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ABSTRACT 

Optimizing the heat-transfer distribution of the jet-impingement cooling on a target plate is essential to solve the local 

hot-spot problem in the turbine blade. In this study, a novel method is proposed to control and optimize the cooling 

performance of a multiple-jets impingement system by using a fin on the internal wall of the cooling channel. The flow 

field in the cooling channel can be controlled by the fin, resulting in the change of cooling performance for jet impingement 

without modifying other structures. Using the shear stress transport (SST) k–ω turbulence model, numerical studies on the 

fluid flow and heat transfer of the fin-affected jet-impingement system are conducted. The results show that the rectangular 

fin can influence the flow field in the cooling channel, affect the jet impingement's speed and direction, and change the 

heat transfer distribution on the target plate. Simultaneously, the influence of the parameters, fin length (L), fin height (H), 

fin position (S), are analysed in this study. The results can provide a reference for matching the position of the fin and jet-

holes in the cooling channel. 
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INTRODUCTION 

For a gas turbine to achieve more thermal efficiency, it is sometimes subjected to approximately 2200 K of inlet 

temperature(Han et al., 2012), which exceeds the melting-point temperature of aeronautical metal materials. Consequently, 

efficient cooling techniques are necessary to ensure the sufficient service life of gas turbines. 

Gas turbines operate at higher temperatures, whose operation is made possible by implementing very sophisticated 

internal and external cooling schemes. Jet-impingement cooling is considered an effective cooling technique to enhance 

convective processes (Shih & Yang, 2014). In gas-turbine applications, jet arrays are used to cool the target plate, and the 

flow exits in one or two directions. From the recent literature, a single jet (Rau et al., 2014; Xu et al., 2017) was generally 

used for local cooling of a small area. Compared with a single jet, the heat-transfer rates of multijet systems are 

predominantly determined by the geometric parameters of the configuration due to the jet-to-jet and jet-crossflow 

interactions (Weigand & Spring, 2011). Many studies have focused on the structural parameters of the multijet 

impingement. Bertrand et al. (Dano et al., 2005) investigated the flow and heat transfer of confined jet-array impingement 

with a crossflow using two nozzle shapes, namely, circular and cusped ellipses. Lee et al. (Lee et al., 2015) and Zhu et al. 

(Zhu et al., 2018) considered the influence of hole spacing, hole arrangement, and jet-to-target plate distance of the 

impingement system. Xing and Weigand (Xing et al., 2011) and Xing et al. (Xing et al., 2010) employed transient liquid 

crystals to measure the heat transfer in the impingement target plate with micro-rib turbulators or dimples, which could 

improve the cooling performance to some degree. Lu et al. (Lu et al., 2019) conducted an experimental study on the heat-

transfer characteristics of a combination of jet-impingement arrays and arrays of target surface micro-pin-fins. Lam and 
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Prakash (Lam & Prakash, 2017) carried out a numerical study of fluid flow and heat transfer in an impingement cooling 

system using an array of discrete protruding heat sources along the target plate. 

The motivation of the present work comes from the interest in solving the problem of local hot-spot in the guide vane. 

Most of the studies mentioned above focused on the impingement channel's changes, including the jet hole, impingement 

plate, and target plate. However, in an actual case, the cooling air flows through the cooling channel and then enters the 

impingement channel through the jet holes. Thus, the flow condition in the cooling channel is an important factor that 

influences the cooling performance of the jet impingement with multiple jets. Therefore, the present work investigates a 

simpler method to improve the cooling performance of the multiple-jets impingement by using a fin in the cooling channel 

without modifying the jet-holes parameters. 

NUMERICAL SETUP 

Physical model 

The simplified model proposed in this study is based on the geometric specifications of the experimental facility in the 

literature (Spring et al., 2010; Xing et al., 2011). Fig. 1(a) and (b) show the schematic and dimensions of the fin-affected 

jet-impingement system, respectively. Considering the computer capabilities, unlike the experimental model with 81 (9 × 

9) jet holes in the literature, 25 (5 × 5) jet holes are used in this study. The system consists of a cooling channel, impingement 

plate, impingement channel, and target plate. The cooling air flows into the cooling channel from the inlet, enters the 

impingement channel through the holes, impinges on the target plate, and finally flows. A rectangular fin is set on the 

internal wall of the cooling channel. Moreover, the geometric parameters related to the fin, including the fin length (L), fin 

height (H), fin width (W = 10 mm), and fin position (S), are shown in Fig. 1(b). According to the data in the literature (Xing 

et al., 2010, 2011), the holes on the impingement plate are arranged in line with a 50 mm space. The hole diameter is 10 

mm, the jet-to-target plate space is 30 mm, and the jet-to-internal-wall space is 50 mm. 

 

 

Fig. 1 (a) Schematic of the jet-impingement system. (b) Dimensions of the jet-impingement system 
(unit: mm). (c) Information on the generated mesh 

Boundary conditions 

Because this work focuses on flow-field changes on jet impingement, only the fluid domain is considered in this study. 

The outlet is moved away from the impingement channel by extending the channel exit, as shown in Fig. 1(c). Thus, we 

ensure that the outlet boundary condition does not affect the flow field. The boundary conditions applied to the 

computational model refer to the data in the literature (Xing et al., 2010, 2011; Xing & Weigand, 2010). The target plate 

is considered as a non-slip wall with a constant temperature of 330 K, whereas the other walls are set as non-slip adiabatic 

walls. The operating pressure is set at atmospheric pressure. At the inlet and outlet, pressure-type boundary conditions are 

defined. The gauge pressure of the inlet is 4100 Pa, and the jet Reynolds numbers (𝑅𝑒 = 𝜌�̅�𝑗𝐷𝑗 𝜇⁄ ) based on impingement-

hole diameter is 35000. The gauge pressure of the outlet is 0 Pa. Incompressible ideal air is used as the working fluid. The 

inlet cooling air temperature is 300 K, and the turbulence intensity of the inlet air is 5%. Besides, the physical properties 

of air, including the density, thermal conductivity, specific-heat capacity, and viscosity coefficient, are polynomial fitted. 

The local Nusselt number (Nu) on the target plate is defined by Eq. (1). Where q is the heat flux, Tw is the target plate 

temperature, Tc is the inlet air temperature, Dj is the impingement-hole diameter, and k is the fluid's internal conductivity. 

 𝑁𝑢 =
𝑞

(𝑇𝑤 − 𝑇𝑐)
∙
𝐷𝑗
𝑘

 (1) 
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Simulation and Grid 

Commercial software ANSYS Fluent 16.0 is used for the computations of the fin-affected jet-impingement system. 

The shear stress transport (SST) k–ω turbulence model is chosen due to its good capability to predict the heat-transfer 

performance in a jet-impingement cooling system(Zuckerman & Lior, 2005; Sagot et al., 2008). The pressure-based 

coupled solver and SIMPLEC algorithm are used. The second-order upwind scheme is chosen for the spatial discretization. 

All solutions are considered to converge when the residuals of the continuity, x–y–z velocities, and turbulence variables 

achieve a level of 10-4, whereas the required energy is 10-6. Also, the fluctuation in the area-averaged Nusselt number 

(Nuavg) on the target plate is less than 1.5% for the final 500 iterations. Therefore, the results are considered to be stable. 

The mesh is generated using Fluent Meshing 19.0. The generated mesh consists of unstructured poly cells in the core 

region and 18 prism layers in the near-wall regions, as shown in Fig. 1(c). To satisfy the requirement of the SST k–ω 

turbulence model, y+ value less than 1 is achieved in this study(Xing et al., 2010; Xing & Weigand, 2010). In addition, a 

careful grid-sensitivity analysis is performed for three different meshes consisting of 6 million, 14 million, and 47 million 

cells to ensure a grid-independent solution. The spanwise averaged Nusselt number (𝑁𝑢𝑠𝑝𝑎𝑛 ) on the target plate for 

different meshes is shown in Fig. 2(a), which shows that increasing the number of elements from 14 million to 47 million 

only provides a slight improvement. Hence, in the present study, a grid consisting of 14 million cells is chosen, whereas 

the subsequent models adopt the same grid-generation method. 

Fig. 2(b) shows a comparison of the local Nusselt number on the target plate between the present study and the 

literature (Xing et al., 2010), which indicates an acceptable agreement. Simultaneous, the calculation model used in this 

study is part of the validation model, and the inlet conditions are modified. Therefore, using the computational methods in 

this study for the fin-affected jet-impingement model is acceptable. 

 

 

Fig. 2 (a) 𝑵𝒖𝒔𝒑𝒂𝒏 with different meshes at P = 4100 Pa, inlet A, and without a fin. (b) Comparison of the 

local Nusselt number between the present study and literature data (Xing et al., 2010) 

RESULTS AND DISCUSSION 

This study proposes a fin-affected jet-impingement system, which adds a fin in the cooling channel, to investigate the 

simpler method of optimizing the jet-impingement cooling performance. Numerical simulations are carried out in this 

study. Fig. 4, Fig. 8, and Fig. 11 show the local Nusselt number contours on the target plate in different cases. Note that an 

isoline (Nu = 245, which is about 80% of the maximum value of the local Nusselt number) has been added on the contours 

to better represent the difference in the distribution of the local Nusselt number. For a better description, HNR will represent 

the high Nu region (the area with Nu more than 245) in this paper. The fin's position and shape are marked on the contours 

at the corresponding position by the dashed lines. As shown in Fig. 4, Fig. 8, and Fig. 11, the location and area of HNR are 

significantly different in the cases with and without a fin, indicating that the fin can influence the heat-transfer performance 

on the target plate. Meanwhile, the effects of the fin's geometrical parameters on the fluid flow, heat transfer, and pressure 

loss are investigated. When the influence of one variable is being studied, the other parameters are kept constant. 

Effect of Fin length (L) 

Fin length represents the length of the fin along the X-axis on the internal wall. Fig. 3(a) and (b) respectively show the 

spanwise (Y-axis) averaged Nusselt number (𝑁𝑢𝑠𝑝𝑎𝑛) and streamwise (X-axis) averaged Nusselt number (𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚) of 

cases with a fin (L = 50, 150, and 250 mm; H = 20 mm; and S = 75 mm) and without a fin. Fig. 3(a) shows cases with a fin 
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have larger 𝑁𝑢𝑠𝑝𝑎𝑛 at the stagnation point in columns 1 and 2, as well as smaller 𝑁𝑢𝑠𝑝𝑎𝑛 at the stagnation point in 

column 5. This indicates that cases with a fin have better heat-transfer uniformity in the stream direction (X-axis). Fig. 3(b) 

shows cases with a fin have larger 𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚 at the stagnation point in rows 1 and 5. Meanwhile, the 𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚 curve 

deflects significantly to the negative direction of the Y-axis. 

 

Fig. 3 Averaged Nu on the target plate at different L values. (a) Spanwise. (b) Streamwise. 

 

 

Fig. 4 Local Nusselt number contours on the target plate at different L values 

 

Fig. 4 shows the local Nusselt number contours on the target plate at different L values. It shows that the local Nusselt 

number reaches its peak value in the jet-stagnation regions and gradually decreases to the surroundings. From upstream to 

downstream, the jet-stagnation regions, which are the high heat transfer regions, gradually change from regular circles to 

crescent. Because the jet-induced crossflow deflects the impinging jets, this phenomenon is consistent with the results in 

the existing literature (Xing & Weigand, 2010). The area of NHR are 882 mm2, 1470 mm2, 1421 mm2, and 1359 mm2 for 

case without a fin, L = 50 mm, L = 150 mm, and L = 250 mm, respectively. Comparing the results, HNR in the cases with 

a fin is significantly larger than without a fin. And HNR on the target plate is mainly distributed below the fin for cases 

with a fin. Fig. 5 shows the streamlines and pressure contours in cases with different L values in column 3 cross-section. 

In all cases, the cooling air enters from the inlet and produces recirculation when impinging onto the bottom. The fin blocks 

the flow along the internal wall, which deflects the fluid toward the impingement plate, and vortices are generated on the 

fin's upper and lower sides. Furthermore, the mainstream recirculation occurs below the fin in cases with a fin. Two effects 

are produced: 1) an increase in the jet flow's partial velocity in the negative direction along the Y-axis, causing HNR to 

move downwards; 2) pulling the cooling air through the holes in Rows 1–3, as shown in Fig. 5(b)–(d), which may lead to 

the enhancement of the impingement cooling. The pressure in the cooling channel below the fin decreases as L increases 

from 50 to 250 mm. Fig. 6 shows that cases with a fin have larger velocity, especially on the side close to the impingement 

plate, than those without a fin in the cooling channel. Taking Row 3 as an example, the average velocity near the 

impingement plate is 6.87 m/s, 6.97 m/s, 8.40 m/s, and 10.64 m/s for case without a fin, L = 50 mm, L = 150 mm, and L = 
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250 mm, respectively. And the velocity becomes larger with the increase of L. Because when the mass flow is about similar, 

the cooling air velocity increases while the fin reduces the flow area of the cooling air. In summary, the fin changes the 

flow filed and increases the flow velocity of the cooling air in the cooling channel, increasing HNR on the target plate. 

 

Fig. 5 Pressure contours and streamlines at different L values (Column 3) 

 

Fig. 6 Velocity contours at different L values (section X-Z) 

 

 

Fig. 7 Averaged Nu on the target plate at different H values. (a) Spanwise. (b) Streamwise. 

Effect of fin height (H) 

Fin height represents the length of the fin along the Z-axis. In this section, cases with a fin (H = 10, 20, and 30 mm; L 

= 150 mm; and S = 75 mm) and without a fin are investigated. Fig. 7(a) and (b) show the spanwise averaged Nusselt number 

and streamwise averaged Nusselt number at different H values. For cases with a fin, 𝑁𝑢𝑠𝑝𝑎𝑛 increases at the stagnation 

point in column 1 and 2, and decreases at the stagnation point in column 5 with the value of H increases. And the deflection 

of 𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚 curve in the negative direction of the Y-axis in rows 3 and 4 increases as H increases. When H = 30 mm, 
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𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚 in row 2 is significantly reduced, as shown in Fig. 7(b). Because the pressure at the bottom is higher than that 

below the fin, causing the crossflow effect of jet flow along the Y-axis's positive direction becomes stronger. 

Fig. 8 shows the local Nusselt number contours on the target plate at different H values. The area of NHR are 882 

mm2, 1068 mm2, 1421 mm2, and 1351 mm2 for case without a fin, H = 10 mm, H = 20 mm, and H = 30 mm, respectively. 

Similarly, the cases with a fin have a larger HNR than the case without a fin. As the fin's cross-sectional area increases 

with the increase in H, the blocking effect on the flow increases, resulting in a decrease in pressure below the fin, as shown 

in Fig. 9. At H = 10 mm, the recirculation produces an elongated vortex ring because of the proper distance between the 

fin and impingement plate. The recirculation radius increases with the increase in H, as shown in Fig. 9(b)–(d). Fig. 10 

shows the velocity contours along the X-Z section at different H values. For Row 3, the average velocity near the 

impingement plate is 6.87 m/s, 8.22 m/s, 8.40 m/s, and 9.07 m/s for case without a fin, H = 10 mm, H = 20 mm, and H = 

30 mm, respectively.  It can be seen that with the increase of H, the flow velocity of cooling air becomes larger in the 

cooling channel. Therefore, larger H causes a higher velocity and lower pressure in the cooling channel below the fin, 

which results in a change in the heat-transfer distribution on the target plate. 

 

 

Fig. 8 Local Nusselt number contours on the target plate at different H values 
 

 

Fig. 9 Pressure contours and streamlines at different H values (Column 3) 

 

 

Fig. 10 Velocity contours at different H values (section X-Z) 

Effect of fin position (S) 

In this section, the effects of fin position are presented. Cases without and with a fin (S = 75 and 125 mm; L = 150 

mm; and H = 20 mm) are investigated. The area of NHR are 882 mm2, 1421 mm2, and 1325 mm2 for case without a fin, S 
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= 75 mm, and S = 125 mm, respectively. As Fig. 11 shows, HNR increase in cases with a fin compared to the case without 

a fin. Meanwhile, HNR is mainly below the fin when S = 75 mm and both above and below the fin when S = 125 mm. For 

a larger S = 125 mm, as shown in Fig. 12, the pressure and streamlines in the cooling chamber are less different between 

cases with and without a fin. In addition, For Row 3, the average velocity near the impingement plate is 6.87 m/s, 8.40 m/s, 

and 7.98 m/s for case without a fin, S = 75 mm, and S = 125 mm, respectively. The increase in the air-flow velocity becomes 

smaller with the increase in S, as shown in Fig. 13. Overall, the influence of fin reduces as S increases. 

 

 

Fig. 11 Local Nusselt number contours on the target plate  
 

 

Fig. 12 Pressure contours and streamlines (Column 3) 

 

 

Fig. 13 Velocity contours at different S values and different inlet methods (section X-Z) 

Pressure loss 

Due to the blocking of the fin, there would be pressure loss in the fin-affected impingement system. The pressure loss 

in the flow system is evaluated as discharge coefficient Cd (Xing et al., 2010), which is defined as: 

 𝐶𝑑 = 𝑚 𝑚𝑖𝑑𝑒𝑎⁄  (2)  

where m is the mass flow and midea is the mass flow in an ideal state. The mass flow of the case without a fin is 

considered as midea in this study. Table 1 lists the pressure losses and the area-averaged Nusselt number on the target plate 

for different parameters corresponding to the models previously mentioned. In general, Cd and Nuavg are reduced in the 

cases with a fin compared to the case without a fin. The discharge coefficient, which is above 99% except for the case with 
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L = 250 mm, decreases with the increase in L and H. Nuavg of cases with a fin have a small decrease, with the largest 

decrease of 1.92 for H = 30 mm, a decrease of about 1.6%. As S increases, the influence of the fin on the flow field 

decreases, and the reduction of the discharge coefficient and the area-averaged Nusselt number decreases. 

CONCLUSIONS 

In this paper, to enhance local heat transfer and solve the hot-spot problem, computational studies of a fin-affected jet-

impingement system with a rectangular fin on the cooling channel's internal wall have been carried out. Spanwise averaged 

Nusselt number, streamwise averaged Nusselt number, local Nusselt number contours, pressure contours, streamlines, and 

velocity contours of models with different geometrical parameters (L, H, and S), are presented and discussed. The results 

show that the heat-transfer distribution of the target plate can be affected by the fin configuration, which could provide 

some optimization clues to optimize the impingement system. The following conclusions are drawn: 

1) The heat-transfer distribution of the target plate can be affected by the rectangular fin in the cooling channel, and 

the area with high Nu on the fin-affected system's target plate is improved compared with cases without a fin. The maximum 

increase of the NHR area is 588 mm2, about 66.7% in this paper.  

2) The larger the L and H, the higher the velocity and the lower the pressure in the cooling channel under the fin. 

3) The difference in the flow field and pressure in the cooling chamber between cases with and without a fin decreases 

as S increases. 

4) For a constant pressure inlet condition, the rectangular fin will increase the flow resistance. The system's discharge 

coefficient and the area-averaged Nusselt number of the target plate slightly reduce. 

 

Table 1 Pressure losses, Nuavg and NHR on the target plate under different parameters 

Parameter Value Cd Nuavg NHR (mm2) 

Without Fin - 100.00% 121.84 882 

L 

50 99.91% 121.28 1470 

150 99.65% 121.10 1421 

250 98.79% 120.65 1359 

H 

10 99.65% 121.23 1068 

20 99.57% 121.10 1421 

30 99.40% 119.92 1351 

S 
75 99.65% 121.10 1421 

125 99.99% 121.15 1352 

 

NOMENCLATURE 

Cd Discharge coefficient 

Dj Impingement hole diameter (mm) 

H Fin height (mm) 

L Fin length (mm) 

m Mass flow (kg/s) 

midea Mass flow in an ideal state (kg/s) 

Nu Local Nusselt number 

Nuavg Area average Nusselt number 

𝑁𝑢𝑠𝑝𝑎𝑛 Spanwise averaged Nusselt number 

𝑁𝑢𝑠𝑡𝑟𝑒𝑎𝑚 Streamwise averaged Nusselt number 
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Re Impingement jet Reynolds number 

S Fin position (mm) 

Tc Inlet air temperature (K) 

Tw Target plate temperature (K) 

�̅�𝑗 Average velocity of fluid in the impingement hole (m/s) 

W Fin width (mm) 
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