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Abstract. The high temperature gas turbine vane has the leading edge convective cooling. This 

study discloses investigation of thermal and hydraulic performance of closed whirler, or 

cyclone edge cooling. Its mass and heat transfer are simulated with the ANSYS CFX model of 

the leading edge with closed whirler dome. Changes in air supply and discharge orifice areas 

change the heat transfer distribution. Test results show the influence of the whirler 

configuration parameters on heat transfer intensity. The obtained criteria equations allow 

calculations of local and mean heat transfer coefficients with 8% accuracy. 

1.  Introduction 

Whirl or cyclone cooling is an efficient method for cooling gas turbine blade edges. Its concept 

involves air tangential supply into the blade cooling channel, or the cyclone chamber through orifices 

or slots. This produces flow swirl which remarkably intensifies heat transfer on the channel internal 

walls. The cyclone cooling systems attracts the leading gas turbine manufacturers because of the 

following. Heat transfer in cyclone chambers [1–4] may be much more intensive than in smooth 

channels, Nu/Nu0=4.0 or even higher which is a very good performance. The traditional intensification 

methods are related to small vortex generators which remarkably hampers the blade manufacturing. 

Now the cyclone blade cooling is well investigated and many of its technical solutions are patented. 

A cyclone cooling system review may be seen in [5]. The cyclone-stream cooling chamber presented 

in [6] is of a practical interest. This system involves a system of inclined circular streams that cool the 

“ram” point of the blade. The inclined streams are formed with a “step” flow separation near inlet and 

exit orifices. The orifices are displaced along the chamber height which helps the swirl structures 

generation and boundary layer decay that additionally intensifies the heat exchange. It is worth 

mentioning that the cyclone systems introduction requires additional investigations [5]. 

This study is devoted to the closed cyclone analysis and test of thermal and hydraulic performance 

intended for design of a high temperature turbine vane with the leading edge convective cooling [7–8]. 

2.  Analysis of the cyclone chamber mass and heat transfer 

The simulation model of leading edge cyclone chamber (figure 1) involved the ANSYS CFX 

computer code. The heat transfer analysis approach was conjugated. The first simulated volume is the 

http://creativecommons.org/licenses/by/3.0
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metal wall, the second one is the cooling air volume. Two volumes are connected by the heat flux 

through the metal wall inner surfaces and air volume outer surface. This approach allows the first type 

boundary conditions on the metal wall outer surface which is in line with the zinc bath test [9]. 

 

  

Figure 1. 3D model of cyclone cooled leading edge.  

 

The main model dimensions are summarized in table 1. The ratio of inlet din and outlet dout orifice 

diameters was verified within the 2…3 range and cyclone chamber dc and orifice pitch stayed 

constant. 

The analysis included three values of the model inlet total pressure Pin=1.2; 1.4; 1.6 bar and 

constant outlet pressure Pout=1 bar. The model inlet air temperature was Tin=293 К, the model outer 

wall temperature was Tout=692.4 К. 

 

Table 1. Cooling channel dimensions.  

Model 
h 

(mm) 

b 

(mm) 

l 

(mm) 

dc 

(mm) 

din 

(mm) 

dоut 

(mm) 

t 

(mm) 

min 

(mm) 

mоut 

(mm) 

М1 36 20 23 6.2 1.6 2.4 7 4 7.5 

М2 36 20 23 6.2 1.2 2.2 7 4 7.5 

М3 36 20 23 6.2 2.0 3.0 7 4 7.5 

М4 36 20 23 6.2 1.0 3.0 7 4 7.5 

 

Calculations show that the area of supply orifices mostly determines the flow capacity 

performance. Model M3 has maximal massflow and M4 has minimal supply orifice area and thus 

minimal massflow throughout the investigated pressure drop Pin/Pout. 

Figure 2 shows the model M1 cyclone chamber streamlines at pressure drop π=Pin/Pout=1.6. The 

maximal flow velocity is seen in supply orifices. Downstream the orifices, the air streams loose 

stability rapidly at their interaction with the concave channel wall. The stream expansion begins at the 

chamber inlet, where it loses stability, and the expansion ends near the ram point. This process 

produces an effective pass over the internal surface. 
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Figure 2. Streamlines in M1 cyclone. 

 

The heat transfer coefficient α was calculated for three points (figure 3). Point 2 is the critical, or 

ram airfoil point, points 1 and 3 are near the air supply and exit orifices, respectively. Points 1 and 3 

are displaced along the channel surface for 45°. Figure 3 shows a distribution example of heat transfer 

coefficient along the M1 model height at three points for cyclone inlet pressure Pin=1.4 bar, the 

horizontal axis reflects the cyclone specific height. The heat transfer has maximal intensity points 

opposite the supply orifices. 

 

  

Figure 3. Heat transfer distribution along the M1 model height, Pin=1.4 bar. 

 

The curve shape reflects the stream extension on the cyclone chamber surface. Near the supply orifices 

the flow character is nearly streamlike, which produces heat transfer sharp peaks at point 1. Near point 

2 the flow spreads over the surface, the peak values drop down, and the curves become smoother. 

The computer simulation shows that the ratio of inlet din and outlet dout increase produces the local 

heat transfer growth combined with the increase in local heat transfer non-uniformity along the height. 

Increase in supply and exit orifice areas changes the air flow in cyclone chamber, the stream flow 

degrades into the flow turn near the cylinder surface. 

3.  Test of cyclone cooling channel models 

3.1.  Test models and method 

Test models M1, M2 and M3 (table 1) were manufactured by selective laser melting of chromium-

nickel alloy with heat conductivity of 16 W/m
2
K. The test method was the liquid metal bath 

calorimetry [9]. This method is used for investigations of heat transfer performance in convective 
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cooled blades and cooling channel models. The method physical base is the effect of phase transition 

in chemically pure metals. The method consists of the following. The cooled blade or the cooling 

channel model is fitted with air supply and discharge tubes. The model is submerged into the melted 

zinc bath at the temperatures above the pure zinc crystallization. Then, the model and zinc are cooled 

down to the equilibrium state at zinc crystallization temperature. The model is blown with the cooling 

air for time τ and taken out from the melted zinc. On the model surface, there is a metal shell formed 

by the heat flux to the cooling air in the model channels. Then, the shell thickness is accurately 

measured at properly located points.  

The method accuracy for local heat transfer coefficients is better than ±8%. An important feature of 

this method is the constant thermal load, the model outer surface temperature is equal to zinc 

crystallization temperature Тcr=692.4 К [9]. 

3.2.  Models hydraulic performance 

The models were cooled with air flow at pressure drops from 1.0 to 4.5 in the melted zinc at the model 

walls temperature of 692.4 K.  

The obtained results show the flow capacity determined by the air supply orifice diameter din. 

Model M3 has maximal flow capacity; model M2 has the minimal one. At pressure drop π=3.5 the 

model M3 flow is 40% higher than that of the model M2 one. 

3.3.  Test results analysis, criteria equations 

The pressure drop values for the liquid metal bath test were π=1.2; 1.4; 1.8; 2.2. In terms of the 

random error reduction each of the tests was five times repeated. Figure 4а (Heat flux distribution 

along the model M1 cyclone critical line at different cooling air massflows) shows heat flux q 

distributions along the model M1 height at different cooling air massflow Gair values. The plots show 

that the cooling air massflow increase moves the heat flux q towards its higher values almost 

equidistantly. The maximal heat flux q points are located against the supply orifices and the minimal 

flux points are between them. Test results of all models M1, M2 and M3 show the q maximum 

location near the third orifice along the channel air flow. This effect is caused by the flow velocity and 

pressure distributions in the channel. The pressure maximum and related orifice velocity maximum 

correspond to the peripheral section. As the air flow travels along the supply channel, its cooling 

capacity drops and this causes the smaller heat flux at the last orifices. Thus, the heat flux distribution 

function q=f(l) is determined by the supply channel pressure distribution, air heating along the 

channel, orifices number and diameter. 

Figure 4b shows the heat flux distribution along the channel perimeter in the l=21 mm section at 

pressure drop 1.8. In this picture the horizontal axis is the angle distance from the zero critical point, 

the (+) sign shows the air supply orifices perimeter side, the (−) sign shows the exit orifice side. 

The heat flux distributions along the model perimeter in models M2 and M3 are nearly equal. The q 

maximum is located at the critical point and the minimums are at points +15 and −15°. The heat flux at 

the M2 model similar points is 13−15% higher at all pressure drops. The M1 heat flux distribution is 

different, at pressure drops of 1.2−1.8 the flux minimum is located at the critical point, at the pressure 

drop 2.2 the point 0 has a small maximum. As far as the ratio of supply and exit orifices area 

determines the cyclone chamber flowm it is possible to suppose that smaller Fin/Fout values move the 

cyclone flow towards the stream cooling. The smaller exit orifice area forms the flow features like a 

turn in a curved channel.  

At the critical cyclone point, the model M2 has maximal cooling efficiency. At smaller air 

massflow values the flux q is 15−17% higher than the M1 one. In models M1 and M3 at pressure 

drops of 1.2 and 1.4, the heat flux values are nearly equal, at pressure drops of 1.8−2.2, the M3 flux is 

10−12% smaller. 

The criteria equations for heat transfer coefficients use the supply orifice hydraulic diameter din for 

the determining dimension. The equations are obtained for the Re=4000–16000 range and the 

temperature factor of 2. 
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(а) 

 
(b) 

Figure 4. Results of experimental investigation. 

 

The leading edge critical point criteria equation is the following: 

  0.75 0.5

0 in in outNu 0.21Re ( / ) ( / ).cd d F F  (1) 

The mean heat transfer coefficient of the leading edge perimeter may be calculated through the 

following equation: 

  0.75 0.5

mean in in outNu 0.20Re ( / ) ( / ).cd d F F  (2) 

The equation above provides the heat exchange calculation error below ±8%. 

4.  Conclusion 

1) The computer simulation results show that application of tangential streams produces non-uniform 

heat transfer along the cyclone chamber height. The heat transfer maximums are located opposite the 

supply orifices, the minimums are between them. The maximal and minimal heat transfer coefficients 
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differ more than four times. The non-uniformity may be mitigated by reduction of the supply orifices 

pitch.  

2) The computer simulation results show that an increase in the supply and exit orifices diameters 

increases local heat transfer coefficients in combination with an increase in heat transfer non-

uniformity along the model height. An increase in the supply and exit orifice diameters at constant 

diameters ratio changes the cyclone chamber internal air flow, the stream flow degrades to a flow turn 

at the cylinder surface. 

3) The liquid metal test results show that two parameters determine the heat transfer distribution 

along the cyclone chamber surface, the supply and exit orifices diameter ratio, and their total areas 

ratio. In all tested models, the heat flux reached its maximum around the third orifice along the air 

supply channel. This heat flux distribution is caused by the pressure distribution along the channel, air 

heating in the channel, air supply orifices number and diameter. This influence of the supply and exit 

tubes must be taken into account in the blade cooling analysis.  

4) The test results are presented in the form of criteria equations that allow calculation of the 

leading edge critical point and the mean heat transfer coefficient along the chamber counter with the 

calculation error below ±8%. 
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