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At present, the solvers for Navier-Stokes
into two

oo op
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equation are generally divided
categories according to the fluid velocity. One
is the compressible flow under high speed
condition and the other is the incompressible
flow under low speed (<0.3M) condition.
However, the categories mentioned above are
seriously limited for investigating many
important practically industrial applications
field in engine chamber,
acoustics induced by flow and the natural

such as flow

convection induced by the high temperature
difference. In order to overcome these
problems, the aim of this study is to develop a
computational method for all speed regions to
general the applications.

After finishing the program, this method
with non-reflection boundary condition is
used to investigate the natural convection
induced by the high temperature difference.
The results show that at the beginning, the air

flows from the inside of the channel to the
surrounding in both inlet and outlet due to the
expansion of the air because of the heat by the
high temperature wall. Then, the air is sucked
form the surrounding to the channel inlet and
flow out to the surrounding from the channel
outlet. The phenomenon mentioned above is
presented for the first time by CFD.

it can be known that the
computational method developed by the study

From above,

can not only be used to general the
applications but also investigate the
phenomena which are not suitably solved by
incompressible method.
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An Investigation of Turbulent Channel Flow at High Reynolds Number
with the Consideration of the Compressibility due to High Temperature

Wu-Shung Fu, Chung-Gang Li, Yun Huang ( National Chiao Tung University, Taiwan)

1001 Ta Hsueh Road, Hsinchu, Taiwan
wsfu@mail.nctu.edu.tw; ricklee.rick@msa.hinet.net; winghuang.me97g@nctu.edu.tw

ABSTRACT
An investigation of turbulent channel flow at high Reynolds number with tremendous heat transfer phenomena is studied
numerically. Because of the high temperature difference, the effects of the compressibility should be taken into consideration with the
turbulence. As author’s knowledge, these complicated interactions mentioned above haven’t been proposed before. In order to
validate the program, the present results are compared well with the benchmark DNS data obtained by spectral codes. Then the three
different Reynolds numbers are performed to observe the interactions between the flow and temperature field.

1. Introduction

Accompanying with semiconductor manufacturing
processes for minimization of devices, a subject of
developing stronger and more efficient forced
convection system is indispensable. Traditionally, for
resolving forced convection problems, methods
depending on flowing velocity magnitude are mainly
divided into two parts. A method of considering the
compressibility under a flow situation being larger than
0.3 Mach number, and a method neglecting the
compressibility of fluid is the other under a flow
situation being lower than 0.3 Mach number.

However, a real situation of the above subject
always involves in a high temperature condition. And
the used velocity, a suitable velocity which is lower than
0.3 Mach number, but is sufficient to cause the
occurrence of a turbulent flow is adopted. And
simultaneous considerations of the compressibility of
fluid due to high temperature condition and the viscosity
of fluid involving in a turbulent flow condition are
needed and become a remarkable characteristic of the
above subject.

As authors’ knowledge, the highest Reynolds
number in published literature about turbulent heat
transfer is not higher than Re, =500 based on the

friction velocity. It should be recognized that this scale
of Reynolds number is still not high enough in practical
applications. Besides, all of the literatures did not
consider the effects of the flow compressibility on the
enormous heat transfer.

Therefore, the aim of this study is to investigate
the turbulent heat transfer on phenomena at high
Reynolds number (Re, =1000) with the consideration

of the compressibility by DNS (Direct Numerical
Simulation).

2. Physical model

Phenomena of a compressible turbulent channel flow
with a high temperature T, =500k on the wall are
investigated. The DNS method in which the
compressibility of fluid is taken into consideration
simultaneously is adopted to describe the turbulent heat
transfer and the corresponding physical model is shown
in Fig. 1. The streamwise, vertical and spanwise

directions are X, X,, and X;, respectively, and the
corresponding  velocities are U, , U, , and U, ,
respectively. The length, height and width are |, I,,

and |, respectively.

T, =500k
_x2 Y
u=u, |:> [1 /
T =298.0592k v 3
x, T, =500k
x3 ],]

Fig 1 Physical model

3. Numerical method

A situation of fully developed turbulent flow with
the compressibility due to the high temperature is
investigated by DNS. One of the most important
advantages of DNS is without any modeling. However,
in order to obtain the accurate turbulent phenomena, the
complicated and high order numerical schemes are
necessary.

Roe scheme with 5™ order MUSCL proposed by
Abalakin et al.[1] are used to compute the inviscid terms.
Other derivative terms are solved by the fourth order
central difference. Besides, usage of preconditioning
method with dual time stepping and curved linear
coordinate transformation skills to stabilize transient
situation and increase grids near the channel walls are
performed. Finally, the original LUSGS[2] was modified
by [3] to match preconditioning skill in solving temporal
advancements.

The original N-S equation is then transformed into
the following equation.
FaUp+a—U+%+ai+%:0 (1)
or ot 0o& on of
Where I' is the preconditioning matrix derived by
Weiss and Smith [4]

4. Results and Discussion

In order to validate the code, the turbulent channel
flow resolved by DNS is performed at Reynolds number,



based on the friction velocity, of 1000. The results
showed in Fig. 2 for the mean velocity profiles and
turbulent intensities are in good agreement with the
benchmark DNS[5] data obtained by spectral codes.

Fig. 2 Theﬁ hwean velocity profiles and‘“turbulent
intensities for Re_ =1000

For the sake of investigating phenomena of fully
turbulent flow and working fluids heated by the channel
walls, three different Reynolds numbers, based on the
friction velocity, of 180, 500 and 1000 are selected.
Besides, for satisfying the characteristics of three
dimensional eddy motions of the turbulent flow based
on Tankitul and Domaradzki, [6], the half height of
channel is regarded as a characteristic length, the length
is 2.5 7 times and the width is 0.5 7 times the
magnitude of the half height in the streamwise and
spanwise directions, respectively. Further more, for
economizing computational memory and time, the
length of the channel is periodically used until a fully
turbulent flow is formed.

The temperature contours near the wall y*=1.5

and the isothermal surface at different Reynolds
numbers in half channel are showed in Fig. 3.

Fig.73 The temperature contours and the isothermal
surfaces near the wall y* =1.5

From the figures of Re,=1000 , mixing
phenomena of different temperature fluid clusters due to
turbulent structures from the wall to the fluids can be
obviously observed. However, with the Reynolds
number decreasing, these phenomena decay gradually.
Especially for Re_ =180, the heat transfer phenomena

are similar to laminar flows, and temperature

interactions between different layers of temperatures are
hardly observed.
Fig.4 shows the Nusselt distributions on the wall
along the central cross section of X X; plane.
200 ————T———

----------- Re‘r = 1000

L —

[ ——— Re =500 ]
150 i .

— Re =180

b
0 0.05 9(11 0.15 02

Fig. 4 The Nusselt number near the wall along X,

At Re, =180, the Nusselt number distributions
varies slightly different. However, with the increasing of
the Re,, the Nusselt number distributions oscillate

violently. Especially for Re, =1000 , the Nusselt

number difference between the maximum and minimum
is even more than 100. The higher the Re_ is, the more

violent variation of heat transfer is observed. The
average Nusselt numbers of the three Reynolds numbers
are 75.827,36.2611 and 11.1891, respectively.

5. Concluding

Several conclusions are summarized as follows.

1. At high Reynolds number, the present results of
DNS and those obtained by spectral codes are well
consistent.

2. The compressibility due to the high temperature
difference and the turbulence are taken into
consideration simultaneously and it hasn’t be
discussed before.

3. The complicated phenomena interacted between the
flow and temperature fields are performed and
compared at three different Reynolds numbers.
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