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INTRODUCTION

Film cooling is one of the most effective ways to cool down the hot components in gas turbine engines. Since early 1970's, the extensive works on the film cooling have been conducted and various concepts of the film cooling have been developed and used in the gas turbine engines, such as crater hole configuration and the holes with a trenched slot [START_REF] Fric | Method for improving the cooling effectiveness of a gaseous coolant stream which flows through a substrate, and related articles of manufacture[END_REF][START_REF] Dorrington | Film Effectiveness Performance for Coolant Holes Embedded in Various Shallow Trench and Crater Depressions[END_REF][START_REF] Kalghatgi | Improved Film Cooling Effectiveness with a Round Film Cooling Hole Embedded in a Contoured Crater[END_REF][START_REF] Bunker | Film Cooling Effectiveness Due To Discrete Holes within A Transverse Surface Slot[END_REF]. Recently, to overcome the limitation of the conventional design schemes, the optimization method has been introduced and developed as a possible way to improve the effectiveness and reduce the aerodynamic losses. While most of the researchers have dealt with the hole shape optimization [START_REF] Lee | Optimization of a Cylindrical Film Cooling Hole using Surrogate Modeling[END_REF][START_REF] Lee | Shape optimization of a fanshaped hole to enhance film-cooling effectiveness[END_REF][START_REF] Nita | Film Cooling Hole Shape Optimization Using Proper Orthogonal Decomposition[END_REF], only a few researchers have worked on the hole arrangement optimization. Johnson et al. [START_REF] Johnson | Design Optimization Methods for Improving HPT Vane Pressure Side Cooling Properties Using Genetic Algorithms and Efficient CFD[END_REF][START_REF] Johnson | Genetic Algorithm Optimization of a High-Pressure Turbine Vane Pressure Side Film Cooling Array[END_REF] studied the optimization of the hole patterns as well as the hole shapes on the high pressure turbine vane by CFD, but their study has a limitation in that the optimized configuration was determined among the previously selected designs and the film hole geometry is not exactly modeled due to the computation resource matter.

In this study, the film cooling performance on the pressure side surface of the vane is evaluated experimentally for the optimized hole arrangement proposed by Lee et al. [START_REF] Lee | Optimization of the Array of Film Cooling Holes on a High Pressure Turbine Nozzle[END_REF][START_REF] Lee | Optimization of Film Cooling Hole Array on Pressure Side of HPT Nozzle for Enhanced Cooling Performance[END_REF] and compared with the baseline configuration.

EXPERIMENTAL APPARATUS & PROCEDURES 1.1 EXPERIMENTAL APPARATUS

Figure 1 shows the schematic view of the transonic turbine cascade test facility in Korea Aerospace Research Institute. The mainstream is supplied by 500 HP compressor into the annular turbine cascade test section through the 300kW heater and a venturi flow meter. To simulate the coolant flow, 50 HP compressor supplies the air through the manifold and
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BASELINE NOZZLE GUIDE VANE GEOMETRY

The external profile of the test vane is derived from the previous study on the aerodynamic design [START_REF] Kang | Aerodynamic Optimization of Axial Turbine Tip Cavity with Approximation Model[END_REF]. To meet the similarity condition of Reynolds number and to obtain sufficient resolution of the image for the detailed measurements, the test vanes are three-times scaled up. The vane has a chord length of 123.2 mm and an exit angle of 74. The vane model has a contoured endwall on the shroud side so that the span at leading edge is 30% longer than that at trailing edge. The pitch to chord ratio is 0.76 based on the midspan geometry. The details are presented in Table 1.

The cooling design features are presented in Fig. 2. The vane has two inner cooling plenums, plenum #1 and #2, having the internal cooling features such as pedestals, rib turbulators and an insert for jet impingement cooling. For the external surface cooling, seven rows of film cooling holes are located on the surface: three rows of circular film cooling holes at the leading edge region, a single row of fan-shaped holes on the suction side surface and three rows of fanshaped holes on the pressure side surface. The inlet diameter of the film cooling hole is 1.5 mm and the fan-shaped holes expand laterally with an angle of 10 at one-third of hole length from the inner surface of the vane wall. The trailing edge has a pressure side cutback with four cooling slots. In this study, the focus was on the film cooling of the pressure side surface as mentioned above. The geometric features of the pressure side film cooling holes are listed in Table 2.

Three rows of the cooling holes are named as PS1, PS2 and PS3, respectively as shown in Fig. 2. The first row, PS1, has an injection angle of 34 with respect to the surface while PS2 and PS3 have 30. The chordwise location of each row for the baseline configuration is described in Table 2.

OPTIMIZATION OF FILM COOLING HOLE ARRANGEMENT AND NUMERICAL SIMULATION

As mentioned above, two configurations of film cooling hole arrangements are considered in the present study to examine the cooling performance: the one is the baseline and the other one is the optimized case, of which the objective function is to maximize the film cooling effectiveness. The optimization of the hole arrangements was conducted numerically under the actual operating engine conditions. For example, the average total temperature and pressure at mainstream inlet is 1,673K and 30.7bar, respectively while the temperature of the coolant is 837K [START_REF] Lee | Optimization of the Array of Film Cooling Holes on a High Pressure Turbine Nozzle[END_REF][START_REF] Lee | Optimization of Film Cooling Hole Array on Pressure Side of HPT Nozzle for Enhanced Cooling Performance[END_REF]. The numerical model for the optimization was simplified to have the film cooling holes only on the pressure side surface as shown in Fig. 3 because this study only focused on the hole arrangement on the pressure side surface. Also, this can reduce computing resources and time significantly. To simulate the coolant mass flow rate distributions of the fully cooled nozzle vane, the inlet boundary conditions of two coolant plenums were carefully determined to have the same mass flow rate through the cooling holes on the pressure side surface.

The optimization procedure is shown in Fig. 4. For the optimization, Design of Experiment (DOE), Kriging surrogate model and Genetic Algorithm (GA) with Estimated Improvement (EI) are used. First, the design variables, the design space and the objective function(s) are determined for the cooling geometry. In this study, to define and optimize the hole arrangements on the pressure side surface, nine design variables such as chordwise and spanwise locations, arrangement curvature, gradient and spacing are controlled within a confined design space (Fig. 3(a)) while the number of holes, the hole inlet diameter and the injection angle are fixed. Also the position of PS1 is fixed to give a reference position to PS2 and PS3. The objective function is to minimize the adiabatic wall temperature on the film-cooled pressure side surface while the coolant mass flow rate remains to be equal to that for the baseline. A set of sampling points, that is, various combinations of the design variables for the cooling design, is established by Design of Experiment (DOE) and the numerical simulations are conducted for the sampling points to evaluate the film cooling effectiveness on the pressure side surface. The number of the sampling points was approximately 150 in this study.

For the numerical analysis, compressible steady Reynolds averaged Navier-Stokes (RANS) equations in ANSYS CFX 14.5 were used, where the Element-based Finite Volume Method (FVM) and Algebraic Multi-grid (AMG) coupled solver were used. For turbulence modeling, the SST model was chosen. The SST model is known to yield better prediction for near-wall turbulent flow and Ayoubi et al. [START_REF] Ayoubi | Aerothermal shape optimization for a double row of discrete film cooling holes on the suction surface of a turbine vane[END_REF] concluded that SST model shows good performance in the turbine heat transfer and film cooling hole problem. The number of grid for the numerical simulation is approximately 8 million. The average y + at the wall ranges approximately from 5 to 30, and the maximum y+ at the wall is kept under 100 as depicted in Fig. 5.

Once the Kriging model is constructed from the effectiveness results of the initial sampling points, Genetic Algorithm (GA) is performed to find the optimum values of design variables from the Kriging model. Then, additional numerical simulations are conducted for the geometry of the optimum design variables to ensure reliability of the Kriging model and to refine the Kriging model. Details of the optimization procedure are well described in the references [START_REF] Lee | Optimization of the Array of Film Cooling Holes on a High Pressure Turbine Nozzle[END_REF][START_REF] Lee | Optimization of Film Cooling Hole Array on Pressure Side of HPT Nozzle for Enhanced Cooling Performance[END_REF].

Figure 6 presents the baseline and the optimized hole arrangements on the pressure side surface. The chordwise locations of the rows of holes are listed in Table 3 as well as in Fig. 6. Comparing the baseline and the optimized configurations reveals that PS2 moves upstream and radially outward to make a staggered array with PS1. PS3 also moves far upstream. The interesting feature is that the hole spacing of PS2 and PS3 near the hub is slightly smaller for the optimized case than that for the baseline while the hole spacing near the shroud is larger. In addition, PS3 does not have a straight array of holes along the spanwise direction like the baseline configuration but a C-shaped curved pattern of the hole position.

EXPERIMENTAL CONDITIONS

To measure the film cooling effectiveness on the surface, a transient method was used. Table 4 describes the detailed test conditions in this study.

At first the air supplied from the compressor is heated by a heater and discharged through the bypass line as depicted in Fig. 1. Then the main valves are switched to open within 0.4 seconds after the temperature reaches the steady state, which can assure the step change in the mainstream temperature (Fig. 7). The mainstream temperature is controlled to be 15 to 20C higher than the coolant temperature, which results in the density ratio(c/m) of 1.06. The exit Reynolds number of the mainstream based on the chord is 2.2x10 6 for the experimental test. The corresponding average exit Mach number is 0.8.

The total coolant mass flow rate supplied into two plenums is 10% of the inlet mainstream in this study so that each cooling plenum has 5% of the coolant. Based on the previous CFD results [START_REF] Seo | Conjugate Heat Transfer Analysis of a Single Stage High-Pressure Turbine[END_REF], the coolant mass flow rate through the PS holes is estimated to be 26.9% of the total coolant mass flow: the coolant mass flow rate through PS1, PS2 and PS3 is 0.81% 0.71% and 1.17% of the mainstream, respectively. The corresponding effective blowing ratio at the hole exit ranges from 1.33 to 2.51 based on the inlet mass flux condition of the mainstream. When the pitchwise averaged mass flux at each row position is used for the mainstream, the effective blowing ratio ranges from 0.52 to 1.17 as presented in Table 5. The test models shown in Fig. 8 are manufactured by 3D printer, CMET EQ-1, which uses a stereo-lithography method. The solid properties of the test model, such as density, specific heat and thermal conductivity were carefully measured for a transient test data reduction. Two thermocouples were embedded on the surface from the inside of the cooling channel cavity and are used as the reference temperature for the in-situ calibration. In addition, the models with the pressure taps were manufactured for the static pressure measurements.

TEST PROCEDURE & DATA REDUCTION

For the measurements of the adiabatic film temperature (Tf) on the vane surface, 1-D semi-infinite conduction assumption is applied to the vane surface. The governing equation is defined as Eqn. [START_REF] Fric | Method for improving the cooling effectiveness of a gaseous coolant stream which flows through a substrate, and related articles of manufacture[END_REF].

𝑇 𝑤 -𝑇 𝑖 𝑇 -𝑇 𝑖 = 1 -exp ( ℎ 2  𝑘 2 ) 𝑟 𝑐 ( ℎ √ 𝑘 ) (1)
The solid properties (, k) in Eqn. (1) were obtained from the separate property measurement test. The initial temperature, Ti and the surface temperature, Tw on the pressure side surface are measured during the test using an IR camera at a sampling rate of 12Hz.

To calibrate the measured value from the IR camera, an insitu calibration was conducted in the test section for various mainstream temperature conditions. As mentioned above, the data from two thermocouples were used as the reference temperature.

The mainstream temperature was controlled by 300kW heater and the calibration data were taken when the steady state was assured. Figure 9 presents the calibration curve of IR camera data showing a quite linear pattern. Then, two unknown variables, hf and Tf can be obtained from the data at two different time frames in a single experiment. The details of the data reduction procedure follow the reference given by Ekkad et al. [START_REF] Ekkad | A Transient Infrared Thermography Method for Simultaneous Film Cooling Effectiveness and Heat Transfer Coefficient Measurements From a Single Test[END_REF]. In this study, the nominal test duration is within 60 seconds and the data of two time frames, for example 5 and 30 seconds, are taken from the surface temperature measurement results. The film cooling effectiveness is then calculated from Eqn. [START_REF] Dorrington | Film Effectiveness Performance for Coolant Holes Embedded in Various Shallow Trench and Crater Depressions[END_REF]. The recovery temperature is used as a reference temperature of the mainstream in Eqn. [START_REF] Dorrington | Film Effectiveness Performance for Coolant Holes Embedded in Various Shallow Trench and Crater Depressions[END_REF]. The definition of the recovery temperature is presented in Eqn. [START_REF] Kalghatgi | Improved Film Cooling Effectiveness with a Round Film Cooling Hole Embedded in a Contoured Crater[END_REF]. In Eqn. (3), recovery factor, r, is set to be Pr 1/3 and the incoming Mach number (Min) of the mainstream is used for this study. The mainstream static temperature (Ts) is measured upstream of the center nozzle and the coolant temperature (Tc), the temperature inside the coolant plenums, is measured by four thermocouples inside the plenums during the test.

 = 𝑇 -𝑇 𝑟 𝑇 𝑐 -𝑇 𝑟

(2) Estimated uncertainties in surface temperature measurement using IR camera and the solid properties are within 1.0C and 1%, respectively. The test duration has 1.6% uncertainty based on the time frame used in this study. Using the method by Kline and McClintock [START_REF] Kline | Describing Uncertainties in Single Sample Experiments[END_REF], the uncertainties for film cooling effectiveness are estimated 7.8% at =0.6. However, the uncertainty becomes much higher with lower film cooling effectiveness. For example, the uncertainty is 48% at =0.1 while 6% at =0.8.

𝑇 = 𝑇 1 + 𝑟  -1 𝑀 𝑖𝑛 (3)

RESULTS AND DISCUSSION 2.1 STATIC PRESSURE MEASUREMENTS

To check the periodicity of the flow through the passages, the static pressure on the surface was measured and compared with the numerical simulation results [START_REF] Lee | Optimization Framework using Surrogate Model for Aerodynamically Improved 3D Turbine Blade Design[END_REF] for the nozzle guide vane without cooling holes. Figure 10 shows the distributions of the pressure coefficient on the midspan for the center and adjacent vanes. It is noted that the axial locations of the rows of the cooling holes for the baseline and the optimized cases are indicated in Fig. 10 for the reference.

The pressure coefficient is defined in Eqn. [START_REF] Bunker | Film Cooling Effectiveness Due To Discrete Holes within A Transverse Surface Slot[END_REF].

Cp = (Pt -Ps,surface) / (Pt -Ps,exit) (4) 
The results show that the static pressure distributions are quite well coincident with the CFD results all over the surface including the throat area (x/Cx0.65 on the suction side) and the adjacent nozzles also have quite similar distributions to the center nozzle vane.

FILM COOLING EFFECTIVENESS MEASUREMENTS

Figure 11 presents the contour plots of film cooling effectiveness on the pressure side surface for the baseline and the optimized cases. It is noted that some of the effectiveness data on the trailing edge slot surface are scattered because (Tw-Ti) in Eqn. ( 1) is maintained almost constant during the test, which makes Tf solution scattered.

The baseline has an in-line array for PS1 and PS2, which results in very low effectiveness values between the holes as shown in Fig. 11(b). Although the interaction of the coolant ejected from PS1 and PS2 increases the effectiveness in the downstream region of PS2, still low effectiveness values are found between the holes. High film cooling effectiveness values are observed in the downstream region of PS3 when compared with the values in the upstream region. There are several reasons for that. A favorable pressure gradient formed in the downstream region suppresses the coolant to the surface and consequently improve the film coverage on the surface. Low local blowing ratio at PS3 with the upstream coolant from PS1 and PS2 also improves the film cooling effectiveness on that region. From this result, it can be concluded that improvement of the local effectiveness in the region between PS2 and PS3 is essential to increase the overall film cooling performance while maintaining high effectiveness values in the downstream region of PS3. The optimized design in this study seems to follow this guideline when the characteristics of the optimized design are examined. As shown in Fig. 11(c), the optimized configuration has more uniform and higher film cooling effectiveness all over the surface as expected. In the upstream region, the coverage of film is significantly better because PS2 moves upstream and shifted upward in the spanwise direction so that PS1 and PS2 have a staggered array. Consequently, the coolant effectively protects the inter-hole region and high effectiveness values are maintained until the flow reaches PS3. When the regions downstream of PS3 are compared, the levels of the effectiveness are similar. However the region just downstream of PS3, especially the near-hub region, has much larger area of high effectiveness with the optimized configuration. This is due to the coalescence of the coolant resulting from smaller hole spacing with the upstream coolant protection effect in that region.

Figure 12 shows the spanwise distributions of film cooling effectiveness downstream of rows of holes. Downstream of PS2 (Fig. 12(a)), the highest values of effectiveness are around 0.7 for both cases. However, the regions between holes have quite different values. This is due to the relative position of the holes at PS1 and PS2 as mentioned earlier.

For the optimized configuration, PS2 moves upward in spanwise direction and the hole spacing is rearranged, that is, has a relatively small spacing near the hub. The superposition of the coolant from PS1 and PS2 makes higher and more uniform effectiveness values in the downstream region of PS2. Similar patterns are observed in the downstream region of PS3 as shown in Fig. 12(b). In the region of z/H0.5, the effectiveness values between the holes are much higher for the optimized case while the peak values are almost the same. In the region upstream of the trailing edge slot (Fig. 12(c)), the mean values become very close to each other configuration showing effectiveness of around 0.5 in the overall region, but much better uniformity is obtained with the optimized case.

Figure 13 shows the streamwise distributions of the spanwise averaged film cooling effectiveness for the baseline and the optimized configurations. The effectiveness around PS1 shows the similar values for both the cases. However the downstream regions of PS2 and PS3 are found to have much higher effectiveness values with the optimized configuration as expected from the contour and local plots. This reveals that the optimization process modifies the cooling design to strengthen favorable interaction of coolant ejecting from the upstream and downstream rows. As a result, for the optimized case, relatively high effectiveness values are found even far downstream region of PS3.

The film cooling effectiveness contours downstream of the first row obtained by the CFD are shown in Fig. 14. It is noted that the contour range is different from that of the experimental results to show the coolant behaviors on the surface more clearly. The CFD cases shows the elevated level of effectiveness values when compared with the experimental results. There are two things to be considered on these results. First, the boundary conditions for the CFD were based on the real engine condition as mentioned earlier, which means the difference in density ratio of the coolant to the mainstream. Second, due to the limitation of computing resources, the grid quality, especially near the surface, is not as good as that of fully dedicated three dimensional numerical simulations having y + value of around 1 for a single calculation. These may cause over-predicted film cooling effectiveness on the pressure side surface when comparing with the experimental results. However the overall patterns are quite similar to those of experiments qualitatively. This means that the optimization procedure and its methodology are quite reasonable to use for improvement of the cooling performance. 15 presents the average film cooling effectiveness for two cases. In the experimental cases, the optimized case shows 16.5% higher effectiveness value than the baseline case. The CFD results also consistent trend with the experimental ones showing 22.3% increase in the average effectiveness. However, as mentioned above, the CFD overpredicts 14.7%p to 20.5%p above the experimental values.

SUMMARY

The present study investigated the film cooling performance on the pressure side surface of the nozzle guide vane with the optimized film cooling hole arrangements experimentally and compared the results with the numerical simulation results from the optimization.

The results showed that significant improvement of film cooling effectiveness is obtained with the optimized hole arrangement. The optimization process changes the hole arrangement to strengthen the superposition effect of the coolant ejecting from the rows of the holes. From those results, it is clearly shown that the optimization procedure and methodology is well established and can be used for not only improvement of film cooling effectiveness but also the coolant mass flow reduction achievement.

The numerical simulations were conducted in the optimization process and their results were compared with the experimental results. The comparison reveals that the experimental results are qualitatively coincident with the CFD results, which ensures the reliability of the optimization procedure and its output.

Future works will focus on the performance of various optimization configurations so that the optimization procedure and methodology can be validated and revised.
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Table 1 .

 1 Nozzle guide vane geometry

	Parameters	Values
	Number of vanes	5
	Scale-up factor	3
	Chord, C	123.2 mm
	Inlet / Exit angle []	0 / 74
	Aspect ratio (l/C)	Inlet: 0.53, Exit: 0.40
	Spacing (P/C) at midspan	0.76 at inlet
		• Two coolant plenums with
	Cooling design	Internal cooling features • Seven rows of film cooling
	(depicted in Fig. 2)	holes • Four slots at pressure side
		cutback

Table 2 .

 2 Pressure side surface film cooling geometry based on the baseline configuration

	Parameters	Values
	Number of rows of holes	3 (PS1 and PS2 at plenum
	on the pressure side surface	#1, PS3 at plenum #2)
	Hole inlet diameter	1.5 mm
	Injection angle	34 for PS1 30 for PS2 and PS3
	Laterally Expansion angle	10
	Hole spacing (p/d)	3.6
	Axial positions of PS1, PS2 and PS3	PS1: x/Cx=15.4% PS2: x/Cx=27.6% PS3: x/Cx=66.5%

Table 3 .

 3 Chordwise locations of film cooling rows

	Parameters	Baseline	Optimized
	PS1	x/Cx=15.4%	x/Cx=15.4%
	PS2	x/Cx=27.6%	x/Cx=18.3%
	PS3	x/Cx=66.5%	x/Cx=39.5%*
	Injection	34 for PS1	
	angle	30 for PS2 and PS3	

*nominal value for the curved array of PS3

Table 4 .

 4 Test conditions

	Parameters	Values
	Exit Reynolds number, ReC,ex	2.2 x 10 6
	Mainstream temperature	316K
	Inlet turbulence intensity at midspan	2.6%
	Exit Mach number	0.8
	Total coolant mass flow rate, mc	10% of mainstream
	mc at PS1	0.81%
	mc at PS2	0.71%
	mc at PS3	1.17%
	Coolant temperature	298K
	Density ratio (2/)	1.06

Table 5 .

 5 Effective blowing ratio at hole exit for the baseline configuration

	Position	Meffective based on the inlet main flow	Meffective based on the pitchwise averaged main flow
	PS1	1.38	1.17
	PS2	1.33	0.52
	PS3	2.51	0.54
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