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ABSTRACT 

Numerical simulation has been performed to 

investigate the internal heat transfer characteristics of 

sweeping jet and film cooling together with the 

representative flow characteristics on a flat plate. SST 

k-ω turbulence model was employed for a fluidic 

oscillator with twenty cylindrical film holes at four 

different blowing ratios and four different inclination 

angles. Time-resolved flow fields and time-averaged 

heat transfer analysis considering thermal convection 

and conduction by coupling of fluid and solid domains 

were presented. Results indicate that the total pressure 

loss coefficient of sweeping jet is larger than those of 

normal jet, especially when blowing ratio is relatively 

higher. The Nu number monotonously increases with the 

increase of blowing ratio and decrease of inclination 

angle in all different cases, but the Nu number 

distribution on the impingement wall is insensitive to the 

inclination angle of film holes. Compared to normal jet, 

sweeping jet has a more spatially uniform heat removal 

rate, but the area-averaged Nu number is higher only 

when blowing ratio is 4. Therefore, sweeping jet and 

film composite cooling is desirable to make the 

distribution of flat wall heat transfer more uniform, but 

the impinge distance of fluidic oscillator should be 

further optimized to improve the impingement cooling 

effectiveness and the total pressure loss coefficient. 

INTRODUCTION 

The increasing turbine heat load brings more rigor- 

ous challenges to blade cooling, and with the improving 

constantly of processing technology, the cooling structu- 

res of turbine blade are becoming more sophisticated all 

the time. Recently, the impingement and film cooling 

structure in confined space has been extensively studied. 

The velocity differential between inlet and outlet of film 

holes leads to the pressure differential between 

impingement chamber and gas flow, and the coolant in 

impingement chamber is extracted. Therefore, the 

addition of film cooling has a profound impact on the 

flow field of impingement chamber. Hollworth et al. 

(1980) first studied the impingement and film composite 

cooling, he demonstrated that the heat transfer 

performance of the composite cooling structure was 

improved because the boundary layer near film holes 

was removed. Moreover, Ekkad et al. (1999) found that 

the crossflow in impingement chamber only developed 

in one direction due to suction effect of film holes, and 

impingement cooling effect was attenuated. The study of 

Huber (1994) also indicated that the presence of film 

holes weakened strength of adjacent impingement holes. 

In addition, research on the application of impingement 

and film cooling on curved surfaces (Metzger and 

Bunker, 1990, Taslim, Pan et al., 2001) and leading edge 

of blades (Guo, Liu et al., 2018, Mathew, Ravelli et al., 

2012, Ravelli, Dobrowolski et al., 2010) are also 

continuing, and more complex structures such as 

impingement, ribs and film composite cooling (Zhang, 

Liu et al., 2019) were proposed. Therefore, although the 

addition of film holes leads to decrease of impingement 
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cooling effectiveness, previous literature shows that the 

overall cooling effectiveness of composite structure is 

still higher than a single structure.  

However, the cooling effectiveness of normal jet is 

the best only in core area, thus the area with high cooling 

effectiveness is extremely limited. Dr. Stouffer (1979) 

applied for the patent of fluidic oscillator in 1979, it has 

been extensively used in flow control (Cerretelli and 

Kirtley, 2009, Kim, 2020), noise reduction (Raman and 

Raghu, 2000) and resistance reduction (Woszidlo, 

Stumper et al., 2014) due to its sweeping behavior. In 

recent years, it has been used as film (Hossain, Agricola 

et al., 2019, Hossain, Ameri et al., 2020, Hossain, Asar 

et al., 2020, Hossain, Prenter et al., 2017b) and 

impingement (Hossain, Agricola et al., 2018b, Hossain, 

Agricola et al., 2018d, Agricola, Hossain et al., 2018) 

cooling equipment to enhance the heat transfer 

performance of blades. The compressible coolant flows 

into the contraction nozzle along the centerline of fluidic 

oscillator. With the increase of vortex intensity inside 

fluidic oscillator, the coolant flows against the side wall 

due to the Coanda effect, meanwhile, a part of coolant 

flows into the local loop, resulting in pressure 

differential between the two loops, then the coolant 

separates from the sidewall and tends to the other side 

wall. In this way, the coolant produces sweeping 

behavior at the exit of fluidic oscillator.  

Under high frequency sweeping behavior, the fluidic 

oscillator injects coolant with same mass flow to larger 

area, thus it has been much accounted of impingement 

cooling. Wu Yongjia (2019) performed CFD simulation 

on three configurations of impingement cooling, 

including the angled fluidic oscillator, curved fluidic 

oscillator and normal jet. Result showed the cooling 

effectiveness of direct injection was the highest in core 

area, but it decreased sharply away from the core area; 

adversely, the curved fluidic oscillator has more 

spreading and uniform heat transfer removal 

performance. Hossain (2018c) numerically investigated 

the effects of exit fan angle and jet distance on 

impingement heat transfer of fluidic oscillator. It was 

found that sweeping behavior increased turbulence in the 

local shear layer compared with normal jet, heating the 

coolant resulted in decrease of local Nu number in core 

region, and the cooling effectiveness increased with 

decrease of the exit angle and jet distance. Moreover, it 

is consistent with experimental results of Agricola 

(2017), Park (2018) and Zhou (2019). In addition, 

experimental results of Osorio (2019) showed that 

stagnation zone disappeared when normalized injection 

distance was 2, and the cooling effectiveness was the 

best when normalized injection distance was 3. Kim 

(2019) found that the overall cooling effectiveness of 

fluidic oscillator was higher than normal jet when 

normalized injection distance was less than 5. 

Significantly, Agricola (2018) investigated the 

aerodynamic and heat transfer characteristics of fluidic 

oscillator and normal jet with different mass flow rates 

and turbulence on a low-speed cascade test rig. 

Experimental results showed that the cooling 

effectiveness of normal jet exceeded sweeping jet, and 

the aerodynamic loss was smaller when the normalized 

injection distance was 5, but sweeping jet covered a 

wider area. The reason for the divergence might be that 

the impinging surface was concave in the experiment of 

Agricola (2018), large-scale vortices were formed on 

both sides of jet core region, and the cooling 

effectiveness was reduced because the coolant with 

higher temperature was sucked into core region. 

Therefore, similar to the impingement and film 

composite structures mentioned above, current work is to 

set film holes on both sides of core region to extract 

large-scale vortices from the impingement cavity and 

spread a layer of film on the outer surface to isolate the 

direct erosion of gas.  

Significantly, normal jet and tangential jet cooling 

appeared successively in the early stage of blade leading 

edge cooling research. With the progress of processing 

technology, the impingement and film composite cooling 

structure in confined space has been developed in the 

1990s. However, the fluidic oscillator has been widely 

studied as relatively efficient impinge heat transfer 

equipment recently. Therefore, previous works have 

focused on steady jet (including normal jet and 

tangential jet) and film composite cooling or simply 

sweeping impingement cooling. However, almost no 

attention is paid to the sweeping jet and film composite 

cooling, and 3D printing technology makes it feasible to 

apply it in blade. 

Besides, the effect of solid heat conduction on the 

overall cooling effectiveness needs to be considered as 

the operating temperature of turbine is increased. 

Compared to the wall boundary with constant 

temperature or constant heat flux, conjugate heat transfer 

can achieve more accurate convection boundary 

conditions, the predicted results of conjugate heat 

transfer method (Facchini, Magi et al., 2004, Mazur, 

Alejandro et al., 2006, Steinthorsson, Ameri et al., 2013, 

Sugimoto, 2003, Takahashi, Watanabe et al., 2005, York 

and Leylek, 2003) are matched perfectly with 

experimental results. Therefore, in order to compare with 

the aerodynamic and internal heat transfer performance 

of normal jet and film composite cooling, the sweeping 

jet and film composite cooling on a flat wall are 

investigated using conjugate heat transfer method in this 

paper, and the effects of blowing ratios and streamwise 

inclination angle of film holes are studied. 

COMPUTATIONAL METHOD 

Geometry details 

The fluidic oscillator used in current work is 

adjusted from invention of Bowles Fluidic Corporation 

(Stouffer, 1979). The three-dimensional geometry is 

shown in Fig.1, the overall size of fluidic oscillator is 

14.1mm×7mm×1mm. The width of inlet is 3.2D (where  
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(a) The Fluidic Oscillator (Stouffer, 1979) 

 
(b) The normal jet 

 

(c) Computational domain and boundary 
conditions 

Fig.1 Schematic of the model and boundary 
condition 

 

D is the width of fluidic oscillator throat, set to 1mm). 

The thickness of fluidic oscillator is 1mm, so that the 

aspect ratio of throat is unity, which can obtain the 

highest sweep frequency (Hossain, Agricola et al., 

2018b). The width and length of impingement chamber 

are 7.5D and 32D respectively, which are the same as 

those of the mainstream cavity and solid domain. The 

inlet is expanded by half of the mainstream cavity in 

order to ensure fully development of boundary layer of 

mainstream. The distance between throat of fluidic 

oscillator and impinging target surface is 5D, and the 

exit fan angle is 100°, which can obtain relatively higher 

impingement cooling effectiveness (Hossain, Agricola et 

al., 2018c). The height of solid domain is 1D, where 4×5 

cylindrical film holes with diameter of 0.5D are located. 

Meanwhile, the distance between adjacent orifices in 

each row is 9D and that in each column is 1.5D, the 

mainstream flow direction angles of film holes are 30°, 

45°, 55°, 65°, respectively. Besides, two feedback loops 

of fluidic oscillator are removed, thus the normal jet as a 

reference is established.  

Mesh procedure 

The mesh of fluidic oscillator and solid domain is 

generated by commercial software Mesh 19.0, and the 

meh of rest domain of fluid is generated by commercial 

software ICEM-CFD 19.0. The entire computational 

domain of fluid is meshed using hexahedron cells and 

connected by interface boundary, the meshes close to 

orifices and walls are refined to ensure the value of y+ is 

less than 1. The grid quality is checked and adjusted 

carefully to ensure better convergence (Fig.2). 

 
(a) Mesh in periodic boundary 

 

(b) Mesh on impinge wall 

 
(c) Mesh of fluidic oscillator 

 
(d) Unstructured mesh in solid domain 

Fig. 2 Local views of computation grids 



4 

Boundary conditions and numerical setup 

The boundary conditions of the computational 

domain are seen in Fig.1(c) and Table 1. In all cases of 

current work, air ideal gas was used in fluid domain, 

velocity-inlet boundary is set to the inlet of mainstream 

chamber and the velocity is 20m/s and corresponding 

Reynolds number is 7900, the static pressure is set to 

101325 Pa at mainstream outlet, and the inlet turbulent 

intensity is 1%, the density ratio of coolant to 

mainstream is 2.14 when the inlet static temperature of 

fluidic oscillator is set to 300K. Four different blowing 

ratios (1, 2, 3, 4) are analyzed in current work, the inlet 

velocity of fluidic oscillator is calculated according to 

blowing ratios. Both side walls of fluid and solid domain 

are set as translational periodic boundary, and the upper 

wall of mainstream chamber is set as free-slip adiabatic 

condition, non-slip adiabatic wall boundary is assigned 

to rest surface. In addition, the thermal conductivity of 

the solid domain is set to 10 W/(m·K), so that the Bi 

number is close to the range of the real turbine blade 

(Zhang, Liu et al., 2019). 

In solver control of CFX 19.0, the high resolution 

and second order backward Euler method are adopted for 

advection and transient scheme. Due to long 

convergence time of transition model, the maximal 

coefficient loops for each time step is set to 15, iteration 

continues until root mean square residuals of 

momentum, mass, energy, turbulent and transition 

equation are lower than 10-6, which are same as that of 

normal jet cases. Besides, the timesteps varied from 

2×10-7 sec to 5×10-6 sec depending on inlet velocity of 

fluidic oscillator to keep root-mean-square (RMS) 

courant number less than unity. As initial conditions, the 

steady results are used in transient numerical simulation 

which get time accurate and time averaged results for 

sweeping jet and normal jet.  

Table1 Boundary conditions 

Mainstream temperature, T∞ 600K 

Mainstream inlet velocity, Vin,m 20 m/s 

Outlet static pressure, Pf 0.1 MPa 

Coolant flow inlet temperature, Tc 300K 

Density ratio, ρc/ρ∞ 2.14 

Blowing ratio, BR 1~4 

The blowing ratio (BR) mentioned above is given by 

 c c

m m

BR
V

V




=  (1) 

Where ρ and V represent density and velocity, 

respectively, c and m represent inlet parameters of the 

coolant and mainstream, respectively.  

In order to evaluate aerodynamic performance of the 

combined cooling configuration, the total pressure loss 

coefficient (Liu, Lin et al., 2016) was discussed in detail, 

and it is calculated by 

 

c m
t,cin t,m t,f

c m c m
p,total

t,m f

m m
P P P

m m m m
C

P P

+ −
+ +

=
−

 (2) 

Where mc and mm is the mass flow of coolant and 

mainstream, respectively. Pt,cin and Pt,m is total pressure 

of coolant inlet and mainstream inlet, respectively. Pt,f 

and Pf is total pressure and static pressure of mainstream 

outlet, respectively. 

The Nu number is employed to represent internal 

cooling performance while the heat conduction of solid 

domain was considered, and it is calculated by 

 
( )

w

c c w c

Nu
j jhD q D

T T 
= =

−
 (3) 

Where qw is the wall heat flux, Dj is hydraulic 

diameter of fluidic oscillator throat, λc is thermal 

conductivity of coolant, Tc is the temperature of coolant, 

and Tw is the temperature of the impinging wall. 

Validation analysis 
For numerical simulations of sweeping jet 

impingement and film cooling, the sweeping frequency 

of fluidic oscillator and heat transfer performance are 

influenced by turbulence model greatly. The SST k-ω 

model by Menter (1994) for sweeping jet was employed 

in previous works, and their results are in good 

agreement with experiment results (Hossain, Agricola et 

al., 2018a, Hossain, Agricola et al., 2018c, Hossain, 

Prenter et al., 2017b), besides, the aerodynamic and heat 

transfer results of SST k-ω model is similar with results 

of Large Eddy Simulation (Wu, Yu et al., 2019). In 

addition, details on the selection of turbulence model in 

numerical simulation of the combination of impingement 

and film cooling have been investigated in Liu Zhao’s 

paper (2014), which demonstrated that SST k-ω model 

obtained the highest accuracy.  

Experimental cases investigated by Hossain (2018a) 

are adopted as model verification, the shape of fluidic 

oscillator and aspect ratio of fluidic oscillator throat is 

the same as that employed in this paper. As shown in 

Table 2, the result of SST k-ω model agrees well with 

the experimental result. Therefore, the SST k-ω model is 

adopted for the present work.  

Table 2 Validation of turbulence model 

Turbulence model St Error (%) 

SST k-ω 0.0598 0.34 

Standard k-ε 0.0590 1.01 

Standard k-ω 0.0607 1.85 

RNG k-ε 0.0569 4.53 

Experiment data 0.0596 - 

Grid independency 

A grid independence analysis is carried out to 

balance the accuracy of computational results and grid 

numbers. Comparison of sweep frequency of fluidic 

oscillator is conducted based on four different grid 

numbers. As shown in Fig.3, it is observed that calculat- 

ed results for the case of 4.91 million grids are a little 

lower than those with more meshes. However, calculated 

results for the case with 6.25 million grids have a good 

agreement with the case with 9.32 million grids. Thus, 

about 6.25 million grid cells are used in the following 

simulations with considering calculation cost. 
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Figure 3 Grid independence analysis 

RESULTS AND DISCUSSION 

Frequency of fluidic oscillator 

Figure 4 shows predicted sweeping frequency for 

four different blowing ratios and four different incline 

angles of film holes. As the blowing ratio increases from 

1 to 4, the sweeping frequency increases from 662 to 

3274 Hz. Consistent with previous studies (Kim, Jeong 

et al., 2019), the sweeping frequency is approximately a 

linear function of the inlet velocity in current work, and 

the sweeping frequency is affected by compressibility of 

coolant along with the throat velocity of fluidic 

oscillator. It is obvious that the sweeping frequency 

scarcely changes with incline angles. Therefore, exactly 

as the sweeping frequency of fluidic oscillator is not 

affected by the interaction of crossflow (Hossain, Prenter 

et al., 2017a), the impinging flow characteristics and 

cooling effectiveness are scarcely influenced by external 

flow characteristics, which are almost just affected by 

the parameters of working coolant. 

 

Figure 4 Sweeping frequency at various blowing 
ratios 

The effects of BR-Flow filed 

Figure 5 shows the instantaneous velocity magnitud- 

e (Front view) for α=30°case at four blowing ratios for 

half a sweeping period. Each row represents four 

moments of half a sweeping period and each column 

shows a single moment at various blowing ratios. The 

impingement of fluidic oscillator looks like spitting 

image of a normal jet that rotates around an axis, sweeps 

from leftmost to rightmost in half a period, meanwhile, 

the turbulence of coolant is increased by sweeping 

behavior near the wall. In addition, the strength of 

separation bubble in fluidic oscillator increases with the 

increase of blowing ratio, which leads to an increase of 

the deflection angle when blowing ratio is 1-3, the jet 

gradually approaches and covers the orifices at 0 Tf and 

0.5 Tf, however, the deflection angle decreases rapidly 

due to supersonic phenomenon (Ma≈1.05) at the throat 

of fluidic oscillator when blowing ratio is 4.0. The 

extraction of film holes accelerates velocity of coolant 

near the wall, resulting in a thinner boundary layer, 

which is conducive to enhancing the heat transfer 

efficiency. Besides, the momentum of film fluctuates 

periodically with sweeping behavior of fluidic oscillator 

as well. Therefore, compared with normal jet, the area 

covered by coolant of sweeping jet is relatively higher. 

As depicted in Fig.6, time-averaged velocity 

contours were observed for sweeping jet and normal jet 

at four blowing ratios. Clearly, some distinct features 

normal jet upon the wall, and the development of 

boundary layer shows steady and rapidly in radial 

direction. Therefore, a stagnation region with peak 

velocity occurs near the wall, and the coolant flows out 

evenly from film holes at corresponding positions, 

besides, when blowing ratio increases, boundary layer on 

the inner wall becomes thinner, but the thickness of film 

on outer wall becomes larger.  

In contrast, due to sweeping behavior, the flow field 

of sweeping jet is unsteady, there are two peak velocity 

regions on both sides of impingement core region. 

Consequently, compared with normal jet, the impingem- 

ent flow generated by fluidic oscillator covers a larger 

area. Boundary layer also tends to deviate from the wall 

due to sweeping behavior. However, film holes extract 

the flow which tends to be separated from inner wall and 

forms film upon outer wall, which weakens the strength 

of large-scale vortex that affects the cooling effectivene- 

ss (Hossain, Agricola et al., 2018a). Moreover, the mass 

flow rate of each hole fluctuates periodically with 

sweeping behavior, but time-averaged results demonstra- 

te that the film thickness upon outer wall is not significa- 

ntly different from that of normal jet at same blowing 

ratio. Similar to normal jet, with the increase of blowing 

ratio, the momentum of sweeping jet increases, which 

leads to increase of turbulence intensity in boundary 

layer upon the inner wall, the momentum of film upon 

outer wall also increases, thus the ability which 

penetrates mainstream is increased.  

Besides, Table 3 demonstrates the differences of the 

total pressure loss coefficient between normal jet and 

sweeping jet at different blowing ratios. It is obvious that 

with the increase of blowing ratio, the total pressure loss 

coefficient of sweeping jet is higher than normal jet, 

which increases from 12.10% to 213.45%. Therefore, the 

growth rate of the total pressure loss coefficient of 
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sweeping jet is much greater than normal jet. When the 

blowing ratio is 4, the outlet of the fluidic oscillator 

appears supersonic phenomenon, and the static pressure 

at the inlet of the fluidic oscillator increases sharply to 

realize the strong compression flow of the coolant, 

resulting in a sharp increase of the total pressure loss 

coefficient of sweeping jet. 

Table 3 The total pressure loss coefficient 

BR SJ NJ 

1 1.39 1.24 

2 7.34 5.92 

3 33.29 22.46 

4 270.29 86.23 

The effects of BR-Internal heat transfer 

It is believed that an increase of convective heat 

transfer coefficient is caused by strong turbulence and 

destruction of boundary layer. In previous literature, 

comparing with the convective heat transfer coefficient 

of normal jet impinging on the plate at different Re 

numbers, Park (2018) and Kim (2019) consider that the 

overall heat transfer coefficient can be increased by 

sweeping jet, but Hossain (2018a) considers that the 

sweeping jet is at a disadvantage. However, through 

embedded large eddy simulation, Wu et al. (2019) 

consider that the coverage area and uniformity of 

sweeping jet are higher than normal jet. In this section, 

whether similar conclusions will be obtained on a flat 

plate with film holes is investigated, and the effect of 

film holes inclination angle will be further discussed.  

As depicted in Fig.7, a sequence of time-averaged 

Nusselt number contours of impingement wall at α=30° 

and different blowing ratios were observed. Contours are 

formed by averaging the data of two full periods for each 

case.  Obviously, the high overall Nu number region of 

normal jet correspond to the stagnation region of the vel- 

 

 

BR=1 

    

BR=2 

    

BR=3 

    

BR=4 

    

 0 Tf 1/6 Tf 2/6 Tf 1/2 Tf 

Figure 5 Instantaneous velocity magnitude (Front view) for α=30° at various moments and BR (BR=1~4). 

Velocity/(m/s) 
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NJ 

    

 BR=1 BR=2 BR=3 BR=4 

Figure 6 Time-averaged velocity magnitude (Front view) for α=30° at various BR 

 

ocity contours, which are located at jet core and orifices. In 

addition, different from normal jet which has an integral 

peak, two distinct peaks occurred in sweeping jet. According 

to Kim’s conclusion (2019), the dwelling time of coolant on 

both sides of the fluidic oscillator is about 70% of the whole 

sweeping period, therefore, the Nu number distribution on 

both sides of impingement wall is higher than that in jet core. 

However, along with increase of blowing ratio, not only the 

Nu number in impingement wall of sweeping jet increases, 

but the distance between two peaks increases. Obviously, 

 

 

SJ 

    

NJ 
    

 BR=1 BR=2 BR=3 BR=4 

Figure 7 Time-averaged Nu number contours on the impingement wall at α=30°(20×7.5mm2) 

 

compared to normal jet, when coolant sweeps near film holes 

at the same blowing ratio, the velocity of coolant on the 

impingement wall increases and coverage area increases as 

well, thus the Nu number in the core region of normal jet is 

larger than sweeping jet, but coverage area and uniformity of 

sweeping jet are greater than those of normal jet. 

Table 4 The Area-averaged Nu number over 

impingement wall (20×7.5mm2) 

BR SJ NJ 

1 4.87 5.69 

2 9.01 10.02 

3 14.08 15.12 

4 25.24 22.10 

The Nu number of film holes is relatively higher, which 

is because the suction effect of film holes increases velocity 

of coolant nearby, resulting in the thinning of boundary 

layer. For normal jet, the Nu number distribution is circular 

when BR = 1, however, the Nu number on both sides is 

slightly higher than that on the outside of film holes, and 

when BR ≥ 2, the Nu number distribution is directly 

elliptical, which indicates that the existence of the film holes 

effectively weakens the lift-off effect of coolant on both 

sides of jet core region, making part of coolant flows close to 

impingement wall. Similarly, the internal heat transfer 

effectiveness of sweeping jet is affected by film holes as 

well. Furthermore, to quantitatively demonstrate the differen- 

ces of internal cooling effectiveness between normal jet and 

sweeping jet, the area-averaged Nu number of direct and 

sweeping jets at different blowing ratios are listed in Table 4.  

When BR is in the range of 1-3, compared with normal 

jet, sweeping jet illustrates averaged 9.31% decrease in heat 

transfer capability. However, the heat transfer capability of 

sweeping jet is 5% higher than normal jet at BR = 4. This is 

because that supersonic phenomenon in fluidic oscillator has 

a profound impact on flow structure of coolant, the deflection 

angle of coolant decreases, thus the momentum dissipation in 

mainstream direction is reduced, and impingement strength 

 
Fig.8 Spanwise-averaged Nu number of 

impingement wall in different BR 

Time-averaged velocity/(m/s) 
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increases severely. Therefore, the heat removal performance 

of the sweeping jet is lower than that of the normal jet 

excluding blowing ratio = 4 when the dimensionless distance 

of impingement is 5.  

Figure 8 indicates the spanwise-averaged Nu number of 

impingement wall. It can be observed that the Nu number 

increase with BR in sweeping and normal jets, sweeping jet 

provides a desirably flat profile while normal jet exhibits 

typical non-uniform profile. That is because with the increase 

of blowing ratio, the frequency of sweeping jet is higher and 

the Nu number on the impingement wall is higher and more 

uniform. Further observation shows that the Nu number near 

the stagnation point is relatively lower when blowing ratio is 

1-3. However, when the blowing ratio is 4, the supersonic 

phenomenon of coolant in fluidic oscillator results in the 

decrease of deflection angle at the outlet of fluidic oscillator, 

and concentrated impinge of coolant near the stagnation 

point. Nonetheless, the profile of the spanwise-averaged Nu 

number is still smoother than that of normal jet. In addition, 

as mentioned above, it is found that the Nu number near film 

holes is relatively higher.  

The effects of α-Flow filed 

Figure 9 shows the instantaneous velocity magnitude 

(Front view) for BR=2 case at four inclination angles for half 

a sweeping period. Each row represents four moments of half 

a sweeping period and each column shows a single moment 

at various inclination angles. It is obviously observed that the 

strength of separation bubble in fluidic oscillator barely 

increases with the increase of inclination angle, thus the 

deflection angle of the fluidic oscillator is immovable. The 

extraction of film holes weakens vortex intensity of the 

relatively higher temperature coolant flowing to core region, 

which recedes the reduction of cooling effectiveness partly. 

Moreover, when coolant begins to impinge on other side, the 

positive pressure difference between impingement cavity and 

mainstream cavity makes film holes produce a tendency to 

pull back coolant, which makes the coolant spread more 

 

α=30° 

    

α=45° 

    

α=55° 

    

α=65° 

    

 0 Tf 1/6 Tf 2/6 Tf 1/2 Tf 

Figure 9 Instantaneous velocity magnitude (Front view) for BR=2 at various moments and α (α=30°~65°) 

Velocity/(m/s) 
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SJ 

    

NJ 

    

 α=30° α=45° α=55° α=65° 

Figure 10 Time-averaged velocity magnitude (Front view) for BR=2 at various inclination angle 

 

evenly on the impingement wall. Besides, the film thickness 

changes periodically with the sweeping behavior of fluidic 

oscillator as well.  

As depicted in Fig.10, time-averaged velocity contours 

were observed for sweeping jet and normal jet at four 

inclination angles. Clearly, the flow field in the impingement 

chamber is insensitive to the inclination angle of film holes, 

especially for sweeping jet. The distance of two peak 

velocity regions is constant in all sweeping jet cases. 

Besides, when the inclination angle increases, boundary layer 

on impingement wall is not relatively changeable, but the 

film thickness on outer wall increases stably. 

Table 5 The total pressure loss coefficient 

α SJ NJ 

30° 7.34 5.92 

45° 7.21 5.84 

55° 7.16 5.74 

65° 7.03 5.65 

In addition, Table 5 demonstrates the differences of the 

total pressure loss coefficient between normal jet and 

sweeping jet at different inclination angles. Clearly, the total 

pressure loss coefficient of sweeping jet and normal jet 

decreases slightly with the increase of inclination angle. And 

the difference between the total pressure loss coefficient of 

sweeping jet and normal jet is 24.15% averagely due to the 

complex structure of the fluidic oscillator itself. 

The effects of α-Internal heat transfer 

As depicted in Fig.11, time-averaged Nusselt number 

contours of impingement wall at BR=2 and different 

inclination angles were observed. Corresponding to the flow 

field, the two peaks are no longer obvious, especially when 

using the legend in Fig.12. This is significantly different 

from the Nu number distribution of previous simple fluidic 

oscillator impinging the flat plate (Hossain, Agricola et al., 

2018c), which indicates that the existence of film holes 

makes Nu number distribution more uniform. Obviously, 

similar to normal jet cases when coolant sweeps near film 

holes at different inclination angles, the effective impingeme- 

nt area and Nu number distribution are basically unchanged, 

in other words, the coverage area and uniformity of sweeping 

jet are still greater than those of normal jet. 

Besides, to further demonstrate the differences of internal 

cooling effectiveness between normal jet and sweeping jet, 

the area-averaged Nu number of direct and sweeping jets at 

different inclination angles are listed in Table 6.  

 

SJ 
    

NJ 
    

 α=30° α=45° α=55° α=65° 

Figure 11 Time-averaged Nu number contours on the impingement wall at BR=2 (20×7.5mm2) 

 
Table 6 The Area-averaged Nu number over 

impingement wall (20×7.5mm2) 

α SJ NJ 

30° 9.01 10.02 

45° 8.83 9.94 

55° 8.92 10.08 

65° 8.88 10.15 

Comparing with the normal jet, the heat transfer 

capability of the sweeping jet decreases averagely by 

11.32%. Obviously, the inclination angle of film holes has 

little effect on internal cooling performance of all cases. 

Further observation shows that the cases of sweeping jet and 

normal jet are the lowest when the inclination angle is 45°, 

which is due to relatively thicker boundary layer on 

impingement wall when inclination angle is 45°.  

Figure 12 indicates the inclination angle effect on the 

spanwise-averaged Nu number of impingement wall. It can 

be found that the Nu number of normal jet is higher than that 

of sweeping jet between two rows of film holes (-4 ≤ X/Dj ≤ 

Time-averaged velocity/(m/s) 
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4), especially at stagnation point (X/Dj = 0), while the Nu 

number of sweeping jet is higher than that of normal jet 

outside the film holes (-10≤ X/Dj ≤ -5 and 5 ≤ X/Dj ≤ 10). 

This is because the momentum in the mainstream direction 

of coolant passing through fluidic oscillator is larger than 

that of normal jet, and coverage area of coolant is relatively 

larger. Moreover, the Nu number profiles of all cases rarely 

change with inclination angle, but the Nu number difference 

near film holes is extremely evident. Therefore, except for 

the area near film holes, the internal heat transfer effect is not 

sensitive to inclination angle. 

 
Figure 12 Spanwise-averaged Nu number of 

impingement wall in different α 

CONCLUSIONS 

For investigating the potential of sweeping jet and film 

composite cooling in the flat plate configuration, four 

blowing ratios and four film hole streamwise inclination 

angles are considered to optimize the internal performance of 

aerodynamic and heat removal. The conjugate heat transfer 

simulation by ANSYS CFX 19.0 is performed to investigate 

Nu number distribution for sweeping and normal jets. A 

comparative study revealed that sweeping jet and film 

composite cooling shows more uniform heat removal 

performance than normal jet and film composite cooling 

configuration. The salient conclusions are listed as follows. 

(1) With the increase of the blowing ratio, although 

supersonic velocity in the domain results in the decrease of 

the deflection angle of coolant at BR=4, the sweeping 

frequency of the fluidic oscillator and the Nu number on the 

impingement wall increase monotonously in all cases. 

However, the maximum total pressure loss coefficient 

appears at BR=4 for sweeping jet and film composite 

cooling. 

(2) With the decrease of the inclination angle, the total 

pressure loss coefficient decreased slightly. Similar to the 

sweeping frequency of fluidic oscillator, Nu number on the 

impingement wall practically keeps constant as well, but the 

difference of Nu number near film holes is extremely 

evident. 

(3) Generally, the sweeping jet and film composite 

cooling has more uniform heat removal performance but 

excessive total pressure loss coefficient than normal jet and 

film composite cooling, especially at relatively higher 

blowing ratio and low inclination angle (BR=4, α=30° in this 

study). The area-averaged Nu number of sweeping jet and 

film composite cooling is slightly higher than normal jet and 

film composite cooling only at BR = 4. 

In the future, for the sake of achieving a preferable 

impingement heat transfer coefficient and to minimize the 

total pressure loss coefficient, the relative position of fluidic 

oscillator and film holes will be focused, including 

impingement distance and arrangement of relative positions. 

NOMENCLATURE 

Dj Hydraulic diameter of exit throat [m] 

y+ Non-dimensional distance = Y·uτ/υ 

Y Thickness of first grid [m] 

 Shear velocity [m/s] 

 Kinematic viscosity [m2/s] 

T Temperature [K] 

V Velocity [m/s] 

P Pressure [Pa] 

m Mass flow rate [kg/s] 

ρ Density [kg/m3] 

BR Blowing ratio as given by Eq.(1) 

Cp,total Total pressure loss coefficient as given by Eq.(2) 

Nu Nusselt number as given by Eq.(3)  

qw Heat flux of impinge wall [J/(m2·s)] 

λc Thermal conductivity of coolant [W/(m·K)] 

f Frequency of the fluidic oscillator [Hz] 

α Inclination angle of film holes [°] 

Tf A sweeping period [s] 

SJ Sweeping jet 

NJ Normal jet 

St Strouhal number = f·Dj/Vc,in 

SUBSCRIPTS 

j Exit throat of the fluidic oscillator 

c Coolant 

m Mainstream 

t,cin Total, inlet of coolant 

t,f Total, outlet of mainstream 

t,m Total, inlet of mainstream 

w Impinge wall 

f Static, outlet of mainstream 

sp Spanwise averaged 
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