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Abstract

A direct numerical simulation is performed for turbulent heat transfer in a concentric annulus at Rep, = 8900 and Pr = 0.71 for
two radius ratios (R; /R, = 0.1 and 0.5) and wall heat flux ratio ¢* = 1.0. Main emphasis is placed on the transverse curvature effect
on near-wall turbulent thermal structures. Near-wall turbulent thermal structures close to the inner and outer walls are scrutinized
by computing the lower-order statistics. The fluctuating temperature variance and turbulent heat flux budgets are illustrated to
confirm the results of the lower-order statistics. Probability density functions of the splat/anti-splat process are investigated to
analyze the transverse curvature effect on the strong relationship between sweep and splat events. The present numerical results show
that the turbulent thermal structures near the outer wall are more activated than those near the inner wall, which may be attributed

to the different vortex regeneration processes between the inner and outer walls.

© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Concentric annular pipe is often encountered in en-
gineering applications such as heat exchangers, gas-
cooled nuclear reactors and gas turbines. Moreover,
study on turbulent heat transfer provides insight into the
distinctive feature of the thermal field such as the radial
asymmetry of the temperature field. In the preceding
paper (Chung et al., 2002), the transverse curvature ef-
fect on near-wall turbulent flow structure in a concentric
annulus was reported. They showed that overall turbu-
lent statistics near the outer wall were larger than those
near the inner wall. The quadrant analysis of the Rey-
nolds shear stress and p.d.f. of the inclination angles of
the projected vorticity vectors provided a comprehensive
data pertaining to the transverse curvature effect on the
turbulence production (consumption). In addition to the
study on flow structure, a study on turbulent heat
transfer in a concentric annulus is also important from
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both scientific and engineering viewpoints. In this study,
a DNS is performed to elucidate the transverse curva-
ture effect on near-wall turbulent thermal structure in a
concentric annulus.

A literature survey reveals that there have been many
experimental and numerical studies on turbulent heat
transfer in concentric annuli. Heikal et al. (1976) mea-
sured wall heat transfer rate in air flow. Kuzay and Scott
(1977) measured the wall heat transfer rate and mean
temperature in air flow, and they focused on the effect of
inner wall rotation. Hasan et al. (1992), Velidandla et al.
(1996) and Kang et al. (2001) investigated the buoyancy
effect on the velocity and temperature field in a vertical
annulus whose inner wall only was heated. They re-
ported that the buoyancy effects were found on the mean
and turbulence fields, even at very low values of Rich-
ardson number (Ri = Gr/Re?). Numerical simulations of
the thermal fields in turbulent flow through concentric
annuli with their inner walls heated were performed by
many researchers (Wilson and Medwell, 1968; Malik
and Pletcher, 1981; Kawamura et al., 1994; Zarate et al.,
2001). Wilson and Medwell (1968) used the van Driest
model of turbulent viscosity. A constant turbulent
Prandtl number Pr; = 1 was used for P> 0.1, and an
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Nomenclature

a;, b;, ¢;, d;, e;, fi, g coefficients of Taylor series

@=0,1,..)
Cr skin friction coefficient =1,,/(1/2)pU>
¢ specific heat at constant pressure
Dy hydraulic diameter =44
Gr Grashof number
h heat transfer coefficient
K thermal activity ratio = (p;cp At/ PyCpyiw)
L, computational length in the z direction
Ly computational length in the 6 direction

Nup,  Nusselt number =hDy, /1
N,, Ny, N, grid points in the r, 0, z directions, re-

spectively
p pressure
Pr Prandtl number =v/a
Pr, turbulent Prandtl number = v /o
q’ wall heat flux
q* wall heat flux ratio=gq//q”

qrs 40, 4z 4y =71 Uy, 4o = Vg, 4; = U,
r, 0, z spatial coordinates in the r, 0, z directions,

respectively

R* radius ratio=R; /R,

Ry, R, radius of inner and outer cylinder, respec-
tively

Re Reynolds number based on characteristic

velocity and length scales

Re; Reynolds number = U.0/v

Re, Reynolds number =u.6/v

Rey, Reynolds number = U, 4, /v

Rep, Reynolds number = U, Dy, /v

Ri Richardson number = Gr/Ré?

Ryy  two-point correlations of fluctuating stream-
wise velocities

Roer  two-point correlations of fluctuating temper-

atures
T temperature
T bulk mean temperature
T, dimensionless temperature = g"/pc,Un
T, friction temperature = q"/pc,u,
t time
U, friction velocity = (z,,/p)"?

U., Un, Uy laminar maximum velocity, bulk mean
velocity and free stream velocity, respectively

v,, Uy, v, velocity components in the r, 0, z directions,
respectively

V., Vo, V. mean velocity components in the r, 0, z di-
rections, respectively

y distance from the inner or outer wall

Greeks

o thermal diffusivity =4/pc,

ot eddy diffusivity = —v.0'/(00 /dy)

0 half-width between inner wall and outer wall

A, enthalpy thickness

Ar;, Ar, minimum grid spacing from the inner and
outer wall, respectively

Arpax - maximum grid spacing in the radial direction

A6, Az grid spacing in the azimuthal and axial di-
rections, respectively

A thermal conductivity

v kinematic viscosity

v eddy viscosity = —v/v/(0V,/0y)

0 density of fluid

Ty statistically averaged wall shear stress at the
inner or outer wall

(2] dimensionless temperature = ((7y,) — T)/7T,

Abbreviations

DNS  direct numerical simulation

DS dissipation

LES large eddy simulation

MD  molecular diffusion

PD pressure diffusion

p.d.f.s probability density functions

PR production

PS pressure strain

Ql1, Q2, Q3, Q4 first, second, third and fourth
quadrant, respectively

r.m.s. root mean square

SP splatting parameter = (1/r)(0v},/00) + 0v’ /0z

TD turbulent diffusion

TPG  temperature—pressure gradient

Superscripts and subscripts

() fluctuating component

() + normalized by u,, v or T,

() statistically averaged in time and space

( )s (), values of fluid and walls, respectively

( );» (), values of inner and outer walls, respectively

() root mean square value

() temporally and spatially averaged in the 6
direction

rms

empirical relation was adopted for Pr < 0.1. Malik and
Pletcher (1981) evaluated three different turbulence
models, and they used a constant turbulent Prandtl
number of 0.9. Kawamura et al. (1994) made a LES

study with two radius ratios (R* = R;/R5). They showed
that the Nusselt numbers were in good agreement with
the existing correlation of Dalle Donne and Meerwald
(1973). They also found the striking similarity between
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the velocity and temperature fields. Zarate et al. (2001)
compared their numerical results with the experimental
data of Kang et al. (2001). They used explicit algebraic
heat flux model of So and Sommer (1996) to capture the
anisotropy of the turbulent heat flux components.

A perusal of the relevant literature indicates that the
information on turbulent heat transfer in concentric
annuli with transverse curvature is almost limited.
Furthermore, most numerical studies use turbulence
models which provide rather limited information. DNS
is essential to clarify the transverse curvature effects on
turbulent heat transfer considered in this study. With
the advent of large scale computers, DNS becomes an
important research tool of the turbulent heat transfer.
Kim and Moin (1989), Lyons et al. (1991) and Kasagi
et al. (1992) performed the DNS studies at moderate
Reynolds numbers and Prandtl numbers of about one or
less. Later, Kawamura et al. (1998) and Na and Han-
ratty (2000) studied the effect of Prandtl number on
turbulent heat transfer increasing Prandtl number up to
10. All the DNSs mentioned above used isothermal wall
boundary conditions for the dimensionless temperature.
This leads to the assumption of zero wall temperature
fluctuations. However, there exist wall temperature
fluctuations on the heated solid wall in real turbulent
flow. Study on wall temperature fluctuations can be
helpful to understand turbulent heat transport between
a flow and a solid wall. For instance, this study can be
applied to predict and avoid thermal fatigue failure of
solid structures (Kasagi et al., 1989). Lu and Hetsroni
(1995) performed DNS of turbulent heat transfer in a
open channel flow using ideal isoflux condition. They
evaluated many turbulent thermal statistics such as
mean temperature, r.m.s. temperature fluctuations and
turbulent heat fluxes. They also revealed that the influ-
ence of temperature fluctuations at the wall is confined
in the very near-wall region. Kong et al. (2000) per-
formed DNS of the developing turbulent thermal
boundary layer with two boundary conditions (isother-
mal and ideal isoflux boundary conditions). Tiselj et al.
(2001b) performed DNS of the turbulent flume flow
with isothermal and ideal isoflux conditions and ana-
lyzed the differences between both types of boundary
condition at Pr = 1 and 5.4. Tiselj et al. (2001a) studied
a conjugate heat transfer problem in turbulent channel
flow considering the unsteady conduction in the heated
wall. They investigated the change of wall temperature
fluctuations varying wall thickness and thermal activity
ratio K = (,ofcp‘.if/pwcpw)uw)o'5

In the present study, which is a sequel to Chung et al.
(2002), the transverse curvature effect on turbulent heat
transfer in concentric annuli is investigated via DNS. A
schematic diagram of the flow and thermal configura-
tion is shown in Fig. 1. Two radius ratios (R* = 0.1 and
0.5) are chosen and the heat flux ratio ¢* (= ¢J/q)) is
unity for both radius ratios. The flow conditions are the
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Fig. 1. Schematic diagram and coordinate system.

same as those of Chung et al. (2002). Many turbulent
thermal statistics with ideal isoflux boundary conditions
are obtained to analyze the near-wall thermal structures
close to the inner and outer walls, which are compared
with the previous DNS data of turbulent heat transfer.
The budgets of temperature variance and turbulent heat
fluxes are computed to explain the different turbulent
statistics between near inner and outer walls. Finally,
p.d.f.s of splat/anti-splat process are performed to shed
further light on the transverse curvature effects on the
flow and thermal fields in concentric annuli.

2. Numerical procedure

The computational domain is shown in Fig. 1. The
transverse curvature effect on near-wall turbulent ther-
mal structure is analyzed for two radius ratios (R* = 0.1
and 0.5) and the heat flux ratio ¢* of 1.0 for both radius
ratios. The Reynolds number based on the bulk velocity
Un and the hydraulic diameter Dy, is Rep, = 8900 and
the Prandtl number is Pr= 0.71. The computational
length in the axial direction is L, = 256 and 306 for
R* =0.1 and 0.5, respectively. Any buoyancy effect is
neglected, and hence temperature is considered as a
passive scalar. Periodic boundary conditions for veloc-
ity and temperature components are applied in the
streamwise and circumferential directions. Heating
conditions at both walls are the same as those of Kasagi
et al. (1992). Due to the heating conditions, the tem-
perature ensemble-averaged over the 0 direction and
time (7) should increase linearly in the streamwise di-
rection, i.e.,

o(T) _ o(Twm) _ O(Ty)

Oz Oz Oz

The dimensionless temperature ©®; or O, is defined to
use periodic conditions for in the 6 and z directions. ©;
and O, are expressed as follows:

0; = ((T,) - 1)/T,,
0, =(T,)—-T)/T,,

= const. (1)

(2)
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where T, and T, denote mean temperature of fluid and
wall temperature, respectively. Here, 7, and 7, are de-
fined as T, =q!/pc,Un and T, = q0 / pc,Un, respec-
tively. A no-slip boundary condition is imposed at the
wall for the velocity components and an ideal isoflux
condition is used for the temperature component.

The continuity and Navier-Stokes equations in cy-
lindrical coordinates are the same as Chung et al. (2002).
When the variables g, =r-v,, g9 = vy and ¢, = v, are
introduced, the energy equations regarding ®; can be
written as:

00; l 0q,.0 1 0 @ aqz@1 B i (T,
ot r or r oz T, oz %
1 lg 62@i+62@i 3)
~RePr |7 or r2 00? 0z2
with
IRLSECRYS o
T, 0  Ry/o(1—R7)

Here, v,, vy, v. denote the radial, azimuthal and axial
velocity components, respectively. All the variables are
non-dimensionalized by a characteristic length J, ve-
locity scale U, and temperature scale. Here, U, is the
laminar maximum velocity. For the flow field, the nu-
merical method of Kim et al. (2002) is adopted and the
second-order Crank—Nicolson method in time is applied
for all the terms of the energy equation. All the terms of
the governing equations are resolved with a second-
order central difference scheme in space with a staggered
mesh.

Figs. 2 and 3 exhibit the two-point correlations of the
fluctuating streamwise velocities and temperatures in the
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Fig. 2. Two-point correlation coefficients of streamwise velocity fluc-
tuations and temperature fluctuations for R* = 0.5: (a) streamwise
separations, (b) azimuthal separations.
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Fig. 3. Two-point correlation coefficients of streamwise velocity fluc-
tuations and temperature fluctuations for R* = 0.1: (a) streamwise
separations, (b) azimuthal separations.

z and 0 directions. Here, the two-point correlations are
calculated at y™ ~ 5. For the axial velocities, the auto-
correlations in Figs. 2 and 3 show that they fall off to
zero values for separations. This suggests that the
computational domains are sufficiently large to simulate
the largest eddies in the flow. For the temperature
fluctuations, the streamwise two-point correlations in
Figs. 2(a) and 3(a) do not decay to zero in the compu-
tational domain (0.09 and 0.03 for R* = 0.1 and 0.5,
respectively). The previous DNS study of Tiselj et al.
(2001a) with the same thermal boundary condition of
the present one indicates that the periodicity length,
which is long enough for the velocity field, is long en-
ough also for the passive scalar fields. This guarantees
that the computational domain used in the present work
is adequate to capture the largest thermal structures.
The computation is conducted in only one-quarter of
the full cross-section in the azimuthal direction for
R* = 0.5 as in the simulation of Chung et al. (2002). The
use of periodic thermal boundary conditions in the 6
directions is justified by examining the two-point cor-
relations as shown in Figs. 2(b) and 3(b). In Figs. 2(b)
and 3(b), the negative peaks of the auto-correlation
functions for temperature shift to smaller values of 6
than those for axial velocities because of the isoflux
boundary conditions. This tendency exemplified larger
thermal streaky structures as pointed out in the previous
studies (Tiselj et al., 2001b). The detailed grid resolu-
tions for two radius ratios are summarized in Table 1. A
hyperbolic tangent function is used for a clustering of
grid points in the wall-normal direction. The computa-
tional time step is 0.0356/ U, and 0.045/U, for R* = 0.1
and 0.5, respectively, and the total averaging time to
obtain the statistics is 7006/ U, and 8006/ U, for R* = 0.1
and 0.5, respectively.
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Table 1

Grid resolutions
R 0.5 0.1
q* 1.0 1.0
Lr 4553.71 4485.75
L 476.86 250.53
LJU 908.85 1995.54
Azt 14.23 17.52
(R, AO)* 3.73 0.98
(R, A" 7.10 7.80
Arf 0.13 0.15
Arf 0.12 0.12
Arfoy 12.89 15.23
(N,, Ny, N.) (65, 128, 320) (65, 256, 256)

3. Results and discussion
3.1. Mean flow and thermal properties

Before proceeding further, it would be advantageous
to look into the characteristics of mean thermal prop-
erties. Mean flow and thermal parameters are listed in
Table 2. Here, Res is based on the laminar maximum
velocity U, and the half-width § between the inner and
outer walls. In Table 2, the skin friction coefficient
(Cr = 14/(1/2)pU2) of the inner wall is larger than that
of the outer wall as in the case of Chung et al. (2002).
Moreover, this tendency becomes more clear as R* de-
creases. Note that the Nusselt number based on the
hydraulic diameter Nup, of the inner wall is also larger
than that of the outer wall. Difference in the value of the
Nusselt number between the inner and outer walls be-
comes more clear due to the heat flux ratio. A com-
parison is made of the mean temperature distributions
normalized by the friction temperature (7. = ¢"/pcpu.)
with the DNS data of Kasagi et al. (1992) as shown in
Fig. 4. A best-fit of the thermal law of the wall in the
logarithmic region is estimated from the dimensionless
temperature gradient. In the case of the outer profiles,
agreement with the previous DNS data of Kasagi et al.
(1992) is satisfactory in spite of the different thermal
boundary conditions. This verifies that the boundary
condition for temperature does not affect the mean

Table 2

Mean parameters
R 0.5 0.1
q* 1.0 1.0
Rep, 8900 8900
Re; 3355 3487
Re, (inner) 152 179
Re, (outer) 144 143
Cr (inner) 0.01006 0.01300
C; (outer) 0.00913 0.00825
Nup, (inner) 35.03 62.55
Nup, (outer) 28.51 27.63

20 -
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© 10}
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N N TR |

%" 10" + 10°

Fig. 4. Mean temperature distributions.

temperature field (Tiselj et al., 2001b). It is interesting to
note that there is a slight discrepancy between the pro-
files of the inner and outer walls near y* > 70 in Fig.
4(a). The deviations are significant in Fig. 4(b). This may
be attributed to the curvature effect, which is caused by
the decrease of the radius of the inner cylinder (Chung
et al., 2002).

3.2. Root-mean-square temperature fluctuations and tur-
bulent heat flux

The r.m.s. temperature fluctuations normalized by
the friction temperature of each wall are compared with
the previous results in Fig. 5. Here, the data obtained by
Kong et al. (2000) is the result for Re4, = 361. Note that
the r.m.s. temperature fluctuations at the walls yield
non-zero values due to the isoflux boundary conditions.
The wall temperature fluctuations of Kasagi et al. (1992)
which used the isothermal condition are zero. On the
other hand, the wall temperature fluctuations have a
constant value (~2.0-2.2), independent of the Reynolds
number range of the studies which employed the isoflux
conditions. In the outer region, the profiles of the r.m.s.
temperature fluctuations are different from each other
owing to the Reynolds number effect. A comparison
between the inner and outer walls indicates that the
values of the outer walls are larger than those of the
inner walls. As mentioned in the study of Chung et al.
(2002), the outer wall supplies relatively more turbulent
kinetic energy than the inner wall to the same volume
due to the transverse curvature effect.

The axial and wall-normal turbulent heat fluxes are
exhibited in Figs. 6 and 7, respectively. In Fig. 7, v,
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Fig. 5. Root-mean-square temperature fluctuations.

denotes a velocity component normal to the each wall. It
is seen that the values of axial turbulent heat fluxes near
the outer walls are in general agreement with the pre-
vious results (Kasagi et al., 1992; Lu and Hetsroni, 1995;
Tiselj et al., 2001a) in Fig. 6. On the other hand, some
discrepancy among the results appears in the case of
wall-normal turbulent heat fluxes and there is a ten-
dency to get higher value with increasing Reynolds
number. It should be noted that the results near the
inner walls are smaller than those near the outer walls
like the r.m.s. distributions of fluctuating temperature in
Figs. 6 and 7.

The wall-normal heat flux (—v/*@'") and total heat

flux ((1/Pr)(d@" /dy*) — @) in the global coordi-
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Fig. 6. Distributions of turbulent axial heat flux.
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Fig. 7. Distributions of turbulent wall-normal heat flux.

nate are displayed in Fig. 8. Here, y and v, denote a
distance from the inner wall and a velocity component
normal to the inner wall, respectively. It is interesting to
note that the distributions of wall-normal heat flux and
total heat flux are asymmetric and curvilinear as in the
case of total shear stress in Chung et al. (2002). Fur-
thermore, the positions of zero total heat flux are closer
to the inner walls than those of the total shear stress
(0.61 and 0.88 for R* = 0.1 and 0.5, respectively) in the
previous study of Chung et al. (2002). This phenomenon
is attributed to the heat flux ratio (¢* =q)/q") of 1
prescribed in this study.
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Fig. 8. Distributions of turbulent wall-normal heat flux and total heat
flux.
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3.3. Limiting behaviors of turbulent statistics

To analyze the near-wall asymptotic behavior of the
turbulent thermal statistics, we expand the velocity and
temperature in Taylor series. Considering the continuity
and dynamic equations under the no-slip and isothermal
boundary conditions, ¥;, v/, v, @ and @’ are expressed
in the following form (Kong et al., 2000):

V.=ay+ay' +-,
v, =biy+byt+---,
Vo=c? teyt e, (5)

O =dy+dy+dy*+ -,
O =ey+ey +--,

where the coefficients a;, b;, ¢;, d;, ¢; (i =0,1,...) are
functions of 6, z and ¢. Here, y denotes the distance from
the each wall. In the case of isoflux wall, the mean and
fluctuating dimensionless temperatures are written as
follows:

O=fo+fiv+fiy+--,
O =g +gy+gy+

(6)

Near-wall behaviors of the turbulent eddy viscosity
(v = —v.0//(8V./dy)) and eddy diffusivity (o = —v.0"/
(06 /dy)) are shown in Figs. 9 and 10, respectively. The
turbulent eddy viscosity and eddy diffusivity can be ex-
pressed in the following forms, considering isothermal
boundary condition in Eq. (5):

bic
vt:—;—lzyS_F...’
7
- )
t di

s
o
Jl‘r

Inner wall
—————— Outer wall 1

Kasagi et al. (1992)]
. Kong et (2000)

ST

Fig. 9. Near-wall behavior of turbulent eddy viscosity.
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Fig. 10. Near-wall behavior of turbulent eddy diffusivity.

On the other hand, substituting Eq. (6) into the ex-
pression of the turbulent eddy diffusivity yields

€280 5
— = 8
7Y (8)

It is indicated that the turbulent eddy viscosity and
eddy diffusivity are proportional to »* and y? as shown
in Figs. 9 and 10, respectively. These are predicted well
compared with the result of Kong et al. (2000). In the
very close to the wall, the distributions of the turbulent
eddy viscosity and eddy diffusivity deviate slightly from
y* and y?, respectively. This is because the wall-normal
velocity does not exactly satisfy 0v/./0y = 0 at the wall in
a finite difference method (Kong et al., 2000).

Ot =

3.4. Correlations between velocity and temperature

In this subsection, we consider the cross-correlation
coefficients between velocity and temperature to give the
quantitative measures for the interconnection between
the thermal and kinematic characteristics of the turbu-
lent fluctuations. The correlation coefficients between
temperature and axial velocity fluctuations are shown in
Fig. 11. The higher value of Kasagi et al. (1992) in the
region of y* < 12 demonstrates that a strong similarity
can be seen in the use of the isothermal conditions.
Away from the wall (y* > 45), the inner wall case shows
a significant reduction in the correlation coefficient
for R* = 0.1. This suggests that the coherent thermal
structure near the inner wall is relatively weak due to the
transverse curvature effect.

The correlation coefficients between temperature and
wall-normal velocity fluctuations are depicted in Fig. 12.
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Fig. 11. Profiles of the correlation coefficients between fluctuations of
streamwise velocity and temperature.
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Fig. 12. Profiles of the correlation coefficients between fluctuations of
wall-normal velocity and temperature.

As shown in Fig. 11, the wall-normal velocity and
temperature fluctuations of Kasagi et al. (1992) are
better correlated than those of other studies due to the
thermal boundary conditions. Close to the wall (y* <
30-40), the profiles of the inner walls are higher than
those of the outer walls. Away from the walls, the pro-
files near the inner walls show less correlations than
those near the outer walls. This tendency is more pro-
nounced as R* decreases, which is also related to the
assertion in Fig. 11 as mentioned above.

3.5. Budgets of temperature variance and heat fluxes

One main advantage of DNS is to compute the var-
ious terms in the budgets of the turbulent transport
equations that are difficult to measure. The budget data
obtained by DNS give detailed information to evaluate
the turbulence models and these are of great help to the
new turbulence modeling (Mansour et al., 1988). All
derivatives of mean quantities except the axial velocity
are zero in the streamwise and azimuthal directions,
considering 0(T)/0z = const. The remaining terms of
the budgets in the fluctuating temperature variance
07 /2 and turbulent heat fluxes v/@!/v.0! in cylindrical
coordinates are as follows:

@_:2/ 2-budget:
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The terms on the right-hand sides of Egs. (9)—(11) are
identified as follows: production PR, turbulent diffusion
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Fig. 13. Budget of fluctuating temperature variance E/ 2.

TD, pressure strain PS, pressure diffusion PD, molecular
diffusion MD and dissipation DS. The two pressure
terms can be combined to the temperature—pressure
gradient term TPG.

The budgets for the fluctuating temperature variance
(©%/2) are displayed in Fig. 13. A comparison is made
of @2 with the DNS data of Lu and Hetsroni (1995)
which are obtained under the same boundary condition
of the present study. The present prediction near the
outer wall is in good agreement with the data of Lu and
Hetsroni (1995). The MD and DS terms which are rel-
atively smaller than those of Kasagi et al. (1992) [not
shown] are important in the vicinity of the walls. It is
also demonstrated that the MD and TD terms play
important roles at y* < 30, and the PR and DS terms
are in local balance for y™ > 30. Note that the values
near the outer walls are larger than those near the inner
walls, and this tendency becomes more clear in the PR
and DS terms.

Examination of the budgets of the turbulent heat flux
indicates the contributions of various processes to the
turbulent heat flux. The budgets of the turbulent axial
heat flux (v.@’) are exhibited in Fig. 14. Here, symbols
are used for the data of Tiselj et al. (2001b) for Pr = 1.0
to compare with the present ones. The difference be-
tween the profiles of Tiselj et al. (2001b) and the present
study can be attributed to the effects of the Reynolds
numbers and the Prandtl numbers. At the wall, the MD
and DS terms are important, and these are small in
comparison with the results of Kasagi et al. (1992) under
the isothermal boundary conditions [not shown]. It is
seen that the PR and DS terms play major roles
throughout the layer, and the TPG terms become large
away from the walls.
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Fig. 15. Budget of turbulent wall-normal heat flux v/.©’. See Fig. 14 for
legend.

The budgets of the turbulent wall-normal heat flux
(v1.0") are shown in Fig. 15. An inconsistency in the TD
and PR terms between the data of Tiselj et al. (2001b)
and the present study is associated with the different
Prandtl numbers as stated in Fig. 14. Unlike the tur-
bulent axial heat flux case, the TPG and PR terms are
dominant. An examination of the results in Figs. 14-17
indicates that the values near the outer walls are larger
than those near the inner walls. This reconfirms the re-
sults of turbulent thermal statistics such as the r.m.s.
temperature fluctuations and the turbulent heat flux.
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3.6. Splatlanti-splat process

The key feature to note in this study is that the tur-
bulent thermal statistics near the outer wall are larger
than those near the inner wall as in the simulation of a
concentric annular pipe flow by Chung et al. (2002).
This suggests a strong similarity between the flow and
thermal fields. Chung et al. (2002) did the quadrant
analysis of the Reynolds shear stress to elucidate the
transverse curvature effects on the flow field in a con-
centric annulus. In the quadrant analysis of the Rey-
nolds shear stress of Chung et al. (2002), sweep events
near the outer walls were more predominant than those
near the inner walls. On the other hand, ejections near
the inner walls contributed to the Reynolds shear stress
more predominantly than those near the outer walls.
Splatting mechanism is considered as one of the ingre-
dients which are closely linked to the sweep events near
the wall. The splatting is defined as a net energy transfer
from the vertical component (v) of turbulence intensity
to the horizontal ones (v}, and v}) (Moin and Kim, 1982).
The splatting effect, which is correlated with the sweep
events and vorticity stretching, produces a flow pattern
similar to that of a jet impinging upon a wall. In the
present study, we develop a detailed explanation for the
altered splatting effect in the flow due to the transverse
curvature by a quantitative investigation. To the best of
our knowledge, there has been no comparative study on
a quantitative approach to the splatting mechanism.

The PS terms in the budget of v/? have been exploited
to explain the splatting effect in the previous studies
(Moin and Kim, 1982; Mansour et al., 1988; Eggels
et al., 1994). Fig. 16 shows the PS terms in the budget of
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Fig. 16. PS terms in the budget of /..

v2. The reversal of the sign of the PS term near the wall
(y" < 12) indicates the presence of splatting effect
clearly. It is interesting to note that the values near the
inner walls are smaller than those near the outer walls.
This reflects stronger splatting events near the outer
walls because of the transverse curvature.

To explain the difference in the strength of splatting
events between inner and outer walls clearly, the p.d.f.s
of splat/anti-splat process are carried out. The p.d.f.
investigation of splat/anti-splat event is performed under
the same flow condition (computational domain and
grid resolution) presented by Chung et al. (2002). Here,
a splat event transfers energy from the normal velocity
component to the two tangential velocity ones, and an
anti-splat event is a counterpart of a splat one (Perot
and Moin, 1995). We follow the approach of Shen et al.
(1999) which employ the parameter ((1/r)(0v}/00)+
0v. /0z, hereinafter referred to as SP) from the continuity
equation. SP denotes a positive value in the case of splat
event, on the other hand, it has a negative value in the
case of anti-splat event.

The p.d.f.s of the splat/anti-splat process for R* = 0.1,
weighted by the absolute value of SP normalized by its
r.m.s. value, are shown in Fig. 17. In the horizontal axes
of the pictures, the superscript (*) denotes that the
quantity is normalized by its r.m.s. value. The weighted
p.d.f.s enhance the contributions of the strong splatting
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Fig. 17. Weighted p.d.f.s of the splat/anti-splat process for R* = 0.1.
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events. The distributions near the inner and outer walls
are similar to those near the outer walls for R* = 0.5 [not
shown], while the significant discrepancies are found for
R* = 0.1. It should be pointed out that the splat events
near the outer walls are stronger than those near the
inner walls in Fig. 17(a) and (b). This illustrates the
point discussed by Chung et al. (2002) that the sweep
events near the outer walls are stronger than those near
the inner walls. On the contrary, in Fig. 17(c) and (d),
the profiles of the inner walls are larger than those of the
outer walls in the strong anti-splat region. This leads to
stronger ejection events near the inner walls. To attain
an in-depth explanation for the close relation between
sweep/ejection and splat/anti-splat events, the p.d.f.s of
the splat/anti-splat process about each quadrant of the
Reynolds shear stress are performed.

The p.d.f.s of the splat/anti-splat process about each
quadrant of the Reynolds shear stress are demonstrated
in Figs. 18 and 19. Here, Q; (j = 1-4) represents each
quadrant according to the signs of v/ and v, (Chung
et al., 2002). The thin and thick lines denote the profiles
of the inner and outer walls, respectively. At the closest
point to the wall (y© ~ 0.13), the distributions of Q3/Q4
and Q1/Q2 are highly concentrated in the strong splat
and anti-splat regions, respectively, due to the wall
proximity effect. This tendency becomes weak away
from the walls. Note that the profiles of Q2 and Q4 are
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Fig. 18. Weighted p.d.f.s of the splat/anti-splat process regarding each
quadrant of Reyonlds shear stress for R* = 0.5.
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Fig. 19. Weighted p.d.f.s of the splat/anti-splat process regarding each
quadrant of Reyonlds shear stress for R* = 0.1.

larger than those of Q1 and Q3. This is consistent with
the result of the quadrant analysis for the Reynolds
shear stress by Chung et al. (2002). In the distributions
of Q4 in Fig. 19(a) and (b), stronger splat events can be
seen near the outer walls. On the other hand, the Q2
profiles of inner walls in the strong anti-splat region are
larger than those of outer walls in Fig. 19(c) and (d).
This is not pronounced in the case of R* = 0.5. Figs. 18
and 19 give a sufficiently complete picture of the strong
connection between sweep and splat events, or between
ejection and anti-splat events.

As discussed above, it is clearly seen that strong splat
events, which are closely linked to the strong sweep
ones, can be observed near the outer walls more fre-
quently. This allows easier comprehension of the dif-
ferent vortex regeneration mechanism between the inner
and outer walls proposed by Chung et al. (2002). It is
worth mentioning that Brooke and Hanratty (1993) and
Bernard et al. (1993) state that streamwise vortices en-
tailing strong sweep motions can create other stream-
wise ones through the interaction with the wall. Since
the surface area of the outer wall is larger than that of
the inner wall, the regeneration process may be detected
more violently. Due to the significant similarity between
the flow and thermal fields, the investigation of the splat/
anti-splat process may be also useful to clarify the dif-
ferent turbulent thermal structures between the inner
and outer walls.
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4. Summary and conclusions

In the present study, which is a continuation of the
work presented by Chung et al. (2002), a DNS has been
performed for turbulent heat transfer in a concentric
annulus at Rep, = 8900 and Pr=0.71 for two radius
ratios (R* = 0.1 and 0.5) and ¢* = 1.0. Main emphasis is
placed on the transverse curvature effect on near-wall
turbulent thermal structures. At first, the Nusselt num-
bers and mean temperature profiles were represented to
show and compare the mean thermal properties between
near the inner and outer walls. It was found that the
slope of the mean temperature profile near the inner wall
was lower than that near the outer wall in the loga-
rithmic region. Overall turbulent thermal statistics near
the outer walls were larger than those near the inner
walls due to the transverse curvature. This tendency was
more apparent for small radius ratio. The limiting be-
haviors of the statistics were in excellent agreement with
the previous DNS data. The cross-correlations between
velocity and temperature indicated that the coherent
thermal structures near the outer walls were stronger
than those near the inner walls. The fluctuating tem-
perature variance and turbulent heat flux budgets were
illustrated to confirm the results of the lower-order
statistics. The p.d.f.s of the splat/anti-splat process were
scrutinized to provide a complete scenario of the
transverse curvature effects on the flow and thermal
fields in a concentric annulus. The present numerical
results showed that the turbulent thermal structures near
the outer wall were more activated than those near the
inner wall, which may be attributed to the different
vortex regeneration processes between the inner and
outer walls.
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