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Abstract

Coherent structures of temperature fields in the near-wall turbulence (y™ < 60) were educed by a conditional sampling technique
from the DNS data. Treated situation is the fully developed turbulent channel flow for two kinds of temperature fields: (a) the
uniform heat flux assigned on two walls of the channel (UHF) and (b) the constant spanwise mean temperature gradient imposed on
the flow over the whole channel width (STG). Following conclusions are obtained. (1) Flow and temperature fields around the
quasi-streamwise vortex are roughly uniform in the streamwise direction. (2) Temperature distribution in/around the vortex for
UHF and that for STG are similar in shape with azimuthal phase difference of about 90°. (3) Mechanisms for destruction of

turbulent heat flux are similar between UHF case and STG case. © 2001 Elsevier Science Inc. All rights reserved.

1. Introduction

Turbulent heat transfer from the wall is one of the basic
subjects in heat transfer engineering. Detailed features of it
have been keenly studied especially for the case where thermal
boundary condition on the wall is uniform and net spanwise
transfer of heat does not occur. However, in many practical
applications, e.g., gas turbine blades, heat exchangers and
boilers, and in heat transfer problems, e.g., electronics cooling
and atmospheric heat diffusion, thermal boundary condition is
usually non-uniformly distributed and three-dimensionality of
temperature field exists.

Therefore, spanwise heat transfer in turbulent boundary
layer was examined both experimentally and numerically and
fundamental aspects of its statistical feature were reported
(Black and Sparrow, 1967; Quarmby and Quirk, 1972; Maek-
awa et al., 1991; Matsubara et al., 1997, 1998). For example, the
eddy diffusivity ratio &n./en,, the ratio between spanwise and
wall-normal components of eddy diffusivity of heat, is almost
uniform in the fully turbulent region but it rapidly increases
when approaching the wall. However, there still remain many
unknown points in mechanisms of spanwise heat transfer near
the wall. The present study is an extension of the previous DNS
for statistical analysis of spanwise heat transfer (Matsubara et
al., 1997, 1998) and aims to reveal its coherent structure. For
this purpose, conditional sampling technique was applied to the
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DNS data of fully developed turbulent channel flow for two
kinds of temperature fields: (a) the case of uniformly heated
walls and (b) the case of spanwise mean temperature non-uni-
formity imposed on the fluid. In the discussion, special atten-
tion is paid to the roles of the quasi-streamwise vortex which
was found to play a key role in transport phenomena in the
near-wall region (y© < 60) (Brooke and Hanratty, 1993;
Miyake et al., 1995; Jeong et al., 1997). It has been already
examined how the near-wall phenomena are controlled by the
quasi-streamwise vortex in the case of uniformly heated walls,
and therefore the main subject in this paper is to obtain new
insight into heat transfer mechanisms in the case of spanwise
temperature gradient. Discussions on the case of uniformly
heated walls are necessary because two cases of temperature
fields are compared with each other for a better understanding
of the spanwise heat transfer case.

2. Numerical method

The computational domain and coordinate system are
shown in Fig. 1. The streamwise, wall-normal and spanwise
coordinates are denoted by x, y and z. Simulation is made for
fully developed turbulent channel flow for two kinds of tem-
perature fields. One is the usual case of two-dimensional heat
transfer from the wall where the wall is uniformly heated by
constant heat flux (UHF). In this case, turbulent transfer of
heat occurs in x and y directions, and net spanwise transfer of
heat does not appear. Another is the simple case of spanwise
heat transfer in the wall turbulence where the spanwise mean
temperature gradient prevails over the channel width and the
turbulent heat flux has only spanwise component (STG). The
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Fig. 1. Computational domain and coordinate system: (a) uniform
heat flux on the wall; (b) spanwise temperature gradient.

latter is somewhat artificial but provides a good arena for
discussion of spanwise heat transfer because of its simplicity
(Matsubara et al., 1997, 1998).

Basic equations for the flow field are the continuity and
Navier-Stokes equations:

out
1 — 1
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where dy; corresponds to the mean pressure gradient driving
the working fluid. The dimensionless temperature for UHF
and that for STG are defined as

Notation X; coordinate normalized by ¢ in the ith direction;
x1, x» and x; denote x, y and z, respectively (m)

Cp specific heat at constant pressure (J/Kg K) o thermal diffusivity (m’/s)
L.L. computational domain size in x and z At time step (s)

directions (m) Ax,Ay,Az grid spacing in x, y and z directions (m)
P pressure (Pa) 0 channel half-width (m)
p pressure fluctuation (Pa) 0yj Kronecker’s delta
Pr Prandtl number = v/o 8hy, Ehz eddy diffusivity of heat in y and z directions
qw wall heat flux in UHF (W/m?) (m?/s) _
Re Reynolds number = U,J/v 0 temperature ﬁuctuatlon (K) . .
Sij symmetric part of velocity gradient tensor (1/s) A second invariant of the velocity gradient tensor
T temperature (K) (mz /s%) -
T friction temperature in UHF = qw/(pCpU;) (K) v kinematic viscosity (m’/s)
Tste temperature scale in STG = —a(07/0z)/U, (K) density (kg/m3)
t time normalized by /U, @ physical quantity _ .
U velocity component in the x direction (m/s) Q; anti-symmetric part of the velocity gradient
U, friction velocity (m/s) tensor (1/s)
U; velocity component in the ith direction (m/s) O streamwise vorticity (1/s)
u, v, w velocity fluctuation in x, y and z directions N normalized by U,,v and T;

(m/s) normalized by Tsrg
u; ith component of velocity fluctuation (m/s) rms fluctuation intensity
X, V.2 streamwise, wall-normal and spanwise coordi- () conditional mean

nates normalized by ¢ (m) - time mean

O = (T — Tw)/T, for UHF, (3)
O = (T — TW)/TSTG for STG, (4)

where T, and Tgrg are the friction temperature for UHF and
reference temperature for STG (see Chapter 2). Energy equa-
tion used for UHF and that for STG are then written as

00+ GloM 1 2’0" U
Uf—=——————_L for UHF 5
o Y o, RePr ox;  Uf o ’ )
0" 00" 1 o*e°
+ + RePrU;  for STG. (6)

ot J G_xj ~ RePr ox;

The last term on (5) and that on (6) represent production by
streamwise mean temperature gradient, —U, 0T,/0x;, and
production by spanwise mean temperature gradient,
—U; 0T, /0x3, respectively. Periodicity condition is applied for
x and z directions for velocity and temperature fields. The
velocity components and temperature fluctuation for two cases
are all set to zero on the wall of the channel. Fourth-order
central finite difference is applied for the discretization of basic
equations. More detailed description of the numerical scheme
should be referred in the literatures (Matsubara et al., 1997,
1998). Numerical conditions taken in this paper are listed in
Table 1. Reynolds number based on the friction velocity and
the channel half-width, Re was set to 150, and the Prandtl
number, Pr, to 0.71 (air). Uniform grid mesh is used in x and z
directions with non-uniform spacing in the y direction. Under
the grid resolution presented in Table 1 the flow field data
show good agreement with other DNS results (Kasagi et al.,
1992a) obtained by the spectral method, and the computa-
tional validity is thus confirmed (Matsubara et al., 1997, 1998).

3. Conditional sampling technique

In order to obtain coherent structures, conditional sam-
pling technique proposed by Jeong et al. (1997) is used with
minor change. In the original scheme by Jeong et al. (1997)
eigenvalue of the tensor, SySi; + 2 ,, was used to detect the
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Table 1

Computational conditions
Re 150
Pr 0.71
L./ 7.85
L./o 3.14
Grid points 64 x 61 x 64
Ax* 18.4
Ayt 1.03-9.51
Az 7.36
Ar* 0.06

vortex, while in the present study second invariant of the de-

formation tensor, 4, is used for this purpose. However, it was

found that vortical structures educed by both detectors are
almost identical. In Fig. 2, iso-surface of A for the near-wall
region (y* < 60) is presented. Vortical structures are elongated
in the streamwise direction, and their streamwise extents are
roughly 200 wall units.

Conditional sampling scheme (Jeong et al., 1997) used here
consists of three procedures.

1. To find the center-axis of the quasi-streamwise vortex, local
maxima of —4 in the y—z plane were first detected in the
near-wall region 10 <y* <40 wunder condition that
-2 > —(A—A),, and that w, > 0 (or w, < 0). Due to the
latter condition, vortical structures having the same sense
of streamwise rotation are captured.

2. When the local maxima are continuously distributed in the
streamwise direction over 150 wall units, the mid-point for
the streamwise extent of this distribution (corresponding to
center-axis of vortical structure) is taken as a reference
point of averaging.

3. Instantaneous flow and thermal fields are averaged putting
the origin of x and z on the reference points found in (2).
Averaged structures obtained by the above procedure with

positive and negative senses of rotation are called SP and SN,

respectively. In the present study, 50 sets of instantaneous data
are kept at every 500 time step for conditional sampling, and

177 and 180 vortical structures for SP and SN are detected.
Using the conditionally averaged variable, instantaneous

velocity, U;, is decomposed as

Ui = (Uy) +uj, (7)

where (U;) is the conditional mean of U; or coherent part of it,
and u; denotes incoherent part of U;. Decomposition can also
be made for velocity fluctuation, u;, meaning deviation from
the usual mean velocity, U;,

u; = (u;) + u. (8)

Fig. 2. Second invariant of deformation tensor in the range of
0 < y* < 60, white blobs indicate —A* > 0.02.

Eq. (8) and similar expression for temperature fluctuation yield
(:0) = (u:)(0) + (u;0'). )

As seen above, conditionally averaged correlation between u;
and 0, {u;0) includes the term (x/0) which appears due to in-
coherent motion and smears structures educed by conditional
sampling. To eliminate this smearing, not (u,;0) but (u;)(0) is
used in the discussion of apparent heat flux caused by coherent
structure, i.e., coherent heat flux (see Section 4.3). Similar dis-
cussion can be made for second invariant of deformation ten-
sor, A(= Ou;/0x; - Ou;/0x;). Conditionally averaged value of /,

(A(Ou;/0x;)) = (Ou;/0x; - Qu;/0x;), (10)
and A of conditionally averaged deformation tensor,

A(0{u;) /0x;) = Ous) /Ox; - O{u;) /O, (11)
are related by the relation,

(A(0u; /0x;)) = A(d(uy) /Ox;) + (Bul /ox; - dudl /x,). (12)

Since the former (10) is affected by incoherent part of u, the
latter (11) is used for the discussion in this section. The value
of (11) is shown for SP and SN in Figs. 3 and 4, respectively.

Fig. 3. A(0(u;)/0x;) for SP, white blob indicates —4" > 0.004: (a) top
view; (b) side view.

(b)

Fig. 4. Z(0(u;)/0x;) for SN, white blob indicates —4" > 0.004: (a) top
view; (b) side view.
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Both SP and SN are presented in order to check convergence
of averaged quantity. As seen in Figs. 3 and 4, quasi-
streamwise structure tilt in the x—z plane, and direction of the
tilt for SP and SN are inverted. The streamwise-structure is
inclined in the x—y plane and their inclination angles are
roughly the same. Good symmetry between SP and SN sug-
gests that highly converged values are obtained by conditional
sampling. Since SP and SN are symmetrical counterparts as
suggested in Figs. 3 and 4, attention is paid only to SP in the
following discussion.

4. Results and discussion
4.1. Flow field

Jeong et al. (1997) gave a detailed description of the flow
field data obtained by conditional sampling. However, coher-
ent structure of the flow field is briefly outlined here in order to
prepare for the discussion of temperature field. Fig. 5 shows
conditionally averaged velocity field around the quasi-
streamwise vortex having positive sense of streamwise rotation
(SP). Three flames in Fig. 5 are sampled at x =0,z =0 and
yt =20, and each flame includes the contours for streamwise
component of fluctuation velocity, (#) and vectors of second-
ary flow (i.e. transverse components). Shaded parts in the
figure indicate positive value of (1), and three numbers C1, C2,

(c)

Fig. 5. Contours of (u™) for SP: (a) x = 0, contour levels = (contour
spacing, minimum, maximum) = (0.6, —2.4, 1.8); (b) y* = 20, contour
levels = (0.6, —2.4, 1.2); (c) z = 0, contour levels =(0.32, —1.3, 0.64).

120
(b)

Fig. 6. Contours of (p*) for SP: (a) x = 0, contour levels = (0.28, —1.1,
0.56); (b) z =0, contour levels =(0.34, —1.4, 0.68).

C3 written below the flame as (Cl, C2, C3) are contour
spacing, minimum contour and maximum contour, respec-
tively. Note that similar expressions are used in the following
figures. For simpler description, conditionally averaged value
of velocity fluctuation, (), is called merely velocity fluctuation
in parts of the following discussion.

As seen in Fig. 5(b) and (c), (u) changes more slowly in the
streamwise direction than in other directions, and velocity
distribution is roughly uniform in the streamwise direction. In
Fig. 5(a), upward and downward flow motions are observed
around the vortex, and they cause streamwise velocity fluctu-
ation, (u) <0 and (u) > 0, due to the presence of the back-
ground shear. Interface between fast ((u) >0) and slow
({(u) < 0) fluids is slightly inclined to the wall-normal coordi-
nate since excess momentum fluid is transported by the con-
vective effect of the vortex. This results in the inverted gradient
of the velocity fluctuation so that mean streamwise velocity
and its fluctuation part have opposite gradients in the wall-
normal direction. As discussed later, similar phenomenon seen
in the temperature field is one of the reasons for destructing
turbulent heat flux.

The pressure field is shown in Fig. 6. Low-pressure fluid
core exists inside the vortical structure, and balances with the
centrifugal force generated by the rotation. As seen later,
presence of this low-pressure core is another factor for the
destruction of turbulent heat flux.

4.2. Temperature field

Conditionally averaged temperature (0) for UHF and that
for STG are shown in Figs. 7 and 8, respectively. In parts of
the following, (0) is merely temperature fluctuation to simplify
the description. Temperature distributions around the vortex
for both cases are nearly uniform in the streamwise direction.
In the case of UHF, temperature distribution is almost iden-
tical to the distribution of the streamwise velocity, suggesting a
similarity between flow and temperature fields. In UHF, fluc-
tuation temperature (0) is caused by the wall-normal velocity
component, and it is large at right- and left-halves of the
vortex. In this case, near the center-axis of the vortex, wall-
normal gradient of fluctuation temperature becomes positive,
while negative gradient is imposed on the mean temperature.
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(c)

Fig. 7. Contours of (0") for SP in UHF: (a) x =0, contour lev-
els=(0.55, 1.1, 2.2); (b) y* = 20, contour levels = (0.55, —1.1, 2.2); (c)
z =0, contour levels =(0.34, —0.68, 1.4).

Thus, inverted gradient of temperature fluctuation occurs in
wall-normal direction in the UHF case. In the case of STG,
temperature fluctuation takes high value at upper- and lower-
halves of the vortex due to spanwise velocity component and
inverted gradient of temperature fluctuation appear in the
spanwise direction. Therefore, temperature distribution in
STG and that in UHF are roughly similar in shape, but phase
difference of nearly 90° exists between these.

4.3. Convective heat flux due to vortical flow motion

In this section, discussed is the convective heat flux (u;)(0)
which corresponds to heat flux due to convective effect of
vortical flow motion. The use of (u;)(0) instead of (u;0) is
based on the same reason as described in the discussion of
second invariant of deformation tensor (see Chapter 4). In this
study (u)(0) and (v)(0) for UHF and (w)(0) for STG have
non-zero values, and they are plotted in Fig. 9. In Fig. 9(a),
streamwise component of coherent heat flux, (u)(0), is large at
right- and left-sides of vortex center due to velocity fluctuation
in y, and it takes negative value almost over the whole width of
the plane presented in the figure. The latter suggests that in the
case of UHF correlation between u and 6 is very high near the
wall (Kasagi et al., 1992b).

Wall-normal heat flux, (v)(0), for UHF and the spanwise
component, (w)(0), for STG represent the convective heat
transport parallel to the mean temperature gradient. Because

.
/

| AN AN

Fig. 8. Contours of (0") for SP in STG: (a) x = 0, contour levels = (3.0,
-3.0, 12); (b) y™ =20, contour levels=(2.2, 2.2, 8.8); (¢) z=0,
contour levels=(2.8, -2.8, 11).

of similarity between temperature distribution around the
vortex for UHF and that for STG, distribution of (v)() and
that of (w)(0) are again similar in shape with azimuthal phase
difference of 90°. The similarity in coherent structures should
be background for the statistical similarity such that correla-
tion coefficient between v and 0 for UHF and that between w
and 6 for STG are nearly equal over the channel width ex-
cluding the channel central part (100 < y* < 150) where (v)(0)
vanishes due to the flow symmetry but the value of (w)(0)
remains.

4.4. Production and destruction of turbulent heat flux

Examination is given to two major processes in the turbu-
lent heat flux transport, production and destruction (Matsu-
bara et al., 1997, 1998; Kasagi et al., 1992b). In the situation
taken here, they are defined as listed in Table 2. In Fig. 10, for
UHF presented are conditionally averaged quantities

—(u)(v)0T /3y — (v)(0)dU /dy, (13)

(p)d(0) /dx. (14)

The former and the latter correspond to production and de-
struction, respectively, of streamwise turbulent heat flux for
the UHF case, where production by streamwise temperature
gradient ()07 /dx was confirmed to be very small and thus
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Fig. 9. Coherent heat flux for SP at x =0: (a) (u*)(0") in UHF,
contour levels=(1.8, 7.0, 0.0); (b) (v™){0") in UHF, contour lev-
els=(0.36, 0.0, 1.4); (c) (w")(0") in STG, contour levels= (2.6, -2.6,

10).
Table 2
Production and destruction of turbulent heat flux
Turbulent heat flux ~ Production Destruction
ub < 0 —w T - T -w0T <0 p¥>0
W Qx
v0 >0 7uvffv2°7>0 pgf<()
0 T paT 0
wl >0 w2 >0 Pg <0

was omitted from Eq. (13). The comparison between the first
and second terms in (13) revealed that these values are almost
equal due to the similarity between flow and thermal fields in
the UHF case. As seen in Fig. 10, production is conspicuous
at right- and left-sides of vortex core where (u), (v) and (0)
included in (13) are large, and destruction takes a high posi-
tive value near the vortex center. Since production and de-
struction occur in clearly separated regions, spatial transport
effect such as turbulent diffusion or pressure diffusion should
have a role in the transport between separated regions. De-
struction of heat flux in this case is caused by two factors. The
first is the rotating flow motion of the vortex, which induces
negative pressure fluctuation ((p) < 0) within the vortex core.
The second is the tilting and inclination of the vortex, which

(@)~

YTy or o »

0
® '

Fig. 10. Production and destruction of coherent streamwise heat flux
for SP in UHF at x = 0: (a) —(u*)(v*)0T+ /dy* — (v*)(07)dUT /dy*,
contour levels=(0.22, —0.72, 0.0); (b) (p*)d(6")/dx", contour lev-
els =(0.006, 0.0, 0.024).

70
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Fig. 11. Production and destruction of coherent wall-normal heat flux

for SP in UHF at x = 0: (a) —(v")>87+ /dy*, contour levels = (0.036,
0.036, 0.144); (b) (p*)d(0")/dy*, contour levels = (0.044, —0.18, 0.044).

result in negative gradient of fluctuation temperature
(0(0)/ox < 0).

Conditionally averaged statistics corresponding to pro-
duction and destruction of wall-normal turbulent heat flux for
UHF

—(v)*aT /2y, (15)
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Fig. 12. Production and destruction of coherent spanwise heat flux for
SP in STG at x = 0: (a) —(w")>d7*/dz*, contour levels=(0.18, 0.18,
0.72); (b) (p*)0(6")/0z", contour levels =(0.28, —1.1, 0.0).

(p)o(0) /0y (16)
are plotted in Fig. 11. In Eq. (15), the term (u)(v)dT/0x is

neglected because it was found to be quite small. In Fig. 12,
plotted are the quantities for STG

—(w)*dT/dz, (17)

(p)0(0)/0z, (18)
expressing production and destruction of spanwise turbulent
heat flux. The values of productions (15) and (17) should be
positive due to their definitions, and they are actually positive
everywhere in the visualized flame. They take large values at
the outer-peripheral of the vortex where velocity fluctuations
are also high, and the destructions (16) and (18) are conspic-
uous at the central part of the vortex. As seen in Figs. 6-8,
destruction of wall-normal heat flux and that of spanwise
component are based on similar mechanisms. In both, de-
struction occurs due to the rotating flow motion of the vortex,
which results in low pressure within the vortex core and in-
verted gradient of temperature fluctuation near the center-axis
of the vortex.

5. Conclusions

Conditionally averaged structures were obtained from the
channel flow DNS data for two kinds of temperature fields: (a)

uniform heat flux heating on the wall (UHF), (b) spanwise

temperature gradient over the whole channel width (STG).

Average was made conditionally upon quasi-streamwise vortex

near the wall, and coherent structures of temperature were

obtained. Main conclusions are as follows:

1. Conditionally averaged flow field around the quasi-stream-
wise vortex is almost uniform in the streamwise direction.

2. Temperature fields around the vortex for UHF and STG
are also uniform in the streamwise direction. They are sim-
ilar in shape, and they have azimuthal phase difference of
about 90° since the mean temperature gradient for UHF
and that for STG are in orthogonal directions.

3. Mean and fluctuation temperature has opposite gradient in
wall-normal direction for UHF and in spanwise direction
for STG. This inverted gradient is generated by the rotating
motion of the vortex which transports excess temperature
azimuthally around the vortex core.

4. Destruction process for wall-normal turbulent heat flux (in
UHF) and that for spanwise components (in STG) are
based on similar mechanisms. In both cases, destruction is
caused by the rotating flow motion of the vortex, which re-
sults in low pressure within the vortex core and inverted
gradient in temperature fluctuation near the vortex center-
axis.
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