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ABSTRACT 

In this paper, heat transfer characteristics of the jet 

impingement in a concave channel with the initial cross flow 

are investigated using both transient liquid crystals ̂TLC̃ 

technique and computational fluid dynamics (CFD). A delta 

winglet vortex generator (VG), placed in the jet channel and 

upstream of the jet exit, is used to enhance the heat transfer on 

the target surface. The jet Reynolds number is specified at 

15000 and the range of the cross-flow Reynolds number is 

from 15000 to 30000. A single delta winglet VG (SVG) and a 

pair of delta winglets VG (VGP) with different angles of 

attack are employed. The flow structures and the mechanisms 

of the heat transfer are further discussed. The result shows that 

the significant augmentation of impingement heat transfer is 

mainly attributed to the decrease of the cross-flow velocity 

before the jet due to the effect of the VG. However, the angle 

of the VGP has little effect on the heat transfer of the target 

surface. It is surprising that the SVG not only leads to 

relatively low pressure drop, but also obtains the high 

stagnation heat transfer.  

Keywords: jet impingement, concave channel, cross flow, 

vortex generator, heat transfer enhancement 

INTRODUCTION 

Thermal efficiency of the modern gas turbines increases 

with the increasing inlet temperature of the turbine. But the 

increasing temperature is far above the permissible metal 

temperature (Han et al, 2012). Thus, the blade is exposed to 

severe operating conditions. Various cooling techniques are 

used to guarantee safe operation. Jet impingement cooling is 

widely used to cool the turbine blades, especially in the 

leading edge of those , as it can greatly enhance the local heat 

transfer. Many researchers have studied the effects of various 

fundamental parameters on the impingement heat transfer of 

the leading edge (Liu and Feng, 2010; Liu and Feng, 2011; 
Andrei et al, 2013; Jordan 2012).  

Due to the multi jets in the impingement cooling of the 

turbine blades, the downstream jets are deflected by the spent 

jets. As the impinging jet is deflected away, the jet penetration 

is reduced and the impingement heat transfer characteristics 

are degraded (Metzger and Korstad, 1972). It is found that 

the jet impingement arrangement has a significant influence 

on the local heat transfer. Metzger et al. (Metzger et al, 1978) 
reported that the in-line jet array can have higher heat transfer 

than the staggered arrangement because the adverse effect of 

cross-flow is suppressed.  

In order to increase the impingement heat transfer, some 

researchers have studied other passive or active methods to 

obtain better heat transfer characteristics. The heat transfer can 

be augmented by modifying the target wall, such as dimpled 

surfaces (Ekkad and Kontrovitz, 2002; Xing and 
Weigand, 2010), pinned surfaces (Quan et al, 2005; Ndao 
et al, 2014), ribbed surfaces (Jia et al, 2001; Taslim et al, 
2003; Hoefler et al, 2012; Tom 2014), or film holes  

(Ekkad et al, 1999). Another way to reduce the adverse effect 

of cross-flow is to improve the jet penetration. This can be 

achieved by modifying the jet issuing behavior, such as using 

swirling trips (Wen and Jang, 2003), pulsations (Eroglu 
and Breidenthal, 2001), and acoustic excitations 

(Môcloskey et al, 2002), or by changing the jet nozzle 

configurations and geometries (Dano et al, 2005). 
It is well known that vortex generators are used in flow 

control (Lin et al, 2002) and heat transfer enhancement 

(Jacobi and Shah, 1995; Nakod et al, 2008). However, they 

are ralely used in the jet impingement improvement, and they 

are typically placed on the target surface. Wang et al. (Wang 
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et al, 2015) found that the impingement heat transfer could 

be increased by controlling the cross-flow using a VGP placed 

on the top wall of the jet channel. They also investigated 

(Wang et al, 2016) the effects of different parameters of 

VGP on the heat transfer of impingement under various cross-

flow Reynolds numbers. However, all of their studies are 

concentrated on a flat target surface at relatively high cross-

flow Reynolds number, and only considered the effect of 

utilizing VGP. It is unclear whether a single VG (SVG) can 

enhance the impingement heat transfer. In addition, the flow 

pattern in the jet cavity has not been discussed in detail. 

In this paper, the impingement channel with a circular 

surface and two tapered side walls is chosen as a typical model 

of the turbine blade leading edge. A VG is installed on the top 

of channel in order to strengthen the impingement heat 

transfer. The main objective of this research is to study the 

heat transfer at different cross-flow Reynolds numbers with 

SVG or VGP. In addition, the enhancement of the heat transfer 

by the VGs is also analysed in detail. 

1. EXPERIMENTAL SETUP AND PROCEDURES 

1.1 Experimental setup  

The experimental apparatus are illustrated in Fig.1. The 

air flow are generated by a centrifugal fan. Then, the air flow 

is heated to the required temperature by a heater. Passing 

through the heater, the heated air is diverted by a triple valve 

in order to achieve the abrupt temperature increase of the flow 

in the channel. Downstream the triple valve, the flow is 

separated. One flow passes through the jet pipe and generates 

the jet impingement, while the other flow is introduced to the 

channel directly as the cross-flow. The two flows are adjusted 

by two control valves. In the experiment, the constant 

Reynolds number is set as follow: the Reynolds number of the 

jet is Rej=15000, based on the jet nozzle diameter d; The 

Reynolds number of the cross-flow is Rec=15000, based on 

the channel hydraulic diameter Dh. 

The tested model is a 9 times scale model of the blade 

leading channel, consist of a circular surface, two tapered side 

walls and a flat wall. The details of the test model are shown 

in Fig.2. The cross-section is an isosceles triangle with three 

round corners. The parameter of the dimensionless length is 

specified as follow: the distance between the target surface 

and the nozzle exit: S/d = 5; The radius of the target surface 

curvature: D/d = 3.6; The length of the jet nozzle: L1/d = 15; 

The distance between the cross-flow inlet and the jet nozzle: 

L2/d = 15; The distance between the outlet and the jet nozzle: 

L3/d = 20.  

 

 Fig.1 Experimental apparatus schematic 
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Fig.2 Geometry of the experimental model 

To enhance the impingement heat transfer, a VG is placed 

in the channel upstream of the jet exit on the top wall, as 

shown in Fig. 2. An SVG that placed right ahead of the jet exit 

and the VGP with a certain angle of attack are studied and 

compared with each other. The configurations of the VGs and 

its position are described in Fig.3. The height H is 1.0d, the 

chord length L is 2.0d, the distance between the VG and the 

jet nozzle S2 is 2d. When using the VGP, the spacing between 

the two VGs is S1 1.2d, which proves that better impingement 

heat transfer can be obtained in the researches of Wang et al. 

(Wang et al, 2015; Wang et al, 2016). The angle of attack 

of the VGP with respect to the cross-flow direction Ŭ varies 

from 0°to 45°.  

 

 Fig.3 Configurations of the delta-winglet VGs and 
its position 

1.2 Measurement Techniques 

In this study, the heat transfer is measured by the 

technique of the transient thermochromic liquid crystals 

(TLC). Narrow bandwidth liquid crystals (type: R35C1W 

from LCR-Hallcrest) are used. The one-dimensional semi-

infinite wall assumption is used to measured the heat transfer 

coefficients by the transient method. The heat condition 

equation is represented as: 
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where, z represents the distance from the target surface to the 

solid. Based on the assumpution of the one-dimensional semi-

infinte wall, the solution of the heat transfer is obtained as: 

2
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Considering that the flow temperature cannot be 

increased to the required temperature abruptly, the change of 

the flow temperature is actually an unsteady process. the 

Duhanmel theorem should be used to modify the formula (3):  
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The temperature of the target surface, Tw, is measured as 

the transition temperature of the TLC. The initial temperature 

of the experiment apparatus, Ti, is measured by K-type 

thermocouples. The time of the experiment, t, is recorded by a 

3CCD camera which is above the target surface to observe the 

transition of the TLCs. The temperature of the impingement 

jet, Tf is also measured by K-type thermocouples. Therefore, 

the change of the jet temperature, ȹTf, can be obtained. Then, 

the heat transfer coefficient of the target surface can be 

calculated with these measured parameters by the iterative 

solution of the formula (4). The heat transfer results in the 

form of Nusselt number are non-dimensionalized as: 

f

hd
Nu

k
= . (5) 

The formula (4) is based on the heat conduction equation 

in the Cartesian coordinates. Therefore, the solution is the heat 

transfer coefficient over a flat surface. The heat transfer 

coefficients for the concave surface should be modified based 

on the Buttsworthôs correction (Buttsworth and Jones, 
1997):  

sk
h h

D
¡= + . (6) 

It should be noted that the correction result obtained by 

the formula (6) is less 1% of the heat transfer result by the 

formula (4) as the low thermal conductivity material is used .  

Based on the investigations by Jordan et al. (Jordan, 
2012; Jordan, 2012; Jordan, 2013), the transition time of the 

TLCs changes little with the observing angle. Therefore, one 

3CCD camera (type: Sony XCD-390P) is located above the 

test section to record the transition of the TLCs.  

1.3 Measurement Uncertainties 

In this paper, the error analyse of the measurement is 

based on the reference (Moffat, 1988). The error of the whole 

experiment depends on the measured error of the 

thermocouples, the transition of the TLCs and the experiment 

time.  

For TLCs used in the experiment, the uncertainty wall 

temperature Tw is about 0.1K (Yan and Owen, 2002). The 

uncertainty of the K-type thermocouples is less than 0.5K, The 

time resolution of the CCD camera is approximate 0.04s. 

Then, the overall uncertainty of the measurement for the heat 

transfer coefficients is about 5.7%. 

2. NUMERICAL SETUP 

2.1 Computational methods 

The numerical simulation is carried out by the ANSYS 

CFX. The steady Reynolds-averaged Navier-Stokes equations 

(RANS) are solved on the computation grids. The used 

algorithm is fully implicit . In addition, the high resolution 

scheme of the spatial discretization is chosen in the software. 

2.2 Computational model and mesh generation 

Fig.4 shows the numerical model, which is the same as 

the experiment model. The settings of the inlet and outlet 

ensure that the effect of the inlet and the outlet flow will not 

affect the core region where the impingement jet interacts with 

the cross-flow. The coordinate system is illustrated as Fig.4, 

the origin of the coordinates is at the centre of the jet nozzle 

on the top wall.  

 

 Fig.4 Physical geometry and the settings of the 
boundaries  

The computation grids is generated by the ICEM. The 

hexahedral grids are constructed for the boundary layer, 

shown as Fig.5.  

 

Fig.5 Grids for the model in detail 

The independence of the grid is studied. Heat transfer 

results are obtained with 5 different mesh sizes for three VG 

configurations (without VG, SVG with Ŭ=0° and VGP with 

Ŭ=45°). It can seen from Fig.6 that the total grids of three VG 

configurations are about 2.7 million, 4.9 million and 5.5 

million, respectively, which can be adequate to provide 

solutions with appropriate accuracy and minimal cost. 
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(a) Without VG 
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(c) VGP with 45° 

Fig.6 Mesh independence test plot of three VG 
configurations 

2.3 Boundary condition 

Based on the experiment parameter, the boundary 

conditions are set as follow. The inlet of the jet and the cross-

flow are imposed by the constant mass flow rate. For the outlet 

condition, the average static pressure of the constant 1 atm is 

specified. The walls are all defined as no-slip walls with the 

constant temperature of 294.3°K. The turbulence model, k-ɤ 

SST model, is used for the numerical simulation, which is 

valid to obtain good prediction for the heat transfer on the 

surface with the impingement jet. (Liu and Feng, 2011; Liu 
and Song, 2010; Liu et al, 2017; Kumar and Prasad, 
2008; Yang et al, 2014). All the cases presented are 

converged to residual levels of the 1*10-5.  

2.4 Numerical validation  

In this section, the numerical results is compared with the 

experiment results in order to valid the numerical simulation. 

The local Nusselt number and spanwise-averaged Nusselt 

number distributions on the target surface are shown on Fig.7 

and Fig.8. The results are obtained from experiment and 

numerical simulation for two cases at the cross-flow Reynolds 

number Rec=15000, respectivly. Two cases demonstrate that 

the predicted Nusselt number distributions are essentially 

consistent with the experimental distributions, except that the 

calculated values are higher than the measured values. 

Although the predicted Nu appears to be consistently higher 

than measured data in the downstream region, the predicted 

values match the measured values quite well in the 

impingement region. Thus, the CFD method could still be 

used to investigate the impingement heat transfer in the jet 

channel with and without the VGs. The following study of this 

paper is mainly based on the CFD results. In addition, the 

measurement error is larger at locations close to the 

boundaries of the cameraôs lenses, so the range of X/d is only 

selected from X/d=-1.5 to X/d=1.5 in this paper. 

 

 

Fig.7 Contours of Nusselt number on impinged 
surface for experiment and simulation 
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Fig.8 Distributions of Nusp along the streamwise 
direction for experiment and simulation 
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3. RESULTS AND DISCUSSION 

3.1 Effects of the angle of attack of the VGP  

Fig.9 shows the local Nusselt number contours with 

different angles of attack of the VGP. The Ŭ varies from 0° to 

45°. The case without the VG is also presented as a baseline 

for comparison. Because of the presence of the cross flow, the 

impinging jet is deflected and the position of the stagnation 

point moves downstream with degraded heat transfer 

performance. This is in accordance with the results of other 

researchers (Metzger and Korstad, 1972; Wang et al, 2015).  

The impingement heat transfer is strengthened greatly by 

the VG. The high heat transfer region (impingement region) is 

also shifted to the upstream and expanded in size, which 

indicates that the jet momentum is improved. It is surprising 

that this effect is more obvious with the decrease of the angle 

of attack. When the Ŭ=0£̆the high stagnation heat transfer 

is obtained. This can be explained by the fact that the smaller 

the angle of attack, the less fluid flows into the two vortex 

generators, and the better jet penetration is promoted. Thus, 

the stagnation heat transfer will still increase, while the 

strength of the counter-rotating vortices decreases due to the 

effect of the VGP. This is different from the results of Wang 

et al. which obtained on the plate wall (Wang et al, 2015; 
Wang et al, 2016). 

  

Fig.9 Nusselt number contours of jet impingement 
in cross-flow with and without a VGP 

Fig.10 presents the distributions of the Nusp along the 

streamwise direction for different Ŭ at Rec=15000. The 

baseline case is also plotted for comparison. It is seen that all 

the VGP can augment the Nusp on the target surface, but the 

difference between different Ŭ is very small. The high 

stagnation heat transfer (Nusp=99.71) obtained at Ŭ=0° is 

enhanced 55.6% compared with the baseline case (Nusp=64.1). 

However, in the downstream region, the case of Ŭ=45° can 

obtain the highest Nusp due to the strongest counter-rotating 

vortices is generated.  
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Fig.10 Effects of α on Nusp distribution along the 
streamwise direction (CFD) 

Therefore, due to the decrease of the cross-flow velocity, 

VGs enhances the stagnation heat transfer mainly by 

improving the jet momentum. However, the strength of the 

vortices could affect the heat transfer in the downstream 

region. 

3.2 Local impingement heat transfer for SVG 

In order to further verify that the stagnation heat transfer 

enhancement of the VG is mainly because the reduction of the 

momentum of cross-flow approaching the jet nozzle increases 

the jet penetration, an SVG with Ŭ=0°placed right ahead of the 

jet exit is used. It should be noted that only the VGP with 

Ŭ=45° that produces the strongest counter-rotating vortices is 

used for comparison in this section.  

Fig.11 shows the Nusp distributions along the streamwise 

direction for the SVG with Ŭ=0°and VGP with Ŭ=45° at 

Rec=15000. The baseline case is also plotted for comparison. 

It can be found that the SVG produces the best heat transfer in 

the vicinity region of impingement, and the peak value of Nusp 

has been raised to 114.9, which is enhanced 79.3% compared 

with the baseline case (Nusp=64.1). But in the downstream 

region, the VGP with Ŭ=45° produce higher Nusp than the 

SVG. This shows that the counter-rotating vortices can 

strengthen the heat transfer in the downstream region, but the 

enhancement of the stagnation heat transfer does not depend 

mainly on it. In order to better understand the reasons for the 

impingement heat transfer enhancement by the VGs, the flow 

in the jet cavity is needed to be analyzed in detail.   
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Fig.11 The Nusp along the streamwise direction at 

Rec=15000 (CFD) 

3.3 Flow characteristics of impinging jets  

The flow pattern of the jet channel obtained by the 

numerical simulation is used to analyze the mechanism of the 

heat transfer enhancement with the VG. The cases without 

VG, VGP with 45° and SVG with 0 ° are chosen for 

comparison. 

Fig.12 shows the contours of Z-component velocity on 

the X-Y plane at Z/d=-1 for Rec of 15000. The Z-component 

velocity represents the velocity in the cross-flow direction. 

When the VG is placed in the channel upstream of the jet, the 

cross-flow velocity before the jet decreases. This indicates the 

jet penetration will increase due to the reduction of the adverse 

effect of the cross flow. And the impingement heat transfer 

will be augmented. For the case of the SVG with 0°, the lowest 

cross flow velocity can be found in the middle of the section, 

so the highest jet momentum will be obtained by the SVG. 

 

 

Fig.12 Contours of Z-component velocity on the X-
Y plane at Z/d=-1 (Rec=15000) 

Fig.13 shows the streamlines and contours of Y-

component velocity on the Y-Z plane at X/d=0 with a fixed 

Rec of 15000. It is seen that both the jet momentum and the 

high-velocity area increase compared with the baseline case. 

In addition, the position of the jet impingement is also moved 

to the upstream. 

When the jet penetration is promoted, the jet is more 

likely to impinge on the target surface, and a stronger ñHorse-

shoe Vortexò would be produced near the target surface.  

This will enhance the local heat transfer on the impinged wall. 

The horseshoe vortex is generated due to the separation of the 

boundary layer caused by the adverse pressure gradients on 

the approaching flow when the cross-flow approaches the jet. 

In the Fig.13 (b), complete horseshoe vortex system can be 

clearly found, which is composed of a counter-rotating 

Vortex, a primary Horse-shoe Vortex, and a Separation 

Vortex. Thus, the best heat transfer in the impinged region will 

be obtained by the SVG. 

The distributions of the Y-component velocity along the 

black curve in Fig.13 (a) are also presented. In Fig.14, the jet 

velocity increases significantly when the VG is placed in the 

jet cavity, especially the SVG with Ŭ=0° is used. In the range 

of Y/d=-4.5 to Y/d=-5 (near target surface), the velocity 

magnitude is only about 2m/s for the baseline case, while it 

increases to 8m/s for the SVG and 4m/s for the VGP, 

respectively. This indicates that the best stagnation heat 

transfer will be obtained by using the SVG. 

 

 Fig.13 Streamlines and contours of Y-component 
velocity on the Y-Z plane at X/d=0 (Rec=15000) 

  

Fig.14 Distributions of Y-component velocity along 
a special curve (Rec=15000) 

Fig.15 presents the turbulent kinetic energy contours on a 

series of Y-Z planes at different X/d for Rec of 15000. Only 

the contours within the given range are shown. The primary 

Horse-Shoe Vortex (HV) near the target surface is also shown. 

The stronger the jet penetration, the stronger the horseshoe 

vortex. After the horseshoe vortex is mixed with the jet, it is 

lifted off the wall and dissipates gradually.  
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The high turbulent kinetic energy indicates the strong 

mixing, which will result in the higher heat transfer. When the 

VG is placed into the jet channel, the turbulent kinetic energy 

in the cavity is significantly enhanced. In the middle of the Y-

Z planes, the highest turbulent kinetic energy is obtained by 

the VGP due to the mixing of the counter-rotating vortices pair 

with the jet. However, the highest turbulent kinetic energy can 

be obtained by the SVG at the near target surface due to the 

presence of the strongest horseshoe vortex. Thus, the SVG 

will achieve the highest heat transfer in the impinged region.  

  

(a) Without VG 

  
(b) SVG with 0° 

  

(c) VGP with 45° 

Fig.15 Contours of turbulent kinetic energy on a 
series of Y-Z planes at different X/d (Rec=15000) 

As the heat transfer has close relationship to the 

turbulence intensification and the boundary layers. Therefore, 

Fig.16 and Fig.17 show the contours of the Y-component 

velocity and turbulent kinetic energy on the Z-X plane near 

the impinged wall (Y/d=-4.8) in the condition of Rec=15000. 

In the Fig.16, the direction of the velocity from the jet 

nozzle to the target surface is defined as the positive Y-

component. Compared with the baseline case, the 

impingement region (high Y-component velocity area) is 

shifted to the upstream direction by the VG due to the decrease 

of the cross-flow velocity before the jet. The velocity 

magnitude and the high-velocity region are also significantly 

increased, which will result in the enhancement of 

impingement heat transfer. It should be noted that the peak 

value of the Y-component velocity is up to 4m/s when the 

SVG is used. 

In addition, the negative Y-component velocity contours 

(blue area) can be found in the upstream due to upwash flow 

from the collision between cross-flow and wall jet. These will 

also produce higher heat transfer on the target surface. 

Especially, when the SVG is placed into the channel, as shown 

in Fig.16 (b), bigger negative Y-component velocity region 

can be observed in the vicinity of Z/d=0. 

 

 

Fig.16 Contours of Y-component velocity on the Z-
X plane at Y/d=-4.8 (Rec=15000) 

It can be seen from Fig.17 that the turbulent kinetic 

energy is obviously enlarged when the VG is inserted into the 

channel. The high turbulent kinetic energy region is found to 

correspond to the high Y-component velocity in Fig.17. The 

peak value of the turbulent kinetic energy without the VG is 

only 4J/kg, but the peak value increases to 20J/kg (the SVG 

with 0£) and 16J/kg (the VGP with 45£)̆respectively. The 

highest turbulent kinetic energy for the SVG can be explained 

as the generation of the strongest horseshoe vortex due to the 

increase of the jet momentum. 

In summary, the VG that placed in the channel upstream 

of the jet exit enhances the impingement heat transfer mainly 

because the decrease of the velocity of cross-flow approaching 

the jet nozzle improves the jet penetration. Due to the 

promotion of the jet penetration, both the Y-component 
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velocity and the turbulent kinetic energy near the target 

surface increase, which will lead to the enhancement of the 

heat transfer on the target surface. However, the influence of 

the counter-rotating vortices which generated by the VGP is 

not significant.  

  

Fig.17 Contours of turbulent kinetic energy on the 
Z-X plane at Y/d=-4.8 (Rec=15000) 

3.4 Effects of cross-flow velocity on the jet 
impingement 

The cross-flow in the turbine blade leading edge is the 

generally accumulation of the upstream spent flow after 

impinging, so each jet will have a different cross-flow 

velocity. Thus, it is necessary to investigate the heat transfer 

of jet impingement with different cross-flow velocity.  

3.4.1 Local heat transfer on the impinged surface 

Figs.18-19 shows the Nusp distributions along the 

streamwise direction for the SVG with 0° and the VGP with 

45° at Rec=20000 and 30000, respectively. The baseline case 

without the VG is also presented for comparison.  

Combined with Fig.11, it is seen that the impingement 

heat transfer for all the cases decreases with the increase of the 

cross-flow Reynolds number. This is because that the 

momentum of the cross-flow increases with increasing the 

cross-flow Reynolds number, which will cause the impinging 

jet to move further downstream. Thus, the jet impingement 

heat transfer is reduced.  

It is also found that the peak value of the Nusp is 

augmented and the stagnation position is shifted to upstream 

by the VG at the same cross flow Reynolds number due to the 

suppression of the adverse effect of the cross-flow. Especially, 

it can be found that the SVG with 0° provides best stagnation 

Nusp at all Reynolds numbers.   

 

 Fig.18 Distributions of the Nusp along the 
streamwise direction at Rec=20000 (CFD) 

  

Fig.19 Distributions of the Nusp along the 
streamwise direction at Rec=30000 (CFD)  

 

3.4.2 Pressure drop in the jet channel 

In order to evaluate the flow loss of the jet impingement, 

the jet pressure drop (ȹPj) and the cross-flow pressure drop 

(ȹPc) are determined by the equations below: 

j jet outP P PD = - . (7) 

c c outP P PD = - . (8) 

The pressure drop of the jet for these three cases is 

illustrated in Table 1, where the deviations from the baseline 

case are also shown. 

Table 1 Pressure drop of the jet impingement for 
these three cases 

Rec Delta-winglet 

arrangements 

ȹPj, Pa 

(Difference) 

ȹPc, Pa 

(Difference) 

15000 

Without VG 171.1 

(baseline) 

23.4 (baseline) 

SVG with 0° 179.6 (+4.7%) 28.4 (+21.4%) 

VGP with 45° 200.0 

(+16.9%) 

30.3 (+29.5%) 

20000 

Without VG 154.5 

(baseline) 

30.4 (baseline) 

SVG with 0° 168.2 (+8.9%) 37.7 (+24.0%) 

VGP with 45° 186.6 

(+20.8%) 

39.8 (+30.9%) 
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30000 

Without VG 150.8 

(baseline) 

46.2 (baseline) 

SVG with 0° 152.1 (+0.9%) 58.9 (+27.5%) 

VGP with 45° 169.0 

(+12.1%) 

64.6 (+39.8%) 

It is seen from the table that for the same cross-flow 

Reynolds number, the SVG can not only produce the best 

stagnation heat transfer, but also has a smaller pressure drop. 

For example, at Rec=15000, the VGP with 45° leads to the jet 

pressure drop ȹPj and the cross-flow pressure drop ȹPc 

increase from 171.1 to 200.0, and 23.4 to 30.3, respectively. 

However, for the SVG with 0Á, the jet pressure drop ȹPj and 

the cross-flow pressure drop ȹPc only increases from 171.1 to 

179.6, and from 23.4 to 28.4, respectively. Both the two 

pressure drops are lower than that for the VGP with 45°. 

With increasing the cross-flow Reynolds number, the jet 

pressure drop decreases, but the cross-flow pressure drop 

increases. For example, for the SVG with 0°, the jet pressure 

drop ȹPj is reduced from 179.6 (+4.7%) to 152.1 (+0.9%) 

when the Rec varies from 15000 to 30000. However, the cross-

flow pressure drop ȹPc increases from 28.4 (+21.4%) to 58.9 

(+27.5%). In addition, it is noted that the increment of the 

cross-flow pressure drop rises with the increase of the Rec. 

This is explained by the fact that the strength of the vortices 

generated by the VG has been found to be proportional to the 

velocity of the cross-flow near the tip of the VG (Jacobi and 

Shah, 1995; Wang et al, 2016). 

CONCLUSION 

The flow and heat transfer characteristics of the jet 

impingement in a concave channel with the initial cross flow 

are investigated by experiment and CFD. A VG with the shape 

of the delta-winglet is installed at the upstream of the jet exit 

to reduce the cross-flow and enhance the impingement heat 

transfer. The mechanism of heat transfer enhancement by the 

VG is elucidated in detail. In addition, the effects of the angle 

of attack of the VGP and the cross-flow velocity are also 

investigated. Several conclusions are drawn as follows: 

(1) It is found that the cross-flow can reduce the jet 

impingement heat transfer. With the increase of the cross-flow 

Reynolds number, more impingement heat transfer is reduced. 

When the VG is inserted in the cross-flow, the impingement 

heat transfer on the target surface will be significantly 

enhanced.  

(2) When the VG is used, the jet penetration has been 

improved due to the decrease of the momentum of cross-flow 

approaching the jet nozzle. As the jet penetration is promoted, 

both the Y-component velocity and the turbulent kinetic 

energy near the target surface increase, which will result in the 

heat transfer enhancement in the impinged region. However, 

the effect of the counter-rotating vortices which generated by 

the VGP on the impingement heat transfer is not as dominated 

as that.  

(3) The SVG can obtain better stagnation heat transfer 

compared to the VGP at the same cross-flow Reynolds 

number. In addition, the SVG can not only obtain the best 

stagnation heat transfer, but also produce the lower pressure 

drop than the VGP at the same cross-flow Reynolds number. 

With the increase of the cross-flow Reynolds number, the 

cross-flow pressure drop rises, while the jet pressure drop 

decreases. 

NOMENCLATURE 

d jet nozzle diameter (m) 

D target surface curvature (m) 

h heat transfer coefficient (Wm-2K-1) 

H height of the VG (m) 

kf thermal conductivity of fluid (Wm-1K-1) 

ks thermal conductivity of test section material  

(Wm-1K-1) 

L chord length of the VG (m) 

L2 spacing between the cross-flow inlet and the  

jet pipe (m) 

L3 spacing between the outlet and the jet 

pipe (m) 

Nu Nusselt number (hd/kf) 

Nu(z=0) Nusselt number of the stagnation point 

Nusp spanwise average Nusselt number 

Pc mass-weight average static pressure at the  

cross-flow inlet (Pa) 

Pjet mass-weight average static pressure at the jet 

inlet (Pa) 

Pout mass-weight average static pressure at the 

outlet (Pa) 

ȹPc cross-flow pressure drop (Pa) 

ȹPj jet pressure drop (Pa) 

Rec cross-flow Reynolds number (UcDh/ɡ) 

Rej jet Reynolds number (Ujd/ɡ) 

S1 Spacing between the two VGs (m) 

S2 distance between the VGP and the jet pipe (m) 

t time (s) 

T temperature ( ) 

Tf inlet temperature of the jet pipe () 

Ti initial temperature of the test section () 

Tw wall temperature of the test section ( ) 

Uc cross-flow velocity (ms-1) 

Uj jet velocity (ms-1) 

X spanwise direction 

Y wall-normal direction 

Z streamwise direction 
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Greek symbols 

Ŭ angle of attack of the VG (°) 

ɡ kinematic viscosity of fluid (m2s-1) 

Ű time step change of bulk fluid temperature (s) 

Subscripts 

c cross flow 

j jet 
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