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ABSTRACT 

In this study, the performance of heat transfer and analysis of exergy with different points of air injection in a 

shell and tube heat exchanger has been carried out. Various cases were taken into consideration with and without 

air injection through the shell, tube, and both shell and tube and the results are compared. In this study, it was 

given a higher amount of Nusselt number (Nu) for the (HE) with air bubble injection than the amount of (Nu) for 

the (HE) without air bubble injection about 2.41% - 25.5 %. Maximum (NTU) was occurred for air bubble 

injection through both shell and tube at high amount of Reynolds number (Re) about 15000. The enhancement in 

the heat transfer rate for air injection through shell, tube, both shell and tube are 4.45%, 8.42%, 13.63%, 

respectively with respect to the case of no air bubble injection. The enhancement in the effectiveness of air 

injection through the shell, tube, both shell and tube are 32.4%, 45.6%, 54.8%, respectively regarding the case of 

no air bubble injection.  
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INTRODUCTION 

In today’s era, the limited or confined resources of energy are vanishing day by day as the humans are using them 

at an unimaginable alarming rate. If the humans continue to use these energy resources in such a rapid rate then 

the day is not so far when our future generation will starve for these energy resources. This overexploitation of 

these energy resources has forced the engineers or researchers to find some advanced or new techniques to enhance 

the thermal performance characteristics of (HEs), so that the ever growing demand for these energy resources can 

be fulfilled to the most possible extent [1]. As per the estimation given by the world council, there will be 

approximately 50% rise in the demand of energy in future, that seems to be very difficult to achieve, if the energy 

resources usage will remain continue by the humans at the present alarming rate [2]. In the past decades, many 

methods have been explored for the purpose of increasing the heat transfer rate and the (HEs) performance. 

Generally, these techniques can be classified into two main types: )1) Passive techniques that do not require a 

direct application of external energy, such as the use of nanofluids, coarsening of (HE) surfaces and introducing 

turbulators of fluid (2) Active techniques that require external power, for example electrostatic fields  and surface 

vibration [3]. 

From the recent studies, it has been found that the humans are exploiting limited sources of energy at an alarming 

rate. This exploitation of energy resources will extinguish them much earlier than expected. This will cause our 

future generation to starve for these energy resources. To compensate for this growing or rising demand and 

limited sources of energy extraction, engineers are trying to find out the new or advanced techniques to enhance 

the thermal or heat transfer performance of (HEs) [1].The world council has estimated that there would be around 

50% rise in the demand of energy in the coming future years that will be very difficult to achieve if the humans 

continue to use the energy resources at the present rapid rate [2]. It has been found that heat transfer has critical 

importance in the world of energy because if there would be more efficiency of heat transfer, then there would be 

more recovery of heat from the process under consideration. If there would be greater efficiency in (HEs) can be 
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widely used to conserve energy by recovering more and more heat through heat transfer process and this conserved 

energy can be used for different purposes [4]. 

Gabillet et al. [5] reported an enhancement in shear stress and turbulent kinetic energy with air bubbles injection 

in turbulent boundary layers. Houshmand and Peles [6] presented an experimental study to the air bubble flow 

rate effect with water flow rate on heat transfer characteristics in a micro channel and reported an enhancement 

of 16%. Celeta et al. [7] studied the injection of air bubbles effect at heated channel inlet and reported a 10 times 

enhancement in the heat transfer. Dizaji and Jafarmadar [8] reported an improvement of 6-35% in (Nu) of a double 

pipe (HE) due to injection of air bubbles. Delaure et al. [9] reported an enhancement in heat flux due to the rising 

of an ellipsoid air bubble in water. Jacob et al. [10] studied the two phase flow and reported that the Reynolds 

stress and shear stress near the wall reduced with injection of air bubbles compared to that of single phase flow. 

Kern [11] came up with the detailed design procedure of the shell and tube (HE). Till today, various techniques 

have been used to enhance the shell and tube (HEs) performance such as providing tubulators, the geometry of 

different tube, fins, etc. Studies have been conducted on the effect of baffles spacing, flow pattern height of baffles 

on the effectiveness of shell and tube (HEs) [12]. Nano fluids also have been introduced to enhance (HEs) 

performance [13]. 

Baqir et al.  [14] Presented experimental study to air injection influence on the counter-current coiled tube (HE) 

thermal performance. The  flow rates  of hot water in the coil,air flow, and cold water flow in shell pipe of (1 to 

2 l/m),( 0 to 10 l/m  ) and  (2 to 10 l/m ) , correspondingly Izadpanah et al. [15] investigated the natural convection 

heat transfer over the outer wall of the  helically coiled tube heat exchanger (HCTHE) experimentally to study the 

effect of coil diameter, mass flow rate, turns number, and pitch on the exergy destruction. It was obtained the best 

coil dimensions that reduce destroyed stress and increase the performance coefficient. The main aim of the present 

work is to clarify the air bubble injection effect experimentally with different air flow rates on thermal 

characteristics of a horizontal shell and tube (HE). Air flow is injected through the shell, tube, and both shell and 

tube. 

EXPERIMENTAL SETUP  

Figure (1) shows the photographic view of the experimental setup. The schematic diagram of the experimental 

setup is shown in Figure (2). The experimental setup consisting of test section, hot water loop, cold water loop 

and air injection system. Figure (3) presents the test section cases.  

 

Figure 1. Photographic View  of the experimental setup: 1-test section , 2-cold water tank , 3-compressor ,4-hot 

water tank, 5-codenser,6-water pump,7-water-Rotameter,8-air pump, 9-dimmer and thermostat , 10-Connecting 

tubes ,11-Valves to control the amount of water,12-Air delivery tubes,13-data logger 14-thermocouple wire,15-

evaporator 
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Figure 2. Schematic diagram of the test rig: 1-test section, 2-cold water tank , 3-compressor , 4-hot water tank, 

5-codenser,6-water pump,7-water-Rotameter,8-air pump, 9-dimmer and thermostat , 10-Connecting tubes  ,11-

Valves to control the amount of water,12-Air delivery tubes,13-data logger 14-thermocouple wire,15-evaporator 

 
a) 

 

 
 

b) 

 

 

 
 

c) 
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d) 

Figure 3. Test section: a) without injection of air, b) air injection in shell, c) air injection in tube , d) air 

injection through both shell and tube 

Specifications of the test section is shown in Table 1. K-type thermocouples with an accuracy of 0.1 oC were 

installed at the inlet and outlet of the shell and tube, and also on its wall surface to obtain the wall temperature. 

The water is heated in a 50-liter hot water tank. Proportional-integral-derivative (PID) controller is used to control 

the temperature of hot water. Hot water is pumped to the shell side at different flow rates (4, 5.25, 6.5, 7.65, 8.9 

,10.1, 11.3 ,12.5 lpm) and at temperature of 50 oC. Cold water is pumped at a constant flow rate of 4 lpm and at a 

fixed temperature. Two flow meters each having an accuracy of about 1% were installed on the shell and tube 

side to control the flow rate on the shell side and tube side. Air was injected using an aquarium pump at the air 

mass flow rate of (0.06kg/s) having a negligible pressure compared to that produced by the water flow at 15 oC 

ambient temperature. The instruments were calibrated before test began. Experiments have been conducted in 

four different scenarios. The first groups of experiments have been performed using hot distilled water on the 

shell side and cold distilled water on the tube side. Different readings have been recorded at five regular time 

intervals and averages of the readings were taken for analysis.  

Table 1. Test Section Specifications 

Item Dimensions 

Length 610 mm 

Diameter of Shell 57 mm 

Diameter of Tube Inner  

 

29 mm 

Tuber Outer Diameter  

 

26 mm 

Tubes Number 

 

1 

 

The accuracy and uncertainty of the measurements are listed in table (2). 

Table 2. The accuracy and uncertainty of the measurement 

Instruments Accuracy (%) Uncertainty 

Thermocouple type K 0.1 ±0.10 

Rotameter (kg/s) 0.2 ±0.01 

Data Logger  (oC) 0.1 --- 

EQUATIONS OF DATA REDUCTION 

It can be calculated the experimental average of heat transfer in the multi coil (HE) by Holman [16]: 

𝑄ℎ = 𝑚ℎ𝐶𝑝ℎ(𝑇𝑖𝑛,ℎ − 𝑇𝑜𝑢𝑡,ℎ)                        (1) 

𝑄𝑐 = 𝑚𝑐𝐶𝑝𝑐(𝑇𝑜𝑢𝑡,𝑐 − 𝑇𝑖𝑛,𝑐)                                                                                                                                        (2) 

The average heat transfer  𝑄𝑎𝑣𝑒 is : 



 The Effect of Air Injection in a Shell and Tube Heat Exchanger   

 
 

309 

 

𝑄𝑎𝑣𝑒 =
𝑄ℎ+𝑄𝑐

2
                                                                                                                                                            (3) 

The overall heat transfer coefficient 𝑈ℎ: 

𝑈ℎ =
𝑄𝑎𝑣𝑒

𝐴ℎ𝐿𝑀𝑇𝐷
                                                                                                                                                            (4) 

Where 

LMTD: is the log means temperature difference, based on deviation of the inlet temperature Δ𝑇1 and deviation of 

the outlet temperature Δ𝑇2 : 

𝐿𝑀𝑇𝐷 =
∆𝑇1+∆𝑇2

𝑙𝑛
∆𝑇1
∆𝑇2

                                                                                                                                                        (5) 

∆𝑇1 = 𝑇𝑖𝑛,ℎ − 𝑇𝑜𝑢𝑡,𝑐                                                                                                                                                    (6) 

∆𝑇2 = 𝑇𝑜𝑢𝑡,ℎ − 𝑇𝑖𝑛,𝑐                                                                                                                                                     (7) 

Where, 𝑇out,h, and 𝑇in,ℎ, are outlet and inlet hot water, respectively and, 𝑇out,𝑐 and 𝑇in,𝑐, denotes the outlet and inlet 

cold water temperature, respectively. 

It can be calculated the exergy loss and the loss of dimensionless exergy using Akpinar and Bicer [17] methods 

and Equations (8)-(12). 

𝐸ℎ = 𝑇𝑒{𝑚
˙

ℎ × 𝐶𝑝ℎ × ln
𝑇ℎ𝑜

𝑇ℎ𝑖
}                                                                                                                                     (8) 

𝐸𝑐 = 𝑇𝑒{𝑚
˙

𝑐 × 𝐶𝑝𝑐 × ln
𝑇𝑐𝑜

𝑇𝑐𝑖
}                                                                                                                                        (9) 

𝐸 = 𝐸ℎ + 𝐸𝑐                                                                                                                                                             (10) 

𝑒 =
𝐸

𝑇𝑒×𝐶𝑚𝑖𝑛
                                                                                                                                                               (11) 

C𝑚𝑖𝑛 = Min{ChandCc}                                                                                                                                            (12) 

Coefficients of heat transfer (hi) can be evaluated by method of “Wilson plots” as shown below [18-22]. 

1

𝑈𝑖
=

1

ℎ𝑖
+

𝐴𝑖ln(
𝑑0
𝑑𝑖
)

2𝐾𝐿𝜋
+

𝐴𝑖

𝐴𝑜ℎ𝑜
                                                                                                                                          (13) 

1

𝑈𝑖
=

1

ℎ𝑖
+M                                                                                                                                                                 (14) 

ℎ𝑖 = 𝐵𝑅𝑒𝑚                                                                                                                                                                (15) 

It can be obtained constants M ,B, and exponent (m) through curve fitting, and (hi) can be calculated as:- 

1

𝑈𝑖
=

1

𝐵𝑅𝑒𝑚
+𝑀                                                                                                                                                            (16) 

Number of heat transfer units (NTU) indicates of the (HE) size and it is calculated by: 

NTU =
𝐴𝑈

𝐶𝑚𝑖𝑛
                                                                                                                                                               (17) 

Where Cmin is the minimum thermal capacity and it can be defined as shown below: 

Ch = 𝑚
˙

hcph, Cc = 𝑚
˙

ccpc,C𝑚𝑖𝑛 = Min{ChandCc}                                                                                               (18) 

Double pipe effectiveness of (HE) can be calculated with: 
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𝜀 =
actual heat transfer

maximum possible heat transfer
                                                                                                                                       (19)   

Maximum possible heat transfer (Qmax) is expressed as: 

𝑄𝑚𝑎𝑥 = (𝑚.𝑐)𝑚𝑖𝑛(𝑇𝑖𝑛𝑙𝑒𝑡,ℎ − 𝑇𝑖𝑛𝑙𝑒𝑡,𝑐)                                                                                                                          (20) 

Finally, the experimental (Nu) can be calculated by: 

𝑁𝑢 =
ℎ𝑖𝐷

𝐾
                                                                                                                                                                       (21) 

RESULTS AND DISCUSSION 

Without air injection, (Nu) was validated with Naphon et al [23] equation. This experimental correlation is given 

as follow: 

𝑁𝑢 = 1.84(𝑅𝑒 − 1500)0.325000 ≤ 𝑅𝑒 ≤ 25000, 𝑃𝑟 = 0.7                                                                       (22) 

Where (Pr) is Prandtl number. Fig. (4) presents the validation results. It can be seen in this figure, the present 

study results give a good similarity with the mentioned equation within 7.2% as a maximum difference for (Nu).  

 

Figure 4. Validation of the experimental results with Naphon et al. without air injection [23] 

Results of (Nu) are demonstrated in Figures (5, 6, and 7). Fig. (5) depicts the changes of (Nu) with (Re) for air 

bubble injection in the shell inlet. Fig. (6) depicts the changes of (Nu) with (Re) for air bubble injection during 

tube, and Fig.(7) depicts the changes of (Nu) with (Re) for air bubble injection during both shell and tube.   

 In all arrangements of figures (5, 6, and 7), the (HE) with injection of air bubbles gave higher amounts of (Nu) 

than those for the (HE) without injection of air bubbles. Dependent on condition of air injection and (Re), air 

bubbles increased  (Nu)  amount about 2.41% - 25.5 %.  
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Figure 5. Variation of (Nu). with (Re). with and without air injection through the shell 

 

Figure 6. Variation of (Nu) with (Re) with and without air injection through the tube 
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Figure 7. Variation of (Nu) with (Re) with and without air injection through both shell and tube 

Figure (8) shows that maximum enhancement of (Nu), it obtained for air bubble injection through both shell and 

tube at low amount (Re=5000). At high amount (Re=15000) minimum enhancement of (Nu) occurred for injection 

of air bubble through shell. The ratio of enhanced (Nu) to the non – enhanced (Nu) decreases with increasing of 

(Re) for all conditions [24-30]. 

 

Figure 8. Variation of Enhanced (Nu) with (Re) 

(NTU) changes with (Re) are shown in Fig.(9). It is noticed that with the increase of (Re), the (NTU) amount 

increases. Dependent on conditions of air bubbles injection, Minimum (NTU) occurred for air bubble injection 

through shell at low amount (Re=5000), and maximum (NTU) occurred for air bubble injection through both shell 

and tube at high amount (Re=15000). 
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Figure 9. Variation of enhanced effectiveness with (Re) 

It is important to consider the loss analysis of exergy in any (HE). Exergy is the maximum possible useful work 

and it can be obtained from the system. Obtaining maximum work from the system means obtaining better (HE) 

performance. In any (HE), one of the main causes of exergy loss is the temperature discrepancy between the hot 

and the cold fluid. There will be more energy used from the system when the dimensionless exergy loss is 

increased. From figure (10), it has been noticed that the air bubbles injected in different conditions, the minimum 

dimensionless exergy is for injection through shell, and the maximum when injection the air through both shell 

and tube. The injection of air gives more dimensionless exergy if compared with the case of without air injection.  

 

Figure 10. Variation of dimensionless exergy with (Re) 

From figure (11), it is shown that the heat transfer rate increases with the increase in (Re). Moreover, figure (11) 

also show that the injection of air bubbles through both shell and tube gave maximum heat transfer rate followed 

by the case of air bubble injection through tube and air bubble injection case through shell and the case of no air 

bubble injection. The enhancement in the rate of heat transfer rate for air injection through shell, tube, both shell 

and tube are 4.45%, 8.42%, 13.63%, respectively with respect to the case of no air bubble injection. This 

enhancement takes place at different (Re) under which the experiment was performed [31-36]. 
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Figure 11. Variation of heat transfer rate with (Re) 

Effectiveness indicates the performance of the (HE) that how much the (HE) is effective for a particular purpose. 

It is the ratio of actual heat transfer to the maximum possible heat transfer by the given (HE). So, more the heat 

transfer rate more will be the effectiveness of the (HE). From the figure (12), it is shown that the effectiveness 

increases with the increase in (Re). Moreover, figure (12) also shows that the injection of air bubbles through both 

shell and tube gave maximum effectiveness followed by the case of air bubble injection through tube, followed 

by the injection of air bubble through shell, and then the case without air bubble injection. The enhancement in 

the effectiveness for air injection through shell, tube, both shell and tube are 32.4%, 45.6%, 54.8%, respectively 

with respect to the case of no air bubble injection. This enhancement takes place at different (Re) under which the 

experiment was performed. This enhancement takes place at different (Re) under which the experiment was 

performed [37-41]. 

 

Figure 12. Variation of Effectiveness with (Re) 
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CONCLUSION 

After studying the counter-current flow thermal performance in a horizontal shell-tube (HE) under the effect 

technique of air bubbles injection. It can be concluded: 

1. Dependent on air injection condition and (Re), air bubbles increased the amount of (Nu) about 2.41% - 25.5 

%.  

2. The maximum (Nu) enhancement was obtained for air bubble injection through both shell and tube at low 

amount of (Re=5000). Minimum (Nu) enhancement was occurred for air bubble injection through shell at 

high amount of (Re=150000) . The ratio of enhanced (Nu) to the non – enhanced (Nu) decreases with 

increasing  of (Re) for all conditions. 

3. The increase of (Re), the amount of (NTU) increases. Dependent on conditions of  air bubbles injection, 

Minimum (NTU) was occurred for air bubble injection through shell at low amount of (Re=5000), and 

maximum (NTU) was occurred for air bubble injection through both shell and tube at high amount of 

(Re=15000) . 

4. The minimum dimensionless exergy is for air injection through shell, and the maximum when injection the 

air through both shell and tube. The injection of air gives more dimensionless exergy if compared with the 

case of without air injection. 

5. The enhancement in the rate of  heat transfer for air injection through shell, tube, both shell and tube are 

4.45%, 8.42%, 13.63%, respectively regarding the case of no air bubble injection. 

6. The enhancement in the effectiveness for air injection through shell, tube, both shell and tube are 32.4%, 

45.6%, 54.8%, respectively with regarding the case of case of without air injection. This enhancement takes 

place at different (Re) under which the experiment was performed. 
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