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ABSTRACT 
High pressure turbine nozzle guide vane of a gas turbine engine, which operates at gas temperatures in excess 

of 1700 K, employs various cooling techniques to keep the vane within safe operating limits. Even though nozzle 

guide vanes are designed using heat transfer co-relations available in published papers and fundamental data, 

it is required to test the nozzle guide vane to ascertain the surface metal temperature and verify the adequacy of 

cooling. Adequacy of cooling is quantified by the term cooling effectiveness expressed and as percentage. 

Cooling effectiveness is a function of gas temperature, cooling air temperature and surface metal temperature. 

The objective of the current work was to study the effect of cooling air temperature on cooling effectiveness. 

Tests were conducted on a high pressure turbine nozzle guide vane. Gas pressure, gas temperature, cooling air 

pressure was kept constant and the cooling air temperature was varied as a ratio of gas temperature to cooling 

air temperature and its effect on metal temperature studied. It was seen that, over the range of cooling air 

temperature tested, cooling effectiveness remained sensibly constant. Such tests also assist in estimating the 

surface metal temperature of the nozzle guide vane in the engine. 

KEYWORDS: Cooling effectiveness, nozzle guide vane, cooling air temperature   

I. INTRODUCTION 

Nozzle guide vanes of high pressure turbines in modern gas turbine engines operate at gas 

temperatures in excess of 1700K and employ internal cooling, augmented convective cooling like pin 

fins and post box ejection, impingement cooling and film cooling to keep the vane surface 

temperature within safe limits.  

Even though the design of the cooling configuration is often based on measured heat transfer co-

efficients and other fundamental data, for a particular geometry it is required to ascertain the metal 

temperature attained by the nozzle guide vane and verify its adequacy of cooling. The creep life of 

vane can get reduced drastically for a further 15K increase in metal temperature if the vane is already 

operating close to its allowable temperature limit. It is best to evaluate the adequacy of the cooling 

configuration by rig tests. Scaled rig tests [1,2] may be conducted at reduced conditions of gas 

temperature and pressure and their results may be  directly compared to that of the engine provided 

the results are compared on the basis of cooling effectiveness[2] defined as 

𝜼 =
𝑻𝒈−𝑻𝒎

𝑻𝒈−𝑻𝒄
                            (1) 

Where Tg is gas temperature, Tc is cooling air temperature and Tm is surface metal temperature and η 

is the cooling effectiveness and generally expressed in percentage. η can vary from 0 to 1 meaning 

that if η = 0 then metal temperature Tm will be equal to gas temperature Tg and if η = 1 then metal 

temperature Tm will be equal to cooling air temperature Tc. 
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The paper first discusses the objective followed by a past studies where discussion about the related 

work carried out by other researchers are given. The test facility provides a short description of the 

setup where the experiments were conducted. Later the fabrication of the test specimen and the test 

methodology adopted are discussed. Later the results are introduced and discussed in the section on 

results and discussions. The concluding remarks are made in the section conclusions. 

II. OBJECTIVE 

The objective of the current work is to study the effect of cooling air temperature on cooling 

effectiveness at constant Tg, Re, and Pc/Pg ratio. This will assist in estimating the surface temperature 

of the nozzle guide vane in an engine. 

III. PAST STUDIES 

Gladden and Livinghood [1] conducted cooling effectiveness test on a nozzle guide vane to show that 

it is sufficient to test nozzle guide vanes in a test rig under scaled conditions provided complete 

geometric, aerodynamic and thermal similarities are maintained between test rig and engine.  

Geometric similarity was maintained by linearly scaling the engine component. Aerodynamic 

similarity was achieved by maintaining Reynolds Number and Mach number identical between engine 

and test rig for both hot gas and cooling air streams. Thermal similarity was maintained by having the 

same gas to cooling air temperature ratios between engine and test rig.  They concluded that cooling 

effectiveness obtained under such scaled conditions can be taken as a good approximation of the 

cooling effectiveness in the engine.  

Similarly, Kinnear [2] also conducted experiments on nozzle guide vanes and showed that the cooling 

effectiveness remains constant for a range of gas temperatures and pressures provided complete 

similarity is maintained between engine and rig. The current work takes further the work of Kinnear 

and studies the effect of gas to cooling air temperature ratio on cooling effectiveness. 

Ravitej et.al [3] conducted experiments on cooling effectiveness of nozzle guide vane with film 

cooling holes only. The specimen had two rows of film cooling holes on both pressure and suction 

surface sans the postbox ejection slot and the impingement tubes. They studied the effect of cooling 

air to gas density ratio on the film decay length.  

Wright [4] conducted experiments on turbine blade platform film cooling and rotational effect on 

trailing edge internal cooling. He conducted detailed experiments using pressure sensitive paints and 

generated data required to design efficient cooling systems. 

Knost and Thole [5] conducted adiabatic cooling effectiveness measurements of endwall film cooling 

for a first stage vane. They concluded that, film cooling momentum flux ratio had significant impact 

on cooling performance. 

Gaunter and Gladden [6] conducted cooling effectiveness experiments on the pressure surface of a 

turbine vane. They found that average effectiveness of film convection cooling was higher than that of 

either film cooling or convection cooling separately and that addition of small film cooling quantities 

increased cooling effectiveness provided the injected film exceeded a certain threshold value.  

Large amount of experimental data is available regarding film effectiveness, effectiveness of slot 

cooling, effectiveness of pin fin bank cooling. These data are generated using flat plates and/or 

cylindrical specimen. However, publications regarding cooling effectiveness tests, which are 

conducted on nozzle guide vanes of gas turbine engines, are very scant. 

IV. THE TEST FACILITY 

The high pressure high temperature static test facility for turbine blade cooling research was designed 

and installed by Vasudev et al. [7] to conduct tests at pressure of 10 kg/Sqcm and temperature of 

925K. A Schematic of the test facility is shown in figure 1.  

A high mass flow high pressure air supply facility can supply air at a maximum pressure of 30 

kg/Sqcm, mass flow rate of 8 Kg/Sec and temperature of 430K. A non-contact, fast response, jet fuel 

fired heater can heat 8 Kg/Sec of air to a maximum temperature of 925K in about 10 minutes. Air 

flows through the heater and terminates in a circular duct.  
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A bell mouth shaped duct transforms the circular cross section flow into a 45° sectorial cross section 

flow. Further, air flows through the straight sectorial ducts where the pressure and temperature are 

measured. The air mass flow is also measured using orifice plates manufactured and installed in 

accordance with ISO5167. Later air flows in between the vane passages and then through the exhaust 

before it is let out to the atmosphere.  

Cooling air to the nozzle guide vane can be supplied at a maximum pressure of 11 kg/Sqcm and 

temperature of 925K by another setup which includes a compressor and heater. The mass flow rate of 

the cooling air supplied to the vane is measured upstream of the nozzle guide vane by orifice plates 

manufactured and installed as per ISO5167.   

Figure 1. Schematic of the test setup 

Figure 2.  Cross section of the sectorial test cascade 

The sectorial cascade that is shown in figure 2 can house 3 nozzle guide vanes. Endwalls, which have 

the airfoil profile same as that of the nozzle guide vane, are assembled at either end of the cascade 

along with the 3 test nozzle guide vanes and forms a cascade of 4 passages. An exhaust duct with a 

precisely sized cross sectional area controls pressure ratio across the nozzle guide vane. The pressure 

and temperature of the air can be measured at locations as shown in figure 2 apart from those 

measured on the test component. A Siemens programmable logic controller was employed to operate 
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the air heater and also to set the required gas and coolant air pressure and temperature. All data of gas, 

coolant air and test specimen were logged using National Instruments manufactured SCXI signal 
conditioning cards and analog to digital card. 

V. TEST SPECIMEN AND METHODOLOGY 

An engine standard nozzle guide vane was used in this series of tests to measure the cooling 

effectiveness thereby maintaining geometric similarity automatically. The nozzle guide vane has two 

cooling air compartments, one for the leading edge circuit and another for the trailing edge circuit. 

The test specimen was prepared by embedding 10 thermocouples at 50% radial heights, on the airfoil 

surface of the nozzle guide vane. Figure 3 and Table 1 show the nozzle guide vane along with the 

various locations of the embedded thermocouples respectively. A ‘Cooling Air Pocket’ as shown in 

Figure 4 was joined by vacuum brazing to the nozzle guide vane to adapt the nozzle guide vane for rig 

testing. This cooling air pocket helped in supplying cooling air, whose mass flow rate had been 

measured, to the nozzle guide vane without any leakages. Also the cooling air pocket was so designed 

so as to carry out any modifications of the nozzle guide vane if required. This instrumented test 

specimen was assembled in the center position in the sectorial cascade (Figure 2) and on either side 

nozzle guide vanes without any instrumentation were assembled.  

Principles of dimensional analyses states that for any scaled testing geometric and aerodynamic  

similarities needs to be maintained. Also it is shown in [2] that it is required to maintain thermal 

similarity. An engine component was used for testing thus geometric similarity was maintained. 

Reynolds number and Mach number were maintained identical between engine and scaled test rig 

thereby maintaining aerodynamic similarity. To achieve this gas pressure Pg was maintained 

independently and the cooling air pressure Pc was maintained as a ratio of gas pressure. Thermal 

similarity was maintained by maintaining gas to cooling air temperature ratio. 

Air supplied from the high pressure air supply facility at a pressure of Pg = 8 Kg/Sqcm was heated to 

an average temperature Tg = 674 K in the air heater. A set of control valves were operated and the 

required cooling air pressure was maintained. The cooling air pressure was maintained as a ratio of 

cooling air to gas pressure ratio which was kept constant at 1.05. 

The range of temperature of the cooling air was selected depending on the engine test data. 

Accordingly cooling air temperature was increased from 372 K to 435 K in the leading edge circuit 

and from 379 K to 459 K in the trailing edge circuit, in steps, thus varying the gas to coolant air 

temperature ratio. The temperature ratio was thus varied from 1.82 to 1.57 in the leading edge circuit 

and 1.71 to 1.48 in the trailing edge circuit. Then Pg, Tg,Tc, and surface metal temperature Tm, of the 

ten thermocouples was recorded and the cooling effectiveness calculated using (1). 

 

 

 

Location No Fractional Surface length 

1 0.934 

2 0.803 

3 0.686 

4 0.416 

5 0 

6 -0.275 

7 -0.6 

8 -0.719 

9 -0.775 

10 -0.938 
Figure 3 Location of 

thermocouples on nozzle 

guide vane 

 

Table 1 Location of embedded thermocouples 

(-ve sign means suction surface) 
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VI. RESULTS AND DISCUSSIONS 

Table 2 and Table 3 tabulates the results for the test conducted to study the effect of gas to cooling air 

temperature ratio on cooling effectiveness.  

Table 2 records the metal temperature measured at the 10 locations for varied cooling air temperature. 

As the cooling air temperature increases the gas to cooling air temperature ratio reduces. Thus ratio of 

gas to cooling air temperature in K was decreased by a factor of 0.86 in the leading edge and by a 

factor of 0.87 in the trailing edge circuit. As can be seen from Table 2 metal temperature Tm, for all 

10 thermocouple locations, increased as the cooling air temperature increased which is as expected. It 

can also be observed that for an increase in cooling air temperature of 63K in the leading edge circuit 

and for 80 K increase in the trailing edge the metal temperature has increased by an average of 45 K. 

Cooling air forms a film over the metal surface hence the increase in metal temperature. Also the 

conductivity of the cooling air increases with temperature and thus will take away more heat from the 

metal surface thus keeping the surface comparatively cooler. The metal surface receives radiation 

from the hot gas and thus metal temperature must be lower than gas temperature and higher than 

cooling air temperature. This condition also is adhered to, which is evident from the data tabulated. 

Table 3 tabulates the calculated cooling effectiveness values for all the 10 locations. It can be 

observed that cooling effectiveness remains sensibly constant at all locations. Maximum variation at 

location 7 is 1% which is well within the experimental scatter. This is largely because Prandtl number 

which is essentially a function of temperature has remained constant. Substituting the respective 

values it can be shown that Prandtl number is a function of T 0.042 for air. In fact for the change in 

cooling air temperature Prandtl number has varied only by 0.68%. This also substantiates that though 

cooling air temperature has been increased thermal similarity has still been maintained. 

Table 2 Surface metal temperature measured 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Calculated cooling effectiveness 

Tg/Tc (LE)→ 1.82 1.82 1.71 1.65 1.62 1.59 1.57 

Range Tg/Tc(TE)→ 1.71 1.65 1.61 1.56 1.53 1.51 1.48 

Locations ↓ 

        
1 492.5 502.1 508.2 522.7 527.2 531.3 534.5 42 

2 490.8 500.7 506.8 521.4 526 530.1 533.4 43 

3 475.2 485.7 492.4 507.8 513 517.5 521.1 46 

4 482.8 492.5 498.8 513.6 518.2 522.2 525.6 43 

5 459.4 470.3 477.3 493.5 499 503.6 507.1 48 

6 465.8 475.7 482.1 497.6 502.4 506.6 509.7 44 

7 466.3 476.3 483 498.5 503.6 508 511.6 45 

8 469.6 479.7 486.3 501.7 506.8 511.1 514.7 45 

9 470.3 480.4 487 502.5 507.5 512 515.5 45 

10 467.8 478.1 484.8 500.6 505.8 510.2 513.8 46 

Tg/Tc (LE) → 1.82 1.82 1.71 1.65 1.62 1.59 1.57 

Range Tg/Tc(TE) → 1.71 1.65 1.61 1.56 1.53 1.51 1.48 

Locations↓ 

        1 65.8 65.7 65.7 65.9 65.9 65.8 65.9 0.2 

2 66.4 66.3 66.3 66.5 66.4 66.3 66.3 0.2 

3 72 71.9 71.9 72 71.9 71.8 71.9 0.2 

4 63.5 63.5 63.3 63.6 63.4 63.4 63.4 0.2 

5 71.3 71.2 71 71 70.9 70.8 71 0.4 
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NOMENCLATURE 

Pg: Gas Pressure Kg/Sqcm 

Tg: Gas Temperature K 

Pc: Cooling air pressure Kg/Sqcm 

Tc: Cooling air temperature K 

Tm: Surface metal temperature K 

VII. CONCLUSIONS 

From the test conducted and from the comparisons made, it can be concluded that by varying gas to 

cooling air temperature ratio by a factor of 0.86, cooling effectiveness values remains sensibly 

constant. 

VIII. FUTURE WORK 

The cooling air temperature was increased by 63K and 80K in the leading edge and trailing edge 

respectively. However the surface metal temperature increased by only 45 K. and the cooling 

effectiveness has remained constant. It is hardly possible that the cooling effectiveness will remain 

constant for a much higher range of cooling air temperature else it will suggest that cooling air 

temperature is not a controlling factor of cooling effectiveness. Further, for a given cooling air 

pressure, increase in cooling air temperature reduces the cooling air mass flow rate reducing the 

amount of cooling medium and the cooling effectiveness has to reduce. Thus tests may be conducted 

with a much larger range cooling air temperature and study at which point cooling effectiveness will 

start reducing.  
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6 69.2 69.3 69.3 69.5 69.6 69.6 69.9 0.7 

7 75.2 75.5 75.5 75.8 75.9 76 76.1 1 

8 74 74.2 74.2 74.5 74.5 74.6 74.8 0.8 

9 73.7 73.9 74 74.1 74.2 74.2 74.4 0.7 

10 74.6 74.8 74.8 74.9 75 75 75.1 0.5 
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