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A B S T R A C T

Efficient transfer of energy is an important issue addressed by numerous scholars in the literature
and various methods have been proposed for enhancing the heat transfer efficiency in heat ex-
changers. Among many different heat exchangers, helical tubes are one of the most prevalent
types of heat exchangers which have many applications in industry. In a case study, effect of
twisting technique on the heat transfer in a helical tube with oval cross section has been investi-
gated numerically and the results have been compared with simple circular cross section helical
tube. Effect of cross section aspect ratio and twisting ratio in different flow Reynolds numbers has
been considered. Results have been presented in terms of Nusselt number, friction factor, PEC,
entropy generation and contours of velocity, streamlines and temperature. Results indicate that
twisting technique can significantly enhance the heat transfer and all cases have PEC values of
above unit which indicates superiority of this method. Also the velocity contours and streamlines
indicate that using twisting technique result in higher mixing in the flow which is the reason for
higher heat transfer characteristics in twisted oval helical tubes.

1. Introduction
Energy crisis is the most important challenge that human kind is experiencing [1]. Depletion of fossil fuel resources and growth of

population which has resulted excessive exploitation of natural resources, have urged scientists to discover methods for replacing the
natural resources with the renewable energy resources for energy production [2–4] and suggest new methods for optimized consump-
tion of energy [5–7]. Heat transfer enhancement of heat exchangers, due to its various engineering applications and the importance of
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reducing energy consumption in various systems, has been one of the interesting topics for researchers in recent years [8][9,10]. Nu-
merous methods have been suggested in the literature to enhance the overall performance of heat exchangers [11–13], the most im-
portant of which is to improve performance through optimal geometric design.

Due to various engineering applications, many studies have been conducted by researchers in order to achieve higher efficiency in
helical heat exchangers. Energy storage potential of a helical heat exchanger installed on an air handling unit has been explored by
Almitani et al. [14]. Cao et al. [15] numerically studied the overall performance of a double helical tube heat exchanger with circular
depressions on the tubes. Exergy analysis of a helical coil heat exchanger coupled with a parabolic trough solar collector has been car-
ried out by Chater et al. [16]. Li et al. [17] also conduted another exergy analysis on a corrugated spiral tube used in a solar pond.
Based on thermal performance of Metal-hydride reactor, Eisapour et al. [18] provided an optimal design of a helical coil heat ex-
changer. Halawa and Tanious [19] utilized an elliptical tube in a helically coiled heat exchanger to improve thermal performance of it
at turbulent flow regime. Among their under consideration parameters, they reported a significant augmentation of Nusselt number
by decreasing the aspect ratio of elliptical tube. Hasan et al. [20] provided a numerical study around the impact of geometrical para-
meters of a helical heat exchanger containing nanofluids on the thermal performance enhancement. They considered different heat-
ing conditions to find the most efficient case, and according to their results, geometrical parameters play a key role on the thermal
performance of heat exchanger. Lebbihiat et al. [21] analyzed thermal performance of a helical ground-air heat exchanger and pro-
vided both experimental and numerical results. The authors reported that the efficiency of heat exchanger is highly dependent on the
thermal conditions. Heat transfer process of a helical heat exchanger was modeled by Missaoui et al. [22] in order to examine the ef-
fect of condenser coil design on overall performance of it. Cao et al. [23] investigated effect of corrugation in a helical tube in tube he-
lical heat exchanger and reported a considerable increase in the heat transfer by using corrugation technique. Yanlin et al. [24] in a
most recent investigation addressed effect of different cross section modifications on the fluid flow and energy transfer of a helical
tube and reported significant enhancement of heat transfer by using this method. Also several other studies have been conducted re-
cently addressing effect of geometrical modifications including corrugations and twisted tapes on the heat transfer enhancement in
heat exchangers [25,26].

Some researchers have utilized twisted tubes and twisted tapes in order to increase the heat transfer rate of heat exchangers. Lu
and Song [27] explored the influence of aspect ratio and twist ratio on the thermal performance of a twisted annulus placed between
two twisted elliptical tubes. They reported effective secondary flow formation and an increase in Nusselt number of 157%. Luo et al.
[28] numerically investigated the heat and fluid flow of a co-twisted double-pipe heat exchanger in laminar flow regime with differ-
ent twist pitches. The authors considered the effect of the twist pitch ratio on the thermal performance of the heat exchanger and re-
ported that increasing the twist pitch ratio increases the heat rate at first, and then decreases with further increasing. Yu et al. [29]
conducted a numerical study to analyze the thermal-hydraulic performance of a twisted elliptical pipe with various wire coils at tur-
bulent flow. According to their results, the authors concluded that the direction of the coil has a significant effect on the overall per-
formance of the twisted pipe. Zhu et al. [30] studied the impact of using a twisted tape within a thermoelectric generator heat ex-
changer by means of finite-element method. They investigated the geometrical parameters affecting the overall performance includ-
ing the length, twist ratio, and radius of the twisted tape. According to their results, their proposed heat exchanger increases the net
power by 10.41% and the efficiency by 22.51%. Ali and Jalal [31] evaluated the heat transfer and fluid flow of a double-pipe heat ex-
changer with a twisted inner pipe for both parallel and counter flows. The parameters investigated by the authors include the number
of twists and Reynolds number. Examining their results indicates that the use of twisted pipe improves the overall performance of the
heat exchanger, and the highest value of Nusselt number is obtained in the case with the highest number of twists. Fallah Najafabadi
et al. [32] analyzed a twisted double pipe heat exchanger including phase change material as a solar energy storage unit. The parame-
ters that the authors investigated are pipe position, twisting, and cross-sectional geometry. According to their calculated results, the
heat transfer rate is notably dependent on the geometry of the cross-section and the best thermal performance is obtained using the 3-
lobed cross-sectional geometry. Kim et al. [33] worked on heat transfer in an oval twisted tube in both laminar and turbulent flow
regimes and studied effect of different Reynolds numbers and different twisting ratios and reported that although using twisting tech-
nique may increase the friction factor, but it has a considerable influence on the heat transfer too. Chang et al. [34] utilized twisting
technique in a helical tube by using a square cross section with different amounts of twisting pitches and reported that higher twist ra-
tios can result in better heat transfer in helical tubes with square cross sections. Wu et al. [35] conducted a numerical study to verify
effect of twisting technique in an elliptical tube and reported how twisting oval cross section may affect heat transfer and fluid flow in
a straight tube. In a most recent study, Eiamsa et al. [36] studied an oval ribbed tube with different pitches and twisting ratios. They
reported that combination of swirling flow generation and flow separation and reattachment behind the ribs would result in higher
mixing of the flow and better heat transfer performance.

According to previously mentioned studies most of which are of the most recent works reported in the literature, it could be per-
ceived that helical tubes have numerous application in industrial applications for heat transfer purposes and a great effort has been
dedicated so far to introduce novel techniques to enhance the efficiency of heat transfer in helical tubes. On the other hand, using
twisting method in oval cross sections of tubes with different aspect ratios is another method to enhance flow mixing and increase the
heat transfer efficiency. However, according to the aforementioned literature review and to the authors’ best knowledge, the twisting
technique has never been applied to helical tubes with oval cross section and its aspects remain mostly obscure. In this regard, present
study is aimed at analyzing heat and fluid flow characteristic in a helical heat exchanger with elliptical twisted tubes. The influence of
oval cross section aspect ratio and twisting ratio of helical tube in different Reynolds numbers have been verified in this work and re-
sults including flow and heat transfer parameters have been reported.
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2. Problem statement and methods
2.1. Model definition and boundary conditions

The base model considered in this work is a helical tube with circular cross section in which the diameter of the tube has been
taken to be 10 mm and the helical pitch and the diameter of the helix have been taken to be 20 mm and 100 mm respectively. In order
to study effect of the cross section aspect ratio and twisting technique on the heat transfer to the fluid, 4 different aspect ratios each of
which with 4 different twisting pitches have been investigated alongside the base case which in overall, total of 17 distinct cases have
been studied. The flow rates were ranging between 2 and 10 L/min which are associated with the Reynolds of 5600–28000. The dif-
ferent aspect ratios are 1.5, 2, 2.5, 3 and 3.5 and the different angles used for the twisting are 360 °, 720 °,1080 ° and 1440 °. The twist-
ing angle is defined as the angle of twist between the inlet of the tube and the outlet of the helical tube as if for a twist angle of 720 °,
the whole body of the tube between the inlet and outlet has been twisted two times. Fig. 1 depicts the geometrical model and the re-
lated geometrical parameters and dimensions. Fig. 1A presents view of the model with different twist angles while the dimensions of
the base helix are indicated on the base model. Fig. 1B demonstrates the different aspect ratios studied with the parameters related to
the major and minor axis of the elliptical cross sections. It is to be noted that the aspect ratio has been calculated as follows:

Fig. 1. Presentation of the studied model with different aspect ratios and twisting angles. A: The different twisting angles applied on the case with AR = 3 along with
the dimensions of the helically coiled heat exchanger including the pitch and diameter of the helix. B: Different aspect ratios used for the model with the related para-
meters. C: Graphical presentation of the boundary conditions including the inlet, wall and outlet.
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AR = b/a (Eq.1)

In which the parameters “a” and “b” have been demonstrated in Fig. 1B. The dimensions of the major and minor diameters along
with the cross section area of the ellipse have been presented in Table 1. As the hydraulic diameter of the main circular tube as the
base case has been considered to be 10 mm, the minor and major diameters of the elliptical models have been selected in such a way
that the hydraulic diameter in all cases remains the same. The hydraulic diameter of ellipse is calculated as follows:

Dh =

√
2 ab

√
a2 + b2

(Eq.2)

In the above equation, Dh is the hydraulic diameter and the parameters “a” and “b” denote the major and minor diameters of the
ellipse as shown in Fig. 1B. The dimensionless parameter Reynolds number is an indication of the flow regime in the tube which is cal-
culated based on the following equation:

Re =

𝜌VDh

𝜇
=

4 m

𝜋Dh𝜇
(Eq.3)

According to Eq.3, the Reynolds number in a tube is dependent to the flow rate and the hydraulic diameter of the tube. Keeping
the hydraulic diameter constant in all cases makes it feasible to make comparisons between different cases with similar flow rates due
to equal amount of Reynolds.

The inlet flow was defined with the “mass flow inlet” boundary condition with the flow rates ranging between 2 and 10 L/min
with a constant temperature of 300K and the outlet of the tube was denoted with the “pressure outlet” boundary condition with zero-
gauge pressure at the outlet which means the flow is in contact with the atmosphere at the outlet. While flowing inside the tube, the
heat transfer fluid receives energy from the tube wall with constant temperature of 353K. The boundary conditions have been graphi-
cally presented in Fig. 1C.

2.2. Numerical method
In order to solve the governing equations of turbulent flow with heat transfer, the commercial CFD code ANSYS Fluent has been

adopted and the results of the fluid flow characteristics were analyzed in the post-processing software CFD-Post and Tecplot. The gov-
erning equations in tensor form for a turbulent flow with the steady state conditions are as follows:

Continuity equation:

𝜕

𝜕x
i

(
u

i

)
= 0 (Eq.3)

In which ui represents the velocity vector in tensor form.
Momentum equation:

𝜕

𝜕xj


𝜌uiuj


= −

𝜕P

𝜕xi

+
𝜕

𝜕xj


𝜇


𝜕ui

𝜕xj

+
𝜕uj

𝜕xi


+

𝜕

𝜕xj


−𝜌 ui uj


(Eq.4)

Where in the above equation, μ, ρ and ú are the dynamic viscosity and density of the fluid and the fluctuant terms of the velocity vec-
tor in tensor form.

Energy equation:

𝜕

𝜕xi


𝜌uiT


=

𝜕

𝜕xj


𝜇

Pr
+

𝜇t

Prt


𝜕T

𝜕xj


(Eq.5)

Where Pr and Prt are the fluid Prandtl number and the turbulent flow Prandtly number and μt is the turbulent flow viscosity. T in Eq.3
represents temperature.

Eq. (2) is the Reynolds-Averaged Navier-Stokes (RANS) equation which has been derived by considering the fluctuant terms of the
turbulent flow in velocity vector resulting in addition of an extra term to the right side of the equation which is called the Reynolds

Table 1
Geometrical dimensions of different cases.

AR a (mm) b (mm) Area (mm2)

1 10 10 78.53
1.5 8.5 12.74 21.3
2 7.9 15.8 24.51
2.5 7.6 19 28.36
3 7.44 22.32 32.61
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stress term (ρuiˊ ujˊ ). In order to close the set of equations to fin the flow field variables, the Reynolds stress term should be properly
modeled. To model this term, the Boussinesq hypothesis has been employed in this work which considers a relation between the
Reynolds stress and the mean velocity gradients:


−𝜌 ui uj


= 𝜇t


𝜕ui

𝜕xj

+
𝜕uj

𝜕xi


(Eq.6)

The turbulent viscosity in Eq. (4) (μt) is calculated by the following equation:

𝜇t = 𝜌C
𝜇

k

A

(Eq.7)

In Eq. (5), Cμ is a constant which is equal to 0.09 in this simulation. The terms k and ε are the turbulence kinetic energy and its rate
of dissipation which should be calculated to close the system of governing equations. In order to obtain the k and ε terms, the standard
k-ε turbulent model has been employed. According to this model, the terms k and ε are obtained by solving the following equations:

The k-equation:

𝜕

𝜕xi


𝜌kui


=

𝜕

𝜕xj


𝜇 +

𝜇t

𝜎k


𝜕k

𝜕xj


+ Gk − 𝜌A (Eq.8)

The ε-equation:

𝜕

𝜕xi


𝜌Aui


=

𝜕

𝜕xj


𝜇 +

𝜇t

𝜎
A


𝜕A

𝜕xj


+ C1A

A

K
Gk + C2A𝜌

A
2

k
(Eq.9)

Gk is the turbulent kinetic energy generation rate. In the above equations, the terms σk and σε are the turbulent Prandtl numbers
for k and ε respectively and are constant values. In the standard k-ε model, the values of constants of σk, σε, C1ε and C2ε are 1, 1.3,
1.44 and 1.92 respectively.

One of the most important regions which may significantly affect the modeling results is the near wall region where the turbulence
fluctuations are significantly affected by the presence of the walls. On the other hand, the near wall region is assigned with large gra-
dients of the flow parameters. Hence, in order to accurately predict the near wall parameters, EWT (Enhanced Wall Treatment) has
been used as the near wall treatment method which requires a fine mesh at the boundaries of the tube with its y+ being in the order of
5. Hence, very fine mesh has been generated on the walls of tube with a growing ratio toward the center of the tube as presented in
Fig. 2B.

It should be noted that the SIMPLE scheme was utilized to couple the velocity and pressure and the PRESTO scheme was used for
pressure interpolation. The second order upwind method was used for discretizing the momentum and energy equations. In order to
have more accurate results, the convergence criteria for continuity, momentum and energy equations were set to 10−4, 10−6 and 10−6.

2.3. Mesh independence
Number of the mesh generated in the domain can significantly influence the accuracy and solution time. Hence, before running

the final simulations, a mesh independence analysis should be performed. Different number of meshes were generated on the domain
and the friction factor and Nusselt number which both are dimensionless numbers were evaluated by these meshes. Fig. 2 indicates
variation of Nu and friction factor with increasing the number of computational grids. It could apparently be seen that the first three
domains with 25k, 152k and 218k meshes generate a great variation in the results. However, when increasing number of grids from
218k to 408k, both the Nu and friction factor remain almost constant and further increment of the mesh number causes no change on
the results. Hence, in all further simulations, the number of cells have been set on 408000 to have the highest accuracy with lowest
computational cost. It is noteworthy to mention that in this work, a fully structured hexahedral mesh has been generated with highest
quality possible.

It should be noted that the mesh independence analysis has been evaluated with the most critical case which is the case with high-
est aspect ratio (AR = 3) and highest twist angle (1440 °) to avoid loss of accuracy for more complicated models. A view of the gener-
ated mesh on the model with AR of 3 and twist angle of 1440 has been demonstrated in Fig. 3B.

3. Results
3.1. Validation

As numerical errors are inevitable in numerical simulations, it is critical to make a comparison between the numerical results and
the experimental results present in the literature. Hence, in this study, the results obtained by numerical simulations have been com-
pared against most credible experimental works in the literature. The friction factor as a dimensionless parameter obtained by the
simulations and the works of Ito [37], Mishra and Gupta [38] and Mori and Nakayama [39] have been compared. Another dimension-
less parameter reported in this work which represents the convective heat transfer is Nusselt number which has been compared
against the works of Hardik et al. [40] and Schmidt and Eckehard [41].
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Fig. 2. A) Mesh independence analysis results for Nusselt number and friction factor for different cell numbers, B) A view of the structured mesh generated on the
model.

Fig. 3A presents the comparison of friction factor with the works of Ito [37], Mori and Nakayama [39] and Mishra and Gupta
[38]. It is clearly observed that the results have very good agreement with the experimental works and the deviation of the numeri-
cal results can be assumed negligible. The deviation increases with increasing the flow rate and the maximum deviation is observed
at the highest flow rate of 6L/min which is with the work of Mishra and Gupta [38] and is 7.52% which is totally acceptable for nu-
merical simulations. While the error with other works is far below this quantity which shows the reliability of the obtained results. It
should also be noted that each of the experimental works have also some errors which is originated from different sources such as the
accuracy of the devices, the conditions of experiments and etc. Hence, the minor differences in the experimental works themselves is
plausible. At the same time, it is observed that the present results totally fall within the experimental results range and it is another
reason to deduce the credibility of the numerical method.

The friction factor represents the hydraulic characteristics of the flow and compatibility of this parameter with the experimental
works denotes validity of the solution of the flow field by numerical method adopted in this work. Although, in order to assess the va-
lidity of the solution of the heat transfer by the fluid flow, the Nusselt number has also been compared against the experimental
works. Fig. 3B presents the comparison of the Nusselt number calculated by the numerical solution with the works of Hardik et al.
[40] and Schmidt and Eckehard [41]. It is observed that the results are in the same range as the experimental works and the deviation
is below 10% at all points except the flow rate of 6L/min. At this flow rate, a deviation of 13.43% is observed with the work of Hardik
et al. [40] while the deviation of Nusselt number with the work of Schmidt and Eckehard [41] at all flow rates is below 7%.

The numerical errors with each of the experimental works mentioned in this section whether for the friction factor or the Nusselt
number have been presented in Table .2. It is to be noted that the errors presented in this table have been calculated based on Eq.
(10). According to Fig. 3 and Table 2 and it could be concluded that the present numerical method adopted for the simulations is to-
tally reliable and the results have good compatibility with the experimental works. Hence, the method has been used for the rest of
simulations.

Err =

fNumerical − fExperimental

fExperimental

∗ 100 (Eq.10)
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Fig. 3. The validation results compared with experimental works in the literature. A) Comparison of the friction factor with works of Ito, Mori and Nakayama, and
Mishra and Gupta. B) Comparison of Nusselt number with the works of Schmidt and Eckehard and Hardik et al.

Table 2
Friction factor and Nusselt discrepancy with experimental works.

Flow rate (Kg/min) Reynolds Friction Factor Errors Nusselt Errors

Ito [37] Mishra and Gupta [38] Mori and Nakayama [39] Hardik et al. [40] Schmidt and Eckehard [41]

2 5600 3.91 0.77 4.23 6.93 13.43
3 11200 1.10 2.08 1.79 4.94 8.80
4 16800 1.74 5.04 0.82 4.01 4.95
5 22400 3.41 6.86 2.32 4.45 0.75
6 28000 3.87 7.52 2.65 6.04 4.01

3.2. Results
In this section, the results of the flow parameters regarding the first and second laws of thermodynamics are presented and dis-

cussed. Fig. 4 represents the friction factor variation in different cases with different aspect ratios and different twist angles at differ-
ent Reynolds numbers ranging between 5600 and 28000. The friction factor is calculated as:

f =
2 ∗ ΔP ∗ Dh

𝜌 ∗ L ∗ V2
(Eq. 11)
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Fig. 4. Friction factor variation with Reynolds number for different aspect ratios (AR) and twist angles for different amounts of Reynolds.

In which “f” is the friction factor, ΔP is the pressure loss from the inlet to the outlet of the tube, Dh is the hydraulic diameter of the
tube, L is the length of the tube, ρ is the density of the operating fluid and V is the mean velocity of the fluid at the inlet.

According to Fig. 4, it is observed that the friction factor in all cases with different pitches and aspect ratios reduces as the flow
Reynolds number increases. It is an obvious observation because according to the friction factor equation (Eq. 11), increasing the
Reynolds number although increases the pressure loss, but at the same time the velocity of the fluid increases too, which means the
denominator of the equation grows at a greater pace than the numerator and results in reduction of the friction factor. However, one
main finding according to Fig. 4 is that in all aspect ratios, the friction factor is directly related with twist angle of the tube as it could
be seen by comparing the friction factor in different twist angles that the friction factor increases as the tubes get twisted with higher
angles which means the tubes with twist angle of 1440 have the highest rate of friction factor among all cases with different aspect ra-
tios. It could be realized that higher twist of the tubes is accompanied with more difficult flow of fluid inside the tubes and the shear
stress enhancement which results in higher pressure drop and higher friction factor. It is to be noted that twisting the tube also in-
creases the tube surface which is in contact with the fluid and results in higher amount of friction between the fluid flow and the tube.
Another point to extract from the results presented in Fig. 4 is the effect of aspect ratio on the friction factor. It is obvious that higher
aspect ratios are associated with greater resistance against the flow of fluid inside the tube. As a result, it is observed that the magni-
tude of friction factor raises for same amounts of twist angles at higher aspect ratios, although this occurrence is more prominently
observed for the higher twist angles. This is also figured out that the friction factor curves of different twist angles get separated and
diverge from one another as the aspect ratio raises. It is seen that the curves are mostly close to each other in cases with aspect ratio of
1.5 but they are distanced from each other in the cases with aspect ratio of 3. This means increasing the aspect ratio not only increases
the friction factor, but also results in its progressive growth at higher twist angles. Hence, it could be observed that the highest
amount of friction factor is achieved for the case with aspect ratio of 3 at the twist angle of 1440.

Fig. 5 represents the variation of the ratio of Nusselt number in oval tubes to the Nusselt in the base tube (Nu/Nu0) for different
twist angles and different aspect ratios. According to Fig. 5, in all cases with all amounts of aspect ratios, the Nu/Nu0 is higher than
unit which means all of the cases have experienced a considerable augmentation of heat transfer and using the elliptical cross section
technique has positive effect on the heat transfer in helical tubes. However, different cases associated with different amounts of twist
angles and aspect ratios represent different heat transfer enhancement characteristics. When evaluating the heat transfer characteris-
tics in terms of the twist angle, it is observed that the increasing the twist angle increases the Nu/Nu0 ratio. As indicated in Fig. 5, the
magnitude of the Nu/Nu0 curves is higher for higher twist angles at each of the constant aspect ratios and this pattern is repeated al-
most in all of the curves for all amounts of aspect ratios. Also, it is observed that increasing Reynolds number from 5600 to 11200 en-
hances level of heat transfer ratio almost in all cases but further increment of Reynolds number results in an adverse effect on the
Nu/Nu0 and an extremum is observed in the Reynolds of 11200 after which the ratio of Nusselt number decreases to a certain value
at the Reynolds of 22400 which a minimum is formed. By further increment of Reynolds number, the amount of Nu/Nu0 increases at
lower amounts of aspect ratio although the slope of increment in higher aspect ratios remains lower and at the aspect ratio of 3
which is the highest aspect ratio in this study, the Nu/Nu0 remains constant after Reynolds of 22400.

Another feature revealed by Fig. 5 is that increasing aspect ratio is not beneficial for heat transfer enhancement since it is observed
that the level of Nu/Nu0 curves falls down by raising the aspect ratio. According to Fig. 5 (AR 1.5) the total amounts of Nu/Nu0 at all
twist angles are bounded between the amounts of 3.15–3.48 however by increasing the aspect ratio the whole curves shift downward
to the point that in Fig. 5 (AR 3) the curves of different twist angles are bounded to the amounts of 2.18–2.58.

Figs. 4 and 5 were dealing with the pressure drop and heat transfer in the studied cases which are two of the most important flow
characteristics in tubes. It is to be noted that the first one is an undesirable parameter which poses extra cost to overcome the loss of
pressure while the second parameter which relates to heat transfer is a parameter that is tried to be improved as much as possible and
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Fig. 5. Variation of the ratio of Nusselt to the Nusselt in the base case (Nu/Nu0) with Reynolds number for different cases with different twist angles and aspect ratios.

is desirable to enhance in tubes. It is important to note that any method of heat transfer enhancement not only may augment the heat
transfer rate as an advantage, but it may increase the pressure loss in the tube which is an undesirable phenomenon and causes extra
expenses. Hence, the enhancement methods should be evaluated simultaneously in terms of both heat transfer and pressure drop to
reveal if it is beneficial to use the method or not. To do so, the Performance Evaluation Criteria (PEC) is a good parameter which
takes into consideration both the pressure drop and the heat transfer enhancement at the same time and is calculated as follows:

PEC =

Nu

Nu0

(
f

f0

) 1

3

(Eq.12)

In the above equation, Nu and Nu0 are the Nusselt number for the enhanced tube and the base tube and f and f0 are the friction factor
for the enhanced tube and the base tube. The PEC values above unit are regarded to be economically beneficial as they have a greater
rate of heat transfer enhancement as a desired value in comparison with the loss of the pressure as an undesirable value which means
the enhancement method has higher benefit than its loss. According to Fig. 6, it could be realized that all of the cases with all ranges
of twist angles and Reynolds produce enhancement in heat transfer with the amount of PEC above unit which means the twisting
technique for oval cross sections in helical tubes remains a positive effect on the heat transfer enhancement. However, the PEC values
for each amount of aspect ratio reduces with increasing the twist angle which could be due to the higher amount of pressure drop at
higher twist angles which is greater than the rate of heat transfer enhancement. In Fig. 5 it was revealed that the higher twist angles
are associated with higher heat transfer enhancement despite the PEC results that higher twist angles indicate lower effectiveness for
the enhancement method employed. It could be concluded that in applications where the heat transfer is the highest priority, increas-

Fig. 6. Variation of the Performance Evaluation Criteria (PEC) with Reynolds number for different cases with twist angles at different aspect ratios.
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ing the twist angle is recommended to achieve better heat transfer however for applications where the expenses is also important, it is
better to employ tubes with lower twisting angles. It is also observed in Fig. 6 that increasing Reynolds number has negative effect on
the PEC values and it could be figured out that lower Reynolds values return the best results when using the twisting technique for
oval cross sections. Another point to note in Fig. 6 is that the level of curves drops for higher aspect ratios which is due to the lower
amounts of Nusselt for higher aspect ratios as demonstrated in Fig. 5.

Fig. 7 represents the ratio of entropy generation in each case to the entropy generation in the base tube. Entropy generation is im-
portant as it indicates not only the heat transfer enhancement based on the first law of thermodynamics, but also it considers the sec-
ond law as well. According to Fig. 7, lower aspect ratios are associated with lower amount of entropy generation, however as the as-
pect ratio raises, the amount of entropy generation ratio also increases and it is observed that the highest entropy generation ratio
reaches amount of 1.75 for AR = 3. Also it is observed that increasing the twist angle remains an undesirable effect on the entropy
generation and as indicated in Fig. 7, in all amounts of aspect ratios, the entropy generation ratio increases with increasing the twist
angle. Also the Reynolds number increment results in raise in the entropy generation however further increment of Reynolds number
causes the fluctuation in the amount of entropy generation and again raises the entropy generation at higher Reynolds number. Ac-
cording to Figs. 6 and 7, it could be concluded that the most efficient point for using the twist technique for heat transfer enhance-
ment is at lower Reynolds as the PEC is maximum and the entropy generation ratio is minimum in this region which satisfies both
the first law and second law of thermodynamics.

Fig. 8 demonstrates the velocity contours in different cases with different twist amounts at the 14 consecutive cross sections
prior to the outlet section. These cross sections can help better realize and analyze the dynamics of flow and effect of twisting the
cross sections on the flow field. It is observed that in the base tube, the effect of centrifugal force is evident as it is seen that the
flow velocity is higher at the outer bend in comparison with the inner bend. Also a thin layer is observed with lower velocity at
the vicinity of the wall which is due to the boundary layer development. In the base tube where only the centrifugal force is domi-
nant, the velocity distribution is not uniform and the outer bend velocity is rather higher than the inner bend. However, in the
twisted cases the high velocity region occurs at the corner in some of the depicted cross sections. It demonstrates that the local
twist is also effective in generating a local centrifugal force in spite of the bend centrifugal force. An important point to note ac-
cording to Fig. 8 is that increasing the amount of twist results in disappearance of a high velocity hotspot and the high velocity re-
gion encompasses a higher area at each cross section, as if the velocity is more uniformly distributed over each cross section. Com-
paring the case with twist 360 and the one with twist of 1440 in Fig. 8 reveals that the high velocity region in the vicinity of the
pole of the tube has pervaded in other sides in case with twist 1440 and a bigger area is flowing with higher velocity. This phe-
nomenon can also be observed in Fig. 9 in which the flow streamlines in consecutive cross sections prior to the outlet of the tube
have been depicted for different cases with different amount of twist. It is clearly seen that the twist of tube has totally altered the
streamline patterns in the base tube. In the base tube, the counter rotating vortices at each cross section is evident which is fa-
mous as dean vortices. But in the cases with twist of the tubes, the previous prevalent pattern of the counter rotating vortices has
vanished and only in some cross sections one vortices is formed and in most of other cross sections none of the vortices is gener-
ated. This indicates effect of local centrifugal force due to twist of the tube cross section which eliminates the ordinary Dean vor-
tices and creates new patterns.

Fig. 10 represents the temperature contours in consecutive cross sections prior to the outlet of the tube in different cases with dif-
ferent amounts of twist. According to the presence of centrifugal force, it is evident that in the base tube the fluid at the outer bend
has lower temperature due to the higher velocity in that region. Because the flows with higher velocity have less time to exchange
energy with the high temperature walls which consequently gain lower amounts of thermal energy, while in the inner bend the fluid
flows slowly in comparison with the outer bend and gains higher amount of energy which is the reason for higher temperature at the

Fig. 7. Variation of the entropy generation ratio (the enhanced tube entropy generation to the base tube entropy generation) with Reynolds number in different cases
with different aspect ratios and twist angles.
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Fig. 8. Velocity contours for different cases for Re = 28000 at consecutive cross sections at the outlet section of the tube.

Fig. 9. Flow streamlines on consecutive planes at the outlet section of the tube at different cases.

inner bend. However, when the oval cross section gets twisted along the axis of the tube, the flow gets much better mixed and the
fluid in the vicinity of the wall are more efficiently replaced and the flow has better potential to gain the energy from high tempera-
ture walls which not only increases the heat transfer rate, but also makes the energy distribution more evenly among the fluid flow.
This could be easily seen in Fig. 10 which the whole cross sections in the twisted tubes have approximately equal temperature. It is
also important to note that presence of high velocity fluid over the cross section of the twisted tubes (Fig. 8) is a good sign for local
mixing of the fluid and higher efficiency for heat transfer. This finding is in good agreement with the Nusselt number reported in Fig.
5 where the twisted cases had shown higher performance in comparison with the base tube.

Fig. 11 depicts the flow streamlines colored by velocity magnitude for different cases including the base case and the twisted
cases with different amounts of twist. The streamlines in the base tube clearly show the formation of secondary flow which is due to
the curvature of the tube and the centrifugal force exerted on the fluid. As the fluid reaches the outer bend, presence of curve makes
the fluid to generate vortices and move toward the inner bend which results in generation of counter rotating vortices which are so
called the Dean vortices. This phenomenon is previously observed in the flow streamlines depicted on the cross sections in Fig. 9.
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Fig. 10. Temperature contours for different cases for Re = 28000 at consecutive cross sections at the outlet section of the tube.

Fig. 11. Flow streamlines for different cases for Re = 28000.

The important point to note is the effect of twisting on the streamlines. It can be observed in the tube with twist of 360 in Fig. 11
that the streamline patterns have modified in comparison with the base tube. The secondary flow has been affected by the twist in
cross section and the previous ordinary counter rotating vortices have disappeared, instead the streamlines have been mostly ad-
justed with the twisting of the tube. As the 360 ° twist doesn't make such great inclination in tube bend, the streamlines are more
parallel however increasing the twist will make intense influence on the streamlines in such a way that in the case with twist of
1440 a very complicated and distorted formation of streamlines are observed. Also as mentioned in Fig. 8, presence of swirls causes
the momentum to get better distributed along each cross section which this phenomenon is also observed in Fig. 11.
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4. Conclusion
In this work, effect of twisting oval cross section in a helical tube on the flow field and heat transfer characteristics has been stud-

ied numerically. Different cross sections with 4 different aspect ratios and different amounts of twisting have been assessed to find out
how increasing the aspect ratio or increasing the twisting of the cross section may influence the fluid flow and more importantly the
heat transfer characteristics. The governing equations were solved using the commercial CFD code, ANSYS Fluent and the results
have been presented in terms of friction factor, Nusselt number, entropy generation and PEC and the flow streamlines, temperature
and velocity contours have also been depicted to help for better analysis of the problem. The key findings in this work are as follows.
- Using twisting technique along with oval cross sections showed good impact on the heat transfer and cases with twisted cross

section had better heat transfer characteristics. While along with heat transfer enhancement, the pressure drop also increases
accordingly.

- The Nu/Nu0 ration in twisted cases was above unit and in some cases showed amount of 3.48 which shows twisting can perfectly
enhance heat transfer up to 3.48 times the Nu in base tube.

- The PEC for all cases is above unit which shows economic benefit of using twisting technique for enhancing twisting technique in
helical tubes with oval cross sections. The highest PEC achieved is 3 which relates to the case with aspect ratio of 1.5 with twist of
1440 °.

- It is revealed that increasing aspect ratio has adverse effect on the heat transfer due to higher amount of pressure loss and
increasing the amount at the denominator of the PEC equation while increasing twist has optimal effect and cases with higher
twist show higher rate of PEC and heat transfer.

- The cases with cross section twist help better mixing of the flow and hence have better heat transfer characteristics which has
been indicated in the velocity contours.

- According to the temperature contours, the energy can better disperse along the whole cross section of the tube which shows
better mixing of the fluid and better heat transfer characteristics.
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