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The objective of this study was to carry out a parametric study of laminar 
flow and heat transfer characteristics of coils made of tubes of several 
different cross-sections e.g. square, rectangular, half-circle, rectangular and 
trapezoidal.  For the purpose of ease of comparison, numerical experiments 
were carried out base on a square-tube Reynolds number of 1000 and a 
fixed fluid flow rate while length of the tube used to make coils of different 
diameter and pitch was held constant. A figure of merit was defined to 
compare the heat transfer performance of different geometry coils; 
essentially it is defined as total heat transferred from the wall to the 
surroundings per unit pumping power required. Simulations were carried 
out for the case of constant wall temperature as well as constant heat flux. In 
order to allow reasonable comparison between the two different boundary 
conditions – constant wall temperature and constant wall heat flux – are 
tested; the uniform heat flux boundary condition was computed by averaging 
the heat transferred per unit area of the tube for the corresponding constant 
wall temperature case. Results are presented and discussed in the light of the 
geometric effects which have a significant effect on heat transfer 
performance of coils. 
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1. Introduction 

First introduced in 19th century [1], in-plane spiral tubes have been widely implemented 

in engineering application due to their higher heat transfer performance, compact structure and ease of 

manufacture. They are commonly used in heat exchanger, electronic cooling, chromatography, fuel 

cell coolant channel, chemical reactor and many others applications. Transport phenomena occurring 

in spiral tubes are more complicated than those in straight ducts. The reason for this is the presence of 

secondary flows due to centrifugal forces that significantly affect heat and mass transport. As such, 

spiral tubes have also attracted attention from engineering researchers even though they are less 

popular compared to helical tubes, which have attracted major attention in the study of coiled tubes for 

heat transfer.  

Dean [2, 3] was among first researchers who studied fluid flow inside a toroidal (in-

plane) constant radius duct. This study revealed that circular tubes develop a secondary flow when the 

Dean number exceeds a critical value.  Since then several experimental [4-10] and numerical [11-16] 
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studies have been conducted in attempts to examine the transport phenomena in the spiral tubes. Most 

of these studies deal with spiral ducts with the typical cross-sections being circular or rectangular.  

This paper addresses heat transfer performance of in-plane spiral ducts of various cross-

sections, e.g. square, rectangular, half-circle, rectangular and trapezoidal, with the aim to determine 

optimum design of in-plane spiral duct for heat transfer application. A mathematical model for laminar 

flow of a Newtonian fluid in helical coils with square cross-section is developed. Two common 

thermal boundary conditions – constant wall temperature and constant heat flux – were simulated. The 

effect of Prandtl number was investigated by conducting simulations for air and water.  

Computational fluid dynamic simulations were conducted for a square-duct Reynolds 

number of 1000 and a fixed fluid flow rate while length of the duct used to make coils of different 

diameter and pitch was also held constant. To compare the heat transfer performance of different 

geometry coils, a figure of merit is defined. It is the ratio of heat transferred from the wall to the fluid 

per unit pumping power supplied. Results are presented and discussed in the light of the geometric 

effects which were found to have a significant effect on the heat transfer performance of coils. 

2. Mathematical model 

2.1. Governing equations 

Here incompressible laminar Newtonian fluid flows inside an in-plane spiral duct with 

various cross-sections are considered. The configurations of in-plane spiral ducts and their cross-

section schematic are presented in fig. 1 and details of the geometric properties are summarized in tab 

1. Both constant wall heat flux and constant wall temperature conditions were investigated.  

 

 

Figure 1. Schematic representation of a) straight duct, b) in-plane spiral duct and c) various 
cross-section of in-plane spiral ducts 

 



Since this work relates only to laminar flow, a precise numerical solution is adequate to 

simulate reality very closely. Conservation equations for mass, momentum and energy for the flow 

inside the ducts are given by 

 0  u  (1) 

   ( ) ,P           
 

u u u u  (2) 

 2
pc T k T   u  (3) 

where ρ is the fluid density, u is the fluid velocity, P is the pressure, μ is the dynamic viscosity of the 

fluid, cp is the specific heat of the fluid and T is the temperature.  

 

Table 1. Geometric parameters used in simulations 

Parameters Value Unit 

L 1.2 m 

w 1×10-2 m 

s 1×10-2 m 

w1 1×10-2 m 

h1 5×10-3 m 

w2 1×10-2 m 

h2 2.5×10-3 m 

wz,t 1×10-2 m 

wz,b 1.5×10-2 m 

hz 1×10-2 m 

dt 1×10-2 m 

rt 5×10-3 m 

wt 1×10-2 m 

Ri 2×10-2 m 

Ro 9×10-2 m 

p 2×10-2 m 

 

2.2. Constitutive relations 

Two working fluids are modeled to investigate the effect of Prandtl number; those are, air 

and water. Thermophysical properties of these fluids are treated as temperature-dependent.  

Air properties were obtained as polynomial functions of temperature [17]; the air density 

is defined by 

 5 2 21.076 10 1.039 10 3.326,air T T        (4) 

while the air viscosity is given by 

 15 3 11 2 8 75.21 10 4.077 10 7.039 10 9.19 10 ,  andair T T T             (5) 

the thermal conductivity of air is calculated from 

 10 3 7 2 44.084 10 4.519 10 2.35 10 0.0147,air air air airk T T T          (6) 



and the specific heat of air is defined as 

 6 3 3 2
, 4.647 10 4.837 10 1.599 1175.p airc T T T         (7) 

The density, viscosity, thermal conductivity and specific heat of water are described as 

follows [11] 
 3 23.570 10 1.88 753.2,w T T       (8) 
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 6 2 38.354 10 6.53 10 0.5981,wk T T        (10) 

 , 4200.p wc   (11) 

The results will be discussed later in terms of the mixed mean temperature variation along 

the ducts, total heat rate and figure of merit. The mixed mean temperature is given by [17] 
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where V is the mean velocity given by [11] 
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The total heat rate and figure of merit, Fmerit, are defined by 
 , ,0( ),total p mean L meanQ mc T T   and (14) 
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2.3. Boundary conditions 

The boundary conditions for the fluid flow inside ducts are defined as follows: 

a) Inlet:  

 
ininin TTmm  ,  (16) 

b) Outlet:  

  , 0.outP P k T   n  (17) 

c) Wall:  

 0,  or ( ) .wall wallT T k T Q    u n  (18) 

The values for these variables are summarized in Table 1 

3. Numerics 

The computational domains (see fig. 2) were created in the AutoCAD 2010 software; the 
commercial pre-processor software GAMBIT 2.3.16 was used for meshing, labeling boundary 
conditions and determines the computational domain. After mesh independence test, the 
computational domain was resolved with around 2×105 to 4×105 elements: a fine structured mesh near 
the wall to resolve the boundary layer and an increasingly coarser mesh in the middle of the channel 
in order to reduce the computational cost. 



The mathematical model given by eqs. (1-3) together with appropriate boundary 
condition and constitutive relations comprising five dependent variables—u, v, w, P, and T—was then 
solved by using commercial finite volume solver Fluent 6.3.26 and user-defined functions (UDF) 
written in C language to allow temperature-dependence of the thermo-physical properties of the fluid. 

 

Figure 2. Computational domain for a) straight duct and in-plane spiral with b) square; c) 

rectangular 2x1; d) rectangular 4x1; e) trapezoid; f) half circular; and g) triangular cross-

sections 

 

The model was solved with the well-known Semi-Implicit Pressure-Linked Equation 

(SIMPLE) algorithm, first-order upwind discretization and Algebraic Multi-grid (AMG) method. As 

an indication of the computational cost, it is noted that on average, around 200-500 iterations are 

needed for convergence criteria for all relative residuals of 10-6; this takes 5-15 minutes on a 

workstation with a quad-core processor (1.8 GHz) and 8 GB of RAM. 

 

Table 2. Operating parameters 

Parameters Value Unit 

inm (air) 1.84×10-4 kgs-1 

inm (water) 9.03×10-3 kgs-1 

Tin 25 °C 

Twall 50 °C 

Qwall (air) 88.3 Wm-2 

Qwall (water) 7359.8 Wm-2 

Pout  (gauge) 0 Pa  



4. Results and Discussion 

The numerical simulations were carried out for a square-duct Reynolds number of 1000 

and a fixed fluid flow rate. Details parameter used for these simulations are presented in table 2. 

This study examined seven different non-circular duct geometries: straight duct, in-plane 

spiral ducts with various cross-section geometries including square, 2x1 and 4x1 rectangular, 

trapezoid, triangular and half-circular. Earlier investigations have shown that the presence of 

centrifugal force due to curvature will lead to significant radial pressure gradient in the flow core 

region [18]. In the proximity of curved ducts inner and outer walls, however, the axial velocity and the 

centrifugal force will approach zero. Hence, to balance the momentum transport, secondary flows will 

appear. This is indeed the case, as can be seen in fig. 3, where the secondary flow with higher 

velocities is generated in the outer wall of spiral ducts. On closer inspection, it is observed that the 

higher secondary flow velocity up to around 10 ms-1 is somewhat obtained by rectangular 4x1; 

meanwhile, trapezoid cross-section has the lowest secondary velocity. This can be adequately 

explained by the fact that at the same flow rate, smaller cross-section area drive higher amount of mass 

flux which lead to a higher velocity. It is further expected that the presence of secondary flow will lead 

to an enhancement on convection heat transfer, as will be shown later. 

 

Figure 3. Axial velocity profile of air flow in a) straight duct and in-plane spiral with b) square; 
c) rectangular 2x1; d) rectangular 4x1; e) trapezoid; f) half circular; and g) triangular cross-
sections with constant wall temperature at L= 8 cm  

 



Fig. 4 depicts the predicted temperature distribution for various cross-section areas at 

constant wall temperature. As expected, the presence of secondary flow affects the heat transfer 

performance; it is mirrored by a lower temperature at the outer wall. For constant wall temperature 

boundary condition, a lower temperature gradient means that more heat is dissipated which is mirrored 

by a higher heat transfer rate. Moreover, the higher intensity of the secondary flow will tend to lead to 

higher heat transfer rate as can be inferred from figs. 3 and 5b for in-plane spiral with rectangular 4x1 

cross-sections. 

 

Figure 4. Temperature distribution of air flow in a) straight duct and in-plane spiral with b) 
square; c) rectangular 2x1; d) rectangular 4x1; e) trapezoid; f) half circular; and g) triangular 
cross-sections with constant wall temperature at L= 8 cm  

 

Looking further into the mixed mean temperature variation along the duct length for both 

constant wall temperature and constant heat flux, it can be seen that the in-plane spiral ducts with 

trapezoid cross-section gives the highest performance while the straight duct gives the lowest heat 

transfer performance, as can be inferred from fig. 5. This heat transfer enhancement originates from 

the presence of the secondary flows at the outer wall. Similarly, for the constant heat flux case (see fig. 

5a), the trapezoid cross-section provides the best heat transfer performance compared to other 

configurations.  



 

Figure 5. Mixed mean temperature of air flow for: a) constant heat flux and b) constant wall 
temperature 

 

Another important finding is that even though in-plane spiral ducts with rectangular, 

triangular and half circular cross-section perform better than straight duct in constant wall temperature 

condition, they have lower heat transfer rate in constant heat flux condition. It indicates that the 

operating/boundary conditions are important factors in designing in-plane spiral ducts in heat transfer 

applications. For example, in a constant heat flux condition, e.g., wall heated by an electrical heater, it 

is better to use in-plane spiral with trapezoid or square cross-section compare to straight channel; 

however, it is not recommended to use in-plane spiral with rectangular, half-duct and triangular cross-

section as the heat transfer is lower compare to straight duct. In contrast, for constant wall temperature 

applications, such as steam condenser, it is an advantageous to use in-plane spiral duct rather than 

using straight duct since the performance is higher for in-plane spiral ducts with all cross-sections 

considered here, especially with rectangular 4x1 cross-section. 

0

1

2

3

4

5

6

Straight Square Rect. 2x1 Rect. 4x1 Trapezoid Half tube Triangular

Constant wall heat flux Constant wall temperature

0

100

200

300

400

500

600

700

800

900

1000

Straight Square Rect. 2x1 Rect. 4x1 Trapezoid Half tube Triangular

Constant wall heat flux Constant wall temperature
 

Figure 6. Total heat transfer rate (Js-1) of straight duct and in-plane spiral duct with various 
cross-sections for a) air and b) water 

 

With respect to heat transfer performance, it is of interest to study the effect of Prandtl 

number which is represented by the fluid type (water and air). A total of 28 cases were simulated to 

represent various combinations of Pr and duct designs. A summary of heat transfer performance for 

various cases is shown in fig. 6. Here, several features are apparent; foremost is that the in-plane spiral 

with trapezoid cross-section yield the best heat transfer performance among others for constant wall 

heat flux case for both water and air; whereas for constant wall temperature, there is no significant 



difference for the heat transfer performance for in-plane spiral with various cross-sections. In addition, 

it is observed that straight duct has the lowest heat transfer performance compared to in-plane spiral 

ducts for constant wall temperature.  

A further point of interest in this study is the pumping power required to drive the flow 

which is mirrored by the pressure drop in the ducts − note that in this study, constant mass flow rates 

are fixed for all geometries. As discussed previously, the in-plane spiral with trapezoidal and 

rectangular cross-section give better heat transfer performance for constant heat flux and constant 

temperature, respectively. For rectangular 4x1 cross-section, however, the pressure drop required is 

the highest among others tested (up to two orders of magnitude higher than that of straight duct), as 

illustrated by fig. 7; the enhancement in heat transfer has to be paid by an increase in pressure 

drop/pumping power. A plausible explanation for the higher pressure drop is that the centrifugal force 

requires higher energy to overcome friction along the duct with smaller cross-section area and to 

generate the secondary flows. Conversely, for trapezoid cross-section, the pressure drop required to 

drive the flow is of the same order-of-magnitude (slightly higher) to the straight cross-section. The 

lower pressure drop required together with higher heat transfer performance gives advantageous for 

in-plane spiral with trapezoidal cross-section to be used in heat transfer applications such as heat 

exchanger, thermal storage, coolant plates and other applications. 
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Figure 7. Pressure drop (Pa) of straight duct and in-plane spiral duct with various cross-sections 
for a) air and b) water 

 

To examine heat transfer performance the various geometries of ducts, the figure of merit 

concept is introduced to account the effectiveness of heat transfer performance over pressure drop. 

Figure 8 shows the figures of merit for various geometries. It is found that the in-plane spiral with 

trapezoidal cross-section has the highest figures of merit compared to others; however, it is slightly 

lower than that of the straight duct, except for case with water and constant wall temperature in which 

the figure of merit for trapezoidal is higher than straight duct (see Figure 8b). On closer inspection, it 

is noted that rectangular 4x1 duct has the lowest figure of merit, followed by half-circular, triangular, 

rectangular 2x1 and square cross-section due to their higher pressure drop. 
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Figure 8. Figure of merit of straight duct and in-plane spiral duct with various cross-sections for a) air 

and b) water 

 

When designing coiled heat exchangers, however, careful balance and consideration has 

to be taken between compactness/size, performance, pumping power and type of applications 

(constant wall temperature or constant wall heat flux). If the compactness, pumping power, and 

performance is of interest, one can consider in-plane spiral with trapezoid cross-section to be used for 

various heat transfer application; for example, electrical heater/stove, electronic cooling and compact 

heat exchanger. We have not considered the fabrication costs here. 

5. Conclusions  

     A computational study was conducted to investigate the heat transfer performance of 

in-plane spiral ducts with various cross-section areas. In total, six duct cross-sections –  square, 

rectangular 2x1, rectangular 4x1, trapezoidal, half-circular, and triangular cross-section – were 

investigated and their performance compared with a straight duct in terms of the figure of merit. The 

results indicate that, on average, in-plane spiral ducts give higher heat transfer rate. However, it should 

be noted that for constant heat flux conditions, the heat transfer rate of in-plane spiral with rectangular, 

triangular and half circular cross-sections are lower than those of straight duct.  They also impose 

significantly higher pressure drop penalty compared to the straight duct.  Hence, careful consideration 

of the operating conditions is important in selecting the geometry of in-plane spiral duct for heat 

transfer application. An extension study will be conducted to examine heat transfer performance of in-

plane spiral duct for electronic cooling applications. 

Nomenclature 

Ac Cross section area [m2] 

pc  Specific heat capacity of gas mixture [Jkg-1K-1] 

Dh Hydraulic diameter (=4Ac/Pc) [m] 

ex, ey, ez Coordinate vectors 

Fmerit Figure of merit 

h Height [m] 

m Mass flow rate [kgs-1] 



p Coil pith [m] 

P Pressure [Pa] 

Pc Cross section perimeter [m] 

Q Total heat transfer [W] 

rt Radius of half circular duct [m] 

R Radius of coil [m] 

Re Reynolds number (=UDh/) 

s Spacing [m] 

T Temperature [C] 

u, u, v, w, U Velocities [m s-1] 

V Mean velocity [m3] 

w Width [m] 

x, y, z Coordinates [m] 

Greek 

 Dynamic viscosity [kgm-1s-1] 

 Density [kgm-3] 

Subscripts  

air Air 

b Bottom 

ave Average 

c Coil 

h Helical 

i Inner 

in Inlet 

L Length 

mean Mean 

o Outer 

out Out 

p In-plane 

t Top 

wall Wall 

z Trapezoid 

1 Rectangular 2x1 

2 Rectangular 4x1 
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