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a b s t r a c t

Heat transfer and friction factor characteristics of air flow inside twisted square duct are studied exper-
imentally and through three-dimensional numerical simulations. Experiments were conducted for air
with uniform wall temperature boundary condition, twist ratio of 11.5 and 16.5, and Reynolds number
600–70,000. Laminar to turbulent flow transition point was identified. The results show considerable
enhancement in heat transfer and pressure drop in both laminar and also in turbulent flow regimes till
Reynolds number of 9500. Twist ratio of 11.5 shows relatively higher heat transfer and pressure drop
compared to straight square duct. Three-dimensional analysis of steady fully-developed laminar flow
inside twisted duct of square cross section flow area is carried out for Reynolds number range of 100–
100,000 using commercially available software. The numerical study is conducted for a uniform wall
temperature case, twist ratio of 2.5, 5, 10 and 20, for Prandtl number range of 0.7 to 20. The maximum
value for product of friction factor and Reynolds number is observed for a twist ratio of 2.5 and a Reynolds
number of 3000. The maximum Nusselt number is observed for the same values for Prandtl number of 20.
Correlations for friction factor and Nusselt number are developed involving swirl parameter in the lam-
inar flow regime. Correlations are also provided for the entire range of turbulent regime. Local distribu-
tion of friction factor ratio and Nusselt number across a cross-section is presented. Based on constant
pumping power criteria, enhancement factor is defined to compare twisted ducts with straight ducts.
Selections of twisted square duct are presented in terms of enhancement factor. It is found that twisted
duct performs well in laminar and also to some extent in turbulent flow regime due to strong presence of
secondary flow. It is recommended to use twisted square duct in laminar flow regime for entire range of
Prandtl number studied. Maximum enhancements factor of 10.5 is obtained with twist ratio of 2.5, Pra-
ndtl number of 20 and Reynolds number of 3000. Guidelines are provided for selection of twisted square
duct in terms of Reynolds number and Prandtl number. Comparison with twisted elliptic tube and
twisted tape are discussed. These results would help in the design and development of compact heat
exchanger.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Heat transfer enhancement techniques can be classified either
as passive, which require no direct application of external power,
or as active, which require external power. The effectiveness of
both types of techniques is strongly dependent on the mode of heat
transfer. This may range from single-phase free convection to dis-
persed-flow film boiling. Twisted duct works on the principle of
passive enhancement technique. One of the ways of heat transfer
enhancement is to create swirl in the flow. In ducts, heat transfer

augmentation by means of secondary flow is obtained either by
means of an insert (e.g. twisted tape) in a straight duct or by using
a twisted duct. Twisted duct used in heat exchanger not only
enhances the heat transfer inside the duct but also outside it (duct
to duct space of heat exchanger bundle). Swirl induced flow inside
the duct is expected to enhance the heat transfer coefficient by an
amount similar to that of twisted tape or turbulator inserts.
Twisted tape restricts the flow area as it is inserted in tube and
is therefore expected to have a higher pressure drop as compared
to twisted ducts for the same heat transfer enhancement.

In the past, few researchers studied the performance of a
twisted tube using both experimental and numerical tools. Todd
[13] investigated a general problem of twisted tube. He simplified
the Navier–Stokes equations under a large twist ratio assumption;
in the rotating coordinates which were solved by a regular

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.11.054
0017-9310/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Department of Mechanical Engineering, Indian
Institute of Technology, Bombay, Powai, Mumbai 400 076, India. Tel.: +91 22
25767515; fax: +91 22 25726875.

E-mail address: svprabhu@iitb.ac.in (S.V. Prabhu).

International Journal of Heat and Mass Transfer 82 (2015) 143–158

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2014.11.054&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.11.054
mailto:svprabhu@iitb.ac.in
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2014.11.054
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


perturbation method. The author defined large twist ratio as the
ratio when the change in the twist angle (h) of cross section of
the duct with respect to direction of flow (z) is very small (dh/
dz� 1). He derived a fourth-order partial differential equation
for stream function and showed that it is identical to the equation
for the small transverse displacement of a clamped elastic plate
under constant loading. Although, this analysis is applicable to a
pipe of any cross section with proper boundary conditions, its
validity is limited to a large twist ratio elliptic pipe.

Chang et al. [2] numerically studied laminar flow in a twisted
elliptic tube for large twist ratios (H = 21, 53, 106) using finite dif-
ference method. The effect of twist ratio and aspect ratio of ellipse
was investigated with respect to their role in determining the axial
and circumferential velocities and streamline patterns. Bishara [1]
numerically studied laminar, periodically fully developed single
phase flow of a Newtonian fluid in helically twisted tube with con-
stant wall temperature boundary condition for Re range of 10–
1000 and Pr of 3. Elliptical tubes with aspect ratios of 0.3, 0.5
and 0.7 and twist ratios of 6, 9 and 12 were considered. Twisted
elliptical tube showed considerable heat transfer enhancement
compared to straight tube. Yang et al. [15] experimentally evalu-
ated performance of five twisted elliptical tubes. Aspect ratio
(major diameter/minor diameter) of elliptical tubes used was in
the range of 1.49 to 2.15 and twist ratio range covered was 17.4–
32.8. Water was used as the working fluid for Re range of 600–
55,000 covering laminar, transition and turbulent regime. They
concluded that for twisted duct flow remains laminar for
Re 6 2300. In a twisted tube, the heat transfer enhancement is
higher for laminar regime compared to transition and turbulent
flow regimes. Thantharate and Zodpe [12] performed numerical
and experimental studies for flow in twisted elliptical tubes.

Experiments were performed for Re range of 625–7000 with water
as the working fluid. The purpose was to test the performance of
twisted tubes connected at the end with a circular bend as in the
case of multi-pass heat exchangers. Numerical studies for turbu-
lent flow regime were done using the k–e model. The numerical
predictions were found to be lower than the experimental values.
It was concluded from the studies that the plain circular tube gives
a better heat transfer performance at low Re than twisted tube. At
higher Re, twisted tube provides higher heat transfer enhancement
than plain circular tube.

Masliyah and Nandakumar [7,8] numerically studied the fully
developed steady laminar flow through twisted square ducts with
rotation coordinates system. Axial conduction in fluid was
neglected to preserve the two dimensional nature of the problem.
The temperature along the periphery was assumed to be constant
for each wall. However, this constant temperature might be differ-
ent for each of the four walls. The swirling motion enhanced the
heat transfer for a twist ratio of 2.5 and a Reynolds number range
of 1–1000. Similar enhancement was however not observed for the
other twist ratios. Xu and Fan [14] pointed out certain discrepancy
in the viscous dissipation term adopted by Masilyah and Nandaku-
mar [7,8]. Patel et al. [9] numerically studied the friction factor
characteristics of laminar flow through axially twisted rectangular
duct for Re range of 100–1000. Effect of twist ratio and aspect ratio
(ratio of smaller side to bigger side of rectangle) of cross section
was analysed. Higher friction factor values were reported for lower
twist ratios for a given Re and aspect ratio. Manglik et al. [6]
numerically studied heat transfer of laminar flow through an axi-
ally twisted rectangular duct, for Re range of 100–1000 and Pr
range of 5–100. The heat transfer characteristics for both constant
wall temperature and constant wall heat flux boundary conditions

Nomenclature

A heat transfer area, m2

C specific heat of fluid, J/kg K
D side of square, m
d hydraulic diameter of duct, m
E enhancement factor for a twisted square duct,

dimensionless
f local friction factor = s

q V2
m

2

� �
f average friction factor for cross section = sm

q V2
m

2

� �
Gr Grashof number, dimensionless
Gz Graetz number, dimensionless
H twist ratio, dimensionless S

d

� �
h heat transfer coefficient, W/m2 K
k thermal conductivity of fluid, W/m K
L periodic length, m
_mc mass flow rate of cold fluid, kg/s
_mh mass flow rate of hot fluid, kg/s

Nu Nusselt number, dimensionless q d
ðTw � Tb Þ k

� �
Nu Average Nusselt Number for cross section, dimensionless

qm d
ðTw � Tb Þ k

� �
Pr Prandtl number lC

k

� �
_Qc heat duty of cold fluid, W
_Qh heat duty of hot fluid, W

q00 wall heat flux, W/m2

Ra Rayleigh number, dimensionless = Gr.Pr

Re Reynolds number qVmd
l

� �
S pitch of the twisted tube, m
Sw swirl parameter, dimensionless Reffiffiffi

H
p Ar

� �

Swt swirl parameter for twisted tape, dimensionless Reswffiffiffiffiffiffiffiffi
0:5H
p
� �

T temperature, K
Tci cold fluid inlet temperature, K
Tco cold fluid outlet temperature, K
Thi hot fluid inlet temperature, K
Tho hot fluid outlet temperature, K
V flow velocity (twisted tube), m/s

Greek letters
d thickness of twisted tape, m
l dynamic viscosity, N s/m2

q density of fluid, kg/m3

s local wall shear stress, N/m2

Subscript
a area averaged
ax at axial flow condition
b bulk temperature, fluid
i inlet
m mean
r ratio
st straight duct
sw based on swirl
T constant wall temperature boundary condition
t thermal
tw twisted tube
w wall

Abbreviations
CFD computational fluid dynamics
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