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Abstract: A theory-based prediction method was used to estimate the friction factor and heat trans-
fer rate in the turbulent flow of a helically coiled tube. The secondary flow produced by a centrifugal
force improves heat and mass transfer; therefore, spiral coil pipes are widely used in a variety of
industrial applications. The law of the wall and the Reynolds analogy, which states that momentum
transfer in a turbulent flow is equivalent to heat transfer, were used in this theoretical method. The
logarithmic law was used to characterize the velocity profile in the turbulence-dominated region,
and the local wall shear stress variation throughout the circumference of the helical tube wall was
considered. The friction factor and heat transfer in the turbulent flow of the helically coiled tube
were accurately predicted by the model. Using the Reynolds analogy, the local Nusselt number in
the circumferential direction of the helical tube wall was determined. The effect of decreasing local
heat transfer within the tube while increasing heat transfer outside the tube was quantified. The
analogy between the momentum flux and the heat flux in the turbulent flow of the straight tube was
also proven to be applicable to the spiral tube.

Keywords: analytical prediction; friction factor; heat transfer rate; helically coiled tube; Reynolds
analogy; wall shear stress

1. Introduction

Spiral coil tubes are commonly used in industrial applications such as steam gener-
ators in reactors and heat exchangers because of their better heat transfer. The secondary
flow rate generated by centrifugal force in the spiral tube raises the flow rate of the outside
wall of the tube and, at the same time, reduces the flow rate of the tube, raising the friction
coefficient and heat transfer rate of the whole tube above the straight tube. However, the
shear stress and heat transfer rate are greatly decreased locally within the tube wall while
the shear stress and heat transfer rate increase greatly outside the tube wall, and the wall
temperature and shear stress change significantly in the circumferential direction. This
will influence the safety of the tube material [1,2].

Many experimental studies have been conducted to present friction factors and heat
transfer correlation equations according to the change in the Re number and the radius
ratio (d/D) of the coil under various flow conditions. An experimental study [1] was con-
ducted to investigate the increase in heat transfer of single-phase and two-phase flows in
micro-fin structures using a three-dimensional perspective. The condensation heat trans-
fer and pressure loss of R134a flowing through the spiral double-pipe heat exchanger
were investigated experimentally [2]. The effects of torsion parameters and a dimension-
less curvature on turbulent flow in spiral tubes were experimentally studied, where the
Reynolds number was in the range of 500-20,000 [3]. Studies on the fluid flow character-
istics of curved tubes are of interest in the medical field, because many arteries are curved
[4]. However, there are few studies on the local flow and heat transfer properties of spiral
coil tubes.
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With the rapid development of computers, numerical methods have become a very
useful tool for analyzing the performance of heat exchangers. Pressure drop and heat
transfer of turbulent flow in a tube of spiral heat exchangers were analyzed using ANSYS
FLUENT V6, a commercial code for computational fluid dynamics (CFD) [5]. Yoon et al.
[6] explored the parameters of turbulence and heat transfer rates in spiral coil tubes using
the SST-CC (shear stress transport with curvature correction) model. They reported
changes in shear stress and Nusselt number according to the circumferential direction of
the spiral tube wall. The secondary flow and turbulence characteristics of the spiral tube
have recently been numerically investigated. To investigate accurate information about
the secondary flow, direct numerical simulations were performed on turbulence and tor-
sional effects on heat transfer rates due to the curvature of the heat exchanger with spiral
tubes [7,8].

Jayakumar et al. [9] developed a correlation equation for the heat transfer flow rate
of a spiral coil heat exchanger. They showed that the heat transfer and the Nusselt number
were not uniform around the spiral tube’s cross-sectional wall. Li et al. [10] numerically
studied the turbulent characteristics and temperature distribution in spiral tubes with spi-
ral corrugation on the inner wall. The turbulent flow and temperature fields were esti-
mated, and the numerical simulations of the Reynolds number and spiral corrugation pa-
rameters on the flow and heat transfer were investigated.

Pawar et al. [11] investigated the isothermal and non-isothermal instability states in
helical coils for Newtonian and non-Newtonian fluids. When examining the coil curva-
ture ratio at 0.0757, 0.064 and 0.055, they employed Newtonian fluids of water and glyc-
erol-water (10% and 20% glycerol) and non-Newtonian fluids of 0.5-1% (w/w) carbox-
ymethyl cellulose and sodium alginate aqueous solutions. A CFD study for laminar and
turbulent flow was performed, as well as two correlation comparisons for the Nusselt
number and friction coefficient.

Ciofalo et al. [12] used direct numerical simulation (DNS) with a finite volume grid
at the friction velocity Reynolds number, Ret = 400, to examine the turbulent flow and
heat transfer performance in spiral tubes. They investigated two curvatures (0.1 and 0.3),
as well as two torsions (0 and 0.3). They discovered that raising the curvature from 0.1 to
0.3 enhances the friction coefficient and Nusselt number, strengthening secondary flow
and minimizing the axial velocity change while boosting the Reynolds shear stress.

Vishvakarma et al. [13] investigated heat transport through helical coil heat exchang-
ers. Due to their ease of manufacture, circular-cross-section helical coils have been em-
ployed for various applications. Several studies have indicated that helical coils improve
heat transmission. They reviewed and summarized the double-tube spiral heat ex-
changer’s heat transfer capabilities in terms of the experimental and theoretical analysis
of helical coil-type heat exchangers.

Fsadni et al. [14] studied the drag reduction in laminar and turbulent flows of coil
tubes, which are extensively used in various industries. The authors discussed their im-
portant findings and correlations on the friction coefficient for drag reduction following
bubble injection, surfactant addition and polymer addition. They gave a concise and prac-
tical summary of the major correlations and supporting principles for estimating frictional
pressure drops in coiled tubes using resistance-reducing additives.

Using a large-caliber and large-scale Dean number, Tang et al. [15] quantitatively ex-
amined the flow characteristics and loss mechanism within helical pipes. Its reliability was
established by contrasting the results of mathematical calculations that were both experi-
mental and empirical with those obtained using a numerical method. Most significantly,
there was a 2.9% difference between the experimental data and the pressure drop model-
ing results. In order to explain the loss process, the friction factor was investigated by
changing the helical pipe’s characteristics. To improve the flow efficiency and reduce fric-
tion, the coil pitch and curvature radius can be increased.
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Cattani et al. [16] investigated the transition from laminar to turbulent flow in coil
tubes. They offered complementary and comprehensive techniques for studying transi-
tional flow regimes in terms of curvature. Their results revealed a gradual transition be-
tween the two behaviors: the transition to turbulence was not as dramatic as in a straight
pipe, but with the Reynolds number progression, the Nu/Numax profile increasingly ap-
proached the “V-shaped’ pattern of turbulent flow systems. The damping rate by centrif-
ugal force was predicted to exceed the reduction in variance.

Patil [17] explored heat transmission using spiral coils under isothermal steady-state
circumstances such as the fluid flow and Newtonian laminar flow. The curved coil’s cur-
vature ratio (Di/D) and pitch-to-diameter ratio (P/D) were employed to provide a new
analogy for laminar and turbulent flow through the spiral coil. They were able to success-
fully investigate the effect of analogy equations on the geometric characteristics of spiral
coils. A new correlation for curved coils was also demonstrated. Using various types of
spiral coils, the Dean number and Reynolds number were used to develop and analyze
novel correlations for the fluid flow and heat transfer. Nine spiral coils with (Di/D) ratios
ranging from 0.019 to 0.0301 and (P/Di) ratios ranging from 1.88 to 6.31 were employed in
this study.

Using commercial CFD models, Ready et al. [18] investigated the effects of various
configurations of helical coil heat exchangers in tubes. For various angular positions, the
Nusselt number and friction coefficient were calculated. The Nusselt number and friction
coefficient rose by 17.05% and 15%, respectively, when Geometry E was used instead of a
circular tube with a Dean number of 400.

Zhao et al. [19] reported the connection of friction coefficients for laminar and turbu-
lent flow in spiral tubes, as well as the optimal Reynolds number and curvature ratio.
Using a regression analysis of experimental data from the literature, the unique Nusselt
number correlation for the laminar and turbulent flow in helical tubes was generated.
Over a wide range of Reynolds numbers and curvature ratios, the unique correlation ac-
curately predicts the flow.

Sharma et al. [20] investigated the heat transfer properties of two different types of
heat exchanger: a tapered spiral tube using water as the working fluid and a spiral tube
heat exchanger. In connection to tube configuration variables and the Reynolds number,
the heat transfer coefficient and the Nusselt number were calculated. When the theoretical
findings were compared to the simulation results, there was a 15% error, which was
within the allowable range. As a result, the maximum value of the Nusselt number was
21% greater than that of the taper spiral tube heat exchanger due to the spiral tube heat
exchanger’s superior heat transmission capabilities.

Inyang et al. [21] reviewed the effect of helical coils in heat exchangers. They also
compared straight tube heat exchangers with helical coils of heat exchangers in various
forms and circumstances. They demonstrated that helical coil heat exchangers outperform
straight tubes in terms of the heat transfer performance. Furthermore, they concluded
that, when the curvature ratio increases, so does the heat transmission coefficient.

The local wall shear stress is uniformly distributed around the circumference of a
circular tube. The wall shear stress of a helically coiled pipe, on the other hand, changes
dramatically throughout the pipe periphery. With a higher d/D ratio, the wall shear stress
variations increase. The friction factor and heat transfer in the turbulent flow of a helically
coiled tube have been calculated using a theory-based prediction method. The current
theoretical theory is based on the law of the wall and the Reynolds analogy, which states
that the momentum transfer in a turbulent flow is similar to a heat transfer.

The purpose of the present study is to develop a theory-based analytical prediction
method for estimating the heat transfer rate and friction factor for turbulent flow in a hel-
ically coiled pipe at various d/D ratios. This study shows the trend in the friction factor
and Nusselt number for various Reynolds numbers and tube diameter to coil diameter
ratios.
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2. Theoretical Analysis

The helically coiled tube is presented schematically in Figure 1. The inner diameter
of the pipe is d (= 2 r). The curvature radius of a helical tube is represented by the coil
diameter D (= 2 Rc). Pitch (H) is the increased distance in height per rotation of the coils.
In this study, the pitch was fixed to investigate the effect of d/D in the current model. The
curvature ratio (d/D) is defined as the ratio between the diameter of the pipe and the di-
ameter of the coil. The helix angle (&) is the angle formed by the coil’s helix with the plane
perpendicular to the axis.

d
)

Figure 1. Geometry of a helically coiled pipe.

For turbulent flow in a pipe, a viscous sublayer exists in the zone near the wall, while
the central core far from the wall is turbulent. The present method adopts the law of wall
and the Reynolds analogy. In the turbulence-dominated region, the velocity distribution
can be represented by the logarithmic law:

u = u'[Aln (Ii—y) + B], (1)

where u” is local friction velocity, and y is the normal distance from the wall.
The friction factor in the helically coiled tube can be calculated by integrating the
velocity over the tube radius. The mean velocity of the helically coiled tube is
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If the local wall friction velocity distribution F(6) is available, Equation (5) may be
solved for the friction factor. The change in local wall shear stress along the perimeter of
the pipe wall derived by the numerical method for turbulent flows in helically coiled pipes
with varying d/D ratios at Re = 25,000 is shown in Figure 2 [6]. The angle is measured
clockwise, beginning at the interior of the tube cross-section, and is shown in Figure 1.
The following equation is used to describe the local wall shear stress distribution as a
function of the average wall shear stress and angular location for the helically coiled tubes
in order to appropriately reflect the normalized wall shear stress. The applicable range of
the current model is a Reynolds number for turbulent flow Re > 5000, and a d/D ratio of
0.02 to 0.083, which are available to be validated.
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where g, b and c are constants and depend on the ratio of pipe diameter to coil diameter
(d/D).
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Figure 2. Local wall shear stress distribution along the circumference, Re = 25,000.

If d/D is large, the effect of centrifugal force increases, causing the wall shear stress
to be higher than in the case of a straight tube throughout most of the tube wall surface.
As the spiral curvature ratio, d/D, decreases, the average value of the shear stress progres-
sively converges to the shear stress in the straight pipe. When the helical curvature ratio,
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d/D, decreases, the wall shear stress does not vary significantly within and outside the
coil, and the average value of the shear stress progressively converges to the straight pipe
shear stress. The predicted wall friction factor for turbulent flow in the helically coiled
tube may be determined by substituting Equation (7) into Equation (5).

To determine the heat transfer analytically for the helically coiled tubes, an approxi-
mate analysis that the momentum transfer in a turbulent flow is analogous to a heat trans-
fer was used [22]. In turbulence flow, the heat transport across a fluid element could be
represented by

q dT
= —((x+at)E, (8)

pepA
where a, is an eddy thermal diffusivity. This equation represents the heat conduction as

a sum of molecular conduction and the turbulent eddy conduction. Similarly, the shear
stress in turbulent flow is

T + du 9
p - (V vt) dy’ ( )
where v, is an eddy diffusivity of momentum.
Dividing Equation (8) by Equation (9) gives

q
CpAT

u = —dT, (10)

The momentum and heat transmission in a turbulent pipe flow depend on the same
turbulent eddies. The heat flux, g/4, is assumed to be comparable to the momentum flux,
7, in a turbulent flow, so that the ratio, 7/(q/A), should be constant at all radial positions.
Thus,

q _ qQu
e const = T (11)
Then, integrating Equation (10) between the wall condition and mean bulk condition
gives
q U=uUm Tp
- f du = f —dT, (12)
AwTwCp Jy=o Tw
Qwlim
=T, —T
ATy, WP (13)

The heat transfer rate at the wall of the tube can be expressed by

qw = hAw(Tw - Tb)t (14)
The shear stress can be expressed as a friction factor, f, by
—_f
T, = gpurzn, (15)

Substituting the expression for 7,, and g, in Equation (13) gives

St = h M _f 1
~ pcyunF(8)2  Re PrF(0)> 8’ (16)

This shows the relationship between the heat flux and the momentum flux in the
helically coiled tube flow. The local Nusselt number was obtained as follows:

Nu = gRePTF(B)Z, (17)
The average Nusselt number is defined as follows:

Nu

1 2 1 2
— | Nudo=—| ZLRePrF(6)?ads, 18
), 27JO g e PrE(6) (18)
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The expected average Nusselt number for turbulent flow in the helically coiled tube
may be obtained by substituting Equation (17) into Equation (18). This is an analytical
method for estimating the heat transfer coefficient using heat transfer and momentum
transfer analogies.

3. Results and Discussion

The friction factor and heat transfer rate in the turbulent flow of the helically coiled
tube with constant wall heat flux were calculated using an analytical prediction method
based on the theory. A comparison of the friction coefficient is presented in Figure 3 with
the previous experimental and numerical results for the helically coiled tubes with various
Reynolds numbers [9,23,24]. The friction factor according to the change in the Reynolds
number agrees well with the results of the previous study.

0.06
L —e— Yoon etal. (2012)
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0.05 I ----- Ali (2001)
0.04
f L
0.03 -
0.02 -
0.01 | ] | ] ) ] ) ] L ]
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Figure 3. Friction factor for different Reynolds numbers at d/D = 0.04167.

Figure 4 shows the friction factor for different spiral curvature ratios (d/D). As the
curvature ratio (d/D) decreases, the influence of secondary vortices by centrifugal forces
also decreases, so the friction coefficient tends to decrease. The change in the friction factor
due to the change in the spiral curvature ratio (d/D) is consistent with the results of the
previous study.
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Figure 4. Friction factor for different d/D values at Re = 25,000.
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Using the Reynolds analogy for helically coiled tubes, the local Nusselt number
around the circumference of the helical tube wall was determined. For the different cur-
vature ratios (d/D) with Re = 25,000, the local Nusselt numbers were normalized with the
average Nusselt number obtained using Equation (18). The local Nusselt number distri-
bution to the average Nusselt number around the tube wall’s circumference is shown in
Figure 5. From the inner side of the coil, the angle was measured clockwise. The centrifu-
gal force of the spiral tube increases the heat transfer by creating a secondary vortex in the
tube and simultaneously increases the flow rate outside the spiral coil. The effect of re-
ducing the heat transfer inside the tube and increasing the heat transfer outside the tube
was quantitatively identified. As d/D increased, it can be seen that the heat transfer rate
increased significantly in the vicinity of © = 180°. The decrease in the heat transfer rate in
the inner region of the tube was smaller than the rate of increase on the outside. As a
result, the total average heat transfer rate was higher than in the case of a straight pipe.
The heat transfer rate represents a value larger than the average value in a wider area in
the circumferential direction.
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Figure 5. Local Nusselt number distribution along the circumference of the tube wall: (a) d/D =
0.02078, (b) d/D = 0.04167 and (c) d/D = 0.08333.

Figure 6 compares earlier experimental and numerical data for helically coiled tubes
with varying Reynolds numbers [24-26] with the change in the average Nusselt numbers
predicted by Equation (18) as the Reynolds number varies. The Nusselt number predicted
by the experimental correlation agrees quite well with the current analytical method.
When compared to a straight pipe, the average heat transfer rate is higher.
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Figure 6. Average Nusselt number for various Reynolds numbers.

The effect of the centrifugal force on the heat transfer was investigated. Figure 7 de-
picts the average Nusselt number as a function of the spiral curvature ratio (d/D). As d/D
increases, so does the effect of the secondary vortices by centrifugal forces and so does the
heat transfer rate. The variation in the average Nusselt number caused by the spiral cur-
vature ratio (d/D) is consistent with the previous experimental correlation and numerical
results.
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Figure 7. Average Nusselt number for different d/D values at Re = 25,000.

4. Conclusions

The analytical method for obtaining the friction factor and the heat transfer rate in
the turbulent flow of the helically coiled tube was developed from the law of the wall and
the Reynolds analogy. The present theoretical model yields a good prediction agreement
with the previous experimental and numerical results.

Comparisons with earlier research show that the influence of the local shear stress
variations throughout the circumference of the helical tube wall on the friction factor and
the heat transfer is obvious. Changes in the friction factor and Nusselt number due to
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changes in the Re and the spiral curvature ratio (d/D) are consistent with the existing ex-
perimental correlations. The effects of reducing the heat transfer within the tube wall and
increasing the heat transfer outside the tube wall were quantitatively identified. In addi-
tion, it was proven that the analogy between the momentum flux and heat flux in the
turbulent flow of the straight tube can be applied to the spiral tube. The results of the
present study may be used as fundamental data for analyzing wear in the tube and the
safety of heat exchangers and steam generators.
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Nomenclature

A Area, m?

a Constant

B Constant

b Constant

c Constant

c, Specific heat capacity, J/kg-K

D Diameter of coil, m

d Diameter of tube, m

f Fiction factor of coil

H Pitch of coil, m

h Convective heat transfer coefficient, W/m? - K
n Constant

Nu Nusselt number, dimensionless

q Heat transfer rate, W

Pr Prandtl number, dimensionless

r Radius of the tube, m

St Stanton number, dimensionless
Re Reynolds number, dimensionless
T Static temperature, K

u Velocity, m/s

y Normal distance from the wall, m
X Quality

Greek

a Helical angle, °, thermal diffusivity, m?/s
u Dynamic viscosity, kg/m - s

P Density, kg/m?

T Shear stress, kg/m-s?

0 Degree measured clockwise starting from the inner side of the coil, ©
v Kinematic viscosity of fluid, m?/s
Subscripts

b Evaluated at bulk conditions

m Mean flow conditions

t Turbulent

w Wall
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