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Abstract

A detailed knowledge of both velocity and thermal fields in wall turbulence disturbed by a row of ribs on the wall is important for
clarifying the chief factors of fluid and thermal dynamics related to the control of heat transfer. In this study, in order to elucidate
the effects of roughness on the statistical quantities in the velocity and thermal fields, direct numerical simulations (DNS) of heat
transfer in turbulent channel flows with transverse-rib roughness have been performed by varying their spacing, width and height, in
which the turbulent heat transfer with k-type and d-type roughness walls are simulated. It is found that since turbulent mixing is
promoted by arranging ribs, the distributions of mean velocity and temperature become markedly asymmetric. Systematic variations
of secondary flow patterns between ribs are clearly identified. The best heat transfer performance is found to be obtained with the -

type roughness.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Arranging roughness elements or protuberances on
the heat transfer surface, which is expected to promote
near-wall turbulence and improve the efficiency of con-
vective heat transfer, has been applied to many kinds of
industrial machinery, including heat exchangers and
turbine blades. However, from the standpoint of energy
efficiency, these roughness elements have the drawback
of causing drag while increasing heat transfer. There-
fore, a detailed knowledge of both velocity and thermal
fields in wall turbulence disturbed by the elements of ribs
on the wall is important for clarifying the chief factors of
fluid and thermal dynamics related to the control of heat
transfer. Experimental investigations for turbulent
channel flows with transverse-rib roughness have been
reported by numerous researchers (e.g., Perry et al.,
1969; Antonia and Luxton, 1971, 1972; Hanjali¢ and
Launder, 1972; Bakken and Krogstad, 2001; Liou et al.,
1993). However, it is difficult to measure in detail the
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characteristics of turbulent flow near the rough wall
including transport of heat. On the other hand, the rapid
progress in high-performance computers has promoted
direct numerical simulation (DNS), which provides us
an accurate solution of the governing equations without
introducing assumptions. Moreover, DNS serves to in-
crease an understanding of the generation of turbulence
and its maintenance mechanisms including the thermal
field. Numerical studies of the velocity field in the rib-
roughened channel flow have been recently reported
(Cui et al., 2003; Ashrafian and Andersson, 2003; Leo-
nardi et al., 2003). Although an analysis has been made
of turbulent thermal fields with roughness using DNS
(Miyake et al., 2000), there has been no systematic study
on the effects of the height and spacing of the roughness
elements.

In the present study, to obtain detailed knowledge of
the effects of the roughness elements on both velocity
and thermal fields in the near-wall region, we performed
a DNS using finite-difference methods, making it rela-
tively easy to change the boundary conditions. In a
DNS, the periodic transverse-rib roughnesses are ar-
ranged in the streamwise direction, and the spacing,
width and height are systematically varied. The flow
fields are thus constructed to simulate so-called k- and
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Nomenclature

Ci friction coefficient at rough wall, 27,/
(p(U)7)

Cr friction coefficient at smooth wall, 27,/
(p(U)?)

d distance between rough wall and location
where mean velocity becomes maximum

H height of rib roughness (see Fig. 1)

11 fluctuation of the second invariant of defor-
mation tensor

k turbulent kinetic energy, w;u;/2

Nu, Nusselt number at rough wall, 2g.d/
(T — (7),)7]

Nu Nusselt number at  smooth  wall,

2qws(20 = d)/[((T), — Tc) 4]

p pressure

Pr Prandtl number

Prq turbulent Prandtl number

Gwr» qws heat fluxes at rough and smooth walls

Re, Reynolds number on rough-wall side,
2(Uy.d /v

Re, Reynolds number on smooth-wall side,

2(U), (25— d) /v
Re Reynolds number based on friction velocity
and channel half width, u,,d/v

S spacing between consecutive ribs (see Fig. 1)
St, Stanton number at rough wall, Nu,/(PrRe;)
t time

Ti, T. temperatures at rough and smooth walls
(T), bulk mean temperature on rough-wall side,

[ U - T)dy/(U), )
(T), blzl_lk_mean temperature on smooth-wall side,
U = T)dy/[(U) (26 - d)]
U mean velocity in the x-direction
Un bulk mean velocity, [;° Udy/(20)
(U), bulk mean velocity on rough-wall side,

[ Tdy/d

b12111<_ mean velocity on smooth-wall side,

Y Udy/(26 —d)

u; fluctuating velocity component in x; direction

u, v, w fluctuating velocity components in x-, y- and
z-directions

Uy mean friction velocity calculated from pres-
sure gradient, \/—(6/p)(dp/dx)

U, friction velocity, \/7y/p

w crest width of rib roughness (see Fig. 1)

X; spatial coordinate in the i direction

x, y, z streamwise, wall-normal and spanwise coor-
dinates

Greeks

0 channel half width

AT, temperature difference between rough and
smooth walls, T;, — T

A thermal conductivity

v kinematic viscosity

2] mean temperature difference from rough-wall
temperature, T, — T

0 fluctuating temperature difference, ©® — @ =
T-T

p density

Tw wall shear stress -

D, pressure-strain term, ‘;’ (2%} + %)

Subscripts and superscripts

( o averaged value of both walls or predicted
value from correlation curve

() value on rough-wall side

( )ms Ims intensity

() value on smooth-wall side

) ensemble averaged value

) normalization by inner variables, u, and v

d-type roughness. We attempted to obtain the optimal
rib arrangement to promote heat transfer, and investi-
gated the turbulence thermal structure from various
viewpoints.

2. Numerical procedure

Fig. 1 shows a schematic of the channel with trans-
verse-rib roughness and the coordinate system used in
the present study. The origin of the coordinate axes is
located in the middle of the enclosure between the ribs.
Table 1 shows some details of the computational
methods. DNS based on the finite-difference method

was carried out with a constant mean pressure gradient
to balance the wall-shear stress on both walls. A fully
consistent and conservative finite-difference method is
used for the convective term of the Navier—Stokes
equation (Kajishima, 1999). The number of grid points
in the y-direction in the enclosure is 36 for Cases 1, b
and ¢, and 18 for Cases 2 and 3. In order to solve the
Poisson equation for the pressure, the standard SOR
method is applied and the over-relaxation coefficient is
set to 1.5. The time advancement is Ar* = 1 x 1074, and
the total time steps needed for the statistical quantities
to converge reasonably are 300,000 for each case. The
numerical scheme used in this study is validated by
comparing the statistical quantities, including the bud-
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Fig. 1. Channel with transverse-rib roughness and coordinate system.

Table 1 Table 2
Computational methods Rib parameters
Channel with transverse-rib roughness H w S Roughness
Grid Staggered grid type
Coupling algorithm Fractional step Case 1 0.26 0.26 0.60 k-type
method Case 2 0.10 0.20 0.60
Time advancement Conductive term Crank—Nicolson Case 3 0.056 0.26 0.66
method Case b 0.26 0.4 0.49 d-like type
Other terms Adams-Bashforth Case ¢ 0.20 0.20 0.20
method

Second-order
central difference
4.80 x 20 x 3.20

Spatial scheme

Computational volume

Grid points (x X y 192 (96 + 36
(rib outside + rib inside) xz) or 18)x96
Grid resolution Ax* =375
Ay* = 0.30-6.50
Azt =50

get of the turbulent kinetic energy, in the plane channel
flow with those calculated by Nagano and Hattori
(2003), employing a spectral method.

The velocity field is governed by the incompressible
Navier-Stokes equation without buoyancy and the
continuity equation. They are given as follows:

ou’ Ou;  Op 1

or " "“ax x| Reo Oxjor] 1 M)
ou;
“—o, 2)

Ox?

where II] is the non-dimensionalized constant mean
pressure gradient to maintain a flow. The superscript *
indicates the normalization by the total mean friction
velocity u,y defined later and the channel half width §.
The boundary conditions for the velocity field are peri-
odic in x- and z- directions and no-slip on the walls. For
the thermal field, it is assumed that the averaged heat
fluxes on both walls, i.e., heat input and output, balance
each other. Thus, the temperatures on the rough and
smooth walls are fixed to 7, and T, respectively. The
temperature is non-dimensionalized with the tempera-
ture difference AT, = T, — T., and then defined as 0" =
(T, — T)/AT,. The boundary conditions of the temper-
ature 0" are as follows:

0" =0 (rough wall),
0" =1 (smooth wall).

(3)

The energy equation governing the thermal field is as
follows:

00" v 00" 1 %0
or* J Ox; " PrRey Qo Ox; '

(4)

The calculation conditions are: Reynolds number,
Re,y = 150; and Prandtl number, Pr = 0.71, assuming
the working fluid to be air.

Five types of wall roughness are arranged as listed in
Table 2. According to the classification of roughness
(Perry et al., 1969; Townsend, 1976), Case 1 belongs to
k-type roughness, and is similar shape to the experiment
of Hanjali¢ and Launder (1972). In Case 2 the ribs are
set to half the height of Case 1, and in Case 3, the height
is set to half the height of Case 2. In the k-type rough-
ness, the effect of the roughness is expressed in terms of
the roughness Reynolds number, Ht = u,H /v. In Cases
b and c, the height of the ribs is set the same as in Case 1,
though the spacing of the ribs is varied systematically.
Case c belongs to d-type roughness, in which the effect
of the roughness cannot be expressed by H*. On the
other hand, Case b is not regarded as the “exact’ d-type,
but d-like type roughness. It should be noted that the
two kinds of roughness elements, i.e., k and d types, are
the extreme versions and intermediate forms can exist
(Townsend, 1976).

3. Results and discussion
3.1. Heat transfer and skin friction coefficients
Figs. 2 and 3, respectively, show the skin friction

coefficient and the Nusselt number against the Reynolds
number. By taking into account the asymmetry (Kasagi
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and Nishimura, 1997) in the flow field disturbed by the

ribs, the skin friction coefficient and the Nusselt number

at the rough wall are defined as follows:

— 2T — 2Gwd

Cfr:—7 Nur:7> (5)
p(U)? (Th = (T),)4

where d indicates the distance between the wall and the

location where the mean velocity becomes maximum,

and ( ) denotes the bulk mean over the distance d. At

the smooth wall, they are similarly defined as follows:

_ e 24u(20-d)
Cfs—p<U>27 s (<T>57].;:)/1 (6)

N

The wall shear stress, 7,5, at the (upper) smooth wall is
estimated directly by the mean velocity gradient on the
wall and then, 7, at the (lower) rough wall is calculated
from the balance of the imposed pressure gradient,
®_,
dx
The above-defined wall shear stress at the rough wall,
Twr, includes the pressure drag (form drag) 7, as well as
the viscous drag, Tyy,

Tor = —20 ws = 2Tw0 — Tws- (7)

Twr = Twp + Twy- (8)

On the other hand, because the fully developed state is
assumed for the thermal condition in the present study,
there is no increase in the enthalpy of the flowing fluid in
the streamwise direction. Thus, the overall heat flux at
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Fig. 2. Distributions of skin friction coefficients.
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Fig. 3. Distributions of Nusselt numbers.

the rough wall, gy, is equal to the absolute value of that
at the smooth wall, gy, which can be estimated directly
by the mean temperature gradient on the wall. In order
to compare the results with the correlation curve by
Kays and Crawford (1993) for the pipe flow, the length
scales of the Reynolds and Nusselt numbers are doubled
in Fig. 3. In those figures, the DNS results in the plane
channel flow (Re, = 150) calculated by the spectral
method (Nagano and Hattori, 2003) are also included to
compare with the results of the present DNS.

From Figs. 2 and 3, it can be seen that the skin
friction coefficient and the Nusselt number at the rough
wall become very large in comparison with those at the
corresponding smooth wall, where these quantities are
well represented by the correlation curves. Moreover,
from Fig. 2, even though the imposed pressure gradient
is the same as in the smooth wall, the rib decreases the
bulk mean velocity, so the Reynolds number heavily
depends on the rib configuration; in Case 1, where the
rib is highest in the k-type roughness walls, the Reynolds
number is the smallest among them. In the present
study, Case 3 is found to be the lowest in drag. On the
other hand, in the d-like type roughness (Cases b and c),
the heat transfer augmentation is smaller than that in
the k-type roughness with the same roughness height
(Case 1).

Table 3 shows the Stanton number, the skin friction
coefficient and the Nusselt number, which are divided by
the estimated smooth-wall values from the respective
correlation curve (Dean, 1978; Kays and Crawford,
1993) for the same Reynolds number. In the k-type
classification, Case 1 enhances heat transfer most.
However, from the viewpoint of the heat transfer char-
acteristic including the drag, if we compare the Stanton
number divided by the skin friction coefficient St,/Cy;,
from Table 3, Case 1 enhances the heat transfer more
than the smooth wall, but the overall characteristics of
heat transfer do not improve because of the large drag.
However, Case 3, the k-type with the lowest ribs, pro-
motes the heat transfer with very low drag. This case is
the most efficient from the standpoint of overall heat
transfer performance including the drag. In the d-like
type roughness, the heat transfer characteristic cannot
be improved regardless of the rib spacing. The stagna-
tion region in the enclosure becomes larger than that in
the k-type roughness (not shown here), and the deteri-

Table 3
Coefficients for heat-transfer rate at rough wall
(St:/Ci)/(Sto/Cro)  Ci/Cpo Nu; /Nug

Case 1 0.61 3.93 2.41
Case 2 0.71 2.87 2.04
Case 3 0.85 1.66 1.42
Case b 0.69 2.44 1.67
Case ¢ 0.69 2.10 1.46
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oration in heat transfer has become pronounced there.
Thus, in the following, we discuss the effects of the
height of the rib on the statistical characteristics of
thermal property in the k-type roughness, which in-
cludes a rib configuration which promotes the heat
transfer.

3.2. Velocity and thermal fields around the rib

To visualize the velocity and thermal fields around
the rib, Figs. 4 and 5 show the mean streamlines esti-
mated from the mean velocity profiles and contour lines
of the mean temperature distributions. The averages are
taken only with respect to the spanwise direction in
these figures. Two-dimensional vortices exist in the
enclosures between the ribs in Cases 1 and 2, and their
shapes are different in each case. In Case 1, the center of
the two-dimensional vortex is biased to the upstream
side of the rib and becomes asymmetric, whereas in Case
2 the center of the vortex is biased to the downstream
side of the rib. Moreover, in Case 3, the small two-
dimensional vortices are located on both sides of the rib,
and the flow reattachment is seen in the enclosure.

On the other hand, from the contour lines of the
mean temperature, around the front corner of the rib,
the spacing between the lines becomes smaller, making
for very active heat transfer there. In the enclosure be-
tween the ribs, the contour lines are distorted corre-
sponding to the streamlines and are not parallel to the
bottom wall. Especially, in Case 3, it is confirmed that
the mean temperature contour lines are densely dis-

Fig. 4. Streamlines of mean velocity averaged in the spanwise direc-
tion. Flow is left to right.
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Fig. 5. Contour lines of mean temperature averaged in the spanwise
direction. The interval between successive contour level is 0.02. Flow is
left to right.

tributed, causing more enhanced heat transfer. On the
upstream side of the ribs, the wavy patterns of temper-
ature can be seen, a phenomenon also observed by an
experiment using holographic interferograms as shown
in Fig. 6 (Liou et al., 1993). Liou et al. obtained the
figure as an instantaneous snapshot of temperature
variations, but it is considered to be averaged with re-
spect to the spanwise direction as in Fig. 5. Thus, the
phenomenon is regarded as a characteristic specific to a
temperature field near the upstream side of the rib.
Figs. 7 and 8 show the local skin friction coefficient,
Cre(x)[= 21w (x)/p(U)?] and the local Nusselt number,
Nu,(x)[= 2qw:(x)d/(Th — (T),)4] along the bottom of the
enclosure and the crest on the rough wall, divided by the
values on the smooth wall estimated from the respective
correlation curve. These mean quantities are obtained
by averaging with respect to time, the spanwise direction
and the streamwise period of the rib roughness. The
local wall shear stress, tyy(x), and wall heat flux, gy, (x),
are estimated directly from the gradients of mean
velocity and temperature, respectively. Thus, the local
shear stress shown in Fig. 7 does not include the pres-
sure drag (see Eq. (8)). By averaging the local wall shear
stress along the bottom of the enclosure and the crest in
the x-direction, the contributions of the viscous drag to
the total drag of the rough-wall side are estimated at
4.5%, 1.1% and 20.8%, in Cases 1, 2 and 3, respectively.

Fig. 6. Temperature distributions from holographic interferogram
(Liou et al., 1993).
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Fig. 7. Profiles of local skin friction coefficients around rib along the
horizontal wall with x = 0 at the middle of the enclosure.
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Fig. 8. Profiles of local Nusselt number around rib along the horizontal
wall with x = 0 at the middle of the enclosure.

In Case 2, because the negative contribution to the vis-
cous drag from the two-dimensional vortices in the
enclosure nearly balances with the positive contribution
on the rib crest, the ratio of the pressure drag to the
viscous drag is very large, i.e., Typ/Twy = 21.2, 91.5 and
3.8 for Cases 1, 2 and 3, respectively. It might be
worthwhile to clarify the relationship between the heat
transfer augmentation and the drag ratio, which closely
relates to the mixing in the core region. Ashrafian and
Andersson (2003) reported the contribution of the vis-
cous drag to the total drag was 2.5%, in their DNS
calculation of the rib-roughened channel flow (the pitch
to the height ratio, (S+ W)/H, is 8, Re, = 400). Re-
cently, Leonardi et al. (2003) have systematically inves-
tigated the effects of the pitch to the height ratio on the
contributions from the viscous and pressure drags. They
reported that the total drag is determined almost en-
tirely by the pressure drag when the ratio is within the
range from 6 to 20.

From Fig. 7, the local skin friction coefficient be-
comes minimum in the enclosure and maximum at the
front corner of the rib in Cases 1 and 2. On the other
hand, in Case 3, although the local skin friction coeffi-
cient takes the maximum at the front corner of the rib,
both a large overall decrease and a local peak in the
enclosure cannot be seen; but it changes sign in the
enclosure. The reattachment point (defined as the loca-
tion where the local skin friction coefficient becomes
zero) is located at x/0 = 0.04; thus the forward flow
region is observed over 0.04 < x/ < 0.21 until separa-
tion occurs in the enclosure between the ribs.

The local Nusselt numbers in Cases 1 and 2 distribute
similarly to the absolute value of the local skin friction
coefficient. However, in Case 3, the Nusselt number in-
creases over the entire region in the enclosure. This sit-
uation is also observed near the reattachment region of
the backward-facing step flows (Vogel and Eaton, 1985),
and it is reported that the heat transfer coefficient
reaches maximum there. Similarly, the local Nusselt
number increases in approaching the reattachment point
x/0=0.04 and the following forward flow region
(0.04 < x/6 < 0.21). From the above results, it is con-

firmed that in Case 3, the heat transfer is promoted, yet
with only a relatively small increase in the drag.

3.3. Statistical characteristics of velocity field and turbu-
lent structures

It is assumed that in a velocity field of a channel flow
with a rib surface, the flow motions in the enclosure
between the ribs strongly affect the flow field above the
ribs. Figs. 9 and 10 show the mean velocity and Rey-
nolds shear stress profiles in Case 1. We examined the
various ways of averaging, e.g., average over the x—z
plane, spanwise average at the middle of the enclosure
(x/0 = 0) and at the rib crest (x/0 = 0.4). As seen from
these figures, the differences cannot be seen along the
streamwise direction except near the roughness element.
Thus, in the following, the statistical quantities of tur-
bulence in the middle of the enclosure (x/6 =0) are
discussed.

Fig. 11 shows the mean velocity normalized by the
bulk velocity Uy,. Because of the effects of the rib, it is
observed that the velocity decreases on the rough-wall
side. The corresponding distributions of the Reynolds
shear stress and turbulent kinetic energy are shown in
Figs. 12 and 13. As the rib height increases, turbulence is
promoted, and both the Reynolds shear stress and the
turbulence energy increase near the wall. This affects the
region over the center of the channel. However, in
the near-wall region of the opposite wall, there is only a
small effect, in comparison with the results for the plane
channel flow. Despite the negative value of the velocity
gradient near the wall in the enclosure as seen in Fig. 11,
the Reynolds shear stress takes a positive value, thus
confirming the occurrence of counter gradient diffusion.
Because the production of the Reynolds shear stress is
mainly maintained with the pressure—strain correlation
and the pressure diffusion, no production from the mean
shear is observed. An experimental study (Hanjali¢ and
Launder, 1972) indicated that the place where the Rey-
nolds shear stress becomes zero and the mean velocity
becomes maximum is different. However, the difference

1.5 T T T T
[ 1 Casel H=0.2 6 __ cpenoesseassy, ]
g 1 Re =150 0P ]
b 1 Rlb| 5 e 4
~ 1+ i
I I i
I 4
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050 i Spanwise average at the
LW middle of enclosure
3 : - —- Spanwise average at the
[ middle of rib crest
| ;
0 A : Rougk} wall anooth wall
0 1 y 2
y/o

Fig. 9. Profiles of mean velocity calculated by various ways of aver-
aging.
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Fig. 10. Profiles of Reynolds shear stress calculated by various ways of
averaging.
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Fig. 11. Profiles of mean velocity.

— Case 1l H=0.2 6
--- Case2 H=0.1 6
—-— Case 3 H=0.056 T

o Plane channel

Re,¢=150

-0.005 ‘ ‘ ‘
1 ~ 2
0 y/o

Fig. 12. Profiles of Reynolds shear stress.

between them is very small; 2.0%, 2.8% and 0.8% of a
channel width for Cases 1, 2 and 3, respectively. This
might be because the Reynolds number studied is rela-
tively small.

Fig. 14 shows the turbulence intensities normalized
by the friction velocity on the rough wall. It is observed
that in all cases the statistical quantities get together well
in the upper region of the ribs. However, from Fig. 13, it
is observed that the turbulence intensities increase rela-
tive to the bulk mean velocity. The budget of the tur-
bulence energy is shown in Fig. 15. In Case 1, the
convection term is enhanced in comparison with the
plane channel flow. This is because the mean vertical
velocity component near the rib is increased, and also
there is a variation in the turbulence in the streamwise
direction. Moreover, the contributions from the turbu-

0.05 .
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b50.047 ---- Case2 H=0.1 §
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Vs o Plane channel
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Fig. 13. Profiles of turbulence energy.
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Fig. 14. Distributions of turbulence intensities.

lent and pressure diffusion terms are very large; in the
enclosure between the ribs, there is no turbulence pro-
duction from the mean shear, but turbulent transport
maintains the turbulence there. In Case 3, the distribu-
tion of the budget is similar to the result in the plane
channel, in comparison with Case 1, but the contribu-
tions from the turbulent transport (turbulent and pres-
sure diffusions) are large.

Next, to investigate the anisotropy of turbulence, Fig.
16 shows the pressure—strain correlation terms which are
important in the near-wall region. The pressure-strain
correlation is affected because the flow impinges on the
upstream side of the rib wall, and the pressure fluctua-
tions increase over a wide region on the rough-wall side
in comparison with the smooth-wall side. If we compare
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Fig. 16. Distributions of pressure strain terms in transport equations
for Reynolds stress.

Case 1, where the rib is highest, with the plane channel
flow, the respective components of the pressure-strain

term become maximum in the region between the ribs,
and a very active energy exchange occurs. In Case 1, the
sign of @;; becomes positive at y* ~ 15. In ordinary
wall turbulence without external force, it is observed
that in the near-wall region, the splatting phenomenon
caused by v? gives the energy to w? as seen in the DNS
results (Nagano and Hattori, 2003). However, in the
enclosure between ribs, the energy does not redistribute
to the w? component. This can be attributed to the two-
dimensional vortices existing in the enclosure, which
promote the redistribution from the v? to u? compo-
nents. As for Case 3, the effects from the two-dimen-
sional vortex and the reattachment are combined and
they affect the redistribution mechanism. This can be
considered as the combined result of Case 1 and the
plane channel flow. As a result, as shown in Fig. 14, in
spite of the existing rough wall, the anisotropy of tur-
bulence shows behavior similar to that in the smooth
wall, and the roughness promotes the heat transfer with
a relatively small drag.

Finally, Fig. 17 shows the streamwise vortices educed
with the second invariant tensors of the velocity gradient
IT (Kasagi et al., 1995; Iida et al., 2000). In each case,
streamwise vortices are produced in the region above the
ribs on the rough-wall side, and it is confirmed that the
structures spread over the region above the center of
the channel. Moreover, if we compare Case 1 with Case
3, many more streamwise vortices are produced in Case
1, where the rib effects are strong. In the enclosure be-
tween the ribs, the streamwise vortices are seen in the
whole region of the enclosure in Case 3. However, in
Case 1, because the flow stagnates downstream of the rib
surface, not many streamwise vortices are produced.
This corresponds to the results of the distributions of the
skin friction coefficient and the Nusselt number as seen
in Figs. 7 and 8.

Case 1 H=0.26

Fig. 17. Vortex structures visualized by second invariant: IT* < —0.5.
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3.4. Statistical characteristics of thermal field and related
turbulent structures

For the thermal field, the turbulence statistics at the
middle of the cross-sectional enclosure (x/6 =0) are
discussed below. Fig. 18 shows the mean temperature
distribution normalized by the temperature difference
AT,. The effect of the rib causes the mean temperature
to become asymmetric in all cases as for the mean
velocity profiles, and the temperature increases in the
major part of the channel. On the other hand, because of
the rough-wall effects, the region of the large tempera-
ture gradient extends to the smooth-wall side. Fig. 19
shows the turbulent heat flux in the wall-normal direc-
tion. The heat transfer is activated from the enclosure
with the ribs, but in the thermal field also there are
counter gradient diffusions in Case 1. This is because the
turbulent heat fluxes are maintained by both the pres-
sure-temperature gradient correlation and turbulent
diffusion. However, the production from the mean
temperature gradient is not the same as for the Reynolds
shear stresses.

Next, Fig. 20 shows the rms intensities of temperature
fluctuation, which decrease on the rough-wall side,
where the velocity fluctuations are promoted. However,
the temperature intensities increase on the smooth-wall
side, where the turbulent velocity fluctuation is sup-
pressed. Apparently, the contrary situations occur be-
tween the velocity and thermal fields on each side. To
investigate the cause and effect, we calculated the pro-
duction and turbulent diffusion terms of the transport
equation for 0 /2 in each case (Fig. 21). The production
terms on the smooth-wall side, where the temperature
gradient is large and the wall-normal heat fluxes in-
crease, contributes greatly in the region around the peak
to the center of the channel. This is why the temperature
intensities become large on the smooth-wall side. On the
other hand, on the rough-wall side, because the contri-
bution from the production decreases and the turbu-
lence is maintained by the turbulent diffusion, the
intensities of temperature fluctuations decrease, espe-
cially in Case 1.

In order to examine the relationship between the
velocity and thermal fields, the distributions of the tur-
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Fig. 18. Profiles of mean temperature.
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Fig. 19. Profiles of wall-normal turbulent heat flux.
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Fig. 20. Profiles of rms intensities of temperature fluctuation.
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Fig. 21. Production and turbulent diffusion terms in temperature
variance budget.

bulent Prandtl number, Pry, are shown in Fig. 22. The
spanwise averaged Pr at the middle of the enclosure and
of the rib crest are compared with that in the plane
channel flow. Near the region above the rib, Pry becomes
larger than that on the rib crest. However, it becomes
smaller and then becomes larger again in the enclosure.
Thus, the turbulent Prandtl number is not constant and
the analogy between heat and momentum transfer can-
not be expected near the rib roughness. On the other
hand, on the smooth-wall side, the Pr, distribution well
corresponds to that in the plane channel flow.
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Finally, to observe the spatial structures which con-
tribute to the transport of the passive scalar, Fig. 23
shows the streamlines, which are spatially averaged
along the streamwise direction, and the temperature
fluctuations in the y—z cross-section in the plane channel
flow and Case 1. In the plane channel flow, the
streamlines show the streamwise vortices in the near-
wall region, and the sharp variations in temperature
fluctuations associate with these vortices. On the other
hand, in Case 1 large-scale vortex structures appear,
which extend to the center of the channel from the
enclosure between the ribs. With this vortex structure,
the turbulent mixing becomes larger in the center of the
channel, and the turbulence transport is promoted. This
behavior is consistent with the above-mentioned statis-

T

! —— Spanwise average at the

: middle of enclosure

| - — — Spanwise average at the
middle of rib crest

"\ O Plane channel

Y

R "'°"--"'°"
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Fig. 23. Streamwise-averaged streamlines and temperature fluctuations
in y—z plane: 0/AT, = —0.05 (white)-0.05 (black).

tical results, i.e., the increase in the heat transfer coeffi-
cient, the pronounced change in the mean temperature
distributions, and the increase in the turbulent diffusion
terms in the budget of temperature variance.

4. Conclusions

In this study, in order to elucidate the effects of
roughness on the statistical quantities in the velocity and
thermal fields, direct numerical simulations (DNS) of
heat transfer in turbulent channel flows with transverse-
rib roughness have been performed by varying their
spacing, width and height. The results are summarized
as follows.

(1) The Reynolds number differs greatly with the rib
arrangement, because of the decrease in the mean
velocity, although the pressure gradient is identical with
the plane channel flow. For the k-type roughness, heat
transfer is promoted by increasing the height of the ribs,
but at the same time, the drag increases. This results in a
deterioration in heat transfer efficiency compared with
the smooth-wall flow. However, with decreasing rib
heights, the heat transfer performance can be promoted
with a small increase in drag, and the heat transfer
characteristic improves. In the d-like type roughness
case, however, the heat transfer characteristic cannot be
improved regardless of the rib spacing. The heat transfer
augmentation is found to be smaller than that in the -
type roughness with the same roughness height.

(2) Because the flow impinges upstream of the rib, the
pressure fluctuation becomes larger in the wide region of
the rough-wall side. In this situation, turbulence is
mainly maintained by the pressure-strain term, and a
very active energy exchange occurs between the respec-
tive velocity components. The two-dimensional vortices
existing in the enclosure promote the redistribution from
the v? to u? components. Also, counter-gradient diffu-
sion is observed for the Reynolds shear stress and the
wall-normal heat fluxes, and it is confirmed that this
results from pressure-related transport terms.

(3) In the enclosure between ribs low in height, the
streamwise vortices are seen over the entire region in the
enclosure; when the ribs are high, however, the flow
stagnates downstream of the ribs and streamwise vorti-
ces are not produced. Thus, the local Nusselt number
decreases from downstream of the ribs to the center of
the enclosure.

(4) Because the higher the rib, the large-scale vortices
appear in the center of the channel from the enclosure
between the ribs, the turbulent mixing is enhanced and
the mean heat transfer coefficient increases, but the drag
also increases. Therefore, by arranging the ribs to be
lower in height and having the mixing occur in the near-
wall region, the overall heat transfer performance be-
comes very effective including the drag.
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