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Direct numerical simulations are carried out to study turbulence modification and heat transport aug-
mentation in rough channels with minor cubes on one wall. To account for the effect of the cubes on
momentum and heat transfer in wall-bounded turbulent flows, the lattice Boltzmann method which is
based on a double-distribution-function and D3Q19 model is applied to perform the numerical computa-
tion. The present study focuses on the modulations of the temperature field and heat transfer process by
rough wall with different cube heights. Some typical dynamic and thermal statistics, such as the mean
velocities, mean temperature, velocity fluctuations, the Reynolds stresses, and turbulent heat flux are
analyzed. The similar trend of temperature and velocity roughness functions illustrates there is strong
correlation between the heat transfer augmentation and a drag increase in rough channel flows. A sig-
nificant heat transfer enhancement (26%, by taking into account the drag consumption) is obtained with
the medium-height cubes.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Turbulent flows over rough surfaces are often encountered in
applied science and engineering, because the boundaries cannot be
treated as absolutely smooth, especially at high Reynolds numbers.
Recently artificial roughness structures are widely used to increase
heat transfer [1]. For example rib arrays are used to enhance heat
transfer in heat exchangers, cooling of turbine blades, cooling of
electronic devices, etc.

Over the decades, a number of researchers [2-6] have carried
out the direct numerical simulation (DNS) of turbulent thermal
channel flows with smooth walls. The thermal statistics such as
temperature variance, turbulent heat flux and turbulent Prandtl
number are studied in detail. It is found that the thermal charac-
teristics are correlated with streamwise velocity fluctuations, espe-
cially in the near wall region but have a weak dependence on the
boundary conditions and on the Prandtl and Reynolds [7] numbers.
Recently, lots of studies have focused on the modification of veloc-
ity field and thermal field by the roughness elements. Given the
correlation between the thermal field and the dynamic behaviors
observed on smooth wall, the increased velocity fluctuations in a
rough wall will lead to the heat transfer augmentation. The effects
of large-scale structure induced by the roughness on heat transfer
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were discussed by Miyake et al. [8], they found that the mixing is
enhanced due to the strong downwash induced by the rough wall.
They also found that the heat transfer augmentation is associated
with drag increase. This is consistent with the study carried out by
Nagano et al. [9], they further analyzed the net heat transfer incre-
ment considering the drag consumption. Moreover, several studies
have been performed when the shape and the height of the rough-
ness varied [7,9-11], and shown that the heat transfer is enhanced
by inducing ejections at the leading edge of the roughness ele-
ments and the circular rods and the angled ribs are more effective
in increasing heat transfer. Until now, most of the researchers focus
on the modulations of relatively higher two-dimensional roughness
elements (usually greater than 0.1 channel half width) and on the
dynamic and thermal behaviors. However, in many practical cases,
the height of roughness elements is much smaller and roughness
geometry is much more complex. It is of interest to find whether
the dynamic and thermal behaviors have the same trend when the
cubes are relatively lower. In this study, in order to examine the ef-
fects of roughness on the statistical quantities in velocity and ther-
mal fields, and to investigate further the mechanism of increasing
heat transfer and flow drag, direct numerical simulations based on
the lattice Boltzmann method (LBM) of heat transfer in turbulent
channel flows with cubes roughness have been performed by vary-
ing cube height.

The LBM appears to be an attractive approach to compute com-
plex flows, such as turbulence and micro-scale flow [12]. Instead
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Nomenclature

o pressure gradient —dp/dx

Cp specific heat

Cir friction coefficient at rough wall, 2T/ 0 (U)2

d interval from the rough wall to the maximum ve-
locity location

E total energy

fi distribution function for velocity

h height of cube roughness (see Fig. 1)

h; distribution function for total energy

k turbulent kinetic energy, ufuj/2

Nu; Nusselt number at rough wall, qu,d/A(T, — (T)4)

p pressure

Pr Prandtl number

Qwr, Qws heat flux at rough and smooth walls

Re; Reynolds number based on the friction velocity

and channel half width, u;8/v

Ty, Tec temperatures at rough and smooth walls

(T)y mean temperature at the location where the mean
velocity becomes maximum.

Ter friction temperature at rough wall, gur/oCpUcr

(U); bulk mean velocity at rough wall side, f(;j (u)dy/d

Un bulk mean velocity, 628 (u)dy/26

U; velocity component in x; direction

u', v/, w fluctuating velocity component in x—,y —and z—
directions

Uro mean friction velocity, \/a(5§/p)

Uy friction velocity /Tw/p

X ¥z streamwise. wall-normal and spanwise coordinates

Greeks

1) channel half width

ATy temperature difference between rough and smooth
wall, T, - Tc

K, Kg Karman constant for velocity and temperature

A thermal diffusivity

v kinematic viscosity

(% temperature normalized by the temperature
difference between rough and smooth walls,
(T, = T)/ATy

o’ fluctuating temperature

Twr, Tws Shear stress at rough and smooth wall.
o fluid density

Subscripts and superscripts

Or ()s  value at rough and smooth wall

(Oms  root mean square value

Ot normalization by inner variables, u;, v, Trr
() xz-plane space averaged quantities

of solving Navier-Stokes equations, a more direct approach is to
solve discrete-velocity distribution function, which is governed by
the lattice Boltzmann equation. In general, the propagation and
collision of dummy particles is the main interpretation process of
above procedure. What appeals to us most is that this method has
great advantages in dealing with complex boundaries. Moreover, it
is a rather efficient, robust method which is very easy to imple-
ment.

In this paper, the physical model and mathematical formula-
tion including the fundamentals of the lattice Boltzmann model
are described in Section 2. Some statistical quantities of turbu-
lent flows with rib arrays and validations based on the compari-
son with existing results are given in Section 3.1. Then, we carry
out a direct numerical investigation of turbulence modulation in a

Fig. 1. Model of roughness wall-bounded turbulence.

turbulent channel flow with three-dimensional cubes using LBM.
Some statistics results and instantaneous fields are given in or-
der to explain the mechanism for heat transfer augmentation and
drag increase in Sections 3.2-3.5. Lastly, a summary is followed in
Section 4.

2. Mathematical formulation and simulation method
2.1. The governing equation and boundary conditions

As shown in Fig. 1, in this work, we consider the turbulent flow
between two parallel planes with roughness cubes on the bottom
wall.

The velocity field is governed by imcompressible Navier-Stokes
equation and the continuty equation. They can be written as fol-
lows:

ap

5t TV (ow) =0 (1)
du 1 2

§+(u.V)u_—5Vp+UV u+a, (2)

where « is the pressure gradient to maintain a constant flow rate,
p is the pressure, v is the kinematic viscosity.
The energy equation is

%—Z-FV-(uT):Vv()\VT), (3)
T is the temperature and A is the thermal diffusivity.

The boundary conditions for velocity field are peridic in x- and
z-directions and non-slip on the smooth and rough walls. As for
the temperature field, both smooth and rough walls are isother-
mal and the temperature of rough wall is fixed to T,, and that
of smooth wall, to T.. The temperature is normalized to 0 as 6 =
(T — T,,)/ ATy with temperature difference ATy = T; — T}, then the
boundary conditions of the temperature 6 are 6 = O(rough wall),
6 = 1(smooth wall).

2.2. The lattice Boltzmann model

The double-distribution-function method is widely used in sim-
ulation of thermal problems [13], in our simulation, the total en-
ergy distribution function model is put into use. The model uti-
lizes two different distribution functions, one for the velocity field
and the other for the total energy field. In fact, it has second order
accuracy in time and space if the flow is incompressible and the
numerical viscosity can be absorbed into physical viscosity [14].

According to the total energy distribution function model, this
paper deduces the D3Q19 lattice Boltzmann equation model which
solves the 3D turbulent thermal flow as following:

fix+c;6;, t +8¢) — fi(x, 1)
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