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Abstract

This paper presents a 3D simulation of turbulent flow and heat transfer behaviors in a five-start corrugated tube having depth ratios,
DR = 0.02-0.16 and constant pitch ratio, PR = 1.0 0 and the Reynold number ranging from 5000 to 20,000. The effects of modified
tubes: five-start vortex-flow corrugated tube and five-start cross corrugated tubes with different PR = 1.0-2.5 and constant DR = 0.06,
were investigated. The results show that swirl flows were generated by the five-start corrugated tube with spiral wall while the five-
start vortex-flow corrugated tube and five-start cross corrugated tube created a pair of vortex and multiple vortices flows, respectively.
The modified tubes provided a heat transfer rates (range 26.8-172.1%) and thermal enhancement factor (range 12.6-90.8%) higher than
the five-start corrugated tube. The five-start vortex-flow corrugated tube provided the highest thermal enhancement factor at 2.07 at
DR=0.06, PR=1.5 and Re = 5000.
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1. Introduction

Heat exchangers have been used in many engineering applications in order to produce a compact heat exchanger with, reduced size
and cost. In general, promoting fluid mixing in the tube heat exchanger by using vortex/swirl turbulators [1-5] (baffle, winglet and
twisted tape etc.) and roughness tube (corrugated tube) [6-20] is one of the techniques which can increase the heat transfer through a
heat exchanger tube wall without outsource energy.

In common, vortex turbulator and swirl turbulator devices generated vortex flow and spiral flow along the tube length. The flows
help to disrupt the thermal boundary layer near the wall and improve heat transfer as compared to that of a tube without any turbulator.
However, high pressure loss was found with using the devices leading to a greater energy usage due to higher pumping power which
is undesired effect. On the other hand, corrugated tubes offer heat transfer enhancement with lower pressure loss than vortex/swirl
turbulators. Therefore, the optimum tradeoff between enhanced heat transfer and increased pressure loss is an important issue for
selecting and designing heat transfer enhancement devices.

Various corrugated tubes geometries were extensively tested by several researchers such as; Naphon et al. [6], Akhavan-Behabadi
and Esmailpour [7], Kareem et al. [8, 9], Promthaisong et al. [10, 11], Liu et al. [12], Balla [13], Jin et al. [14, 15], Sun and Zeng [16],
Wang et al. [17], Xin et al. [18], Wang et al. [19], Andrade et al. [20], Yang et al. [21] and Cao et al. [22]. Naphon et al. [6] concluded
that Nusselt number and fraction factor increased with higher x/di. On the other hand, it was observed that the factors adversely related
to p/di, for using the single start corrugated tube. Kareem et al. [8, 9] reported that the two-start corrugated tube provided low pressure
drop. In addition, they found that the three-start corrugated tube provided heat transfer ranging from 2.4-3.7 times while the friction
factor slightly increased around 1.7-2.4 times, compared with the smooth tube. Promthaisong et al. [10, 11] employed two-start
corrugated tube with DR = 0.02-0.16 and PR = 0.10-1.00 and five-start corrugated tube with PR = 1.0-3.5 at constant DR = 0.06. They
found that the swirl flow created by the corrugated tube caused increased fluid mixing and heat transfer. The maximum TEF of two-
start and five-start corrugated tube were as high as 1.16. Jin et al. [14, 15] suggested that a six-start spirally corrugated tube provided
better heat transfer enhancement than four-start spirally corrugated tube. Sun and Zeng [16] reported that the corrugated tubes increased
heat transfer by around 50% as compared to that of the smooth tube. A two-start spirally corrugated tube with helium (He) as the
working fluid was presented by Xin et al. [18]. Wang et al. [19] used a transverse corrugated tube with different pitch to investigate
the heat transfer enhancement. Yang et al. [21] investigated the heat transfer mechanism of the hybrid smooth and spirally corrugated
tube. Cao et al. [22] used the corrugated tube to study the thermal characteristics with two phase flow.

In addition, many researchers attempted to improve the heat transfer rate in the corrugated tube by applying compound techniques
such as; using nano-fluids as the working fluids [23-25] and using together with twisted tapes [26, 27]. In general, compound techniques
can improve heat transfer and overall thermal performance as compared to an individual technique. However, pressure loss also
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increased, especially when twisted tapes were applied. Promthaisong et al. [26, 27] reported that the use of a twisted tape in a corrugated
tube resulted in a large pressure loss and thus low TEF.

The literature review suggests that tube geometry has an important role on flow mechanisms and heat transfer characteristic. From
the previous works [11, 27], only few parameters of the five-start corrugated tubes were determined. An important geometric parameter
including depth ratio has not reported, so far. In addition, the studies on heat transfer and flow behaviors were limited. In this work,
flow and heat transfer characteristics in five-start corrugated tube were studied via 3D simulation. In addition, the effects of depth ratio
was reported on flow and heat transfer behaviors were also reported. Moreover, the modified tubes: five-start vortex-flow corrugated
tube and five-start cross corrugated tubes were also created and studied. To gain understanding, the 3D-structure of the fluid flow, the
distributions of the temperature and local Nusselt number are presented.

2. Physical model of five-start corrugated tube

The system of interest is the five-start corrugated tube as shown in Figure 1. Air entered the testing duct at an inlet temperature,
Tin. The parameter D is the characteristic diameter (D = 0.05 m). The depth ratio, /D, DR = 0.02-0.16 were investigated at constant
pitch ratio, p/D, PR = 1.0 for Reynolds numbers varying from 5,000 to 20,000. For the modified tubes: the five-start vortex-flow
corrugated tube and five-start cross corrugated tube are investigated at constant DR = 0.06 and various PR ranging from 1.0 to 2.5.

Hexahedron grids were applied for all the computational domains. At the near wall zone (viscous sub-layer), the y* = 1 was applied
since momentum and temperature significantly changed.

3. Boundary condition

The periodic boundaries were applied at the inlet and outlet of the flow domain. The air entered with a constant mass-flow rate at
300 K (Pr=0.707). The physical properties of air were assumed to remain constant. The corrugated-tube wall was applied with no-
slip condition and constant heat flux at 600 W/m?.
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Figure 1 Physical models of five-start corrugated tube, five-start vortex-flow corrugated tube and five-start cross corrugated tube.

4, Data reduction

The assumptions and phenomenon in a five-start corrugated tube for turbulent flow region and heat transfer were following: 1)
incompressible flow was applied for the fluid, 2) the flow and heat transfer were steady and three-dimensional, 3) only convection heat
transfer was considered in this problem (both radiation and conduction heat transfer were ignored) and 4) the body force was ignored.
The governing equations under the assumptions as above, can be written as follows:
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Conservation of mass equation:
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where p, p and p are the density, pressure and dynamic viscosity of the fluid, respectively. The ui is the mean component of velocity
in the xi-direction and u' is a fluctuating component of velocity. The I" is a molecular thermal diffusivity and I't is a turbulent thermal
diffusivity and given by
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The —pu;u; in Eq. (2) is a Reynolds stresses and is defined in the equation below:
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where the parameter, &;;, is a Kronecker delta while the parameter, k, is the turbulent kinetic energy (TKE) and can be calculated by
k= %u{u{ For all computational domain, the Realizable k—¢ turbulent model was used for the turbulent region. The details of the

turbulent kinetic energy equation, k, and the dissipation equation, ¢, for the Realizable k—¢ turbulent model were as in Ref. [10]. In this
paper, the parameters are as follows:

The Reynolds number is defined as
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The friction factor can be calculated from
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The local heat transfer can be written as
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The area-average of the Nusselt number can be calculated from

1
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The thermal enhancement factor (TEF) is defined as

Nu/Nu,
(f/f)'/3

where Nug and f, stand for Nusselt number and friction factor for the smooth tube, respectively.

TEF = (10)

5. Results and discussion
5.1 Validation

The computational domain was resolved by hexahedron elements. The grid independence was evaluated by determining the Nu
and f values of five different grid systems: 100000, 300000, 500000, 700000 and 900000 cells. Evidently, increasing the grid number
from 500000 to 700000 resulted in insignificant change of Nu and f values (< 0.25%). Therefore, the grid cells at about 500000 was
adopted for all the computation models.
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To validate the accuracy of the numerical results, the correlations [28] were used to compare with the Realizable k—¢ turbulent
model as displayed in Figure 2. Under similar conditions, the numerical results provided mean deviations of the Nu and f of 10.1% and
6.3%, respectively. In addition, to validate the accuracy of the swirl flow using the Realizable k—¢ turbulent model, the smooth tube
with single twisted tape inserted at y/w=5 by Chokphoemphun et al. [29] was used for comparison. Under similar conditions, the results
revealed that the Realizable k— turbulent model provided good agreement with the experimental data. Both the Nu and f were less than
10% different from corresponding values in experimental data. Therefore, the Realizable k—¢ turbulent model was applied to the
computational domain.
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Figure 2 Verification of (a) Nu and (b) f for smooth tube and tube with swirl turbulator.
5.2 Periodic flow and heat transfer concept

Figure 3 displays the axial distribution of (a) u/ug and (b) Nu/Nug at DR=0.06, PR=1.0 and Re=5,000. Evidently, two regions, a
developing and a fully developed region, appeared for both the u/u, and Nu/Nuj, profiles. For a developing region, both the u/uy and
Nu/Nu, profiles appeared at the entry regime, and then become fully developed. The fully developed region for the u/uy and Nu/Nug
was found at around the 7" module (x/D = 6) and 6™ module (x/D = 5), respectively. At fully developed periodic regime, both the flow
and heat transfer appeared to have similar patterns.
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Figure 3 Axial distribution of (a) u/ug and (b) Nu/Nu, at DR=0.06, PR=1.0 and Re=5,000.
5.3 Flow structure

Figure 4 presents the 3D-flow structure at Re = 5000. In the figure, straight flow appeared in the smooth tube while the swirl flow
was generated by the five-start corrugated tube. Secondary swirl flow appeared around the tube wall while the main swirl flow appeared
at the core. However, a smaller DR value cannot create the secondary swirl flow, especially at DR=0.02. On the other hand, a higher
DR value caused the secondary swirl flow to move over the groove wall, especially, at DR=0.16. For the test tube at PR=1.0, the
DR=0.08 can induce secondary swirl flow movement around the groove wall better than the other DR values. The swirl flow behaviors
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led to accelerated flow around the tube wall which helped to disrupt the thermal boundary layer, increase fluid mixing and enhanced
heat transfer to higher levels than in the smooth tube.

A comparison of the five-start corrugated tube, five-start vortex-flow corrugated tube and five-start cross corrugated tube at
DR=0.06, PR=1.0 and Re=5000 on 3D-flow structure were presented as iso-surfaces as displayed in Figure 5. The results indicated
that different tube geometry directly affected on flow structure. The iso-surfaces flow indicated that the swirl flow around the tube wall
that separated from the main swirl flow at the core was caused by the five-start corrugated tube while the five-start vortex-flow
corrugated tube induced the fluid to the lower wall. Subsequently, it separated to the left and right wall around the corrugation wall.
The boundary layer was drastically disrupted at the impingement zone (lower wall) due to strong vortex strength. For the five-start
cross corrugated tube, multiple vortices was separated from the main flow at the core and appeared around the wall. The disruption of
the boundary layer near the tube wall appeared over a larger area than that with the five-start corrugated tube. These behaviors increased
the efficiency of the heat transfer enhancement.

Smooth tube DR=0.02

Figure 4 3D-Flow structure at PR=1.0 and Re=5000.

»

five-start five-start vortex-flow five-start cross
corrugated tube corrugated tube corrugated tube

Figure 5 Comparison of the 3D-flow structure at DR=0.06, PR=1.0 and Re=5000.
5.4 Heat transfer

To understand heat transfer behaviour, the distribution of fluid temperature in the tube under test, the fluid temperature distribution
in the same transverse planes and local wall Nusselt number were determined, as shown in Figures 6-9. Generally, a layer of high
temperature fluid appeared near the tube wall for both the smooth tube and five-start corrugated tube at smaller DR value (DR=0.02)
while low temperature fluid was at the core as displayed in Figure 6. The layer of high temperature fluid blocked the heat transfer
between the heated wall and the cold fluid, the heat transfer on the tube wall was low as shown in Figure 8. In the figure, swirl flow
appears on the transverse planes. The optimum between DR and PR values with using the test tube results in reduced layer thickness
of high fluid temperature regions near the tube wall better than in the other cases, especially, at DR=0.08 (due to the secondary swirl
flow moves around the groove wall being better than the other DR values) and gave the maximum heat transfer on the tube wall.
However, higher DR values led to an increased layer of high temperature fluid due to the secondary swirl flow moving over the groove
wall, resulting in the heat transfer on the tube wall being reduced, especially, at the DR=0.16.

The heat transfer behaviour of the five-start corrugated tube, five-start vortex-flow corrugated tube and five-start cross corrugated
tube is presented in Figures 7 and 9. It is clearly seen that the five-start vortex-flow corrugated tube and five-start cross corrugated tube
increased the levels of heat transfer over those in the five-start corrugated tube. In the figure, a pair of vortex flow was created by the
five-start vortex-flow corrugated tube while multiple vortices flow appeared around the tube wall of the five-start cross corrugated tube
as displayed in Figure 7. This indicated that the layer thickness of high fluid temperature regions near the tube wall was considerably
reduced when compared with the five-start corrugated tube, especially the five-start vortex-flow corrugated tube. The heat transfer at
the impingement zone (lower wall) was greatly increased as showed in Figure 9. In the same way, the heat transfer on the five-start
cross corrugated tube wall increased caused by the multiple vortices flow around the tube wall.
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Figure 6 Flow vector and temperature distribution in the transverse plane at PR=1.0 and Re = 5000.
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Figure 7 Comparison of the flow vector and temperature distribution in the transverse plane at DR=0.06, PR=1.0 and Re = 5000.
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Figure 8 Local wall Nusselt number distribution at PR=1.0 and Re = 5000.
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Figure 9 Comparison of the local wall Nusselt number distribution at DR=0.06, PR=1.0 and Re = 5000.
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Figure 10 (a) displays the variation of Nu/Nu, with Re for using the five-start corrugated tube. For all cases, Nu/Nu, are beyond
unity (Nu/Nug > 1.0), except the DR=0.02 and Re > 12,000. That means the five-start corrugated tube was capable of enhancing heat
transfer. The Nu/Nug increases with increasing DR from 0.02 to 0.08 and then decreases when the DR > 0.08. The trend of the Nu/Nuj,
with DR can clearly be seen in Figure 10 (d). This is because with the smaller DR, the secondary flow did not appear while at the
highest DR, the fluid cannot be induced to the grooved wall. The best DR value for heat transfer enhancement using the test tube at
PR=1.0 was the DR=0.08. In the range investigated, the Nu/Nuy was found in the range 0.92-2.04. The DR=0.08 provided the highest
Nu/Nug at 2.04 at the lowest Re.

The variation of f/f, with Re is presented in Figure 10 (b). For all cases, f/f, was above unity (f/f, > 1.0). That means the five-start
corrugated tube caused extra friction losses compared with the smooth tube. The increase of DR led to an increase in the f/f, due to the
flow blockage increasing. In the range investigated, the five-start corrugated tube gave f/f, in the range 1.45-11.33. The DR=0.16 gave
the highest f/f, at 11.33 at the lowest Re.

Figure 10 (c) presents the relationship between the TEF and Re. In the figure, increasing Re led to decreasing TEF for all cases. In
the range studied, the DR=0.06 yields the highest TEF of 1.10 at Re = 5000.
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Figure 10 Variation of (a) Nu/Nuy, (b) f/fo, () TEF with Re and (d) Nu/Nu,, f/fo, TEF with DR for the five-start corrugated tube.

Figure 11 displays the variation of Nu/Nuy, f/f, and TEF with PR at various Re for the five-start corrugated tube, five-start vortex-
flow corrugated tube and five-start cross corrugated tube at only DR=0.06 (due to give the highest TEF for the five-start corrugated
tube). The PR=1.0-2.5 were investigated for the modified tube. In the figure, both the five-start vortex-flow corrugated tube and five-
start cross corrugated tube resulted in the Nu/Nug being higher than in the five-start corrugated tube for all PR, and the five-start vortex-
flow corrugated tube gave the Nu/Nug higher than the five-start cross corrugated tube for all PR. Increasing PR results in a decrease in
the Nu/Nu, because of the vortex strength decay. In the range investigated, the five-start vortex-flow corrugated tube and five-start
cross corrugated tube provided the Nu/Nug range of 2.49-4.2 and 1.9-3.57, which were higher than that of the five-start cross corrugated
tube at around 51.5-118.6% and 15.6-86.1%, respectively.

When considering the f/fy, at the same PR (PR=1.0), both the five-start vortex-flow corrugated tube and five-start cross corrugated
tube provided the f/fy higher than the five-start corrugated tube around 36.3-172.1% and 26.8-153.1%, respectively, due to higher flow
blockage. Increasing PR led to decrease f/fy. In the range investigated, the five-start vortex-flow corrugated tube and five-start cross
corrugated tube provided the f/f, range of 4.72-14.2 and 3.85-13.2, respectively. The maximum f/f, was found at 14.2 for the five-start
vortex-flow corrugated tube at DR=0.06, PR=1.0 and Re=20,000.
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When considering the TEF, it clearly seen that both the five-start vortex-flow corrugated tube and five-start cross corrugated tube
increased the TEF higher than that of the five-start corrugated tube for all PR. The TEF for the five-start vortex-flow corrugated tube
and five-start cross corrugated tube was found around 1.24-2.07 and 1.05-1.8, respectively, and was higher than the five-start corrugated
tube at around 37.8-90.8% and 12.6-66.9%, respectively. For all PR, the five-start vortex-flow corrugated tube provided the TEF higher
than the five-start cross corrugated tube due to more efficient heat transfer enhancement. The maximum TEF was found at PR=1.5 for
the modified tube. The suggest case was the five-start vortex-flow corrugated tube at DR=0.06 and PR=1.5 due to provide the highest

TEF around 2.07 at the lowest Re.
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Figure 11 Variation of (a) Nu/Nuy, (b) f/fy and (c) TEF with PR at various Re for the five-start corrugated tube, five-start vortex-flow
corrugated tube and five-start cross corrugated tube at DR=0.06.

6. Comparison with previous work

Figure 12 present a comparison of TEF values from previously published investigations. The maximum TEF is reported from the
current work and previous work such as; inclined vortex rings [1], staggered-winglet perforated-tapes [2], VV-shaped baffles [5], three-
start spirally twisted tube combined with triple-channel twisted tape in belly-to-neck arrangement [26] and five-start spiral corrugated
tube combined with five-channel twisted taped [27]. In the figure, the five-start vortex-flow corrugated tube give a much higher TEF
than both the vortex turbulator and the corrugated tube combined with the twisted tape due to lower friction loss, except; the V-shaped
baffles. Thus, from the viewpoint of energy savings, high thermal enhancement factors given by five-start vortex-flow corrugated tube
are the result of low friction factors.
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five-channel twisted taped at w/D=0.44 [27]
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Figure 12 Comparison of the TEF with the previous work.
7. Conclusions

The effects of a five-start corrugated tube on heat transfer enhancement, pressure drop and thermal enhancement factor with
different depth ratios, DR = 0.02-0.16 at constant pitch ratios, PR =1.0 were investigated in turbulent flow, Re=5000-20,000. Two type
of five-start corrugated tube modification; five-start vortex-flow corrugated tube and five-start cross corrugated tube were studied on
flow and heat transfer behaviors at constant DR=0.06 and various PR=1.0-2.5. The main findings can be concluded as follows:

1. The fully developed regions for the u/uy and Nu/Nu, were found at around the 7" module (x/D = 6) and 6™ module (x/D = 5),
respectively.

2. The five-start corrugated tube creates swirl flows while the five-start vortex-flow corrugated tube and five-start cross corrugated
tube generated a pair vortex flow and multiple vortices flow, respectively, which help to promote the mixing of the fluid in the tube
and thus enhancing heat transfer between the fluid and the tube wall.

3. The DR=0.06 was the optimum point for the five-start corrugated tube at PR=1.0 due to it providing the maximum TEF when
compared with other DR.

4. The five-start vortex-flow corrugated tube and five-start cross corrugated tube provided the Nu/Nug higher than the five-start
corrugated tube around 51.5-118.6% and 15.6-86.1%, respectively, and 37.8-90.8% and 12.6-66.9%, respectively, for the TEF.

5. In the rang studied, the suggested case was the five-start vortex-flow corrugated tube due to provide the highest TEF at about
2.07 at DR=0.06, PR=1.5 and Re=5000.
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