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ABSTRACT

A direct numerical simulation (DNS) of turbulen-
t heat transfer in channel flow was carried out for
Re, = 180 and 395 with various molecular Prandtl
numbers. Turbulence statistics such as mean temper-
ature profile, temperature variance, turbulent heat
fluxes and turbulent Prandtl number were calculated
and the near-wall behaviors were investigated.

INTRODUCTION

The recent DNS has enabled the near-wall turbulence
quantities to be obtained with a sufficient accuracy.
The DNS of turbulent channel flow was performed
firstly by Kim et al. (1987) for Re, = 180, where
Re, is the Reynolds number based on the friction ve-
locity i, and the channel half width 4. The same
group (Kim-Moin, 1989) extended their DNS to in-
clude the scalar transport for the Prandtl number of
0.1, 0.71 and 2.0. Later, Kasagi and his co-workers
(Kasagi et al., 1992; Kasagi-Ohtsubo, 1993) made
the DNS for a slightly lower Re, of 150 with a low
Prandtl number of 0.025.

Antonia-Kim (1991) analyzed the DNS data by
Kim et al. (1989) and obtained various turbulence
quantities in the near-wall region. Among them, they
found that the turbulent Prandtl number Pr; tend-
s to a constant level irrespectively of the molecular
Prandtl number as the wall is approached.

The present authors’ group (Kawamura et al.,
1997, 1998a) also performed the DNS for the same
configuration with Re, = 180 for various Prandtl
numbers up to Pr = 5. More recently they (Kawa-
mura et al., 1998b) carried out the DNS of the tur-
bulent heat transfer in the channel flow with a higher
Reynolds number of Re, = 395, which was the high-
est Reynolds number ever calculated in conjunction
with the scalar transport.

In this paper, The effect of the Reynolds and
Prandtl number on the turbulent scalar transport is
discussed based on the DNS.
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NUMERICAL PROCEDURE
The fully developed turbulent channel flow was as-
sumed. The flow was heated with a uniform heat flux
from both walls (see Fig. 1).

q,=const.

Figure 1: Calculation domain

The instantaneous temperature is converted to 67
by the following relation.

d<T;>
T+ (z*ay*}Z*) = =g 9+ (:r:*,y*,z*), (1)

di*
where 8% satisfies the uniform wall boundary con-
dition of 7 = 0. Wall value of the temperature

fluctuation §'F is also assumed to be zero.

The simulation was made with use of the finite dif-
ference method in which a special attention was paid
to the consistency between the analytical and nu-
merical differential operations (Kawamura -Kondoh,
1996). To perform a DNS with a higher Reynolds
number, a larger grid size of 256 X 128 x 256 was
adopted. The calculation was carried out with use of
a parallel computer called as Numerical Wind Tunnel
(NWT) located at National Aerospace Laboratory.

The computational condition is given in Table 1.

RESULTS
The obtained mean temperature profile is shown in
Fig. 2. The logarithmic and the wake regions are



Table 1: Computational condition

Grid

Staggered Grid

Coupling Algorithm

Fractional Step Method

Viscous Terms
Time Advancement

2nd-order Crank-Nicolson Method (y-direction)

Others

2nd-order Adams-Bashforth Method

: e Nonlinear Terms
Discretization Scheme

2nd-order Central Scheme (Consistent)

Viscous Terms

2nd-order Central Scheme

Boundary Condition

Periodic(x, z direction), Non-slip (y-direction)

Grid Number

128 x 66 x 128, 256 x 128 x 256

Computational Volume

6.46 x 26 x 3.24

Reynolds Number

Re, = 180, 395

Prandtl Number

Pr =10.025,0.1,0.2, 04, 0.71, 5.0 (Re, = 180)

Pr =0.025,0.2, 0.71

(Re, = 395)

better distinguished when Re. is 395 with Pr = 0.2
and 0.71. But, in case of Pr = 0.025, no logarithmic
region seems to exist irrespectively of the Reynolds
number because the conductive sublayer is thickened.

Taylor series expansion of the mean temperature

g away from y+ = 0 is (Antonia-Kim, 1991)

o oEE
6<E*'>Re,.

§+— y+3+...1

Pr-y (2)

where (E") is the mean streamwise velocity averaged

over the channel cross section. Figure 3 shows g /Pr
versus y*. The plot indeed tends to a straight line
independently of the Prandtl number as the wall is
approached. Thus, it can be confirmed that the above
relation is satisfied.

The rms of the temperature variance 8/ _ is given
in Fig. 4. Its peak value becomes less dependent upon
Re, with increase of Re, when the Prandt] number
is large as Pr 0.71. On the other hand, for a
smaller Prandtl number, the peak increases with the
increasing Reynolds number.

The temperature fluctuation can be expanded in
terms of yT as

 ——
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Figure 2: Mean temperature profile
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9'+:b;.y++..._ (3)
No definite conclusion has been obtained on the de-
pendence of by* on Pr. The present author (Kawa-
mura et al, 1998) indicated that bj should be propor-
tional to Pr. Thus, it becomes
0 =Pr by-yt+---. (4)
To confirm the above relation, 6. _/Pry* is plot-
ted in Fig. 5. In case of Re, = 180, the coefficien-
t bg still depends upon Pr; but it indeed becomes
almost independent of the Reynolds number when
Re; = 395. Thus, the expansion of Eq. (4)
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Figure 4: Rms of temperature variance
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Figure 6: u+8'+ /Pry*? profile

can be confirmed if the Reynolds and Prandtl num-
bers are higher than a certain limit. The present DNS
indicates bg = 0.42 for Re, = 395.

The fluctuations of the streamwise and the wall-
normal velocities are expanded as

wt=b -yt +e -yt
cz.y+2+...,

(5)
(6)
where b, does not appear because of the continuity
condition. Combination of Egs. (4), (5) and (6) re-
sults in the following expansions.
wF = Pr Byt 4o
00 = Pr-cobg -yt 4

gt =

(7)
(8)

Figure 6 shows the ratio of u'T6'*/ Pry*? versus
y*. If Pr < 1.0, the correlation coefficient b1bg in-
creases with increasing Re, and Pr. On the other
hand, if Pr > 1.0, b1bs decreases because the simi-
larity between the velocity and the temperature field
is lost with the increase of the Prandtl number. When
the Prandtl number is Pr = 0.71, the estimated val-
ue of bybg is 0.12 and 0.15 for Re, = 180 and 395,
respectively.

A similar plot is given in Fig. 7 for the wall-normal
turbulent heat flux v'T@'*t. The correlation coeffi-
cient (:g_lm_ tends to a constant value as the wall is
approached but not so exactly as the other correla-
tions. This is because v'" tends to y*2 only very
close to the wall (y+ < 1.0) and the mesh resolution
of the present calculation is not enough in this region.
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Figure 8: Distribution of turbulent Prandtl num-
ber

Nevertheless, it can be seen that the wall value
of the coefficient cybp tends to a constant of about
0.0007 £0.0001 for Re, = 180 and 0.001140.0001
for Re, = 395.

The turbulent Prandtl number is the quantity often
used in the engineering heat transfer calculations. It
is defined as

oy v _ W (8" jay*)
¢S G T (durtfdyT)’

QA

(9)

Since dgkfdyJr — Pr and du" /dyt — 1 as the
wall is approached, the wall value of the turbulent
Prandtl number becomes

_ by Pr
¢ Prcgbyyt®

b1 Ca

Pr —_
Cgbg

(10)
Thus, it is independent of y* and Pr, as found by
Antonia-Kim (1991) from their analysis of DNS da-
ta. The turbulent Prandtl number obtained from the
present DNS is shown in Fig. 8. As discussed above,
Pr, tends to about 1.1 independently of Re, and
Pr if Pr is large enough. This result is in good a-
greement with the previous numerical simulations by
Kim-Moin(1989), Antonia-Kim(1990) and Kasagi et
al.(1992). It is interesting to note that even in the
case of low Prandtl number of Pr = 0.025, Pr; be-
comes closer to 1.0 with increase of Re,.
The time scale ratio is the quantity defined as

T 2keg

(11)
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Figure 9: Distribution of time scale ratio

and is plotted in Fig. 9. This quantity is often used
to estimate the dissipation rate of the temperature
variance £g.

The wall value of R is exactly equal to the molec-
ular Prandtl number, which can be confirmed in Fig.
9. In the central region of the channel, R stays at
a constant value and increases with increase of the
Prandtl number.

CONCLUDING REMARKS

The DNS of turbulent heat transfer in channel flow
was carried out for Re,. = 180 and 395 with various
Prandtl numbers.
lated to investigate the near-wall behaviors.

The conclusions are derived as follows:

1 The effect of the Reynolds and Prandtl num-
ber on the near-wall turbulence quantities was exam-
ined.

2 The near-wall expansions of the turbulence

Turbulence statistics were calcu-

quantities were examined and their correlation coef-
ficients were obtained for the Reynolds and Prandtl
number calculated.

3 Turbulent Prandtl number was calculated and
found that Pr; tended to be about 1.1 independently
of Re, and Pr for a larger Prandtl number. More-
over, in case of a low Prandtl number of Pr = 0.025,
the effect of Re, on Pry is more enhanced.
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NOMENCLATURE
bi,ei,d;  coefficient of expansion
Pr molecular Prandt] number
Pry turbulent Prandtl number
R time constant ratio
Re., Reynolds number=u,4 /v
T temperature
T bulk mean temperature
Ui, U, v, w velocity component
Up friction velocity=+/Ty/p
Ly5 8 streamwise direction
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T2,y wall-normal direction
T3, 2 spanwise direction
Greek
] channel half width
& dissipation of turbulent energy
Ep dissipation of temperature variance
[ transformed temperature
p density
Taii wall shear stress
Superscripts

ON

()F
o)

(
(

normalized by &

normalized by %, and v
fluctuation component

) statistically averaged

) averaged over channel section
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