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Abstract. Owing to the high heat transfer performance, compact design and large surface area per unit volume, the curved and
helical circular tubes have many applications such as heating, refrigeration, air conditioning, steam generation, heat extraction etc.
One of the ways to improve the performance of water heating systems is to enhance the performance of immersed heat exchanger.
In solar heating systems, immersed heat exchangers of curved shape are used to charge and discharge sensible heat water storage
tanks. Effect of arrangement and position of the tubes, geometry of coil, configuration, shape, flow rate, type of working fluid,
Reynolds number associated with flow, and inlet temperature to coil, on the performance of storage systems have been studied in
the literature. Rate of discharge, heat transfer coefficient, effectiveness of heat exchanger, heat transfer rate, discharging efficiency
and increment in temperature of outlet fluid are the standard performance parameters to evaluate the heat transfer and fluid flow
phenomenon in the curved tubes. Heat transfer characteristics are investigated and analyzed for one helical and two conical
coil (conical and inverted conical) configurations using a three-dimensional unsteady numerical model. The numerical model
is validated against reported experimental result and a good agreement is found. For the same length of the coil, the inverted
conical configuration presents more heat transfer surface area to the incoming hot fluid entering the thermal energy storage tank, as
compared to conical coil and helical coil configurations, leading to higher extraction of thermal energy. Based on the performance
parameters, inverted conical coil experiences enhanced heat transfer, high overall heat transfer coefficient and better effectiveness
of heat exchanger as compared to helical and conical coil configurations.

INTRODUCTION

Heat transfer in curved and helical circular tubes draw ample interest due to relatively high heat transfer coefficients
and large surface area per unit volume associated with them. Helical coil tubes are used frequently in heating, refrig-
eration, HVAC applications, steam generation, condenser designs in power plants, nuclear industry, process plants,
heat recovery systems, food industry etc. [1, 2, 3]. The main characteristics of coiled pipes are the compactness, high
heat transfer performance, ease of maintenance, improved thermal efficiency, high operating pressures and extreme
temperature gradients [4]. As the Newtonian fluid flows through a curved pipe, a secondary flow exists in addition to
the main flow caused by longitudinal pressure gradients, which further give rise to centrifugal forces, resulting in the
higher rate of momentum and heat transfer rates. Curved shape of the tube in helical coil of heat exchanger facilitates
passive heat transfer enhancement [S]. The critical Reynolds number (Re.,) in case of coiled tubes can be determined
as follows [6].
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Where r is the tube radius and R, is the coil radius. For curvature ratios R less than 860, Re,, becomes equal to
that of a straight tube. Modern designs of domestic hot water (DHW) system involve cold water flowing through a
heat exchanger coil immersed in the hot water of the thermal energy storage (TES) tank for effective extraction of
stored heat content [7]. Immersed heat exchangers have been used recently to discharge indirect integral collector
storage (ICS) systems [8]. Optimization of the hot water tank geometry [9] and enhancement in the immersed heat
exchanger performance [10] are some of the prominent ways to improve the performance of water heating systems.
Published literature demonstrates that the placement of baffles around the heat exchanger coil fixed inside the storage
tank under natural convection heat transfer mode improves the rate of discharge [11] and increases the effectiveness of
heat exchanger [12]. Feeding of working fluid to the heat exchanger from the bottom enhances heat transfer between
the hot and cold working fluids [13]. Literature suggests that the immersed heat exchanger should be coiled upwards



inside the TES tank and should be located in upper region of the tank to achieve enhanced rate of heat extraction
and improved discharging efficiency [7, 10, 14]. Circular truncated cone structure of storage tank with helical coil
heat exchanger provides high discharging efficiency [15]. Further, surface modification of the tube of heat exchanger
leads to high effectiveness of heat exchanger [16]. Several Nusselt number (Nu) correlations have been developed by
performing experiments on helical coil heat exchangers with different geometrical parameters such as curvature ratios
(C.R), number of turns (N), pitch to diameter ratios (p/D), pitch (p), considering varying flow rates of the working
fluid (water, oil or steam) [17, 18, 19, 20]. The correlations formulated through the experiments and mathematical
modelling brought forth that heat transfer coefficient is dependent on the tube diameter [1]. For the helical coils,
although the heat transfer rate increases with the number of turns, the heat transfer coefficient is inversely proportional
to number of turns. This behaviour is attributed to the rise of the plumes from the lowest to highest turns successively,
thereby reducing the effectiveness of upper turns. Consequently, the average heat transfer coefficient decreases with
the increase in number of turns [19]. The total height of the coil is considered as the characteristic length, suited best
to the correlations [21].

Published literature also demonstrates the comparisons made on the basis of curvature ratio, fluid flow rate, rise
in temperature of target fluid, pitch circle diameter and heat transfer coefficient [22, 23], coil geometry [24], friction
factor associated with coil [5], positioning of coil inside storage tank [25], inlet temperature to coil [26], cone angle
of conical coils [27], fluid type [28], Reynolds number and pitch and tube diameter [4]. Coronel and Sandeep [22]
performed experiments on both helical and straight heat exchanger under turbulent conditions to determine the con-
vective heat transfer coefficient. The results indicated that the overall heat transfer coefficient (U) is higher for helical
heat exchanger and it increases with curvature ratio and flow rate. Jayakumar et al. [23] performed CFD simulations
to study the variation of local Nu along the length and circumference of pipe for vertically oriented helical coils by
varying coil parameters. Authors found that the Nu on the outer side of the coil is higher than that at any other loca-
tion at that cross-section. The effect of coil curvature on flow and average Nu were found to decrease with increasing
pitch circle diameter (PCD). Prabhanjan et al. [24] experimentally compared the helical coiled heat exchanger with
straight tube heat exchanger and the results showed that the average heat transfer coefficient of helical coil is greater
than that of the straight tube heat exchanger for every flow rate studied. Conte et al. [25] numerically investigated
the forced laminar fluid flow over helical and conical pipes with circular cross-section by considering exterior flow
arrangements for three different Re. Authors concluded that the higher heat transfer is associated with the conical coil
as compared to the helical coil for the same surface area. Shinde [26] experimentally showed that the conical coil heat
exchanger performs better in terms of the Nu on the inner tube, heat exchanger effectiveness and heat transfer rate as
compared to the straight tube counterpart. However, the inner tube Nu was found to increase with increasing coil side
flow rate, whereas the heat exchanger effectiveness decreased. Purandare et al. [27] experimentally investigated the
thermal performance of fifteen conical coil heat exchangers with different cone angles and tube sizes for varying flow
rates of hot and cold fluids and concluded that Nu increases, and effectiveness of heat exchanger decreases with the
increase in Re based on the inner diameter. Wongwises and Naphon [28] experimentally investigated the heat transfer
characteristics of spiral coil heat exchanger under sensible cooling conditions, where the heat exchanger effectiveness
was found to be inversely proportional to the mass flow rate of air and directly proportional to the mass flow rate of
water. Ghorbani et al. [29] studied the mixed convection heat transfer in coil-in-shell heat exchanger for different
Re, curvature ratios and coil pitch under laminar and turbulent flow conditions by performing experiments. Authors
found that the heat transfer coefficient decreased rapidly as the coil surface area was increased and was not affected
by the tube diameter. Mirgolbabaei et al. [4] numerically simulated the mixed convection heat transfer from vertical
helical coiled tubes in cylindrical shell at various flow and geometrical conditions. Their results demonstrated that
shell side heat transfer coefficient increases with tube diameter, and it initially increases with increasing pitch of coil
and thereafter decreases.

Forthgoing discussion shows that the rise in outlet temperature of cold working fluid is affected by coil geometry,
flow rate, configuration of heat exchanger, and placement of baffles and surface modifications of coil. Although several
experimental and numerical studies have been conducted to analyze the performance of helical coil heat exchanger,
the conical coil configurations have not been extensively explored thermodynamically and hydro-dynamically. For a
coiled pipe with one fluid moving through it and a second fluid flowing over the outer surface, an increase in thermal
performance may be obtained through a suitable geometrical configuration. Generation of secondary flows is the
reason of high thermal performance of coiled pipes because it produces additional transport of the fluid over the
cross-section of circular pipe which in turn affects the heat transfer. Very few studies have compared straight, spiral,
conical and helical coil tube heat exchangers based on the performance parameters, i.e., heat transfer coefficient,
amount of heat transfer and the associated Nu, efficiency and effectiveness of heat exchangers, experimentally, as well
as numerically. In the present study, to find the optimal heat transfer intensification, one helical coil and two conical



Tc.aut n I

B ——]
=
S
-+ (=3
z &
Loy ,
Tein - I—' y - —
i Th,aut
210
(@)
Tc,tmt
(=]
z = E
l—o Yy
Tain

‘ Th,nut

540
(©)

FIGURE 1. Three-dimensional numerical domain of three cylinders with a) helical, b) conical and c) inverted conical coil config-
uration (all dimensions are in mm and are not to scale).

coil (conical and inverted conical coil) configurations are considered, and their thermal performances are compared
based on the standard performance parameters. Inverted conical coil has larger length exposed to hot incoming fluid
from the inlet of tank which leads to more heat extraction time for the cold working fluid at a fixed flow rate, leading
to good thermodynamic quality of the extracted energy.

NUMERICAL DOMAIN

Geometrical domain

A numerical model for the cylindrical tank, as well as the coil configuration is developed to analyse the performance
of different coil configurations under four coil side flow rates of working fluid while the flow rate at cylinder side is
kept constant. Two cylindrical tanks, one for the helical coil and other for the two conical coil configurations are used
in the model. Height and inner diameter of cylindrical tank used to accommodate the helical coil configuration are
400 and 210 mm respectively. Cylindrical tank of height and inner diameter 290 and 540 mm respectively are used
for both conical and inverted conical coil configurations. The hot working fluid is fed from the top of the cylinder and
the cold working fluid is circulated through the coil. To compare the thermal performance of three heat exchanger
configurations, coil length (L), pitch (p), inner and outer diameters of tube (d; and d,) are kept same for helical,
conical and inverted conical coil configurations. Number of turns (N), coil height (H,,;), tank diameter (D;;) and
tank height (H,,,;) are taken different to keep the coil volume same for every configuration. Pictorial representation
of three-dimensional domains for the aforesaid tank arrangements and coil configurations is shown in the figure 1.
For the same length of the coil, the heat transfer surface area exposed to the flow in cylindrical tank is more in case of
conical coil heat exchangers as compared to helical coil heat exchanger, leading to high extraction of thermal energy



TABLE I. Common geometrical properties of helical and conical coils

Parameters Values
Length of coil (L, mm) 7540
Axial pitch (p, mm) 25
Inner diameter of pipe (d;, mm) 10
Outer diameter of pipe (d,, mm) 14
Surface area of coil (A, m?) 0.329

TABLE II. Different geometrical properties of helical and conical coils

Helical coil Conical coil Inverted conical coil
Number of turns (V) 14 9 9
Height of coil (H_,;;, mm) 350 225 225
Radial pitch (P, mm) - 25 25
Top diameter of coil (dr, mm) 170 64 500
Bottom diameter of coil (dg, mm) 170 500 64
Volume of tank (V,m?) 0.0138 0.0664 0.0664

[25]. For the three types of configurations, the same length of circular pipe, axial pitch pipe inner and outer diameters
are considered. The number of turns (N) is 14 for the helical coil, and 9 for the conical coils, respectively. The
geometrical properties for helical and two conical coils are specified in tables I and II, respectively.In this study, the
water is considered as the working fluid for both the coil ( as the cold working fluid) and the tank (as the hot working
fluid). The thermo-physical properties of the water are listed in table III. The operating conditions are specified in
table IV.

Numerical Formulation

The characteristics of heat transfer and the behaviour of fluid flow in the three-dimensional domain of the cylinder and
coil system are evaluated by solving a set of standard mass, momentum, and energy equations. In the z-momentum
equation, Boussinesq approximation, which considers the variation of density of working fluid with temperature only,
is applied to include the buoyancy effect to the system. The assumptions made to develop the numerical model are
listed below, (i) Newtonian and incompressible fluid, (ii) constant hot and cold working fluid inlet temperature, (iii)
isotropic and constant thermo-physical properties of the working fluid for the range of temperature considered in the
study (iv) no internal heat source , and (v) radiation heat transfer is neglected. The critical Reynolds number based
on equation (1) are 7827 and 6701 for the helical and the conical coil configurations, respectively. The maximum
Reynolds number evaluated based on the inlet velocity and the inner diameter of coil is 4326. Laminar flow regime
is considered inside the coil for the configurations considered in the study as the maximum Reynolds number is less
than the critical Reynolds number. The governing equations are expressed as:

a) Conservation of mass equation:

du dv dw
5 T E + Fri 0 2)
b) Conservation of momentum equations:
Plor T ox Ty "oz )T Tax M e T 92T 92

TABLE III. Thermo-physical properties of water

Specific heat (C),,J /kg.K)  Density (p,kg/m?)  Thermal conductivity (K,W/m.K)  Dynamic viscosity (u, Pa.s)
4200 998 0.59 0.00098




TABLE IV. Fluid flow and temperature conditions for helical and conical coils

Parameters Values
Inlet temperature to tank (7;,,° C) 70
Inlet temperature to coil (7;;,° C) 35
Inlet flow rate to tank (Q;y, ;qnk, L/min) 1
Inlet flow rate to coil (Q;, cois, L/min) 0.5-2

Jdv  udv vdv wdv opP 0%y 9% 9%
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where p, U, g, C,, and K are the density, dynamic viscosity, acceleration due to gravity, specific heat capacity and
thermal conductivity of the working fluid.

The boundary conditions of the cylinder and coil system considered are:

(i) No slip condition at the wall of tank and coil, u|; =0

(1) At inlet of tank, z = Hygui, T = Tpi, u = up;

(iii) At inlet of coil, T = T, u = u,;

(iv) At outlet of tank and coil, P =0

(v) Tank surface is adiabatic,

aT
—)s=0 7
(vi) Coupled wall condition at heat exchanger wall,
aT
Ky(=—)=m(Ty — T, 8
( n ) = hi( i) ®)

The initial conditions considered are:

(1) Initial temperature of system, att =0, t = Tj;

(ii) Initial velocity of fluid in tank and coil, at t =0, u = u;;,;; =0

where, s stands for the tank surface and n is the coordinate measured normal to the surface. h;, K, hy, T,, and T},
represents the hot inlet, thermal conductivity of heat exchanger wall, heat transfer coefficient of the hot fluid near the
wall of heat exchanger, wall temperature of coil and the temperature of hot water respectively. A commercial software,
COMSOL Multiphysics 5.4a which is based on finite element method is used to solve the the governing equations
(2,3,4,5,6) together with the initial and boundary conditions. For the velocity and pressure terms, the first order
element discretization is done. Linear discretization is used by the solver for temperature variable. Nested dissection
multithread algorithm is utilised in the PARDISO solver for simulations. The criteria of convergence for the energy
and momentum equations are set as 10~® and 1073, respectively.

Performance parameters

a) Heat transfer
The heat transfer rate q (£) is expressed as:

(gn+qc)

4= ©



where, gy, is the heat transferred by hot working fluid; g, = th( ) (Tin — Tout )1, and ¢, is the heat transferred by cold
working fluid, ¢, = mCC(W.) (Tour — Tin)c- The parameters h, c, in, out and m represents the hot fluid, cold fluid, inlet,
outlet condition and mass flow rate respectively.

b) Overall heat transfer coef ficient
The overall heat transfer coefficient U, (,,YQLK) is expressed as:

q

U =
? ATon

(10)

where, A, = 7d,L, is the outer surface area of coil. AT}, is the log mean temperature difference based on the inlet
temperature difference A7; and outlet temperature difference AT;,, as expressed in equation 11.

AT; — AT,
AT, = % (11)
In( AE,)
¢) Heat exchanger ef fectiveness
The effectiveness of heat exchanger, € is expressed in equation 12.
Too — T
g=-2 ¢ (12)
Thi - Th(}

where, T, and T,; are the steady state outlet and inlet temperature of cold working fluid respectively, and 7j; is the
steady state inlet temperature of hot working fluid.

MODEL VALIDATION

Grid size independence study

In order to ensure the computational economy of the simulations performed, the grid size independence study of the
numerical model is executed. Three grid sizes namely, coarse, normal, and fine are selected for the grid independence
study. The temporal variations of the coil outlet temperature for the three chosen grid sizes are shown in figure 2(a).
It is noticed that when the grid size is changed from normal (grid elements 133577) to fine (grid elements 172023),
the maximum difference in the temperature of the cold working fluid at the outlet of the conical coil configuration is
only 0.45%. Therefore, the normal grid size with 133577 elements is selected for further simulations.

Numerical model validation

In order to ensure accuracy of the calculation and results, the working process of shell and helical coil heat exchanger
is imbibed from Puttewar [30] and the results are presented in figure 2(b). The fluid flow and temperature conditions
along with initial and boundary conditions are kept similar to that of experimental conditions specified by Puttewar
[30]. Figure 2(b) shows the variation of coil outlet temperature with the coil side flow rate at a fixed shell side flow
rate. The numerical results are found to be in good agreement with the experimental results. The numerical model
can capture the coil side working fluid’s temperature with the maximum error of 1.96%.

RESULTS AND DISCUSSION

Comparison of helical and conical coil

a) Coil outlet temperature variation with time
Figure 3(a) shows the temporal variation of the outlet temperature of cold working fluid for helical and conical coil
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FIGURE 2. a) Temporal variation of coil outlet temperature with different grid elements for conical coil configuration at 0.5 L/min
flow rate and b) Variation of coil outlet temperature with flow rate of hot water, at a constant flow rate of cold water (1.11 L/min).
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FIGURE 3. Temporal variation of coil outlet temperature for a) helical and conical coils and b) conical and inverted conical coils,
at different flow rates at the coil side

configurations at four different flow rates. The outlet temperature of the cold working fluid increases with time for
both coil configurations, upon gaining heat from the surrounding hot working fluid in the tank. The outlet temperature
of cold working fluid becomes steady once the thermal equilibrium is attained. As the cold working fluid flow rate is
increased from 0.5 to 2 L/min, the steady temperature attained by the cold working fluid decreases for both the coil
configurations. At a particular flow rate, the steady state outlet temperature of cold working fluid is higher for conical
coil, as it gains more heat energy owing to the larger surface area exposed to the surrounding hot fluid in the tank. The
higher temperature of working fluid at the outlet of coil depicts higher thermodynamic quality of energy.

b) Tank outlet temperature variation with time

Figure 4(a) shows the temporal variation of the temperature of hot working fluid at the tank outlet for four different
flow rates of cold working fluid passing through the helical and conical coil configurations. The outlet temperature
of hot working fluid increases with time for both coil configurations as inlet of tank is being fed continuously with
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FIGURE 4. Temporal variation of tank outlet temperature for a) helical and conical coils and b) conical and inverted conical coils,
at different flow rates at the coil side

hot working fluid at 70°C. As the cold working fluid flow rate is increased from 0.5 to 2 L/min, the steady state
temperature of hot working fluid at the outlet of tank decreases for both helical and conical coil configurations. At a
particular flow rate, the average outlet temperature of hot working fluid is lower for the conical coil, as compared to
helical coil configuration. This is attributed to the higher amount of thermal energy captured by the cold working fluid
through a larger heat transfer surface area, while flowing through the conical coil configuration.

¢) Heat transfer variation with time

Figure 5(a) shows the temporal variation of heat transfer from hot to cold working fluid for four different flow rates of
cold working fluid passing through helical and conical coil configurations. During the early stages of the heat transfer
process, the temperature of the cold working fluid at outlet increases slowly from the initial value of 35°C, indicating
a smaller extent of heat transfer. As the time elapses, the sudden rise in temperature is observed indicating higher
extent of heat transfer. As the working fluid temperature approaches steady state, the extent of heat transfer starts
to diminish. Subsequently, a peak can be clearly observed in the temporal evolution of the heat transferred into the
cold working fluid. As the cold working fluid flow rate increases from 0.5 to 2 L/min, the extent of heat transfer also
increases for both coil configurations. During the process, for a particular flow rate, the maximum heat transferred
from the hot to cold working fluid is higher for the conical coil configuration as compared to helical coil configuration
because of the improved heat transfer coefficient, which can be owed to the continuously changing curvature ratio of
the conical coil.

Comparison of conical and inverted conical coil

a) Coil outlet temperature variation with time

Figure 3(b) shows the temporal variation of outlet temperature of cold working fluid at four different flow rates
of cold working fluid through the conical and inverted conical coil configurations. The outlet temperature of cold
working fluid increases with time for both the configurations as it gains heat from the surrounding hot working fluid
in the tank. Steady state is achieved, when the hot and cold working fluids reach thermal equilibrium. The steady
state outlet temperature of cold working fluid decreases for both the configurations with increasing cold fluid flow
rate. The inverted conical coil has higher surface area exposed to the hot working fluid at the inlet as compared to
the conical coil configuration. Consequently, for a fixed flow rate of cold working fluid, the average outlet temper-
ature of cold working fluid is higher for the inverted conical coil configuration as compared to conical coil counterpart.

b) Tank outlet temperature variation with time
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FIGURE 5. Temporal variation of heat transfer from hot to cold working fluid at different flow rates of cold working fluid for a)
helical and conical coil and b) conical and inverted conical coil configurations

Figure 4(b) shows the temporal variation of hot working fluid temperature at the storage tank outlet for four different
cold working fluid flow rates through the conical and inverted conical configurations. The temperature of hot working
fluid at the tank outlet increases with time for both coil configurations. The steady state outlet temperature of hot
working fluid decreases with increasing flow rate of cold working fluid for both coil configurations. For the whole
duration of process, a major portion of the length of inverted conical coil is exposed to hot incoming fluid in the
upper portion of tank which ensures effective transfer of heat content into the cold working fluid passing through the
coil. On the contrary, in case of conical coil, the length exposed to hot incoming fluid in the upper portion of tank is
considerably smaller. Therefore, at a particular flow rate of cold working fluid, the heat content transferred to the fluid
in inverted conical coil is higher as compared to conical counterpart, leading to a higher average outlet temperature in
inverted conical coil configuration.

¢) Heat transfer variation with time

Figure 5(b) shows the temporal variation of heat transfer from hot to cold working fluid for different flow rates of
cold working fluid through the conical and inverted conical coil configurations. Heat transferred from the hot side
to the cold working fluid increases with the increase in coil side flow rate for both configurations. Evidently, at a
particular flow rate of cold working fluid, the heat content captured by the inverted conical coil configuration is higher
as compared to the conical configuration.

Comparison of helical, conical and inverted conical coil configurations

a) Comparison of overall heat transfer coef ficient

Figure 6(a) shows the variation of overall heat transfer coefficient with the cold working fluid volume flow rate for
helical, conical, and inverted conical coil configurations. As the flow rate is increased from 0.5 to 2 L/min, the
overall heat transfer coefficient increases for each coil configurations demonstrating an enhancement in the extent
of heat transfer as evident from figures 5(b) and 6(a). For a particular flow rate through the coil, the overall heat
transfer coefficient is always higher for the inverted conical coil configuration as compared to conical and helical coil
configuration indicating better heat exchange characteristics of inverted conical coil over other two configurations.

b) Comparison of average ef fectiveness of heat exchanger

Figure 6(b) shows the variation of heat exchanger average effectiveness for different cold fluid flow rates for the
helical, conical, and inverted conical coil configurations. Effectiveness of heat exchanger is dependent on the coil
side outlet temperature. Increasing the flow rate leads to decrease in the outlet temperature at the coil side, leading to
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decrease in average effectiveness of the heat exchanger. For a particular flow rate, heat exchanger average effectiveness
is higher for inverted conical coil configuration as compared to conical and helical coil configurations.

CONCLUSION

The present study conducts a numerical investigation to compare the heat transfer characteristics among different
geometrical configurations (in helical, conical and inverted conical coil) of heat exchanger for four different flow rates
of the working fluid at the coil side. A numerical model is developed and is validated with the reported experimental
results. In order to compare the thermal performance of three configurations of heat exchanger, coil length, pitch, as
well as the inner and outer diameters of tube are considered to be the same. Number of turns, coil height, tank diameter,
and tank height are taken different to keep the coil volume same for every configuration. For a particular flow rate
of cold working fluid, the extent of heat transfer, overall heat transfer coefficient and effectiveness of heat exchanger
are found to be the highest for inverted conical coil configuration and the lowest for helical coil configuration. For
the same flow rates of hot and cold working fluids, inverted conical coil presents the largest heat transfer surface area
to the hot fluid entering the storage tank, leading to a higher temperature of the working fluid at the coil outlet. Heat
extraction time available for the cold working fluid is lesser in helical and conical coil configurations as compared
to the the inverted conical coil configuration, and subsequently, the thermodynamic quality of the extracted energy is
better in case of inverted conical heat exchanger configuration.
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