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Abstract: The large meridional expansion turbine stator leads to complex secondary flows and
heat transfer characteristics in the blade endwall region, while the upstream tip clearance leakage
flow of the rotor makes it more complex in flow and heat transfer. The influence of the upstream
rotor tip clearance on the large meridian expansion stator is worth studying. The flow and
heat transfer characteristics of the downstream large meridional expansion turbine stator were
studied by comparing the tip leakage flow of 1.5-stage shrouded and unshrouded turbines using
a three-dimensional Reynolds-Averaged Navier-Stokes (RANS) solver for viscous turbulent flows.
Validation studies were performed to investigate the aerodynamics and heat transfer prediction
ability of the shear stress transport (SST) turbulence model. The influence of different tip clearances
of the rotor including unshrouded blade heights of 0%, 1% and 5% and a 1% shrouded blade height
were investigated through numerical simulation. The results showed that the upper passage vortex
separation was more serious and the separation, and attachment point of horseshoe vortex in the
pressure side were significantly more advanced than that of non-expansion turbines. The tip leakage
vortex obviously increased the negative incidence angle at the downstream inlet. Furthermore,
the strength of the high heat transfer zone on the suction surface of the downstream stator was
significantly increased, while that of the shrouded rotor decreased.

Keywords: large meridional expansion; tip clearance; heat transfer; shrouded turbine; tip
leakage vortex

1. Introduction

In general, the low-pressure turbine of marine gas turbines has a high endwall angle design.
The large meridional expansion endwall can effectively reduce the large deflection angle of the blade
profile to meet the expansion ratio requirement. The large meridional expansion can cause a large
secondary flow and flow separation at the endwall, and the endwall heat transfer is strongly affected
by secondary effects. The difference between rotor tip leakage flow and the circumferential velocity of
the main flow causes great mixing loss and exerts a strong effect on the boundary layer of the endwall.
Therefore, it is of great value to study the influence of tip clearance of the rotor on the flow and the
heat transfer characteristics of the downstream large meridional expansion stator.

Tip leakage flow has become one of the key factors in reducing turbine air thermal
performance [1,2]. More than one-third of flow loss in turbines is caused by tip clearance flow.
For every 1% increase in the ratio of the tip clearance to blade height, turbine efficiency will decrease
by 0.8–1.2% [3,4]. The shrouded rotor structure has been widely used in a gas turbine. Denton [5]
developed a model of tip leakage loss in a shrouded turbine. In the downstream of the seal teeth,
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the leakage fluid expands rapidly, resulting in a sharp decrease in the axial velocity of the leakage
fluid. Tip leakage flows of shrouded turbines not only affect the boundary layer of the endwall
but also influence the development of secondary flows in the downstream static blade passage.
Korschunow et al. [6] studied the interference characteristics of the leakage flow and the mainstream
by combining model tests and theoretical analysis, where the fact that leakage flow also changes the
downstream static flow field and increases the secondary flow loss in the endwall was not considered.
The results of Anker, Peters et al. [7,8] showed that the presence of tip sealing teeth significantly reduced
the tip leakage. With the increase of blade clearance size, the incidence angle at the downstream static
blade inlet also increased, while the radial variation range of the flow angle at the downstream static
blade inlet increased. However, studies on large meridional expansion turbine stators by upstream
rotor clearance has not been conducted.

Over the past decades, designers have put great effort into increasing the turbine inlet temperature
to improve turbine efficiency. As a result of this trend, the first two stage vanes and blades are exposed
to increasing temperatures, and turbine entry temperature is much higher than the melting point of
the metal. To ensure that the turbine still works in such harsh environments, blades should employ
blade cooling and thermal barrier coatings [9,10]. To achieve reliable and efficient cooling schemes, a
crucial step in the turbine blade cooling design is the prediction of the flow and heat transfer of the
passages and endwall. Therefore, designers must be equipped with knowledge of the endwall heat
load distributions of the turbine (see the paper by Haselbach and Schiffer [11]). The AITEB research
project studied the secondary flow field and endwall heat transfer of a low-pressure turbine blade with
a shrouded rotor. Dannhauer [12] and Rehder and Dannhauer [13] studied the flow, heat transfer, and
film cooling effect of leakage clearance on the downstream static blade channel. The secondary flow
field has a great influence on the heat transfer of the endwall without leakage flow; however, the effect
of upstream leakage flow on the heat transfer of a large meridional expansion stator is still unclear.

The tip clearance of the rotor in the first stage has a great influence on the flow field and heat
transfer of the downstream large meridional expansion stator. However, there have been no detailed
studies of such issues in the published literature. The numerical investigation presented in this paper
was conducted to clarify the effects of upstream rotor tip clearance on the stator in a 1.5-stage large
meridional expansion turbine. Steady 3-D Reynolds-Averaged Navier-Stokes (RANS) simulations
were performed to investigate the influence of tip leakage flow on the inlet conditions and on the flow
field and heat transfer characteristics of the stator. The shear-stress transport (SST) k-ω turbulence
model was used in the steady simulation. The model was validated by using the experimental data of
Qureshi et al. [14].

2. Numerical Methods

2.1. Turbine in Study and Boundary Conditions

A 1.5-stage large meridional expansion high-pressure turbine was selected for this research, as this
turbine has been used in a certain type of marine gas turbine. The numerical simulation condition in
this turbine is the working condition, and transonic exists locally. Figure 1 shows the section diagram
of its meridian passage, where S1 and R1 are the first-stage guide vane and rotor, respectively, and S2 is
the second-stage stator. The obvious feature of S2 is the large meridian expansion. Its average shroud
expansion angle, α1, is 22◦ and hub expansion angle, α2, is 13◦. As part of this study, the aerodynamic
experimental study of S2 under low working conditions was completed [15].

The detailed parameters and boundary conditions of 1.5-stage turbines are given in Table 1.
In order to ensure the stability of the incoming flow, the inlet and outlet are given enough extension
sections. The inlet is given the total temperature and pressure, and the outlet is given the static pressure.
For wall heat transfer boundary conditions, the temperature ratio (Tg/Tw) between gas temperature
and isothermal wall temperature was set as 1.5. This ratio is not random, but is based on relevant
research. In the study of Qureshi et al. [14] and Ameni et al. [16], specific studies of this ratio are given.
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Non-adiabatic heat transfer numerical simulation models usually use isothermal wall conditions, and
the wall temperature depends on the heat transfer between the wall and the main flow. However, in
cases where the wall temperature does not change much, Nu is generally considered to be independent
of the wall temperature. Except for periodic boundaries, other walls use non-slip boundary conditions.
The Mach number range is 0.32 to 1.13.

Table 1. Design parameters of the 1.5 stage turbine.

Parameters Name Value

Inlet total pressure (kPa) 1947.4
Inlet total temperature (K) 1543.9
Exit static pressure (kPa) 396.7

Inlet flow angle (◦) 0
Design mass flow rate (kg/s) 76.5

Inlet hub/tip radius ratio (S1,R1,S2) 0.864, 0.886, 0.863
Exit hub/tip radius ratio (S1,R1,S2) 0.886, 0.868, 0.797
Pitch at midspan (mm) (S1,R1,S2) 71, 36, 61

Number of vanes (S1,R1,S2) 40, 86, 45
Tg/Tw 1.5

Energies 2019, 12, x FOR PEER REVIEW 3 of 19 

 

conditions, and the wall temperature depends on the heat transfer between the wall and the main 
flow. However, in cases where the wall temperature does not change much, Nu is generally 
considered to be independent of the wall temperature. Except for periodic boundaries, other walls 
use non-slip boundary conditions. The Mach number range is 0.32 to 1.13. 

Table 1. Design parameters of the 1.5 stage turbine. 

Parameters Name Value 
Inlet total pressure (kPa) 1947.4 

Inlet total temperature (K) 1543.9 
Exit static pressure (kPa) 396.7 

Inlet flow angle (°) 0 
Design mass flow rate (kg/s) 76.5 

Inlet hub/tip radius ratio (S1,R1,S2) 0.864, 0.886, 0.863 
Exit hub/tip radius ratio (S1,R1,S2) 0.886, 0.868, 0.797 
Pitch at midspan (mm) (S1,R1,S2) 71, 36, 61 

Number of vanes (S1,R1,S2) 40, 86, 45 
Tg/Tw 1.5 

 
Figure 1. Meridional passage of a 1.5-stage turbine. 

2.2. Numerical Solver and Mesh 

In this paper, a high performance computational fluid dynamics (CFD) software tool ANSYS 
CFX 17.0 (AEA [17]) was used for the numerical calculation. CFX adopts the finite volume method, 
based on the finite element method, to deduce the fully implicit multi-grid coupling algorithm, which 
has excellent convergence performance and numerical accuracy. The Reynolds-averaged Navier-
Stokes equations, in generalized coordinates, were solved by the finite volume space dispersion 
technique. The flow equation, turbulent kinetic energy equation, and specific dissipation rate 
equation were discretized by the spatial high resolution second-order windward scheme and the 
time-order inverse Euler scheme. In the present computations, the fluid was set as a single component 
of the ideal air with a constant specific heat ratio, γ = 1.4. The heat transfer model uses total energy. 

The heat transfer coefficient (HTC) is mainly affected by the flow state of the near-wall, so the 
near-wall turbulence model has a great influence on the prediction accuracy of the wall heat transfer 
coefficient. Many studies [18–20] have shown that the shear-stress transport (SST) k-ω turbulence 
model is particularly capable of simulating the complex flow characteristics of impeller machinery. 
Zuckerman et al. [21,22] conducted a detailed analysis of the advantages and disadvantages of the k-
ε, k-ω, SST, and v2-f models where it was found that the SST model combines the advantages of the 
far-wall k-ε model and near-wall k-ω model. The SST model uses the variant equation to determine 
turbulence viscosity [23], which is more accurate in predicting adverse pressure gradient turbulence. 
Moreover, when compared with the model of k-ε and v2-f, the SST model is more accurate for 
predicting the heat transfer coefficient of a wall caused by a secondary flow. Therefore, the SST 
turbulence model was adopted for numerical simulation in this paper. 

Figure 1. Meridional passage of a 1.5-stage turbine.

2.2. Numerical Solver and Mesh

In this paper, a high performance computational fluid dynamics (CFD) software tool ANSYS CFX
17.0 (AEA [17]) was used for the numerical calculation. CFX adopts the finite volume method, based
on the finite element method, to deduce the fully implicit multi-grid coupling algorithm, which has
excellent convergence performance and numerical accuracy. The Reynolds-averaged Navier-Stokes
equations, in generalized coordinates, were solved by the finite volume space dispersion technique.
The flow equation, turbulent kinetic energy equation, and specific dissipation rate equation were
discretized by the spatial high resolution second-order windward scheme and the time-order inverse
Euler scheme. In the present computations, the fluid was set as a single component of the ideal air
with a constant specific heat ratio, γ = 1.4. The heat transfer model uses total energy.

The heat transfer coefficient (HTC) is mainly affected by the flow state of the near-wall, so the
near-wall turbulence model has a great influence on the prediction accuracy of the wall heat transfer
coefficient. Many studies [18–20] have shown that the shear-stress transport (SST) k-ω turbulence
model is particularly capable of simulating the complex flow characteristics of impeller machinery.
Zuckerman et al. [21,22] conducted a detailed analysis of the advantages and disadvantages of the
k-ε, k-ω, SST, and v2-f models where it was found that the SST model combines the advantages of the
far-wall k-ε model and near-wall k-ω model. The SST model uses the variant equation to determine
turbulence viscosity [23], which is more accurate in predicting adverse pressure gradient turbulence.
Moreover, when compared with the model of k-ε and v2-f, the SST model is more accurate for predicting
the heat transfer coefficient of a wall caused by a secondary flow. Therefore, the SST turbulence model
was adopted for numerical simulation in this paper.
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The geometric models and the generation of grid models were accomplished through the
high-performance software package Autogrid5 (NUMECA’s preprocessor). Figure 2 shows the
1.5-stage turbine grid diagram of S2 with shroud. The grid topology of S2 is shown in Figure 3.
The boundary layer mesh of the shroud is encrypted, as shown in the enlarged image. The location
of boundary layer adopts a 20-layer grid. The total number of meshes in the shroud is 1.5 million.
The inner O-type grid and outer H-type grid were used to improve the quality of the whole grid
considering that the labyrinth seal is connected to the top of the rotor through the interface, and the
geometrical shape of the seal determines that it can only use the h-type grid. In the study by [24],
the HTC was studied in detail on a blade similar to S2, indicating that the use of a 20-layer grid near
the wall surface could meet the requirements of boundary layer capture. In this paper, the near-wall
surface was divided into 20 points by the same method. The final grid used a total of 12 million cells.
To maintain that the average non-dimensional near-wall distance of y plus value was less than 1, the
first cell height at the surface was set as 0.2 µm. All cases in this article use the same grid topology.
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The convergence criterion of numerical simulation in this paper was used to reduce the RMS
residual to less than 10−5, and the mass flow difference at the inlet and outlet of the model to less than
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0.1%. If the change of isentropic efficiency was less than 0.01% in 10 consecutive iterations, the solution
was judged as converged.

The mesh independence was verified by comparing the total pressure loss coefficient (Cp) and
the area-averaged shroud heat flux of S2 under different grid node numbers. The results of different
grids are shown in Table 2. Compared with Mesh-2, the Cp of the densified Mesh-3 decreased by about
0.02%, and the area-averaged shroud heat flux decreased by about 0.6%. Therefore, the total number
of mesh nodes for all cases in this article was set between 12 million and 13 million.

The total pressure loss coefficient of S2 is defined as:

Cp =
(

pt,in − pt,out

)
/
(

pt,out − ps,out

)
, (1)

where pt,in is the average total pressure at the interface between R1 and S2; pt,out is the average total
pressure at the outlet; and ps,out is the average static pressure at the outlet.

Table 2. Mesh independence of the total pressure loss coefficient and area-averaged casing heat flux of
S2 with unshrouded R1.

Number of Mesh
Nodes (million) Loss Coefficient Cp Area-Averaged Casing

Heat Flux (w/m2)
Simulation
Time (103 s)

Mesh-1 3.09 0.130955 378156 18.9
Mesh-2 7.26 0.126102 385201 24.7
Mesh-3 11.32 0.126082 383153 27.7

2.3. Experimental Validation of Numerical Models

Regarding the experimental research on large meridional expansion stators, no relevant
experiments have been published in the present papers. Furthermore, in the existing literature,
the accuracy of the numerical calculation can be verified by verifying the experimental results of
similar blades. It is feasible to predict the accuracy of numerical calculation through qualitative
comparison [25]. Qureshi et al. [14], from Oxford University, carried out aerodynamics and heat
transfer experiments and predictions in the MT1 turbine blades, and the shape and working condition
of the MT1 turbine are very similar to the S2 blade in this study. By comparing the numerical simulation
data with this experimental data, a reasonable calculation accuracy can be obtained. The turbine testing
device used in this study was an engine scale, short duration, rotating transonic turbine, in which the
aerodynamic and heat transfer dimensionless parameters matched the engine conditions. Therefore,
this paper used the MT1 turbine data of Qureshi et al. to verify the numerical calculations. Since the
focus of this study was the large meridional expansion effect of the stator, the Mach number of the
blade near the endwall and Nu distribution of the endwall were compared. The numerical simulation
of the MT1 turbines adopted the same mesh number, the same mesh topology, and the same turbulence
model (SST) as the S2 model in this study. Figure 4 compares the isentropic Mach number of the
simulated data and experimental data at a 90% blade height, using the same numerical simulation
method. Figure 5 shows the Nu number comparison of the shroud. It can be seen that the numerical
simulation method in this paper could well predict the isentropic Mach number distribution of the
blade, except for the trailing edge fluctuation. For the simulation of Nu distribution in the shroud, the
difference between the numerical data and the experimental data was 9.62%. The numerical simulation
method was accurate in predicting the heat transfer trend of the shroud, and the difference between the
leading edge and trailing edge was reasonable, in theory. For the heat transfer error, the heat transfer
prediction in this paper was reasonable. In conclusion, considering the uncertainty of the experiment,
the numerical simulation method adopted in this paper was reasonable for predicting the flow and
heat transfer.
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2.4. Gap Configuration

In this paper, four calculation models for different tip clearances of R1 were designed. The specific
design parameters are shown in Table 3. In Case 0, the tip clearance of R1 was set as 0% of the blade
height and the clearance size was 0 mm. This is not a real condition, and was used only for comparative
research. In Case 1, the tip clearance of R1 was set as 1% of the blade height and the clearance size
was 6 mm. The clearance size of the second case is the actual working condition. In Case 2, the tip
clearance of R1 was set as 5% of the blade height and the clearance size was 2.9 mm. The clearance in
Case 2 was much larger than the real condition to fully expose the impact of the clearance. The tip
clearance was constant along the radial direction. In Case 3, the tip clearance size of the shrouded
R1 was set as 1% of the blade height and the shroud inlet and outlet size were set as 2% of the blade
height. The meridional view of the configuration is shown in Figure 6.
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Table 3. Gap configuration parameter and code.

Schemes Parameter Setting Value Code

Case 0 h0 = 0% blade height 0 mm h0 = 0%_unshrouded

Case 1 h1 = 1% blade height 0.6 mm h1 = 1%_unshrouded

Case 2 h2 = 5% blade height 2.9 mm h2 = 5%_unshrouded

Case 3 h3 = 1% blade height
h4 = 2% blade height

0.6 mm
1.2 mm h3 = 1%_shrouded
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3. Results and Discussion

3.1. Secondary Flow in S2

As the research aim of this paper was to study the influence of the tip clearance of R1 on the
flow and heat transfer characteristics of S2, it was necessary to first analyze the vortex structure of S2
without the clearance model. The S2 channel has a large meridional expansion, which leads to a greater
secondary flow loss. In order to display its vortex system, the following vortex core display method
was adopted in this paper: The Q-criterion. Hunt et al. [26] defined a vortex core as a connected
region with a positive second invariant (Q > 0) of the gradient of the velocity (∇→c ). The physical
interpretation of the vortex core is that the size of vorticity is greater than the size of strain rate, and is
written as:

Q = −1
2

ui,jui,j =
1
2

(
‖Ω‖2 − ‖S‖2

)
, (2)

where Ω and S are the rotation and strain tensors. Figure 7 shows the isosurface of vortical structures
for the h0 = 0%_unshrouded case using the Q-criterion. The relative total pressure loss coefficient
colored the vortex structure. The view was set from downstream. The relative total pressure loss
coefficient is defined as:

YP =
(

pt,in − pt

)
/
(

pt,in − ps,out

)
, (3)

where pt,in is the average relative total pressure at the inlet of S2; pt is local relative total pressure; and
ps,out is the average static pressure at the outlet of S2.

The characteristics of secondary flow and its vortex model have been comprehensively
summarized in the papers of Sieverding et al. [27] and Langston et al. [28]. It can be seen from
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Figure 7 that the vortex structure of the passage vortices and tailing shed vortices (SV) can be clearly
identified at the S2 passage. The passage vortex is coupled with the SV and flows to the downstream
blade row. The passage vortices move obviously towards the middle of S2, at the span position of the
outlet. As the expansion of the casing is greater than that of the hub endwall, the upper passage vortex
separation is more serious. From the exit direction, the upper passage vortex rotates counterclockwise,
and the SV rotates clockwise, while the lower passage vortex and the SV move in opposite directions.
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The flow characteristics of the vane and endwall directly affect endwall heat transfer. In order
to understand heat transfer near the endwall, the key is to fully clarify the flow behaviors. Figure 8
shows the limiting streamline of the S2 casing. The horseshoe vortex is the main part of the cascade
vortex structure system. The relevant flow phenomena are shown: The saddle point region, located
in the leading edge of the vane; the separation lines of the HVps (horseshoe vortex in the PS) and
HVss (horseshoe vortex in the SS); and the PV (passage vortex) and shear flow, downstream of the
trailing edge.
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Combining Figures 7 and 8, it can be seen that the HVps started to separate at the 20% axial
chord length of the S2 pressure side. The HVps flowed to the SS through the channel and reached 65%
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of the axial chord length. Friedrich et al. [29] of the German Aerospace Center carried out detailed
experiments on the EGG transonic planar cascade, indicating that the separation of the HVps started
from a 40% axial chord length and was attached to 80% of the axial chord length. Similarly, in the
study of Benoit Laveau et al. [30], an experimental analysis of the turbine guide vane was conducted,
and it was concluded that the HVps separated from 30% axial chord length and attached to 75% of
the axial chord length. Compared with non-expansion blades, the separation and attachment point of
horseshoe vortex pressure surface had an advance of 15%.

3.2. Aerodynamic Analysis of S2 with Different R1 Tip Clearance

The flow condition at the outlet of the upstream rotor directly determines the inlet condition of
the downstream stator. Therefore, the entropy-increase distribution cloud map at the outlet of R1 is
given. The change in tip clearance mainly affects the region near the casing, and has little influence on
the hub. Therefore, Figure 9 shows only the upper half of the region. It can be seen from Figure 9, that
the effect of the rotor tip clearance mainly increases the strong tip leakage vortex (TLV). The TLV loss
is approximately twice that of the passage vortex and rotates in the opposite direction. Compared with
Figure 9a–c, it can be seen that an increase of clearance increased the strength of the TLV and made it
move towards the middle of the blade passage. The effect of clearance on the passage vortex was not
significant, and so could be neglected. Compared with Figure 9b,d, with the same clearance size, the
tip leakage flow at the outlet of the shrouded R1 had a larger influence range in the circumferential
direction and was closer to the casing. Therefore, the influence of rotor tip clearance on the flow
performance of the downstream stator is reflected in the influence of the TLV.
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Inlet flow angle is a very important parameter which has a great influence on the flow and heat
transfer performance of the stator. Therefore, the span-wise mass-averaged inlet flow angle of S2 was
studied, as shown in Figure 10. Based on Figure 10, the bar chart of the maximum inlet airflow angle
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and the incidence angle were drawn to better show the impact, as shown in Figure 11. The incidence
angle in Figure 8 is defined as:

i = β1 − β (4)

where β is the inlet flow angle and β1 is the blade inlet angle. As can be seen from Figure 10, in the case
of clearance size, there was a maximum value of the inlet airflow angle at the 20% span position near
the casing. The size and position of the inlet flow angle were consistent with the distribution law of
entropy increase at the outlet of R1. It can be concluded that the inlet airflow angle was mainly affected
by the TLV. By further analyzing Figure 11, the maximum inlet flow angle of the h1 = 1%_unshrouded
case was twice that of in the case h0 = 0%_unshrouded. Compared to the h1 = 1%_unshrouded case,
the maximum inlet flow angle of the h3 = 1%_shrouded case was increased by 31%. The maximum
incidence angle of the h0 = 0%_unshrouded case is positive and the maximum incidence angle of the
case with tip clearance was negative.
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Study of the vane static pressure coefficient (Cps) distribution can shed light on the performance
and vane loading at various locations along the vane span. The strength of secondary flows
downstream of a turbine has been shown to depend strongly on both the overall aerofoil loading and
the loading distribution (e.g., Benner et al. [31]).

As the tip clearance mainly affects the region near the casing and has little influence on the middle
and lower part of the vane, only the static pressure coefficient distribution at the 90% span of S2
was analyzed. As shown in Figure 12, the static pressure coefficient distribution of the four cases
was analyzed, and it was found that the tip clearance mainly affected 60% of the area in front of SS,
but had little influence on the PS. The adverse pressure gradient has an important influence on the
development of the boundary layer [32,33]. Figure 13 shows the strength and range characteristics of
the adverse pressure region of the suction surface based on Figure 12. With the increase of the gap
size, the range of the adverse-pressure region on the suction surface decreased significantly, and the
strength decreased first and then increased. In the h2 = 5%_unshrouded case, due to the large negative
incidence angle on the leading edge of the S2, large gradient fluctuations were generated in the front
part of the pressure side. A comparison of the h3 = 1%_shrouded case and the h1 = 1%_unshrouded
case, showed that the reverse pressure region decreased by 25%, and strength doubled.

To illustrate the effects on shed vortices and passage vortices, Figure 14 shows the mass-averaged
entropy-increase contour at 110% of the axial chord of S2. The change of tip clearance mainly affects the
region near the casing and has little influence on the hub. Therefore, Figure 14 shows only the upper
70% span region. Figure 15 shows a quantitative curve of the mass-averaged in the circumferential
direction of Figure 14. The main loss area of the exit section of S2 is caused by the upper passage
vortex. From exit S2, the passage vortex rotates counterclockwise. By comparing Figure 14a–c, as
the size of the clearance increased, the vortex loss at the exit section of S2 increased significantly and
moved toward the middle of the blade. The passage vortex loss strength of the h2 = 5%_unshrouded
case was increased by 40% compared with the h1 = 1%_unshrouded case, and the blade height was
increased by 17% to the middle of the blade. Combined with Figure 14b,d, in the h3 = 1%_shrouded
case relative to the h1 = 1%_unshrouded case, the intensity of the passage vortex increased by 23%,
and the size of the passage vortex decreased.
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3.3. Heat Transfer Analysis of S2 with Different R1 Tip Clearance

The HTC can be nondimensionalized by calculating the Nu. The Nu was calculated, as shown in
Equation (5). This had the same definition as in the studies of Salvadori et al. [34] and Qureshi et al. [14],
which is defined as:

Nu =

.
qC

(Taw − Tw)kT01
, (5)

where the parameter C is the vane mid-span true chord and kT01 is the thermal conductivity of air
referenced to the mean inlet total temperature.

From the above aerodynamic analysis, it can be seen that the tip gap of the rotor at the first stage
had a strong impact on the passage vortices of the downstream vane. The thermal load distribution of a
turbine is mainly affected by the flow state, so it is necessary to analyze the heat transfer characteristics
of the S2 blades. Since the PS of S2 does not have a local excessive thermal load and the HTC is little
affected by the inlet TLV, only the heat transfer characteristics of the suction surface were analyzed.
Figure 16 shows the Nu distribution of the S2 blade suction surface. Combined with Figure 16a–c,
it can be seen that the upstream TLV significantly increased the high heat transfer area of the S2
suction surface. Referring to Figure 16e, the radial dimension of the high heat transfer area increased
significantly when R1 had tip clearance. Compared with Figure 16a,d, the radial size of the high heat
transfer area of the h3 = 1%_shrouded case and the h1 = 1%_unshrouded case were almost the same.
Its radial position moved up by 13% span, relative to the h1 = 1%_unshrouded case.
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Figure 16. Nu distribution of the S2 blade suction surface and characteristics of the PV region:
(a) h0 = 0%_unshrouded; (b) h1 = 1%_unshrouded; (c) h2 = 5%_unshrouded; (d) h3 = 1%_shrouded;
(e) Characteristics of PV region.

The S2 casing is also strongly affected by the upstream TLV. Figure 17 shows the distribution of
the Nu on the S2 casing, which was caused by the flow field effect near the casing. At the leading
edge (a), the formation of the maximum heat transfer region can be clearly recognized. The minimum
heat transfer region was located at the trailing edge of SS (b). A relatively high heat transfer region
was located at the rear PS (c). Ignoring the small stripe (d), the heat transfer increased in the vane’s
wake. As the tip clearance of R1 increased, the intensity of the high heat transfer area (a) increased
significantly, and the HTC of the region (b) and (c) increased accordingly. The attachment point of
the HVps at the pressure side surface moved downstream, of which the attachment point of the h1 =
1%_unshrouded case moved downstream by 20% of the axial chord length, when compared with the
h0 = 0%_unshrouded case. Analysis of Figure 17b,d, showed that the h3 = 1%_shrouded case increased
the HTC of the leading edge (Figure 16a), but reduced the HTC in the middle passage.
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0%_unshrouded; (b) h1 = 1%_unshrouded; (c) h2 = 5%_unshrouded; (d) h3 = 1%_shrouded.

To find the local relationship between flow and heat transfer, Figure 18 shows the local Nu number
distribution on the casing along the dimensionless curve width ψ for the three curves Ψ1, Ψ2 and Ψ3.
Curve Ψ1 is tangent to the leading edge of S2 and parallel to the inlet cross-section. Curve Ψ2 is located
at 0.5 times the axial chord strength and is parallel to curve Ψ1. Curve Ψ3 is tangent to the trailing edge
and parallel to curve Ψ2. In curve Ψ1, Nu is the maximal of the vane for both cases, since the formation
of the horseshoe vortex induces high velocities toward the endwall. Among the cases, the leading edge
HTC and channel significantly increased with the increase oftip clearance size of R1. The HTC of the
h2 = 5%_unshrouded case was 2.5 times that of the h1 = 1%_unshrouded case. The h3 = 1%_shrouded
case made the leading edge heat load distribution more uniform and slightly increased the HTC of the
pressure surface. In curves Ψ2 and Ψ3, only the over-sized h2 = 5%_unshrouded case had a significant
influence on the HTC of the casing. In curve Ψ2, the HTC of the pressure surface was mainly increased.
On curve Ψ3, the HTC of the suction surface was mainly increased. Other tip clearance models had
little effect on the HTCs of curve Ψ3.
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3.4. Comparison of Aerodynamics and Heat Transfer Performance of S2

The Cp and area-averaged casing heat flux of S2 for the four cases are shown in Table 4. In general,
the Cp of the large meridional expansion S2 increases significantly with the increase of the upstream
R1 clearance. At the same time, the heat flux of the casing also increases with increase of the clearance.
Compared to the h3 = 1% _shrouded and h1 = 1% _unshrouded cases, R1 with shroud makes blade heat
flux decrease 5% and casing heat flux increase by 2.6%. The shrouded R1 increases the aerodynamic
loss of S2 by 1.4%.

Table 4. Loss coefficient and area-averaged casing heat flux.

Case Loss Coefficient Cp Area-Averaged Blade
Heat Flux (w/m2)

Area-Averaged Casing
Heat Flux (w/m2)

h0 = 0%_unshrouded 0.126082 441894 383153
h1 = 1%_unshrouded 0.135743 478626 454382
h2 = 5%_unshrouded 0.167639 624361 687022

h3 = 1%_shrouded 0.137689 454125 466300

4. Conclusions

An efficient numerical method was employed to investigate the aerodynamics and heat transfer
in different tip clearances on a 1.5-stage turbine with large meridional expansion. The influence of tip
leakage flow on the flow and heat transfer characteristics of the downstream large meridional expansion
stator blade was discussed. Some important conclusions based on the investigation presented in the
paper are summarized as follows:

• The passage vortices moved obviously toward the middle of the large meridional expansion stator
at the span position. The separation and attachment point of the horseshoe vortex on the pressure
side had an advance of 15%, when compared with non-expansion stators.

• The increase of clearance size increased the strength of the tip leakage vortex and made it move
toward the middle of the blade passage. The tip leakage vortex increased the local negative
incidence angle of the downstream stator.

• For the downstream large meridional expansion stator, the upstream rotor tip clearance mainly
affected the static pressure coefficient of 60% in front of the suction pressure. The shrouded rotor
could reduce the adverse-pressure region by 25%.
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• The shrouded rotor increased the upper passage vortex of the downstream large meridional
expansion stator.

• The upstream tip leakage vortex significantly increased the high heat transfer area of a large
meridional expansion stator suction surface. The intensity of the heat transfer area was
significantly reduced by the upstream rotor with shroud.

• The upstream tip leakage vortex mainly enhanced the heat transfer coefficient of the leading edge
of the endwall, while the upstream shrouded rotor blade helped the heat transfer coefficient of
the leading edge to be more uniform.
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Nomenclature

Roman and Greek
Nu Nusselt number
p pressure, kPa
q heat flux, kW/m2

T temperature, K
Taw adiabatic wall temperature, K
Tg gas temperature, K
Tw isothermal wall temperature, K
u velocity, m/s
T01 inlet temperature, K
Ω rotation tensor
S strain tensor
C vane midspan true chord
k thermal conductivity
pt,out average relative total pressure at the outlet, kPa
pt,in average relative total pressure at the inlet, kPa
pt local relative total pressure, kPa
ps,out average static pressure at the outlet, kPa
Cps static pressure coefficient
ψ dimensionless curve width
Ψ curve
Subscripts, Superscripts, Abbreviations
R1 first rotor
S1 first stator
S2 second stator
Exp experimental
PS, SS pressure side, suction side
CFD computational fluid dynamics
HTC heat transfer coefficient
SST shear stress transport
TLV tip-leakage vortex
SV shed vortex
AITEB Aerothermal Investigation in Turbine Endwalls and Blades
RANS Reynolds-Averaged Navier-Stokes
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