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ABSTRACT

In the present study, direct numerical simulation (DNS,
hereafter) of turbulent heat transfer in a channel flow has
been carried out in order to investigate the characteristics
of the surface heat-flux fluctuations. The Reynolds numbers
based on the friction velocity and the channel half width are
180, 395 and 640, and the molecular Prandtl numbers are
0.025 and 0.71. It is found that the large-scale structures
exist even in the surface heat-flux fluctuations for both of
the Prandtl numbers at high Reynolds number, which are
essentially associated with large-scale motions for the ther-
mal field existing in the outer layer. In addition, it is shown
that the surface heat-flux fluctuations for the Prandtl num-
ber of Pr = 0.71 are mostly similar to the streamwise wall
shear-stress fluctuations, but there exists the noticeable dis-
similarity in the large positive and negative fluctuations.

INTRODUCTION

The behaviors of wall variables in the turbulent chan-
nel and boundary layer flows are of considerable interest in
the application involving drag, noise and heat transfer. In
the flow field, the studies of the wall shear-stress and pres-
sure fluctuations through DNS have been made by several
researchers (see, for example, Choi and Moin, 1990; Jeon
et al., 1999). In the thermal field, the study of the surface
heat-flux fluctuations through DNS has been performed by
Kim and Moin (1989) for Re, = u.6/v = 180 at Pr = 0.71
with an assumption of constant heat generation throughout
the fluid, where u, is the friction velocity, § the channel half
width, and v the kinematic viscosity. However, they only
reported the root-mean-square value and the instantaneous
field, and the characteristics of the surface heat-flux fluctu-
ations have not been investigated through DNS in detail.

Recently, with the rapid increase in the computer power,
DNSs of turbulent channel flow have been carried out at rel-
atively high Reynolds numbers (see, for example, Antonia

and Kim, 1994; Moser et al., 1999; Abe et al., 2001). In
addition, several large-scale DNSs have been performed at
relatively high Reynolds numbers in a turbulent channel flow
(del Alamo and Jiménez, 2001) and in a channel flow with
turbulent heat transfer (Abe and Kawamura, 2002). There-
fore, in the present study, we have extended DNS by Abe
and Kawamura (2002) to investigate the characteristics of
the wall variables such as the surface heat-flux fluctuations
Gw = apcp(08'/0ylw) up to Rer = 640, where ' denotes
the temperature fluctuations, and y the distance from the
wall. Note that a is the thermal diffusivity, p the density,
and ¢, the specific heat at constant pressure. The purpose of
the present study is to report the behaviors of g, from their
root-mean-square values, power spectra, two-point correla-
tions, probability density functions and instantaneous fields
at the Reynolds number up to Re, = 640 with Pr = 0.025
and 0.71. In addition, the dissimilarity in the wall variables
for the flow and thermal fields is also investigated.

NUMERICAL PROCEDURES

The flow is assumed to be a fully developed turbulent
channel flow with passive temperature field. It is driven by
the streamwise mean pressure gradient. The temperature is
imposed through the uniform heating on both walls. Note
that the averaged heat flux is constant but the instanta-
neous one is time dependent. The present thermal condition
corresponds to a heating (cooling) wall with an infinitely
large thermal capacity and conductivity. For the spatial dis-
cretization, the finite difference method is adopted. The
numerical scheme with the fourth-order accuracy is applied
in the streamwise and spanwise directions, while the one
with the second-order is adopted in the wall-normal direc-
tion. Further detailed method can be found in Kawamura
et al. (2000) and Abe et al. (2001).

The computational domain size (Lz X Ly X L.}, number
of grid points (N x Ny X N;) and spatial resolution (Az X
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Table 1: Domain size, grid points and spatial resolution

Re, 180 395 640

Lo X Lyx L, 12.86 x 26 X 6.44 12.86 x 20 x 6.44 12.86 x 20 X 6.46

LI xLFxL? 2304 x 360 x 1152 5056 x 790 x 2528 8192 x 1280 x 4096
N, x Ny x N, 256 x 128 X 256 512 x 192 x 512 1024 x 256 x 1024

Azt AyT, Azt | 9.00,0.20 ~ 5.90,4.50

9.88,0.15 ~ 6.52,4.94

8.00,0.15 ~ 8.02,4.00

Ay X Az) are given in Table 1. A fairly large domain size
is employed in order to contain a few numbers of large-scale
structures. The accuracy with the present spatial resolution
has been already confirmed by Kawamura et al. (2000) and
Abe et al. (2001).

RESULTS AND DISCUSSION

Root-mean-square values

The rms values of the surface heat-flux fluctuations (g )
normalized by the surface heat flux Q., for Rer = 180,
395 and 640 with Pr = 0.025 and 0.71 are given in Fig.
1. The streamwise wall shear-stress fluctuations (11 =
u(0v' /8y|w)) are also plotted for comparison, where u' de-
notes the streamwise velocity fluctuations and p the dynamic
viscosity. The present results for 71 agree well with those of
other DNS and experiment. As for g.,, the values increase
with increasing Reynolds number for both of the Prandtl
numbers. The increasing rate for Pr = 0.025 is larger than
the one for Pr = 0.71 because of the increasing convective
effect. Here, it is interesting to mention that the rms value
of g for Pr = 0.025 increases logarithmically with increas-
ing Reynolds number. In addition, the rms values of g, for
Pr = 0.71 seems to increase more significantly than those of
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Figure 1: Variations of the rms values of the streamwise
wall shear-stress 71 and surface heat-flux fluctuations q,, as
a function of the Reynolds number. o, 71; o, g,y (Pr = 0.71);
A, gw (Pr = 0.025); o, Kim and Moin (1989); +, Gilbert
and Kleiser (1991); ®, Kasagi et al. (1992); &, Kasagi and
Ohtsubo (1993); v, Antonia and Kim (1994); X, Giinther

et al. (1998); O, Jeon et al. (1999); —-—, fitting for
Tirms/Tw by Fischer et al. (2001) from DNS; — .- —, fitting
for Tipms/Tw by Fischer et al. (2001) from experiments;
————— , fitting for gu,.,., /Qw (Pr = 0.71); —, fitting for

Quyma/Quw (Pr =0.025).

Power spectra
The power spectra of ¢, are defined as

/ ¢(kz)dkz = / ¢(kz)dkz = q121; rms’? (1)
0 0

where ¢(k.) and ¢(k.) are the power spectra, and ky and k.
are the wavenumbers in the z and z directions, respectively.
As was shown in Fig. 1, the mean-square values, i.e. inte-
grations of the spectra over the wavenumber, increase with
increasing Reynolds number. Accordingly, the streamwise-
and spanwise-wavenumber power spectra of g, are normal-
ized by their own mean-square values with the inner scaling
and are shown in Fig. 2. In the streamwise wavenumber
power spectra, the spectra of ¢, for Pr = 0.71 show a good
collapse at the whole wavenumbers for all three Reynolds
numbers, meaning that the contributions of small, interme-
diate and large scales in the streamwise direction to the rms
values are essentially same at least for all three Reynolds
numbers. Those of g, for Pr = 0.025, on the other hand,
collapse at small scale only, and exhibit an increase in power
at large scales and a decrease in power at intermediate scales.

In the spanwise wavenumber power spectra, the spectra
of g for both Pr = 0.025 and 0.71 show a collapse at small
scales only, whereas they exhibit an increase in power at
large scales with increasing Reynolds number (Fig. 2 (b)).
This indicates that the contribution of large scales in the
spanwise direction to the rms values increases with increas-
ing Reynolds number and those of intermediate and small
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Figure 2: One-dimensional wavenumber power spectra of gy
normalized by the mean-square values with the inner scaling:
(a) streamwise wavenumber; (b) spanwise wavenumber.
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Figure 3: One-dimensional wavenumber power spectra of g,
normalized by the mean-square values with the outer scaling:
(a) streamwise wavenumber; (b) spanwise wavenumber.
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scales decrease to compensate for the increase in power at
large scales.

The streamwise- and spanwise-wavenumber power spec-
tra of g, are normalized by their own mean-square values
with the outer scaling and are shown in Fig. 3. In the case of
Pr = 0.71, no collapse is found in the streamwise and span-
wise spectra. In the case of Pr = 0.025, on the contrary, the
streamwise and spanwise spectra show a good collapse at
large scales, meaning that the contributions of large scales
in the streamwise and spanwise directions to the rms values
are same at least for all three Reynolds numbers.

Here, it is interesting to note that some peaks are ob-
served at very low wavenumbers in the spanwise spectra
(see Figs. 2(b) and 3(b)). The origin of these peaks must
be closely related to large-scale motions (LSMs, hereafter)
existing in the outer layer of the flow (see, for example,
Robinson, 1991). In the inset figure (Fig. 3(b)), these low
wavenumber behaviors are more clearly illustrated, where
the power spectra are shown in linear scales. In the case of
Pr = 0.71, there appear clear local peaks at k,6 = 4 ~ 5
at Rer = 395 and 640, while a small bulge is observed
at Rer = 180. In the case of Pr = 0.025, on the other
hand, large peaks are clearly observed at k,d = 4 ~ 5 for all
three Reynolds numbers. The wavelength corresponding to
k.6 =4 ~ 5is 1.3 ~ 1.66 which is almost the same as the one
found by Abe and Kawamura (2002) in the outer layer for
the thermal field. This indicates that the large-scale struc-
tures in the outer layer maintain a certain influence even
upon the inner layer quantities.

Two-point correlations

The streamwise and spanwise two-point correlations of
qw for Re; = 180, 395 and 640 with Pr = 0.71 and 0.025
are given in Fig. 4 and 5, respectively. In the streamwise sep-
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Figure 4: Streamwise two-point correlation coefficients of
¢w: (a) Pr=0.71; (b) Pr = 0.025.
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Figure 5: Spanwise two-point correlation coefficients of gy:
(a) Pr =0.71; (b) Pr = 0.025.

aration, there exist less Reynolds-number dependence when
the two-point correlations for Pr = 0.71 and 0.025 are nor-
malized by the inner and outer variables, respectively. This
corresponds to the result of the streamwise wavenumber
power spectra (see Figs. 2(a) and 3(a))

In the spanwise separation, on the contrary, a significant
Reynolds-number dependence is found at Pr = 0.71, while
no prominent Reynolds-number dependence is observed at
Pr =0.025. That is, in the case of Pr = (.71, the spanwise
separation distance (in wall units) for maximum negative
correlation is almost same for all three Reynolds numbers,
but the magnitude of the negative maximum decreases ap-
preciably with increasing Reynolds number. This behavior is
consistent with the decrease in power in the spectrum of g,
at an intermediate wavenumber (kI = 27/A* = 0.06, where
At is the streak spacing). In the case of Pr = 0.025, the
spanwise separation distance for maximum negative correla-
tion and the magnitude of the negative maximum are scaled
with the outer variables. The negative maximum correla-
tion is obtained at A;/§ & 0.65, indicating that large-scale
structures with a spanwise spacing of about 1.38 exist even
at the wall.

Probability density function

The behavior of the surface heat-flux fluctuations q., is
investigated with the use of the probability density func-
tions (PDFs). Figure 6 shows the PDFs of g, for all
three Reynolds numbers of Re- = 180, 395 and 640 with
Pr =0.025 and 0.71 as compared to those of 1. It is found
in Fig. 6 that the sweep motion occurs less frequently but
it contributes more signiﬁcantly/ to the heat transport for
both of the Prandt! numbers. The Reynolds-number effect is
found in the positive and negative tails of the PDF's for both
of the Prandtl numbers. In addition, a comparison of Figs.
6(a) and 6(b) reveals that the PDFs of ¢, for Pr = 0.71
are mostly similar to those of 71, but there exists some dis-
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Figure 6: Probability density functions of the streamwise
wall shear-stress and surface heat-flux fluctuations: (a) 7y;
(b} guw for Pr = 0.71; (¢) gw for Pr = 0.025.
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similarity between 71 and ¢, at positive and negative tails.
That is, in the positive tail, the PDF of ¢, for Pr = 0.71
is larger than that of 71, indicating that g, is more posi-
tively skewed than 7i in space. This trend corresponds to
the measurement in the turbulent boundary layer by An-
tonia et al. (1988). In the negative tail, on the contrary,
an interesting behavior is clearly observed, that is, the PDF
of 71 extends to 71 /7T1,ms = —5, whereas that of g, stays
within Gw/qw,.ms = —2. This point will be discussed later
in the instantaneous fields.

In order to examine the correlations between flow and
thermal fields, the joint probability density function between
71 and gy is given in Fig. 7. In the case of Pr = 0.71,
the strong positive correlation between 71 and g, is found,
whereas, in the case of Pr = 0.025, q., less correlates with
71 due to the strong conductive effect. It is also found in
Fig. 7 that the correlations at the high magnitude of the
fluctuations decrease with increasing Reynolds number for
both of the Prandtl numbers. Moreover, a closer inspection
for Pr = 0.025 indicates that the maximum value in the
third quadrant shifts away from the origin with increasing
Reynolds number. This is caused by the enhanced convec-
tive effect even in the low Pr fluid.

Instantaneous fields

Figures 8(a) and 8(b) show the contours of the instanta-
neous surface heat-flux fluctuations g, for Re, = 640 with
Pr = 0.71 and 0.025 in the full computational domain. For
Pr =0.71, it is found in Fig. 8(a) that the thermal streaky
structures become more complicated for Re; = 640, and
they exhibit the dense clustering structures, that is, the neg-

3
Pr=0.71
2
: =9}
S /4
~N Y 4
=] /
-
_2:
1 (@)
3 —— e
302 -1 0 1 2 3
/T
3
1 Prepo2s
4: /‘_:R N
PN
it T NS
« 4 S AN \
sl &)/
| &Y%
v \ffff/
-2 A e
] ®)
i) SOUSNUN et —rr
302 -1 1 2 3
T/ T s

Figure 7: Joint probability density functions of the stream-
wise wall shear-stress and surface heat-flux fluctuations at
Re; = 640: (a) Pr = 0.71; (b) Pr = 0.025. ——, Rer = 640;
————— , Rer = 180. Contour levels for Pr = 0.71 are from
0.1 to 0.6 with increments of 0.1, while those for Pr = 0.025
are from 0.025 to 0.225 with increments of 0.025.

ative g ’'s are packed together and make a group in space.
These behaviors correspond to the trend of the spanwise
two-point correlations (Fig. 5(a)). Moreover, the dense clus-
tering of negative g.’s clearly exhibits a large-scale pattern.
For Pr = 0.025, on the contrary, it is found in Fig. 8(b)
that the thermal structures scaled with the outer variable §
are dominant, corresponding to the result of the large nega-
tive maximum values in the spanwise two-point correlations
(Fig. 5(b)).

To inspect the large-scale pattern of qw at Pr = 0.71
in more detail, a filtering procedure with the use of a top-
hat filter function is applied to the instantaneous field. A
top-hat filter defined as

Ly £
Gu(,2) = 7 / / Qule+62+QdcdE (2)
xlz —t. J—t,

is employed, where a tilde denotes a filtered value. Referring
to Komminaho et al. (1996), the streamwise filter length
£ is chosen as the integral scale and the spanwise filter
length £, is roughly the same length as the first zero-crossing
point of the spanwise two-point correlation. The filtered
instantaneous field with £3 = 216 and ¢+ = 48 is shown in
Fig. 8(c), where large-scale patterns with a spanwise spacing

Figure 8: Contours of the instantaneous surface heat-flux
fluctuations g, for Re; = 640: (a) instantaneous field at
Pr = 0.71; (b) instantaneous field at Pr = 0.025; (c) filtered
field at Pr =0.71.
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of about 1.3 ~ 1.64 (about 1000 in wall units for Re, = 640)
are more clearly illustrated. This spanwise spacing of 1.3 ~
1.64 corresponds to the spanwise wavenumber of k,d =4 ~ 5
(or kF = 0.006 ~ 0.008) at which the spectrum of ¢,, shows
a local maximum for Re, = 640 (see Figs. 2(b) and 3(b)).

To examine the interaction between the inner and outer
layers quantitatively, we introduce a function called an over-
lap ratio (OLR). In the OLR, variables ¢ and 1 are binarized
to be either 0 or 1 based on a certain threshold, and the bi-
narized ones are represented by <z§ and w Then, the OLR is
defined as the ratio of the overlapping area between ¢3 and
1/3 to the area of either ¢AS or 1[3:

OLR(¢ < ¢ or ¢ > g | ¥ < wg or ¥ > 1))
=Y @0/ Y 9% )

where ¢g and g are the threshold values. We obtain the
OLR between the filtered g, (i.e. un) and the projected
area of high or low regions of ¢ in the LSMs. First, ¢y, is
binarized with a threshold of ¢uo/Gwnme = £1.5. Next, the
high and low regions are binarized with respect to 6} /6., =
+1.75, and the binarized values are projected onto the wall
and then re-binarized as 0 or 1. Through these procedures,
the following OLRs can be obtained. The obtained OLRs
between the high- and low-temperature regions in the LSMs
and the positive and negative regions of ¢, for Re, = 640
with Pr = 0.71 are

OLR(#' < —1.750 1ms | G < ~1.5¢u ) = 0.75,
OLR(#' < —=1.750" 1ms | G >  1.5Gw,m.) = 0.30,
OLR(6' > 1.750'vms | quw > 1.5Guwpm,) = 0.68,
OLR(8' > 1.750rms | quw < —1.5Gwm,) = 0.21,

whereas the OLRs for Re, = 640 with Pr = 0.025 are

OLR(#' < —~1.750 rms | G < —1.5¢wppms) = 0.73,
OLR(#' < —1.750 1rms | G > 15w 1ms) = 0.06,
OLR(0' > 1.750'rms | quw > 15w ms) = 0.85,
OLR(#' > 1.75¢'1ms | quw < —1.5¢u 1) = 0.06.

These results clearly indicate that the large-scale structures
observed in ¢, are essentially associated with the LSMs for
the thermal field existing in the outer layer.

As was shown in the probability density functions, there
exists some dissimilarity between 7y and q,, with Pr = 0.71

Table 2: Fractional contribution and probability distribution

of Tipw and Gupw at Pr = 0.71 from each quadrant for
Re, =180

Event | (71pw); | P(Tipw)s | (GubPw); | PlGwpw);
j=1 0.10 0.23 0.08 0.21
i=2 | —0.07 0.27 —0.10 0.29
i=3 0.10 0.29 0.08 0.27
j=4 | —0.08 0.21 —0.11 0.23

Table 3: Fractional contribution and probability distribution
of Tipw and Gupw at Pr = 0.71 from each quadrant for
Re, = 640

Event | (Tipw); | P(Tibw); | (GwPw); | P(Gubw);
ji=1 0.17 0.23 0.13 0.20
j=2 | —0.10 0.27 —0.16 0.30
i=3 | 016 0.30 0.12 0.27
j=4 | 013 0.20 —0.20 0.23

in the large positive and negative tails. Especially, the large
negative tails showed the noticeable difference. This differ-
ence must be closely associated with the large wall pressure
fluctuations. Therefore, we will examine the statistical quan-
tities related to the wall pressure fluctuations such as Tipy,
and @Qwpw, where p,, denotes the wall pressure fluctuations.
The resultant values of T1py, for Re, = 180 and 640 are 0.05
and 0.10, whereas those of Gupw for Re, = 180 and 640
are —0.05 and —0.11, respectively. Here, it is interesting to
mention that the values of T1p., are positive, whereas those
of quwpw are negative for both of the Reynolds numbers.

In order to examine the difference in TPy, and Gupw
with Pr = 0.71 in detail, the quadrant analysis is adopted.
Fractional contribution and probability distribution of T1py
and Gwpw from each quadrant for Re, = 180 and 640 are
summarized in Tables 2 and 3. Note that (71pw); and
(ZwPw);j are the fractional contribution from the jth quad-
rant and P(T1pw); and P(quwpPw); are the probability of the
jth quadrant. It is indeed found that the contributions to
F1Pw are more significant in the first (71 > 0,pw > 0) and
third (11 < 0,pw < 0) quadrants for both of the Reynolds
numbers, which causes the positive value in 71p. Those to
QuwDw, on the other hand, are in the second (gu, < 0,pw > 0)
and fourth (gw > 0,pw < 0) quadrants, which causes the
negative value in g, pw. These results indicate that the high
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Figure 9: Contours of the instantaneous p,,, 71 and ¢, with
Pr =0.71 for Re, = 640: (a) p (contours are from —9.0 to
19.0 with increments of 1.0); (b) 71 (contours are from —1.3
to 1.9 with increments of 0.1); (c) g at Pr = 0.71 (contours
are from —0.7 to 2.5 with increments of 0.1). Positive values
are solid line, whereas negative values are dashed lines.
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dissimilarity between 71 and ¢, with Pr = 0.71 are closely
associated with the wall pressure fluctuations.

The contours of the instantaneous p.,, 71 and ¢, with
Pr = 0.71 for Re, = 640 are shown in Fig. 9. It is found
in Fig. 9 that the positive and negative regions of q., are
mostly similar to those of ;. However, there exists the no-
ticeable dissimilarity between 71 and ¢., in the large pressure
fluctuations. Especially, the dissimilarity is more clearly ob-
served in the large negative p,,. In Fig. 9, the typical events
of the dissimilarity are marked by A and B. In these events,
the large negative regions of m correspond to those of py,
which causes in the positive value of 71py. On the contrary,
the large positive and small negative regions of ¢. to the
large negative regions of p.,, which causes the negative value
of g pw. Here, it should be noted that when the large nega-
tive 71 appears, the large negative p., exists, but the reverse
is not necessarily observed. In addition, it is interesting to
mention that the magnitude of the negative ¢, remains un-
changed even in the large positive and negative p.,. These
behaviors result in the large difference in the negative tails
of the PDFs between 71 and gy

CONCLUSIONS

In the present study, we performed DNS of turbulent heat
transfer in a channel flow with the constant time-averaged
heat-flux boundary condition up to Re, = 640 with Pr =
0.025 and 0.71, and investigated the characteristics of the
surface heat-flux fluctuations.

It was found in the power spectra and two-point corre-
lations that the surface heat-flux fluctuations for Pr = 0.71
are scaled well with the inner variables, whereas those for
Pr = 0.025 are with the outer variables. It was also found
in the spanwise wavenumber spectra that the peaks exist at
the low wavenumbers for both Pr = 0.025 and 0.71 at high
Reynolds number, suggesting that large-scale structures ex-
ist even in the surface heat-flux fluctuations.

The instantaneous fields showed that, in the case of Pr =
0.71, the large-scale structures with dense clustering pattern
appear for high Reynolds number, whereas, in the case of
Pr = 0.025, large-scale structures with the outer variable &
are dominant. In addition, the inspection of the interaction
between inner and outer layers revealed that the positive and
negative dominant regions in ¢, correspond to the high-
and low-temperature regions in the LSMs for both of the
Prandtl numbers. These results indicate that the large-scale
structures in the surface heat-flux fluctuations for Re, = 640
are essentially the phenomena associated with the LSMs for
the thermal field existing in the outer layer.

The examination of the dissimilarity between 71 and g
for Pr = 0.71 showed that ¢, are mostly similar to 71, but
there exists the noticeable dissimilarity in the large positive
and negative fluctuations. The closer inspection showed that
the high dissimilarity between 71 and q. exist in the large
wall pressure fluctuations.
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