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This work is undertaken as a scientific experiment to test a new design of a turbu-
lent generator. The current research experiments the influence of novel vortex 
generator inserts on heat transfers within a tube under a uniform heat flux. A Cu 
tube with a 45 mm inner diameter and 1350 mm length is used along with a solid 
disc injector (swirl generator) that comprises ten crescent holes with equal cir-
cumferential distribution angles around the disk canter. Subsequently, a swirl 
flow is generated by deviating the stream flow 45° causing it to spin in the direc-
tion of the axial flow. Flow directors are on 45ᵒ angles toward the axial direction 
for each of the crescent holes. This study is an example of flow degradation. 
Reynolds numbers range from 6000 to 13500. Therefore, fluid-flow is treated as 
a turbulent system. All experiments done with air are regarded as a power fluid 
and Prandtl number is fixed at about 0.71. Thermo-hydraulic performance of 
heat exchanger is analyzed. The average heat transfer Nusselt number is calcu-
lated and discussed. The experiment found out that Nusselt number increases 
with an increase in Reynolds number as well as the number of swirl generators. 
At four vortex generators, the maximum augmentation in heat transfer is around 
4.3 times greater than the plain tube and friction factor is about 1.28 with 5 vor-
tex generators insets. The results indicate a promising heat exchanger enhance-
ment in the local petroleum industries. 
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Introduction  

Over many decades, designers have attempted to build energy-saving and compact 

heat exchangers [1]. One way to approach this aim is by intensifying heat transfers by way of 

conveying. During the process of power fluid-flow at heat exchange, the boosting of heat 

transfer rate requires specific actions to decrease the laminar sub-layer thickness that is 

formed on the inner surface of the conduit. Generally, the techniques for enhancing heat trans-

fer minimize the thermal resistance either by increasing the effective surface area of heat 

transfer or by generating turbulence insides the flow. Some previous studies have covered the 

methods that increase the affected areas for heat transfer as using extended surfaces [1, 2] or 

rough surfaces [3] that affect the boundary-layer state. The other option for enhancing heat 

exchanger thermal performance includes the insertion of geometry elements that boost local 

turbulence. The usage of these elements is restricted by the pressure drop. Flow turbulization 

is done by introducing elements to create an artificial turbulization to hinder the fluid path. 

–––––––––––––– 
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These disturbances increase heat transfer. Then, the pressure drop affects the friction factor 

that is important to manage the pressure drop. These changes are accompanied typically by a 

rise in pumping power that may lead to an increase in cost. Many investigations on the effects 

of various insertion types to induce turbulence have been conducted by placing an obstacle to 

the fluid-flow or by installing an injector in the flow pipe at defined points along the flow axis 

[4-7]. The decaying swirl flow can be created using various techniques. These are either ac-

tive or passive. Swirl flow has several applications in the mechanical and chemical engineer-

ing field like separating and mixing devices, turbomachinery, combustion chambers, and 

chemical reactors [8]. Further, a conical injector has been inserted to generate a decaying 

swirl flow in the pipe to define its effect on heat and exergy transfer in a turbulent flow re-

gime experimentally [9].  

Another experiment on the generation of swirl flow was conducted by using short-

ened helical tape fixed at the entry of the test section [10]. The effects of inserting an axial 

vane inside heat exchanger tube for generating a swirl flow has also been studied [11]. Jafari 

et al. [12] has designed a swirling flow generator consisting of four holes as a star cross-

section in a disk with several disks inserted along the axial direction of the tube to investigate 

their effects on the overall heat exchanger performance. The effects of the number of vanes in 

a propeller and its axial positions, besides the vane inclination angle with a vertical axis of the 

turbulence device technique in swirl generation, have been studied too [13]. Improved numer-

ical shell and tube heat exchanger hydrodynamic characteristics resulted by using baffle type 

vortex generators (VG) [14]. Other research presented the effects of different baffle angles on 

heat transfer enhancement [15]. Exergy analysis is one of the methods which have been used 

to determine the optimum geometry of the propeller [16]. While others used a flat tape with 

various geometries [17], and many more utilized nanofluid to enhance the performance of 

heat exchanger [18-20]. 
The current study, however, offers novel swirl generator (SG) inserts. A disc con-

sisting of ten crescent holes with equal circumferential distribution angles around the disk 

center. A decaying swirl flow was generated by deviating the stream flow 45°, which caused 

it to twirl around the axial flow direction. This was compared with the other SG devices used 

in heat exchangers customarily. This research focuses on the effects of the swirling generation 

insert numbers on the rate of convection along with the pressure drop inside the test tube 

(thermo-hydraulic performance). Meanwhile, the air was used as power fluid. Finally, the ac-

curacy of results the plain tube outcomes are supported by available correlations of turbulent 

flows. 

Experimental apparatus 

Figure 1 shows a schematic diagram of the open loop system used in the experi-

mental test. The experimental rig consists mainly of an inlet section (calming section), a test 

section with heating arrangement, and an air outfit system (blower). The main air outfit sys-

tem equipment has a 6.5 kW blower motor, and a flow meter is employed to measure the 

flowrate. The test section included an aluminum tube with length, L = 1350 mm. Its diameters 

are inner, Di = 45 mm and outer, Do = 50 mm diameters, respectively. The tests are conducted 

under constant heat flux condition. The test tube is enveloped by an electrical heater to deliver 

a uniform and controlled heat flux. A variac controls the input electrical voltage to reach the 

desired power. The external surfaces of the test section are tightly insulated to reduce heat 

loss in the surroundings by radiation and convection. Heat losses are determined by measur-

ing the temperatures at four various points at the outer surface of the thermal insulator by us-
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ing T-type thermocouples. The axial heat losses are minimized at the test section by placing a 

Teflon layer in the inlet and outlet of the test tube.  

 

Figure 1. Experiment set-up schematic diagram 

The temperature distribution along the outer surface wall of the test pipe is measured 

by fixing teen thermocouples at various points. The temperature of the test tube’s main wall is 

determined by calculating the reading of ten distribution thermocouples. In order to measure 

the bulk temperatures of air, a thermocouple is fixed at the test section inlet along with other 

two thermocouples fixed at the test section outlet. To record the temperature of the test sec-

tion, a multi-channeled temperature recorder with T-type thermocouple (calibrated) is used. 

The pressure drop across the test section is measured by a digital micromanometer through 

taps located at entrance and exit of the test section. Figure 2 shows the test tube details with 

the arrangement of the swirling VG insert. 

Figure 2(a) shows a plain tube and the location of the single SG, with a relative 

spacing S = L/2. The other tubes contain different relative spacings, S/L, which are S = L/3, 

L/4, L/5, and L/6 for inserting 2, 3, 4, and 5 SG, respectively. To fix the swirl VG, teflon rings 

are attached to the inserts. 

 

Figure 2. (a) Distribution of SG devices inserts and (b) a schematic diagram of a SG 

The SG elements are illustrated with reference in fig. 2(b). It is consisting of ten 

similar crescent holes with equal circumferential distribution angle of 36° around the disk 

center. The cutting line of the crescent hole breaches the disk surface at an inclination angle of 
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45°. As soon as the fluid enters the SG device, 

it starts to spin in a swirl around the main direc-

tion of fluid-flow. Figure 3 demonstrates the 

default physical behavior of the fluid-flow.  

The SG devices are designed and constructed by 3-D printing machines. The best 

quality available is used in printing the swirl devices and the used material is polylactic acid. 

The surfaces of the SG are treated for smoothness to reduce the friction losses.  

Data reduction 

Experimentally, six different values of Reynolds numbers (6000, 7500, 9000, 10500, 

12000, and 13500), which are the generally used range in the local petroleum industries, are 

examined to show the effects of applying swirl flow on the overall performance of the heat 

exchanger. Currently, the air is used as a power fluid to flow through the insulated tube under 

uniform heat flux condition. The net thermal energy input, Q1, to the air from the inner sur-

face of the tube is determined while the electrical energy is supplied to the system: 

 1 losses Q VI Q   (1)  

where V is the voltage and I – the current. 

In the case of steady-state condition, the rate of heat, Q2, transferred to air is ex-

pressed: 

 2 bo bi( )pQ mC T T   (2) 

where Tbo and Tbi represent the fluid bulk temperatures at the inlet and the outlet, respectively. 

The energy equilibrium test between heat losses due to the radiation and convection 

from the test section has shown that the applied electrical power on the test section 0.8-2.6% 

was greater than the heat absorbed by the fluid. The losses can be ignored as long as they are 

less than 5% [12], and the average of Q1 and Q2 are considered as an input heat to the air: 

 1 2
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Q Q
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The convective heat transfer from inner surface of the tube is equal to the gained 

heat by air inside it. Therefore, the given energy balance equations are:  

 air  bo bi conv.  w b( ) ( )pQ mC T T Q hA T T      (4) 
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where bT  and wT  [K] represent the air bulk and wall temperatures of the test tube, respec-

tively. While h  [Wm2K–1] is the average heat transfer coefficient. Then: 
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p

T T
h mC

A T T





  (5) 

Define the mean Nusselt number as Nu /hD k  and Reynolds number as 

Re / .VD   

Friction factor is defined: 

 

Figure 3. Physical behavior of fluid-flow 
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where U [ms–1] is the velocity of flow and ∆P – the pressure drop through the test tube.  

The properties of thermal fluids are calculated at the bulk temperature while thermal 

performance factor, η, at same pumping power is [5]: 
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The Colburn j-factor is determined by using the relation attained among Reynolds, 

Prandtl, and Nusselt numbers [21]. 

 
0.33

Nu

RePr
j    (8) 

Uncertainty analysis 

The experiment show there has been a possible error between the measured and the 

actual parameters for all laboratory experiments. Although the calibration, confirmation, and 

other experimental steps of the system aimed to improve the reliability of outcomes, the study 

of uncertainty was a critical step in minimizing the distance between the results and the reali-

ty. The research used the Moffat [22] approach for an analysis uncertainty of the independent 

variables and their effects. The variable value, XX, is considered a summary of the measured 

value, XXmeasured, and a specific uncertainty is: 

 measured ( ) :XX XX XX XX      (9) 

The uncertainty value for a parameter is considered as a function of all the inde-

pendent parameters: 

 1( ,[ , )]nXX XX    So:
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In this regard, the results of uncertainty for the friction factor and the Nusselt num-

ber are roughly 4% and 6%, respectively. In addition, the other measured parameters have rel-

ative variance of less than 4%, which is a reasonable value that satisfies the proper uncertainty 

and precision of instruments. 

Results and discussion 

Verification of experiment results  

A smooth tube is examined, and measurements are estimated and compared to the 

relationship suggested by Dittus and Boelter for Nusselt number and Blasius for friction factor 

correlation [23].  
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 Dittus and Boelter correlation 0.8 0.33Nu 0.023Re Pr   (11) 

 Blasius correlation 0.250.3164Ref    (12) 

A comparison between the recorded parameters and Dittus and Boelter correlation is 

illustrated in fig. 4. In order to get values within an acceptable range, the agreement between 

the interactions and the datasets reported is observed. The data is derived from the smooth 

tube studies of the proposed correlations (3.9% and 3.2%) representing the Nusselt number 

and f, respectively. This small deviation in the experimental results allows experimentation to 

continue. 

 

Figure 4.  (a ) Nusselt number vs. Reynolds number for plain tube and (b) friction factor vs. Reynolds 
number for plain tube 

Axial temperature distribution 

Figure 5 depicts the temperature distri-

bution along the tube axes for various num-

bers of VG, at Reynolds number equal 

to 9000. The figure shows that the values of 

temperature increase along the tube length. 

The temperature decreases whenever a set of 

VG is inserted into the test tube. Air turbu-

lent starts to increase when VG are inserted, 

which affect temperature distribution along 

the test tube. The best temperature decrease 

is achieved with 5-piece (S = L/6) of insert-

ed VG which is close to 4-piece (S = L/5) of 

VG, that leads to include spacing and a high 

level of turbulent of a specific number of 

VG. Figures 6(a) and 6(b) shows the effects 

of different Reynolds numbers on the tube 

surface temperature with one VG (S = L/2) as shown in figs. 6(a) and 6(b) that illustrate the 

effects of four VG on S = L/5. In these figures, the effects of a number of VG inserts can easi-

ly be observed by following their line fig. 7(a) where the effects of insert numbers and flow 

rate vary from 6000 to 13500.  

 

Figure 5. Axial distribution of tube surface 

temperature at Re = 9000 and different VG 
numbers 
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Figure 6. Axial distribution of tube surface temperature; (a) for one VG element and (b) for four VG 
elements; 1 – Re = 6000, 2 – Re = 7500, 3 – Re = 9000, 4 – Re = 10500, 5 – Re = 12000, 6 – Re = 13500 

Heat transfer characteristics 

The main purpose of the experiments is to increase heat transfer comparing to 

smooth tube heat exchangers. Figures 7 and 8 show the outcome of all geometric inserts on 

the heat transfer. Figure 8 illustrates the experimental finding of Nusselt number with Reyn-

olds number for a different number of VG along with a plain tube case. Nusselt number in-

creases dramatically with the increase in Reynolds number suggesting an increase in convec-

tive mode of heat transfer. In addition, fig. 7 shows that the VG have the highest output while 

the smooth straight tube has the weakest performing point with the lowest Nusselt number. It 

is noticed that as the VG number increase, the heat transfer increases significantly. These 

dominant disruptions cause the generation of eddy and vortex near the VG, which cause the 

proper mixing of the flow stream that results in an increase in the frequency of eddy genera-

tion through VG, leading to an increase in heat transfer as well. These dominant disturbances 

can easily be seen in fig. 7. This tends to conclude that the rate of energy transfer increases 

with an increase in the VG number. The explanation is that VG inserts induce swirl 

flow/secondary flow and increased pressure gradient along the radial direction. The maximum 

increase in heat transfer is observed on four VG, which is approximately 4.3 times higher than 

  

Figure 7. Nusselt number as a function  

of Reynolds number  

Figure 8. Heat transfer enhancement as a 

function of Reynolds number 
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for a plain tube at Reynolds number equal to 6000, as seen in fig. 8. The VG with 4 and 5 in-

serts have similar performance in the range of the current used Reynolds number, which indi-

cates that four inserts may arrive at the saturated effect as will be seen in the performance 

evaluation, while the one VG insert has minimum Nusselt number.  

Fluid-flow characteristics  

The experimental findings for the friction factor are shown in fig. 9. This table de-

fines experimental values for various numbers of VG and Reynolds number. For a particular 

case, friction factors usually decreases with the increasing Reynolds number as seen in fig. 9. 

The diagram indicates that differences in 

friction factors have a close relationship 

with both inserts and non-inserts tubes. 

Friction factor in tube cases with inserted 

VG is consistently greater than the plain 

tube as seen in fig. 9, which is explained 

through the use of VG, which contributes to 

more losses near boundary zones, resulting 

in a greater swirl flow with a longer period 

in the tube. Five VG have the highest fric-

tion. One VG has a minimum pressure, 

which decreases due to a minor disruption 

in the flow field that happens before and af-

ter the production of the vortex. The ob-

tained frication factor results had similar 

trend as that cited in reference [7].  

Colburn j-factors  

The findings of the study are used to 

measure j-factors for different configura-

tions. As shown in fig. 10, the j-factors are 

plotted against the Reynolds number, with a 

comparative plot of plain tube output under 

the same condition. From fig. 10, it is con-

cluded that j-factors improve the output 

over the increase of the VG number up to 

four VG element, which obtain similar re-

sults for the 5 VG element. The results of 

the increase in radial swirl flow, lead to an 

increase in longitudinal flow that increases 

the efficiency. It is also clear that the per-

formance improvement of these inserts is 

considerably higher. As shown in fig. 10, the j-factors are planned against the Reynolds num-

ber, with a comparative plan for a smooth tube output under the same condition, it is conclud-

ed that j-factors improve the output over the increase of the VG number up to four VG ele-

ment, which obtain similar results for the 5 VG element. The results of the increase in radial 

swirl flow, lead to an increase in longitudinal flow that increases the efficiency. It is also clear 

that the performance improvement of these inserts is considerably higher. 

 

Figure 9. Friction factor as a function of  
Reynolds number 

 

Figure 10. Colburn j-factors as a function of 
Reynolds number 
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Performance evaluation  

Turbulence generated by VG inserts is 

more beneficial in terms of heat transfer 

compared to frictional losses. As increase in 

heat transfer is simultaneously followed by a 

pressure reaction, the performance factor, η, 

is employed as an effective measure to de-

termine the practical feasibility between the 

insertion of the VG and the plain tube. 

These outcomes in a combined evaluative 

parameter take into account heat transfer ef-

ficiency and pressure penalties as the differ-

ence of the η with the Reynolds number can 

be seen in fig. 11. It should be noted that the 

performance of the inserts generally increase 

in all different situations, leading to a con-

sistent increase in performance. Therefore, inserts with varying degrees of improvement have 

never shown to be detrimental to the transfer of energy compared to tubes with smooth or flat 

cross-sections. Performance coefficient values higher than unity suggests improvement be-

cause the turbulence is much more than the decrease in performance due to frictional losses. 

The performances of insert distribution cases is quite similar so that their curves in fig. 11 are 

approximately the same. Figure 11 shows that the four VG in the tube show the greatest ther-

mal enhancement efficiency all over the studied Reynolds number range and the greatest per-

formance parameter approximate 1.29, at Reynolds number equal to 6000. Besides, it can be 

seen from fig. 11 that the five VG performance insertion case is smaller comparing to four 

VG, but rather closer. 

Comparison with previous works 

As per the experimental analysis, a very 

considerable increase in thermal efficiency fac-

tor and heat transfer can be noted when VG are 

used as an insert geometry. Table 1 shows a 

comparison of the current work with some re-

lated past work, which their data is taken from 

the original references. There are several bene-

fits of using VG over other types of inserts. It is 

quite simple to produce VG since they are made 

by using a punching and blanking process 

where specific sizes of a die and a punch are 

used. The cost of production is much lower, as 

only one process is employed in the production 

of VG. They are not expensive compared to conical rings or twisted tapes. Manufacturing 

other insert geometries, such as twisted tape has further challenges as there's all the time a 

possibility of material wastage, as twist ratios should be preserved equally in the twisted tape. 

The use of VG can therefore be beneficial compared with other geometries employed in this 

type of analysis.  

 

Figure 11. Thermal performance factor, η,  
as a function of Reynolds number 

Table 1. The present results comparison  

with past studies 

Reference 
Nu/Nu plain 

tube 
Overall  

efficiency 

[24] 4.5 1.42 

[25] 6.5 1.54 

[26] 4.1 1.1 

[27] 3.3 1.8 

[7] 4.45 1.4 

Present work 4.3 1.29 
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Conclusion  

This experimental study shows the finding of friction factor, Nusselt number, and 

thermal efficiency factor characteristics for flow in a circular tube with VG inserts in a turbu-

lent flow control. The VG with various numbers of insertions have also been examined. 

Nusselt number and friction factor values are greater than plain smooth tube over the entire 

range of geometric and flow parameters. Maximum heat transfer improvement is noticed in 

the case of insertion of four VG. Thermo-hydraulic efficiency is roughly more than uniform in 

all situations, suggesting an effect of the increase in heat transfer because the increase of the 

augmentation apparatus is more prevalent than the result of the increase in friction reac-

tions/penalty. Thermohydraulic output of four VG (maximum value) is 12.7% higher than one 

VG (minimum value) at Re = 6000. 

From tab. 1, it can be concluded, that the present work’s efficiency and Nu/Nu plain 

tube are in the same range and close to the other works. Besides, the present work is manufac-

turally more facilitating than the previous works, especially in the local petroleum industries.  

This research has shown to be valuable for the design of heat exchanger tubes, as it 

improved thermal efficiency, which ultimately contributes to the system compactness. 
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