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ABSTRACT 
Low emission requirements for heavy-duty gas turbines can be 

achieved with flat combustor temperature profiles, reducing the 

combustor peak temperature. As a result, the heat load on the 

first stage heat shield above the first stage blade increases. High 

lift airfoils cause increased thermal loading on the heat shield 

above the blade tip and impact the unavoidable secondary 

flows, including complex vortex flows. 

Cascade tests have been performed on a blade with a 

generic high lift profile and the results on the heat shield are 

presented. A transient thermochromic liquid crystal 

measurement technique was used to obtain heat transfer 

coefficients on the heat shield surface. Several variations of 

blade tip clearance were investigated, and the impact on heat 

transfer coefficients is shown. Computational fluid dynamics 

predictions are compared to the experimental data to interpret 

the data and validate the CFD. 

INTRODUCTION 
The drive for lower pollutant emissions has many implications 

on gas turbine design. A homogeneous temperature profile at 

the combustor outlet has a strong potential for reducing 

emissions by lowering peak temperatures. However, this results 

in a higher thermal load for the endwalls of the turbine parts 

such as stator heatshields or vane platforms. In the past, 

endwall surfaces were protected by an increased amount of 

cooling air. Since the trend is to reduce cooling air to achieve 

higher efficiency, solutions have to be found to maintain the 

integrity of the endwall  while using less cooling air. There is a 

strong need for a better understanding of thermal loads on 

endwalls.  

A common issue of thermal loading on heat shield surfaces 

concerns the small gap between the tip of an unshrouded blade 

and the heat shield. The pressure distribution around the blade 

leads to an large pressure difference across the tip and to 

leakage of hot gas through the gap. This leakage has a strong 

negative impact on the heat load of both the blade tip and the 

heat shield surface. This study focuses on the impact to the heat 

shield located right above the blade tip when subjected to this 

leakage flow. First, a literature review is given to define the 

scope of the study. Then the experimental study and CFD 

computations are described. The experimental and numerical 

results are aid in obtaining a better understanding of the flow 

features. Finally, the influence of the tip clearance on the heat 

transfer coefficients is shown. 

NOMENCLATURE 
 

G Tip Gap Clearance [m] 

C Chord Axial Length [m] 

H Blade Span Height [m] 

h Heat Transfer Coefficient [W/(m
2
.K)] 

Nu Nusselt Number [-] 

P Pressure [Pa] 

Pi Blade-to-BladePpitch [m] 

•

q  Heat Flux [W/m2] 

Ma Mach Number [-] 

k Thermal Conductivity 

t Time [s] 

Cp Pressure Coefficient 

 

Abbreviations 

CFD Computational Fluid Dynamics 

LE Leading Edge 

TE Trailing Edge 
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TLC Thermochromic Liquid Crystal 

HTC Heat Transfer Coefficients 

 

Subscripts 

rec  Recovery 

wall  Wall 

ad wall Adiabatic Wall 

i Initial 

in Inlet 

out Outlet 

t Total 

BACKGROUND 
The blade tip leakage is a much-studied subject in the gas-

turbine literature since it has a strongly negative impact on the 

stage efficiency, the aerodynamic losses, and the heat load over 

the blade tips and the heat shield surface.  

Experimental studies made in low-speed cascade facilities have 

explained how the pressure difference across the blade tip 

generates a leakage flow from the pressure side to the suction 

side, and how this leakage flow interacts with the main air flow 

to produce the tip-leakage vortex (see for example Yamamoto 

[1]). Figure 1 illustrates how the tip leakage flow and the tip 

leakage vortex are formed. Early studies have shown that the 

tip leakage is mainly due to the pressure distribution around the 

blade and not to the relative motion between the blade tip and 

shroud. The gap can be considered small enough so that the 

leakage flow between the tip and the shroud is largely one-

dimensional and can be uncoupled from the details of the flow 

field (Metzger et al in [5]). 

 

Figure 1: Formation of the tip leakage flow and tip 
leakage vortex (Harvey and Ramsden [2]) 

 

Several studies have dealt with the heat transfer resulting from 

the leakage flow, most of them focusing on the blade tip 

(Bunker et al [2], Ameri and Bunker [4]). While fewer studies 

have focused on the outer diameter casing surface, one of the 

first was a study by Metzger et al [5]. Using a full-stage 

rotating turbine and a shock-tube to generate short duration 

sources of heat and pressurized air (the full experimental set-up 

is described by Dunn et al [6]), they measured the local time-

resolved heat flux on the over-blade tip shroud. They proposed 

a 1D model based on the conventional boundary layer heat 

transfer correlation using the values of the relative gas-to-

shroud velocity within the blade passage and increased the 

velocity by 10% to account for the periodic passage of the 

blade tip. Comparing their experimental results for the time-

averaged heat fluxes to their 1D model, they obtained a fairly 

good agreement. It must be noted, however, that their results 

are only 1D and do not account for secondary flow features 

such as the tip leakage vortex. Last, the effects of temperature 

and heat transfer coefficients (aerodynamic effects) are not 

decoupled. 

Rhee et al. [8] studied a stationary blade in a low-speed linear 

cascade. They used a naphthalene sublimation method to 

determine the local heat/mass transfer coefficients on the 

shroud surface. Several gap heights were tested and compared 

to a case without any gap. They found evidence that a strong 

heat transfer enhancement is observed along the tip leakage 

vortex path at the suction side. They also showed that the 

trajectory of the leakage flow moved away from the suction 

side as both the tip gap and the tip leakage increased. It must be 

noted that Rhee et al. [8] worked with a low-speed facility, 

which, according to Moore et al. [11], is inadequate in 

simulating the true flow structure in the tip gap.  

Another experimental study was made by Kwak and Han [9] 

and investigated the effect of the tip crown geometry. Two 

geometries were compared; with and without a squealer along 

the pressure and the suction sides, as well as three values of the 

clearance-to-height ratio. 

An experimental and numerical study by Naik et al [10]. 

investigated the HTC on the endwall (or heat shield) surface 

above the blade using a generic blade tip with PS and SS 

squealer. They showed that cooling flow ejected from the blade 

has a relatively low impact on the HTC over the endwall 

surface, meaning that HTCs on the heat shield can be studied 

without any cooling flow. They also showed that HTCs on the 

endwall above the PS rim and the mid-squealer region is 

generally over-predicted by CFD compared to the experiments. 

The effects of rotation are not considered in this paper. The 

periodic blade passing increases the relative velocity, which 

leads to an increase in heat flux by roughly 10% according to 

Metzger et al. [5]. Thorpe and Ainsworth [12] studied the heat 

transfer in the presence of periodic temperature fluctuations in 

more detail, showing that the time mean heat flux can be 

divided into a steady heat-flux (which can be studied in a 

stationary linear cascade) and an unsteady heat-flux, which 

depends on the periodic fluctuations of both the HTC and the 

adiabatic wall temperature. Based on this principle, they 

classify the overtip casing heat transfer experiments into two 

categories: (1) experiments designed to study the real engine 

conditions with full rotation and (2) simplified studies—such as 

those made in linear cascades—which are useful to investigate 

the impact of the blade tip design on the heat transfer. The 
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current study is of the second type. Additionally, the flows 

studied in the present investigations are generally subsonic. 

 

MOTIVATION 
 

This study investigated the local heat transfer coefficients on a 

stationary shroud with blade tip clearance and no coolant flow 

ejection from the blade. The heat transfer coefficients constitute 

the aerodynamic effects of the heat load. The focus of this study 

was the heat shield surface and not on the blade tip. There was 

no relative motion between the blade and the heat shield. Only 

the stationary heat transfer coefficients were investigated. The 

blade tip geometry that was investigated had both PS and SS 

squealers. The tip clearance G is the gap height between the top 

of the squealer rim and the heat shield surface, as illustrated in 

Figure 2. Three different tip clearances were tested in this 

study, as shown in Table 1. The clearance is normalized by the 

blade height H. The span to chord ratio is 1.32. Note that the 

terms “heatshield” or “shroud” are equivalent 

 

Test case # Small Gap Nominal Gap Large Gap 

G/H 0.5 % 1 % 1.4 % 

 
Table 1: Test matrix for tip clearance 

 

 

Figure 2: Geometry of the investigated zone 

 

The geometric configuration presented in Figure 3 consists of a 

linear cascade of 3 blades. However, the focus is only on the 

pitch surrounding the center blade. The origin for the 

coordinate system is lcoated at the blade leading edge. The Y-

axis is in the tangential direction, and the X-axis in the axial 

direction. The Y-axis is normalized by the blade-to-blade pitch 

value, Pi, and the X-axis is normalized by the chord length C. 

 

 

 

Figure 3: Geometric configuration 

EXPERIMENTAL SET-UP 

Cascade Test Bench 
The experiments described here were performed in a high-

speed, full-scale, open-loop wind tunnel at Alstom. The linear-

cascade facility allowed for a representative Mach number 

distribution around the blade. More details on this test bench 

can be found in Krueckels et al. [13], Schnieder et al. [14] and 

Cochet et al. [15]. The wind tunnel featured a test section 

containing a four-passage linear cascade with an 

interchangeable test blade located at the center position (see 

Figure 4). Generic blades were used for the investigation.. 

 

 

Figure 4: High-speed four-passage linear cascade 

 

Above this test blade, a removable TLC Perspex cover was 

used to simulate the heat shield surface. This cover was used 

for the transient TLC HTC measurements. More details about 

both the cover and the transient TLC method are given in the 

following section. 

Two two-stage radial compressors, capable of delivering up to 

11kg/s of air to the wind tunnel at a total pressure of about 

1.1bar, were used to simulate the hot gas flow. A 600kW 

electric heater featuring 19 individual heating elements was 

used to heat the main air. By specifying a supply voltage (0 to 

10V), it was possible to heat the main air in the cascade in a 
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transient manner, with higher voltages corresponding to faster 

heat-up times. Due to the thermal properties of the Perspex 

hardware, an interlock was installed to disable the heater once 

the main air had reached a temperature of 70°C. Downstream of 

the heater, the air passed through a set of honeycombs and grids 

before entering the test section through an inlet nozzle, which 

accelerated the flow to its nominal velocity (Main = 0.43). The 

turbulence intensity at the blade LE was approximately 5%, 

resulting from a turbulence grid located roughly 3.5 axial chord 

lengths upstream of the leading edge. At the TE of the blades, 

the flow reached a velocity of about Maout = 0.85. Downstream 

of the test section, the flow was decelerated through a diffuser 

section before being exhausted into the atmosphere through a 

silencer. Adjustable tailboards controlled the flow distribution 

through the four passages. 

Transient TLC technique 

The transient TLC technique used in this study is the step-

change superposition method, which was used and described by 

Metzger and Larson [16], Hoffs et al. [17], Reiss et al. [18], and 

Vogel and Weigand [19]. In order to compute the heat transfer 

coefficients (h), the convective heat transfer equation must be 

solved, 

( )wallrec TThq −=
•

  Eq. 1 

The classic solution to the 1-D transient energy equation with a 

step-change in temperature applied at time Ti=0 is: 
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Given the surface temperature (Twall) at a given time (t), the 

local flow conditions (Trec) and the initial conditions (Ti), one 

can solve for the heat transfer coefficients (h). However, if the 

true temperature history is not a step-change, but rather rises 

more gradually over time with an unspecified shape, as in the 

linear cascade, the above formulation is no longer valid. It is 

possible, however, using Duhamel’s superposition theory, to 

reconstruct the true temperature history by supposing a series of 

incremental step changes in hot gas temperature. 
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The summation is evaluated at a given time (t), where t is the 

time integration variable, and ∆Trec is the incremental change in 

Trec from τj-1 to τj. The function U(t - τj) is defined as: 
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In effect, this method breaks down the temperature history into 

a summation of discrete step changes. If the temperature history 

of the free stream and the surface are sampled at a constant 

frequency, this method enables calculation of the HTC for any 

time history.  

The goal was to provide spatially resolved values of the HTC, 

and therefore local data was required. For that purpose, the 

Perspex cover surface was coated with a narrow-banded TLC 

color (42°C activation temperature), which was used to indicate 

the surface temperature distribution during testing. The TLC 

color was applied directly to the inside surface and covered 

with flat black paint to provide a solid background for the 

images, as illustrated in Figure 5. Optical access was provided 

through the Perspex heat shield model. The pictures were then 

spatially transformed in order to accurately represent the true 

surface distance and orientation. 

 

  

Figure 5: TLC-layered removable cover outside of the 
test rig (left) and during the tests (right) 

 

The testing surface was brought to a thermal steady-state with a 

constant low temperature (roughly 303K) freestream flow. 

Then, the freestream temperature was increased as quickly as 

possible using a heater at time t=0. Video sequences of the 

surface TLC color response were recorded using a 25Hz 

miniature CCD camera mounted above the test rig. The time 

until each point on the surface reaches the TLC activation 

temperature was extracted from the video footage. Finally the 

HTC values were computed from the data using the step-

change superposition technique. 

Each transient test lasted roughly 10 seconds, while typically 

only the first 4-5 seconds of the data was useful for post-

processing, due to the time required for color changes to occur. 

The Perspex model was thick enough to neglect heat 

conduction issues.  

Uncertainty analysis 

The measurement uncertainty of the HTC results for the 

transient IR method was determined by the perturbation method 

presented by Moffat et al. [20], applied to Equations 2 and 3. 
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The following uncertainties have been included: 

1) ∆Trec = ± 0.2K (from earlier TLC measurements) 

2) ∆Twall = ± 0.2K (TLC calibration) 

3) ∆t = ± 0.04s : CCD camera acquisition frequency is 25Hz 

4 Copyright © 2011 by Alstom Technology Ltd.



   
 

 

5 

Uncertainties were roughly 7.5% for a low values of HTC and 

around 15% for high values of HTC at representative 

conditions. The overall uncertainty was especially sensitive to 

the temperature uncertainty due to the nature of Equations 2 

and 3. To solve for the HTC levels, it was necessary to 

rearrange Equation 2 and to search for a minimum. This was 

the source of most of the uncertainty, because the search was 

very sensitive to the temperatures values Trec and Twall. The 

uncertainties above represent a single test run at a single heater 

setting. For each test case, measurements were made at two 

different heater voltage settings, and the results were then 

averaged together. The average difference between HTC values 

in each test run was roughly 11.8%. 

NUMERICAL SET-UP 

A steady-state CFD simulation of the test rig configuration was 

set up with Fluent 6.3 to provide detailed information about the 

local three-dimensional pressure and velocity field around the 

blade tip that could not be obtained by measurements. 

Additionally, CFD was used to investigate the sensitivity of the 

HTC to changes in tip clearance and for comparison with 

experimental results. 

While four blade passages are used to achieve periodic flow in 

the cascade, only one blade is modeled for the CFD studies, 

using a blade-centered approach. In the test rig, only the 

instrumented center blade featured a tip clearance. Modeling 

only one blade with periodic boundaries introduced a deviation 

from the test rig setup, because it is equivalent to all test rig 

blades having a tip clearance. However, the influence of this 

deviation on the results was considered negligible.  

Unstructured hybrid meshes were created for all three 

clearances using Centaur 7.01. As this study aimed to evaluate 

heat transfer quantities, the boundary layer had to be 

completely resolved. This requires y+≈1, which could be 

achieved on the whole blade surface. On the heat shield, local 

y+ values of up to 5 resulted from mesh quality requirements. 

Nevertheless, the “enhanced wall treatment” approach of Fluent 

is still valid in this range, meaning that the boundary layer is 

resolved down to the wall on the whole heat shield surface. 

Figure 6 shows the distribution of y
+
 on the heat shield surface. 

The y+ values were less then 1 across the entire blade tip 

surface. 

The hub wall was treated as an inviscid wall to reduce the mesh 

size. The impact of not modeling the hub wall boundary layer 

on the passage flow was tested and found negligible with 

respect to cascade inlet mass flow and inlet mach numbers as 

well as for blade mach numbers. As a result of a mesh 

sensitivity study, it was found that appropriate mesh sizes were 

on the order of 1 million cells, corresponding to a computing 

time of a few hours for a single simulation. The realizable k-

ε turbulence model was used. 

 

 

Figure 6: Distribution of y
+
 on the heat shield surface of 

the final mesh 

 

All boundary conditions were defined according to the test rig 

conditions. The only significant difference was the hot gas total 

inlet temperature. It was set to around 330-340K for the steady-

state CFD simulations, while it varied for the experimental 

setup due to the transient measurement technique. 

To account for recovery effects and for reasons of consistency 

with the experimental setup, the HTC was defined using the 

local adiabatic wall temperature. This requireds that each 

measurement point be simulated twice: 

1. with adiabatic walls 

2. with a fixed wall temperature 

The HTC can then be defined using the following equation: 

wallwallad TT

q
h

−
=

•

    Eq. 6 

 

walladT  is the local adiabatic wall temperature determined by 

the first calculation. 
wallT  is the fixed wall temperature 

boundary condition for the second calculation, and 
•

q  is the 

resulting heat flux from the second calculation. To avoid a 

change in the direction of the heat flux vector, the fixed wall 

temperature was set to 270K. This yielded a ∆T between hot gas 

and coolant total temperature of around 60K to ensure that the 

heat was always flowing from the surrounding fluid into the 

blade or heat shield material, respectively.  

RESULTS 

The pressure distribution on the heat shield wall was measured 

with static pressure taps and is compared to CFD in Figure 15. 

Shown is the pressure coefficient as defined in the following 

equation: 

2

2
1

inin

in,t

u

pp
Cp

ρ

−
=    Eq 7 

As far as the experimental resolution allows concluding, the 

pressures are predicted well. In the following part, Nusselt 
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numbers from both the numerical and the experimental study 

are compared. The Nusselt number is defined using the 

following equation: 

 

 

k

Ch
Nu

×
=    Eq 8 

2D Nusselt distributions and flow structure 

 
2D distributions of the Nusselt number on the heat shield 

surface are shown in Figure 7, Figure 8 and Figure 9, for both 

the numerical and experimental results. 

Several flow features can be recognized. 

• In the passages between the blades, lower Nusselt numbers 

can be observed for both the computations and the experiments. 

The CFD simulations seem to slightly overestimate the heat 

transfer coefficients in this region compared to the experimental 

results. Figure 11 shows a better representation of the passage 

distribution. 

• At the blade LE, a small region of enhanced Nusselt 

number can be seen. This region is shown by the simulations 

and the experimental results for all clearance heights. For the 

smaller tip clearance, much higher values of Nusselt number 

can be seen. This is most likely due to stagnation at the leading 

edge coupled with the flow contraction within the tip gap. 

• There is a rise in Nusselt number right above the PS 

squealer rim, which corresponds well to flow entrance effects 

and to the acceleration of the flow. This feature can also be seen 

in the results of Rhee et al. [8] and Kwak and Han [9]. The 

CFD tends to overestimate this increase in Nusselt on the 

squealer rim. 

• Immediately downstream of the PS rim and parallel to it, a 

pair of features can be recognized as two consecutives zones, 

the first showing decreased Nusselt number, and the next 

showing increased Nusselt number. When the tip gap clearance 

was increased, the zone with lower Nusselt number grew in size 

while the zone with higher Nusselt was shifted towards the SS 

squealer rim. These features can also be seen in the results of 

Rhee et al. [8] and Kwak and Han [9]. These features were not 

well-captured by the CFD, which only shows a wider high-

Nusselt zone with increasing gap height.  

• Another zone of elevated Nusselt number occurs along the 

SS squealer and can be easily explained by the acceleration 

effect induced by the rim. This effect was observed by both the 

experiments and the CFD. This phenomenon was not seen by  

Rhee et al. [8], since no rim was used in their study. However, it 

is clearly visible in the results of Kwak and Han [9], which also 

featured double squealer rims.  

• A final feature of interest runs along the suction side 

immediately downstream of the rim. This complex zone, which 

is composed of two regions of elevated Nusselt number that 

surround a region of lower Nusselt number, is caused by the tip 

leakage vortex. This zone begins at around 60% of the axial 

chord. The increase in Nusselt number levels in this region with 

increasing gap size can be attributed to an increase in the 

leakage flow rate. This feature drifts away from the SS with 

increasing clearance (as was also observed by Rhee et al. [8]), 

however not as strongly for the experiments as for the CFD. 

• With increasing tip gap height, the overtip leakage 

becomes much stronger (as shown in Figure 16). This increases 

the area of high Nusselt number above the blade tip. The vortex 

structures remain similar for all three gap sizes.  

HTC measurements along streamlines 

One of the purposes of the computational study was to gain a 

better understanding of the flow structures. Since CFD mimics 

several of the features recorded by the experiment, it can be 

used for a more in-depth analysis. Therefore, flow streamlines 

near the heat shield surface were used to compare numerical 

and experimental results. For each case, streamlines were 

extracted from the CFD computations along a surface located 

between the blade tip and the shroud. Along these streamlines, 

Nusselt number values were extracted from both CFD and 

experimental results. Three different streamlines were 

investigated, through the passage on the PS, through the 

passage on the SS following the tip leakage vortex, and 

following the leakage flow over the blade tip. Although the 

streamlines were not identical for each gap height, they were 

close enough between all three cases that they could be 

compared. 

• The results for the PS streamlines are shown in Figure 

10 in the left hand column. There is a good agreement between 

the CFD predictions and the experiments for all gap heights. It 

must be noted that the results do not vary much between the 

three gaps. As expected, the tip clearance does not seem to have 

a noticeable effect on the streamlines within the passage away 

from the tip vortex.  

• The results for the streamlines directly following the 

SS are shown in the middle column of Figure 10. Except for the 

small tip gap case, there is a good qualitative agreement 

between CFD and experiments for all clearances for X/C<0.7. 

In the TE region (X/C>0.7), there is a sharp increase in the 

Nusselt number that is not capture by the CFD. This can be 

explained by the location of the tip leakage vortex being closer 

to the SS than what is predicted in the numerical results. 

Therefore, the numerical streamlines are likely misaligned with 

the true flow path, and cross into the tip leakage vortex for the 

experimental results, resulting in higher Nusselt number values.  

• The streamlines corresponding to the leakage flow 

between the blade tip and the heat shield are presented in 

Figure 10 in the right hand column. The analysis was done 

along several streamlines that crossed through the tip gap 

region, with similar results for each. Therefore, only one is 

shown in Figure 10 for illustration. For the experimental 

results, three separate peaks can be identified. The first peak 

corresponds to the PS squealer rim location, with the Nusselt 

number remaining roughly the same for all test cases (around 

2000). This is directly followed by a small zone where the 

6 Copyright © 2011 by Alstom Technology Ltd.
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Nusselt levels drop, corresponding to an increase in area with 

increasing tip clearance. In the experimental results, this zone is 

followed by a second peak with high Nusselt values of up to 

4000. However, the CFD predictions only capture a single peak 

and completely miss the local minimum in Nusselt number. 

This is all consistent with the 2D Nusselt number distributions, 

as well as the results of Rhee et al. [8]. As these authors pointed 

out, this complex feature could correspond to a transitional 

effect. Due to the acceleration of the flow close to the PS rim, 

the flow could be relaminarized, resetting the boundary layer, 

which would explain the first peak directly above the rim. Then 

the boundary layer would expand, leading to a sharp decrease 

in Nusselt number. Finally, the flow would transition to 

turbulent, triggering a second larger peak in Nusselt number.  

The final peak in Nusselt number along the shroud within the 

tip gap region corresponds to the location of the SS squealer 

rim. This peak—which increases with increasing clearance 

height in the experimental results—is well captured but clearly 

overestimated by the CFD. This effect could be explained by an 

increase in leakage flow.  

 

Nusselt number levels within the blade passage  
One conclusion from Metzger et al. [5] was that the heat 

transfer on the heat shield surface could be reasonably well 

predicted using a conventional turbulent boundary layer 

correlation: 

 
67.02.0 PrRe0296.0 −− ⋅⋅= xSt    Eq. 8 

This correlation was applied to the current study by using the 

absolute gas velocities relative to the heat shield surface at 

several points: upstream of the blade LE, at the blade LE, at the 

blade TE, and downstream of the blade TE. The absolute 

velocities at these points were extracted from the CFD 

predictions, and a linear interpolation was used to obtain the 

velocity values between these locations.  

The Nusselt number distributions along the blade passage from 

the experiments are compared to those computed using 

Equation 8 from the CFD velocity distribution in Figure 11. 

These Nusselt number distributions were then pitch-averaged 

and plotted for all three gap clearances, in Figure 12.  

 

It can be noted that: 

• Although the quantitative trend compares well to the 

experimental results, the CFD predictions overestimate the 

Nusselt number within the blade passage by roughly 25%.   

• Two flow features can be recognized on both the CFD and 

the experimental curves. First, a small but sharp increase 

upstream of the blade LE, which can be explained as the 

stagnation at the LE. Second, there is a steady increase in 

Nusselt number starting at roughly X/C = 0.6. This 

increase is augmented with increasing gap clearance and 

can be attributed to the tip leakage vortex.  

• The CFD predicts a strong decrease in Nusselt number 

upstream the blade LE, which is less pronounced in the 

experiments and not captured at all by the correlation. The 

differences can be attributed to an underpredicted boundary 

layer thickness (i.e. a computational domain that was not 

long enough upstream the blade). 

• The experimental results compare very well with the 

Sherwood number results from Rhee et al. [8]. However, 

they did not report a rise in the Nusselt number in the tip 

vortex region with increasing tip clearance.  

• The Nusselt number levels obtained with the correlation 

match the experimental results quite well. The variation is 

within 10 to 15%, corresponding to the order of magnituge 

of the measurementuncertainty. 

Although the correlation misses some important features of the 

flow (the stagnation at LE and the tip leakage vortex), it is 

important to note that the order of magnitude and the overall 

trend in Nusselt number are well captured by this simple 1D 

correlation. 

 

2D Nusselt number distribution above the blade tip  
Similar to the method described in the previous section, Nusselt 

number levels were computed using Equation 8 and the 

velocity profiles extracted from the CFD simulations and 

compared to the measured values in the region just above the 

blade tip(shown in Figure 13). The pitchwise-averaged values 

are then plotted in Figure 14. For the shroud region just above 

the blade tip, there is a poor agreement between the numerical 

and experimental results. This method strongly overestimates 

the Nusselt number along the PS squealer rim. Furthermore, the 

double peaks near the blade LE are also not captured using this 

method. 

CONCLUSION 
This study used both numerical and experimental methods to 

evaluate the impact of variations in tip gap clearance on heat 

shield Nusselt number levels using a  blade tip with PS and SS 

squealers. The experimental results were validated by 

reproducing the effects reported by other authors.  Although the 

CFD predictions showed similar trends as the experiments, they 

tended to overestimate the Nusselt number levels and miss 

some important flow features, especially directly above the 

blade tip. Variations in tip clearance height showed  no effect 

on the flow within the blade passage apart from the tip leakage 

vortex. However, the tip leakage vortex showed and increase in 

Nusselt levels and tended to shift away from the suction side 

with increasing gap size. Above the blade tip, the tip clearance 

height had a noticeable effect. A local maximum in Nusselt 

number was observed just downstream of and parallel to the PS 

rim. This region was shifted away from the rim with increasing 

gap size. This effect created a larger zone of decreased HTC 

right downstream of the rim, and a smaller zone of elevated 

HTC closer to the SS squealer rim. This complex feature has 

also been observed by other investigators. 

Within the blade passage, quantitative assessments show that 

the pitchwise-averaged Nusselt number along the axial 

direction can be reasonably predicted by the conventional 1D 

7 Copyright © 2011 by Alstom Technology Ltd.
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correlation proposed by Metzger et al. [5], despite the presence 

of complex features like the tip leakage vortex.  
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Figure 7: Small Gap: Nusselt number distribution for CFD (left) and measurements (right) 

 
Figure 8: Nominal Gap: Nusselt number distribution for CFD (left) and measurements (right) 

 
Figure 9: Large Gap: Nusselt number distribution for CFD (left) and measurements (right) 
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Figure 10: Streamline comparison of Nusselt numbers on the PS, SS, and through the tip gap  
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Figure 11: Nusselt number distribution within the blade- passage for the CFD (below) and the experiments (above) 

 

 
Figure 12: Pitchwise-averaged Nusselt number in the blade passage. Comparison between the CFD predictions, experimental 

results, and the 1D correlation 
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Figure 13: Nusselt number distribution on the heat shield surface above the blade tip for the CFD (below) and the 

experiments (above) 

 

 
Figure 14: Pitchwise-averaged Nusselt numbers on the heat shield surface above the blade tip. 

Comparison between the numerical predictions and the experimental results  
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Figure 15 - Pressure coefficient Cp from CFD (left) and experiment (right) 
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Figure 16: Vector plots showing flow structure within the tip gap 
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