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HEAT TRANSFER CHARACTERISTICS OF AN INTERNAL COOLING CHANNEL WITH PIN-FINS USING RECESSED-EXTRUDED ENDWALL COUPLING IN GAS TURBINE BLADE

This work numerically explores the vortices creation and preservation in a channel with pin-fins for two endwallturbulation systems: the flat endwall and the recessed-extruded endwall, while studying the flow structure therein. The heat transfer characteristics, including Nusselt number, friction factor, and HTEI, are analyzed and compared with the smooth endwall case at Reynolds numbers ranging from 7400 to 36000. The simulations are carried out with the RANS method. It is reported in the results that, with the new endwall configuration, the high heat transfer areas near the pin-fins are noticeably enlarged compared to the flat endwall at all the tested Reynolds numbers. Besides, the new endwall design increases the heat transfer level near the pin-fins, represented by an enhancement of 64.3% of the Nusselt number compared to the flat endwall at Re = 36000. However, the growth in friction factor due to the flow obstruction at all the Reynolds numbers is trivial. It has been discovered that the enhancement in heat transfer capacity is induced mainly by the combination of the indentations and protrusions that the geometry creates. When considering the heat transfer performance, the HTEI of the recessed-extruded endwall is increased by approximately 62.4% at Re = 21500 compared to the flat endwall, with a height of 2.5% channel height. These findings demonstrate the tremendous potential for enhancing the pin-fin's heat transfer by altering the endwall design.

μ Fluid dynamic viscosity, Kgm -1 s -1 ρ Fluid density, kgm -3 Abbreviations RANS Reynolds-Averaged Navier-Stokes HV Horseshoe Vortex/Horseshoe Vortices HTEI Heat Transfer Efficiency Index 1. INTRODUCTION As the need for a gas turbine with a high thermal efficiency grows, gas turbines can achieve improved thermal efficiency by raising the temperature of the gas entering the turbine component. In this context, the scientists are facing enormous material-related difficulties since the operating conditions for turbine blades are particularly harsh when the temperature exceeds 2000K. This temperature is far higher than the material's melting point in modern gas turbines. Therefore, to maintain the temperature within an acceptable range for strength and service life, elements of the turbine that come into touch with the hot gas need to be cooled or protected. Turbines are frequently cooled internally, which involves passing colder air from the compressor through ducts into the vanes and blades of the turbine. The heat transfer capacity of the cooling ducts can be improved by using ribs, pin-fins, and dimples as turbulators.

This study focuses on pin-fins, a common turbulator located in the trailing edge domain of turbine vanes and blades. This type of turbulator is used to enhance heat transfer in this domain and, in the meantime, promoting structural support for the turbine blade. Conventionally, it is understood that the presence of features like pin-fins in a cooling route increases the wetted flow area and intensifies turbulence, improving the convective heat transfer efficiency. According to APLab's studies [START_REF] Dinh | Heat Transfer Performance of Internal Cooling Turbine Blades Using Cutted-Root Rib Design[END_REF][START_REF] Dinh | Numerical investigation of truncated-root rib on heat transfer performance of internal cooling turbine blades[END_REF][START_REF] Hoang | Large eddy simulation of the turbulence heat and mass transfer of pulsating flow in a V-sharp corrugated channel[END_REF] on the heat transfer characteristics of channels with modified turbulators, there are many benefits to use turbulators like ribs and pin-fins in order to increase heat transfer of the turbine blade's cooling channel.

Many researchers have studied the flow characteristics and heat transfer properties in cooling ducts with pin-fins using experimental and computational methods. Most of those studies investigated the effects of geometric variables on heat transfer, e.g., pin-fin arrangement, cross-section shape, height, and spacings in the streamwise and spanwise directions. The earliest studies about pin-fins appeared in the late eighties with the investigation of Metzger et al. [START_REF] Metzger | Developing Heat Transfer in Rectangular Ducts With Staggered Arrays of Short Pin Fins[END_REF]. They came to the conclusion that the heat transfer coefficient in a channel with pin-fins is much greater than that on the endwalls or in the smooth channels. Siw et al. [START_REF] Siw | The Effects of Different Pin-Fin Arrays on Heat Transfer and Pressure Loss in a Narrow Channel[END_REF] studied pin-fin arrangements. They achieved that staggered pin-fin arrays are more likely to cause increased heat transfer capacity and a more potent friction factor than inline configuration. Ames and Dvorak [START_REF] Ames | Turbulent Transport in Pin Fin Arrays: Experimental Data and Predictions[END_REF] discovered that the first few rows show a progressive rise in heat transfer coefficient for both inline and staggered pin-fin arrays. As the flow enters the arrays, turbulence gradually intensifies because of the array's congestion, which speeds up the flow, increases flow separation, and enhances HV.

Numerous studies of pin-fin designs on the cross-sectional shape, including circle, cube [START_REF] Sahiti | Performance comparison of pin fin in-duct flow arrays with various pin cross-sections[END_REF], ellipse [START_REF] Li | Multiobjective Optimization of Staggered Elliptical Pin-Fin Arrays[END_REF], and fan-shape [START_REF] Moon | Analysis and optimization of fan-shaped pin-fin in a rectangular cooling channel[END_REF][START_REF] Moon | Heat Transfer Performance of a New Fan-Shaped Pin-Fin in Internal Cooling Channel[END_REF], attempted to determine the ideal cross-sectional shape. The pin-fin's turbulence-related mechanism alters significantly depending on the pin-fin's cross-section [START_REF] Ghosh | Shape Optimization of Pin Fin Arrays Using Gaussian Process Surrogate Models Under Design Constraints[END_REF]. It is found that the pin-fins with sharp edges, e.g., cubic and diamond forms, highly raise the pressure loss of the channel and also the heat transfer capability [START_REF] Sahiti | Performance comparison of pin fin in-duct flow arrays with various pin cross-sections[END_REF]. Moreover, the pin-fins with aerodynamic shapes seem attractive for increasing the total heat transfer efficiency index (HTEI) by lowering the friction factor [START_REF] Li | Multiobjective Optimization of Staggered Elliptical Pin-Fin Arrays[END_REF]. Over these cross-sections, elliptical pin-fins show the highest HTEI by lengthening the pin-fin's streamwise diameter, which results in engendering the friction factor and concurrently expanding the contact region of the pin-fin with the fluid.

On the pin-fin height-to-diameter ratio (H/D), short pin-fins generally induce better heat transfer capacity than long pin-fins. Park et al. [START_REF] Park | Heat Transfer on Rotating Channel With Various Heights of Pin-Fin[END_REF] investigated the heat transfer of pin-fins by varying H/D in a range of 2-4 experimentally, and found that the level of the heat transfer increases with the increase of H/D. On the other hand, Brigham and VanFossen [START_REF] Brigham | Length to Diameter Ratio and Row Number Effects in Short Pin Fin Heat Transfer[END_REF] studied short pinfins and found that the heat transfer capacity only varies with the channel's Reynolds number for H/D < 2. The Nusselt number is influenced by both H/D and Re for longer pin-fins (H/D > 2). On the pin-fin spacings, it was concluded that the heat transfer influences of each pin-fin on the side walls it is attached to, and its neighbors change with the changes in these spacings. The modification of the pin-fin arrangement (staggered and inline), as well as the pin-fin's spanwise and streamwise spacing-todiameter ratio (Sx/D and Sy/D), were studied by Jeng and Tzeng [START_REF] Jeng | Pressure drop and heat transfer of square pin-fin arrays in inline and staggered arrangements[END_REF]. The overall findings demonstrated that the staggered disposition often results in increased heat transfer capacity and friction factor penalty yielded by the flow obstructing features.

Of experimental studies, most results are obtained by timeaveraged techniques. Only Ames et al. [START_REF] Ames | Turbulent Transport in Pin Fin Arrays: Experimental Data and Predictions[END_REF][START_REF] Ames | Turbulent Augmentation of Internal Convection Over Pins in Staggered-Pin Fin Arrays[END_REF], Ostanek and Thole [START_REF] Ostanek | Wake development in staggered short cylinder arrays within a channel[END_REF], and Anderson and Lynch [START_REF] Anderson | Time-resolved stereo PIV measurements of the horseshoe vortex system at multiple locations in a low-aspect-ratio pin-fin array[END_REF] were able to resolve the flow's unsteadiness through experiments. Park et al. [START_REF] Park | Heat Transfer on Rotating Channel With Various Heights of Pin-Fin[END_REF] used the naphthalene sublimation technique on time-averaged outcomes and observed the conceptualization of secondary flow and stagnant vortices induced by pin-fins. Chyu and Goldstein [START_REF] Chyu | Influence of an array of wall-mounted cylinders on the mass transfer from a flat surface[END_REF] pointed out the Horseshoe Vortices (HV) that contribute to the high heat transfer of the endwalls. On time-resolved studies using particle image velocimetry, Ostanek and Thole [START_REF] Ostanek | Wake development in staggered short cylinder arrays within a channel[END_REF] showed that the shear layer eddies and Karman vortices dominated the momentum transport in the near wake downstream of pin fins. Anderson and Lynch [START_REF] Anderson | Time-resolved stereo PIV measurements of the horseshoe vortex system at multiple locations in a low-aspect-ratio pin-fin array[END_REF] investigated the HV at Reynolds numbers between 10000 and 50000 using stereoscopic particle image velocimetry. They discovered that the HV system oscillates between two quasi-periodic modes.

Of the computational methods, most of the works are based on the steady Reynolds-averaged Navier-Stokes (RANS) analysis due to its cost compared to its usefulness. In a straight channel, Li et al. [START_REF] Li | Assessment of Six Turbulence Models for Modeling and Predicting Narrow Passage Flows, Part 2: Pin Fin Arrays[END_REF] evaluated six turbulence models: k-ω, shear-stress transport, explicit algebraic Reynolds stress, realizable k-ε, renormalization group k-ε, and v 2 -f. Their research revealed that all the models tested accurately predicted the qualitative characteristics of flow and heat transfer, but their quantitative predictions showed 10%-30% discrepancies from experimental data. Jin et al. [START_REF] Jin | Effect of shape and distribution of pin-fins on the flow and heat transfer characteristics in the rectangular cooling channel[END_REF] investigated the effect of different variants of turbulence models, which include standard k-ε, realizable k-ε, renormalization group k-ε, and standard k-ω models, on heat transfer of a channel with short pin-fin arrays. The group of k-ε models has enhanced wall treatment enabled. It is discovered that the error between numerical results and experimental data of Nu when using the standard k-ε model is within ±20%. Besides RANS analysis, large-eddy simulation (LES) or hybrid RANS-LES has also been utilized in pin-fin heat transfer prediction. To forecast flow and heat transfer in a pin-fin array, Lee and Shih [START_REF] Lee | Effects of heat loads on flow and heat transfer in the entrance region of a cooling duct with a staggered array of pin fins[END_REF] investigated the heat transfer of pin-fin arrays using a scale-adaptive model (SAS), a form of hybrid method that utilizes the von Karman length scale in the turbulent structure. Their conclusions include a maximum of 5% uncertainty in the results of Nu compared to experimental data.

On the interaction between flow and a pin-fin, the HV pattern that forms around the cylindrical pin-fin fixed on a plate was investigated by Choi et al. [START_REF] Choi | Endwall heat transfer and fluid flow around an inclined short cylinder[END_REF] and Sircar et al. [START_REF] Sircar | Turbulent flow and heat flux analysis from validated large eddy simulations of flow past a heated cylinder in the near wake region[END_REF]. They observed the form of a HV around the pin-fin and the vortex shedding caused by shear layer instability. Moreover, the wake in the rear of the pin-fin is the leading region of turbulence production through shear in the mean velocity field. Without a doubt, the channel's heat transfer properties depend on the robustness of these vortices and their interaction. Uzol and Camci [START_REF] Uzol | Elliptical Pin Fins as an Alternative to Circular Pin Fins for Gas Turbine Blade Cooling Applications: Part 2 -Wake Flow Field Measurements and Visualization Using Particle Image Velocimetry[END_REF] used particle image velocimetry to monitor and measure the wake flow for elliptic and circular pin-fin arrays. The findings demonstrate that the enormous low-momentum wake zone, created by a separation of the flow via the pin-fin, causes the loss downstream of the circular pin.

A new approach has been opened by Do et al. [START_REF] Do | Numerical Investigation of Heat Transfer Characteristics of Pin-Fins with Roughed Endwalls in Gas Turbine Blade Internal Cooling Channels[END_REF]. They implied that almost all studies of pin-fins heretofore investigated the effects of pin-fins geometry and their spacing on heat transfer characteristics, where the impacts of the endwall are left behind. They suggested that modification of the endwall can be used to spread and preserve the vortices around the pin-fins. In their study, the changing endwall designs modified the flow behavior and vortex system around the pin-fins. They also showed that the recessed endwall could enlarge HV while deducting the wake size. Their study suggested that changing the endwall shape increased the Nusselt number by 78.0% and the HTEI by 77.7%. Hence, the investigation of the effect of endwall configuration on the channel's heat transfer performance still looks compelling and promising to all researchers.

By simulating and performing experiments, Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF][START_REF] Bai | Numerical investigation on heat transfer and pressure drop of pin-fin array under the influence of rib turbulators induced vortices[END_REF] induced pin-fins in a ribs-roughed channel and investigated the heat transfer of the combination of pin-fins and ribs. They discovered that different shapes of ribs induced different secondary flows leading to distinct pin-fin domain's inlet flow phenomena. Chang et al. [START_REF] Chang | Endwall heat transfer and pressure drop in rectangular channels with attached and detached circular pin-fin array[END_REF] researched the heat transfer of channel with attached and detached pin-fins by experiments. They figured out that the channel with detached pin-fins shows a considerably lower friction factor when compared with attached pin-fins but a moderately lower Nusselt number.

In this work, the heat transfer properties of a pin-fin channel with modified endwalls are investigated numerically. Here, a new design of a recessed-extruded endwall is suggested. The heat transfer characteristics of this model, i.e., Nusselt number, friction factor, and HTEI, are differentiated from those of the flat and recessed endwalls.

NUMERICAL METHODS

Description of the problem 2.1.1 Configuration of the calculation model

An experimental model developed by Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] served as the basic configuration of the channel for building the present computational domain. This paper proposes the recessed-extruded endwall design of the heated endwalls to modify the vortex system surrounding the pin-fins. The geometric illustration of the flat endwall, recessed endwall from previous work [START_REF] Do | Numerical Investigation of Heat Transfer Characteristics of Pin-Fins with Roughed Endwalls in Gas Turbine Blade Internal Cooling Channels[END_REF], and the recessedextruded endwall designs are shown in Fig. 2. For the recessed endwall, the indentations are placed at the 1 st , 3 rd , and 5 th rows and represented by the red frame in Fig. 2b. In Fig. 2c, the protrusions (blue frame) are positioned between the indentations (red frame), which are situated in the pin-fin rows. The protrusions and indentations are arranged in both the upper and Figure 1. Schematic diagram of Bai et el. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] lower heated walls. The protrusions and indentations here have an equal height of 0.5mm, i.e., 2.5% of the height of the channel. Besides, the values of inclined angles for the two objects are equal.

Boundary conditions

In this work, the incompressible dry air with constant characteristics that enters the cooling channel has a uniform temperature of Tin = 318.15K and a 5% turbulence intensity. The range of Reynolds numbers used to compute fluid velocity at the intake is from 7400 to 36000. The gauge pressure at the channel's outlet is 0Pa. A temperature of 298.15K and the no-slip wall condition are given to the pin-fins, the endwalls of the test section and the plain heated section. The temperature conditions at the inlet and heated wall are set differently to investigate the ability to transfer heat from the fluid to the walls. All the other walls are adiabatic and non-slip. Thus, even though the momentum boundary layer starts at the duct's inlet (x/D = -12.5), the thermal boundary layer does not start until the inlet of the plain heated section (x/D = 0). The reference pressure of the computational domain is 1 atm, and the reference temperature is 287K. These hypotheses are acceptable since the channel is relatively short and the heat load is rather modest, indicating a minimal pressure loss. Boundary conditions are established according to the experimental and simulation conditions set out by Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF]. The results of the present simulations will be compared with their experimental and simulation results. 

Numerical analysis

The commercial software Ansys CFX ® 19.1 [29] was used in the present study to numerically solve the governing differential equations, which comprise continuity, RANS, and energy equations, in order to study the flow characteristics and heat transfer capacity in the channel with pin-fins. The advection terms are discretized using a high-resolution scheme and the finite volume method. The k-ω turbulence model was used throughout the study.

Figure 3. The mesh structure of the channel

The convergence requirement is satisfied if the roots-meansquare values of the continuity, momentum, energy, and turbulent kinetic energy equations are less than 10 -6 . Additional monitoring metrics are developed to confirm convergence, such as the mass flow at the outlet, the changes in gas temperature at the inlet and outlet surfaces, and the heat flux at the heated wall surfaces. The structured grid division in the ANSYS-ICEM ® program was utilized in this work. The elements near the wall and the pin-fins are specified with a height of 1x10 -6 m to comply with the demands of the turbulence model and have y + values less than 1 over the whole Reynolds number range. The structural grid in Fig. 3 is constructed using hexahedral elements, and an O-grid is placed around the pin-fins to enhance mesh quality and depict their round shape.

Data reduction

The Reynolds number (Re) of the channel is defined as:

Re = ρuD h μ ( 1 
)
where u is the inlet velocity of the channel; ρ is the air density; Dh and μ are the channel hydraulic diameter and dynamic viscosity of the coolant, respectively. The local heat transfer coefficient (h) of the heated surfaces is determined by:

h = q T w -T b ( 2 
)
where q is the heat flux of the heated wall, Tw is wall temperature, and Tb is the bulk temperature of the fluid, which is interpolated based on the x location along the streamwise direction according to the formula of Bai et al. [START_REF] Bai | Numerical investigation on heat transfer and pressure drop of pin-fin array under the influence of rib turbulators induced vortices[END_REF] The local Nusselt number (Nu) is used to represent the local heat transfer capacity, which can be written as:

Nu = hD h λ ( 3 
) where λ is the thermal conductivity of coolant fluid.

According to the correlation formula of Dittus-Boelter [START_REF] Dittus | Heat transfer in automobile radiators of the tubular type[END_REF], the Nusselt number (Nu0) for fully developed turbulent flow in a smooth channel with a rectangular cross-section is:

Nu 0 = 0.023.Re 0.8 Pr 0.3 (4) The friction factor, which represents the pressure loss of the channel, is defined as:

f = ∆PD h 2ρ∆Lu 2
(5)

The friction factor obtained for fully developed flow in a smooth channel [START_REF] Dittus | Heat transfer in automobile radiators of the tubular type[END_REF] is expressed as: f 0 = 0.316Re -0.25 (6) The HTEI (η) is defined as:

η = ( Nu Nu 0 ) / ( f f o ) 1/3 (7)

RESULTS AND DISCUSSION

Verification and Validation

The dimensionless wall distance y + on all the heated wall surfaces is evaluated, with Re = 36000. The conditions of the kω turbulence model are satisfied by the y + value area-averaged on these walls, which is 0.07. The maximum y + value on all the walls is 0.39, which is completely insured to be smaller than 1. The fact that y + is proportional to the velocity at the entry, which is proportional to the Reynolds number, also indicates that the y + value is fulfilled for all other Reynolds numbers.

A grid sensitivity study was performed to determine the optimum grid system. In this process, the tested mesh size varies from 1.9 to 5.6 million. Figure 4 shows how changing the mesh size affects the averaged Nusselt number of all heated surfaces. The results show that the averaged Nusselt number barely varied by 0.09% when the mesh size changes from 3.3 million to 4 million elements. Hence, for all of the numerical simulations performed in this work, the numerical grid size of the 3.3 million elements was chosen to achieve a compromise between processing resources and analytical precision. To seize the mesh size dependency in detail, pressure and heat flux results obtained from three different vital meshes are compared. Selected meshes are indicated in Fig. 4. Figure 5 illustrates how mesh refinement affects the convergence of the channel's characteristics. The pressure and wall heat flux at y = D/2 along the heated channel are analyzed with three different meshes. Because the wall temperature is lower than the inlet flow temperature, the actual heat flux is negative. The heat flux is thus assumed to be the absolute value in this instance for the sake of consistency and simplicity. Mesh 1 is chosen with 1.9 million meshes. The baseline mesh chosen for the project is Mesh 2, which has a 3.3 million element count. Mesh 3 has a 5.6 million element count. Figure 5 shows that the presented lines of the baseline mesh (Mesh 2) and the finest mesh (Mesh 3) nearly coincide for both the pressure and the heat flux. It was further discovered that the highest relative error between these two meshes is less than 0.5%. Furthermore, the outcomes are within an asymptotic range of convergence, as seen by the magnified photos and the extracted data. As a consequence, the dependability of the baseline mesh is reasonably validated.

For validation, the present numerical results are compared with previous numerical and experimental results [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF][START_REF] Chang | Endwall heat transfer and pressure drop in rectangular channels with attached and detached circular pin-fin array[END_REF] for the averaged Nusselt number on heated walls. The configurations of the pin-fin array of the reference literatures are the same as that used in this study. Furthermore, all the endwalls in the reference cases are flat. Note that the no ribs configuration in the study of Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] is the same as the flat endwall design in this study. Figure 6 compares the numerical results using the k-ω model with those obtained by Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF], as well as with two sets of experimental data from Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] and Chang et al. [START_REF] Chang | Endwall heat transfer and pressure drop in rectangular channels with attached and detached circular pin-fin array[END_REF]. The main factor that differs the numerical method between the reference [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] and this work is the mesh type. Which, reference [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF] uses auto-generated tetrahedral and prism elements near the walls. Moreover, to ensure y + around 1, the first layer thickness may be very low, even though the mesh size is limited. Thus, they used a mesh with high volume transition; this corresponds to high aspect ratio elements that may affect the results.

Figure 6. Comparison of numerical and experimental results at

Re=21500 It is found that, in every case, the averaged Nusselt number is proportional to the Reynolds number. Compared to the numerical results from Bai et al. [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF], the findings from the current investigation are more in line with both the experimental data sets. The mean Nu calculated on the heated walls using the k-ω turbulence model is lower than the experimental data by 24.9%, 9.6%, and 1.9% at Re = 7400, 14000, and 21500, respectively. The numerical values are successively higher than the experimental results at Re = 29000 and 36000 by 0.2% and 4.4%, respectively. This is partially due to the experimental uncertainty of 1% of the mean velocity error of the flowmeter, 0.75C of the thermocouple, and 2% of the Nusselt number measurement error [START_REF] Bai | Investigation of ribs disturbed entrance effect of heat transfer and pressure drop in pin-fin array[END_REF]. Thus, the validity of the numerical technique has been rationally confirmed with a maximum acceptable deviation of about 25% and a credible range of Reynolds number deviation of less than 5%. Those errors are acceptable for the prediction of heat transfer when taking into account the error of the experimental method and the simplification of the numerical processes.

Flow structure in a rectangular channel with circular pin-fins

Figure 7. Distribution of Nusselt number on the lower heated wall at Re = 21500

The introduction thoroughly discusses the primary characteristics and properties of the pin-fin array. As mentioned, the heat transfer characteristics induced by the pin-fins can be grouped into two main regimes: the HV and the wake vortex.

Figure 7 shows the distribution of the Nusselt number on the lower heated wall. Figure 8a shows the vortex structure around the pin-fins. It can be observed that the vortex system around the pin-fins includes some complex vortices, e.g., HV and wake vortex. It is remarked that before the flow reaches the first row of the pin fin arrays, the streamlines are entirely uniform. When the flow reaches the first row, a stagnation point forms. Then, the flow accelerates from this point and separates on the rear part of each pin-fin due to the adverse pressure gradient, forming the wake vortices. Here, the poor heat transfer zone is mainly caused by the wake vortices. Although these vortices constantly come into contact with the heated surfaces of the pin-fins and endwalls, they do not interfere with the flow of cooling fluids. They are the primary reason for the poor heat transfer zones located downstream of each pin-fin.

(a) Streamlines and velocity distribution near the endwall (b) Contours of Nu on the lower endwall and profiles of vorticity X near pin-fin

Figure 8. Vortex structures induced by pin-fins at Re = 21500

Besides, Fig. 8b shows several vorticity contours in the xdirection at different sections (parallel with the yz plane) around the middle pin-fin in the first row, which also describes the 3D shape of the horseshoe vortex and its operational regions near the endwall. This vortex appears in a horseshoe shape, hence called a HV. This vortex shape fits the shape studied by other investigations.

At the junctions between pin-fins and endwalls, HV forms upstream of each pin-fin and fades downstream. Under the effects of wake vortices, HV, and high-speed regions caused by the narrow spaces between pin-fins, the flow gradually becomes more turbulent, and the pressure drop increases when moving to the rear rows. Turbulence enhances the heat transfer coefficient significantly. Observing Fig. 7 more carefully, the HV and the wakes dominate the heat transfer in the first two rows due to lack of turbulence. However, the HV gradually lose its indistinctness in the following rows and gradually becomes more apparent. Besides, by the cause of the low heat transfer regions, the wakes from the first two rows are in direct contact with the pin-fins of the third row and so on. This affects the flow characteristics of the rear rows, which makes the flow more turbulent and also enhances the Nusselt number downstream. Thus, turbulence is the leading cause of the enhancement of heat transfer. In this and below subsection, the results of the reference recessed endwall from previous literature [START_REF] Do | Numerical Investigation of Heat Transfer Characteristics of Pin-Fins with Roughed Endwalls in Gas Turbine Blade Internal Cooling Channels[END_REF] is added to compare the flow and heat transfer properties of the three designs. Be aware that the height of the recessed endwall in the study is 1 mm, which is double the height of the recessed endwall here. When considering Fig. 9, which shows the velocity contours and streamlines for the three cases, it is achieved that the wake vortices behind the pin-fins of the flat endwall case are distinct. On the other hand, the recessed endwall may partially inhibit the growth of these vortices, leading to a discernible cutoff in both their breadth and intensity. However, the local vortices in this case are still presented, evidenced by the low heat transfer zones in Fig. 14b. In the case of the recessed-extruded endwall, the wake vortices of the rows with five pin-fins (the 1 st , 3 rd , and 5 th rows) are totally excluded, while the wake vortices in the other two rows are pushed away from the endwall. As a consequence, low heat transfer zones in Fig. 14c are reduced as a result of this phenomenon because the impact of local vortices on the endwall is lessened. Local vortices of the downhill endwall, which play a role in the development of HV downstream, are the persistent vortices in this situation. Moreover, the highest velocity zones of all three cases are found in the 2 nd and 4 th rows of the recessed endwall case due to the more narrowed channel. According to the velocity distribution at the mid-channel cross-section (Fig. 10), the maximum velocity is slightly greater in the flat case than in the recessed and recessed-extruded instances. This is explained by the fact that, in accordance with the continuity equation, the recessed-extruded and recessed exhibit concave geometry lower than the initial flat endwall, increasing the cross-sectional area and decreasing the flow velocity. The low-velocity vortices downstream the pins in the flat and recessed cases are more equivalent, although being more prominent in the recessed-extruded case. These are the wake vortices that are pushed away from the endwalls. Additionally, towards the endwalls, the effects of the roughed endwall cases are also more pronounced.

Effects of the roughed endwall on the flow field

The velocity distribution near the endwall (at the section that is offset 0.1mm from the lower endwall) at Re = 7400 is shown in Fig. 11. It is observed that the velocity distributions near the pin-fins of the cases with altered endwalls are enhanced compared to the flat endwall case. In the figures, the highvelocity zones of the three cases coincide with the high-Nu zones in Fig. 14 despite the different Re. It is then achieved that the phenomenon of increased heat transfer is the same for all Reynolds numbers.

Furthermore, it appears that the upward profile of the protrusion causes the high-velocity zones in the case of roughed endwalls to drift toward the pin-fins. This is evidenced by the high-velocity zones tend to stick with the pin-fins more in the indented rows in Figures 11b and11c. This is particularly clear in the recessed-extruded case, where the flat endwall design induces an adverse pressure gradient, the high-velocity zone is less protracted at the stagnation point and splits swiftly as it advances downstream. This leads to the disappearance of lowvelocity zones behind pin-fins in Fig. 11c compared to Fig. 11a. Besides, the velocity distribution of the recessed endwall case near the pin-fin is more similar to the flat endwall instance because the 2 nd row of the recessed case is the row where the profile is the most stable and least affected by the front rows. Moreover, the jet-like beam caused by the remained HV of the recessed endwall case is observable in the 2 nd and 4 th rows of Fig. 11b. However, it almost disappeared in the recessed-extruded endwall case. Figure 12 demonstrates the velocity distributions near the endwall at Re = 36000. In this figure, due to the altered concave wall, the vortex textures downstream of each pin-fin differ between the two cases of roughed endwall. Common features of this case include the widening of the high-velocity zone around each pin-fin and the shrinking of the rear wake vortex compared to the flat endwall in all rows. This is associated with the diminishment of the wake vortices discussed above.

In addition, the flow through it behaves similarly to the interaction with a rib turbulator. The continuous upward and downward endwall profile are likewise regarded as a type of rib, or so named in this study as protrusion. When the flow strikes the top of each protrusion, the flow splits apart, rolls downhill, and collides with the pin-fin at the stagnation point, which helps to widen the HV. In addition, the protrusion also produces a wake region in its back, as can be observed in Fig. 9c. The vortices in this region interact directly with the rear HV. The heat transfer characteristics of this protrusion can be observed in Fig. 12c. Due to the local vortices presented, the protrusion exhibits high heat transfer areas upstream and low heat transfer regions downstream. This phenomenon passively strengthens the HV, as previously considered, while intensifying the turbulence in the channel. A quick peek at the figures revealed that the Nusselt number on the endwalls increases for both the modified endwall designs. The Nusselt number of the channel is increased by roughly 54-64% in the recessed-extruded endwall design compared to the flat endwall, or about twice as much as in the recessed endwall, which is increased by just 30-32%. Moreover, the friction factor of the recessed-extruded endwall drops slightly at Re of 7400 compared to the flat endwall. However, due to the flow restriction caused by the protrusions, all the other Re values show rises in f. At Re = 7400, the friction factor decreases by 2.6%; at all other Re values, i.e., Re = 14000, 21500, 29000, 36000, it increases by 1.2%, 3.1%, 4.0%, and 4.7%, respectively compared to the flat endwall. Overall, the enormous growth in the Nusselt number outweighs the growth in the friction factor, which leads to an overall rise in the HTEI at all the Re values. Accordingly, the overall increases in η range from 55.6% to 62.4%. While it is cut off halfway from the changed height, these statistics are around 1.7 times more than the gains in HTEI of the recessed endwall for all the Re numbers, which is about 33.9-36.7%.

For three cases of flat endwall and roughed endwall at Re = 21500, contours of the Nusselt number on the lower heated wall are shown in Fig. 14. Previous research [START_REF] Do | Numerical Investigation of Heat Transfer Characteristics of Pin-Fins with Roughed Endwalls in Gas Turbine Blade Internal Cooling Channels[END_REF] found that the indentations increase the amount of the flow-endwall interaction upstream of each pin-fin. Heat transfer is intensified by this action, providing momentum for the flow to advance backward. Expansion of the HV of the rows with the indentation, as seen in the 1 st , 3 rd , and 5 th rows of Fig. 14b, proves that this further boosts heat transfer in the rear rows of pin-fin arrays. As a result, the three-indentation recessed endwall design is replaced with a five-indentation recessed-extruded endwall design. As anticipated, the channel's heat transfer is increased in all rows, with the most significant differences in the 2 nd and 4 th rows.

In terms of the primary cause of the most heat transfer, the HV. Rows with indentations of recessed endwall, i.e., the 1 st , 3 rd , and 5 th rows, experience increased heat transfer due to the enlargement of HV regions, as was previously recognized [START_REF] Do | Numerical Investigation of Heat Transfer Characteristics of Pin-Fins with Roughed Endwalls in Gas Turbine Blade Internal Cooling Channels[END_REF]. On the other hand, the recessed-extruded endwall case has an indentation in each row, which increases the ability of this case to transfer heat across all rows. The HV of the recessed-extruded endwall are intensified in strength and widened in HV regions surrounding the pin-fins when comparing Figs. 14a and14c. In addition, as shown in Fig. 14c, the HV of the recessed-extruded endwalls are further increased in both the flow directions as well as to both sides of the pin-fins in the 3 rd and 5 th rows. This is because the small protrusions act like a rib cooling and lifting the flow above it, raising turbulent kinetic energy and passively enlarging the HV at back rows. When it comes to the wake vortices, in contrast to Fig. 14a, where the local vortices behind each pin-fin are observed at ease, it is found that the local vortices behind them have almost vanished in Figs. 14b and14c. This is because the HV continue to accelerate due to the endwall's upward narrowing geometry after passing through the pin-fins (Figs. 9b and9c). This action of the roughened endwalls prevents local vortices from forming behind each pin-fin. It lessens turbulence downstream of the pin-fins in the center to alleviate the loss of airflow that develops to the next rows.

Moreover, the upward endwall of the indentations engages in flow interaction and promotes heat transfer there. Additionally, the steeper endwall of the recessed-extruded endwall design produces increased heat transfer in this region compared to the recessed endwall, as evidenced in the 1 st row of Figs. 14b and14c. The higher Nusselt number in the 1 st row of Fig. 15a is primarily the result of this phenomenon. The jet-like beams between the pin-fins of Fig. 14c are hardly visible when the HV are magnified and are only discernible close to the side walls of the 2 nd and 4 th rows. However, in the case of recessedextruded endwall, the heat transfer of these beams is more significant than the recessed endwall case.

Figure 15 indicates the Nusselt number and pressure drop development for different rows. The Nusselt number by row is achieved by averaging the local Nusselt number by the area at both the upper and lower heated endwall of the current row. It is observed in Fig. 15a that the increment of averaged Nusselt number for the case of the recessed-extruded endwall is due to the enlargement of Nu in all rows. The highest Nusselt number of all rows appears in the 3 rd row, where the most turbulence is perceived with five pins. On the other hand, only the 1 st , 3 rd , and 5 th rows, where the indentations are, benefit considerably from the recessed endwall design. The Nusselt number increases by around 2.6 times for the recessed-extruded endwall compared to the flat endwall case in the 5 th row, which is the most prominent change. The minimum increase in Nu of the recessed-extruded endwall case is 2.17 times the Nusselt number of the flat endwall at the 4 th row. The maximum deviation for the recessed endwall is just 2.3 times in the 5 th row. The most significant difference between the two modified endwall is in the 4 th row, with a 44% increment for the recessed-extruded endwall design. The minimum change between these two new models in Nu is in the 5 th row, with a 12.8% increase for the recessed-extruded endwall. Furthermore, when considering the pressure drop variation, the recessed-extruded endwall induces more pressure drop in the odd rows than the recessed endwall case, along with increased heat transfer capacity. This phenomenon is due to the enlargement of HV in these rows of the recessed-extruded endwall design compared with the two other models. However, the even row's lower pressure drop of the recessed-extruded endwall is caused by the absence of protrusions in these rows. The pressure drop in the 2 nd row of the recessed-extruded endwall case is 18.6% higher than that of the flat endwall case, which is 15.8% lower than the case of the recessed endwall. This row has the highest pressure drop increase of the two altered endwall designs compared with the flat endwall design. Besides, the recessed-extruded endwall induces 8.5% and 8.3% reductions in pressure drop compared to the flat endwall at the 1 st and 5 th rows, correspondingly.

CONCLUSION

A computational study based on RANS analysis was performed to study the heat transfer of the pin-fin channel with roughed endwalls. The heat transfer characteristics, including Nusselt number, friction factor, and HTEI, were analyzed and compared with different cases.

It is achieved that the HV around the pin-fins are relatively enlarged with the recessed-extruded endwall design compared to the flat endwall at all tested Re numbers. The indentations enlarge the area of the HV around the pin-fins and protect them when they are on the verge of collapse. Meanwhile, the protrusions in the recessed-extruded endwall design inhibit the development of wake vortices which show low heat transfer. On the other hand, these protrusions function as rib turbulators, creating local vortices both upstream and downstream. These vortices raise the turbulence level in the channel and aid in enlarging the HV magnitude around the pin-fins. As a consequence, the channel with reference recessed-extruded endwalls has a better capacity for transferring heat, as seen by increases of 54.0%, 59.2%, 63.9%, 64.1%, and 64.3% in Nu when compared to the flat endwall at Re = 7400, 14000, 21500, 29000, and 36000, respectively. On the other hand, the growth in friction factor brought by the flow obstructions is insignificant. In general, the HTEI of the channel with this design is raised by 55.6%, 58.7%, 62.4%, 62.1%, and 61.9% compared to the flat endwall at Re = 7400, 14000, 21500, 29000, and 36000, respectively. In general, the increase in the HTEI of the recessedextruded endwall at Re = 21500 is approximately 1.7 times the increase in the HTEI of the recessed endwall design with double the recessed height.

In general, the recessed endwall design is more suited for the turbine, which requires less friction while yet having the ability to endure deeper cuts into the surface, with an increase of 36.7% in HTEI, higher than the flat endwall. In contrast, it is concluded that the recessed-extruded endwall elevates the HTEI to a peak value of 62.4% increase, higher than the flat endwall, but also raises the friction factor, even though it is minor. However, the design has a reduced recessed height, which is half the height ratio of the reference recessed endwall case.

  Fig. 1 shows a schematic diagram of the tested channel, where the pin-fin diameter (D = 8mm = 0.315inches) is used to indicate all dimensions. The length of the tested channel is Lt = 87.5D, the height is H = 2.5D, and the width is W = 10D. The tested channel comprises four sections: three smooth sections, which include a development section at the entrance, a smooth heated section, an output section at the outlet, and a test section measuring L = 12.5D in length. The development section with a length of Ld = 12.5D and the plain heated channel with a length of Lp = 37.5D assure homogeneity of the entry flow for the pin-fin domain. The output channel is designed to reduce backflow productively. Five rows of pin-fins are positioned in a staggered pattern in the test section. Each pinfin is positioned with the neighbors with the spacings, Sx/D = 2 and Sy/D = 2. The cross-section of the computed domain is a rectangle with an aspect ratio AR = W/H = 4. The upper and lower walls correspond to z = 0 and z = H, and the two side walls are located at y = -W/2 and y = W/2. The equivalent diameter of the channel, Dh = 2HW/(H+W), is 32mm. The direction of the flow corresponds to the direction of the x-axis.
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 2 Figure 2. Demonstration of all designs and the design parameters of the recessed-extruded endwall
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 45 Figure 4. Influence of mesh size on the result of Nusselt number at Re = 21500
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 9 Figure 9. Velocity contours at the middle section (y = 0 mm) and streamlines near the endwall of the channel at Re = 21500
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 10 Figure 10. Velocity contours at the middle section (z = 10mm) of the channel at Re = 21500
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 11 Figure 11. Velocity contours near lower endwall at Re = 7400
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 1234 Figure 12. Velocity contours near lower endwall at Re = 36000
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 13 Figure 13. Comparison of the new designs with the flat endwall
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 1415 Figure 14. Nusselt number contours of flat endwall and roughed endwall cases on the lower heated wall at Re = 21500
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