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Abstract

Effect of curvature ratios on the heat transfer and flow developments in the horizontal spirally coiled tubes are investigated. The spi-
rally coiled tube is fabricated by bending a 8.00 mm diameter straight copper tube into a spiral-coil of five turns. The spirally coiled tube
with three different curvature ratios of 0.02, 0.04, 0.05 under constant wall temperature are tested. Cold water entering the innermost turn
flows along the spiral tube and flows out at the outermost turn. The turbulent flow and heat transfer developments are simulated by using
the k—¢ standard turbulence model. A finite volume method with an unstructured nonuniform grid system is employed for solving the
model. The simulated results are validated by comparing with the present experiment. The predicted results for the convective heat trans-
fer and flow characteristics are reasonable agreement with the experiments. The centrifugal force has significant effect on the enhance-
ments of heat transfer and pressure drop. In addition, due to this force, the heat transfer and pressure drop obtained from the spirally

coiled tube are higher than those from the straight tube.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbulent flow and convective heat transfer in a spirally
coiled tube are complicated as comparing the straight tube.
This is because the heat transfer and flow developments in
the curved tube strongly depend on the behavior of second-
ary flow. The secondary flow in the curved tube is caused
by the centrifugal force. Helical and spiral coils are well
known types of curved tubes which have been used in a
wide variety of applications. However, most studies for
curved tubes are concerned with the helically coiled heat
exchanger [1]. Prabhanjan et al. [2] experimentally studied
on the natural convection heat transfer from helical coiled
tubes in water. The predicted outlet temperature was com-
pared with the measured values from an experimental
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setup. Palazoglua and Sandeep [3] considered effect of tube
curvature ratio on the residence time distribution of multi-
ple particles in helical tubes. All of the parameters, except
the carrier fluid viscosity, had strong effects on the flow
behavior of particles. Ceresa et al. [4] collected the atmo-
spheric moisture from a continuous air flow through a
refrigerated coil tube. Ko and Ting [5,6] studied entropy
generation, thermodynamics and Reynolds number optimi-
zations of fully developed laminar convection in a helical
coil with constant heat flux. In their third and fourth
papers, Ko and Ting [7,8] analyzed the optimal mass flow
rate and curvature ratio for fully developed laminar forced
convection in a helical coiled tube with constant heat flux
based on minimal entropy generation principle. Air and
water were used as working fluids. Murai et al. [9] experi-
mentally investigated effects of centrifugal acceleration on
the flow regime map and the spatial and the temporal flow
structure distribution of air—water two-phase flow in heli-
cally coiled tubes. Cioncolini and Santini [10] carried out
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Nomenclature

A surface area, m”
Cyo turbulent model constant
¢ specific heat, kJ/kg °C

d; tube diameter, m
H length of tube, m
k turbulent kinetic energy, m?/s
My water mass flow rate, kg/s
p pressure, kN/m?
0 heat transfer rate (kW)
r radius coordinate
T temperature, °C
u velocity in axial direction, m/s
w velocity in azimuthal direction, m/s
C, turbulent model constant
C, turbulent model constant
Cr curvature ratio
f friction factor
1 turbulent intensity
L turbulence characteristics length, m
Nu Nusselt number
Pr Prandtl number
R residual parameter
Re Reynolds number
time, s
v velocity in radius direction, m/s

axial coordinate, m

Greek symbols

1) azimuthal coordinate

p density, kg/m’

D viscosity energy dissipation function
o, diffusion Prandtl number for ¢
& dissipation kinetic energy, m?/s’
i viscosity, kg/ms

O diffusion Prandtl number for k
T shear stress

Subscripts

ave average

c curve

1 laminar

« parameter

tu tube

w water

b bulk

n inlet

max  maximum

t turbulent

wall wall

to investigate the transition from laminar to turbulent flow
in helically coiled pipes. Twelve coils have different ratios
of coil diameter to tube diameter were tested. Kumar
et al. [11] studied the mixing efficiency in a curved tube.
In this work, a computational fluid dynamics study was
performed in curved tubes of circular cross-section of finite
pitch under laminar flow conditions to examine the scalar
mixing of two miscible fluids using scalar transport
technique.

Compared to the numerous investigations in the heli-
cally coiled tubes, there are few researchers on the heat
transfer in the spiral-coil heat exchangers as in open litera-
ture [1]. Ho et al. [12,13] used the relevant correlations of
the tube-side and air-side heat transfer coefficients in the
simulation to determine the thermal performance of the
spiral-coil heat exchanger under cooling and dehumidifying
conditions. Nakayama et al. [14] numerically studied the
cooling a fluid flowing through a spiral coil immersed in
a chilled water container. A simple axisymmetric numerical
procedure was described to determine the temperature of
the fluid in the spiral coil and that of the coil surface.
Naphon and Wongwises [15,16] modified the mathematical
model of Ho et al. [13] by including the fin efficiency and
using the other existing the heat transfer coefficient correla-
tions to determine the performance and heat transfer
characteristics of spiral-coil tube heat exchanger under

wet-surface conditions. The relevant parameters on the
performance of the heat exchanger were discussed.

Due to the complex study on heat transfer and flow
developments in each layer of the spirally coiled tube of
the spiral-coil heat exchanger, investigation on the heat
transfer in spiral-coil heat exchangers has received compar-
atively little attention in literature, especially numerical
study. The objective of this paper is to study the heat trans-
fer and flow characteristics in the horizontal spirally coiled
tube of the spiral-coil heat exchanger. Effects of curvature
ratios and relevant parameters on the heat transfer and
flow characteristics are discussed. Numerical results are
verified by comparing with the present measured data.

2. Experimental apparatus and procedure

Fig. 1 shows a schematic diagram of the experimental
apparatus. The experimental set up is composed of a test
section, refrigerant loop, cold water loop and data acquisi-
tion system. The test section and the connections of the
piping system are designed such that parts can be changed
or repaired easily. The test section is the horizontal spirally
coiled tube which immerged inside the hot water storage
tank. The close-loop of cold water consists of a 0.5 m> stor-
age tank, an electric heater controlled by adjusting the volt-
age, and a cooling coil immerged inside a storage tank. The
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Fig. 1. Schematic diagram of experimental apparatus.

cold water is chilled by the refrigeration system. The hot
and cold water are adjusted to the desired level and con-
trolled by temperature controller. After the temperature
of the cold water is adjusted to achieve the desired level,

the cold water is pumped out of the storage tank, and is
passed through a flow meter, test section, and returned to
the cold water storage tank. The flow rate of the cold
water is controlled by adjusting the valve and measured
by the flow meter with the accuracy of +0.2% of full
scale. The test section is fabricated from the straight copper
tube. The dimensions of the test section are listed in
Table 1.

The water temperature is measured in six positions with
type T copper-constantan thermocouples by extending
inside the tube as shown in Fig. 2. The accuracy of the type

Table 1

Dimensions of the horizontal spirally coiled tubes

Parameters Dimensions
Outer diameter of tube, mm 9.60

Inner diameter of tube, mm 8.00

Length of test section, mm 5200, 4800, 4000
Pitches of spirally coiled tube, mm 30, 20, 18
Curvature ratio, (r/r.) 0.02, 0.04, 0.05
Number of coil turns 5

T copper-constantan thermocouple is £0.10% of full scale.

ater outlet

e
r Wateli inlet

Thermocouple
wires

Copper tube

In addition, all the thermocouples are precalibrated by

Fig. 2. Photograph of the horizontal spirally coiled tube used in the present study.
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Table 2

Experimental conditions

Variables Range
Inlet-cold water temperature, °C 20-25
Inlet-hot water temperature, °C 45-60
Cold water mass flow rate, kg/s 0.02-0.16
Table 3

Accuracy and uncertainty of measurements

Instruments Accuracy  Uncertainty
Rotameter (kg/s) 0.2% +0.10
Thermocouple type T, Data logger (°C)  0.1% +0.10
Differential pressure transducer 0.02% +0.02

dry-box temperature calibrator. The differential pressure
transducer with the accuracy of 40.02% of full scale is
employed to measure the pressure drop.

Experiments were conducted with various temperatures
of hot and cold water, and flow rate of cold water entering
the test section. In the experiments, the cold water flow rate
was increased in small increments while cold water and hot
water temperatures were kept constant. The hot and cold
water temperatures were adjusted to achieve the desired
level by using electric heaters controlled by temperature
controllers. Before any data were recorded, the system
was allowed to approach the steady state. Data collection
was carried out using a data acquisition system which all
data were recorded three times. Temperatures at each posi-
tion and pressure drops were averaged over the time per-
iod. The range of experimental conditions in this study,
uncertainty and accuracy of the measurement are given in
Tables 2 and 3, respectively.

3. Mathematical modelling

By considering the geometry and physical problem as
shown in Fig. 3, the k—¢ standard turbulence model [17]
is used to simulate the turbulent flow and heat transfer
developments. The fully elliptic differential governing equa-
tions of the unsteady turbulent flow in the spirally coiled
tube can be written in the following forms:

Continuity equation:
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Fig. 3. Schematic diagram of the unstructured nonuniform grid system
for spirally coiled tube.
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The turbulent kinetic energy, k, and turbulent kinetic
energy dissipation, ¢, are coupled to the main governing
equations via the turbulent viscosity relation
(1, = pC,k*/¢). The empirical constants for the turbulence
model are arrived by comprehensive data fitting for a
wide range of turbulent flow of Launder and Spalding
[18]:
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C,=009, Cy=147, C,=192, 6, =10, o,=13

©)
Boundary conditions:
In the present study, noslip and isothermal boundary

conditions are applied on the spirally coiled tube wall as
follows:

u=0, v=0, w=0, T =Ty (10)

where u, v, w are the axial, radius and azimuthal velocities,
respectively.

Initial conditions:
At the inlet boundary condition, the uniform profiles for

all the properties are as follows:
U = Ujp, U:(), W:07 T:Tin; k:kinv

& = &n
(11)
The turbulent kinetic energy, k;,, and the turbulent
kinetic energy dissipation, &,, at the inlet section are

approximated from the turbulent intensity, 7, and a turbu-
lent characteristics length, L, as follows:

k3/2
(uinl)*, & = ot — (12)

kin =
L

N W

In the present study, the turbulence characteristics
length, L, is set to be 0.07ry. The factor of 0.07 is based
on the maximum value of the mixing length in the fully
developed turbulent flow [19]. The turbulent intensity level,
I, is defined the ratio of the root-mean-square of the velocity
fluctuation, #/, to the mean flow velocity, u, as follows:

/

=" % 100% (13)
u

To represent the results and characterize the turbulent
heat transfer and flow in the spirally coiled tube, the
following variables and parameters are presented.

A
sITwdA
Ty = 0 104 (14)
Jo usd4
Qave = chp(TbW,Out - Tw,in) (15)
_ (Que/4i) - di e
Nuy = K(Twat = Tt)’ Nutgye = 7 Nuyde (16)
21, 1o
= — = — 1
f(i) pulzn ) fave 7 o f¢d¢ ( 7)
APave fave'p'u‘2
— n 1
H 2.4, (18)

where 714 is local shear stress calculated with the normal
velocity gradient at the wall, 4; is the inner tube surface
area, x is the thermal conductivity, u is the axial velocity,
H is the length of the spirally coiled tube, and Q..
is determined from the heat removal capacity by cold
water.

4. Numerical computation

The governing equations (1)—(18), are a set of convec-
tion equations with velocity and pressure coupling. Based
on the control volume method, SIMPLEC algorithm of
Van Doormal and Raithby [20] is employed to deal with
the problem of velocity and pressure coupling. Second-
order upwind scheme and unstructured nonuniform grid
system with 5.4 x 10° grids are used to discretize the main
governing equations as shown in Fig. 3. A grid indepen-
dence is carried out in the analysis by adopting different
grid distributions of 4.0 x 10°, 4.5 x 10°, 5.4 x 10° and
6.5 x 10°. The grid independence test indicated that the
grid system of 5.4 x 10° ensure a satisfactory solution. This
is verified by the fact that the difference of the computed
results of temperature, friction factor, and heat transfer
rate with grid finer than the 5.4 x 10’ (e.g. 6.5 x 10°) and
those with the 5.4 x 10° grid within only 1%. At the inlet,
fluid with turbulence intensity, /, and temperature, Tj,,
enters the spirally coiled tube at the velocity of u;,. The spi-
rally coiled tube wall temperature is assumed to be an uni-
form tube wall temperature, Tyapave. Velocity boundary
condition is applied at the inlet section while the pressure
boundary condition is used at the outlet section. The com-
mercial program FLUENT has been used as the numerical
solver. The numerical computation is ended if the residual
summed over all the computational nodes satisfies the fol-
lowing criterion:

Rﬂ
L1077 (19)
Rz,max

where R is the residual at the nth iteration for variable, x
(u,v,w,k,¢), and R is the maximum residual value after
m iterations.

5. Results and discussion

Because there is almost no data as in the open literature
on the heat transfer and flow characteristics in the spirally
coiled tube, the predicted results are compared with the
present experimental data. Fig. 4 shows the variation of
the water temperatures with the position along the spiral
tube for different cold water mass flow rates. The 1st and
6th positions are represented as the inlet and outlet sections
of the horizontal spiral coil, respectively. The cold water
entering the innermost turn flows along the spiral tube
and flows out at the outermost turn. The test section is
the spirally coiled tube which immerged inside the hot
water tank. The experiments are carried out under constant
tube wall temperature, for curvature ratios, (rw/rc), = 0.04,
0.05, inlet cold water temperatures and average tube wall
temperature of 25 and 35 °C, respectively.

As expected, the water temperature increases with
increasing distance from the inlet section. However, at
higher distance from the inlet section, this effect tends to
decrease. It should be noted that when the cold water mass



P. Naphon, J. Suwagrail International Journal of Heat and Mass Transfer 50 (2007) 444-451

50 T T T T T T
451 ™ (kg/s) Experiment Mathematical model i
0.05 .
—_ 0.08 a _—
L 40 0.12 . — 1
£ 35 ]
g
g 30 .
g
]
=25 1
L
<
= 20 T,, -25°C 1
Tyanae= 335 °C
15 Cy =004 b
10 1 1 1 1 1 1
1 2 3 4 5 6 7
Position

Fig. 4. Variation of water temperature with position of spirally

tube.

coiled

flow rate, the inlet cold water and average tube wall tem-
peratures are kept constant, the water temperature at var-
ious positions decrease as the cold water mass flow rates
increase. The average difference between the measured data
is 7.50%. Fig. 4 also compares the results obtained from the
present experiment and those from the numerical study. It
can be clearly seen from figure that the results obtained
from the model slightly overpredict the measured data.
Fig. 5 illustrates the variation of the outlet water tem-
perature with water mass flow rate for different curvature
ratios. It is found that when the inlet cold water and aver-
age tube wall temperatures are kept constant, the outlet
water temperature decreases with increasing cold water
mass flow rate. This is because the heat transfer rate
increases as water mass flow rate increases. But, the
increasing of the heat transfer is less than that of cold water
mass flow rate. Therefore, the outlet water temperature
tends to decrease as cold water mass flow rate increases.
For a given water mass flow rate, the outlet water temper-
ature at lower curvature ratio are higher than those at
higher ones. This is because the tube length for lower cur-
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Water mass flow rate (kg/s)

Fig. 5. Variation of outlet water temperature with water mass flow rate.
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vature ratio is higher than that higher ones. Considering
the results obtained from the numerical study and those
from the measured data, it can be clearly seen that the pre-
dicted outlet water temperature is slightly higher than the
measured one.

Figs. 6 and 7 show the variation of the heat transfer rate
with cold water mass flow rate. As expected, the heat trans-
fer rate is directly proportional to the water mass flow rate.
In addition, it can be noted that the curvature ratios have
significant effect on the heat transfer rate. The same expla-
nation described above as for Figs. 6 and 7 can be given.
However, this effect can be clearly seen at higher water
mass flow rate. These figures also show the comparison
between the predicted results and the measured data. It
can be clearly seen that the results obtained from the exper-
iment are very well agreement with those from the simula-
tion study.

Figs. 8 and 9 show the variation of the average Nusselt
number calculated from the present experiment with water
mass flow rate at various curvature ratios. As expected, the
average Nusselt number increases with increasing cold
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Fig. 6. Variation of heat transfer rate with water mass flow rate.
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water mass flow rate. This is because the Nusselt number
depends directly on the heat removal capacity of the cold
water. Due to higher radius curvature, the centrifugal force
also increases. Therefore, at a given water mass flow rate,
the average Nusselt number for lower curvature ratio are
higher than those for higher ones across the range of water
mass flow rate.

The present numerical study is validated by comparing
with the experimental data. The Nusselt numbers obtained
from the numerical study slightly overpredict the measured
data. This becomes closer at a lower water mass flow rate.
Fig. 8 also shows the comparison the Nusselt number
obtained from the spirally coiled tube with those from
the straight tube. It is found that the Nusselt numbers
obtained from the spirally coiled tube are 1.49 times higher
than those from the straight tube. This is because the cen-
trifugal force has significant effect on the secondary flow
and this flow depends on the curvature ratio of the tube.
This secondary flow has significant effect on the mixing
of fluid flow.

Fig. 10 shows the variation of pressure drop per unit
length with water mass flow rate. It can be clearly seen that

16
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2
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= 8 r Toiiwe = 35 °Cc 1
b .
& o
= 6r
°
o
o 471
=
=3
2 —-
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=
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0 I I I I I I I

0.04 005 0.06 0.07 008 0.09 0.10 0.11 0.12
Water mass flow rate (kg/s)

Fig. 10. Variation pressure drop per unit length with water mass flow rate.

the pressure drop tends to increase as water mass flow rate.
Across the whole range of water mass flow rate, the aver-
age between the measured data is 5.80%. Reasonable agree-
ment is obtained from the comparison between the
experimental data and the predicted results. Due to the
velocity in radius direction which caused by the centrifugal
force, the pressure drop per unit length obtained from
higher curvature ratio is lower than that from lower ones.
In addition, due to the centrifugal force, the measured pres-
sure drops obtained from the spirally coiled tube are 1.50
times higher than those from the straight tube.

6. Conclusion

New experimental data of the convective heat transfer in
the spirally coiled tube under constant wall temperature are
presented. The numerical computations reveal the develop-
ments and distributions of heat transfer and flow fields in
the spirally coiled tube. There is reasonable agreement
between the numerical results and the present experimental
data. In addition, the heat transfer and pressure drop
obtained from the spirally coiled tube are compared with
those from the straight tube. The secondary flow caused
by the centrifugal force has significant effect on the devel-
opments and distributions temperature and flow in the spi-
rally coiled tube. Due to the centrifugal force, the Nusselt
number and pressure drop obtained from the spirally
coiled tube are 1.49, 1.50 times higher than those from
the straight tube, respectively.
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