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The numerical research aims to investigate the heat transfer performance differ-
ence between the twisted tube and the smooth tube at the same hydraulic diam-
eter. The effect of the major/minor axis ratios on the fluid-flow inside the twist-
ed oval tube is studied in the Reynolds number range of 3000-11000, and the 
integral thermal-hydraulic effectiveness of twisted oval tubes is evaluated. The 
results show that the twisted wall induces secondary flow perpendicular to the 
mainstream direction. The vortices are rapidly generated in the pipe-line when 
the fluid enters the twisted tube section from the upstream section. As the fluid de-
velops further, the vortices converge to form a spiral flow. Numerical simulations 
indicate that the average Nusselt number of twisted oval tube with a major/minor 
axes ratio of 1.70 increases by 18.7-35.5%, while the pressure drop increases by  
59.9-61.3% compared to smooth oval tube. Furthermore, as the major/minor axes 
ratio increases from 1.18-2.48, the average Nusselt number experiences an in-
crease of 26.7-38.2%. The twisted tubes within the major/minor axes ratio range 
of 1.40-1.96 demonstrate superior integral thermal-hydraulic performance com-
pared to other pipes.
Key words: twisted oval tube, heat transfer, pressure drop,  

integral thermal-hydraulic effectiveness

Introduction

As key equipment for energy utilization and transmission, heat exchangers are widely 
utilized in diverse industries, including petrochemicals, power generation, equipment manu-
facturing and air conditioning [1-4]. However, the dissipative effect of energy transfer leads to 
irreversible energy loss [5]. Therefore, developing efficient heat transfer equipment becomes a 
hot topic in the field of energy utilization. A twisted oval tube (TOT) is a passive enhancement 
heat transfer element. It is a heat transfer tube structure with an elliptical cross-section obtained 
by compressing and twisting a circular tube. As early as the 1980's, TOT heat exchangers were 
developed to improve the energy utilization efficiency of thermal cycle systems [6, 7]. As a 
highly efficient heat transfer device, TOT offer the benefits of efficient thermal conductivity 
and comparatively small flow resistance. According to usage data provided by the petrochem-
ical industry, TOT heat exchangers have the potential to achieve production costs savings of 
roughly 25% compared to traditional baffle plate heat exchangers [8].

In recent years, many scholars have researched the enhanced heat transfer mech-
anism of TOT by experiments and numerical simulations. The study revealed the fluid in-
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side the TOT flows in a helical pattern, resulting in transverse flow components perpen-
dicular to the primary flow direction [9]. This increases the turbulence intensity, thereby 
increasing the heat transfer efficiency between the fluid and the heat tube wall. Yang et 
al. [10] studied the heat transfer and resistance characteristics of water flow in TOT with 
different structural dimensions using experimental methods, and proposed a unified cor-
relation formula to predict the heat transfer coefficient and friction coefficient. The ex-
perimental results showed that larger major/minor axis ratios (a/b) and smaller twist 
spacings would significantly enhance the heat transfer and flow resistance. Tan et al. 
[11] analyzed the enhanced heat transfer mechanism of TOT using the field synergy prin-
ciple. The results demonstrated that the generation of secondary flow reduced the syner-
gistic angle between the velocity vector and temperature gradient, thereby improving the 
heat transfer performance of TOT. Cheng et al. [12] used numerical simulation methods 
to study the flow characteristics of water in the TOT with Reznolds number ranging from  
50-2000, and determined that the transition point from laminar to turbulent flow occurs at a  
Re = 500. Guo et al. [13, 14] researched the laminar heat transfer inside TOT under uniform 
wall temperature boundary conditions and uniform heat flux boundary conditions using nu-
merical simulation methods, and established a correlation between the secondary flow inten-
sity and the flow friction coefficient and average Nusselt number. They also found that local 
Nusselt numberhad distinctive properties in different measured areas of TOT. Wu et al. [15] 
simulated the effects of different twist spacings and Reynolds number on the pressure drop 
and heat transfer characteristics of TOT. The results showed that TOT with twist spacing of 
128 mm had better integral thermal-hydraulic effectiveness than those with twist spacing of 
96 mm and 192 mm.

Several researchers have also investigated the flow characteristics of fluid outside the 
TOT. Gu et al. [16, 17] investigated the TOT heat exchanger with the novel coupling-vortex 
chessboard tube lay-out using numerical simulations, and innovatively designed an alternate 
V-rows triangular tube design. Li et al. [18, 19] experimentally analyzed the shell side perfor-
mances of staggered TOT heat exchanger and derived the relationships between Nusselt num-
ber and Euler number. They also compared the shell-side thermal performance of heat exchang-
ers consisting of TOT only and TOT combined with round tubes by numerical simulations. Gu 
et al. [20] used the field synergy principle to analyze the shell-side performance of TOT heat 
exchanger with a helical baffle. Luo et al. [21] concluded numerical simulations to study the 
flow characteristics inside a double twisted ring with opposite twist directions, and studied the 
heat transfer performance under different geometric dimensions.

In contrast to the traditional circular tube bundle heat exchanger, the TOT heat ex-
changer exhibits significantly improved heat transfer performance. Therefore, it is necessary to 
investigate the impact of the twisted structure on the enhancement of heat transfer performance. 
In this study, we ensure that the hydraulic diameter of different tubes is equal. This decision 
is based on the following considerations: when comparing the heat transfer and pressure drop 
performance of different tubes under fixed Reynolds number, inconsistent hydraulic diameters 
result in different fluid velocities inside the tubes. Higher fluid velocities lead to increased tem-
perature differences between the fluid and the tube wall, thereby improving the heat transfer 
rate and overall heat transfer coefficient of the tubes. Therefore, to avoid the influence of this 
factor, all tubes are standardized with the same hydraulic diameter [22]. Through this approach, 
we better understand the impact of geometric differences on tube performance. In addition, this 
study also summarizes the formation process of spiral flow, further revealing the enhanced heat 
transfer mechanism of TOT.
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Model description

Physical model

This work establishes the smooth circular tube (SCT), smooth oval tube (SOT) and 
TOT models. The primary geometric elements of TOT are the major axis, a, and minor axis, b, 
of the tube cross-section, the twist spacing, S, and the tube length, L. The a/b of the TOT inves-
tigated in the research scope from 1.18-2.48, and the twist spacing is 128 mm. The length of all 
tubes is 640 mm, and the hydraulic diameter is 19.7 mm. The inlet extension section, Lin, and 
outlet extension section, Lout, are added at the 
inlet and outlet of the pipe-line model to ensure 
that the flow state of the fluid as it enters the 
pipe-line is completely developed and that there 
is no backflow at the outlet cross-section of the 
pipe-line. The tube models of the extension sec-
tion are smooth tubes with a length of five times 
the hydraulic diameter of the tube. The physical 
model of the TOT is shown in fig. 1.

Mathematic model

The working fluid is uncompressible. The control equations for completely developed 
turbulent fluid: 
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where ρ, μ, and λ are the density, dynamic viscosity, and thermal conductivity, respectively.
The standard k-ω model is selected for modelling turbulent flow in the pipe-line. The 

rationale for this choice will be explained later. The control equations for k and ω:
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where σk and σω are the turbulent Prandtl numbers for k and ω, respectively, Gk – the generation 
of turbulence kinetic energy due to mean velocity gradients, Gω – the generation of ω, Yk and Yω 
are the dissipation of k and ω due to turbulence, respectively, Sk and Sω – the user-defined source 
terms, and Gb and Gωb – the account for buoyancy terms.

Boundary conditions

To obtain simulation results that closely resemble real-world scenarios, we determine 
the fundamental boundary conditions for numerical simulations based on the experiment con-

Figure 1. Physical model of the TOT
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ducted by Yang et al. [10]. This experiment is carried out in a double-pipe heat exchanger, 
where the heating power is adjusted at a given flow rate to maintain a constant water tempera-
ture at the tube inlet. To minimize heat loss to the surroundings, the entire apparatus is effec-
tively insulated. 

The following boundary conditions and fluid properties are given in this work:
Wall: uw = vw = ww = 0, Tw = 350 K.
Inlet: uin = vin = 0, win = constant, Tin = 300 K.
Outlet: The fluid at the outlet of the tube is in full-developed state, and the outlet pres-

sure is adjusted to 1 atmosphere.
It is assumed that the thermophysical properties of the fluid are constant:  

ρ = 998.2 kg/m3, λ = 0.6 W/mK, μ = 1.003⋅10–3 kg/ms, cp = 4182 J/kgK. The current study is 
concerned with Reynolds number of 3000-11000.

Data reduction

The average temperature and pressure in the pipe-line cross-sections are defined:
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where Aw is the total heat transfer area of the TOT and Tm,in and Tm,out are the mean temperature 
of the inlet and outlet.

The coefficient of convective heat transfer is defined:
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∆
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The hydraulic diameter is defined:

h
4AD
C

= (11)

where A is the cross-section area of the TOT and C – the circumference of the ellipse.
The Reynolds number and average Nusselt number:
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where ωin is the inlet velocity and λ – the thermal conductivity.
The angle between the velocity vector and the temperature gradient:

arccos U T
U T

θ ∇
=

∇
(14)

Dimensionless parameters are utilized:
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where U, um, ∇T, Tm, and H are the velocity vector, main flow velocity, temperature gradient, 
main flow temperature and the height of the channel, respectively. 

The performance evaluation criterion (PEC) of the integral thermal-hydraulic for 
pipe-line:
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where the subscript 0 is the SOT with the same cross-section as the TOT.

Results and discussion

Validation of numerical results

This study employed the fluid dynamics 
software FLUENT to simulate the fluid-flow 
characteristics inside the pipe-line. The mod-
els are divided using structured mesh, and the 
orthogonal quality of the meshes are all above 
0.5. As the fluid-flow near the wall surface is 
greatly influenced by molecular viscous forces, the mesh near the tube wall is finely divided. 
Figure 2 shows the meshing details of the TOT.

In order to enhance the accuracy of numerical simulation results, mesh independence 
is verified by testing the Nu¯¯ with a/b of 1.70 using different mesh numbers (623543, 950367, 
and 1284802). From fig. 3(a), The maximum error between the Nu¯¯ with mesh numbers 950367 
and 1284802 is below 1% in the range of Reynolds number between 3000 and 11000. There-
fore, the TOT with mesh number 950367 is considered mesh independence. Figure 3(b) depicts 
the computational results of the k-ε model, the standard k-ω model, the SST k-ω model and the 
experimental results tested by Yang et al. [10]. The maximum error between the Nu¯¯ calculated 
using the standard k-ω model and the data tested in the laboratory is 7.92% which the least error 
of all models. Therefore, this work also demonstrates the accuracy of the standard k-ω model in 
predicting the actual situation and utilizes it for the next numerical simulation studies.

Figure 2. Meshing details of the TOT
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Figure 3. Mesh independence test and model variation

Enhancement performance for TOT

This section studies the heat transfer and pressure drop characteristics of SCT, SOT 
and TOT. The a/b for the pipe-line cross-section of the SOT and the TOT is 1.70.

The velocity vector distributions inside the TOT are shown in fig. 4. The fluid gen-
erates complex secondary flow due to the tangential stress of tube wall and turbulence distur-
bance as the fluid enters the twisted section from the upstream section. This leads to the rapid 
generation of two strong vortices at centrosymmetric locations on the major axis of the oval 
cross-section. As the flow develops further, the vortices gradually move closer the tube axis. 
Eventually, these vortices merge into a large vortex, which forms a helical flow inside the TOT. 
Therefore, the formation of helical flow in the TOT requires the fluid to undergo a series of 
development processes. The downstream tube wall destroys the stable helical flow when the 
fluid-flows out of the twisted section and enters the downstream section. As a result, a differ-
ence in the velocity vector from the previous distribution can be clearly observed at the exit 
cross-section (z = 640 mm).

Figure 4. Velocity vector distributions in the TOT with a/b of 1.70

The local synergy angle distributions inside the SOT and TOT with a/b of 1.70 is 
shown in fig. 5. The heat transfer capacity of the pipe-line will be improved as the synergy 
angle approaches 0° or 180°. It is evident from fig. 5 that the synergy angle of the SOT predom-
inantly ranges around 90° except for the central area of the cross-section. However, significant 
regions with synergy angles greater than or less than 90° are present in the TOT. The presence 
of these regions greatly improves the heat transfer capacity of the TOT. The local synergy angle 
inside the tube appears significantly different compared to that of SOT when the fluid is just 



Di, X., et al.: Numerical Simulation of Heat Transfer and Pressure Drop ... 
THERMAL SCIENCE: Year 2024, Vol. 28, No. 4A, pp. 2817-2830 2823

entering the twisted section from the upstream section. However, the improvement in the local 
synergy angle is diminished as a steady spiral flow forms in the tube. In addition, the steady he-
lical flow developed inside the tube is again influenced by the structural changes of pipe-line as 
the fluid enters the downstream section from the twisted section. As a result, the local synergy 
angle is again changed at the pipe-line outlet cross-section (z = 640 mm).

Figure 5. Local synergy angle distributions in the tube with a/b of 1.70; (a) SOT and (b) TOT

The velocity and temperature distribution of the different pipe-line center sections  
(z = 320 mm) are shown in fig. 6. The Reynolds number of fluids at the tube inlet is 5000. The 
velocity and temperature contour of the SCT and SOT are concentric circular and concentric 
oval shapes, respectively. In the case of the TOT, after the fluid enters the tube, the twisted 
wall impedes the forward flow of the fluid, resulting in a scouring effect on the tube wall. This 
phenomenon leads to a thinning of the fluid boundary-layer at corresponding positions and an 
increase in temperature gradient, thereby enhancing the heat transfer between the tube wall and 
the fluid. This also leads to significant changes of temperature distribution inside the tube. From 
fig. 6, the temperature distribution contour of the TOT is twisted at both ends of the major axis. 
In addition, there is a significant high speed flow area in the pipe-line center due to the blockage 
and shear stress of twisted wall.

Figure 6. Velocity and temperature distribution in the cross-section of tubes  
with different shapes; (a) velocity distribution and (b) temperature distribution
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The Nu¯¯ and Δp in different tubes are shown in fig. 7. The trend of Nu¯¯ variation is 
consistent among the three types of tubes within the range of Reynolds number from 3000-
11000. Moreover, the Nu¯¯ for each tube has a linear relationship with the Reynolds number. 
Due to the increase in the cold fluid quality in the pipe-line with increasing Reynolds num-
ber, which causes an increased the heat transfer efficiency of tube wall. Additionally, the in-
crease in fluid velocity increases the turbulence intensity, which further promotes heat transfer. 
Therefore, the Nu¯¯ increases as the Reynolds number increases. The Nu¯¯ for TOT increased by  
18.7-35.5% compared to SOT at the same Reynolds number. This means that TOT have bet-
ter heat transfer properties. However, the Δp of the TOT also increases by 59.9-61.3% simul-
taneously, indicating that TOT requires more energy to maintain fluid-flow inside the tube 
compared to SOT. The SOT and SCT have the same hydraulic diameter, so there is not much 
difference in the Nu¯¯ and Δp between the two. However, the difference between the two also 
increases gradually as the increasing Reynolds number.

Figure 7. The Nu¯¯  and Δp in tubes of different shapes

The Nu¯¯ and Δp of TOT comparison 
with that of SOT is shown in fig. 8. The Nu¯¯ /
Nu¯¯ 0 decreases from 1.36-1.19 when the Reyn-
olds numbet increases from 3000-11000. 
This indicates that the enhanced heat trans-
fer effect of the TOT decreases with increas-
ing Reynolds number. However, the TOT 
always has better heat transfer effect than 
the SOT. The Δp ratio of the TOT and SOT 
with the same tube cross-section is almost 
independent of the Reynolds number. From  
fig. 8, the ∆p/∆p0 is about 1.6 with a/b of 1.70.

Effect of a/b on enhanced performance

This section investigates the effect of a/b and Reynolds number on the heat transfer 
and Δp characteristics of TOT and evaluates integral thermal-hydraulic effectiveness of the 
pipe-line.

The streamlines and velocity distribution inside TOT with different a/b are shown in 
fig. 9. The tube cross-sections are shown from z = 256 mm to z = 384 mm with the inlet fluid 
Reynolds number of 5000. The streamlines near the tube axis are distributed axially. However, 

Figure 8. Comparison of  Nu¯¯  and Δp  
for the TOT and the SOT
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the fluid near the TOT wall is blocked by the twisted wall, so that the streamlines are spirally 
distributed. The spiral flow in tube creates secondary flows, which breaks the fluid bound-
ary-layer. Therefore, the thickness of the boundary-layer decreases as increasing a/b. In the 
TOT with a/b of 1.18, spiral streamlines are not obvious because a/b is too small. In addition, 
the fluid velocity in the twisted tube center increases as a/b increases.

Figure 9. Streamline and velocity distribution in TOT with different a/b

The fluid velocity vector distributions inside the TOT with a/b of 1.18, 1.70, and 2.22 
are shown in fig. 10. In the TOT with the a/b of 1.18, there are no regular vortices inside the 
tube as the wall has less influence on the flow. However, the fluid clearly generates a certain in-
tensity of secondary flow in the TOT, which contributes to enhanced heat transfer of pipe-line. 
In the TOT with a/b of 1.70 and 2.22, the rapid generation of two strong vortices at centrosym-
metric locations on the major axis of the oval cross-section when the fluid enters the twisted 
section from the upstream section. As the flow develops further, the vortices eventually merge 
into a large vortex, which forms a spiral flow. By comparing the velocity vector distribution at 
a/b of 1.70 and 2.22, the larger the a/b, the longer the flow process required for the eddies to 

Figure 10. Velocity vector distributions in the cross-section of the TOT
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converge to form the spiral flow. This is because the intensity of spiral flow varies with different 
a/b, resulting in differences in the formation process of spiral flow. Combined with the stream-
line diagram, it can be deduced that the two stronger vortices are distributed in a double helix 
in the TOT before converging.

The velocity and temperature distribution of the pipe-line center cross-section  
(z = 320 mm) of the TOT are shown in fig. 11. The low temperature fluid near the tube wall 
increases with the increase of a/b. In the TOT with a/b of 2.22 and 2.48, two more mainstream 
regions appear in addition the central region of the tube cross-section. Combined with the ve-
locity vector distribution of the fluid in the pipe-line, it can be concluded that the two main flow 
regions on the elliptic section are caused by the vortex in the tube.

Figure 11. Velocity and temperature distributions in the cross-section of  
the TOT with different a/b; (a) velocity distributions and (b) temperature distributions

The local synergy angle distributions of the pipe-line center cross-section (z = 320 mm) 
of SOT and TOT with different a/b are shown in fig. 12. The synergy angle of the SOT predom-
inantly ranges around 90° except for the central area of the cross-section. However, significant 
regions with synergy angles less than 90° are present in the TOT. According to the synergy 
angle distributions of the TOT, the degree of improvement in the synergy angle does not always 

Figure 12. Local synergy angle distributions in the cross-section of tubes with 
different a/b; (a) SOT and (b) TOT
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increase with increasing a/b. Numerical simulation results show that the largest synergy angle 
of 113° occurred in the cross-section with a/b of 1.70 and the smallest synergy angle of 67° 
occurred in the cross-section with a/b of 1.96. The synergy angle distribution inside different 
pipe-lines are complex because of the different processes by which the fluid forms a spiral flow 
in different TOT. Therefore, it is not possible to determine the TOT with the best enhanced heat 
transfer simply on the basis of the synergy angle distribution at z = 320 mm.

Figure 13 shows the Nu¯¯ in the TOT with different a/b, as well as its comparison with 
that in the SOT. Owing to the blocking influence of the twisted wall, which makes the fluid 
disturbance more intense, thereby enhancing the heat transfer efficiency of the pipe-line. There-
fore, the Nu¯¯ increases as the increasing Reynolds number and increasing a/b. However, the 
magnitude of the increase in the Nu¯¯ gradually decreases as the a/b increases. More specifically, 
in the case of a/b less than 1.96, the increase of Nu¯¯ by increasing a/b is more obvious, which 
indicates that the structural dimensions of the TOT are the major influencing elements in this 
case. In the case of a/b greater than 1.96, the effect of increasing a/b on the Nu¯¯ is weaker, but the 
difference of the Nu¯¯ at different Reynolds number is obvious, which indicates that the Reynolds 
number becomes the main influencing factor in this case. The simulation results show that the 
Nu¯¯ of the TOT increases by 26.7-38.2% as a/b increases from 1.18-2.48.

Figure 13. The  Nu¯¯  in the TOT and comparison of  Nu¯¯   for the TOT and the SOT

The Nu¯¯/ Nu¯¯0 decreases with increasing Reynolds number. This indicates that the im-
pact of the twisted wall on enhanced heat transfer diminishes as the Reynolds number increas-
es. However, the heat transfer of the TOT is still enhanced compared to the SOT. Moreover, 
among the six different models of TOT, the one with a/b of 1.18 exhibits the weakest effect on 
enhancing heat transfer. Therefore, the ratio of its Nu¯¯ to that of the smooth tube is closest to 1.0.

The increase in flow velocity results in a variation in pressure drop. Figure 14 depicts 
the change of pressure drop in the TOT with different a/b at different Reynolds number and its 
comparison with that in the SOT. The pressure drop increases with increasing Reynolds number 
and increasing a/b. The ∆p/∆p0 is almost unaffected by the Reynolds number. For Reynolds 
number from 3000-11000, the pressure drop inside the TOT with a/b of 1.18, 1.44, 1.70, 1.96, 
2.22, and 2.48 are about 1.02, 1.28, 1.60, 1.84, 2.07, and 2.28 times of that inside the SOT with 
the same tube cross-section, respectively. In this regard, it is evident that the increase of a/b 
significantly enhances the pressure drop inside the TOT.

The integral thermal-hydraulic effectiveness of TOT is shown in fig. 15. In the case of 
the Reynolds number of inlet fluid is determined, the turbulence intensity of the fluid inside 
the pipe-line increases as an increasing a/b, which strengthen the heat transfer efficiency of 
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TOT. The integral thermal-hydraulic effective-
ness of the tube is enhanced when the impact 
of the TOT to enhance heat transfer is larger 
than the increment of flow resistance. However, 
when a/b exceeds a certain threshold, the flow 
resistance increment dominates and leads to a 
decrease in the integral thermal-hydraulic effec-
tiveness. Numerical simulations indicate that the 
integral thermal-hydraulic effectiveness of TOT 
with a/b in the range of 1.40-1.96 is superior to 
other pipe-line models under Reynolds number 
ranging from 3000-11000. Additionally, TOT ex-
hibit better enhanced heat transfer characteristics 
at lower Reynolds number based on the results of 
the study.

Conclusions

The study aims to investigate the performance difference of SCT, SOT, and TOT at 
the same hydraulic diameter using numerical simulations. The impact of the a/b on the flu-
id-flow inside the TOT is investigated. The integral thermal-hydraulic effectiveness of TOT 
is assessed and the summary of the flow law within the TOT is presented. The main results 
conclusions are as follows.

 y Due to the twisted wall, the TOT enhances the heat transfer between the tube wall and the 
fluid, but also increases the flow resistance. The Nu¯¯ of TOT with a/b of 1.70 increases by 
18.7-35.5% and the Δp increases by 59.9-61.3% compared with SOT.

 y In the TOT with a/b of 1.70, two pronounced vortices are rapidly generated inside the TOT 
as the fluid enters the twisted section from the upstream section. As the fluid develops fur-
ther, the vortices converge and eventually form a spiral flow. The two stronger vortices are 
distributed in a double helix inside the TOT before convergence.

 y In the case of the Reynolds number of inlet fluid is determined, the turbulence intensity in-
side the TOT increases with increasing a/b. However, when a/b exceeds a certain threshold, 
the increased flow resistance leads to a decrease in integral thermal-hydraulic effectiveness. 
Numerical simulations show that TOT with a/b ranging from 1.40-1.96 exhibit superior 
performance compared to other tubes.

Figure 14. The Δp in the TOT and comparison of Δp for the TOT and SOT

Figure 15. Integral thermal-hydraulic 
effectiveness of TOT
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Nomenclature
A  – cross-section area of the tubes, [mm2]
Aw  – area of heat transfer tube wall, [mm2]
a  – major axis of the oval cross-section, [mm]
b  – minor axis of the oval cross-section, [mm]
C  – circumference of the ellipse, [mm]
cp  – specific heat capacity, [Jkg–1K–1]
Dh  – hydraulic diameter of the tubes, [mm]
H  – height of the channel, [mm]
havg  – heat transfer coefficient, [Wm–2K–1]
k  – turbulence kinetic energy, [m2s–2]
L  – length of the TOT, [mm]
Lin  – TOT upstream length, [mm]
Lout  – TOT downstream length, [mm]
ṁ  – mass-flow rate, [kgs–1]
Nu  – Nusselt number, [–]
p  – pressure, [Pa]
Δp  – pressure drop, [Pa]
q  – heat transfer rate, [Wm–2]
Re  – Reynolds number, [–]
S  – 360° twist spacing of TOT, [mm]
T  – temperature, [K]
ΔT  – temperature difference, [K]

t  – time, [second]
U  – fluid velocity vector, [ms–1]
u, v, w – velocity components, [ms–1]
x, y, z  – x-, y-, and z- axial direction  

co-ordinates, [–]

Greek symbols

ε – turbulence kinetic energy, [m2s–2]
θ – angle between the velocity vector  

and the temperature gradient, [°]
λ – thermal conductivity, [Wm–1K–1]
μ – dynamic viscosity, [Pa⋅s] 
ρ – density, [kgm–3]
ω – specific dissipation rate, [s–1]

Subscripts

in – inlet
int – internal
m – main flow
out – outlet
w – wall
0 – smooth oval tubes
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