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ARTICLE INFO ABSTRACT

Keywords: The present study was numerically inquired the heat transfer performance and fluid flow char-
Helical heat exchanger acteristic of a helical micro double-tube heat exchanger (HMDTHX) using the finite volume
Microtube

method. The tube length was considered to be constantly equal to 30 mm, and 12 different
configurations were modeled by changing in turn number and pitch length (P) for Reynolds
numbers of 50, 100, 150, and 200. The findings indicated that the heat transfer would enhance by
applying any helix angle in the straight tube. However, it had an optimum point which varied by
Reynolds number (Re). Rising Re caused overall heat transfer coefficient (OHTC), pressure drop,
and pumping power augment for all cases. Increasing P in overall reduced OHTC, pressure drop,
and pumping power which had different maximum points between P = 0.5 to 3. Maximum overall
heat transfer coefficient (OHTC) enhancement was equal to 45% for Re = 200 and P = 2. Also,
maximum effectiveness was 11.5% for P = 2 and Re = 200. Moreover, a 42% maximum incre-
ment was achieved for pressure drop, pumping power, and friction factor at Re = 200 and P = 2.
Shear stress for Re = 100 to 200 showed that the values are almost the same for P = 0.5 and 1.
Then by increasing P, the shear stress decreases. While, for Re = 50, a maximum is seen at P = 2.
The temperature distribution was indicated that the maximum temperature of the straight tube
and helical tube are the same, but the difference is in the average temperature, which was 3.2 K
between straight and helical tubes. Finally, by investigating the velocity contour, it was deter-
mined that a secondary flow through the HMDTHX, affected by centrifugal force, was existed,
enhancing the fluid flow turbulency and heat transfer rate.

Heat transfer
Finite volume method
Secondary flow
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1. Introduction
Since heat exchangers (HXs) have high application in industrial plants, their performance has been increasingly investigated by

researchers from various sciences [1,2]. In this way, a compound technique should be applied to a study to warrant an efficient heat
transfer improvement. It is figured with active, passive, and other techniques [3-5]. Using nanoparticles in working fluid or fluid

Nomenclature

A Surface area (m?)

Cp Specific heat capacity (J/kg K)

Chnin Minimum water’s heat capacity

d; Inner diameter of the tube side (um)

Inner diameter of the shell tube (um)
Friction factor

Diameter (mm)

Turns number

pitch length (mm)

Length (mm)

Heat transfer coefficient (W/m? K)
The length of the heat exchanger (mm)
Mass flow rate (Kg/s)

Pressure (Pa)

Pumping power (W)

Input heat flux w/m?

Maximum heat received (W)

Heat received by water (W)

Radius of tube side (mm)

Temperature (K)

HMDTHX Helical micro double-tube heat exchanger

= o 3= -
—~ %,ognéc 3 ST ms oA

\% Velocity (m/s)

Greek symbol

€ Heat exchanger effectiveness
p Dynamic viscosity (Pa s)
p Density (Kg/m®)

T Shear stress (Pa)
Subscripts

b Bulk

c,i Inlet of cold fluid

h,i Inlet of hot fluid

i Inner radial of tube side
w Wall

vibration is an active method that is manipulated externally [6-8]. Any changes in heat exchanger configuration or geometry cate-
gorize in the passive method [9,10]. Nowadays, the combination of these methods is required to ensure optimized equipment [11-13].
Microtube Heat Exchangers (MTHXs), due to their well-organized and best-favorable process, have become a piece of efficient
equipment in a wide range of industries such as electronic, heat pump, chemical engineering, HVAC system, cooling, refrigeration and
solar systems [14-16]. A smaller distance for heat transfer, providing with MHXs, improves their performance compared to the
traditional HXs. Plus, due to the miniature structure, the cost of manufacturing MHXs is economical since lower raw materials, initial
investment, and working fluid are needed [17]. In some reactors in which reactions of hazard components have happened, utilizing
MHXs is very useful in respect of safety because these HXs contain a lower material quantity [18]. In addition, this leads to reliable
handling when an uncontrol incident occurred. Nowadays, various kinds of advanced MHXs are suggested by the researcher with
changing their configuration. Applying a curve into the MHXs structure may transform the hydrothermal properties of the working
fluid [19]. MHXs with C-, Y-, and S-shaped, L and T bend, spiral and helical coil, and coil flow inverter are the famous structures that
have been proposed and studied more than others [20]. Helical HX has been chiefly utilized when heat transfer has occurred between
two fluids that one of them includes a lower flow rate and higher temperature difference compared to another one. In this situation, a
large heat transfer area is needed. So, helical HX finds it suitable to transfer the heat by single or double restrict but long tubes.
Regarding the tube’s small surface area, it is designed for fluids with a low flow rate. Its long length is what causes the highest
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temperature differences between inlet and outlet can be obtained. Followings are several usages of helical HXs:

e For limited space applications.

e For low fluid flow rate (laminar regime) as well as shell and tube HX has no economic efficiency due to its low heat transfer
coefficients.

e For low pressure of one of the fluids through the HX.

Mir et al. [21] numerically analyzed the hydrodynamic characteristics of a curved mini channel with an oval cross-section. For this
purpose, they used Ag/water nanofluid with volume concentrations up to 6%. They observed that the temperature of the central
section of the mini channel would be augmented by raising the nanofluid concentration. Kannadasan et al. [22] experimentally studied
a Helical coil HX in both vertical and horizontal situations while CuO/water nanofluid with 0.1 and 0.2 vol% was considered as
working fluid. The findings indicated that the effect of nanofluid on hydrodynamic performance improvement of HX with vertical or
horizontal situations is almost the same. Kurnia et al. [23] numerically explored the effect of various entrance shapes of a helical tube
on heat transfer improvement. They considered helical tubes with square, circular, and elliptic, equal by the entrance of straight tubes.
For all cases, the helical tubes had superior heat transfer performance compared to the straight tubes. Also, the tube with a square
entrance showed the highest entropy generation relative to the others. Omidi et al. [24] modeled hydrodynamic specifications of a
ribbed helical tube. They recognized the effect of the number of ribs on the tube and Reynolds number (Re) on heat transfer. They
achieved that the higher the number of ribs, the lower the friction factor and the higher the Nusselt number (Nu). In addition, they used
Al;O3/water nanofluid and obtained 28% higher Nu than water, whereas the friction factor had no significant variation. In a
comprehensive study, Rasheed et al. [5] investigated the effect of helical microtube HX with various entrance shapes, nanofluids, and
nanofluid concentrations. They considered 1, 1.5, and 2 vol% concentrations of ZnO and Al;O3 nanoparticles in HX with elliptical,
circle, and oval entrances. The results revealed that the helical path of fluid flow could increase the heat transfer compared to a straight
one. Also, the highest heat transfer was observed for a circular tube entrance of HX for 2 vol% concentration of ZnO/water nanofluid.
In Table 1, some studies on curved tubes are summarized.

Lately, the focus of studies is directed to HX with a helical double tube. As it was founded in other kinds of HXs, the first and second
thermodynamic laws always rule on double tube one [33,34]. Like said conventional helical tube HXs, in this case, the geometrical
effects on heat transfer and hydraulic characteristics have already been outstanding parameters for surveying. Majidi et al. [35]
explored a helical double tube HX when the air was considered as working fluid. The novelty was copper fins attaching to the inner
tube. The experiment results revealed the enhancement of heat transfer because of a new configuration. Eventually, they proposed a
correlation for heat transfer coefficient in helical double-tube HX. Luo and Song [36] numerically examined the effect of twisted
annulus placed between double oval pipes on the performance of a double-tube HX. The simulation results showed that a secondary
flow is produced, which helps heat transfer improve by 157%. Koca and Citlak [37] experimentally investigated a double-tube HX in
which the inner helical tube rotated. The observations indicated that the heat transfer enhances by rotating speed. Five rotating helixes
tubes showed the most significant heat transfer improvement, up to 124.1%. In an exciting study, Alias et al. [18] conducted numerical

Table 1
Summary of researches about helical tubes heat transfer.
Author(s) Study method Configuration of HX Working Achievements
fluid
Niu et al. [25] Numerical One-side heating helically Water Ununiform heating had lower heat transfer and pressure drop,
coiled single tube compared to one-side heating
Alimoradi and Numerical and Shell & helical single tube Water 34.1% and 2.83% sell side’s Nu reduction is obtained by 50%
Veysi [26] experimental HX diameter and height increment of the shell.
Alimoradi et al. Numerical Shell & finned helical Water Increasing the fin height and number enhances the heat transfer. The
[27] single tube HX effect of the number of fins was more important than to their heights.
Zhang et al. [28] Numerical Shell & spherical finned Water Increasing the fin height and pitch enhances the heat transfer up to
helical single tube HX 1.7 and 1.66 times while augmenting the friction factors by 1.24 and
1.28.
Mokhtari Ardekani Experimental Helical single tube Ag/water Ag and SiO; nanoparticles improved the heat transfer up to 45% and
et al. [29] Si0y/ 50%, respectively.
water
Khoshvaght- Experimental MTHX Cu/water Coil diameter reduction enhanced Nu and friction factor. Adding Cu
Aliabadi et al. nanoparticles had no considerable effect on pressure drop. Maximum
[30] 2.24 times higher performance evaluation criterion was achieved by
0.3 vol% nanofluids.
Wei et al. [31] Numerical Circumferential corrugated Al,03/ The effect of nanoparticle volume fraction on friction factor was more
helical tube water than nanoparticle diameter. Nu was enhanced maximum of 31% by

adding nanofluid concentration. Utilizing the novel system with
nanofluid at the same time could raise the heat transfer performance
by 29%.

Fouda et al. [32] Numerical Multi helical tube HX Water Heat transfer was improved by helical diameter and number of
passing tubes. In comparison with single tubes, the multi tubes had
60% higher performance. Multi helical tube HX pumping power
increased significantly, compared to single tube HX.
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research on helical micro elliptical tube HX by considering water-based ZnO and SiO3 nanofluids. The results showed that ZnO/water
nanofluid has better heat transfer performance than SiO/H»0. However, adding nanoparticles cause an enhancement in Nu, but it did
not influence the friction factor. Rasheed et al. [38] numerically studied the heat transfer performance of a helical single microtube HX.
The results indicated that the highest heat transfer could achieve by using a circular cross-section tube; the Nu of this structure was 3.42
times higher than the elliptical one.It was tried to report numerical or experimental studies about various types of HXs with single or
double tubes, circle, square, or oval cross-section, micro or huge tube size. The most studies were focused on single helical tubes in a
shell as shell and tube heat exchanger or single spiral tubes in microscale size. In contrast, the double-tube heat exchanger in
microscale has not been studied yet.

However, this study investigated the helical micro double-tube heat exchanger’s heat transfer performance and fluid flow
(HMDTHX). Since this kind of HX has high industry applicability, an attempt was made to assess the heat transfer performance,
pressure drop, pumping power, and fluid flow distribution in HMDTHX. For this purpose, the results were fulfilled at different Rey-
nolds numbers. The achievement of this study can be helpful for electronic industry and scale-up processes, defense technology,
frontier technology, and space.

2. Model description
2.1. Physical model

The computational domain included a helical micro double-tube heat exchanger (HMDTHX) which its isometric schematic is
displayed in Fig. 1a. The length (H) of the straight tube was considered to be 30 mm, while, for helical cases, depends on pitch length
(P), H and turns number (n) values were different. Also, the helical tube (D) diameter was maintained at 1.5 mm for all tested ge-
ometries. The inner diameter of the inner tube (d;) and inner diameter of the outer tube (d,) was the same for all simulated cases and
equaled 250 pm and 450 pm, respectively. Outer tube thickness was considered negligible, whereas the thickness of the inner tube was
25 pm. Water was considered as working fluids of the tube and shell sides. Constant physicochemical properties of water are listed in
Table 2. A schematic of half-cut HX for P = 1 mm is drawn in Fig. 1b.

In this study, 12 different micro double-tube HX have been configured which their H, P, and n values for various simulated cases are
presented in Table 3.

2.2. Governing equations

Heat transfer performance, fluid flow characteristics, pumping power evaluation, and a geometric assessment of helical micro
double-tube heat exchanger were determined by accomplishing 3-D numerical simulation utilizing ANSYS FLUENT software package.
This software solves the following governing equations by using the finite volume method [40]:

Continuity equation:

V. (7) -0 )
Momentum equation:

P (Vv) V=0 @

(@)

Fig. 1. (a) Isometric schematic of HMDTHX and (b) Schematic of half-cut HMDTHX with P = 1 mm.
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Table 2

Specifications of water [39].
Density (kg/ms) Viscosity (Pa s) Conductivity (W/m K) Heat Capacity (J/kg K)
997.1 8.91 x 10~* 0.6 4179

Table 3

Various sizes of HMDTHX configurations.
P (mm) 0.5 1 2 3 4 6 8 12 17 23 30 30
n 6.3307 6.2275 5.8602 5.3703 4.8535 3.9322 3.2311 2.327 1.7006 1.2778 0.9879 0

H (mm) 3.1653 6.2275 11.7205 16.1109 19.4139 23.5932 25.8488 27.924 28.9098 29.3895 29.6366 30

Energy equation:
oG, (V.V)T=kv°T 3)

The heat received by water (Qaps) is defined by

Qups =1Cy(T, — T}) @
Convective heat transfer coefficient is obtained by
he Qabs

®)
A (TW _ T,,)

The friction factor would be calculated by

2AP
f= ne ©]
where AP is the pressure difference between outlet and inlet which is extracted via CFD.
The effectiveness of HMDTHX (e) are defined as follows:
4 _
&€= q_qmu)c = Cin (Th.i - T(:.i) )]
where Cpij is the minimum water’s heat capacity between hot and cold flows.
Pumping power has been calculated by:
P,=VAP 8

2.3. Boundary conditions
The modeling was simplified by applying the following boundary conditions on the HMDTHX system:

Negligible gravity force.

Newtonian behavior of water for both shell and tube sides.

Incompressible, steady-state, laminar, and fully-developed conditions for working fluids flow.
Counter-current fluid through the HX.

Considering tube side inlet temperature of 300 K and shell side inlet temperature of 350 K.

Constant Reynolds number of 50 for shell side and Reynolds numbers of 50, 100, 150, and 200 for tube side.
Zero partial pressure at the outlet of tube and shell sides.

No-slip boundary conditions on all walls.

Adiabatic condition on the outer wall of the shell.

Applying coupled boundary conditions on the joint walls between fluid and solid.

3. Numerical method

The finite volume method (FVM) through ANSYS FLUENT software package was utilized to solve the governing equations [41]. The
Second-order upwind scheme [42] was employed all equations’ discretization, whereas the SIMPLE algorithm [43] was utilized for the
coupling of pressure and velocity. The convergence criteria for all governing equations were set equal to 10~ to assure the accuracy of
the calculations [44].
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4. Validation

The model is validated by comparing the heat transfer rate data at various Reynolds numbers of present modeling and Bahiraei
et al. [45]. A spiral HX was modeled in that study with a length and diameter of 30 cm and 10 cm, respectively. Coldwater and hot
water or nanofluid flow through two sides of HX as counter-current with 280 K and 320 K temperatures, respectively. Uniform

o
=23
@
3]
T

T

0.630 -

T

0.625

L

0620 -

——0

Heat Exchanger Effectiveness (q/q,,,)

1 | TR B AR ) Liivlinil ivels il iy
0615062 04 06 08 1 12 14 16 18 2

Cells Number x 10 °
458

~ ~
°d (5.
N (=2}
L e |

s

o

N
T

05D .

Total Heat Transfer Rate (W)
8

4.46 — | HR
B O——~0

o1y By P o oo e g Byl oy
02 04 08 08 1 1.2 1 K
Cells Number x 10 °

2

=
o
=

=
o
b

=
L)
=)

=
B
@

o
»
>

-
»
'S

-
&
o

-
>
o

\;\\

el bl Levvliviloailsvelainil 1
"0 02 04 06 08 1 12 14 16 18 2

Cells Number x 10°

T

Overall Heat Transfer Coefficient (KW/m’.K)
o
[=-]

Fig. 3. Simulation performance at various cell numbers.



N.H. Abu-Hamdeh et al. Case Studies in Thermal Engineering 28 (2021) 101413

temperature and velocity, the insulated walls with no-slip conditions were boundary conditions. The results were reported as a
function of Re which varied from 500 to 3000 with a step size of 500. As shown in Fig. 2a, a very well agreement is obtained from the
present modeling and those reported by Bahiraei at all ranges of Re. At low Re, the difference is negligible, and at high Re, the
maximum disagreement is less than 5%.

In another validation test, the fluid flow modeling of the present study was validated by the work of Alikhani et al. [46]. They have
modeled a curved tube in which the Al;03/H>0 nanofluid followed in the laminar regime at Reynolds number of 300, and two Grashof
numbers of 100,000 and 500,000. In addition, the mixture method was used for mathematical modeling. The fluid flow of the present
study and Alikhani et al. [46] are compared in Fig. 2b. In this figure, the dimensionless velocity at the axial line of the helical tube is
presented against horizontal and vertical diameters. It is evident that the performed modeling has a very well resolution. Full
compliance is observed at the inner zone of the tube, while a maximum of 5.6% deviation is calculated at the velocity peak zone, which
is at the outer area of helical tube.

5. Grid independence analysis

Six examined different meshes for HMDTHX with a pitch length of 0.5 mm and Reynolds number of 200. It was the most so-
phisticated condition because the geometry curvature is at the highest value, so the flow gradients have the most complexation. Fig. 3
exhibits the performance of simulation on the hydrodynamic characteristics. As it is clear, increasing the cell number reduces each
value of characteristics. However, after cell number 985,022, the performances have not considerable variance. This is the reason that
cell numbers 985,022 have executed the all-cases simulations.

A schematic of meshed HMDTHX with P = 1 mm is indicated in Fig. 4. As can be seen from the figure, the most regular meshes are
produced with 985,022 cells.

6. Results and discussion

The result of simulating the helical micro double-tube heat exchanger (HMDTHX) for hydrothermal performance is presented. The
outcomes are carried out with dimensionless parameters, which means the parameters are presented based on their values comapred to
the straight HX.

Fig. 5 states the dimensionless overall heat transfer coefficient (OHTC) against pitch length (P) for different Reynolds numbers (Re)
of the inner tube. As is expected, increasing the values of Re leads to OHTC enhancement induced by increasing the fluid distribution.
So, fresh fluid replaces with an old one, the repetition of this procedure would enhance OHTC. It causes 17.5% OHTC enhancement by
rising Re from 50 to 200. It is clear that by creating even a small turn in the straight HX, OHTC increases. What is clear is that the lower
the pitch length, the higher the heat transfer coefficient. However, HMDTHX with minimal P values have not the performance of P = 2

| e

Fig. 4. The meshes of micro helical double tube heat exchanger with P = 1 mm.
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mm. The highest OHTC is achieved for turn number (n) of 5.8602, which had almost 45% heat transfer enhancement at Re = 200,
compared to the straight HX. At this point, the maximum OHTC enhancement is achieved, while further pinch lengths reduce the
performance of HX. From n = 4.8535 to n = 1.7006, as Re increases, the heat transfer falling will accelerate. Higher turn number leads
to an efficient contact area which donates this opportunity to the heat energy between working fluids through shell and tube to ex-
change more effectively. It is clear that at high Reynolds numbers, maximum OHTC is obtained for P = 2. However, for Re = 50, OHTC
value at P = 1 is maximum. One thing that should be noted from the figure is at a certain Re, OHTC enhancement for HX with P = 29
and P = 30 (with almost one swirl) is negligible, while by decreasing P, the slop of the enhancement is augmented. Practically, the
centrifugal force of working fluid resulted from the helical path can affect the heat transfer coefficient. This force is insignificant at high
pitch lengths, but decreasing the pitch length (P) amplifies that. Thus, at high pitch lengths, rising Re slightly increases OHTC, whereas,
at low pitch lengths, it significantly increases OHTC, as the centrifugal force at lower P (higher swirl) is more sensible.

In Fig. 6, dimensionless inner tube wall heat flux versus pitch length (P) for various Re is demonstrated. Similar to the trends of
Fig. 5, heat flux, at first, increases by P, then it sharply decreases. Increasing P, or torsion, in other words, the helical double tube
becomes similar to straight tubes with low n values. Hence, the fluctuation of axial velocity, which is affected by the centrifugal force,
lessens. For all cases, the heat flux is higher than straight HX. For all Reynolds numbers, maximum heat flux in the inner tube is
achieved at P = 3 (n = 5.3703). 12.5% higher heat flux at the inner tube wall is achieved by an HX with a pitch length of 3 at Re = 200.
The centrifugal forces will augment firstly, then weaken by elevating P, as the torsion effects will grow at first and then reduce. This
issue affects the velocity component and dwindles its rate. As an outcome for P > 3, the maximum values of axial velocity will include
displacement from the outer curvature area to the inner curvature. Finally, this displacement gradually is dispelled, and the velocity
role gets closer to its behavior in a straight tube [47]. Therefore, the exchanged heat due to the distribution of fluid flow components
decreases, and heat flux will reduce.

Using equation (7), dimensionless heat exchanger effectiveness is depicted in Fig. 7 as a function of pitch length at different
Reynolds numbers of the inner tube. As it is obvious, the effectiveness of HX, in general, is diminished. However, it has different
maximum points at each Re. For Re = 50, with a maximum at P = 3 (n = 5.3703), the effectiveness is reduced by P. Whereas, at Re =
100, the maximum effectiveness is calculated at P = 1. Also, for Re = 150 and 200, the maximum values are at P = 2. The maximum
heat exchanger effectiveness is 11.5%. Although OHTC of Re = 50 was 1.27 (27% enhancement by reducing P), the heat exchanger
effectiveness and heat flux were enhanced by a maximum of 2.7%. At Re = 100, a slight rising in the effectiveness is seen at lower P,
and then the reduction trend began. This trend is not observed for the heat flux and OHTC of Re = 100, while a similar procedure is
seen for OHTC at Re = 50. Increasing the effectiveness would be because of OHTC enhancement. It leads to a higher heat transfer rate.

Fig. 8(a) and (b) represent dimensionless pressure drop and shear stress for the inner tube wall against pitch length for various
Reynolds numbers. As is expected from the equation © = puV/r, the shear stress augments by fluid velocity. So, from the figure, by
increasing Re, the shear stress enhances by P, except at Re = 50, a maximum observed at P = 2. At the same time, the pressure drop
reduction trend of the inner tube at all Reynolds numbers is accompanied by a maximum at P = 2 for Re = 50 and P = 3 for the rest.
Thus, the maximum pressure drop is obtained at Re = 200, 42% more than the straight tube. Strong secondary flow will be the result of
applying a helix angle into the tube. Increasing the turn numbers causes a more robust secondary flow. Because of the curvature effect,
the fluid contacts the tube wall. This effect gets significant when the turn number increases. Nevertheless, this effect has a limit point: it
has different values at different Reynolds numbers. However, it can be said that the length numbers of 2 and 3 are the limit points.
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The pumping power and friction factor of the inner helical tube are shown in Fig. 9(a) and (b). As can be seen from the figures, the
trends of friction factor and pumping power are similar to the pressure drop trend because they are proportional to the pressure drop
quantity. The pumping power and friction factor reduce by P, although it has a maximum value at P = 2 for Re = 50 and P = 3 for all
other studied cases. Generally, friction factor augments with Re. It is because of pressure drop rising, which is induced by velocity
gradient. Pumping power at Re = 200 is 31% higher than Re = 50, at maximum points. While, by increasing the P, the pumping powers
decrease. P > 17 at a certain Re, pumping power, and friction factor have no remarkable difference compared to the straight tube.
Maximum pumping power and friction factor are 42% in comparison with the straight tube.

Temperature and velocity distributions are displayed in Fig. 10. Temperature distributions through the tube and shell sides of
straight HX at Re = 200 are illustrated in Fig. 10a. The tube side inlet is at the left, and its temperature is 300 K. Also, the shell side inlet
is at the right and at 350 K. The average outlet temperature of tube side fluid reaches 327.9 K, whereas, at the tube wall, the tem-
perature is 343 K. Moreover, the average outlet temperature of shell-side fluid reaches 313.3 K. In Fig. 10b, the velocity contour of the
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Fig. 8. Dimensionless inner tube wall a) pressure drop and b) shear stress vs. pitch length.

tube side of straight HX for Re = 200 is depicted. At the inlet, the uniform velocity is equal to 0.7149 m/s. In the figure, the fully-
developed length is observed. It is evident from the figure that this length is negligible compared to the whole tube length. There-
fore, it cannot be expected to have a high heat transfer rate from this flow distribution. Fig. 10c demonstrates the temperature dis-
tribution of the tube side’s wall of helical HX for Re = 200. Like the straight tube, in helical HX, the maximum temperature on the tube
wall is 343 K. But the point is the average outlet temperature which reaches 331.1 K; 3.2 K higher than the straight tube. More heat
energy is received from the tube wall through the flow path by applying a helix angle in the tube. The reason for this phenomenon can
be surveyed by looking into the velocity distribution through the tube’s fluid flow. The velocity contour of fluid flow in the tube side of
helical HX for a vertical cross-sectional profile is displayed in Fig. 10d It can be seen from the figure that a secondary flow is formed
through the tube. It has a low-pressure zone with high velocity near the tube’s outer curvature because centrifugal forces push the fluid
flow to the outside of the force effect line. Also, a high-pressure zone with low fluid velocity is found in the tube’s inner curvature. The
interaction between these two zones creates secondary flow. It causes higher turbulency, consequently higher heat transfer rate, and
pressure drop. Therefore, it was investigated that helical HX has higher heat transfer performance compared to a straight one. In this
study, 12 different micro double-tube HX have been explored. However, it can be concluded that an increase in turn number or
reducing pitch length in constant tube length has an optimum point which is between n = 6.2275 and 5.3703 or P = 1 to 3. Besides this
optimum point, the helical HX performance decreases.

7. Conclusion
Hydrothermal characteristics of a helical micro double-tube heat exchanger (HMDTHX) were numerically investigated. There were

considered 12 various HMDTHX configurations to be tested. Pitch length (P) was chosen between 0.5 mm and 30 mm, turn number
varied from 6.3307 to 0.9879, so the height of HMDTHX differed from 3.1653 mm to 29.3895 mm to remain the whole heat exchanger
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length at 30 mm. In addition, the results were reported for Reynolds numbers (Re) of 50, 100, 150, and 200. All HMDTHX had better
performance in comparison with straight heat exchangers. The main results are as follow:

Overall heat transfer coefficient (OHTC) enhanced by Re, while it reduced by P with a maximum at P = 2 for Re = 100 to 200 and P
=1 for Re = 50. The maximum OHTC enhancement was obtained at P = 2 for Re = 200, which was almost 45% compared to the
straight double tube HX. The centrifugal force made by swirl was the reason for this enhancement.

Heat flux at the inner tube wall had a maximum value at P = 3 for all Re, which was 12.5%, at the maximum Re, higher than the
straight tube.

Heat exchanger effectiveness was increased by Re and decreased by P with a maximum at P = 3, 1, 2, and 2 for Re = 50, 100, 150,
and 200, respectively. Maximum effectiveness was 11.5% for P = 2 and Re = 200.

Shear stress for Re = 100 to 200 are almost the same for P = 0.5 and 1. Then by increasing P, the shear stress decreases. While, for
Re = 50, a maximum is seen at P = 2.

Pressure drop, friction factor, and pumping power changes were the same. They augmented by Re and reduced by P with a
maximum at P = 2 for Re = 100 to 200 and P = 3 for Re = 50. The maximum pressure drop, pumping power, and friction factor
were 42%, compared to the straight double tube HX.

Velocity contour revealed a secondary flow through the HMDTHX, which is why the existing centrifugal force.

The outlet temperature of HMDTHX at Re = 200 is 331.1 K which was 3.2 K higher than the straight HX.
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