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Improving heat transfer in the field of thermal application is the targeted outcome of 
many researchers. The flow within smooth channels could not be mixed properly. 
Therefore, swirl flow techniques are taken into consideration because of their 
capability to promote the heat exchanger’s thermal efficiency by changing the flow's 
direction and creating a fluctuating flow between the channel's wall and core. The 
primary challenge that researchers frequently encounter with swirl flow techniques is 
the increased pressure loss. One of the most notable recent advancements is the lobed 
swirl generator, which achieves substantial swirl intensity with manageable pressure 
loss. Consequently, this study aims to explore and gain a deeper understanding of the 
thermal characteristics of the lobed swirl generator under various performance 
parameters. Consequently, the impact of a four-lobed swirl generator under a different 
twisted angle of (90 ≤ θ ≤ 450) and its transition part at essential parameters of 
transition multipliers (0.25 ≤ n ≤ 0.75) and variable helix (0.5 ≤ t ≤ 1.5) have been 
examined. The working fluid is water at the Reynolds number varies from 30,000 to 
55,000 is conducted. The applicable shear-stress transport (SST) k-ω model has been 
adopted to model the turbulence swirling flow. According to the obtained results, the 
lobed swirl generator at (θ =360) and beta transition of (n = 0.5 mm) and (t =1 mm), 
the heat transfer and pressure loss increase compared with plain tube by 28.78 % and 
17.35 %, respectively. By reducing the transition multipliers value to (n = 0.25 mm), a 
slight increase in heat transfer and pressure loss in the percentage by 40.32 % and 
17.89 %, respectively are observed. The outcome demonstrated that lobed swirls could 
generate a centrifugal force under different conditions, which is the main significant 
character behind the heat transfer improvement. 

 
 
 
 
 
 
 
 

Keywords: 
Heat transfer; lobed swirl device; twisted 
angle; transition multipliers; variable 
helix 

 
1. Introduction 
 

The efficiency of heat exchangers is a vital step to overcoming the challenges of the energy crisis 
as mentioned in the previous study by Jiang et al., [1]. The limited availability of natural fuel supplies, 
growing energy prices, and environmental concerns drive enterprises to improve the energy 
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efficiency of thermal application systems. Various techniques have been presented in the past years 
to improve heat transfer (HT), as studied by the literature [2,3]. Passive and active methods are 
classified as essential techniques in many thermal applications according to Mousavi Ajarostaghi et 
al., [4]. The heat transfer enhancement accompanied by maintaining the pressure drop at the 
practical value is considered the main target of this study. The mechanism of heat transfer 
improvement can also be divided into three categories:  

 
i. the effects of rough surface led to mixing between the adjacent fluid on the wall and the 

mainstream 
ii. the influence of the impingement jet directly results in the thermal boundary layer 

decreasing 
iii. the impact of tube rotating engendered secondary or swirl flow, as conducted by Tang et 

al., [5]. 
 
The four-lobe swirl generator (4-LSG) can be utilized in a wide range of industries, including power 

generation, aerospace, automotive, HVAC, and chemical processing are taken from Li et al., [6]. The 
lobed swirl can enhance heat transfer, improve mixing, and induce turbulence making it an essential 
tool for optimizing thermal systems, reducing energy consumption, and ensuring reliable operation 
in in various industries. Applying a swirl generator in a solar power system can enhance heat transfer 
in thermal energy harvesting and storage systems, as conducted by Rashidi et al., [7]. It is found that 
the lobed swirl is used in marine boilers to improve their heat exchanger efficiency, as confirmed by 
Ariyaratne et al., [8]. Due to its advantage of improving the thermal performance of smooth channels 
without changing their geometrical cross-section, the implementation of lobed swirl generators in 
heat exchangers is highly recommended. Improved heat transfer in evaporator and condenser units 
allows for more efficient cooling and reduced energy consumption. Therefore, A compact 
refrigeration system with four-lobe swirl generators in the refrigerant lines can enhance heat transfer 
while reducing system size. The benefit of the swirl flow is induced tangential velocity adjacent to the 
wall, and axial velocity concentrated on the core, causing secondary flow and vortex motion based 
on the literature examined by Brar et al., [9] and Stroh et al., [10], which are considered the main 
reason for heat transfer enhancement. From the mechanisation perspective of the swirl flow, 
significant attention has been paid to many studies to innovate the appropriate thermal applications 
such as; corrugated channel, twisted tape, conical wire, radial blades, conical porous honeycomb, 
internal spirals, backwards-facing channels, helical ribs based on the literature examined [11-19]. The 
characteristic of swirl flow is represented in its ability to improve heat transfer based on a review of 
Bezaatpour et al., [20]. The primary features of the swirl flow are decreased thermal boundary layer 
gradient, development of secondary flow, and mixing of the flow between the core and the wall as 
taken from the preceding look at Shlash et al., [21]. 

The tangential and axial velocities induced from the swirl flow downstream are responsible for 
these characteristics as illustrated by Wang et al., [22]. The most critical factors that improved the 
heat transfer generated by swirl flow are considered to be the centrifugal effect, the increase of the 
flow adjacent to the wall (tangential velocity), and the increase of the level of turbulent flow as 
performed by Gorelikov et al., [23]. Three indispensable types listed below are considered to describe 
the characteristics of swirl flow: 
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i. the fluid flow receives tangential velocity and is inducted as a rotating form through the 
pipe 

ii. the swirl flow is generated due to the effect of certain angles (blades) placed at the 
entrance of the tube 

iii. due to the curvature shape, the flow formed as tangential and induced through the tube 
as a swirl flow as indicated from the previous observe as discussed in earlier study by 
Gorelikov et al., [23]. 

 
The improvement of heat transfer, simple fabrication and self-supporting are considered the main 

advantages of spiral tubes as undertaken in Shahsavar et al., [24]. Helical pipe characteristics in the 
field of heat transfer are described as follows: 

 
i. the feature of its curvature cross-section caused secondary and velocity flow within the 

tube downstream,  
ii. generated mixing flow between the core and the wall, it became obtained from Omidi et 

al., [25].  
 
Due to its advantages of simple construction, low cost, and accessible integration, a lobed swirl 

generator is highly recommended to increase the thermal performance of heat exchangers, as 
observed by Yan et al., [26]. Many researchers have presented numerous innovations in thermal 
performance applications to promote heat transfer and address the pressure drop penalty Based on 
the results of the previous study by Waware et al., [27] and Kore et al., [28]. Experimentally and 
numerically, the effect of twisted angles from 90º-360º and different lengths from 0.2 to 0.4 m using 
a three-lobe swirl generator has been investigated by Jafari et al., [29]. The result presented the 
highest heat transfer and thermal performance of 1.74 and 1.55, respectively, under the length of 
400 mm and the twisted angle of 360º. On the other hand, at a fixed length of (0.4 m) and the same 
different crooked angles, the four-lobe swirl generator was also examined experimentally and 
numerically by Jafari et al., [30]. Compared with the three-lobe, the result showed a considerably 
improved heat transfer and thermal performance by 1.87 to 1.65, respectively. To examine the 
effectiveness of lobe number, Jafari et al., [31] studied the impact of a five-lobe swirl generator under 
the exact angles (90º, 180º, 270º and 360º) and the same length (0.2, 0.3 and 0.4 m) on heat transfer 
and thermal performance. The result presented an improvement in heat transfer and thermal 
performance by a factor of 1.74 and 1.55, respectively, associated with the angle of 360º.  A 
comparison between the recent studies is listed in Table 1. 

A numerical simulation of the impact of a helical coil on heat transmission and fraction factor was 
performed by Omidi et al., [25]. The geometrical cross-section of the helical coil under different lobe 
numbers and flow regimes ranging from 1,300 to 2,500 (laminar flow) has been investigated. The 
result proved that the increased lobed number led to improved thermal performance. A comparison 
between twisted oval tube and tri-lobe in order to investigate their impact on heat transfer and fluid 
field at turbulent flow ranging between Reynolds number of 8,000 to 21,000 numerically and 
experimentally performed by Tang et al., [5]. The study was carried out under several parameters of 
twisted pitch and direction, cross suction, and lobe number. The study proved that the tri-lobe 
geometrical cross-section significantly improves heat transfer by 5.4% compared to the oval tube, 
with an increasing fraction factor of 8.4%. The result also exhibited that the lobe cross section applied 
potentially affects heat transfer enhancement with increased fraction factor compared with a plane 
tube. The effect of the multi-lobed swirl generator of 3, 4, 5, 6, 8, 9 and 10-lobe are numerically 
examined by Yan et al., [26]. The study also focused on the pitch-to-diameter (P/D) effect as the 
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influential factor on pressure drop and the rate of swirl decay. The study was performed at turbulent 
flow ranging between 4,583 and 35,000. Among all parameters studied, the swirl generator in terms 
of four-lobed indicated the optimum value of swirl effectiveness at the (P/D = 8) associated with quite 
an increase in the ratio of a fraction factor value. 
 

Table 1 
Summary of recent studies exhibiting the thermal performance improvement of lobed swirl number 
Ref. Physical 

model 
Approach Working fluid Flow 

regime 
Observation 

[30] 4-LSG Experimental & 
numerical 

water 6,000 ≤ 
Re ≤ 
30,000 

4-LSG improved HT and PEC by factors 
1.87 and 1.65, respectively. 

 
[31] 5-lobe Experimental water 6,000 ≤ 

Re ≤ 
30,000 

Nu&PEC enhanced to 1.84 and 1.65, 
respectively. 

 
[32] 4-LSG Numerical SiO2, Al2O3, and 

CuO- nanofluid 
15,000 ≤ 
Re ≤ 
35,000 

An improvement in HT and PEC to 1.87 
and 1.67, respectively, with SiO2-
Nanofluid. 

[33] Coil tube (3, 
4, & 5 lobes) 

 

Numerical water 15,000 ≤ 
Re ≤ 
40,000 

Thermal efficiency of 19.16%. obtain Re of 
35,000  

[34] Twisted tri- & 
oval tubes 

Numerical supercritical 
water (SCW) 

8,000 ≤ 
Re ≤ 
20,000 

Nu of tri-lobed at 53% and 41%, 
respectively observed 

 
[35] Four 

triangular 
lobes 

Experimental Water–ethylene 
glycol mixtures 

12,000 ≤ 
Re ≤ 
27,000 

Improve heat transfer and pressure drop 
up to 75% and 55%, respectively. 

[36] Tri-lobe tube 
with twisted 
tape 

Numerical water 5,000 ≤ 
Re ≤ 
20,000 

Thermal performance improvement is 
inversely proportional to the growth of 
the Re. A higher Re causes a greater Nu at 
the same baffle size ratio. 

 
Ariyaratne et al., [37] presented studying on the improvement of lobed swirl efficiency for the 

transportation of particle-bearing liquids by designing the transition part before and after the swirl 
device itself. The study showed surprising benefits in the impact of the transition parts mounted 
before and after the swirl device. Increase the swirling overall within the entry transition part and 
reduce the swirling decay caused due to the exit transition part, considered the main feature of 
transition parts implementation. The study proved that the effectiveness of transition parts is highly 
dependent on several parameters, such as Alpha transition (α), beta transition (β), transition 
multiplier (n) and variable helix (t). Reducing the overall pressure is a vital step to improve the 
effectiveness of the lobed swirl generator as taken from Bezaatpour et al., [38]. Therefore, many 
studies on the effect of lobed swirl with its transition part have been presented to develop a new 
lobed swirl generator technique. A comprehensive study on the impact of different lobed suctions at 
laminar flow ranging from 500 to 2,500 on thermal performance and fluid flow has been investigated 
by Rezaei et al., [39] The study is conducted at several geometrical parameters such as; lobed model, 
twisted angle and lobed number.  In comparing with a smooth channel, the result revealed that the 
spiral tubes associated with a lobed cross-section are not affection in Reynolds number greater than 
1,000 and a twisted angle greater than zero. Hamdan [40] presented a study of the effect of swirl flow 
under laminar flow. The outcome proved that the inlet of swirl flow and the range of Reynolds number 
has a significant impact on swirl decay. Spiral coils under laminar and turbulent flow regimes have 
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been studied by Patil [41]. The study confirmed that the friction factor increases by the value of 24%, 
while the Nusselt number (Nu) 20%. In comparison with turbulent flow, the study revealed that the 
performance of spiral tubes with laminar flow is greater than turbulent flow. Li et al., [42] conducted 
a numerical study to investigate the four-lobe swirl generator under different lengths (0.6 and 0.4 m) 
on the flow field's effect and the lobed swirl's effectiveness. The result proved that the four-lobe swirl 
generator at a short length presents considerable improvement in swirl effectiveness compared with 
the long one. The study confirmed that the four-lobe swirl generator associated with short length is 
more efficient with a high Re.  

From the literature review and other comprehensive studies, it can be proved that applying a lobe 
swirl generator in the field of thermal application can improve thermal performance with a practical 
level of pressure loss. However, there is no numerical study performed on a four-lobe swirl generator 
under different angles, and the effective parameters of transition parts such as beta transition (β), 
transition multipliers factor (n) variable helix (t) on the heat transfer and fluid flow. Although prior 
research has demonstrated the effectiveness of swirl flow techniques, the influence of lobed number, 
lobed twisted angle (θ), transition multiplier (n) and transition variable helix (t) on thermal efficiency 
and flow dynamics has not been adequately addressed. Also, the interplay between heat transfer 
enhancement and pressure loss in advanced swirl generators has yet to be comprehensively analysed 
under varying Reynolds numbers. The most significant recent development is the lobed swirl 
generator, which produces considerable swirl intensity with an applicable pressure loss. Therefore, 
the motivation behind this study is to investigate and acquire a deeper understanding of the lobed 
swirl generator's thermal characteristics under various effective parameters. With its ability to 
enhance thermal performance while reducing pressure loss, the four-lobe swirl generator is 
considered promising for heat exchangers, HVAC systems, and chemical processing applications. This 
study seeks to explore its potential under various operational conditions. Maintaining the pressure 
drop at an acceptable level in swirl flow applications is still challenging when the heat transfer 
enhancement has the target outcome. Therefore, additional techniques are still required to overcome 
the pressure drop penalty. Consequently, the main objectives of this study are:  

 
i. to study the effect of a lobed swirl generator under a different angle and constant of 

length, transition multiplier and transition variable helix on thermal performance 
ii. to investigate the effect of the beta transition (β) part under different multipliers (n) on 

heat transfer and pressure drop 
iii. to examine also the effect of the beta transition (β) part at several variable helices (t) on 

heat transfer enhancement. 
 

2. Methodology  
2.1 Physical Model 
2.1.1 Scope of parameters 

 
The current study's scope involves investigating the properties of swirl flow caused by a four-

lobed swirl generator and its appealing transition parts across a smooth channel. This study was 
performed under different geometrical parameters utilising water as a working fluid. The research 
performed the lobed swirl generator at different twisted angles to evaluate its impact on heat 
transfer under varied swirl flow. On thermal performance characteristics Jafari et al., [30] investigated 
a 4-lobed swirl generator under different twisted angles of (90⁰ to 360⁰), and Li et al., [42] performed 
the same swirl on the field of Clean-In-Place under the twisted angle of (360⁰ and 540⁰). 
Consequently, the current study aims to analyse the 4-lobed swirl generator with its appealing 



CFD Letters 

Volume 17, Issue 10 (2025) 120-148 

125 
 

transition parts at the twisted from (90⁰ to 540⁰), to explore the impact of the lobed swirl generator 
on thermal performance. According to the twisted length of a lobed swirl generator, many studies 
proved that the effectiveness of a lobed swirl generator can be obtained at a twisted length of 0.4 m, 
as undertaken in the previous study by Li et al., [42] and Jafari et al., [43] and  Pitch to a diameter of 
8, as mentioned in the studies of Yan et al., [26] and Ganeshalingam [44]. Therefore, the current 
studies adopted this value as the optimum design. Regarding the lobed number, the adoption of 4-
lobed is based on the studies of Jafari et al., [30,31] and Hamdan [40] and the comparison between 
a different lobed number (3, 4, 5, 6, 8, 9, 10 lobed) conducted by Yan et al., [26] and a comparison 
study performed by Ganeshalingam [44], which all proved that the 4-lobed swirl generators were 
more efficient than all of the lobed numbers investigated. The following advantages motivate the use 
of water as a working fluid, as discovered in the previous study by Qazi [45]:  

 
i. suitable heat transfer fluid 

ii. low viscosity 
iii. high thermal capacity 
iv. cheaper to use.  

 
A comparison between beta transition (β) and alpha transition (α) was undertaken by Ariyaratne 

[46]. The study revealed that the β-transition is more efficient than α- transition by the value of 5%; 
as a result, β-transition was adopted in the present study. The transition parts can reduce the pressure 
loss, improve the overall swirl intensity, and reduce the swirl decay, as stated Ariyaratne et al., [37]. 
Therefore, the same length of 0.1 m has been employed in the current study. There are two practical 
factors related to the transition parts. The transition multiplier (n) controls the intermediate area of 
transition parts at the n-value. The other parameter, known as a variable helix (t), leads to a decrease 
or increase in the transition helix as desired. Therefore, examining transition parts at different 
transition multipliers of (n = 0.25, 0.5, 0.75 mm) and the variable helix (t = 0.5, 1, 1.5 mm) was also 
the target outcome behind this study. Li et al., [42] proved that the lobed swirl generator is more 
efficient with a high Reynolds number; as a result, a Reynolds number between 15,000 and 55,000 
was used in the present study. Applicable shear-stress transport (SST) k-ω model was used to model 
the turbulence swirling flow and the pressure adverse. 

 
2.1.2 Four-lobe swirl device 

 
The Reference Geometry Plane technique and Left Boss/Base feature of SolidWorks software 

were used to plot the geometrical cross-section in the current study. Based on the lobed swirl 
generator suggested in the literature, the lobed swirl device at the length of 0.2 m and the equivalent 
diameter of 0.5 m was adopted as the optimum design. The swirl flow induced by the lobed swirl 
generator gains tangential velocity noticeable adjacent to the wall and axial velocity concentrated at 
the core from Jafari et al., [30]. To evaluate the lobe swirl device, three essential radii should be taken 
into consideration, tube radius (R), lobe radius (rlobe) and the radius of the polygon area (Rsc), as shown 
in Figure 1. In addition, the angle (θ) which has a vital step to create lobe curvature takes place. 
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Fig. 1. Primary radii of lobe swirl device 

 
The lobe swirl device was constructed by dividing and allocating parallel planes, as seen in Figure 

2. To avoid the steeper and ensure the constant twisted angle across the geometric cross-section, the 
distance between every two adjacent planes at 10 mm (x/L = 0.05) is also taken into consideration. 
As a result, each adjacent plane would have an angle of 4.5º, 9º, 13.5º, 18º and 13.5º based on the 
adopted swirl angle of 90º, 180º, 270º, 360º and 450º respectively as indicated from the previous 
observation as discussed in earlier study by Li [47]. For all geometrical cross sections studied, the lobe 
radius (rlobe) and the polygon radius (Rcs) were measured using Eq. (1) and Eq. (2). 
 

𝑟𝑙𝑜𝑏𝑒 = √
2𝜋 𝑡𝑎𝑛(

360

8
)𝑅2

8+4𝜋+𝑡𝑎𝑛(
360

8
)
             (1) 

 

𝑅𝐶𝑆 =
𝑟𝑙𝑜𝑏𝑒

𝑠𝑖𝑛(
360

8
)
               (2) 

 

 
Fig. 2. Lobe swirl device under 21 planes from different sides at (θ = 360º 

 
The hydraulic diameter, cross-sectional area, and perimeter using Eq. (3), Eq. (4) and Eq. (5) are 

evaluated as follows: 
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The four lobes area (A4L) = the polygon area at the centre (Ap) + the area of four segments on the 
sides (A4s). Therefore: 
 

𝐴4𝐿 =
𝑟2𝑙𝑜𝑏𝑒

𝑡𝑎𝑛(
360

2
)
× 𝑛 +

𝜋𝑟𝑙𝑜𝑏𝑒
2

2
× 𝑛            (3) 

 

𝑃4𝐿 = 𝑛 ×
2𝜋𝑟𝑙𝑜𝑏𝑒

2
              (4) 

 

𝐷ℎ4𝐿 =
4𝐴4𝐿

𝑃4𝐿
L

L
h

P

A
D

L

4

44
4
              (5) 

 
2.1.3 Transition part 

 
The transition part is considered an important essential parameter to increase the effectiveness 

of the lobed swirl intensity and decrease the pressure losses of swirl flow downstream. Consequently, 
saving energy and cost as conducted by a previous study by Esfe et al., [36]. According to previous 
research, a sudden change in lobe cross-section during fluid flow increases pressure losses [37]. As a 
result, the gradual development of the transition region from a circular cross-section to a lobe shape 
and vice versa led to a reduction in pressure loss and improvement in the efficacy of lobed swirl. 

To create the cross-section of the transition part, the Reference Geometry Plane and Lofted 
Boss/Base features of the SolidWork-2015 software were used. The transition twist was calculated 
using Eq. (6). based on the equivalent diameter (de) and pitch to diameter (P:D). Therefore, Eq. (7) 
was used to determine the optimum transmission parts length. To ensure the gradual change of the 
transition part from a circle shape to a lobe and vice versa, the curvature of the cross-section was 
turned quarter (1/4) or from increment angle (45º) no lobe to (90º) at fully developed. To simplify the 
calculation of variables (R & y), two crucial variables (f&f1) based on a trigonometric function have 
been introduced using Eq. (8) and Eq. (9). The core radius (R) was calculated using Eq. (10). By 
introducing the variable (y) using Eq. (11), it was simple to keep the growth of the lobe area constant 
at each stage. The intermediate area development at each stage (LAi) and fully developed (LAFD) were 
calculated using Eq. (12) and Eq. (13). To avoid discontinuity in the area during the development of 
the transition part at the start and the end regions, the cosine function has been adopted using Eq. 
(14). 
 

𝑡𝑤𝑖𝑠𝑡(𝑑𝑒𝑔 𝑟 𝑒𝑒/𝑚) =
360

(𝑃:𝐷𝑟𝑎𝑡𝑖𝑜)×𝑑𝑒
            (6) 

 

𝐿𝑡 =
1000𝑚𝑚

𝑇𝑤𝑖𝑠𝑡𝑒𝑑(𝑑𝑒𝑔 𝑟𝑒𝑒/𝑚)
× 90°            (7) 

 

𝑓 = (𝛾 −
1

2
𝑠𝑖𝑛 2 𝛾)              (8) 

 

𝑓1 =
1

2
[1 −

1

1−𝑡𝑎𝑛𝛾
]              (9) 

 

𝑅 = 𝑅1√
𝜋

4𝑓+4𝑓𝑓1−4√2𝑓𝑓1+2
                       (10) 
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𝑦 = 𝑓1 × 𝑅                         (11) 
 
𝐿𝐴𝑖 = 4𝑟𝑙𝑜𝑏𝑒

2 − 𝑅2(𝜋 − 2)                       (12) 
 

𝐿𝐴𝐹𝐷 = 𝑟𝑙𝑜𝑏𝑒
2 (4 + 2𝜋) − 𝜋𝑅𝐶𝑆

2                       (13) 
 

2.1.3.1 Alpha and beta transitions 
 
From the perspective of lobed area development, there are two vital parameters: Alpha transition 

(α) and beta transition (β). The α represents the ratio between the area at the intermediate stage to 
the fully developed region, which can be evaluated using Eq. (14). Regarding β, it is dependent on the 
relation between the core area and the intermediate and fully developed regions. Eq. (15) was used 
to evaluate beta transition. Ariyaratne et al., [37] proved that the β presented an improvement in 
swirl effectiveness of 5% more than the α. Therefore, the β has been adopted in the current study. 
 

𝛼 =
𝐿𝐴𝑖

𝐿𝐴𝐹𝐷
                         (14) 

 

𝛽 =

𝐿𝐴𝑖
𝜋𝑅2−𝐿𝐴𝑖
𝐿𝐴𝐹𝐷

𝜋𝑅2−𝐿𝐴𝐹𝐷

                         (15) 

 
2.1.3.2 Transition multiplier (n) 

 
The transition multiplier is the parameter used to control the intermediate area of the transition 

section in each stage at the variation of the (n) value given. The n is the leading factor that affects the 
lobe area development, especially at the start and the end of the transition part region. Ariyaratne 
et al., [37] compared the alpha transition (α) and beta transition (β ) under different values on the 
effect of lobed area development. The study demonstrated that the β presented a 50% point close 
to the start, more incredible than the α for all the variables studied. The result implies that the β has 
remarkable effects on the development of the lobe area. Eq. (16) and Eq. (17) are used to introduce 
the effect of the transition multiplier. 
 

𝛼 = [
𝐴𝐿𝑖

𝐴𝐿𝐹𝐷
]
𝑛

                         (16) 

 

𝛽 = [

𝐿𝐴𝑖
𝜋𝑅2−𝐴𝐿𝑖
𝐿𝐴𝐹𝐷

𝜋𝑅2−𝐿𝐴𝐹𝐷

]

𝑛

                        (17) 

 
2.1.3.3 Variable helix (t) 

 
The variable helix (t) is considered the critical parameter that directly impacts the twisting shape 

during the development of the transition part. According to the twisting changing with respect to the 
length, there are two helix types. Geodesic, if the helix developed stationary over the transition part. 
In other meaning, the power law (t =1) [37]. The second type is the brachistochrone helix, which was 
investigated by Raylor [48]. The power law in the brachistochrone helix method should be less or 
greater than one. The increase or decrease of the helix along the transition part depended on the 
value of the t given. In the case of a t set greater than one, the helix formed faster near the exit of 
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the transition part. In terms of the t value fixed smaller than one, the helix becomes faster at the 
entry of the transition part. Eq. (18) was adopted to determine the twisting of the transition part at 
the desired value of a t. The transition part from different sides is demonstrated in Figure 3. 
 

𝑇𝑤𝑖𝑠𝑡[0,90°] = (
𝑥

𝐿
)
𝑡

× 90° × 𝑇𝑤𝑖𝑠𝑡𝑒𝑑𝑑(𝑑𝑖𝑟𝑎𝑐𝑡𝑖𝑜𝑛)                   (18) 

 

 
Fig. 3. Transition part under 18 planes from different sides at (θ =360º) 

 
2.2 Numerical Approach 
2.2.1 Computational domain 

 
The 3-D solid domain system was constructed using SolidWork-2015. As depicted in Figure. 4, it 

can categorise the solid domain into different essential parts. According to a given Re and the tube 
diameter of 0.5 m using Eq. (19), the entry section was extended enough to ensure the fully 
developed turbulent flow. As practical factors, the transition parts and the lobed swirl generator 
lengths were adopted at 0.1 and 0.2 m, respectively. The testing copper tube at 1 m was subjected 
to constant heat flux. The working fluid in a current numerical study is water, and the turbulent flow 
is generated at the Re range of 3,000 to 55,000 due to the effectiveness of a short-lobed swirl 
generator at a high Re as mentioned by Li [47]. The current numerical study was performed to 
examine the effect of the lobe swirl generator at different helical twisted angles from 90º to 450º on 
the flow field and thermal performance. 
 

  61
Re4.4  DLe                         (19) 
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Fig. 4. The lobed swirl generator in 3-D mode as a solid domain 

 
2.2.2 Meshing 

 
The Integrated Computer Engineering and Manufacturing (ICEM-CFD) Ansys, 2020 R2 was utilised 

to mesh the geometry using hexahedral cells. Using structured mesh and hexahedral cells enables 
the solver to run faster and decrease the numerical diffusion. In the case of complex geometry such 
as lobed swirl, the structured mesh is more efficient than the unstructured mesh because it facilitates 
the need to refine the mesh as conducted in the study by Li et al., [49]. The geometrical cross-section 
of the four-lobe swirl generator contains many sharp angles making the application extremely 
complex. Consequently, ICEM-CFD software is used due to its ability to deal with complex geometries 
and its top-down Blocking feature. Regarding the twisted angle of the geometrical cross-section, the 
block was split into different distances, then created and rotated the O-grid blocks as shown in Figure 
5 (a) to 5(c). The figures illustrate the surface mesh around the associated block generated at different 
lobed swirl angles. The steps for generating the mesh using ICEM CFD software are listed below: 

 
i. The centre point at the plane corners is established using the (centre of 3 points/Arc) 

option. 
ii. The parts of the boundary condition are generated by selecting the entities feature, and 

the fluid body is created using the location option. 
iii. All the appropriate visible objectives are selected, and the block is subdivided by utilizing 

the recommended point and edge selections. 
iv. An O-grid block is constructed by selecting both the block and faces options. 
v. The vertices, centre points, rotational angles, and vectors are selected, and the rotate 

vertices technique is applied to change their positions. 
vi. The block is subdivided into several parts based on the twisted angles, after which the 

rotate option is selected to create the O-grid blocks. 
vii. The blocking association method is chosen to join the vertex to the point and the edge to 

the curve. 
viii. The Pri-Mesh Parms option is applied to generate the mesh. 

ix. The mesh quality is checked using the Pre-mesh quality histogram function, ensuring the 
angle is more than 18º. 

x. The mesh is smoothed if necessary. 
xi. The output mesh is specified, and the solver is determined. 
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Fig. 5. O-grid around different lobed swirl angles (a) 90º (b) 180º (c) 360º 

 
The surface mesh created around the related block at various lobed swirl angles is shown in Figure 

6(a) to 6(c). 
 

 
Fig. 6. Generated surface mesh around the associated block at different lobed swirl angles (a) 90º 

(b) 180º (c) 360º 

 
The advantage of the SST k-ω model is modifies asymmetric diffusion ingredients and improves 

the turbulent viscosity to accurately predict the fluid separation caused by a negative pressure 
gradient [29]. The flow is turbulent, single-phase, and incompressible. Twisted tri-lobed and oval 
tubes have been studied by Tang et al., [5]. The study verified the solver's ability to predict the 
reliability and validation of the outcome by comparing the experimental and numerical results under 
different turbulent models such as the SST k-ω model, Standard k-ω model, Reliable k-ε model, RNG 
k-ε model and RSM model. Among all modelling investigated, SST k-ω presented considerably 
corresponded between the experimental and numerical results. To ensure the meshed of the viscous 
sublayer during the employed SST k-ω model, the cell size close to the wall, similar to the 
dimensionless distance wall Y+, should be smaller than 4 as mentioned in the previous study by 
Oneissi et al., [50]. Therefore, the SST k-ω model was adopted in a current numerical study. The 
governing equation (Navier-Stokes Equation) is considered to predict the swirl flow generated by 
lobed swirl devices.  The equations of mass, momentum and energy are involved in the present 
investigation as follows: 
 
Continuity equation: 
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Momentum equation: 
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Energy equation: 
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where E is the overall energy and (τij

 )eff  is the deviation of the stress tensor, which are evaluated as 
follows: 
 

 
2

/
2u

PCpTE                          (23) 

 

 







































 ij

j

i
eff

j

i

i

j

effeff
x

u

x

u

x

u


3

2
                     (24) 

 
The following equations are considered to calculate the turbulence of kinetic energy (K) and 

frequency (ω): 
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where Gk and Gω are, respectively, the generation of (k) and (ω), Yk and Yω are, respectively, the 
dissipation of kinetic energy and (ω) due to the turbulence. Гk is the effective diffusivity of K, and Гω 
the effective diffusivity of (ω). The value of Гk is evaluated as follows: 
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where Gk and Gω are, respectively, the generation of (k) and (ω), Yk and Yω are, respectively. 
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2.2.3 Boundary condition 
 
The boundary condition is calculated and assumed to be fully developed. The value of heat flux 

adopted is constant and at the importance of 1000 W/m2. From the perspective of flow direction, the 
temperature gradient, as well as the velocity gradient, are zero. The working fluid is water, and its 
thermophysical properties are constant. At the inlet tube, thermal development and hydrodynamic 
fully developed are considered. The channel in the computational domain is considered 3-D, and the 
boundary condition is evaluated as depicted in Table 2. 
 

Table 2  
Boundary conditions 
Boundary Conditions Description 
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2.3 Data Reduction Analysis 

 
The following equation is provided to assess the flow and heat transfer parameters in the test 

channel: 
 
Heat transfer coefficient:   
 

AT

Q
have


                         (29) 

 

)( inout TTCpmQ                           (30) 

 
The velocity inlet is determined as follows: 
 

h
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u
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Re
                          (31) 

 
The average Nusselt number: 
 

K

hD
Nu h                          (32) 

 
Where Dh refers to the hydraulic diameter of the tube which is evaluated as follows; 
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where A and P are referred respectively to the cross-section area and the wetted perimeter. The 
friction factor can be calculated using the following formula: 
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The channel's hydraulic and thermal characteristics were compared using performance evaluation 

criteria (PEC), which can be calculated as demonstrated below: 
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3. Result and Discussion  
3.1 Grid Independence Test 

 
Grid independence test was carried out under several hexahedral elements to ensure the quality 

of the result under the balance of mesh size, computation cost and the requirement of Y+. It was 
found that the cell size at 748,720, 909,160 and 1,195,950 indicated, respectively, 80.2440, 81.2440 
and 81.2439 of Nu, which reveals that the difference between results is not significant as seen in Table 
3.  

 
Table 3 
Grid independent test 
Grid No. Grid nodes Nu e % u (m s-1) 

1 748,720 126.1712 - 0.2675 
2 909,160 127.1013 0.73717 0.2681 
3 1.195,950 127.8551 0.59307 0.2688 

 
Therefore, the mesh under 748,720 was adopted to save time and componential cost. The value 

of Y+ at an inlet velocity value of 0.75 m/s and different angles and geometrical cross-sections are 
listed in Table 4. The percentage error is estimated using the following equation: 
 

1

1%
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n

n

Q

QQ
e                        (36) 

 
Table 4 
The value of Y+ at different angles and geometrical cross-
sections 
Twisted angle (degree) Y+ value 

Entry section Lobe swirl Test section 
90 4.14 4.15 3.98 
180 3.66 3.69 3.48 
270 4.24 4.31 4.04 
360 3.67 3.99 4.04 
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3.2 Validation of Numerical Study 
 
To validate the current numerical study, a comparison between the Nusselt number and friction 

factor with Jafari et al., [30] experimental study and several theoretical correlations such as; Dittus-
Boelter Eq. (37) and Seider-Tate Eq. (38) in terms of Nu. On the other hand, the correlations Blasius 
Eq. (39), Pertukhov Eq. (40) and Vatankhah Eq. (41) were adopted to study the comparison of the 
friction factor coefficient. Figure 7 clearly show that the current numerical study result is considered 
reliable at a relative deviation, respectively 2.47%, 2.6% and 7.6%, with Jafari et al., [30] 
experimental, Seider-Tate and Dittus-Boelter. Regarding the friction factor, the numerical result 
presented a good agreement at the deviation of 3.35%, 8.63%, 8.8% and 3.06%, respectively, 
compared with Jafari et al., [23] experimental, Blasius, Petukhov and Vatankhah in friction factor. 
The well-known Dittus-Boelter and Seider-Tate. 
 

4.054Re023.0 rb pNu                          (37) 

 
The correlation is validated at the slight temperature difference (Twall-Tavg) all the properties 

should be estimated at the average temperature (Tavg). 
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where μ and μs refer to the fluid viscosity at the bulk temperature and the wall surface. The 
correlation related to the friction factor adopted as the following: 
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Fig. 7. Comparison between experimental correlations and current numerical results for 
a plane tube 

 
3.3 The Effect of Beta Transition under Different Variables 

 
As seen in Figure 8(a), the result revealed that the growth of the lobe area developed faster within 

the beginning of the transition part when (n < 1), and in case the transition multiplier became close 
to one, the lobed area developed faster at the end of the transition part. According to Figure 8(b), the 
twisting shape grows more quickly at the beginning and the end of the transition part at the values 
of (t < 1) and (t > 1), respectively. In terms of (t = 1), the twisting cross-section development is constant 
with respect to the length (geodesic). 

 

 
 

Fig. 8. The impact of (a) several transition multipliers on lobe area growth and (b) different 
values of a variable helix on twisting development 

 
3.4 The Effect of Twisted Angles on Heat Transfer and Thermal Performance 

 
The current study aimed to examine the heat transfer improvement and fluid flow behaviour using 

the four-lobed swirl generators under several angles. Figure 9(a) and 9(b) showed the effect of Four-
lobe swirl generation at different angles with a variation of Nu and friction factor versus a different 
Re. The numerical study proved that the four-lobed swirl generator improves the heat transfer in all 
case studies with an augmentation in friction factor. The result also demonstrates the highest heat 
transfer associated with the angle (360°). As expected, it is attributed to the improvement in flow 
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fluctuation and mixing caused by the intensity of the swirl. It can be explained by the design feature 
of the four-lobe swirl generator with an angle of 360º caused a rapid change in swirl intensity, leading 
to a significant fluctuation of the flow between the wall and the core of the tube. It is expected that 
the increased inclination angle of 450º compared with others caused a decrease in swirl intensity, 
which is considered the main reason for reduced heat transfer. The Nusselt number (Nu) increases 
with Re in this regime, primarily due to the greater velocity gradients and enhanced convective 
effects. Furthermore, the stirring attribute of turbulent flow together with the characteristic 
curvature of lobe cross-section, have a considerable impact on heat transfer improvement, especially 
at a high Re. The highest heat transfer value at the twisted angle of 360 is 38%. Figure 9(b) depicts 
the variation of the friction factor at a different twisted angle and Re. The result revealed that the 
friction factor increases as the twisted angle increases. Moreover, the increase in Re led to a decrease 
in the friction factor. The result also illustrates the value of the fraction factor from 7% - 28% greater 
than the smooth tube. Although the increase in Re and twisted angle led to increasing heat transfer, 
the increase in friction factor can limit this improvement. The result depicted that the Re directly 
impact the heat transfer and pressure loss. Therefore, the result proved that the increase in Reynolds 
number leads to an increase in heat transfer and a reduction of the friction factor. 

 

  
Fig. 9. The impact of several twisted angles on (a) heat transfer (b) friction factor at a different 
range of Reynolds numbers 

 
A comparison between the heat transfer and friction factor at the smooth channel and after 

improvement is considered to study the lobe swirl generator's applicability at various parameters. 
Therefore, the value of heat transfer Nu/Nup and the value of friction factor f/fp are considered. As 
shown in Figure 10(a) and 10(b), The result indicates the heat transfer enhancement by the factor 
from 1.1 to 1.33 with a slight increase in friction factor ratio value. Moreover, the result showed the 
highest heat transfer value with the twisted angle of (θ = 360º) and Re of 35,000. The result is highly 
consistent with Jafari et al., [43] observation. The result also indicated the worst value of Nu/Nup in 
the case of the angle at 450 º; it can be attributed to the highly sharp slope in this angle caused flow 
retardation, leads a reduction in swirl flow.  It can be observed that rising the Reynolds number 
improves the values of f/fp for all investigated swirl generators, indicating a nonlinear relationship 
between the Nusselt Number and the Reynolds Number. 

To assess the system's performance in a thermal application, the ratio between the heat transfer 
value and the friction factor value is considered. Therefore, the performance evaluation criteria (PEC) 
technique an applied. If the value of PEC is greater than 1, the heat transfer improvement is higher 
than the friction factor and vice versa. A PEC greater than one revealed that the improvement in heat 
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transfer is more than the effect of the friction factor as examined in the literature [51]. The increase 
in Re with the rise in twisted angle can limit the thermal performance due to the augmentation of the 
friction factor.  
 

  
Fig. 10. Variation of Reynolds number versus (a) the ratio of Nusselt number Nu/Nup 

and (b) the ratio of friction factor f/fp 

 
As shown in Figure 11, the maximum value of thermal performance was 1.2 at the Re of 35,000 

due to the impact of the friction factor. From the perspective of the effect of the Reynolds number 
on thermal performance. The thermal performance of swirl flow is higher at a lower Reynolds 
number. It can be attributed to the stronger viscosity at the reduction of Reynolds number. On the 
other hand, explaining the characteristics of a lobed swirl generator associated with turbulent flow is 
quite complex. Therefore, A polynomial relation between the thermal performance and the Reynolds 
number has been observed. The fluctuation of the flow due to the mechanism of the lobed swirl 
generator and the high turbulent intensity of the flow regime are considered the main factors that 
make the lobed swirl device more efficient at low Reynolds numbers due to diminishing returns in 
heat transfer relative to the increasing pressure loss. The improvement in thermal performance 
observed in the present research implies that the four-lobe swirl generator might significantly 
improve the efficiency of HVAC systems, particularly in energy-intensive contexts like commercial 
buildings. 
 

 
Fig. 11. PEC at different twisted angles and Re 
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3.5 The Effect of Different Multipliers (n) on Heat Transfer 
 
As mentioned above, applying the transition multiplier led to controlling the intermediate area 

development. The multiplier values adopted in the current numerical study are (0.25, 0.5, and 0.75 
mm). Figure 12(a) and 12(b) shows the variation of the Nu and friction factor of the lobed swirl 
generator at the effect of the transition multiplier. It can be noted that the transition part with a beta 
transition value of n = 0.25 mm shows the highest Nu and friction factor. It can be attributed to the 
lobe area's faster growth near the beginning of the transition part, which led to an increase in the 
turbulent flow and improved heat transfer. Because all the values are close and less than one, there 
is no considerable change in heat transfer. It is worth implying that the heat transfer with a reduction 
of transition multiplier (n) presented the heat transfer up to 40% with an acceptable increase in 
friction factor at 16%. 

 

  
Fig. 12. Effect of different beta transition multipliers on (a) heat transfer (b) friction factor 
at constant variable helix and twisted angle of 360o 

 
To study the impact of different transition multiplier values on thermal performance and flow 

fields, a comparative study for the four-lobe swirl generator under several values of transition 
multiplier and Re is carried out. Therefore, the transition multiplier of n = 0.25, 0.5, and 0.75 mm was 
also adopted to study their effect on thermal performance criteria. Figure 13 proved that all 
transition multipliers considerably impact thermal performance improvement. The result also 
revealed that the system's thermal performance slightly increased with a reduction of the transition 
multiplier value. It can be explained by the growth of the lobe area at the transition part region as 
the transition multiplier value set less than 1. The performance evaluation criteria at PEC of 1.25 is 
located at the transition multiplier value of 0.25 mm. It can be explained by the fact of the increase 
in tangential velocity as a result of multiplier (n) decreasing, and this phenomenon was proved by 
Ariyaratne et al., [37]. A high PEC value implies a high rate of heat transfer as examined Nfawa et al., 
[52].  
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Fig. 13. Thermal performance value at 
different transition multipliers and variable 
helix 

 
3.6 The Effect of a Variable Helix (t) on Heat Transfer and Thermal Performance 

 
The power law or variable helix (t) is an innovation to control the curvature of the transition part 

during its development as performed by Li [47]. The variable helix (t) with different values of t = 0.5, 
1, and 1.5 on heat transfer and friction factor were considered. These parameters were performed at 
a twisted angle of 360º and a transition multiplier of 0.25 mm. As shown in Figure 14(a) and 14(b), 
the variable helix at the value of 1 (geodesic) presented the highest heat transfer improvement with 
a slight friction factor increase. As expected, the transition part at constant twisted growth with 
respect to distance (geodesic) results in efficient swirling flow, and this corresponds with the finding 
of the study by Li et al., [42]. 

 

  
Fig. 14. Effect of Beta transition at multiplier (n = 0.25), lobed swirl angle (θ = 360o) and 
different Helix variable (t = 0.5, 1, 1.5) on (a) heat transfer (b) friction factor 

 
It is worth mentioning that the lobed swirl generator has been designed with two essential 

transition parts. These components have been developed gradually changed from a lobed circular 
shape (no lobe) to a lobed cross-section at the entry section of the transition part and from a lobed 
cross-section to a circular shape at the exit transition part to a voided the sudden change in the cross-
section between developed entry section and lobed swirl generator itself to prevent the 
augmentation of pressure losses as a result of cross-sections sudden changed. In comparison with 
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the previous studies, the lobed swirl generator is equipped with two essential transition parts thus, 
the pressure loss penalty is dropped noticeably. The lobed device itself was investigated under 
different twisted angles as the first targeted outcome of the current numerical study. The result 
revealed that increased twisted angle led to increased heat transfer. It is worth mentioning that the 
improvement in thermal performance requires reducing pressure loss and improving heat transfer 
capacity. Therefore, the friction factor value (f/fp) takes place. The result presented an augmentation 
in friction factor as the twisted angle of the lobed swirl generator increased. Consequently, the 
performance evaluation criteria (PEC) are considered to obtain the balance between enhanced heat 
transfer and the associated pressure loss. The study concluded that a twisted angle of 360⁰ led to 
better thermal performance. It may be clarified by the fact that there is less friction and pressure loss 
when heat transmission is increased at this angle. Also, the PEC considered in the investigation of 
transition Multipliers (n) and under different values to adopt the balance between the improvement 
in heat transfer and the impact of pressure loss. The result concluded that the decrease in n-value led 
to an increase in thermal performance. It can be explained by the fact that the transition area grows 
fast as the transition multiplier value decreases, which leads to promoting heat transfer and reduces 
pressure loss. Moreover, it can explain the improvement in heat transfer by the augmentation of 
tangential velocity as the transition Multiplier value decreases. The result is highly consistent with the 
findings of Najafian et al., [34].   

According to lobed number impact, the current study performed the swirl under the 4-lobe. 
Krishna et al., [53] revealed that the lobed swirl generator of (10-lobe) led to a reduction in the 
pressure loss compared with all lobed numbers investigated. Firoozeh et al., [54] reported that the 
groove angle is a vital step in terms of improving heat transfer. Yan et al., [26] revealed that the 
optimum swirl effectiveness was indicated at 4-lobed. Compared with the results, it attributed the 
difference in the effect of the transition part developed section and pitch-to-diameter of (P:D = 8), 
which was stated as the optimum design. From the geometrical cross-sectional view, the lobe swirl 
generator has different lobe numbers and shapes, namely, 3-lobe, 4-lobe, 5-lobe, four triangular 
lobes, twisted oval and twisted tri-lobe, tri-lobe tube with crooked tape, a helical coil with lobe cross-
section, lobe swirl generator with Y-tape twisted tubes insert. Jafari et al., [30] also examine the 
impact of a 4-lobe swirl on thermal performance. The study presents considerable heat transfer 
associated with (Ɩ =4) and (θ = 360º).  On the other hand, 5-lobe at (Ɩ =4) and (θ = 360º) showed an 
enhancement in heat transfer by the value of 85%, with increases in friction factor (f) by up to 52% 
as discovered by Jafari et al., [31]. The comparison between 4-lobe swirl devices at lengths of 0.6 m 
and 0.4 m on fluid flow was studied by Li et al., [42]. The study was performed at the angles of 360º 
and 450º. The study proved that the pipe length of 0.4 m with (θ = 360º) significantly affected the 
swirl induction, with an applicable level of pressure loss. By comparing the current result with 
previous studies, it can be concluded that the parameters adopted in different studies have several 
impacts on heat transfer, thermal performance and fluid flow. Large surface area, and shapes such as 
Fins, ribs, or swirl generators introduce turbulence, improving convective heat transfer. Compared to 
a smooth pipe, a corrugated pipe improves heat transmission by increasing surface area and 
turbulence. The small diameter of the tube has a considerable impact on heat transfer compared to 
a large tube due to thinner thermal boundary layers and faster velocities associated with a small 
diameter. From the prospect of environmental impact, the adoption of four-lobe swirl generators in 
thermal systems can have a profound environmental impact. By enhancing energy efficiency and 
reducing emissions, they align with global efforts to combat climate change and transition to 
sustainable energy solutions. Their integration into diverse industries can significantly reduce 
greenhouse gas emissions, making them an important technology for a greener future. 
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3.7 Sensitivity Analysis: One-at-a-Time (OAT) Approach 
 
The One-at-a-Time (OAT) sensitivity analysis is a method to evaluate the effect of changing one 

input variable while keeping all other variables constant. It is a simple and effective technique for 
understanding how a single variable influences the output (in this case, the Nusselt number) when 
other factors are fixed. Analysing the sensitivity of the Nusselt number (Nu) to velocity (v) in a typical 
pipe flow. We will perform a sensitivity analysis using Ansys Workbench 2020R2. The sensitivity 
analysed varies velocity (v) over a range (0.6828 to 1.2518 m/s) while keeping diameter (D), density 
(ρ), and viscosity (μ) constant. It is worth mentioning, that the study aimed to perform the lobed swirl 
generator under different twisted angles from (90 to 450). The results revealed that the lobed swirl 
at a twisted angle of 360 degrees exhibited superior thermal performance compared to all other 
cases investigated. Therefore, the sensitivity analysis focuses on this angle as the optimal case. 
Calculating the percentage sensitivity for each change in the Nusselt number is presented in Table 5. 
 

Table 5 
The sensitivity analysis of Nusselt number at twisted angle 360⁰ over different velocity 
Reynolds number (Re) Velocity (v) Nusselt number (Nu) Change in Nu Percentage Sensitivity (%) 
30,000 0.6828 267.4579 - - 
35,000 0.7966 302.7486 35.5 13.1% 
40,000 0.9104 336.2742 33.5 11.1% 
45,000 1.0242 367.319 31.1 9.2% 
50,000 1.138 396.3796 29.7 7.9% 
55,000 1.2518 424.1243 27.7 6.9% 

 
The result showed that the Nusselt number increased with the increase of Reynolds number. The 

sensitivity declines as the velocity increases, meaning that the Nusselt number becomes less sensitive 
to changes in velocity at higher values. At low velocity (0.7966 m/s); The Nusselt number is highly 
sensitive to changes in velocity (about 13.1% increase), which is common at lower Reynolds numbers 
where convection is still developing, and small changes in velocity cause significant changes in the 
convective heat transfer. On the other hand, at high Velocities (0.9104 to 1.2518 m/s), the Nusselt 
number is less sensitive to changes in velocity, with percentage sensitivity dropping as velocity 
increases. This is because at higher Reynolds numbers, the convective heat transfer becomes more 
efficient, and further increases in velocity lead to smaller incremental changes in heat transfer. In a 
one-at-a-time (OAT) sensitivity analysis, varying the flow velocity reveals a distinct relationship 
between velocity and the Nusselt number. Specifically, the Nusselt number increases with rising 
velocity; however, its velocity sensitivity diminishes as the flow transitions to a more turbulent 
regime, characterized by higher Reynolds numbers. This analysis proves valuable in quantifying the 
influence of a single parameter, in this case, velocity, on the output variable, the Nusselt number. 
 
3.8 Tangential and Axial Velocities Pattern 

 
The lobed swirl device has a curvature cross-section leading to centrifugal generated toward the 

test tube downstream, causing a vigorous tangential velocity formed near the wall as well as axial 
velocity concentrated at the core. As shown in Figure 15, the contour proved the ability of four- the 
lobe to produce tangential velocity noticeable around the wall under different twisted angles. The 
tangential velocity is zero at the tube centre, increasing as it gets closer to the wall and decreasing 
again to zero when it directly contacts the wall. The contours showed a clear quadrangular shape 
near the entrance of the lobe swirl and gradually faded towards the test tube exit, which is considered 
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a characteristic of a four-lobe swirl device. From the axial velocity perspective, the highest axial 
velocity is concentrated in the core and decreases as the tube distance increases for all twisted angles 
investigated. In comparison between the twisted angles, it is worth mentioning that the twisted 
shape at x/L = 0 is more pronounced with the angle of 360º instead of 90º for both velocities. 
Therefore, produces more flow fluctuation and heat transfer enhancement. In other words, the swirl 
formed stronger at the beginning of the pipe and gradually faded at the end of the tube downstream. 
The contour proved the ability of the four-lobe swirl generator to produce azimuthal velocity 
noticeable around the wall under different twisted angles. The tangential velocity is zero at the tube 
centre, increasing as it gets closer to the wall and decreasing again to zero when it directly contacts 
the wall. The contours showed a precise quadrangular shape near the entrance of the lobe swirl. 
 

  x/L = 0 x/L = 200 x/L = 400 x/L = 600   

(a) 

 

    

 

    

 

(b) 

 

    

 

    

 

Fig. 15. Tangential velocity and axial velocity distribution at different twisted angles, and distance 
under Re of 35,000 

 
3.9 Streamline 

 
Figures 16(a), 16(b) and 16(c) depict 3-D streamlined contours to illustrate the spiral swirl flow 

pattern from an isometric perspective, whereas Figures 16(d), 16(e) and 16(f) show swirl flow 
behaviour in the front view. The outcome was performed at different angles of 90°, 270° and 360°. 
The result was carried out at a Re of 55,000 and geometry contour points of 100 streamlines. The 
result demonstrates that the lobed swirl generator under different angles can create two essential 
types of swirling flow. Axial velocity is concentrated in the core and increased in the lobed cross-
section region (red zone). The second swirl flow is tangential velocity generated adjacent to the wall.  

The result also proved that the contact between the axial and tangential velocity is the main 
reason for creating small-scale vortices between the core and the wall. The contour revealed that the 
increase in twisted angle led to an increase in the scale vortices. The streamlined distribution confirms 
that the rise in twisted angle led to more fluctuation in flow and mixing. Consequently, promotes the 
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performance of heat transfer. Although the current result performed at the same Re, the lobe swirl 
at the angle of 360º presented the superior velocity by the value of 6.87% compared with the angle 
of 90º. The longitudinal vortices induced by the lobed swirl generator at a twisted angle of 360 
degrees are more intensive, which improves synergy between the velocities and the temperature 
gradient, causing better thermal performance. The result also presented swirl flow in smooth 
channels due to the characteristics of different twisted angles of the lobed swirl generator. It can be 
observed that the fluid adjacent to the wall swirls continuously and dramatically disturbs the 
boundary layer. It has improved the heat transfer rate due to mixing between the fluid flow near the 
wall (hot water) and at the core (cold water). 

 
(a) 

  

(d) 

(b) 

  

(e) 

(c) 

  

(f) 

Fig. 16.  3-D streamline contours of the four-lobed swirl generator under different angles 
(a) 90º, (b) 270º, and (c) 360º 

 
4. Motivation of the Study 

 
Due to the poor heat transfer associated with smooth channels, several techniques have been 

developed to generate swirl flow within circular tubes. It can divide the swirl flow induced within a 
circular tube into different crucial categories: the swirl flow generated by the propeller-type swirl as 
investigated in the study by Ali et al., [55], swirl flow by converting the circular tube to several types 
of curved tubes such as: 

 
i. helical coil 

ii. bend tube 
iii. serpentine rube 
iv. spiral  
v. twisted tubes as mentioned by Ghobadi et al., [56] and creating swirl flow by inserting 

device techniques as performed by Azhari et al., [57].  
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According to the present study, the lobed swirl generator has effective properties, represented by 
its ability to improve the overall swirl intensity and reduce pressure loss due to the advantage of its 
transition parts as presented by Ariyaratne et al., [37]. Therefore, applying this feature on smooth 
channels can considerably enhance heat transfer in many thermal applications, which is the 
motivation behind the current study.    In addition, exploring the thermal characteristics of this device 
for more understanding is also the targeted outcome. In the present work, the thermal performance 
of a four-lobed swirl generator was investigated numerically under different parameters such as 
twisted angles (ranging from 90º to 450º), transition multiplier values (ranging from n = 0.25 to 0.75 
mm), and variable helix dimensions (t = 0.5 to 1.5 mm), which considered a unique study in the 
thermal application field. Consequently, it is extremely important to point out the gaps in the 
aforementioned research and highlight the specifications that the lobed swirl generator and its 
transition components must fulfil for the thermal application. 

 
5. Conclusion 

 
In the present numerical study, the effect of a four-lobed swirl device with its transition parts on 

thermal performance and fluid field has been carried out. The geometry studied can be divided into 
two main practical parts. The lobed swirl device was performed under a fixed length at 0.2 m, beta 
transition at the multiplier of (n = 0.5 mm) and different twisted angles from (90o to 450o). The second 
vital section is the Transition part of the entry and exit transition sections of 0.1 m. This part was 
investigated at different transition multipliers (n = 0.25, 0.5 and 0.75 mm) and several variable helixes 
(t = 0.5, 1, 1.5 mm). The turbulent water flow induced by the lobed swirl was generated in the Re 
ranges of 30,000 to 55,000. After implementing the simulation, the following results have been 
obtained: 

 
i. The result showed that raising the twisted angle significantly boosted the heat 

transmission. Additionally, the lobed swirl generator with the angle of (θ = 360º) had the 
best thermal performance with PEC = 1.21 and the largest heat transfer value up to 28.78. 

ii. The outcome shows a slight enhancement in thermal performance by a factor of 1.26, with 
the multiplier transition component being reduced to values of (n = 0.25 mm) and (t = 1). 

iii. There is no impact on thermal performance by decreasing or increasing the variable helix 
value, therefore the result confirmed that the (t =1) is the optimum. 

iv. The result revealed the capability of a lobed swirl generator under different parameters to 
produce a centrifugal force, which is the main reason for heat transfer enhancement. 

v. The findings provide a unique technique for increasing energy efficiency by demonstrating 
that the four-lobe swirl generator is suitable for various industrial applications, including 
heat exchangers and vehicle cooling. 
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