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The effect of adding air into water jet flow for heat transfer enhancement was 
investigated for submerged impinging jet. The Reynolds number of water jet was fixed 
at ReL = 2.4x104, the nozzle to impingement surface distance was also fixed at L = 2D, 
and the volumetric fraction was varied from 𝛽 = 0.0 to 0.7. The heat transfer 
measurement was studied using an infrared thermal imaging camera. The flow 
behavior of bubbly jet was observed by a high-speed camera. The result showed that 
the heat transfer of the bubbly jet for all cases were higher than the water jet case. 
The average Nusselt number on surface was continuously increased for increasing 
volumetric fraction 𝛽 = 0.0 to 0.2. It was found that the volumetric fraction at 𝛽 = 0.2 
gave the maximum heat transfer enhancement about 33% compared to case of water 
jet. But the increase of volumetric fraction in range 𝛽 = 0.2 to 0.7 decreased the 
average Nusselt number. 
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1. Introduction 

 
Jet impingement is widely used in cooling system about thermal equipment or industrial process 

that operate high temperature because it has high cooling capability in impingement region [1] and 
it is a rapid cooling system [2]. For example, it has been used for microelectronic components that 
are operated on extreme temperature condition [3-5], and quenching of steel plates during the 
manufacturing process that needs to control temperature on materials [6-8]. In the field of electronic 
cooling, air impinging has been contributed to high heat flux device. Umair et al., [9] studied the 
effect of pulsating impinging jet on pin fin surface for heat transfer enhancement. They proposed the 
correlation for predicting heat transfer from pin fin surface to pulsing jet. Siddique et al., [10] also 
investigated for air impinging jet with consideration to the effect of wall thickness. The uniformity of 
Nusselt number distribution was studied for different wall target thickness. It was found that 
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impinging air jet cooling becomes more uniform when increasing the target thickness. Due to the 
development of high heat flux in electronic devices, several researchers have investigated the heat 
transfer of impinging jet with liquid phase because it can enhance heat transfer rates larger than air 
or gas phase. 

Liquid jet impingement is continuously investigated for heat transfer process due to the high 
performance of cooling. Commonly, the liquid impinging jet can be divided into 2 types: Free-surface 
jet and submerged jet as shown in Figure 1 which have a different flow structure. The free-surface 
impinging jet develops from free jet region to decaying jet region which has no effect shearing 
between jet flow and surrounding fluid. It causes the velocity of jet flow has almost uniform along a 
radial direction. The submerged impinging jet develops from free jet region to decaying jet region 
which has the shearing effect between jet flow and surrounding fluid. It appears shear layer around 
the jet flow. Therefore, the fluid around the jet flow is accelerated by momentum transfer to 
surrounding affects to increase mass flow in the jet [11]. Both types of jet flow have impingement 
region and wall jet region characteristics when its impact on the surface. The free-surface impinging 
jet is revealed about a phenomenon that is called hydraulic jump, which cannot be found for the 
submerged impinging. In the past, many researchers have observed for heat transfer characteristics 
of liquid jet impingement. The important parameters consist of nozzle-to-impingement surface 
distance (L), Reynolds number (Re), and Prandtl number (Pr). Lv et al., [12] studied heat transfer 
characteristics of free-surface impinging jet that the effect on impingement distance (L/D) varied 
from 2 to 5 and Reynolds number in range of 8,000-13,000. The result showed that the maximum 
heat transfer coefficient was found at L/D = 4. Nakharintr et al., [13] studied the effect of jet diameter 
on heat transfer characteristics for impinging jet in a mini-channel heat sink. They showed that the 
average Nusselt number decreased as the jet diameter decreased because the smaller jet diameter 
had a smaller stagnation region, which was an important area to high cooling rate on the 
impingement surface. Sun et al., [14] studied the convection heat transfer rate for submerged 
impinging jet. The Reynolds number of water jet was varied from 5,000 to 36,000, and jet 
impingement distance was also varied from 1 to 20 of jet diameter. The result showed that the 
Nusselt number at stagnation point increased when the Reynolds number of water jet increased. 
Womac et al., [15] developed the correlation equations for heat transfer of free-surface and 
submerged liquid impinging jet. Water and fluorocarbon liquid (FC-77) were used for working fluids 
in both of impinging jet system. They showed that the average Nusselt number on surface for 
fluorocarbon liquid jet was higher than the water jet. 
 

 
 

(a) Free-surface jet (b) Submerged jet 

Fig. 1. Structure of jet impingement 
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Improvement of jet impingement cooling system is still important for high heat flux application. 
Two-phase jet impingement has been investigated recently to enhance heat transfer on the surface 
which is improved than single-phase jet impingement. For example, nanofluid is widely used for 
working fluid in impinging jet system. It is a mixture that is between the solid-phase and the liquid-
phase and it contributes to increasing the thermal conductivity of jet flow. Naphon et al., [16] 
investigated the heat transfer of impinging jet for TiO2 nanofluids in micro-channel heat sink. The 
result showed that the convective heat transfer increased by 18.56% at 0.015% of volume 
concentration nanofluid. It could decrease the average temperature of micro-channel heat sink that 
was by 3.00% for 0.4% of nanofluids concentration when compared with single-phase liquid jet 
impingement [17]. Barewar et al., [18] studied the heat transfer characteristics of impinging jet for 
ZnO-water nanofluid. Reynolds number of jet was varied from 2,192 to 9,241 and the impingement 
distance was varied from 2 to 7.5 of jet diameter. The concentration of nanofluid was also varied 
0.02%, 0.04%, 0.06%, and 0.10% by volume. The experimental result showed that the maximum value 
of heat transfer coefficient increased by 51%, 41.7%, 32.9%, and 14.1% for the concentration at 
0.02%, 0.04%, 0.06%, and 0.10%, respectively. Sun et al., [19] studied the effect of cooling 
performance of Cu-water nanofluid jet impingement, the volume concentration nanofluid was varied 
between from 0.1% to 0.5%. The result showed that the convective heat transfer increased by using 
Cu-water nanofluids jet for all the volume concentration. Lv et al., [20] studied the heat transfer 
characteristics of nanofluids impinging jet by using Al2O3-water. The experimental result showed that 
the convective heat transfer of Al2O3-water nanofluids jet increased by 1.17 to 1.64 times of using 
water jet for the volume concentration nanofluid was varied between 0.5% to 2%. Although the 
application of nanofluids contributes to enhancing heat transfer significantly. The main problem may 
produce the deposition of nanoparticles on impingement plate, which leads to a decrease in heat 
transfer rate [19]. 

Instead of applying nanofluid, few researchers have investigated the effect of adding air bubbles 
into water jet impingement for heat transfer enhancement. Because the jet flow is disturbed by the 
bubbles that lead to increase turbulence intensity on the impinging jet and some bubbles can disturb 
the thermal boundary layer on the impingement surface. Choo and Kim [21] studied the effect of 
adding air bubbles on heat transfer and flow characteristics of free-surface jet impingement for fixed 
pumping power condition. The volumetric fraction of air was varied from 0≤ 𝛽 ≤0.9. The results 
showed that the maximum value of Nusselt number was found for volumetric fraction at around 𝛽 = 
0.2-0.3 which the flow in pipe nozzle was bubbly flow regime. Trainer et al., [22] studied the heat 
transfer characteristic of air assistant water for free-surface jet impingement. The Reynolds number 
of water was between 7,500≤ReL≤15,000 and Reynolds number of air was between 0≤ReG≤5,900. 
The results showed that the local Nusselt number at stagnation point increased 2.6 times when 
compared with the liquid phase only. Friedrich et al., [23] studied the effect of volumetric fraction 
increment for heat transfer characteristics of air assistant water jet impingement. The results showed 
that volumetric fraction in range of 𝛽 = 0.1-0.8 can increase Nusselt number at stagnation point. But 
the Nusselt number decrease around 𝛽 = 0.8-0.9 due to the jet flow is largely in the phase of air. 
Kneer et al., [24] compared the heat transfer rate for submerged and free-surface impinging jets. The 
result showed that the heat transfer coefficient for submerged jet was higher than the case of free-
surface jet. However, the study was limited to a water impinging jet with no air addition. 

The purpose of study is to investigate the effect of adding air on flow and heat transfer 
characteristics of submerged impinging jet. The Reynolds number of water (ReL) was fixed at 2.4×104 
and the impingement distance was also fixed at L = 2D. The volumetric fraction of air was varied at 𝛽 
= 0.0-0.7. The heat transfer on cooling surface was evaluated using a thermal infrared camera. The 
flow structure of bubbly jet was also recorded with a high-speed camera. 
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2. Methodology  
2.1 Experimental Setup 
 

The experimental model for submerged impinging jet is shown in Figure 2. The jet flow which 
ejected from the pipe nozzle impinged to the flat surface that had constant heat flux for cooling. The 
pipe nozzle has an inner diameter at D = 9.5 mm and 1,000 mm for length that was ensured fully 
developed flow at nozzle exit. In this experiment, the distance between nozzle to impingement 
surface was fixed at L = 2D.  

 

 
Fig. 2. Impinging jet model for experiment 

 
The diagram of experiment setup is shown in Figure 3. The water was pumped from the reservoir 

tank by centrifugal pump. And then the water flowed through the temperature control tank to 
control the water temperature. In the meantime, the air was supplied by air compressor. The flow of 
water and air were controlled with rotameters. A venturi tube was used as a two-phase mixer 
between air and water. The temperature of air and water were measured by thermocouples before 
entering the venturi tube. And then the air mixed water jet flow through the pipe nozzle to the test 
section. The overflow from test section was connected to the reservoir tank. The water in reservoir 
tank was cooled with cool water flow via cooling coil. The water temperature including room 
temperature were also monitored through thermocouples. The temperatures via thermocouples 
were recorded with data logger during the experiment. 

 

 
Fig. 3. Schematic diagram of experiment setup 
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Figure 4 shows the detail of test section. The test section consists of water tank, pipe nozzle, and 
impingement plate. The water tank was made of the clear glass plate for sidewall and acrylic plate 
for the bottom wall. The size of the tank is 30 cm x 30 cm and 30 cm for height. There are 4 overflow 
outlets on each sidewall. The pipe nozzle was made of clear acrylic pipe and inserted from the bottom 
wall of the tank and fixed with a nozzle adapter. The impingement surface was made of stainless foil 
SUS304 (100 mm x 100 mm and 0.03 mm in thickness) attached on the acrylic plate window with two 
copper bus bars as shown in Figure 4. Acrylic box was set on the backside of impingement plate for 
temperature measurement on the rear side of stainless foil using a thermal infrared camera. 

 

 
Fig. 4. Detail of test section 

 
2.2 Experimental Conditions and Parameters 

 
Experimental parameters are shown in Table 1. The temperature of water flow rate was 

controlled at 28±0.1 ℃, before it was mixed with the air flow rate. The room temperature was 
controlled at 25±0.5 ℃. The temperature of air flow was same as water.  
 

Table 1 
Experimental parameters 
Parameters and symbol Values 

Reynolds number of water, ReL 2.4×104 
Volumetric fraction, 𝛽 0.0≤ 𝛽 ≤0.7  
Diameter of jet, D 9.5 mm 
Nozzle to impingement plate distance, L 2D 

 
In this study, the flow rate of water jet was fixed at 9 LPM which is corresponded to Reynolds 

number at 2.4×104. The Reynolds number is calculated from Eq. (1).  
  

𝑅𝑒𝐿 =
𝜌𝐿𝑉𝐷

𝜇𝐿
              (1) 

 
where, 𝜇𝐿 is the dynamic viscosity of water. 𝜌𝐿 is density of water. 𝑉 is the average velocity for water 
jet. The flow rate of air was varied and correspond to the volumetric fraction as shown in Table 2. 
And it is calculated from Eq. (2). 
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 𝛽 =
𝑄𝐺

𝑄𝐿+𝑄𝐺
              (2) 

 
where the water flow rate, 𝑄𝐿 was taken as 9 LPM and the air flow rate, 𝑄𝐺 were taken as 0 to 21 
LPM. Volumetric fraction was varied from 0.0 to 0.7 by increments of 0.1. This parameter was 
important for two-phase flow that affect to flow regime of jet flow.  
 

Table 2 
The volumetric fraction of jet flow 

𝛽 𝑄𝐿  (LPM) 𝑄𝐺  (LPM) 

0.0 9 0 
0.1 9 1 
0.2 9 2.25 
0.3 9 3.86 
0.4 9 6 
0.5 9 9 
0.6 9 13.5 
0.7 9 21 

 
2.3 Flow Visualization and Heat Transfer Measurement 
 

Experimental setup for flow visualization is shown in Figure 5. the pipe nozzle and water tank wall 
were made of a clear material. The high-speed camera was used to record the water-air flow in pipe 
nozzle and water-air jet flow from nozzle to impingement plate.  

 

 
Fig. 5. Experimental setup for flow visualization 

 
Experimental setup for heat transfer measurement is shown in Figure 6. The infrared thermal 

imaging camera was used to measured temperature distribution on the rear side of the stainless foil. 
The measured surface was painted with black spray had emissivity at 0.95. The stainless foil was then 
heated by constant heat flux condition with electrical current from DC power supply via the copper 
bus bars. The heat was generated by resistance of stainless foil with Joule effect. The digital power 
meter was used to measure voltage drop and current through the copper bus bars. 
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Fig. 6. Experimental setup for study of heat transfer measurement 

 
For heat transfer calculation, input heat flux to stainless surface was 
 

𝑞̇𝑖𝑛𝑝𝑢𝑡 =
𝐼𝑉

𝐴
              (3) 

 
The heat loss due to radiation and natural convection from rear side of the stainless foil to 

surrounding were 
 

𝑞̇𝑟𝑎𝑑  =  𝜎𝜀(𝑇̅𝑤
4 − 𝑇̅𝑠𝑢𝑟

4 )            (4) 
 

𝑞̇𝑐𝑜𝑛𝑣 =  ℎ𝑐(𝑇̅𝑤 − 𝑇̅𝑠𝑢𝑟)            (5) 
 

And the net heat flux from the impingement surface to the jet flow was 
 

𝑞̇𝑛𝑒𝑡 =  𝑞̇𝑖𝑛𝑝𝑢𝑡 − 𝑞̇𝑟𝑎𝑑 − 𝑞̇𝑐𝑜𝑛𝑣           

(6) 
 

The heat transfer coefficient was calculated with 
 

ℎ =
𝑞̇𝑛𝑒𝑡

(𝑇̅𝑤−𝑇̅𝑎𝑤)
              

(7) 
 
where 𝐼, 𝑉 and A were current, voltage of electric power and area of heat transfer surface, 
respectively. 𝜎 was the Stefan-Boltzmann constant (5.67 ×10-8 W/m2K4). 𝜀 was the emissivity of black 
surface (0.95). 𝑇̅𝑤 was the time average temperature on a surface with heat flux and 𝑇̅𝑎𝑤 was the 
time average temperature on a surface without heat flux. These values were averaged from 500 
images taken from the infrared camera every 1 image/second. This is due to the impingement of 
bubbles in water jet flow affect to change of the temperature on the surface. 𝑇̅𝑠𝑢𝑟 was the average 
room temperature during the experiment which was recorded by the data logger and ℎ𝑐  was the 
heat transfer coefficient for natural convection for heated horizontal plate. 
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Finally, the Nusselt number was calculated from 
 

 𝑁𝑢 =
ℎ𝐷

k
              (8) 

 
where k was the conductivity of the water. 
 
3. Results  
3.1 The Flow Visualization for In Pipe Nozzle and Impinging Jet 
 

Figure 7 shows the flow visualization results in the middle part of pipe nozzle at different 
volumetric fractions. The high-speed camera was used to capture at 6400 fps. However, the 
instantaneous flow pattern was shown in Figure 7. The air bubbles increase according to the increase 
of the volumetric fractions. The results of flow patterns in pipe were divided into 3 cases. For case of 
𝛽 = 0.1, it was in bubbly flow regime which having some small air bubbles distributed in flow pipe. 
For case of 0.2≤ 𝛽 ≤0.3, it was slug flow regime that the small air bubbles merge to larger a bubble 
and the shape of air bubble like the bullet shape. For case of 0.4≤ 𝛽 ≤0.7, it was in annular flow 
regime that the slug bubbles merge together and the middle area of pipe was mostly covered by gas 
phase. the liquid phase with small air bubbles was on the pipe wall. 
 

       
β  = 0.1 β  = 0.2 β  = 0.3 β  = 0.4 β  = 0.5 β  = 0.6 β  = 0.7 

Fig. 7. Flow visualization in pipe nozzle at different volumetric fractions 

 
Figure 8 shows the flow visualization of impinging jet for different volumetric fractions. Each case 

shows the instantaneous flow at 3 timings: t, t+75 ms and t+150 ms. Results of flow patterns of 
impinging jet can be divided into 4 patterns. For case of 𝛽 = 0.1, the jet flow was similar to the bubbly 
regime in pipe nozzle and impinged on the impingement surface.  

For case of 𝛽 = 0.2 and 0.3, the bubble in jet flow was like bullet shape. The air bubble interacted 
with the surrounding of water and the cloud of bubbles changed to mushroom shape. This cloud of 
bubbles impinged on the surface cover a large area in impingement region. This can promote the 
heat transfer than case of 𝛽 = 0.1.  

For case of 𝛽 = 0.4 and 0.5, the bubble cloud appears near the pipe nozzle and moved to impinge 
on the surface. The mushroom shape of the bubble cloud becomes larger with the increase of 
volumetric fraction. The cloud of bubble covers a large area on impingement surface. This trend is 
the same for case of 𝛽 = 0.6 and 0.7. However, the bubble cloud expands from the nozzle exit to the 
impingement surface. 
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Fig. 8. Flow visualization of impinging jet at different volumetric fractions 

 
3.2 Heat Transfer Characteristics 
 

Figure 9 shows the contour of time-average Nusselt number distribution. The volumetric fractions 
were varied from 0.0 to 0.7 at nozzle to impingement plate distances of L = 2D and Reynolds number 
of water of ReL = 2.4×104. For case of 𝛽 = 0.0, the local Nusselt number is lowest when compared to 
the other cases. When adding the airflow into the water jet flow, the local Nusselt number in 
impingement region and wall jet region increase significantly. Particularly, the case of 𝛽 = 0.2 gives 
the maximum Nusselt number in impingement region. This is due to the mushroom shape of cloud 
bubbles impinged on the surface. And the air bubbles disturb the thermal boundary on impingement 
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surface. However, the Nusselt number tends to decrease when the increase of volumetric fraction is 
more than 0.2. This is due to the large cloud bubbles impact the surface. 
 

 
Fig. 9. Contour of time-average Nusselt number distribution at different volumetric fractions for L = 
2D and ReL = 24,000 

 
Figure 10 shows local Nusselt number distribution along r-axis at different volumetric fractions. 

The Nusselt number becomes maximum at the r/D = 0 and decreases gradually as going far from the 
downstream. It is cleared that the air bubbles can promote the heat transfer overall the impingement 
surface. The volumetric fraction has an effect on the heat transfer enhancement. The volumetric 
fraction, 𝛽 = 0.2 gives the maximum Nusselt number.  

To compare the heat transfer enhancement, the  average Nusselt number in area of -3D≤r≤3D 
was compared between impinging bubbly jet (𝑁𝑢̅̅ ̅̅ )  and impinging jet for case of 𝛽 = 0.0 (𝑁𝑢̅̅ ̅̅

0)  as 
average Nusselt number ratio (𝑁𝑢̅̅ ̅̅ /𝑁𝑢̅̅ ̅̅

0) shown in Table 3. It was found that case of 𝛽 = 0.2 gives the 
maximum heat transfer enhancement about 33%. The other cases of volumetric fraction give the 
heat transfer enhancement in range of 15%-28%. 
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Fig. 10. Local Nusselt number distribution along r-axis at different 
volumetric fractions 

 
Table 3 
Average Nusselt number ratio between bubbly jet and 
water jet (𝛽 = 0.0) 
Volumetric fraction, 𝛽  𝑁𝑢̅̅ ̅̅ /𝑁𝑢̅̅ ̅̅

0 

0.1 1.24 
0.2 1.33 
0.3 1.28 
0.4 1.27 
0.5 1.25 
0.6 1.19 
0.7 1.15 

 
4. Conclusions 

 
In the present, this research for the heat transfer enhancement and flow visualization of bubbly 

jet impingement were investigated under fixed Reynolds number of water (ReL = 2.4×104) and nozzle 
to impingement plate distance (L = 2D), the volumetric fraction was varied from 0.0 to 0.7. It can be 
summarized as follow: 

i. Heat transfer enhancement by adding air into water impinging jet for all volumetric fractions 
are higher than a case of pure water impinging jet.  

ii. For 𝛽 = 0.1 to 0.2, it was found that the average Nusselt number is continuously increased 
and volumetric fraction at 𝛽 = 0.2 gives the maximum average Nusselt number about 33%. 
The jet flow pattern forms the cloud bubble with a mushroom shape that is interacted with 
the surrounding water. It presents proper air quantity that occurs to disturb the thermal 
boundary layer on the impingement surface and increases turbulence intensity on jet flow.  

iii. For 𝛽 = 0.2 to 0.7, it was found that the average Nusselt number is continuously decreased. 
The jet flow pattern is also found that the cloud bubble with mushroom shape that rapidly 
expanded when the volumetric fraction increases. It leads to the cloud of bubble covers a 
large region on the impingement surface which decreases the heat transfer.  
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