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Abstract

The research paper tends to review the effectiveness of helical coil in heat ex-
changers (HCHE). Heat exchanger is a device used in transferring thermal
energy between two or more fluids or solid interfaces and a fluid, in solid par-
ticulates and a fluid at different temperatures and thermal contact. The au-
thor has concisely discussed the helical coil in heat exchanger at different
shapes and conditions and compared the HCHE with straight tubes heat ex-
changers, and the factors affecting the performance and effectiveness of the
helical coil heat exchanger such as the curvature ratio, and other heat ex-
changers. The author demonstrated that the HCHE provided more excellent
heat transfer performance and effectiveness than straight tubes and other heat
exchangers because of secondary flow development inside the helical tube,
and heat transfer coefficient increased with an increase in the curvature ratio
of HCHE for the same flow rates. The secondary flow and mass flow rates,
advantages and disadvantages have also been reviewed. The authors back
their findings with available theories. Suitable fluid should be searched for
high efficiency in the helical coil.

Keywords
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1. Introduction

A heat exchanger is a device that is used to transfer thermal energy (enthalpy)
between two or more fluids, between a solid surface and a fluid, or between solid
particulates and a fluid, at different temperatures and in thermal contact [1] [2].
In global industrialization, efforts have been made to increase heat transfer rate,
minimize the size of heat exchangers, and to improve the effectiveness of heat
exchangers. Helical coil heat exchanger (HCHE) offer distinct advantages, such

as improved thermal efficiency, compactness, easy maintenance and lower in-
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stalled cost [3]. Heat transfer in helical coils has been studied and researched,
because of the fluid dynamics inside the pipes of a helical coil heat exchange [4].
Helically coiled tube heat exchangers are the most widely used from the family
of coiled heat exchangers [5].

Helical coil configuration is very effective for heat exchangers due to their ex-
cellent heat transfer performance and compact size as compared to straight tube
heat exchangers [6] [7] [8] [9] [10]. The application of curved tubes in laminar
flow heat exchange is highly beneficial than straight tubes [11]. Heat transfer
rate of helical tube is significantly higher because of the secondary flow caused
by the centrifugal force [12] [13]. The development of secondary flows (Dean
vortices) in these helical tubes enhances the radial mixing, while keeping a low
axial back-mixing behaviour thus increases heat and mass transfer and leads to
narrower residence time distributions [14].

According to [15], the secondary flows constitute two sets of distinct re-circu-
lating vortices along the diameter of tube as shown in Figure 1. This secondary
flow has the ability for heat transfer enhancement due to mixing of fluid in the
tube [4]. [16] reported that the improvement in heat transfer rate in curve tube
tubes was due to the centrifugal force which pushed the fluid particles toward
the core region that produced a secondary flow field. The intensity of secondary
flow [17] [18] developed in the tube is the function of tube diameter (d) and coil
diameter (D). This increase in intensity of secondary flow allows proper mixing
of the fluid, which enhances heat transfer coefficient for the same flow rate. [19]
reported the increase in tube and coil diameter, reduced the secondary flow de-

veloped and in turn reduced heat transfer coefficient.

1.1. Heat Transfer Characteristics in Coiled Tubes

Helically coiled tubes are useful for various industrial processes such as combus-
tion systems, heat exchangers, solar collectors, and distillation processes because

of their simple and effective means of enhancement in heat and mass transfer

Figure 1. Secondary flow in a coiled tube. Source: [20].
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[21]. According to [22], the heat transfer characteristics in coiled tubes are de-
termined by the peculiarities of the axial velocity distribution and of secondary
flow as shown in Figure 1. Secondary flow arises in the form of a pair of sym-
metrical vortices in the cross-section along the tube axis, the fluid trajectory is in
the form of a double coil. Hence, the mean heat transfer coefficient for laminar

flow in coiled tubes is given by the Equation (1).

Pr

W

0.25
— Pr
Nu =0.06Re"” Pr® [—fJ (d/D,,)"" (1)

where Pris Prandtl number Pr,of fluid and Pr,, of water, Reis Reynolds number,
d is the tube diameter, D, is the coil diameter, Nu = al/A is Nusselt number
which is the dimensionless parameter characterizing convective heat transfer
where a is convective heat transfer coefficient, L is representative dimension
(e.g., diameter for pipes), and A is the thermal conductivity of the fluid. Nusselt
number is a measure of the ratio between heat transfer by convection (a) and
heat transfer by conduction alone (A/L). Figure 2 shows the necessary parame-
ters of shell and tube HCHE, where P, is the coil pitch.

For turbulent flow in coiled tubes, the heat transfer coefficient distribution
around the tube perimeter is essentially non-uniform. The non-uniformity is
caused by the non-homogeneity of the flow velocity and temperature distribu-
tions which can cause heat transfer from the inner to the outer generatrix. [22]
showed that the mean Nusselt number for a coiled tube is greater than that of
straight tube and the heat transfer coefficient also increased with a decrease in
the ratio of coil diameter to tube diameter (D,,/d). [24] reported that coiled
tubes have better heat transfer coefficient and residence time distributions and
were therefore used in compact heat exchangers. Also, the application of flow
and helical coils in heat exchangers and reactors are due to higher heat and mass
transfer coefficients with narrow residence time distributions and compact

structure [25].

10 mm

Figure 2. Shell and tube helical coil heat exchanger. Source: [23].
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1.2. Helical Coil Heat Exchanger Overview

According to researchers, HCHE are broadly used in heating and cooling appli-
cations such as heat recovery system, food industries, nuclear power plant,
chemical processing, solar water heater, and refrigeration and air-conditioning
units [16] [26]-[32]. [33] reported that the HCHE showed increase in the heat
transfer rate, effectiveness and overall heat transfer coefficient over the straight
tube heat exchanger on all mass flow rates and operating conditions. Heat trans-
fer enhancement is one of the key issues of energy saving and compact designs
[34].

[35] reported higher temperature drop for helical coil tube when compared to
straight tube heat exchanger due to the curvature effect of the helical coil. [36]
reported the use of HCHE in falling film evaporator for energy saving by recy-
cling the heat from vapour due to larger surface area in a small volume and are
therefore used for applications with small temperature difference or high volu-
metric heat rating [24]. [37] reported the use of HCHE in heat recovery from
exhaust gases using refrigerant R134a and R245fa and showed that refrigerants
are better than water as a thermal fluid. HCHE offers distinct advantages, such
as improved thermal efficiency, compactness, easy maintenance and lower in-
stalled cost [3].

[16] reported that HCHE had advantages over conditions of low flow rates or
laminar flow unlike a typical shell-and-tube exchanger which exhibited low
heat-transfer coefficients at low flow rate thus becoming uneconomical especial-
ly, when there exists low pressure in one of the fluids, usually from accumulated
pressure drops in other process equipment. However, when an application re-
quires equipment suitable for high operating pressure and/or extreme tempera-
ture gradients, a helical coil unit should be considered [3]. Cleaning of helical
coils for these multiple-phase fluids can prove to be more difficult than shell and
tube counterpart; however the helical coil unit would require cleaning less often
[38]. Hence, the main disadvantages of HCHE are that they cannot be cleaned

easily and are therefore not suitable for crystallization type of applications [24].

2. Mass and Heat Transfer in Helical Coil Heat Exchanger

Heat transfer on HCHE depends largely on the coil size, tube size, mass flow
rate, type of thermal fluids and number of turns [39]. Studies involving helical
coils and heat exchange have focused on two major boundary conditions, name-
ly 1) constant wall temperature and 2) constant heat flux [32] [40]. [41] consi-
dered natural convection boundary condition for HCHE outer surface while
modelling the performance of two HCHE placed into the storage tank. They re-
ported that heat transfer rate through the coil depends on 1) inner coil convec-
tion process 2) outer coil convection process 3) the conduction through the tube
wall and 4) the fouling resistances on the inner and outer HCHE surfaces.

Heat transfers in the HCHE can be analyzed by force convection [42] [43]
[44] [45], natural convection [32] and mixed convection [46]. Mixed convection,
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simply is a combination of forced and free convections. According to [47],
mixed convection flow is determined simultaneously by both an outer forcing
system (the outer energy supply to the fluid system) and inner volumetric or
mass forces (which is the non-uniform density distribution of a fluid medium in
a gravity field). [48] analyzed the variation in the temperature drop, heat transfer
rate and pressure when the numbers of turns in a double tube helical coil heat
exchanger are changed. From the study, they showed that:

1) As the number of turn increases, the temperature drops of hot fluid also
increased.

2) The increase in number of turns resulted in higher rate of heat transfer.

3) Temperature at the outlet of hot fluid was found to be more at the location
far from the coil axis as compared to nearer location.

4) As the number of turn increases, the absolute pressure inside the coil also
increased, and it was maximum at inlet section of outer cold fluid.

5) The pressure at the inlet and outer fluid was maximum at the point far
from the coil axis.

According to [48], double tube HCHE offers certain advantages over the
straight tubes shell and tube type heat exchanger, in terms of better heat transfer
and mass transfer coefficients due to its fluid dynamics inside the pipe of double
tube HCHE.

[49] presented a comparative analysis of the different correlations given by the
different researchers for HCHE and established the overall effect of these para-
meters on Nusselt numbers and heat transfer coefficient. The analysis showed
that helical coils were efficient in low Reynolds numbers. Also, at constant coil
diameter (D), increase in the tube diameter (d) increased the curvature ratio (9),
which led to the increase in the intensity of secondary flow developed in fluid
flow. The increase in the intensity of secondary flow developed in fluid flow in-
creased the Nusselt numbers. Hence, it was desirable to have small coil diameter
(D) and large tube diameter (d) in helical coil heat exchanger, for large intensi-
ties of secondary flow in tube.

[33] reviewed on forced convection through HCHE. In the review, it was
found that forced convection fluid motion took place by external force so that
the fluid velocity was high and heat transfer coefficient was high. The results
showed that HCHE showed increase in the heat transfer rate, effectiveness and
overall heat transfer coefficient over the straight tube heat exchanger on all mass
flow rates and operating conditions as also confirmed by [50].

The computational fluid dynamics (CFD) simulation was carried out to study
the variation of coil diameter of HCHE with mass flow rate of water at inlet
temperature of 332 K [51]. In the study, temperature drop, heat transfer rate,
heat transfer coefficient and Nusselt number were compared with the geometric
variations and variation in mass flow rate. Results showed that the temperature
drop decreased for decreased in coil diameter and increased in mass flow rate
whereas heat transfer rate increased with increase in coil diameter and mass flow

rate.
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[52] investigated heat transfer and fluid flow characteristics for both Newto-
nian and non-Newtonian fluids in tube-in-tube helical coil (TTHC) heat ex-
changers numerically with and without baffles in both parallel and counter
flows. The results showed that the frictional and Nusselt number is higher in the
TTHC heat exchanger with baffles in the annulus compared to the TTHC heat
exchanger without baffles. Also, the TTHC heat exchanger with baffles had sig-
nificant influence on heat transfer at low Prandtl number whereas at high
Prandtl number, the flow configuration had high significance in heat transfer.

[53] studied helical coiled double pipe heat exchanger for counter flow. Cha-
racteristics of the fluid flow were also studied for the constant temperature and
constant wall heat flux conditions. From the results, Nusselt number increased
with increase in curvature ratio. Also, the value of Nusselt number was found to
increase with increase in mass flow rate (Ze. inlet velocity). With increase in the
ratio of coil diameter to tube diameter (D/d), (inverse of curvature ratio), the
Nusselt number and frictional factor decreased for a particular value of Reynolds
number (Re). Nusselt number and frictional factor had maximum value for D/d
=10 and minimum value for D/d = 30.

[54] studied the effect of increase in inner coil flow rate for a constant flow
rate in the annulus region for double pipe HCHE and observed that the overall
heat transfer coefficient increased with increase in inner coil flow rate for a con-
stant flow rate in the annulus region. Also, different characteristics were ob-
served for different flow rates in the annulus region for a constant flow rates in
the inner-coiled tube. Also, three-dimensional analysis was used to study the
heat transfer characteristics of a double-tube HCHE using nanofluids under la-
minar flow conditions by [55]. The results showed that for 2% CuO nanopar-
ticles in water and at the same mass flow rate in inner tube and annulus, the heat
transfer rate of the nanofluid was approximately 14% greater than of pure water.
The results also showed that the convective heat transfer coefficients of the na-
nofluids and water increased with increase in the mass flow rate and the Dean
number.

[56] analyzed the heat transfer and pressure drop of conical coil heat ex-
changer with various tube diameters, fluid flow rates and cone angles with hot
and cold water of flow rate 10 to 100 liters per minute (Re range 500 to 5000)
and 30 to 90 per minute respectively. The temperatures and pressure drop across
the heat exchanger were recorded at different mass flow rates of cold and hot
fluid. The various parameters (heat transfer coefficient (4), Nusselt number (Nu)
effectiveness (&) and friction factor (f)) were estimated using the temperature,
mass flow rate and pressure drop across the heat exchanger. The analysis indi-
cated that, Nu and f is function of flow rate, tube diameter, coil angle, and cur-
vature ratio. Increased in tube side flow rate increased Nu, whereas it reduced
with increase in shell side flow rate. Increased in coil angle and tube diameter,
reduced Nu.

[29] worked on mixed convection heat transfer in vertical HCHE with various

Reynolds numbers and Rayleigh numbers and various tube to coil diameter ra-
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tios and different coil pitch. The effect of tube diameter, coil pitch, shell-side and
tube-side mass flow rate was assessed over the performance coefficient and
modified effectiveness of vertical HCHE in both laminar and turbulent flow in-
side coil. The result showed effective axial temperature profiles of heat exchang-
er on the mass flow rate of tube-side to shell-side ratio. Also, the &—NTU model
relation of the mixed convection heat exchangers was the same compared to that
of a pure counter-flow heat exchanger.

[57] designed the heat exchanger for maximum values of the flow rates at the
tube and shell side respectively. The maximum heat transfer of 41 kW with the
pinch point temperature difference was fixed at 10 K. In this study, the hot side
inlet temperature of the water was 95°C, while the cold side was an organic fluid,
R-404A refrigerant circulated with an inlet temperature of 27°C, resulting in a
pinch point temperature difference at the outlet of the heat exchanger of 10°C.
The mass flow rates of both fluids were fixed at 2.5 kg/s and 0.25 kg/s at the hot
and cold side respectively. The results showed that, at higher mass flow rate of
the organic fluid, increase in heat transfer in the HCHE was achieved.

Comparing the results from the measurements with the designed specifica-
tions gave an enhanced heat transfer of ~10%. Moreover, from the thermal
match analysis, a pinch point temperature difference of only 2°C was reached at
the exit of the heat exchanger, which is lower than the designed value of 10 K.
From the arguments mentioned in this work, [57] concluded that a more accu-
rate design of the heat exchanger with appropriate correlations could lead to in-
crease in heat transfer and the cycle efficiency, and hence, a new and more accu-
rate correlation for an optimal design of this heat exchanger needs to be derived.

Effectiveness of Helical Coil Heat Exchanger

The effectiveness of heat exchangers is the ratio actual heat transferred to the
heat that could be transferred by heat exchanger of indefinite size, and this can
be achieved when the heat transfer power is increased or when the pressure
losses generated is reduced. [58] reported that the effectiveness of heat exchang-
ers depends on the convection heat transfer coefficient of the fluid. [59] studied
the effectiveness of helical coil and straight tube heat exchangers by varying the
inlet temperature of the hot water. From the results, it was found that the HCHE
had better effectiveness than straight tube heat exchanger for all the inlet tem-
peratures of water. Also, [59] confirmed that the effectiveness of HCHE is found
to be higher for all the inlet hot water temperatures when compared to that of
the straight tube heat exchanger.

[60] also vary parameters like number of coils, flow rate and temperature to
study the effectiveness of a heat exchanger. The results showed that the heat
transfer was higher for both parallel and counter flow in HCHE as compared
with the straight tube heat exchanger. However, [61] compared the effectiveness
of helical coil and straight tube heat exchanger, using mass flow rate of hot water
and cold water in both parallel and counter flow configuration. The study

showed that, the effectiveness increased with increase in cold water mass flow
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rate for constant hot water mass flow rate and vice versa for both helical coil and
straight tube heat exchangers with parallel and counter flow configuration. But,
HCHE counter flow was more effective in all these conditions than the straight
tube parallel flow heat exchanger.

[4] concluded that HCHE was seen to increase the heat transfer coefficient
compared to a similarly dimensioned straight tube heat exchanger. The im-
provement of thermal conductivity of based fluid with addition of nano particles
increased the effectiveness of HCHE [62] and maximum effectiveness was ob-
tained for CuO/water nanofluid. The determination of convective heat transfer
coefficient in both helical and straight tubular heat exchangers under turbulent
flow conditions was experimented by [63] using HCHE with coils of two differ-
ent curvature ratios (d/D = 0.114 and 0.078), and in straight tubular heat ex-
changers at various flow rates (1.89 x 10™ - 6.31 x 10™* m?/s) and for different
end-point temperatures (92°C - 149°C). The results showed that the overall heat
transfer coefficient (U) in the HCHE is much higher than that in straight tubular
heat exchangers. In addition, U was found to be larger in the coil of larger cur-
vature ratio (d/D = 0.114) than in the coil of smaller curvature ratio (d/D =
0.078).

[64] experimentally investigated the condensation heat transfer of R-134a in
horizontal straight and helically coiled tube-in-tube heat exchangers. The expe-
riments were carried out at three saturation temperatures (350, 400 and 450°F)
with the refrigerant mass flux varying from 100 kg/m*s to 400 kg/m*s and the
vapour quality ranging from 0.1 to 0.8. The effects of vapour quality and mass
flux of R-134a on the condensation heat transfer coefficient were investigated.
The results indicate that the condensation heat transfer coefficients of the helical
section were 4% - 13.8% higher than that of the straight section.

[65] has applied the efficiency and effectiveness method and has obtained
promising results. These results are why the efficiency and effectiveness method
is used in a relatively complex and without similar problem or conflicting inter-

est.

3. Conclusion

From the review, HCHE provided more excellent heat transfer performance and
effectiveness than straight tubes and others heat exchangers. The secondary flow
development inside the helical tube led to improvement in heat transfer rates.
The effectiveness of HCHE was found to be higher when compared to that of the
straight tube heat exchanger for all the inlet temperatures and on all mass flow
rates and operating conditions. Heat transfer coefficient increased with increase
in the curvature ratio of HCHE for the same flow rates. The mean heat transfer
coefficient distribution for laminar flow in coiled tubes is uniform and that of
turbulent flow around the tube perimeter is essentially non-uniform. The non-
uniformity is caused by the non-homogeneity of the flow velocity and tempera-

ture distributions which can cause heat transfer from the inner to the outer ge-
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neratrix. Thermal fluids played a predominant role in mass and heat transfer in
special applications such as heat recovery system, heat removal system and heat

enhancement.
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Abbreviations, Acronyms, and Symbols

C -
CFD -
CuO -

NUT -

U .
W -
Greek Letters
a -
c -
1 -
S _
Superscripts

Celsius

Computational fluid dynamics
Copper oxide

Coil diameter (m)

Coil diameter (m)

Tube diameter (m)
Friction factor

Fahrenheit

Heat transfer coefficient
Helical coil heat exchanger
Kelvin

Kilo

Turbulence kinetic energy
Kilograms

Diameter for pipes

Meters

Millimetres

Nusselt number (=)
Number of Transfer Unit
Percentage

Coil pitch

Prandtl number (=)
Refrigerant

Reynolds number (-)
Seconds

Shear Stress Transport
Tube-in-tube helical coil
Overall heat transfer coefficient
Watts

Convective heat transfer coefficient
Effectiveness
Thermal conductivity

Curvature ratio ()

Degree

DOI: 10.4236/aces.2022.121003

39 Advances in Chemical Engineering and Science


https://doi.org/10.4236/aces.2022.121003

	Heat Transfer in Helical Coil Heat Exchanger
	Abstract
	Keywords
	1. Introduction
	1.1. Heat Transfer Characteristics in Coiled Tubes
	1.2. Helical Coil Heat Exchanger Overview

	2. Mass and Heat Transfer in Helical Coil Heat Exchanger
	Effectiveness of Helical Coil Heat Exchanger

	3. Conclusion
	Acknowledgements
	Conflicts of Interest
	References
	Abbreviations, Acronyms, and Symbols

