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The main purpose of the current work is the analysis of the pulsating effect on the flow and 
heat transfer from impinging jet on a concave surface. In this way, the heat flux of 2300 W/m2 
has been applied constantly on the surface with a radius of 120mm. The intermittent jet has 
been created for the frequency range of 1-100Hz by the pulsed-jet generator. Nusselt number 
distribution and flow field have been investigated for a dimensionless distance of the nozzle 
to surface (H/d) 2 to 5 and Reynolds number from 7000 to13000. The comparison of the 
experimental data with Numerical simulation shows that the k-ε RNG turbulence model is 
appropriately capable of predicting the Nusselt number on the concave surface under the 
pulsed jet impinging. Results of the present research indicate that pulsating the jet is more 
effective on the concave surface than the flat surface. Also, as compared to steady jet, when 
pulsating applies to the inlet jet with low frequency, reduction in Nusselt number is acquired. 
Furthermore, at each Re number and H/d, a threshold Strouhal number is found above which 
the Nusselt number of the pulsed jet is greater than that of the steady jet. Moreover, for the 
low nozzle to surface distance, Nu of stagnation point at low and high frequency varies with 
Sr0.05 and Sr 0.15, respectively. At Re=10000, pulsating the impinging jet with f =100Hz causes 
an increase in the time and area-averaged of Nusselt number by 22% and 20% in comparison 
to steady jet at H/d=5 and 2, respectively. 
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1. Introduction 

Jet impinging has been offered as a powerful technique 

for the high heat transfer rate. It has a variety of 

applications, including heating, cooling, and drying of 

electronic devices, turbomachinery, and other industries. 

Many studies have been carried out to investigate the flow 

structure and heat transfer of the impinging jet [1-5]. 

Pulsating the impinging jet is a popular way to increase the 

efficiency of heat transfer through changing the flow 

structure. Numerous research works have been applied on 

the flow characteristic and heat transfer of pulsed jet 

impinging [6-9]. Sailor et al. [10] used 0.009<Sr<0.042 to 

perform the experiment. They showed that a significant 

enhancement in heat transfer rate from the impinging 

surface is there. Kumar et al. [11] simulated the heat and 

flow field of pulsed laminar flow using a numerical 

method. The following parameters were considered: 
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Reynolds number (100<Re<1000), frequency of 

oscillating (1<f<20), and distance between the nozzle and 

impinging surface. Xu et al. [12] modeled the oscillated 

turbulent flow using the numerical method. They 

concluded that fluctuating flow has little impact on heat 

transfer. Bejera et al. [13] found that the sinusoidal 

pulsating caused the increase in heat transfer of impinging 

jet. Zhou et al. [14] studied the heat transfer of sinusoidal 

and step functions impinging jet by experimental 

investigation.  According to their result, at the smooth 

surface, the sinusoidal jet increases the heat transfer by 

10% while the step jet increases it by 40%. Kurnia et al. 

[15] evaluate the efficiency of a dryer using intermittent 

jet impinging. They concluded that the intermittent jet 

reduces the dryer rate in comparison to the steady jet. Poh 

et al. [16] attempted the heat transfer of the step pulsed jet 

using a numerical approach. Impact of Reynolds number, 
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the temperature difference among impinging surface and 

inlet jet, the distance between surface, and nozzle and 

frequency of swinging jet have been investigated. 

Middelberg and Herwig [17] investigated the heat transfer 

of the pulsed impinging jet for the different pulsed 

functions through the experiments. They concluded that 

low-frequency pulsed jet reduces the heat transfer for all 

of the functions in the stagnation region. Zulkifli and 

Sopian [18], by experimental investigation, showed that 

the local Nusselt number of the pulsed jet is greater than 

the steady jet in the wall jet area. Mohammad pour et al. 

[19] attempted to find the optimized arrangement of the 

steady and pulsed jets on a flat surface through numerical 

simulation. Hosseinalipour et al. [20] found that pulsating 

the jet with low frequency can’t lead to an improvement in 

the heat transfer rate from the plate. 

According to the literature, it can be said that the 

presence of a secondary flow on the concave surface leads 

to an improvement in the heat transfer rate of the 

impinging jet [21-23]. Hashiehbaf et al. [24] investigated 

the turbulent jet impingement on the concave surface by 

performing the experiments. They showed that a strong 

lateral movement has been created by the concave surface. 

They also indicated that the flow has strength turbulence 

intensity near the concave surface compared to the flat 

one.  Mohammad pour et al. [25] conducted the two-

dimensional simulation of the flow characteristic and heat 

transfer of the pulsed impinging jet on the concave surface. 

Rajabi et al. [26] attempted to simulate heat transfer and 

turbulent flow of pulsed jet impinging on the asymmetric 

concave surface. The effect of the array arrangement of 

multi-jet impinging on the concave surface has been 

studied by Dandan et al. [27]. They found that both inline 

and staggered arrangements improve the heat transfer in 

comparison to the array jet. 

Regarding the literature, No experimental study is 

available for pulsed-jet impinging on heated concave 

surfaces.  In this paper, it has been focused on the 

respective experimental investigation on the concave 

surface. Accordingly, the effect of pulse frequency, nozzle 

to surface distance, and Reynolds number on the Nusselt 

distribution have been experimentally investigated. A 

three-dimensional simulation has been implemented to 

understand the effect of pulsating jet and the concave 

surface on the flow characteristic of the impinging jet. It 

should be noted that previous numerical investigations 

have been carried out two-dimensionally. 

 

2. Experiments 

As Fig. 1 shows, the setup contains an air compressor, 

temperature sensors, pressure gauge, ball valve, pulsed-jet 

generator, reservoir, and a concave surface with constant 

heat flux. The inlet flow rate is controlled by a ball valve 

to adjust the specific velocity and Reynolds number. The 

pulsed jet generator has been manufactured using a 

rotating disc that has been cut off as two arcs of 90 degrees 

symmetrically (see Fig .2). When An AC motor drives the 

disc with a specific frequency from 1-200 Hz, the 

frequency of the pulsed- jet is two times to velocity of the 

disc.  An electronic motor controller is there to regulate the 

speed or frequency of the disc. When the disc rotates 

airflow path is blocked and connected. Thus step velocity 

profile has been generated. The velocity profiles have been 

measured by a pitote tube which was calibrated with a 

micro-manometer which is equipped with an A/D card and 

time response of millisecond. Regarding the time response 

of the pitote tube, the oscillation of velocity cannot be 

detected at high frequency. Therefore, the pulse generator 

was examined at a low frequency of the pulsed jet and data 

was recorded on the storage card. By plotting the recording 

data, the pulsed velocity profile was obtained as Fig.3. The 

components of the concave surface are shown in Fig 4. The 

concave surface has been painted with black spray paint. 

The spray paint is stored in a pressure vessel and is spread 

using a valve to release a mixture of compressed air and 

paint. The result is a fine layer (0.01-0.03 mm thickness) 

used for various types of surfaces. As shown in Fig.4, a 

silicon rubber heater has been applied on the bottom of the 

concave surface to implement the constant heat flux of 

2300 W/m2. The heater module is insulated with two 

layers of glass wool and rock wool to minimize the heat 

loss from the convex surface. 

The temperature distribution along the concave surface 

has been measured by an IR camera. The test surface is 

covered with high emissivity black paint to permit 

temperature measurement by a thermal infrared camera. 

Before measuring surface temperature, the IR camera 

should be calibrated. A K-type thermocouple was used to 

ensure the calibration of the IR camera. The concave 

surface was heated with a silicon heater continuously until 

the steady-state was established. When the temperature of 

the target surface drops gradually, the temperature of the 

concave surface is recorded by both the IR camera and the 

thermocouple. Given the surface temperature, the Nusselt 

number can be calculated as follows: 

𝑁𝑢 =
𝑞′′

𝑇𝑠 − 𝑇𝑗𝑒𝑡

(
𝑑

𝐾
) (1) 

The experiments were performed for four jet-to-surface 

distances of (2.0, 3.0, 4.0, and 5.0) and five Reynolds 

numbers (7000, 8000, 10000, 11500 and 13000). The 

uncertainty of experiments can be calculated by 

recognizing the significant sources of the errors. The 

uncertainty of each variable included systematic and 

random uncertainty. Therefore the overall uncertainty can 

be computed from the below equation: 

𝜀𝑡 = ±√𝜀𝑟
2 + 𝜀𝑠

2 (2) 

Which εs and εr are systematic and random errors. To 

achieve the repeatability of experimental data, the 

experiments were performed three times. The random 

error of the Nusselt number has been obtained from the 

least mean square by ±7.4%. The systematic errors of the 

measuring parameters have been presented in Table 1. The 

accuracy for temperature measurement is about 0.5 0C. 
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Figure 1. A schematic view of the experimental setup 

 

Figure 2. 3D model with a part list of the setup of pulsed-
jet generator 

 

 

 

Figure 3. The velocity distribution of pulsed jet 
Re=14000 

 

 

Figure 4. Schematic view of the concave surface and 
Components 

According to the experimental result, the heat loss due 

to natural convection is approximately smaller than 1% of 

the implemented heat flux. The heat losses because of 

radiation would be calculated as less than 1%.  The 

systematic error of the Nusselt number can be obtained by 

the root-sum-square combination of components. The 

systematic error has been computed by ±9% for the 

Nusselt number. The overall uncertainties for the Nusselt 

number is about ±11.7% using the eq. 2. 
 

Table 1. The error of measuring instrument. 

Instruments Range of errors 

Power supply  ±1.5% F.S 

Pitot tube ±0.3% F.S 

IR camera ±(2.3+2.5% rdg) 

K-type thermocouple ±0.5 0C 
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3. Numerical method 

The study of flow characteristics of the pulsed 

impinging jet can help understand the effect of pulsating 

on the heat transfer rate from the concave surface; hence 

the numerical solution is used to explain the experimental 

observation. The numerical method has been performed 

for the various range of pulsed jet frequency (1 Hz to 100 

Hz), Nozzle to surface distance (H/d=2 to H/d=5), and 

Re=7000 to 13000. 

3.1. Governing Equation 

The governing equations of the present problem are the 

transient form of continuity, momentum, and energy 

equation. Relations 3 to 5 define the corresponding 

equations. 

𝜕𝜌

𝜕𝑡
+

𝜕(𝑢𝑖̅)

𝜕𝑥𝑖

= 0 (3) 

𝜕(𝜌𝑢𝑖̅)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖̅𝑢𝑗̅)

𝜕𝑥𝑗

= 

−
𝜕𝑃̅

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[𝜇 (
𝜕𝑢𝑖̅

𝜕𝑥𝑗

+
𝜕𝑢𝑗̅

𝜕𝑥𝑖

) − 𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ ] 

(4) 

𝜕(𝜌𝐶𝑝𝑇̅)

𝜕𝑡
+

𝜕(𝜌𝐶𝑝𝑢𝑖̅𝑇̅)

𝜕𝑥𝑖

= 

𝜕

𝜕𝑥𝑖

(𝑘
𝜕𝑇̅

𝜕𝑥𝑖

− 𝜌𝐶𝑝𝑢𝑖
′𝑇′̅̅ ̅̅ ̅̅ ) 

(5) 

 

The terms 𝜌𝑢𝑖̅𝑢𝑗̅ and 𝜌𝐶𝑝𝑢𝑖
′𝑇′̅̅ ̅̅ ̅̅ can be modeled by the 

turbulence models. The prediction capability of the 

turbulence models has been studied, such as LES [29] and 

RANS [30] for impingement heat transfer. Previous 

researchers [30-32] have declared that the RNG k-ε is a 

suitable model to predict the flow and thermal 

characteristics of impinging jets. Therefore the RNG k-ε 

model is applied for modeling the turbulence in both 

steady and pulsed jets. As regards impinging flows, as the 

jet hits to the surface, the stagnation region has been 

produced, that the Reynolds number is reduced drastically.  

Although the k– ε model is qualified for high Reynolds 

flow, for the RNG model, the differential expression has 

been derived to predict the low Reynolds flows.  However, 

the efficiency of this model depends on the near-wall 

function and mesh refinement on the boundary wall. It 

should be mentioned that the RNG k– ε cannot model the 

laminar to turbulent transition. In the present work, due to 

the high entrainment rate of the pulsed jet, the transition 

occurs before the impinging to the surface and doesn’t 

happen on the wall jet region. 

3.2. Geometry and Boundary Conditions 

Geometry and computational domain have been shown 

in Fig.5a. The Geometry includes a concave surface and a 

single circular jet placed at a constant distance to the 

impinging surface. The concave surface was in a semi-

cylindrical shape with a 240mm diameter and 320mm 

length. The nozzle diameter of the circular jet was 12mm. 

As presented in the table.2, Velocity inlet was 

implemented for boundary inlet. The magnitude of inlet 

velocity was dependent on the Reynolds range of this 

study. The boundary conditions of the concave surface are 

no-slip for velocity and constant heat flux of 2300 W/m2 

for heat transfer. The fluid in this study is air as a 

Newtonian fluid. For calculating the Nu number, 

thermophysical properties have been extracted at the 

temperature of 330 K, which is the bulk temperature of 

airflow. Regarding the transient problem of the pulsating 

jet, the initial condition for governing equation has been 

considered as follows: 

u=v=w=0,   P=P∞,  T=T∞,   k=ε=0 

Table 2. The Boundary condition for the numerical 
solution 

Inlet 

Velocity inlet: 8-24 m/s 

Inlet temperature: 300K 

Turbulence intensity: 3-10% 

Turbulence kinetic energy :0.24 

m2/s2 

Outlet 
Pressure Outlet: Atmosphere-0 bar 

G 

Concave surface 
Constant heat flux-2300 W/m2 

No-slip condition 

 

The velocity profile of intermittent jet is described as: 

𝑢𝑗𝑒𝑡

𝑢𝑎𝑣𝑒

= 2.0 →  𝑛 ≪
𝑡

𝑇
<

(2𝑛 + 1)

2
 

(n=0, 1, 2, 3,…)  

𝑢𝑗𝑒𝑡

𝑢𝑎𝑣𝑒

= 0.0 →
(2𝑛 + 1)

2
≪

𝑡

𝑇
< 𝑛 

(6) 

3.3. Numerical Procedure 

Figure 5. b illustrates the structured and non-uniformed 

grid of the simulation domain. For the investigation of the 

mesh independence, four different grid sizes have been 

performed. Four grids have been generated by 956882, 

1149355, 1511928, and 1773629 cells. By a comparison 

of the result of the complete simulation for four grids, the 

mesh with 1511925 cell numbers was selected to continue 

the research. As it is magnified in the figure, to improve 

the efficiency of the turbulence model, more grid are 

produced close to the wall to ensure Y+<1. According to 

the figure, in the area of impinging of the circular jet with 

the concave surface, a structured grid has been created so 

that the quality of the mesh in this area is of good quality. 

The governing equations are discretized using the 

control volume approach [33]. For discretization of the 

advection term, the second-order upwind is applied. The 

solution algorithm for the coupling of pressure-velocity is 

SIMPLE-C. The time-dependent terms are discretized 

with the second-order implicit scheme. To ensure to detect 

the jet velocity fluctuation, the time-step is chosen τ/40 

=1/40f. The convergence criterion is 10-6 for energy 

equations and 10-4 for continuity and momentum. 
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4. Result and Discussion 

The time-averaged of local Nusselt number for a period 

of the pulsation is presented as follows: 

𝑁𝑢(𝑥. 𝑠) =
1

𝑇
∫ 𝑁𝑢(𝑥. 𝑠. 𝑡)𝑑𝑡

𝑡=𝑇

𝑡=0

 (7) 

Figure 6 compares the experimental and numerical 

values of Nu0 of the concave surface under intermittent jet 

for H/d=2 and 5. The acceptable deviation is observed 

from the experimental data. The maximum error of the 

numerical result is acquired at approximately 11% at f=15 

Hz and H/d =2. Although the jet is fully turbulent due to 

the high jet Reynolds number, because of the zero velocity 

in stagnation, the boundary layer is laminar on the 

stagnation point. When the distance of the nozzle to the 

surface increases, the surface is located out of the potential 

core, and transition doesn’t occur on the surface. 

Therefore, the error for H/d=5 is decreased. According to 

the figure, all of the numerical results are in the range of 

uncertainty of experimental data. Consequently, it can be 

said that the numerical simulation has reasonable accuracy 

for the whole of the frequency range. 

According to the figure, at H/d=2, pulsating the inlet jet 

with low frequencies of f=1 Hz and 5 Hz decreases the Nu0 

from 78 to 63 and 67, respectively. This reduction happens 

because the enhanced heat transfer during the half period 

of jet-on isn’t adequate to compensate for the reduced 

cooling during the jet off [19, 25, and 34]. This behavior 

continues until f = 50 Hz for H/d = 2 and f =40 Hz for 

H/d=5.The corresponding threshold Strouhal number of 

these frequencies are 0.075 and 0.06 for H/d=2 and 5, 

respectively. It can be concluded that at the low frequency 

of the pulsation, the Nu number of stagnation point 

decreases because of the larger period of the pulsation in 

comparison to the residence time [35-36]. According to 

Fig.6, pulsating the inlet jet with the frequency of 100  Hz 

leads to an increase in the Nu0 by 17% and 12%  jet for 

H/d=2 and H/d=5, respectively. It can be seen from the 

figure that for f =100 Hz, by increasing the jet to surface 

distance from H/d=2 to H/d=5, Nu0 reduces from 91 to 77. 

Figure 7 depicts the comparison of the current 

experimental data with the other research [37]. As 

observed in the figure, the Nu value for the concave 

surface is greater than the flat surface for whole jet regions. 

As seen in the figure, pulsating the inlet jet on concave 

surfaces is more effective than flat ones in the region of 

the wall jet. As it was mentioned in other researches [22-

24], for flow over the concave surface, the Taylor-Gortler 

vortices are produced due to the centrifugal force. These 

vorticities cause the momentum and energy exchange 

enhancement in the flow, then increase the Nu number. It 

is observed in Fig.8, pulsating the inlet jet leads to the 

occurrence of maximum turbulent kinetic energy on the 

concave surface. The turbulent kinetic energy of the pulsed 

jet is reached to 12 m2/s2 on the concave surface, while this 

value is 6 m2/s2 and 8 m2/s2 for the steady jet on the 

concave surface and pulsed jet on the flat plate, 

respectively. According to Fig.8, when the frequency of 

pulsating increases to 100 Hz, the turbulent kinetic energy 

of the flow increases as compared to the steady jet. 

Therefore an increase of Nu number is observed with 

increasing the turbulent kinetic energy. 

It can be said that the concave surface and pulsating jet 

cause heat transfer enhancement by increasing the 

turbulent intensity of the impinging jet. This observation 

is consistent with the literature [24-26].

 

Figure 5. a) Geometry and boundary condition b) Structured and non-uniformed grid 
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Figure 6. Comparison of experimental and numerical 
results for the Nusselt number of pulsed jet impinging at 

the stagnation point 

 

Figure 7. Comparison of Nu distribution on the concave 
and flat surface for steady and pulsed jet 

The effect of low frequencies pulsating on Nusselt 

distribution is displayed in Fig.9. It is observed that 

Nusselt distribution for 100 Hz frequency is more than that 

for two cases of the steady and low-frequency pulsed jet.  

This is because of the stronger turbulence vorticities of the 

pulsed jet as compared to the steady jet. As we know, by 

pulsating the inlet jet, the air entrainment to the jet 

centerline is increased. It is expected that increasing the air 

entrainment causes a reduction in Nusselt number. This 

occurs in low frequency. According to the figure, applying 

the pulsating by low frequency causes a decrease of the Nu 

distribution as expected. Raizner et al. [36] found that if 

the primary vortex frequency of the pulsed jet is higher 

than a steady jet, pulsating causes the increasing heat 

transfer rate; otherwise, heat transfer reduction has 

appeared. Furthermore, the removal of the hydrodynamic 

boundary layer thickness, conduct to increase of Nu 

number in the pulsed jet case [12]. 

According to Fig. 9, the maximum Nu is obtained at 

S=d and S=2d for the frequency of 100 Hz and low-

frequencies (f =1 Hz &5 Hz), respectively. It can be 

concluded that the width of the stagnation region is s=d for 

low frequencies while the maximum Nu occurred at the 

stagnation point for f =100 Hz. The local peaks along with 

the circumferential and axial directions are strongly 

determined by the laminar to turbulent transition in 

boundary layers. The transition region can be developed 

along the wall when the concave surface is positioned 

inside the jet’s potential core. The pulsation might cause 

early transition, which can explain the observed shifts of 

local heat transfer peaks. This could be due to the 

deformation of the potential core by pulsating the free jet. 

Figure 10 demonstrates the velocity distribution of the 

inlet jet along the jet centerline. The potential core region 

finishes where the u/Ujet =0.97. As seen in the figure, 

unlike the steady jet, the potential core has been decayed 

in the pulsed jet. To determine the effects of intermittent 

pulsation, the characteristic of the pulsed jet should be 

investigated before impinging to the concave surface. 

Hence the frequency shedding of the pulsed jet is 

examined through the contour of Q-criterion [38]. The Q 

parameter is defined:   
𝜕𝑣

𝜕𝑦

𝜕𝑢

𝜕𝑥
−

𝜕𝑣

𝜕𝑥

𝜕𝑢

𝜕𝑦
.. According to Fig. 11, 

the shedding frequency of the pulsed jet is nearly equal to 

the pulsation frequency as reported in Refs [39-40]. 

Therefore, increasing in the pulse frequency, leads an 

increase the shedding frequency. 

The time and axial-averaged Nusselt numbers are 

calculated using experimental data. The impact of 

pulsating along the axial and circumferential directions 

can be understood in table.3. According to the table, at 

H/d=2, pulsating the flow leads to an increase in the 

averaged Nu by 12% and 4% for f =100 Hz in the axial 

and circumferential direction, respectively. Therefore, the 

effect of the pulsed jet along the axial direction is higher 

than the circumferential.  Furthermore, Results show that 

at H/d=5, pulsating the inlet jet with f =1 Hz, 5 Hz, and 20 

Hz decreases the averaged Nu by 18%, 14%, and 4% in 

the axial direction, respectively. However, these 

reductions are lower in the curvature direction. 

Figure 12 illustrates the effect of Re on the Nu 

distribution on the concave surface. As it is observed in the 

figure, the Nu distribution of pulsed impinging jet is 

compared with a steady jet on the concave surface [41]. It 

should be noted that experimental data of Ref [41] were 

performed at Re= 10000 for the steady jet. According to 

the figure, pulsating the inlet jet leads to an increase in Nu 

number at stagnation and wall jet region. Furthermore, 

local Nu increases by an increase in the Re. This behavior 

is observed in pulsed-jet impinging on flat surfaces [11-

13] and steady jets on concave surfaces [22]. This is 

because the larger Re causes more momentum and 

turbulence intensity at stagnation also more instability on 

the wall jet area. 

The effect of the distance of the nozzle to the surface 

on the local Nu distribution is demonstrated in Fig.13. It is 

seen from the figure that, as the nozzle moves away from 

the surface (H/d) increases from 2 to 5, the Nu of 

stagnation point decreases by 12%. It could be mentioned 

that by increasing the distance of jet to surface, the rate of 

air entrainment is increased.  As the space between the jet 

and surface increases, the maximum Nu gets closer to the 

stagnation point. This can be attributed to the rate of 

entrainment and transition from laminar to turbulent. By 
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increasing the distance of the jet to the surface, the air 

entrainment increases [39]. Turbulent intensity is 

increased when air entrains the jet centerline; therefore, the 

jet flow reaching the surface is turbulent, and the 

maximum Nu occurs in stagnation point [43]. It is 

observed from Fig.13 that the local Nu approaches close 

values at the end of the surface for the various distances of 

nozzle to surface. Similar behavior was shown in previous 

research efforts [25-26]. The temperature distribution has 

been demonstrated for two nozzle to surface distances in 

Fig.14. As is observed in the figure, the temperature of the 

concave surface decreases by applying the pulsation on the 

steady jet. This observation is also found in Ref [44]. It is 

seen from the figure that by increasing the distance 

between the nozzle and the concave surface leads to an 

increase in the temperature across the concave surface for 

both jet-on and jet-off states, as observed in previous 

researches [41. Also, the downstream temperature of the 

concave surface is high, and the stagnation region width 

decreases as the jet to surface distance increases.  

According to Fig.14, as H/d reduces from 5 to 2, the 

maximum temperature also drops from 535 K to 472 K. 

The effect of Reynolds number on Nu of stagnation point 

is shown in Fig 15. There is a direct relation between the 

Reynolds number and Nusselt number, as expected. 

Increasing the Reynolds number, leads to an increase in 

the impinging velocity of the half of the cycle. This leads 

to creating the recirculation zone (see Fig.8) in the second 

part of the cycle, and consequently, the Nusselt number of 

stagnation increases [22, 40]. For H/d=2, Nu increases by 

30% when the Re number rises from 7000 to 14000. For 

the same increase in the Re, the enhancement percentages 

are 18% and 12% for H/d=4 and 5, respectively. 

Fig.16 depicts the impact of the nozzle to concave 

surface distance on the Nu number of stagnation point. It 

is seen from the figure that the Nusselt of stagnation point 

decreases as the nozzle to surface spacing increases. This 

may be because ambient air reaches the centerline of the 

jet before impinging on the surface (see Fig. 10). 

According to the figure, the slope of the Nusselt number 

curve is reduced as we move from the lower nozzle to 

surface distances to higher ones [22]. The Nu0 is 

independent of  the distance of the jet to surface for H/d>4 

because the concave surface is out of the potential core of 

the impingement jet [41, 44]. The Nu variation of 

stagnation point with low and high Strouhal numbers is 

demonstrated in Fig.17. It is observed that by increasing 

the Sr, the Nu0 increases for both ranges of Sr. Also, Nu 

variation is sharper for larger values of Sr. According to 

the figure for H/d=2, Nu0 varies with Sr0.05 and Sr0.15 for 

the low and high frequencies, respectively. From the 

literature, Hsu [45] found that Nu varies with Sr0.019 for the 

pulsed impinging jet on the flat surface. 

 

Figure 8. The contour of turbulent kinetic energy, Re=7000, f=100  Hz (for the pulsed jet), a) concave surface-jet on, b) concave 
surface-jet off c) flat plate-steady jet, d) concave surface-steady jet, e)flat plate-Jet on, f)flat plate Jet off 
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Figure 9. Nu Profile on the concave surface under Pulsed Impinging jet along (a, c) circumferential and (b, d) axial Directions 

 
 

 

Figure 10. Vertical velocity distribution over the jet 
centerline for pulsed and steady jet 

The impact of frequency of pulsed jet on time and area-

averaged Nu number is investigated, and the results are 

presented in Table 4. The time and area-averaged Nusselt 

number is obtained as follows: 

𝑁𝑢̅̅ ̅̅
𝑎𝑣𝑒 = 

1

100𝜋𝑑2

1

𝑇
∫ ∫ 𝑁𝑢(𝑥. 𝜃. 𝑡)𝑑𝑥. 𝑑𝜃. 𝑑𝑡

𝑇

0

5𝑑

−5𝑑

 
(8) 

Accordingly, an enhancement in the total-averaged 

Nusselt number is found with increasing frequency. The 

intermittent jet with a pulse frequency of 100 Hz improve 

the time and area-averaged Nusselt numbers by 22% and 

20% related to the steady jet at the nozzle to surface 

distance of 2 and 5, respectively. The corresponding 

values for Re=7000 are 15% and 13%, respectively. 

Furthermore, pulsating the inlet jet with low frequencies 

(i.e. f =1 Hz and 5 Hz) leads to a decrease in the Nuave.

 

 
Figure 11. The contour of Q-criterion 
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Fig. 12 Effect of Reynolds number on the Nu distribution across the concave surface under the intermittent jet along (a) 
circumferential and (b) axial Directions 

 

 

Figure 13. Effect of the nozzle to the surface distance on the Nu distribution across the concave surface under the intermittent jet 
along (a) circumferential and (b) axial Directions. 



182 S.Rakhsha   / JHMTR 8 (2021) 173- 186 

Table 3. Time and axial averaged Nusselt number for pulsed and steady jet impinging on the concave surface 
(Re=7000) 

H/d Direction Steady f =1  Hz f =5  Hz f =20  Hz f =60  Hz f =100  Hz 

5 X 49.82 40.19 42.30 47.70 53.40 54.03 

S 46.44 41.80 44.60 45.70 50.64 52.15 

2 X 64.64 46.16 57.09 66.70 68.60 72.79 

S 61.26 44.41 54.05 63.70 63.83 64.69 

 

 

Figure 14. Effect of the nozzle to the surface distance on temperature distribution across the concave surface (Re=7000, f=100  
Hz) (a) H/d=2, (b) H/d=5 

 

Fig 15. Effect of Reynolds Number on the Nu0 
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Figure 16. the nozzle to surface distance effect of on the Nu0 

 

Figure 17. Variation of Nu of stagnation point with Strouhal Number a) Low Strouhal number b) High Strouhal Number 
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Conclusion 

Numerical and Experimental investigations have been 

performed to study the flow field and heat transfer from a 

pulsed jet impinging on a concave surface. Hence the 

pulsed jet generator has been manufactured using a disc 

that has been perforated as two arcs 90 degrees 

symmetrically. The pulsed velocity of the jet was 

measured using a pitote tube equipped with an A/D card. 

The temperature of the black concave surface has been 

measured by an IR camera. The effect of the pulse 

frequency, Reynolds number, and nozzle to surface 

distance on the distributions of Nusselt number are 

accordingly studied. The effect of the pulsating jet and 

concave surface on the flow structure of the impinging jet 

has been studied through numerical simulation.  The major 

acquired findings can be listed as below: 

 

 The Numerical results and experimental data show 

that pulsating the impinging jet significantly affects 

the Nu distribution along with both S and X 

directions.  

 At frequencies larger than the threshold frequency, 

pulsating the impinging jet leads to an increase in the 

Nu distribution.  

 Numerical simulation showed that the turbulent 

kinetic energy of pulsating the inlet jet on the 

concave surface produces more turbulent kinetic 

energy than steady impinging jet on the flat and 

concave surface. 

 The excited frequency of the inlet jet determines the 

shedding frequency of flow of the pulsed impinging 

jet. 

 The potential core of impinging jet is decayed by 

applying the pulsating on the jet. 

 For the pulsed jet impinging to the concave surface, 

threshold Strouhal numbers are Sr=0.075 and 0.03 

for H/d=2 and 5, respectively. 

 At low frequencies (f =1 Hz and 5 Hz), Nuave of the 

pulsed jet is reduced related to the steady jet by 8% 

and 5%, respectively. 

 Pulsating the inlet jet with f =100Hz leads to an 

increase in the Nuave by 15% and 13% at H/d=2 and 

5, respectively. 

 According to the results, Nu0 respectively varies 

with Sr0.05 and Sr0.15 for low and high frequencies. 

 

 

 

Nomenclature 

H Specific enthalpy [KJ/Kg] 

I Exergy destruction rate [KJ/Kg] 

M Mass flow rate [Kg/s] 

P Pressure [bar] 

cp specific heat 

d diameter of the nozzle 

H nozzle-to-surface distance 

h convection heat transfer factor 

K Thermal conductivity 

k turbulence kinetic energy 

U̅jet Averaged Jet velocity 

Nu=hd/ λ  time-averaged of local Nusselt number 

Nuave time and area-averaged of Nusselt 
number 

Sr= f d/ U̅je Strouhal Number 

P static pressure 

q” heat flux 

T temperature 

Ts Surface temperature 

T jet jet air temperature 

t time 

u velocity in x- direction 

v velocity in x- direction 

w velocity in x- direction 

xi coordinates (x, y, z) 

Y+ dimensionless distance 

ε turbulent dissipation rate 

µ dynamic viscosity 

λ Thermal conductivity 

ρ density 

τ period of pulsed jet 

ꝭ frequency of pulsed jet 
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