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Abstract - Numerical investigation has been conducted to study the effect of winglet in rotor blade tip configuration. 
Complete stage of gas turbine has been simulated include forty-six vanes and seventy-six blades. The model was presented 
on ANSYS FLUENT solver. Actual boundary conditions of 1615 K total inlet temperature, pressure ratio of 2.4, rotational 
speed of 12630 rpm and a tip gap of 1% of the annulus height were used. Three basic winglet tip's configurations have been 
studied and compared against a reference flat tip case for blade surface pressure, temperature distribution and overall 
efficiency. It was concluded that the improvement in overall efficiency reached 0.413 %, average blade surface pressure 
increased by 23.2 % and surface temperature decreased by 0.836 %. A simple optimization technique has been utilized to 
select the optimal case based on significant parameters. It was concluded that the suction side squealer with winglet is the 

optimum case achieving improvement of 0.26 % efficiency and increased 21.5 % surface pressure and 0.27 % decreasing in 
surface temperature of the rotor blade. 
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I. INTRODUCTION 

 

The tip clearance is a necessary gap between the rotor 

blade tip and the shroud surface of gas turbine 

engines as shown in Figure 1. The gas flow escaped 

through this gap due to the pressure difference 

between pressure and suction sides of the rotor. This 

leakage flow reduced the overall efficiency by about 

30% [1, 2]. 

 
Fig. 1 Schematic of the gap flow for the rotor blade [2] 

 

Unfortunately, due to experimental limitations and 

geometric complexity, it is difficult to obtain accurate 

data for the tip clearance region. In order to simplify 

the model of heat transfer and the tip flow structure 
many researchers ignored the rotational effect by use 

stationary cascade of turbine. Ameri et al. studied 

numerical models for rotor blade pressure distribution 

and flow leakage for the round and the sharp tip 

edges, using the k-ω turbulence model with periodic 

conditions [3]. Azad et al. [4] studied experimentally 

a stationary cascade flat tip blade to observe the 

effect of gap height on static pressure distributions 

and heat transfer coefficient by using the transient 

liquid-crystal method. Furthermore, they examined 

experimentally a recessed tip of double-squealer with 

3.8 % of blade height [5]. Many researchers studied 

the effect of recessed depth and winglet 

configurations on tip leakage flow of gas turbine [6-

9]. Therefore, Tallman et al. [10] presented a 

computational standard k-ε turbulence model studied 

the effect of gap height on tip leakage flow in 

stationary cascade by using linear blades. Moreover, 

Eriksson et al. [11] performed numerical 

investigations to study tip clearance gap (1%, 1.5%, 

and 2.5%) percentage of blade span height evaluating 

the heat transfer and leakage flow [12-16]. 

 
Many investigations have been conducted either 

experimentally or numerically under various working 

conditions, focused on the leakage flow from the 

rotor tip and the heat transfer for gas turbine engine 

[17-22]. Yamamoto et al. studied experimentally 1.5 

stage of low speed axial turbine showed the 

fluctuations of flow inside the tip clearance, observed 

a higher loss of engine power [23]. Moreover, Chana 

et al. conducted an experimental study under actual 

gas turbine conditions to examine the turbine tip and 

the casing heat transfer [24]. Matsunuma et al. 
studied different turbulent intensity level ranged from 

(0.5% to 4.1%) concluded that the total pressure 

losses increased since the leakage vortex size is 

enlarged at higher Reynold’s number [25].  

Furthermore, Qi et al. performed a numerical study 

for controlling tip leakage flow in an axial turbine. 

They concluded that the specific fuel consumption 

improved by enhancement of turbine total efficiency 

[26]. Li et al. studied the steady and unsteady leakage 

flow for first stage GE-E3 engine with a squealer tip 

rotor blade by solving Reynolds-Averaged Navier-

Stokes (RANS) equations with k-ω turbulence model 
[27]. Researchers such as Lee et al. [28], Gao et al. 

[29], Lee et al. [30], Kang et al. [31], Kavurmacioglu 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-3, Mar.-2019, http://iraj.in 

Parametric Approach for Winglet in Gas Turbine Blade Tip 

 

52 

et al. [32] and Zhihua et al. [33] focused on the effect 

of tip cavity on leakage gap flow. 
Aforesaid this survey; it was concluded that more 

research is needed to find optimum tip geometry 

according to the tip leakage flow to enhance the gas 

turbine engine efficiency. This paper presents a 

parametric study and optimization approach for three 

different rotor tip geometry based on the leakage 

flow, surface pressure and surface temperature of the 

rotor blade. 

 

II. NUMERICAL APPROACH 

 

A. Governing Equations 
In this study, a three-dimensional computational 

domain has been used considering a steady, turbulent, 

compressible, and viscous flow. The governing 

equations which describe the turbulence model, 

momentum and energy equations and mean flow are: 
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Neglecting the gravitational forces, steady-state and 
phase change not occur; then the turbulent viscosity 

can be written as: 


 

2k
Ct  (6)  

where the turbulent model constants are: 

1C =1.4, 2C =1.92, C =0.09, k =1.0,  =1. 

B. Validation Model 

A validation model of fluid flow around one single 

GE-E3 blade with flat tip configuration using 

periodic condition has been studied. The 

implemented model compared with the experimental 

results from Kwak et al. [13]. Moreover, a 

comparison of two numerical methods has been 
performed; standard k-ε turbulence model and 

Spalart-Allmaras model which designed especially 

for aeronautics and aerospace applications including 

wall-bounded flows. Figure 2 shows the two-

numerical investigated turbulence model compared 

with the experimental data measured by Kwak et al. 

Although the present numerical investigation models 

showed good conformity with the experimental 

results, the standard k-ε turbulence model results are 

in general predicted more accurately with an absolute 

value of error analysis 3.42% compared to 5.74% for 

the Spalart-Allmaras model. 
 

C. Computational Model 

The The present study focused on a high-pressure 
turbine stage of the General Electric Energy Efficient 

Engine published by Yamamoto et al. [23]. The first 

stage hub and shroud radii are 0.32 m and 0.37 m 

respectively, 46 stators each blade of  

 
Fig. 2 Surface pressure distributions on the blade sides at 97% 

of annulus height 

 

axial chord of 0.0383 m and 76 rotors each blade of 

axial chord 0.0287 m, as shown in Figures 3. 
Commercial software ANSYS 15 DesignModeler 

used to build a single passage with periodic boundary 

conditions to simulate a complete stage of blades to 

reduce the programming effort. 

 
Fig. 3 Complete turbine stage configuration. and passage 

configuration (Turbine stage computational domain 

boundaries) 

 

Unstructured tetrahedral meshes were built with a 

refined mesh at blade surface and tip region however; 

relatively coarse mesh for the overall turbine stage. A 

grid dependency analysis has been performed with 

different fine meshes of (5.0, 6.4, 6.9, 7.6 and 8.0) 

million elements. From this mesh dependency 

analysis, it is clearly that the mesh model with 7.6 

million elements becomes grid independent, as shown 

in Figure 4. A Pressure-based coupled 2nd order 
solver has been used. The solution is assumed to be 

converged when continuity equation, linear 

momentum equations and turbulence model k-ε 

equations are solved for the mesh volumes to a 

residual of 10-3, while the energy equation is solved 

to a residual of 10-6. 

 
Fig. 4 The meshed control volume for 7.6 M element, (a) 

overall view single passage configuration (b) zoomed view of 

cutting meshed control volume. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-3, Mar.-2019, http://iraj.in 

Parametric Approach for Winglet in Gas Turbine Blade Tip 

 

53 

C. Boundary Conditions 

The inlet and outlet boundary conditions prescribed 
along the turbine stage were taken from the 

experimental data Yamamoto et al. [23]. The inlet 

boundary conditions are specified as the total 

pressure of 1258.4 kPa, total temperature of 1615.15 

K, turbulence intensity level of 9% and the flow angle 

directed normally to the stator inlet plane and 

rotational speed of 12630 rpm. At the outlet stage the 

static pressure of the fluid was specified 518.28 kPa. 

Periodic rotational boundaries are imposed at 

circumferential direction for each turbine passage. No 

slip adiabatic wall boundary condition is applied at 

the shroud, hub, and blade surfaces. The mixing plane 
technique has been used to couple stator and rotor 

domain boundary conditions and to capture stator 

rotor interactions. 

 

III. RESULTS AND DISCUSSIONS 

 

A. Rotor Configurations 

Three different winglet configurations have been 

examined to study their effect on the tip leakage with 

respect to a reference case flat tip of high-pressure 

turbine stage of the General Electric Energy Efficient 
Engine. The rotor tip configurations are classified as 

follows; flat with winglet, suction-squealer with 

winglet, and double-squealer with winglet, as shown 

in figure 5. Both suction side and double squealer tips 

were examined by three depth of cavity (2.0%, 4.0% 

and 6.0%) of annulus height H. Three thickness of 

winglets were added to investigate its effect, as 

shown in figure 6. 

 
Fig. 5 Various rotor blade tip configurations; a) flat, b) flat 

with winglet, c) suction squealer with winglet, d) double 

squealer with winglet. 

 

 
Fig. 6: General case for tip configuration of double squealer 

with pressure side winglet (left) and schematic of a selected 

cross section at 25% of the axial chord (right) 

B. Flat Tip Case 

The rotor flat tip configuration has been considered as 
a reference case to facilitate a better understanding of 

the tip leakage phenomena. Figure 7(a,b,c) shows the 

results of the isentropic Mach number, static pressure 

and temperature at the mid-span plane. The static 

pressure and temperature decrease from the stator to 

the rotor domain. The static pressure and temperature 

contours on the rotor blade surface are shown in 

Figure 7(d,e). The tip leakage enhancement can be 

monitored by the static pressure distribution; for a 

higher value on the pressure side towards the lower 

value on the suction side. 

 
Three main assessment parameters have been selected 

to evaluate the optimum tip configuration accordingly 

to its significance, while observing the influence of 

isentropic Mach number contours and the streamlines 

in the tip region. First parameter is the turbine stage 

efficiency, which detected by the mass-averaged of 

pressure and temperature at the inlet plane of the 

stator and the exit plane of the rotor. Second 

parameter; is the average static pressure of the rotor 

at the tip plane. The third significant parameter; is the 

average static temperature of the rotor tip plane as 
shown in figure 7(d,e). In this flat tip configuration; it 

was found that the turbine stage efficiency is 83.93%, 

the average pressure is 560.08 kPa and the average 

temperature is 1415.53 K. 

 

 
Fig. 7 Results for flat tip configurations; a) fluid isentropic 

Mach number, b) fluid static pressure, c) fluid static 

temperature, d) static pressure contours for the rotor blade, 

and e) static temperature contours for the rotor blade. 

 

C. Flat Tip with Winglet 

 

Two winglet configurations have been studied (2% or 

4%) of annulus height and compared with the 

reference case as shown in Figure 8. A significant 

increase in the isentropic Mach number was observed 

at the tip region for the winglet cases; due to the 

decrease in the static pressure at the middle region of 

the tip towards the trailing edge. It was found that the 
efficiency increases by 0.27%, due to the favourable 

higher pressure on the pressure side and becomes 

lower on the suction side. 
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Fig. 8 The streamlines and isentropic Mach number contours 

for flat tip with winglet. 

D. Recessed Tip for Suction Side Squealer with 

Winglet 

Twelve cases have been studied for the recessed tip 

with suction side squealer with winglet; of two 

squealer rim thickness (1% and 2%) with three 

different depths (2%, 4%, and 6%) and winglet 

thicknesses of (2% or 4%) as a percent of annulus 

height H.  It was found that increasing the cavity 

depth in the third column of Figure 9 reduces the 

isentropic Mach number values in the tip region 

compared to the first column of the same figure. It 
was concluded that the static pressure has a 

significant effect by varying the cavity depth, and the 

maximum average static pressure is 690.01 kPa in 

case S6T1W2 reaching improvement of 23% 

compared to reference flat tip case. No significant 

change has been noticed for the efficiency; it was 

ranged from 84.1% and 84.2%. The presence of 

winglets with different thickness reduce the static 

temperatures; minimum static temperature is 1409.8 

K in case S2T2W4. 

 

 
Fig. 9 Comparison of streamlines and Mach number contours 

for single squealer tip with winglet. 

E. Recessed Tip for Double Squealer with Winglet 

Twelve cases have been studied for the double 

squealer with winglet tip; with two squealer rim 

thickness (1% and 2%) , three different depths (2%, 

4%, and 6%) and winglet thicknesses of (2% or 4%) 

as a percent of annulus height H.  It was found that 

the depth of cavity has a significant effect on the size 

and shape of the leakage vortices. On the other hand, 

the thickness of the winglet has no considerable effect 
on the isentropic Mach number, as shown in figure 

10. Moreover, the static pressure reaches a maximum 

improvement of 8.95% in case D2T1W4 and a major 

enhancement in the efficiency has been detected 

ranged from 0.35% to 0.4%. In contrast, the static 

temperature increases by 1.7% in case D6T1W2 in 

the tip cavity region. 

 
Fig. 10 Streamlines and Mach number contours for double 

squealer tip with winglet cases. 

F. Cases Results 

More than twenty-six cases have been studied to find 

the optimum tip configuration. A comparison 

between all these cases of winglet 2% has been 

compared to the flat tip configuration are shown in 
figure 11. While figure 12 presents the turbine stage 

efficiency, average static pressure and average static 

temperature for winglet cases 4%. The percentage of 

improvement has been calculated and compared with 

respect to the reference flat tip case C1D0S0T0W0, 

as shown in figures 13, 14 and 15. It was concluded 

that the maximum improvement of; turbine stage 

efficiency reaches 0.413% in case D2S0T1W0, of the 

average static pressure of the rotor surface is 23.2% 

for case D0S6T1W2, and of the average static 

temperature of the rotor surface is 0.836% for case 

D0S0T0W4. 

 
Fig. 11 All cases efficiency and average static pressure and 

temperature at winglet = 2%. 

 
Fig. 12 All cases efficiency and average static pressure and 

temperature at winglet = 4%. 
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Fig. 13 Improvement percentage in turbine stage efficiency for 

all cases. 

 

 
Fig. 14 Improvement percentage in average surface static 

pressure for all cases. 

 

 
Fig. 15 Improvement percentage in average surface static 

temperature for all cases. 

 

G. Optimization of Studied Cases 

A simple optimization study has been performed 
based on twenty-six tested tip configuration 

geometry. Three objective functions were selected 

(turbine stage efficiency, average static pressure of 

rotor surface, and average static temperature of rotor 

surface). By using a commercial software Microsoft 

Excel, It was concluded that the optimum case is 

C1D0S6T2W4, which enhanced the turbine stage 

efficiency by 0.264%, the average static pressure by 

21.491% and reduced the average static temperature 
by 0.265% compared to the reference flat tip case as 

shown in figure 16. 

 

 
Fig. 16 Staticpressure and statictemperature contours for rotor 

of single squealer tip with winglet (left) while turbine efficiency 

comparison during numerical iterations for flat tip and 

optimum case (right). 

 

A comparison for static pressure distributions in the 

Mid-gap plane between tip and casing ―shroud‖ for 

the single squealer with winglet and the flat tip 
reference case is shown in Figure 17, resulting 

increase in the static pressure for the single squealer 

tip.  

 

 
Fig. 17 Comparison of static pressure contours for flat tip (left) 

and single squealer tip with winglet (right) at Mid-gap plane. 

 

In another point of study, the path line of the relative 

Mach number reduced in the single squealer tip with 
winglet due to the depth tip cavity and the presence of 

the winglet which led to deterioration of the tip 

leakage, as shown in Figure 18. 

 

 
Fig. 18 Perspective viewof the path-lines coloured by relative 

Mach number in the cavity of rotor tip for optimum case 

(right) and reference case (left). 

 

CONCLUSIONS 

 

Numerical investigations have been performed to 

study the effect of winglet configuration for gas 
turbine stage for the leakage over the rotor blade tip 

and its effects on the overall efficiency. Twenty-six 

tip geometry have been examined for three significant 

parameters (turbine stage efficiency, average static 

pressure and average static temperature of rotor 

surface). Simple optimization technique has been 

utilized for nominating the optimum winglet 

configuration case. It was concluded that case 
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―C1D0S6T2W4‖ of single squealer with 6% depth 

and 2% rim thickness and winglet of 4% of the 
annulus height is the optimum case. The optimum 

case achieve enhancement in average static pressure 

of 21.491%, turbine stage efficiency of 0.264%, and 

average static temperature of 0.265% compared to the 

reference flat tip case. 

NOTATION LIST 

F


 External body 
forces 

y
 

Dimensionless wall 
unit 

g
 Gravitational 

acceleration 
δ Boundary layer 

thickness 

h  Enthalpy ε Turbulence 

dissipation rate 
H Annulus height ρ    Density 

k  Turbulence 
kinetic energy   

Stress tensor 

Pr Prandtl number, 
Pr = Cp μ/k  

ω Vorticity 

T Temperature eff Effective property 

Tu Turbulence 
level 

t Turbulent quantity 
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