
Contents lists available at ScienceDirect

International Journal of Heat and Fluid Flow

journal homepage: www.elsevier.com/locate/ijhff

On the turbulent heat transfer in a square duct subjected to spanwise system
rotation

Xingjun Fang, Bing-Chen Wang⁎

Deptartment of Mechanical Engineering, University of Manitoba, Winnipeg, MB R3T 5V6, Canada

A R T I C L E I N F O

Keywords:
Heat transfer
Turbulence
Direct numerical simulation
Rotation
Duct flow

A B S T R A C T

In this paper, direct numerical simulation is performed to study the effects of the Coriolis force on turbulent heat
transfer within a square duct subjected to spanwise system rotation. In order to investigate the influence of
system rotation on the heat transfer process, a wide range of rotation numbers have been tested. In response to
the system rotation, mean secondary flows appear as large streamwise counter-rotating vortices, which interact
intensely with the four boundary layers of the square duct and have a significant impact on the statistics of the
coupled velocity and temperature fields. It is observed that at a sufficiently high rotation number, heat con-
vection approaches a complete laminarization state near the top and side walls. The influence of large organized
secondary flows on the transport of the turbulent scalar energy of the temperature field has been analyzed in
both physical and spectral spaces. The effects of system rotation on the turbulent heat fluxes have been examined
through a budget analysis of their transport equations. The role of near-wall streamwise-elongated turbulence
structures on heat transfer is studied using a linear stochastic estimation approach. It is observed that the near-
wall ejection events are amplified by the system rotation, resulting in a strong negatively-valued vertical tur-
bulent heat flux in the near-wall region.

1. Introduction

Turbulent heat transfer in a duct subjected to spanwise system ro-
tation has many important industrial applications, such as blade cooling
in gas turbines, multi-stage cyclone separators, centrifugal air com-
pressors, and rotating heat exchangers. The transport of momentum and
thermal energy in a rotating duct is affected by the Coriolis and cen-
trifugal forces associated with the system rotation. In response to the
Coriolis force, large secondary flows are induced which dramatically
alter turbulent flow structures and the statistics of the velocity and
temperature fields.

In the literature, transient simulation of turbulent heat transfer in a
spanwise rotating square duct has been limited to several large-eddy
simulation (LES) studies. Pallares and Davidson (2002) conducted LES
to study turbulent heat transfer in stationary and spanwise rotating
square ducts with different Grashof numbers and different boundary
conditions (constant wall temperature or wall heat flux). They observed
significant variation of Nusselt numbers with different boundary con-
ditions and showed that turbulence intensity was strongly influenced by
system rotation. Later, Pallares et al. (2005) further extended their LES
studies to higher rotation number cases. They investigated the influ-
ences of secondary flow on the overall heat transfer performance under

the system rotation and observed larger local Nusselt numbers over the
destabilized wall compared with the non-rotating case. Qin and
Pletcher (2006) performed LES to investigate turbulent heat transfer in
a thermally developing spanwise rotating square duct. They observed
significant influences of system rotation on the strength of the buoy-
ancy, temperature field, secondary flow pattern, and turbulent kinetic
energy (TKE) production rate.

There have been direct numerical simulation (DNS) studies devoted
to investigating the turbulent flows in a spanwise rotating square duct.
Dai et al. (2015) conducted a DNS study of a spanwise rotating square
duct flow. Through a careful examination of the budget balance of the
mean momentum equations, they demonstrated the influence of sec-
ondary flows on turbulence statistics obtained at different rotation
numbers. Very recently, Fang et al. (2017) performed DNS of spanwise
rotating square duct flows at much higher rotation numbers. They ob-
served that the Coriolis force dominates the transport of Reynolds
stresses and turbulent kinetic energy, and forces the spectra of
streamwise and vertical velocities to synchronize within a wide range of
scales.

For turbulent heat transfer within a spanwise rotating duct, the
transport processes of momentum and thermal energy are related, and
the physical mechanism is complicated not only by the two Coriolis
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force components induced by the system rotation but also by the pre-
sence of four boundary layers (developed over four solid sidewalls of
the square duct). The DNS study of Fang et al. (2017) focused on the
effects of system rotation on turbulent transport of momentum and the
statistics of the velocity field. However, detailed DNS study of turbulent
heat transfer within a spanwise rotating square duct is still lacking in
literature, especially at high rotation numbers. In view of this, we aim
at conducting a comparative DNS study of the turbulent heat transfer
within a square duct subjected to spanwise system rotation, with a wide
range of rotation numbers varying from = =Ro δ u2Ω / 0τ τ (corre-
sponding to the non-rotating state) to =Ro 18τ (which represents the
highest rotation number of the current literature for turbulent heat
transfer in a spanwise rotating duct). Here, uτ is the wall friction ve-
locity, δ represents one-half of the duct height, and Ω denotes the an-
gular speed of the spanwise system rotation. Furthermore, it should be
indicated that in order to fully capture the scales of energetic eddy
motions associated with the temperature fluctuations, a very long

streamwise computational domain size ( =L πδ20x ) is used following
the study of Fang et al. (2017). As our research objectives, the first- and
second-order statistical moments of the velocity and temperature fields
will be examined, the spectral characteristics of temperature fluctua-
tions and the transport of turbulent heat fluxes will be studied, and the
physical mechanism underlying the interactions of the near-wall ejec-
tion and sweep events with the turbulent thermal energy transport
process will also be investigated.

The remainder of this paper is organized as follows. In Section 2, the
test case and numerical algorithm for solving the momentum and
thermal energy equations will be introduced. In Section 3, the DNS
results will be analyzed to understand the first- and second-order sta-
tistical moments of the temperature field, transport of turbulent heat
fluxes, the role of near-wall streamwise-elongated vortices in heat
transfer, and near-wall behavior of temperature fluctuations. Finally, in
Section 4, major conclusions of this research will be summarized.

English symbols

Cf skin friction coefficient: = ( )C τ ρu/f w τ
1
2

2

Cp specific heat of the fluid
Ck Coriolis production term for turbulent heat flux ′ ′u θk
D sidelength (or, hydraulic diameter) of the duct: =D δ2
Dk

t turbulent diffusion term for turbulent heat flux ′ ′u θk
E condition event value
g′ a general turbulence variable
h convective heat transfer coefficient
Hk convection term for turbulent heat flux ′ ′u θk
Lx, Ly, Lz computational domain sizes in the x, y and z directions,

respectively
Nu Nusselt number
k turbulent kinetic energy: ′ ′u u /2i i
kc thermal conductivity of the fluid
kx wavenumber of the x direction
n wall-normal distance
Pk

c turbulent production term for turbulent heat flux ′ ′u θk
Pk

s turbulent production term due to streamwise bulk mean
temperature gradient for turbulent heat flux ′ ′u θk

q̇w wall heat flux
Rθθ two-point autocorrelation for temperature fluctuations
Reτ Reynolds number based on wall friction velocity: uτδ/ν
Roτ rotation number: 2Ωδ/uτ
t time
T temperature
Tb local bulk mean temperature
Tw local mean peripheral temperature at wall
Tτ wall friction temperature
ui velocity components for =i 1, 2, 3
uτ wall friction velocity
Ub bulk mean velocity
u, v, w instantaneous velocities in the x, y and z directions, re-

spectively
Vk molecular diffusion-dissipation term for turbulent heat

flux ′ ′u θk
Pk pressure diffusion-redistribution term for turbulent heat

flux ′ ′u θk
x, y and z streamwise, vertical and spanwise coordinates, respec-

tively

Greek symbols

α molecular thermal diffusivity

δ half channel height
δij Kronecker delta
Γ periphery of the cross-section of the duct
εijk Levi–Civita symbol
λx wavelength of the x direction
ν kinematic viscosity
Π mean streamwise driving force
ρ density
θ temperature deviation from the local wall temperature:

= −θ T Tw
τw wall shear stress

Subscripts and superscripts

( · )1, ( · )2, ( · )3 streamwise, wall-normal, and spanwise components,
respectively

( · )i, ( · )j, ( · )ij vectors or second-order tensors for =i j, 1, 2, 3
( · )b value at the bottom wall
( · )s value at the side wall
( · )t value at the top wall
( · )w value at the wall
( · )x, ( · )y and ( · )z components in the x, y and z directions, respec-

tively
⟨ · ⟩ time- and streamwise-averaged quantity
⟨ · |E⟩ best mean square estimate given the condition event value

E
( · )′ fluctuating component
( · )LSE conditional averaged value using linear stochastic esti-

mation
( · )rms root-mean-square

Abbreviations

CFL Courant–Friedrichs–Lewy
DNS direct numerical simulation
JPDF joint probability density function
LES large-eddy simulation
LETOT large-eddy turnover time: δ/uτ
LSE linear stochastic estimation
MPI message passing interface
RMS root-mean-square
SEM spectral-element method
TKE turbulent kinetic energy
TP Taylor–Proudman
TSE turbulent scalar energy
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