the magnitude of iW  still depends greatly on the 

effect of the endwall motion. For the 5.7%c tip gap, the measurement plane is further 

away from the lower endwall than that of the 1.7%c tip gap. Thus, iW  level is lower for 

the higher tip gap.   

The turbulence properties of the tip leakage vortex are also changed in magnitude. 

As demonstrated in figures 5.37-5.43, the larger the tip leakage vortex, the higher the 

turbulence level. Figure 5.37 displays the similar turbulence kinetic energy distribution as 

that at the baseline tip gap for the area of elevated turbulence kinetic energy near the 

vortical structure core. The fact that the measurement plane for the tip gap of 5.7%c is too 

high from the lower endwall limits the presentation of the other two areas of elevated 

turbulence kinetic energy. However, the areas near the tip leakage flow and the 

separation line can be seen in the flow for the tip gap of 1.7%c. 

To clearly verify that the strength of the vortical structure flow increases with the 

tip gap variation, figure 5.44 shows where the maximum normalized total velocity, V/U∞, 

and normalized turbulence kinetic energy, 2

∞Uk  are, displayed with the corresponding 

tip gap. The results in figure 5.44 indicate moderate linear trend of the tip leakage vortex 

strength. This linear trend is similar to the variation with the tip gap of the peak suction 

pressure results at the tip of the blade in 4.2.2. 
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Figure 5. 44 The maximum total velocity, V/U∞  (blue circles), and turbulence kinetic energy, 2

∞Uk  

(green asterisks) with respect to the tip gap setting. The lines show the linear curve fitting of their 

corresponding data. The arrows indicate the matched vertical axes for each data set. 

 

A significant change in the tip leakage formation at various tip gap settings is the 

variation in the shedding location from the blade surface. Figure 5.45 shows the line of 

zero- iV  in the blade passage for all measurement planes parallel to the lower endwall. 

Also sketched in this figure is the separation line between the tip leakage vortex and the 

endwall shear stress from the oil-flow visualization of Muthanna (2000) at the 1.7%c 

without the moving wall. The zero- iV  lines for the entire set of measurements are 

displayed as dash-dotted lines while the separation line is solid. The shedding points are 

clearly visible in this figure where the lines curve away from the blade suction surface.  

For the same tip gap of 3.3%c, the nearly overlapping zero- iV  lines for the 

measurements at Y = 0.07ca  and 0.15ca indicate that these lines truly show the path of the 

vortical structure core. The higher the tip gap, the further the shedding points move 

downstream. Excluding the tip gap of 5.7%c where the shedding point is too far 

downstream, the tip leakage vortex paths for the other two tip gaps seem to intersect with 
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each other after the shedding. Nevertheless, the oil-flow separation line still encompasses 

all zero- iV  lines. The position of the separation line compared to the vortical structure 

cores is consistent with the time-averaged tip leakage vortex model previously displayed. 

Figure 5.46 shows comparison between the shedding locations of different tip gaps 

and the locations of peak suction pressure at the blade tip discussed in 4.2.2. The 

shedding locations achieved from the zero- iV  lines are close to the minimum pressure 

locations especially for the tip gap of 3.3%c. The result indicates the importance of the 

shedding location to the blade tip pressure distribution, consequently the strength of the 

tip leakage vortex.  

The mechanism which the shedding of the tip leakage vortex relies is of particular 

interest and importance. The variation of the shedding location with the tip gap setting 

indicates the possibility of endwall influence over this mechanism. It is hypothesized that 

the vortical structure of the tip leakage vortex separates from the blade surface at a 

location, different for every tip gap, where several factors combine to create the shedding 

mechanism. One of the factors seems likely to be the vortex convection velocity from its 

own mirror images in boundaries, such as in the endwall. The following section will 

demonstrate an analysis of the endwall influence on the shedding mechanism based on 

the tip leakage vortex mirror image.   
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Y = 0.07ca, tg = 3.3%c
Y = 0.15ca, tg = 3.3%c
Y = 0.03ca, tg = 1.7%c
Y = 0.10ca, tg = 5.7%c
Oil flow, tg = 3.3%c 

Figure 5. 45 Lines of zero- iV  at different tip gaps and Muthanna’s (2002) separation line based on 

oil flow visualization on the lower endwall without wall motion.  
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Figure 5. 46 The vortex shedding locations compare with the locations of peak suction pressure  

 

5.5. Shedding Mechanism: Influence of Tip Leakage 
Vortex Mirror Images 

To analyze this shedding mechanism, the tip leakage vortex is modeled as a two-

dimensional point vortex in the vicinity of three other vortices as shown in figure 5.46. 

This figure displays the tip leakage vortex at the top right corner in an x-cross section as 

viewed from downstream. Together with its images, the vortex creates the ideal flow 

pattern similar to a vortex in a corner. One of the important restrictions of this ideal flow 

model is that it does not include the effect of wall motion and the tip leakage flow. 

Nevertheless, the model’s main purpose is simply to investigate the connection between 

the tip gap height and the shedding location of the vortical structure so that these two 

effects are not presented in the model. 
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Blade surface 

2 1 

cu  

4 
3 

Lower endwall 

(0,0) 

Tip gap 

Figure 5. 46 The model of the tip leakage vortex with its mirror images to simulate the influence of 

the lower endwall to the shedding location. 

 

At any x location, the core of the main vortex of strength Γ  is located a distance b 

away from the blade suction surface and h above the tip of the blade. In this model, the 

strength and size of the vortex stays the same when b is small and does not change with 

the tip gap height, t. The origin of the flow field matches the intersection point between 

the blade suction surface and the lower endwall. Since there is no flow penetration 

through the two surfaces, the mirror images of the vortex are distributed in the other three 

quadrants with equal distances and opposite strengths as shown in figure 5.46. Applying 

the complex variable theory to the potential flow of interest in quadrant one, the complex 

convection velocity at the location of the main vortex equals the velocity produced by the 

other three vortices: 

( ) ⎥
⎦

⎤
⎢
⎣
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                    (5. 5) 

where uc and vc are the components of the convection velocity parallel and perpendicular 

to the lower end wall, respectively. The three terms on the right hand side of equation 5.5 

are independently induced by the vortices from the quadrants two to four. To separate the 
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real and imaginary parts on the right-hand side to match uc and vc components, equation 

5.5 becomes: 
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It is assumed that the shedding mechanism of the vortical structure is controlled by 

the uc term. Writing us as the convection velocity needed for shedding of the vortical 

structure to occur, the relationship of the shedding velocity and the tip gap height 

according to this model should be: 
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The first term on the right hand side of equation 5.7 is induced by the mirror image of the 

vortex in the lower endwall, while the second term comes from the mirror image in 

quadrant three. The group th
b

+  in the second term is close to one since the spanwise 

and transverse distances between the vortical structure core and the nearby boundaries are 

comparable before shedding. Thus, the shedding velocity generated by the vortex images 

is inversely proportional to the spanwise distance from the lower endwall to the structure 

core with the strength of Γ  at the shedding x-location. 

th
us +

Γ
∝              (5. 8) 

If us is always the same when shedding occurs and independent of the tip gap, equation 

5.8 can be rearranged as: 

th +∝Γ              (5. 9) 

where Γ , h and t now represent the conditions at which shedding will occur. 

Equation 5.9 shows the relationship between the tip gap height (for the case where 

the h distance is constant with the tip gap variation) and the circulation strength of the 

vortical structure at shedding. This relationship implies that the larger the tip gap, the 

greater the circulation strength required for the vortical structure to detach from the blade 

suction surface.  

Figure 5.48 illustrates variation of the shedding points, based on the locations of 

peak suction pressure, and blade tip circulation at shedding. Since part of the circulation 
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in the vortical structure is accumulated from this circulation shed from the tip of the 

blade, the circulation of the vortical structure would also vary with the x-distance 

normalized on the blade chord length ( x∝Γ ). Indeed, the blade tip pressure results 

suggest exactly this type of relationship exists during the early growth of the vortex as 

discussed in 4.2.3. In another word, equation 5.9 can be revised to show that:  

thx +∝                                       (5. 10) 

Equation 5.10 shows that the higher the tip gap, the longer the vortical structure stays 

attached to the blade suction surface.  

This conclusion strongly supports the experimental results in 5.4. Not only has the 

relationships derived above showed that the shedding mechanism of the tip leakage 

vortex involves the vortex mirror image in the lower endwall, they also imply that the 

vortex strength of the tip leakage vortex is significantly dependent of that image.   

Obviously, the total circulation shed out of the blade tip would appear in the endwall 

boundary layer. However, only some part of the blade tip circulation ends up as a 

coherent structure, i.e. the tip leakage vortex.  The blade tip circulation consistently adds 

to the organized tip leakage vortex up to the shedding point. Therefore, the more delayed 

the shedding mechanism, the stronger the tip leakage vortex.  

 

 

x∝Γ

Figure 5. 48 Variation of the shedding points and their corresponding blade tip circulations  
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5.6. Comparison between the Mean Blade-Tip Pressure 
Distributions and the Tip Leakage Flow 

The formation of the tip leakage vortex is undoubtedly controlled by the 

mechanisms driving the tip leakage flow: the blade tip pressure difference and the 

relative endwall motion. In the case of the blade tip pressure distribution from 4.2.1 and 

4.2.2, the blade tip pressure on both suction and pressure sides are similar to the midspan 

pressure from the leading edge to nearly X = 0.05ca. Further downstream, the distribution 

on the suction side becomes different from the midspan distribution while the pressure 

side shows minute variation. Consequently, the change on the suction side is clearly 

associated with the existence of the tip leakage vortex. 

The results in 4.2.2 demonstrated that the axial location of the maximum tip 

pressure difference (X = 0.48ca) is in the neighborhood of the shedding point of the 

vortical structure. This relationship is of interest since it could indicate that the tip 

leakage vortex would detach from its originating blade when the tip leakage flow is 

strongest. This hypothesis is supported by tip gap velocity profiles shown in Staubs 

(2005). The time-averaged mean velocity profile perpendicular to the blade camber line, 

measured by Staubs, has the maximum mass flow rate at X = 0.43ca, where the ratio of 

the tip leakage flow velocity to the upstream velocity is nearly one at Y = 0.04ca. As the 

tip pressure difference decreases downstream of this shedding point, the strength of the 

tip leakage vortex is also reduced.   

However, there is another possible explanation for the relationship between the tip 

leakage vortex and the tip leakage flow. When the vortical structure starts forming near 

the leading edge (near X = 0.12ca from a conclusion in 5.3.1.3), it influences the pressure 

distribution on the suction-side blade tip. With the increasing core velocity as the 

structure moves downstream, the pressure on the blade surface becomes lower and 

consequently increases the mass flow rate of the tip leakage flow due to the augmented 

pressure difference. The vortical structure, however, stays attached to the blade suction 

surface until the adverse pressure gradient overcomes the added momentum of the tip 

leakage flow to the structure. At this point, the vortical structure separates from the blade 

surface and convects across the passage. This hypothesis also explains the relationship 
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between the tip gap height and the shedding point locations. The higher the tip gap, i.e. 

more added momentum leakage flow, the more delayed the shedding process. The 

shedding mechanism of the tip leakage vortex is possibly a combination of the mirror 

image flow and this hypothesis. 

 

5.7. Summary 

Mean flow structure of the tip leakage vortex during its development in the passage 

is studied using time-averaged velocity and turbulence quantities. The measurements 

were performed at various locations in the passage for three tip gap settings: 1.7%c, 

3.3%c and 5.7%c. For the baseline tip gap of 3.3%c, measurements were made in planes 

parallel to the lower endwall at Y = 0.07ca and 0.15ca and in cross sectional planes with a 

constant axial location at X = 0.41ca, 0.56ca, 0.76ca and 0.98ca. For the other two tip gaps 

of 1.7%c and 5.7%c, the measurements were made in planes parallel to the endwall only 

at Y = 0.04ca and 0.12ca, respectively. Data were averaged over the entire measurement 

time to observe the effect of the inflow disturbances over the mean structure of the tip 

leakage vortex.  

The following list summarizes the results: 

1. The tip leakage vortex consists of two main elements: a vortical structure and 

a region of low streamwise-momentum fluid. The two elements are equally 

important in the blade passage and dominate the entire viscous endwall region.  

2. The vortical structure is first formed near the leading edge of the blade from 

the separation of the tip leakage flow and the boundary layer from the endwall. 

This separated flow rotates around a core next to the suction surface of the 

blade tip. While staying attached to the blade surface, the structure picks up 

circulation from the tip leakage flow and endwall boundary layer, causing 

increase of both angular and streamwise momentum, up to a certain chord 

location where it sheds from the blade across the passage.  

3. The region of low streamwise momentum fluid is generated through the same 

separation process as that which generates the vortical structure. Instead of 
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convecting with the rolled-up flow, the majority of the fluid with low 

streamwise momentum accumulates close to the endwall where separation 

occurs. With downstream distance, the fluid becomes slower and overlaps 

with the vortical structure shed from the blade tip.  

4. The circulation of the tip leakage vortex is a collection of both circulation 

shed from the blade tip and that belonging to the endwall boundary layer. 

Since the addition from the endwall boundary layer is constant, the strength of 

the tip leakage vortex depends on the circulation picked up from the blade up 

to the point before the vortex sheds across the passage. 

5. The turbulence kinetic energy is elevated at the beginning of the passage in 

the areas where the tip leakage flow is ejecting to the passage, around the 

vortical structure and where the flow is lifting of the lower endwall next to the 

structure. In the downstream section of the blade passage as flow no longer 

separates from the endwall, the turbulence kinetic energy in the region of low 

streamwise momentum fluid greatly decreases. This area is submerged under 

the bridge of the elevated turbulence kinetic energy in the shear layer of the 

vortical structure connecting the two sides of the tip gap.   

6. The tip gap plays a major role in determining the tip leakage vortex strength 

and location at which it sheds from the blade tip. These two characteristics 

seem to be inter-dependent. The larger the tip gap, the further downstream the 

vortical structure will shed and the greater the shed vortex strength. One of the 

mechanisms influencing the shedding of the vortical structure is its own 

mirror images in the endwall as shown by a simple analytical estimation of the 

flow in two dimensions. Once, the vortical structure separates, blade 

circulation is no longer added to the structure resulting in a reduction in its 

rotation rate as the cross sectional area of the vortex increases.  
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UnsteadyUnsteadyUnsteadyUnsteady----Flow Flow Flow Flow FieldFieldFieldField    of of of of 

the Tip Leakage Vortex the Tip Leakage Vortex the Tip Leakage Vortex the Tip Leakage Vortex     

This chapter deals with the unsteady flow field of the tip leakage vortex produced 

by periodic disturbance in the inflow. An overview of the flow field is presented in 

section 6.1. Detailed characteristics of the unsteady inflow produced from the vortex 

generators upstream of the blade passage can be found in section 6.2 and the beginning of 

section 6.3.  Phase-averaged quantities with respect to the vortex generator location are 

presented in section 6.3 for the baseline case of 3.3%c tip gap. Section 6.3 also discusses 

a variation in the vortex shedding location and its importance to the vortex unsteadiness. 

The effect of the unsteady inflow to the flow with other tip gap settings can be found in 

section 6.4. Relationships and correlations between the flow in the passage and the blade 

tip unsteady pressure are also discussed in sections 6.5 and 6.6.  

  

6.1. Overview  

The mean-flow models discussed in chapter 5 highlight the essential flow structures 

associated with the tip leakage vortex. The vortex consists of a vortical structure and an 

accumulation of low streamwise-momentum fluid. Unlike downstream of the passage, 

where they appear combined, these two elements of the tip leakage vortex are separately 

produced initially. The vortical structure that builds up along the suction side of the blade 

contains vorticity from the blade tip, the tip leakage flow and the endwall boundary layer. 

The tip leakage flow also picks up low streamwise momentum fluid from the blade 

surface and endwall boundary layers which accumulates in the endwall separation region. 

The time-averaged structure of the tip leakage vortex in chapter 5 already takes into 

account the overall effect of the inflow disturbances. However, the inflow disturbances 

can perturb the blade boundary layer, the endwall boundary layer, or any sub-elements 



Chapter 6 Unsteady Flow Field of the Tip Leakage Vortex 

 190 

producing the tip leakage vortex. Illustrated in figure 6.1 show one possible perturbation 

the inflow disturbances can produce on the tip leakage vortex. The inflow disturbances 

convected axially downstream interact with different elements of the vortex, interrupting 

the vortex formation process. The perturbation leads to unsteadiness in the flow, 

depending on how or when their interaction occurs. Based on the location of the inflow 

disturbances, the unsteadiness can be revealed through phase-averaged quantities of the 

passage flow.  

 

 

 

Figure 6. 1 The model displays an interaction of the inflow disturbances with the tip leakage vortex.  
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6.2. Measurement Schemes for the Passage Flow with 

Phase-Locked Conditions 

As mentioned in chapter 5, the measurements for both time-averaged and phase-

averaged mean velocity and turbulence quantities were simultaneously performed at the 

same passage locations as shown in figure 5.2 and 5.3, except for the measurements in 

the axial cross section at X = 0.56ca. These data are presented in phase-averaged form 

where the phasing corresponds to the instantaneous location of a vortex generator pair in 

front the blade passage. There are 256 phases used in total, corresponding to 256 discrete 

locations of the vortex generator pairs relative to the blade row. Each phase contains 

unsteady information of the tip leakage vortex induced by the disturbances.   

Ideally, if no blade was present, the pitchwise motion of the vortex generators at 

the pitchwise component of the upstream velocity would cause the inflow vortices they 

generate to convect downstream along the axial direction, perpendicular to the blade row. 

The discrete convection of such ideal inflow vortices is illustrated in figure 6.2. At one 

instant in time, 1t , a vortex generator pair at position A sheds a part of the inflow vortex 

that convects in the same manner as a fluid particle (seen as a square box in the figure). 

Thus, the net motion of this part of the inflow vortex at this instant depends on the 

upstream velocity, ∞U .  

At a later instant, 1t + t∆ , the same generator pair has traveled with the moving belt, 

at the same tangential velocity, up to point B. At this point, a new part of the inflow 

vortices is shed and begins to convect with the upstream. Concurrently, the part of the 

inflow vortices shed at 1t  is located axially downstream of the vortex generators. By the 

time the vortex generators move to point C, 2 time steps after 1t , there would be three 

parts of the inflow vortices lining up axially downstream of the generators.  

With continuous convection, the inflow vortices end up producing a flow more 

similar to the model at position D. This convection model is presumably more accurate 

near the upstream of the leading edge section where the passage inflow is yet altered by 

pressure gradients from the blades.  
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Figure 6. 2 The discrete and continuous model of the ideal inflow convection 
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6.3. Unsteady Flow Structure in the Baseline Case 

For the baseline case the blade tip was set to 3.3%c. Unsteadiness in the tip leakage 

vortex formation and structure are presented as phase-locked movies of different flow 

characteristics. Phase numbers from 0 to 255 represent pitchwise positions of the vortex 

generators with respect to blade spacing. Since vortex generator spacing is identical to the 

blade spacing, phase 0 refers to a generator pair positioned axially upstream of the center 

point between two blade leading edges, whereas the generator pair travels past the blade 

leading edge exactly at phase 128. These phase-averaged quantities of the tip leakage 

vortex represent the unsteady flow associated with the fundamental blade passing 

frequency and its harmonics.  

 

6.3.1. Phase-averaged mean velocity field 

6.3.1.1. Inflow disturbances 

As documented by Ma (2003) at X = -0.23ca, the vortex generator pairs used in the 

present study create two asymmetrical counter-rotating vortices with a stronger leading 

vortex. This asymmetry is due to the skewing of the boundary layer of the lower endwall 

as it travels from stationary to moving wall just upstream of the generator location. This 

inflow condition, as well as pressure gradients due to the presence of the blades, can 

cause these vortices to travel differently from the ideal model in figure 6.2. Therefore, 

this section provides a description of the initial interaction between the inflow 

disturbances produced by the vortices and the passage flow at the passage entrance to 

ensure a thorough analysis of the unsteady tip leakage vortex developing in the passage. 

To avoid confusion with the main tip leakage vortex in this study, the inflow 

vortices will mostly be referred to as the inflow disturbances. This denomination is also 

more appropriate considering the role the inflow vortices play with the unsteadiness of 

the tip leakage vortex. Figure 6.3 shows the phase-averaged mean velocity measured at 

the leading edge plane and Y = 0.07ca as a function of pitchwise location and phase time. 

These results show characteristics of the inflow disturbances without influence of other 

secondary flows, e.g. the tip leakage flow. Each of the space-time contour plots has a 
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horizontal axis representing normalized phase time ( ap cU∞τ ), representing time since 

the vortex generator pair passed the zero phase (center passage) location. Since the speed 

of the vortex generators is nominally equal to the pitchwise component of the upstream 

velocity, ( )°∞ 1.65sinU . The relationship between the phase number and phase time is 

shown in the following equation. 

( ) ( ) 2561.65sin

7.1 pa
pp

n

U

c
n ⋅=

∞
�

τ            (6. 1) 

where 1.7ca is the blade spacing (236 mm) in terms of the axial chord length (139 mm). 

pn  is a phase number out of 256 phases from phase 0 to 255. Based on equation 6.1, a 

normalized phase time of zero represents the time when the vortex generator pair passes 

Z = 0 (phase 0) while a normalized phase time of 0.94 is the time when the the generator 

pair is axially upstream of the blade leading edges. The normalized phase time of a single 

period is 1.87. 

The vertical axis shows normalized pitchwise location (Z/ca) with its upper limit 

corresponding to the suction surface of blade 4. The range of the vertical axis equals the 

blade spacing in every plot. Black dashed lines placed diagonally across the plots 

correspond to the ideal centerline of the inflow disturbance pair if it was convecting 

downstream precisely in the axial direction. Therefore, the line’s slope represents the 

pitchwise velocity of the generators.  

Figure 6.3.a shows the iU component. The lower magnitude contours centered 

near the black dashed line indicate velocity variations due to the inflow disturbances. The 

disturbances decrease iU  at the passage entrance by an average of 10%U∞ at this Y 

location with an appearance of only one inflow disturbance. Presumably, this is the 

leading disturbance, likely the dominating feature in the unsteady inflow. In agreement 

with Ma (2003)’s result, this leading disturbance is also shifted slightly pitchwise toward 

the suction side of the passage. The trailing disturbance is expected to be submerged 

under the measurement plane.  
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Figure 6. 3 Z-space-time contour for the phase-averaged mean velocities at X = 0  
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Evidence of one inflow disturbance also apparent in the iV  component plot 

(figure 6.3.b). This shows downwash and upwash contours between the black dash line 

across the plot. The inflow disturbances create a iV  component of 3% and 9% of U∞ in 

downwash and upwash, respectively. These results agree with a single-location 

measurement of the vortex generator flow in the cascade tunnel made previously. Kuhl 

(2001) showed that the effect of the inflow disturbances on the upstream flow.  Velocity 

component is distinctly greater in the upwash than downwash.  

Unlike the previous two plots, the iW  component plot (figure 6.3.c) illustrates an 

evidence of the second disturbance along the right side of the dashed line. The first 

(leading) disturbance, centered near the same line as the other plots, has slightly greater 

iW  magnitude than the trailing one. The trailing disturbance also has the iW  

component in the same direction as the leading disturbance perhaps because the 

measurement plane cuts through the upper edge of the vortex instead of its bottom part as 

in the case of the leading disturbance. This result indicates that the size of the trailing 

disturbance is less than half of the other one. The average change in the iW  component 

due to the leading disturbance is nearly 14% of U∞ while the trailing disturbance 

moderately affects the velocity by 8% of U∞. The results in the iW  component results 

also indicate that the trailing disturbance has not entirely disappeared at the leading edge 

plane of the passage. 

Figure 6.4 shows a model of the inflow disturbances, before entering the passage, 

developed from the results at the entrance. Mentioned previously in 6.2, the vortex 

generators would shed the vortices that convect like fluid particles toward the blade 

passage. Moreover, these vortices are subjected to two other significant factors from the 

endwall, their mirror images and the skewed boundary layer.  
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Figure 6. 4 model of the inflow vortices before entering the blade passage 
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First, the vortices are induced by their own mirror images in the endwall to convect 

away from each other. By concentrating on the leading vortex, the mirror images would 

push the vortex pitchwise in the same direction as the motion of the endwall. However, 

the second factor, emerging from the skewed boundary layer on the endwall, would likely 

drive the vortex in the opposite direction. The measurements show that a combination of 

endwall influences seems to convect the inflow vortices slightly more toward the 

opposite direction of the moving endwall. As a result, axial projections of the vortex 

generators nearly overlap the inflow disturbances when viewed from upstream.   

Once interacting with the passage flow, the behaviors of the inflow disturbances 

would be more difficult to observe as the flow in the passage is highly complicated. The 

mean velocity results of the interaction between the passage flow and inflow vortices will 

be shown in a movie format in following sections.  

 

6.3.1.2. Overall unsteady flow structure in the plane view parallel to the endwall. 

Figures 6.5-6.7 illustrate the phase-averaged mean velocities in a movie format for 

the measurements made parallel to the lower endwall. Each movie frame corresponds to 

the phase-averaged quantities at different vortex generator locations, from phase 0 to 255, 

as indicated in the subtitles. The black circles in front of the blade leading edge track 

points between two vortex generators of the same pair. The black dashed line represents 

the line where iV  is zero. The movies show the baseline data of 3.3%c tip gap collected 

for two measurement heights, Y = 0.07ca and 0.15ca.  
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Figure 6. 5 Movies of phase-averaged velocity, ∞UU i , for the baseline case in the plan view. The 

vortex generators pair locations are presented by circles upstream of the passage. The flow moves 

from left to right.  Subtitles indicate the measurement height and phase numbers.  Click to play. 
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Figure 6. 6 Movies of phase-averaged velocity, ∞UVi , for the baseline case in the plan view. The 

vortex generators pair locations are presented by circles upstream of the passage. The flow moves 

from left to right.  Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 7 Movies of phase-averaged velocity, ∞UWi , for the baseline case in the plan view. The 

vortex generators pair locations are presented by circles upstream of the passage. The flow moves 

from left to right.  Subtitles indicate the measurement height and phase numbers. Click to play.  
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Figure 6. 8 The zero- iV  line for the baseline case in the plan view representing by the dash lines. 

The solid line is the time-averaged zero- iV  line. The vortex generators pair locations are presented 

by circles upstream of the passage. The flow moves from left to right.  Subtitles indicate the 

measurement height and phase numbers.  Click to play. 
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The overall passage-flow structure of the iU  component (figure 6.5) is similar to 

that seen in the time-averaged results. Close to the entrance at Y = 0.07ca, the inflow 

disturbances are seen to affect the passage flow directly as the vortex generators move by. 

In Figure 6.6 and 6.7, the iV  and iW  components movies also show a similar 

behavior in this region. Closer to the suction side of the passage, the origin of the vortical 

structure does not show any apparent oscillation with phase, except when interacting 

directly with the inflow disturbances in the area downstream of the passage entrance.  

The movies appear to show that this direct interaction produce oscillations in the rolling-

up process of the vortical structure.  

The movie in figure 6.6 for the iV  component at Y = 0.07ca shows that the 

upwash and downwash sections of the vortical structure change in magnitude as the 

vortex generators move past (phase 200-250). Since the leading vortex of the inflow 

disturbance rotates in the same direction as the tip leakage vortex, it is expected that it 

could enhance the strength of the tip leakage vortex. Evidently on the upwash side of the 

vortical structure, the magnitude of the iV  component increases when the inflow 

disturbances are approaching or directly impact that location. The movie also shows that 

the iV  magnitude decreases once the disturbances move past. Similar evidence of direct 

oscillation in the initial state of the vortical structure is also found in the iW  component. 

However, the oscillation is not as distinct in the iU  component for the upstream of the 

shedding point. 

Further downstream, near X = 0.4ca, the inflow disturbances continue to directly 

influence the unsteady vortical structure. However, the oscillations created by the 

interaction upstream appear to change the boundary conditions in the roll-up of the 

vortical structure. Consequently, the mean velocity field in the vortical structure varies 

even when the vortex generators are not axially upstream. In figure 6.5, the iU -

component movie at Y = 0.07ca shows that the area with elevated iU  deforms in two 

cycles: direct (~ phase 20-80) and indirect (~ phase 80-140) interaction with the vortex 

generators.  
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Observed through the movie in figure 6.6, the zero- iV  line also varies with the 

vortex generator location. The interaction with the inflow disturbances changes the 

vortical structure’s shedding The result is that the shedding of the vortical structure is 

delayed to a location further downstream when oscillation produced by the inflow 

disturbances occurs near the shedding point (phase 30-90).  

As discussed in Chapter 5, the shedding of the tip leakage vortex may be partially 

dictated by its mirror image in the endwall and thus a function of the strength of the tip 

leakage vortex. The result seen here suggests that the inflow disturbances probably affect 

the vortical structure’s roll-up process resulting in variations in structure circulation 

strength. Such variations in strength may occur due to both direct interaction between the 

structure and the inflow disturbances, and oscillating responses in the vortical structure. 

The result is that the shedding of the vortical structure from the blade surface does not 

always progress in one direction, e.g. from upstream to downstream. The direct 

interaction between the inflow disturbances and the vortical structure seems to alter the 

structure circulation before the start of the shedding process.  

Changes in the vortical structure core can also be seen at Y = 0.15ca. Compared to Y 

= 0.07ca, the iU -component movie in figure 6.5 shows a region of elevated iU  

shedding away from the suction surface near X = 0.37ca and 0.44ca (phase 20-100). At 

the same time, the iV  component, illustrated in a movie of figure 6.6, shows increase in 

the magnitude on both upwash and downwash in the vortex. Consistent effects appear in  

iW  component in figure 6.7 as well.  

Once shed across the passage, the tip leakage vortex oscillates in response to the 

movement of the shedding location resulting in a change of the vortical structure path and 

mean velocity magnitude. To observe the variations in the structure path, movies 

comparing the phase-averaged and time-averaged zero- iV  lines have been plotted and are 

shown in figure 6.8. At Y = 0.07ca, the swaying of the structure path is not as apparent 

upstream of the shedding point when compared to the downstream part. The downstream 

oscillation is probably amplified through the shedding process of the vortical structure, 

such that the structure path sways much more than that when resulting from direct 

oscillations. The same swaying is found at Y = 0.15ca as well.  
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6.3.1.3. Periodic responses in the mean velocities of the baseline passage flow 

The data at Y = 0.07ca are also plotted as space-time correlation maps for axial 

locations downstream of the leading edge plane in figures 6.9-6.17. These plots can be 

used to examine the relationship between the inflow disturbances and the periodic 

responses they produce in the passage flow. Similar to the plots in 6.3.1.1, black-dashed 

lines display the normalized pitchwise locations of the vortex generator pair centers at 

different normalized phase times, and thus the slope of these lines represents the 

generator speed. Gray-dash lines are occasionally displayed to give a visual interpretation 

of other features. The slope of such lines represents the trace speed of these features. 
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Figure 6. 9  Z-space-time contour for the phase-averaged mean velocities at X = 0.15ca 
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Figure 6. 10 Z-space-time contour for the phase-averaged mean velocities at X = 0.29ca 
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Figure 6. 11 Z-space-time contour for the phase-averaged mean velocities at X = 0.37ca 
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Figure 6. 12 Z-space-time contour for the phase-averaged mean velocities at X = 0.44ca 
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Figure 6. 13 Z-space-time contour for the phase-averaged mean velocities at X = 0.51ca 
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Figure 6. 14 Z-space-time contour for the phase-averaged mean velocities at X = 0.59ca 
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Figure 6. 15 Z-space-time contour for the phase-averaged mean velocities at X = 0.66ca 
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Figure 6. 16 Z-space-time contour for the phase-averaged mean velocities at X = 0.73ca 
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Figure 6. 17 Z-space-time contour for the phase-averaged mean velocities at X = 0.95ca 
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Many of these plots clearly show the track of the inflow disturbances and the local 

response they produce, particularly in the upstream part of the passage. As seen in figure 

6.9 and 6.10 for X = 0.15ca and 0.29ca, the variations in the contour colors near the 

generator track are similar to those seen at the leading edge plane (figure 6.3).  This 

means the trace speed of the disturbances in this area is nearly the same as the generator 

traveling speed. However, the trailing inflow disturbance seems to convect closer to the 

suction side as it travels downstream, while the leading disturbance stays fairly consistent 

with respect to its upstream location (figure 6.9.c and 6.10.c). This result was expected 

since the influences of the mirror images and the skewed boundary layer are in the same 

direction for the trailing disturbance.  

Further downstream, the space-time contour plots continue to show evidence of the 

disturbances and the local response they produce. Variation in the contour colors remains 

concentrated in narrow bands that mimic the motion of the generators across the passage. 

However, the perturbations produced by the disturbance are different than those seen 

upstream. Figure 6.11 shows the contour plots at X = 0.37ca with an apparent perturbation 

near the generator track. Instead of decreasing iU  magnitude like the upstream region, 

this perturbation acts in the form of oscillateing iU  magnitude (figure 6.11.a) at a trace 

speed identical to the generator traveling speed. The iV  component plot (figure 6.11.b) 

also shows change in magnitude inside the vortical structure with an out-of-phase 

response between the upwash and downwash side. The iW  component (figure 6.11.c), 

however, has less noticeable periodic responses at this axial location. 

At X = 0.44ca corresponding to the shedding point of the vortical structure, contour 

plots in figure 6.12.a and 6.12.b show two distinct behaviors in the iU   and iV  

components. The first is seen over the entire measured width of the passage and is located 

near the generator track while the second response follows closely behind. This second 

response involves two successive and almost identical oscillations in the velocity 

magnitude. The trace speeds of this second response are lower than that of the vortex 

generator pairs. The appearance of this second, double, responses is of interest since it 

also occurs near the shedding location. The first response is possibly the local response to 

the inflow disturbances. The second double response, however, may be caused by several 
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factors. One of these factors is that the second response is a perturbation convected along 

the vortical structure from upstream. These two responses are also displayed in the iW  

component plot (figure 6.12.c) but are fairly weak. 

After the shedding of the vortical structure, a trace of the local response of the 

inflow disturbances can be seen to some extent in the iU  component plots of figure 

6.13.a and 6.14.a for X = 0.51ca and 0.59ca, respectively. The double response, however, 

are apparent in the iW  component plots at X = 0.44ca (figure 6.13.c and 6.14.c). 

Moreover, there is a trace of a third response in these plots. In a greater scale than the 

double response, the third response results in an overall perturbation of the vortical 

structure. As seen for X = 0.66ca and 0.73ca, the amplitude of this response is magnified 

as the unsteady vortical structure travels downstream (figure 6.15.c and 6.16.c).  

Before the flow leaves the passage, the perturbation in the unsteady tip leakage 

vortex results in large-scale double response as shown in figure 6.17 for X = 0.95ca. The 

double response appearing at X = 0.44ca becomes one single large response instead. This 

new single response exits the passage with its amplitude decreasing.  
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6.3.1.4. Overall unsteady flow structure in the cross sections of the passage 

Besides the views parallel to the lower endwall, the phase-averaged data were also 

collected in passage cross sections aligned with three axial locations: 0.41ca, 0.76ca and 

0.98ca at the baseline case of 3.3%c tip gap. With these results, the entire unsteady tip 

leakage vortex structure can be seen close to and after the shedding process. Once more, 

the phase-averaged data are shown in a movie format of all the phases with an indicator 

of the vortex generator locations added. In this case the pitchwise location of the vortex 

generators is shown as double circles centered on a short vertical dash line. The circles 

represent pitchwise positions of two generators from the same pair while the vertical line 

marks the center between the vortex generators. This indicator displays the axial 

projection of the vortex generator location on each measurement plane. The actual phase 

numbers, along with the axial locations, are shown in subtitles.  

Before the shedding location, the phase-averaged velocities in the tip leakage 

vortex structure are significantly affected by its local interaction with the inflow 

disturbances. As shown in the top section of figure 6.18-6.20, movies of the phase-

averaged velocities at X = 0.41ca show a variation in the velocity magnitude as the vortex 

generators move past. The interaction perturbs the vortical structure core and the low 

streamwise momentum area greatly, resulting in their disintegration during a generator 

passing period (figure 6.18). Far away from the shedding locations at X = 0.76ca and 

0.98ca (bottom movies of figure 6.19 and 6.20), the structure of the tip leakage vortex 

varies without a strong evidence of a direct excitation from the inflow disturbances.  

 

 

 

 

 

 

 

 

 

 



Chapter 6 Unsteady Flow Field of the Tip Leakage Vortex 

 218 

 

 

 

 

 

 

 

Figure 6. 18 Movies of the normalized phase-averaged mean velocity, ∞UU c  , for the cross 

sectional planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines 

and the two circles on the sides represent the vortex generator locations. Click to play. 
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Figure 6. 19  Movies of the normalized phase-averaged mean velocity, ∞UVc  , for the cross 

sectional planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines 

and the two circles on the sides represent the vortex generator locations. Click to play. 
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Figure 6. 20  Movies of the normalized phase-averaged mean velocity, ∞UWc  , for the cross 

sectional planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines 

and the two circles on the sides represent the vortex generator locations. Click to play. 
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6.3.2. Vorticity and circulation fluctuations: motion of the tip leakage 

vortex center 

6.3.2.1. Phase-averaged streamwise vorticity 

For the baseline case, the passage flow in an X-cross sectional plan is used to 

determine the phase-averaged streamwise vorticity.  

c

c

c

c

X
z

V

y

W

∂

∂
−

∂

∂
=Ω              (6. 2) 

where cy∂  and cz∂  are distances in directions perpendicular to the cU  direction of each 

measurement plane in the center-streamline aligned coordinate system. The cy  has the 

same direction as the y  and the Y directions, normal to the lower endwall, while the cz  

makes a yθ  angle with the measurement plane (table 3.4). Thus, ( ) Zz yc ∂=∂ θcos . The 

partial derivative in the streamwise direction is assumed to be negligible, 0≈
∂
∂

cx
. 

Presented in figure 6.21 are contour movies of the normalized phase-averaged 

streamwise vorticity, ax cU∞Ω , at the same three axial cross sections: 0.41ca, 0.76ca 

and 0.98ca. Red contours indicated positive (clockwise) vorticity while blue contours are 

for negative vorticity. Near the upstream part of the passage at X = 0.41ca, the vortex 

generators excite the tip leakage flow to shed streamwise vorticity into the vortical 

structure (~ phase 30-55) even though the streamwise vorticity of the inflow vortices is 

barely registered in the movie outside the tip leakage vortex area (~ phase 95-110).   

The evidence of the streamwise vorticity carried from the tip leakage flow to the 

passage flow is still present at X = 0.76ca after the shedding of the tip leakage vortex from 

the blade surface. The possible difference from the results at X = 0.41ca is that the 

vortical structure core, indicated by elevated streamwise vorticity high above the endwall, 

also moves across the passage. Besides the one near the tip leakage flow, areas of 

elevated streamwise vorticity in the passage occasionally appear scattered. Similar 

pattern is also found at X = 0.98ca.  
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Figure 6. 21 Movies of the normalized phase-averaged streamwise vorticity, ax cU∞Ω , for the 

cross sectional planes. The subtitles indicate the axial locations and phase numbers. The vertical dash 

lines and the two circles on the sides represent the vortex generator locations. Click to play. 
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6.3.2.2. The tip leakage vortex center motion: comparison between the maximum 

streamwise velocity deficit and maximum streamwise vorticity 

Ma (2003) mentioned that the path of the tip leakage vortex center downstream of 

the passage can be indicated by looking at the maximum streamwise velocity deficit. As 

shown in the time-averaged data, the vortical structure core and the low streamwise 

momentum fluid do no overlap before traveling close to the trailing edge section. The 

trace of the tip leak vortex center with respect to phases in this current study will 

consequently be showing both quantities. The maximum streamwise vorticity represents 

the vortical structure core while the maximum streamwise velocity deficit shows the 

center of the low momentum flow. Figure 6.22 – 6.24 display variations in pitchwise 

(Z/ca) and normal (Y/ca) directions of the position in the passage flow where the 

maximum phase-averaged streamwise vorticity and velocity deficits occur as functions of 

phase time.  

The location of the maximum streamwise velocity deficit at X = 0.41ca is more 

sensitive to the inflow disturbances as shown in figure 6.22, and varies slightly with 

phase while the location of the maximum streamwise vorticity barely changes. This 

possibly indicates that the inflow disturbances have more influence on the separation 

from the endwall of the tip leakage flow than the vortical structure core.   

For X = 0.76ca (figure 6.23), both quantities are more affected by the inflow 

disturbances. Both maximum streamwise vorticity and velocity deficit locations convect 

toward the pressure side of the passage in parallel patterns with a discontinuity in their 

trace when the vortex generators pitchwise positions approach these locations. For X = 

0.98ca (figure 6.24), the maximum streamwise velocity deficit location only varies 

slightly comparing to the other quantity.  
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Figure 6. 22 Position of the tip leakage vortex center defined as the location of the maximum 

streamwise vorticity and the location of the maximum streamwise velocity deficit at X = 0.41ca.  
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Figure 6. 23 Position of the tip leakage vortex center defined as the location of the maximum 

streamwise vorticity and the location of the maximum streamwise velocity deficit at X = 0.76ca. 
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Figure 6. 24 Position of the tip leakage vortex center defined as the location of the maximum 

streamwise vorticity and the location of the maximum streamwise velocity deficit at X = 0.98ca. 
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6.3.2.3. Circulation fluctuation 

Using the same loops as the time-averaged circulations in figure 5.17, the phase-

averaged circulations are found by applying phase-averaged velocities into the 

calculation. Thus, equation 5.2 becomes: 

( ) ( ) ( )( )∫ ∫∫∫ −−+−−++−+=Γ
3 421

cossincossin dZWUdyVdZWUdYV ycyccycycc θθθθ

 (6. 2) 

Figure 6.25 shows the phase-averaged circulation fluctuation with the time-

averaged value subtracted out. For all cross sections, the circulation fluctuations are in 

the same order of magnitude with slightly larger magnitude than the rest near the 

shedding location. In the first cross section, X = 0.41ca, the circulation fluctuation shows 

a set of responses: one with a shorter and another one with a longer period. These 

disturbances appear as an increase and then decrease in the fluctuating circulation. The 

shorter-period response (~ phase 20-95) occurs when the inflow disturbances directly 

perturb the flow inside the interested loop. The strength of this fluctuation is nearly 

0.017U∞ca while the strength of the inflow vortices calculated by Ma (2003) is only 

0.0049U∞ca. The second and longer-period response, covering the rest of the blade 

passage period, decreases and then increases the fluctuated circulation with slightly 

greater magnitude than that of the first.  

Since a selection of the loops for each cross section was subjective, quantitative 

comparisons of circulation fluctuations between different cross sections are not entirely 

valid.  However, the circulation fluctuations at X = 0.76ca and 0.98ca are visibly weaker 

than those upstream. Responses shown in figure 6.25 are mostly those of longer period. 

For the fluctuation at X = 0.76ca, the circulation drops when the vortex generators are 

located axially upstream of the loop of interest (~ phase 40-170). The instability of the tip 

leakage vortex strength appears to increase downstream. The circulation fluctuates 

slightly more at X = 0.98ca but still in the same magnitude as that at the previous cross 

section.  
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Figure 6. 25 The circulation fluctuation at different axial locations 

 

6.3.3. Turbulence kinetic energy field 

6.3.3.1. Inflow disturbances 

To examine the variations in turbulence kinetic energy associated with the inflow 

disturbances, space-time contours of the phase-averaged turbulence kinetic energy at the 

leading edge location and Y = 0.07ca are used. Figure 6.26 shows the trace of the two 

inflow vortices along with the dashed line of the vortex generator trajectory. The inflow 

disturbances at this location produce a peak phase-averaged turbulence kinetic energy of 

0.004U∞
2
 approximately while the average turbulence kinetic energy of the passage 

inflow at the leading edge plane is roughly 0.001U∞
2
. The difference between the peak 

and average values (0.003U∞
2
) indicates that the turbulence induced by the generator 

vortices is only slightly greater than other turbulence sources upstream.  
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6.3.3.2. Overall unsteady flow structure in the plane view parallel to the endwall 

Figure 6.27 shows contour movies of the turbulence kinetic energy phase-averaged 

with respect to the vortex generator locations for the same two measurement heights 

discussed for the mean velocity, Y = 0.07ca and 0.15ca. The format of the movies is the 

same as the ones shown for the mean velocity flow field. The contour scale ranges from 0 

to 0.05U∞
2
, 10 times over the peak turbulence kinetic energy of the inflow disturbances.  

At the entrance of the passage away from the blade surfaces for Y = 0.07ca, the 

level of the turbulence kinetic energy varies slightly as the inflow disturbances convect 

across the passage. Near the suction side, before the shedding point of the vortical 

structure, turbulence kinetic energy, levels in the structure, show an increase in 

magnitude as the axial projection of the vortex generators moves passed.   

Besides locally exciting the vortical structure, the inflow disturbances also create 

changes in the turbulence kinetic energy in the other parts of the passage flow. The size 

and shape of the three main elevated turbulence kinetic energy areas vary significantly 

with vortex generator locations. Close to the suction-side blade after the vortical structure 

shedding point, the Y = 0.07ca movie reveals that locations of flow with elevated 

turbulence kinetic energy vary between the region next to the suction side of the blade up 

to the center of the passage. This variation extends along the blade chord starting around 

phase 105 at X = 0.59ca next to the blade to the trailing edge plane in sequence. This 

possibly indicates a sequence ejection of the tip leakage flow to the passage. A trace of 

this variation can be seen weakly in the movie of Y = 0.15ca as well.  

The turbulence kinetic energy at specific points in the plan view at Y = 0.07ca is 

plotted with respect to the phase number in figure 6.28. At the point where the time-

averaged Ui is highest (X = 0.37ca and Z = -0.07ca), the variation in turbulence kinetic 

energy only appears during one short period between phase 16-60. However, the same 

disturbance produces three separate spikes in the turbulence kinetic energy level at the 

location of the maximum time-averaged turbulence kinetic energy downstream (X = 

0.51ca and Z = -0.51ca). These patterns could indicate the possibility of sequence 

shedding events in the tip leakage flow due to indirect influence of both inflow 

disturbances even though only the leading disturbance has a direct impact on the tip 

leakage vortex. These patterns could merely show the convected responses as well. 
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Figure 6. 26 Z-space-time contour of the phase-averaged turbulence kinetic energy at X = 0 

 

 

Figure 6. 27 Movies of normalized phase-averaged turbulence kinetic energy, 
2

∞Uk , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 28 The phase-averaged turbulence kinetic energy plotted with respect to the phase numbers 

at selected points for the baseline case. 

 

6.3.3.3. Periodic responses in the turbulence kinetic energy of the baseline  

Similar to the phase-averaged mean velocities, the phase-averaged turbulence 

kinetic energy is also plotted in Z-space-time contours at selected axial locations to 

identify the effect of the inflow disturbances. Figure 6.29 displays six plots at X = 0.29ca, 

0.37ca, 0.51ca, 0.59ca, 0.73ca, and 0.89ca.  

The region of elevated turbulence kinetic energy in the vortical structure first 

appears at X = 0.29ca on the top part of figure 6.29.a. The inflow disturbances perturb the 

vortical structure near the phase time of 1.87ca/U∞ resulting in an oscillation of the 

turbulence kinetic energy level as the vortex generators move passed. For the region 

outside the vortical structure, the inflow disturbances create local responses with the 

vortex generators motion, also in the form of oscillations in the turbulence kinetic energy 

with greater reductions in magnitude than increases. These local responses are of interest 

since they behave similarly to that of the 
i

U component at the same axial location. At Z = 

-0.39ca, the maximum reduction of turbulence kinetic energy due to the inflow 
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disturbances, is nearly 6 times the increment. The effect is rather opposite from that 

shown at the leading edge, where the inflow disturbances increase the turbulence kinetic 

energy.  

The two horizontal bands of elevated turbulence kinetic energy at X = 0.37ca in 

figure 6.29.b correspond to two features of the tip leakage vortex: the vortical structure 

core (a smaller band, next to the top part of the plot) and the region of endwall-flow 

separation. The inflow disturbances produce perturbation that follow the vortex generator 

track. This perturbation when occurs at the vortical structure core results in a small 

oscillation of the core’s location and turbulence level. In the region of endwall-flow 

separation, an oscillation of the turbulence kinetic energy level at each pitchwise location 

occurs at a much greater scale. At Z = 0.59ca, the turbulence kinetic energy decreases 

from the peak of 0.031U∞
2 at phase time of 0.43ca/U∞ to 0.006U∞

2 at phase time of 

0.73ca/U∞. The minimum turbulence kinetic energy level at this point is close to the 

upstream level before the development of the tip leakage vortex. This indicates that the 

interaction of inflow disturbances to the separation region of the vortex seems to diminish 

the importance the separation process.  

For the axial locations near the shedding location of the vortical structure at X = 

0.51ca and 0.59ca (figure 6.29.c and d), the passage flow responses due to the inflow 

disturbances are identified by two set of oscillating the turbulence kinetic energy adjacent 

and succeeding the vortex generator track. These double responses travel across the 

measurement width at the trace speed slightly lower than the generator traveling speed. 

They are the same responses found in the space-time contour plots of the mean velocity 

(figure 6.10).  

In figure 6.29.e for the measurements at X = 0.73ca, the turbulence kinetic energy is 

increased in the large-scale response less than its increment in the small-scale double 

response. Near the trailing edge at X = 0.89ca, the fluctuations of the turbulence kinetic 

energy level in these responses become more uniform as seen in figure 6.29.f.  
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Figure 6. 29  Z-space-time contours for the phase-averaged turbulence kinetic energy. 
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Figure 6. 29 (cont’) Z-space-time contours for the phase-averaged turbulence kinetic energy. 
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6.3.3.4. Overall unsteady flow structure in the cross sections of the passage 

Figure 6.30 displays the unsteady structure of the tip leakage vortex through the 

turbulence kinetic energy level in the passage. Movies of phase-averaged turbulence 

kinetic energy are presented for the same axial cross sections as previously shown in 

6.3.1.4: X = 0.41ca, 0.76ca and 0.98ca.  

When the vortex generators pass, the trace of the inflow disturbances appear in the 

upstream cross section of the passage (X = 0.41ca) as an increase, followed by a larger 

decrease, in the turbulence kinetic energy level. Moreover, evidence of the inflow 

disturbances manipulating the flow separation from the endwall, as suggested in 6.3.3.3, 

can be seen in the movie at X = 0.41ca. From approximately phase 120 to 170, the area of 

elevated turbulence kinetic energy near the center of the passage disappears from the 

measurement area. This result, related to the endwall flow separation, is consistent with 

the reduction in the strength of the upwash velocity component in figure 6.19 and the 

circulation fluctuation in figure 6.25.  

For the downstream cross sections, both movies (X = 0.76ca and 0.98ca) reveal 

similar turbulence kinetic energy structures. Even though the magnitude varies with the 

vortex generator locations, the tip leakage jet, next to the blade suction tip, always 

contains the most elevated turbulent kinetic energy levels. The shape and scale of 

turbulence kinetic energy of the arch bridge across the passage change inversely with 

those of the jet. For instance, the magnitude regularly increases in the bridge when it 

decreases in the jet. When compared to the velocity gradients in figure 6.18 and 6.20 for 

the cU  and cW  components, the phase-averaged turbulence kinetic energy seems to 

vary with respect to the change in these two components. The tip leakage jet, dominated 

by the lateral component, introduces unsteady velocity gradients into the passage flow. 

This unsteadiness occurs in sequence starting from the blade suction surface and 

progressing toward the passage. As a result, additional turbulence kinetic energy in the 

arch bridge appears as flow with elevated turbulence kinetic energy is shed from the 

blade tip toward the passage.  
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Figure 6. 30  Movies of the normalized turbulence kinetic energy, 
2

∞Uk , for the cross sectional 

planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines and the 

two circles on the sides represent the vortex generator locations. Click to play. 
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Illustrated in figure 6.31 is the phase-averaged turbulence kinetic energy at 

locations where it reaches a time-averaged maximum in the tip leakage jet, listed in table 

5.4.  Presented for all three axial locations, the variation pattern with respect to the phase 

number for the region upstream of the shedding location is obviously different from that 

downstream. The variation is greater in magnitude for X = 0.41ca than at the other two 

stations. This result possibly indicates that the unsteadiness occurring on the blade has a 

significant effect on the tip leakage vortex only when the vortex is still attached to the 

blade. 
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Figure 6. 31 The phase-averaged turbulence kinetic energy at selected locations in each cross section. 
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6.3.4. Reynolds stress field 

Figures 6.32-6.34 display movies of phase-averaged Reynolds normal stresses for 

the baseline case in the planes parallel to the endwall, while Figures 6.37-6.49 show the 

same quantities in the cross sections of the passage.  From these movies, variations in 

2

iv′  and 2

iw′  with the vortex generator location are seen to dominate turbulence 

kinetic energy levels in the downstream section of the passage. The regions of elevated 

2

iv′  and 2

iw′  levels downstream of X = 0.7ca near the suction side of the blade in 

figures 6.33 and 6.34 show a larger variation in these two Reynolds stresses than 2

iu′ . 

An example is shown in figure 6.35 in which the fluctuation of 2

iu′ , 2

iv′ , 2

iw′  from 

these components’ time averaged values at X = 0.73ca , Y = 0.07ca and Z = -0.62ca are 

plotted with respect to the phase number. The peak increments near phase 145 of all three 

components are in the same order. However, the peak reductions near phase 175 of 2

iv′  

and 2

iw′  are twice that of 2

iu′ .  

For the vortical structure core, the 2

iv′  fluctuation pattern at the maximum time-

averaged turbulence kinetic energy (X = 0.51ca , Y = 0.07ca and Z = -0.51ca), shown in 

figure 6.36, matches the variation with phase of the turbulence kinetic energy (figure 

6.28). Both 2

iv′  fluctuation and k variation with phase have the two highest 

increments of their values near phase 65 and 105  

By examining the Reynolds normal stresses from the cross sections, the variation in 

2

cu′  becomes greater than the other two components at the trailing edge section (figure 

6.40). This could be a result of a reduction in unsteady tip leakage flow into the passage.  
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Figure 6. 32 Movies of normalized phase-averaged Reynolds normal stress, 
22

∞′ Uu i , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 33 Movies of normalized phase-averaged Reynolds normal stress, 
22

∞′ Uvi , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 34 Movies of normalized phase-averaged Reynolds normal stress, 
22

∞′ Uwi , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 35 The fluctuations of phase-averaged Reynolds normal stresses ( 22
ii uu ′−′ , 

22
ii uu ′−′ and 22

ii uu ′−′ ) normalized by 2
∞U  at X = 0.73ca , Y = 0.07ca and Z = -0.62ca.  

       

Figure 6. 36 The fluctuations of phase-averaged Reynolds normal stresses ( 22
ii uu ′−′ , 

22
ii uu ′−′ and 22

ii uu ′−′ ) normalized by 2
∞U  at X = 0.51ca , Y = 0.07ca and Z = -0.51ca. 
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Figure 6. 37 Movies of the normalized turbulence kinetic energy, 22
∞′ Uuc , for the cross sectional 

planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines and the 

two circles on the sides represent the vortex generator locations. Click to play. 
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Figure 6. 38 Movies of the normalized turbulence kinetic energy, 22
∞′ Uvc , for the cross sectional 

planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines and the 

two circles on the sides represent the vortex generator locations. Click to play. 
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Figure 6. 39 Movies of the normalized turbulence kinetic energy, 22
∞′ Uwc , for the cross sectional 

planes. The subtitles indicate the axial locations and phase numbers. The vertical dash lines and the 

two circles on the sides represent the vortex generator locations. Click to play. 
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6.4. Effect of Tip Gap Size on Unsteady Flow Structure 

As discussed in chapter 5, the effect of the tip gap size on the mean flow structure 

of the tip leakage vortex appears to be the results of its own mirror image in the endwall. 

Variations in the vortex strength are merely a multiple of tip gap while the vortex 

structure is independent of the tip gap size. The effects of the identical inflow 

disturbances on different scales of tip leakage vortex could possibly reveal a process in 

which the disturbances induce and amplify periodic responses in the tip leakage vortex. 

Similar to the time-averaged data, movies of phase-averaged velocity and 

turbulence quantities are presented for tip gaps of 1.7%c and 5.7%c. Compared to the 

size of the leading inflow vortex, these tip gap heights are respectively equivalent to 4
1  

and 7
6  of the vortex height above the lower endwall. While the inflow vortices strike the 

blade tip at their centers for the baseline case, the blade tip at the other tip gaps either 

interacts more with the disturbances or barely touches them.  

The movies in figures 6.40-6.42 reveal phase-averaged mean velocity variations 

with respect to the vortex generator locations, while figures 6.43-6.46 display the 

turbulence quantities. The movies show that the pattern of responses in tip leakage vortex 

due to the inflow disturbance for the different cases of tip gap size, including the baseline 

case of 3.3% tip gap, is similar.  This means the responses in the tip leakage vortex are 

amplified downstream of the shedding location for these two tip gap settings as well as in 

the baseline case.  

For selected X-locations, Figures 6.47- 6.50 present the Z-space-time contours of 

phase-averaged turbulence kinetic energy for these two tip gaps.  Upstream of the 

shedding location for a tip gap of 1.7%c at X = 0.21ca, the elevated turbulence kinetic 

energy levels near the separation line are diminished when interacting with the inflow 

disturbances, similar to that for the baseline case For a tip gap of 5.7%c at the same axial 

location, the track of the inflow disturbances can be seen matching the vortex generator 

track still since the tip leakage vortex and other interferences have not yet developed. 

Compared to that in the baseline case, this track of the disturbances is weaker due to the 

difference in the measurement planes.   
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At X = 0.51ca (figure 6.48), responses in the passage due to the inflow disturbances 

for the case of 1.7%c tip gap are similar to those of the baseline case downstream of the 

shedding location. This result is expected since the shedding location for this small tip 

gap case is near X = 0.33ca. However, responses in the case of 5.7%c tip gap are still of 

the same track as the vortex generator track since the averaged shedding location for this 

tip gap is at X = 0.7ca. At X = 0.66ca (figure 6.49), the flow of the 5.7%c tip gap starts to 

show a sign of responses convecting at the trace speed lower than the vortex generator 

traveling speed with weak appearance of the large-scale response.  

Closer to the trailing edge at X = 0.81ca (figure 6.50), responses for the cases of 

1.7%c and 5.7%c tip gaps, as well as the baseline case, have almost identical patterns. 

For the tip gap of 5.7%c, double small-scale responses are not fully developed into a 

second large-scale response even though having a potential of becoming one downstream 

of this axial location. 

 

 

 

. 
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Figure 6. 40 Movies of phase-averaged velocity, ∞UU i , for the tip gap of 1.7%c and 5.7%c in the 

plan view. The vortex generators pair locations are presented by circles upstream of the passage. The 

flow moves from left to right.  Subtitles indicate the measurement height and phase numbers.  
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Figure 6. 41 Movies of phase-averaged velocity, ∞UVi , for the tip gap of 1.7%c and 5.7%c in the 

plan view. The vortex generators pair locations are presented by circles upstream of the passage.  

Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 42 Movies of phase-averaged velocity, ∞UWi , for the tip gap of 1.7%c and 5.7%c in the 

plan view. The vortex generators pair locations are presented by circles upstream of the passage. 

Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 43 Movies of normalized phase-averaged turbulence kinetic energy, 2
∞Uk , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 44 Movies of normalized phase-averaged Reynolds normal stress, 22
∞′ Uui , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 45 Movies of normalized phase-averaged Reynolds normal stress, 22
∞′ Uvi , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 46 Movies of normalized phase-averaged Reynolds normal stress, 22
∞′ Uwi , for the 

baseline case in the plan view. The vortex generators pair locations are presented by circles upstream 

of the passage. Subtitles indicate the measurement height and phase numbers. Click to play. 
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Figure 6. 47 Z-space-time contour of the phase-averaged turbulence kinetic energy at X = 0.21ca for 

the tip gap of 1.7%c and 5.7%c. 

 

 

 

Figure 6. 48 Z-space-time contour of the phase-averaged turbulence kinetic energy at X = 0.51ca for 

the tip gap of 1.7%c and 5.7%c. 
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Figure 6. 49 Z-space-time contour of the phase-averaged turbulence kinetic energy at X = 0.66ca for 

the tip gap of 1.7%c and 5.7%c. 

 

 

 

Figure 6. 50 Z-space-time contour of the phase-averaged turbulence kinetic energy at X = 0.81ca for 

the tip gap of 1.7%c and 5.7%c. 
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6.5. Phase-Locked Comparison between the Unsteady 
Passage Flow and Blade Tip Pressure 

To investigate further into the relationship of the unsteadiness in the tip leakage 

vortex and blade tip pressure distribution, phase-locked characteristics of the two are 

compared at corresponding locations in the passage, i.e. the locations next to the blade 

suction surface. The fluctuation in the turbulence kinetic energy is selected as a 

representative quantity of the passage flow to compare to the unsteady blade tip pressure.  

From the data in the planes parallel to the endwall at Y = 0.07ca, figures 6.52-6.54 

are space-time contour plots of the phase averaged turbulence kinetic energy fluctuation 

normalized by the square of the freestream velocity, ( ) 2
∞− Ukk , at three tip gap 

settings. The spatial variable, acX  , on the vertical axis is the normalized axial location 

of passage points closest to the tip of the blade suction surface as plotted with the blade 

passage in figure 6.51 for the baseline case. Measurement points used for the other tip 

gaps correspond to every other point of the baseline case. The temporal variable, 

ap cU∞τ , on the horizontal axis is a normalized phase time. Square points in the plots 

represent a phase time when a vortex generator pair locates axially in front of a 

measurement point from that axial location. These square points provide an expected 

location of local perturbation from the inflow disturbances if convecting axially 

downstream. The Red dotted line across the plots illustrates the shedding location for 

each tip gap setting based on the peak suction pressure location as shown and discussed 

in figure 5.46. Similar to a Z-space-time contour plot, these figures can provide analysis 

of responses occurring in the passage, including a comparison with responses appearing 

on the blade tip from Staubs (2005).  

For the case of 1.7%c tip gap shown in figure 6.52, the response caused by the 

inflow disturbances axially upstream can be seen at X = 0.06ca. The phase-averaged 

turbulence kinetic energy levels are seen to increase when compares to the level at 

different phase time. In the upstream section of the passage, a track of this response along 

the blade tip occurs at a phase time corresponding to the vortex generator location up to 

the shedding location. The response then travels downstream at nearly constant speed 
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(along a straight line). The strongest response appears near the leading edge before 

reducing with downstream distance.  

A similar type of response is found in the cases of 3.3%c and 5.7%c tip gap as well. 

In the baseline case of 3.3%c tip gap, one response occurs directly from the interaction of 

one set of inflow disturbances to the flow next to the blade tip up to the shedding location. 

Further downstream, the disturbances create responses twice in the flow at the same 

location. In the case of 5.7%c tip gap, double responses, however, seems to appear 

upstream of the shedding location. A single response appears up to X ~ 0.4ca before the 

second response starts. This second response track matches the vortex generator 

pitchwise locations up to the shedding location. Further downstream, the first response 

becomes smaller in magnitude to nearly disappear. The measurement height with respect 

to the tip leakage vortex size possibly plays a significant role in the presence of the 

responses in the passage. A presence of double responses along the blade tip, especially 

in the baseline case, is similar to the previous analysis of the unsteady pressure at the 

blade tip by Staubs (2005).  

Figure 6.52 displays plots of the phase-averaged pressure difference across blade 

tip normalized by its root-mean-square for the same three tip gap setting. The plots are 

obtained from Staubs (2005) for the unsteady pressure fluctuation on the blade tip of the 

same configuration. Therefore, the measurement locations shown in figure 6.51 are 

adjacent to Staubs’ measurement locations with slightly different height (Staubs’ 

measurement height is at Y = tip gap height + 0.05ca). Responses of the unsteady blade 

tip pressure can be seen as narrow bands of negative and positive pressure difference 

across the plots. The slope of the dashed-line shown in these plots indicates ∞U  as a 

convection speed for responses convecting along that line. In the cases of 1.7%c and 

3.3%c tip gap, double responses in the blade tip pressure due to the inflow disturbances 

can be seen appearing early near the leading edge and continue to the trailing edge tip of 

the blade. The results are not consistent with the responses occurs in the passage flow. 

Responses of the blade tip pressure in the case of 5.7%c tip gap are more in agreement 

with the passage flow. 
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Figure 6. 51 Diagram displays measurement locations along the suction surface of the blade tip (blue 

circles) used in X-space-time correlation plots for the baseline case of 3.3%c. 

 

 

Figure 6. 52 X-Space-time contours of the phase-averaged turbulence kinetic energy fluctuation for 

measurement points at Y = 0.04ca next to the blade suction surface at the 1.7%c tip gap. 

ap cU ∞τ
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Figure 6. 53 X-Space-time contours of the phase-averaged turbulence kinetic energy fluctuation for 

measurement points at Y = 0.07ca next to the blade suction surface at the 3.3%c tip gap. 

 

Figure 6. 54 X-Space-time contours of the phase-averaged turbulence kinetic energy fluctuation for 

measurement points at Y = 0.12ca next to the blade suction surface at the 5.7%c tip gap. 
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Figure 6. 55 Pressure difference across blade tip normalized by the r.m.s pressure difference across 

blade tip at three different tip gap sizes. (Courtesy of Staubs, 2005) 
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6.6. Pressure-Velocity Correlation 

Study of instantaneous pressure fluctuation on the blade tip with and without 

inflow disturbances by Staubs (2005) raised a question relating to the importance of the 

disturbances. Staubs’s results show that responses are present in the blade tip pressure 

whether the inflow disturbances are applied or not. This suggests that the responses 

always exist and the inflow disturbances are merely organizing them. The current study 

takes the lead from Staubs’s to further examine the relationship between the responses in 

the tip leakage vortex and blade tip pressure under no inflow disturbance condition. 

Simultaneous four-sensor hotwire and microphone measurements were performed at 

selected passage flow and blade tip locations, respectively. Using the correlation 

functions of pressure and velocity, the linear stochastic estimation is used to approximate 

the instantaneous velocity in the passage flow for a given blade tip pressure.  

 

6.6.1. Measurement and sampling scheme  

Pressure-velocity correlation data were collected in a small area near the mid-chord 

of the passage. As shown in figure 6.56, a four-sensor hotwire collected velocity data in 

the passage flow at locations represented by red crosses. The velocity measurements 

cover from X = 0.29ca to 0.67ca at Y = 0.07ca and concentrate near the suction side of the 

passage. Simultaneously, a microphone embedded in the suction-side blade tip measured 

pressure fluctuations at X = 0.29ca, Y = 0.11ca and Z = 0.15ca. Therefore, the pressure 

measurement is located upstream of the velocity measurement area. The measurements 

were conducted for the case of 3.3%c tip gap with wall motion only. The size and shape 

of the tip leakage vortex should be similar to that with vortex generators when time 

averaged., The pressure-velocity data were sampling at 25600 Hz. for 30 records of 

16384 samples similar to the phase-averaged measurements. 
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Figure 6. 56 The measurement locations of four-sensor hotwires (red x) and the microphone location 

(green star) for the pressure-velocity correlation measurements at Y = 0.07ca for the 3.3%c tip gap 

without unsteady inflow 

 

6.6.2. Probe interference 

Having obstacles in a flow like a hotwire probe could cause some interference. 

There is a possibility that the probe will affect the reading of the blade tip pressure. 

Validaty of the data requires an analysis of this interference effect. To examine the effect 

of the interference on the microphone measurement, mean square pressure fluctuations as 

a function of hotwire locations, ( )2, ZXp′ , are plotted in a contour parallel to the lower 

endwall. Ideally, if the interference did not exist, the mean square pressure fluctuations 

would be identical for every hotwire measurement locations. Figure 6.57 shows the 
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contour of ( )2, ZXp′  normalized by 2
∞q  with a zoom-in view of the passage, in which 

only blade 4 is illustrated. The red star displays the location of the microphone on the 

blade surface. The area between X = 0.37ca and 0.59ca is left blank since interpolating 

without enough measurement points would misrepresent the data. The first interpolated 

area between X = 0.29ca and 0.37ca is referred to as the upstream area while the 

downstream area is made of the remaining stations. The contour scale ranges from 

0.0001U∞
2 to 0.0003U∞

2.  

There is no significant confirmation of any probe interference with the 

measurement of the pressure on the blade surface while the hotwire probe travels in the 

passage except for the location immediately next to the microphone location. At the point 

closest to the microphone location, the pressure data shows a magnitude of one order 

higher than that at the rest of the measurement area.     

 

6.6.3. Pressure-velocity correlation functions 

Correlation functions between the blade tip pressure and three-component velocity 

fluctuations in the inflow-aligned coordinate system can be calculated from equation 6.4. 

( ) ( ) ( )trrutrprtrR iup ,,;, 000 Δ+′⋅′=Δ′′  

( ) ( ) ( )trrvtrprtrR ivp ,,;, 000 Δ+′⋅′=Δ′′  

( ) ( ) ( )trrwtrprtrR iwp ,,;, 000 Δ+′⋅′=Δ′′           (6. 4) 

where ( )trp ,0′  is the instantaneous pressure fluctuation from the microphone located at 

the fixed point, ( ) ( ) acZYXr 15.0,11.0,29.0,, 0000 ==  and ( )trrui ,0 Δ+′ , ( )trrvi ,0 Δ+′ , 

( )trrwi ,0 Δ+′  are the three-component velocity fluctuations at  rΔ distance away from 0r .  

The correlation functions are presented in terms of the pressure-velocity correlation 

coefficients. The coefficients are the correlation functions normalized by the product of 

root-mean-square of the pressure and the velocity fluctuation. Equation 6.4 becomes 

equation 6.5. 

⎟
⎠
⎞⎜

⎝
⎛ ′⋅= ′′′′

22' ihpup upRr  
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⎟
⎠
⎞

⎜
⎝
⎛ ′⋅= ′′′′

22' ihpup vpRr  

⎟
⎠
⎞

⎜
⎝
⎛ ′⋅= ′′′′

22' ihpup wpRr                 (6. 5) 

 

Figure 6.58 shows contour plots of the pressure-velocity correlation coefficients for 

all three components with a scale from -0.1 to 0.1. The time-averaged zero- tV  line is also 

plotted to identify the location of the tip leakage vortex. Overall, the contours suggest that 

the correlation hardly exists between the unsteady pressure and the passage velocity 

fluctuation downstream. The correlation between the pressure and the iu′  in figure 6.58.a 

is nearly zero except for the area near the downstream vortex core where the upr ′'  appears 

to have an average of only -0.008.  

The correlation between the pressure fluctuation and the iv′  and iw′  components are 

slightly stronger than the iu′  component.  In the vpr ′'  plot (figure 6.58.b), the positive 

correlation appears on the upwash side of the vortical structure while the negative one 

can barely be seen on the downstream area. The more distinct negative vpr ′'  occurs on the 

vortical structure core near the microphone location. The correlation probably indicates 

that as the pressure increases at the blade suction surface, the normal velocity fluctuation 

of the core points downward. This fluctuation results in decreasing the normal velocity on 

the upwash side and vice versa.  

In the wpr ′'  plot (figure 6.58.c), the similar distinct correlation appears near the 

vortical structure core but only on the downwash side. Even though this correlation 

occurs close to the position where the probe affects the microphone measurement, the 

result of distinct positive wpr ′'  of 0.02 in average seems to be an actual turbulent effect 

due to its agreement with the flow physics. For example, the positive correlation at the 

core reveals that the lateral flow induced by the tip leakage flow is likely to decrease as 

the pressure on the blade suction surface increase. Thus, the unsteadiness in the tip 

leakage vortex related to the unsteady tip leakage flow.  
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These results in the correlation near the vortical structure core are rather intuitive in 

that sense that as the suction pressure increases, the pressure difference between the two 

blade surfaces drops. Thus, the flow through the tip gap and its potential to separate from 

the endwall boundary is diminished in the passage. 
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Figure 6. 57 The pressure fluctuation coefficient, ( ) 22
∞′ qrp , as a function of the hotwire probe 

locations in the passage.  

At Y = 0.07ca: ( ) 22
∞′ qrp  
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Figure 6. 58 correlation coefficients between the pressure at the blade tip and the velocity in the 

passage. The red star represents the pressure measurement location. 
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6.6.4. Instantaneous velocity based on the linear stochastic estimation 

6.6.4.1. Review of Stochastic Estimation of Turbulence Structures 

The stochastic estimation method can be applied to a determination of flow sources 

affecting a wall pressure. Naguib, Wark and Juckenofel (2001) and Naguib, Hudy and 

Humphreys, Jr. (2002) studied relationships between the turbulent flow field and wall 

pressure based on stochastic estimations of velocity field above a wall with pressure 

events. The stochastic estimations are both linear and quadratic. The first study by 

Naguib et al. (2001) used simultaneous single hotwire and microphone measurements for 

the streamwise turbulent velocity in a boundary layer and wall pressure. For 1437 ≤ Reө ≤ 

5670, the pressure measurement was performed at the same station while the velocity was 

obtained from different heights. The conditional averaged results were compared to the 

linear and quadratic stochastic estimations. The comparisons did not show satisfactory 

results in the case of the linear stochastic estimation but the conditional averaged flow 

field was well represented by the quadratic estimation. The need to include the quadratic 

term is believed resulting from a strong influence of the non-linear source in the flow 

field to the wall pressure.   

However depending on associated pressure events, the linear stochastic estimation 

can provide useful qualitative account on some flow conditions. Naguib et al. (2002) 

utilized both linear and quadratic estimation in a separating/reattaching flow field. The 

simultaneous velocity and pressure measurements of the flow behind a fence were 

collected using a PIV plane, parallel to the streamwise and normal direction, above an 

array of microphones embedded in a wall. Corresponding to a positive wall pressure 

event (2p'w,rms) at a single streamwise location, the linear and quadratic estimation created 

similar flow structures in the field for both cases. A negative pressure event (-2p'w,rms), 

however, formed different flow structures when excluding a quadratic term from the 

estimations. The different results between the linear and quadratic estimation suggested 

that the source of the negative wall pressure is more related to localized, energetic near-

wall shear layers than the low-pressure core of vortex structures in the flow field.  
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Linear stochastic estimation may not present the best approximation of 

instantaneous velocity field associated with the unsteady pressure field. This linear 

estimation, however, can provide more information of the flow field in the passage. 

 

6.6.4.2. Instantaneous velocity in the passage flow without unsteady inflow 

As described by Adrian (1996), the linear stochastic estimation can accurately 

approximate a conditional average of a coherent structure associated with a certain event. 

The estimation is very useful since it provides analysis of the conditional average without 

performing a more difficult conditional sampling. In the current study, the method of the 

linear stochastic estimation is then used to examine an instantaneous flow field in the 

passage with respect to a perturbation on the blade tip. 

Based on the pressure-velocity correlation data, the instantaneous velocity in the 

passage can be found from the following equation. 

( ) ( ) ( )00 ;;~ rprrArrru Eouo ′⋅Δ=Δ+′  

( ) ( ) ( )00 ;;~ rprrArrrv Eovo ′⋅Δ=Δ+′  

( ) ( ) ( )00 ;;~ rprrArrrw Eowo ′⋅Δ=Δ+′             (6. 6) 

where 

( ) ( ) ( )0
2

00 ;; rprrRrrA upu ′Δ=Δ ′′  

( ) ( ) ( )0
2

00 ;; rprrRrrA vpv ′Δ=Δ ′′  

( ) ( ) ( )0
2

00 ;; rprrRrrA wpw ′Δ=Δ ′′           (6. 7) 

uA , vA , wA  are coefficient arrays calculating from the pressure-velocity correlation 

measurement data while Ep′  is the pressure event on the blade tip at the microphone 

location. Due to the low level of correlation described in 6.6.3 between the blade tip 

pressure and the flow downstream, caution must be taken when interpreting the linear 

estimations. 

Associating rmsp′  as the pressure event, the linear stochastic estimation approximate 

the instantaneous velocity as displayed in figure 6.59. The vector field of the u~′ and w~′  

component does not indicate any apparent structures or patterns in the presented area. 
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Some of the flow near the microphone location seems to vary more toward the blade 

surface while the rest are more in random motion. Larger area of the instantaneous 

velocity would reveal more details of the flow structure. 

 

 

 

 
Figure 6. 59 The instantaneous velocity vector plot of u~′  and w~′ , and contour plot v ′~ associating 

with the event as rmsp′ . Subtitles refer to plotted components 
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6.7. Summary 

To study the influence of the unsteady inflow to the formation and development of 

the tip leakage vortex, phase-averaged mean velocity and turbulence quantities were 

obtained at various locations in the blade passage of the linear cascade. The velocity and 

turbulence measurement were performed using four-sensor hotwires in three tip gap 

settings: 1.7%c, 3.3%c and 5.7%c. For the baseline tip gap of 3.3%c, the measurement 

were performed in planes parallel to the lower endwall and cross sectional planes with a 

constant axial location. The first set of measurements consists of two planes: Y = 0.07ca 

and 0.15ca. Unlike in the time-averaged data, the second set has only three cross sections: 

X = 0.41ca, 0.76ca and 0.98ca. For the other two tip gaps, the measurements were in 

planes parallel to the endwall only corresponding to measurement planes at Y = 0.04ca 

and 0.12ca, respectively. The phase-averaged data are examined for responses created by 

the inflow disturbances, as well as the tip gap influence to the unsteadiness in the tip 

leakage vortex. Moreover, the passage flow data were compared with the unsteady 

pressure on the blade tip for both with and without the inflow disturbances.  

The following list summarizes the results: 

1. The inflow disturbances convect to the entrance of the blade passage more 

toward the suction side due to the influence of the skewed endwall boundary 

layer is higher than that of the endwall images. The leading vortex of the 

disturbances is a dominating feature and the iW  is a dominating component.   

2. At the upstream section of the passage, variations in the passage flow for the 

baseline case of 3.3%c indicate a response induced by the inflow disturbances 

directly interacting with the tip leakage vortex. A trace speed of the response 

matches the pitchwise traveling speed of the vortex generators.  

3. Just upstream the shedding location of the vortical structure, double responses 

of similar trace speed and fluctuation pattern appear in the passage. They are 

believed to be a response due to direct perturbation from the inflow 

disturbances and a convected response from the perturbation upstream. 
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4. The inflow disturbances perturb the vortical structure flow. As a result, the 

shedding location of the vortical structure from the blade surface is varied 

with respect to the inflow disturbance location.  

5. Responses found in the tip leakage vortex right downstream of the shedding 

location are still the results of convection from upstream. However, a larger-

scale response starts to appear. This new response, having slower trace speed 

than the upstream local responses, is believed to be a consequence of the 

variation in the shedding location of the vortical structure. Before the flow 

exits the passage, the responses found in the tip leakage vortex transform in to 

double responses with large scale since two small-scale local responses 

combine into one. 

6. The swaying of the vortical structure core due to the inflow disturbances is 

minimal upstream of the shedding location. However, after the structure sheds 

from the blade, the swaying is magnified in the pitchwise direction.  

7. The circulation fluctuation in the tip leakage vortex is larger for the loop of 

interest upstream of the shedding location. The amplitude of the fluctuation is 

fairly consistent afterward.  

8. The shedding location is significant to the unsteadiness in the tip leakage 

vortex downstream as proved by an amplification of variations in many 

quantities as the tip leakage vortex is shed from the blade tip. Since the total 

strength in the tip leakage vortex downstream is dependent on the amount of 

circulation the vortex picked up from the tip of the blade, a variation in the 

shedding location due to small disturbances upstream can cause a large 

unsteadiness in vortex strength. 

9. The turbulence kinetic energy level indicates that a role of the inflow 

disturbances to the unsteadiness of the tip leakage vortex downstream could 

start from the disturbances interfering with the rolling up process. The inflow 

disturbances interrupt flow separation from the lower endwall resulting in a 

variation of the vortical structure strength upstream of the shedding location. 

10. Variation in the tip leakage vortex structure is a multiple of tip gap but the 

vortex structure are nearly independent of the tip gap size. The responses 
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found in the tip leakage vortex induced by the inflow disturbances in different 

tip gap setting are similar but not identical.  

11. The phase-averaged data for the passage flow immediately next to the blade 

tip of the suction surface can be compared to the unsteady pressure at the 

blade tip on some elements. The responses found in both are those convected 

with the passage velocity. However, double responses in the unsteady blade 

tip pressure can be seen across the blade chord while only appear at a certain 

location in the passage flow. 

12. The blade tip pressure on the suction side and the velocity of the flow in the 

more downstream section of the passage show very little correlation to each 

other when there is no inflow disturbances. Thus, the instantaneous velocity 

approximated through the linear stochastic estimation show no valid flow 

structure or pattern corresponding to the given pressure event. 



Conclusions  

7.1. Introduction 

Known for its influence to the performance of turbomachines, the tip leakage 

vortex is a dominating feature of the flow field near the rotor blade tip region. In 

compressors or shrouded marine propulsors where the rotor blade tip is restricted in a 

confined space, the flow in the endwall viscous region forms a vortex-like structure that 

convects downstream. This structure and its unsteadiness due to the stator-rotor 

interaction are sources of efficiency losses, noise and vibration. They can also induce the 

inception of the cavitation in the liquid-handling pump.  

A study was conducted to obtain a better understanding of the fundamental physics 

behind the unsteady tip leakage vortex. The focus of this study was to reveal the 

relationship between periodic inflow disturbances, resembling those produced by an 

upstream stator, and the unsteady tip leakage vortex shed from a rotor blade. This was 

achieved by reproducing the flow field in a linear cascade wind tunnel with relative wall 

motion and idealized periodic inflow disturbances. Mean velocities and turbulence 

quantities were measured to investigate the development of the unsteady tip leakage 

vortex in a length of a blade passage. 

The measurements were performed in a blade passage of Virginia Tech Linear 

Cascade Tunnel which is equipped with a moving endwall belt system. Pairs of vortex 

generators attached to the belt acted to generate the periodic inflow disturbances. 

Hotwire, pitot probe, Pitot-static probes, pressure taps and microphones were used to 

investigate the flow associated with the tip leakage vortex. Measurement results were 

reduced to obtain time-averaged and phase-averaged mean velocity and turbulence 

quantities. For a better understanding of the relationship between the flow in the passage 

and the unsteady blade tip pressure, pressure-velocity correlations between the two, with 

wall motion but without the influence of the vortex generators, were also acquired.  The 

following sections conclude results and analysis achieved for this study. 
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7.2. Cascade-Flow Characteristics 

The following conclusions concern the characteristics of the flow before entering 

the blade passage, immediately adjacent to the blade surfaces and downstream after 

exiting the passage, i.e. the flow in the cascade tunnel aside from the tip leakage vortex: 

1. The inflow entering the passage outside the boundary layer is fairly uniform.  

2. The profile of the boundary layer of the inflow indicates the turbulent 

boundary layer was successfully created by the boundary layer scoop. The 

thickness of the boundary layer is higher than the height of the vortex 

generators, possibly causing the production of the inflow vortices under the 

influence of the skewed boundary layer. 

3. The three-dimensional effects on the midspan blade pressure distribution are 

slight and appear only on the suction side of the blade, possibly due to the 

differences in the secondary flows characteristics, i.e. tip leakage flow and 

vortex.  

4. The blade-tip pressure distribution is moderately influenced by the presence of 

the wall motion, while the vortex generators have no effect on the mean 

pressure. The effect of the tip gap setting is significant on the suction-side 

pressure at the blade tip. The peak suction pressure vary and the chordwise 

location at which it occurs increase linearly with the tip gap height. This 

indicates a relationship between the blade tip pressure and the characteristics 

of the tip leakage vortex. There is a possibility that the production of the tip 

leakage vortex could be based on a simple linear mechanism. 

5. The buildup in blade tip circulation with chordwise distance from the leading 

edge shows little variation with tip gaps. It seems that the circulation shed 

from the blade tip into the tip leakage vortex is possibly based on the 

chordwise location of the peak suction pressure. 

6. The midspan blade trailing edge boundary layer shows evidence of an adverse 

pressure gradient near the trailing edge of the blade on both suction and 

pressure sides.  
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7.3. Mean-Flow Field of the Tip Leakage Vortex 

The following conclusions concern flow in the blade passage and the tip leakage 

vortex with wall motion and inflow disturbances, as seen in the time averaged velocity 

and turbulence quantities measured at three different tip gaps. 

1. The tip leakage vortex consists of two main elements: a vortical structure and 

a region of low streamwise-momentum fluid. The two elements are equally 

important in the blade passage and dominate the entire viscous endwall region.  

2. The vortical structure is first formed near the leading edge of the blade from 

the separation of the tip leakage flow and the boundary layer from the endwall. 

This separated flow rotates around a core next to the suction surface of the 

blade tip. While staying attached to the blade surface, the structure picks up 

circulation from the tip leakage flow and endwall boundary layer, causing 

increase of both angular and streamwise momentum, up to a certain chord 

location where it sheds from the blade across the passage.  

3. The region of low streamwise momentum fluid is generated through the same 

separation process as that which generates the vortical structure. Instead of 

convecting with the rolled-up flow, the majority of the fluid with low 

streamwise momentum accumulates close to the endwall where separation 

occurs. With downstream distance, the fluid becomes slower and overlaps 

with the vortical structure shed from the blade tip.  

4. The circulation of the tip leakage vortex is a collection of both circulation 

shed from the blade tip and that belonging to the endwall boundary layer. 

Since the addition from the endwall boundary layer is constant, the strength of 

the tip leakage vortex depends on the circulation picked up from the blade up 

to the point before the vortex sheds across the passage. 

5. The turbulence kinetic energy is elevated at the beginning of the passage in 

areas where the tip leakage flow sheds from the blade tip, around the vortical 

structure it produces, and where the flow is lifting of the lower endwall next 

to the structure. In the downstream section of the blade passage as flow no 

longer separates from the endwall, the turbulence kinetic energy in the region 
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of low streamwise momentum fluid greatly decreases. This area is submerged 

under the bridge of the elevated turbulence kinetic energy in the shear layer of 

the vortical structure connecting the two sides of the tip gap.   

6. The tip gap plays a major role in determining the tip leakage vortex strength 

and location at which it sheds from the blade tip. These two characteristics 

seem to be inter-dependent. The larger the tip gap, the further downstream the 

vortical structure will shed and the greater the shed vortex strength. One of the 

mechanisms influencing the shedding of the vortical structure is its own 

mirror images in the endwall as shown by a simple analytical model of the 

flow in two dimensions. Once, the vortical structure separates, blade 

circulation is no longer added to the structure resulting in a reduction in its 

rotation rate as the cross sectional area of the vortex increases.  

7.4. Unsteady-Flow Field of the Tip Leakage Vortex 

The following conclusions concern the periodic unsteadiness of the tip leakage 

vortex produced by the inflow disturbances and seen in phase-averaged measurements of 

the flow in the blade passage, and also correlations between the unsteady pressure at the 

blade tip and passage flow when inflow disturbances are not present: 

1. The inflow disturbances produced by the vortex generator pairs consist of two 

unequal counter-rotating vortices. The track of the vortices as they approach 

the entrance of the blade passage drifts toward suction side of their ideal axial 

path due to the influence of the skewed endwall boundary layer. The leading 

vortex of the pair is a dominating feature and the  is a dominating 

component of the disturbance they generate.   

iW

2. In the upstream section of the passage the inflow disturbances directly interact 

with the tip leakage vortex. The trace speed of the response matches the 

pitchwise traveling speed of the vortex generators.  

3. Just upstream the leakage vortex shedding location, double responses of 

similar trace speed and fluctuation pattern appear in the end wall flow. They 
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are believed to be due to a direct perturbation by the inflow disturbances and a 

convected response from the perturbation to the leakage vortex upstream. 

4. The inflow disturbances perturb the leakage vortex flow. As a result, the 

shedding location of the vortical structure from the blade surface varies with 

respect to the inflow disturbance location.  

5. Responses found in the tip leakage vortex just downstream of the shedding 

location are still the result of convection along the vortex from upstream. 

However, a larger-scale response soon starts to appear. This new response, 

having slower trace speed than the upstream local responses, is believed to be 

a consequence of the variation in the shedding location of the leakage vortex.. 

6. The pitchwise swaying of the vortical structure core due to the inflow 

disturbances is minimal upstream of the shedding location. However, after the 

structure sheds from the blade, the swaying is magnified in the pitchwise 

direction.  

7. The variation in shedding location is significant since the total strength in the 

tip leakage vortex downstream is dependent on the amount of circulation the 

vortex picked up from the tip of the blade. The variation in the shedding 

location due to small disturbances upstream can thus cause a large 

unsteadiness in vortex strength. 

8. The turbulence kinetic energy levels indicate that a role of the inflow 

disturbances begins with their interference of the leakage vortex roll up 

process. The inflow disturbances interrupt flow separation from the lower 

endwall resulting in a variation of the leakage vortex strength upstream of the 

shedding location. 

9. The responses found in the tip leakage vortex induced by the inflow 

disturbances at different tip gap settings are similar but not identical.  

10. The blade tip pressure on the suction side and the velocity of the flow in the 

more downstream sections of the passage show very little correlation to each 

other when there are no inflow disturbances. Thus, the instantaneous velocity 

approximated through the linear stochastic estimation show no valid flow 

structure or pattern corresponding to a given pressure event. 
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