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ABSTRACT

A detailed knowledge of both velocity and thermal fields in watl
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 are performed
by varying their interval, 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 asymmetric
markedly. And the systematic variations of secondary flow patterns
between ribs are clearly identified. With the k-type roughness, the
best heat transfer performance is found to be obtained.

INTRODUCTION

Arranging roughness elements or protuberances on the heat trans-
fer surface, which is expected to promote near-wall turbulence and
improve the efficiency of convective heat transfer, has been applied to
many kinds of industrial machinery, including heat exchangers and
turbine blades. However, from the standpoint of pump efficiency,
these roughness elements have the drawback of causing drag as well
as increasing heat transfer. Therefore, a detailed knowledge of both
velocity and thermal fields in wall turbulence disturbed by the ele-
ments of ribs on the wall is important for clarifying the chief factors
of fluid and thermal dynamics related to the control of heat trans-
fer. Experimental investigations for turbulent channel flows with
transverse-rib roughness have been reported by numerous researchers
(e.g., Hanjali¢ and Launder, 1972; Antonia and Luxton, 1971, 1972;
Perry, 1969). However, it is difficult to measure in detail the char-
acteristics of turbulent flow near the rough wall including transport
of heat, because of the lack of detailed information on turbulence
structures. On the other hand, the rapid progress in high-performance
computers has promoted direct numerical simulation (DNS), which
enables us to solve the governing equations as accurately as possible
without introducing assumptions. Moreover, DNS serves to increase
our understanding of the generation of turbulence and its mainte-
nance mechanisms including the thermal field. Although an analysis
has been made of turbulent thermal fields with roughness using DNS
(Tsujimoto 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 meth-
ods, making it relatively easy to change the boundary conditions. In
a DNS, the periodic transverse-rib roughnesses are arranged in the
streamwise direction, and the spacing, width and height are varied
systematically. The thermal field are thus constructed to simulate so-
called k- and d-type roughness. We attempted to obtain the optimal
rib arrangement to promote heat transfer, and investigated the turbu-
lence thermal structure from various viewpoints.

NUMERICAL PROCEDURE

Figure 1 shows a schematic channel with transverse-rib rough-
ness and the coordinate system used in the present study. 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. The
origin of the coordinate axes is located in the middle of the enclosure
between the ribs. Table 1 shows the computational methods. The
numerical scheme used in this study is validated by comparing the
statistical quantities in the plane channel flow with those calculated
in our group’s DNS (Nagano and Hattori, 2003), which employs the
spectral method.

The velocity field is governed by the incompressible Navier-
Stokes equation without buoyancy and the continuity equation, which
are non-dimensionalized by the mean friction velocity ur, at both
walls and the channel half width 8. They are given as follows:

ouy L oul dp* 1 8%} )
o> 7 oz 8z}  Rer, 0230z}’
ou?
=0. 2
ox¥ @

k1

The boundary conditions for the velocity field are periodic in x
and z directions and non-slip on the walls. For the thermal field,
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Figure 1: Channel with transverse-rib roughness and coordinate sys-
temn
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Table 1: Computational methods

Channel with transverse-rib roughness

Grid Staggered grid
Coupling algorithm Fractional step method
Time conductive term Crank-Nicolson method
advancement other terms Adams-Bashforth method

Spatial scheme 2nd-ordercentral difference

Grid points

(x X y (rib outside + rib inside) x z) 192 x (96 + 36 or 18) x 96

Computational volume 4.86 x 26 x 3.26

it is assumed that the averaged heat fluxes on both walls, i.e., heat
input and output, balance each other. Thus, the temperature on the
rough and smooth walls are fixed to T} and T, respectively. The
temperature is non-dimensionalized with the temperature difference
ATy = T}, — Tc and then defined as 6* = (T}, — T')/AT,,. The
boundary conditions of the temperature 8* are as follows:

0* =0 (rough wall) 3
0* =1 (smooth wall)
The energy equation governing the thermal field is as follows:
00* o0 1 %9~
; @

u = ———
ot* 7 0zr  PrRer, Ox}0z}

The calculation conditions are: Reynolds number, Rer, =150;
Prandtl number, Pr = 0.71, assuming the working fluid to be air.
Five types of roughness walls are arranged as listed in Table 2. Case 1
is the similar shape as the experiment of a channel flow with rough-
ness reported by Hanjali¢ and Launder (1972), and in Case 2 the ribs
are set to haif the height of Case 1. In Case 3, the height is set to
half the height of Case 2. In Cases b and c, the height of the ribs is
set the same as in Case 1, though the width of the enclosure is var-
ied systematically. According to the classification of roughness walls
(Townsend, 1976), Cases 1 ~ 3 belong to k-type roughness, where
the effect of the roughness is expressed in terms of the roughness
Reynolds number, Ht = u, H/v; Cases b and c are d-type rough-
ness, where the effect of the roughness cannot be expressed by H¥.

RESULTS AND DISCUSSION

Heat Transfer and Skin Friction Coefficients

Figures 2 and 3, respectively, show the mean skin friction coeffi-
cient and the Nusselt number against the Reynolds number. The local
skin friction coefficient and the Nusselt number are defined as fol-
lows, by taking into account the asymmetry in the flow field disturbed
by the ribs:

T 2quwd
Cp=+—2_, Nu = __."’_._
(T) — Tw)X

&)
where d indicates the distance between the wall and the location
where the Reynolds shear stress becomes zero, and ( ) denotes the
bulk mean over the distance d. By using Eq. (5), the mean skin fric-
tion coefficient, 6; and the Nusselt number, Nu, are defined as the
arithmetic mean at both walls. In order to compare the results with
the correlation curves by Dean (1978) for the fully-developed channel
flow and by Kays and Crawford (1980) for the pipe flow, the length
scale of the Nusselt and Reynols numbers is replaced by equivalent
diameter in Figs 2 and 3. The wall shear stress at the (upper) smooth
wall is estimated directly by the mean velocity gradient on the wall
and that at the (lower) rough wall by calculating the balance of the
imposed pressure gradient with wall shear stresses. In those figures,
the DNS results in plane channel flow (Re- = 150) calculated by

Table 2: Parameters of ribs

H w I

Case 1 0.26 | 0.26 | 0.6
Case2 | 0.16 | 0.26 | 0.66 k-type
Case3 | 0.056 | 0.26 | 0.6
Caseb 0.26 0.46 | 0.46

Case ¢ 0.26 0.26 | 0.26

Roughness type

d-type

=] [

I

Table 3: Coefficients for heat-transfer rate

(5¢/Cy)/(510/Cyo0) | Cs/Cro | Nu/Nuo
Case 1 0.75 1.95 1.58
Case 2 0.77 1.73 1.44
Case 3 1.04 1.24 1.38
Case b 0.69 1.36 1.00
Case ¢ 0.71 1.23 1.04

the spectral method (Nagano and Hattori, 2003) are also included to
compare with the results of the present DNS.

Table 3 shows the Stanton number [St = Nu/(Re Pr})], the skin
friction coefficient and the Nusselt number, which are divided by the
estimated values from the respective correlation curve (Dean, 1978;
Kays and Crawford, 1980) for the same Reynolds number. From
Fig. 2, even though the imposed pressure gradient is the same as in
the smooth wall, the rib decreases the mean velocity, so the Reynolds
number strongly depends on the rib configuration; in Case 1, where
the rib is the highest in the k-type roughness walls, the Reynolds num-
ber is the smallest among them. In all cases, C'y becomes larger than
for a smooth wall, so the drag becomes greater. From comparison of
the each case, C; in the k-type roughness becomes larger than that
in the d-type roughness; and in each classification, the higher the rib,
the more the drag.

On the other hand, the Nusselt number scarcely changes, although
the C increases in d-type roughness (Cases b and ¢). Moreover, in
the k-type classification, Case 1 enhances heat transfer most. How-
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Figure 2: Distributions of skin friction coefficients
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Figure 3: Distributions of Nusselt numbers
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ever, from the viewpoint of the heat transfer characteristic including
the drag, if we compare the Stanton number divided by the skin
friction coefficient ‘57/6;, 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 drag. Therefore, it is
concluded that Case 3, the k-type with the lowest ribs, can promote
the heat transfer with very low drag. This case is the most efficient
from the standpoint of overall heat transfer performance including the
drag. 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 includes a configuration which promotes the
heat transfer.

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 estimated from the mean velocity
profiles and contour lines of the mean temperature distributions. From
the streamlines, the two-dimensional vortices exist in the enclosures
between the ribs in Cases 1 and 2. Moreover, their shapes are different
in Cases | and 2. In Case 1, the center of the two-dimensional vortex
is biased to the upstream side of the rib and becomes asymmetric. On
the other hand, in Case 2, the center of the vortex is located in the mid-
dle of the enclosure. Moreover, in Case 3, the small two-dimensional
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Figure 9: Profiles of Reynolds shear stress
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Figure 4: Streamlines of mean velocity
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Figure 5: Contour-lines of mean temperature
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Figure 6: Profiles of local skin friction coefficients around rib
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Figure 7: Profiles of local Nusselt number around rib
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Figure 10: Profiles of turbulence energy

vortices are located both side of the rib, and the reattachment point are
seen in the enclosure. The reattachment point is located at /6 = 0.1
in the enclosure between the ribs.

On the other hand, from the contour lines of the mean tempera-
ture, around the front corner of the rib, the spacing between the lines
become dense, thus, the heat transfer is very active there. In the en-
closure between the rib, the contour lines are distorted corresponding
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 distributed, so the heat transfer is more enhanced there.

Figure 6 shows the local skin friction coefficient and the Nus-
selt number defined by Eq. (5). The local skin friction coefficient
increases to take the local peak in the enclosure and the maximum at
the front corner of the rib in Cases 1 and 2. On the other hand, in
Case 3, although the C'y takes the maximum at the front corner of
the rib, there is not a large overall increase in C'y, and the local peak
cannot be seen. The local Nusselt numbers in Case 1 and 2 show dis-
tributions similar to that of the skin friction coefficients. However,
in Case 3, the Nusselt number increases over the entire region in the
enclosure. This situation is also observed near the reattachment re-
gion of the backward-facing step flows (Vogel and Eaton, 1985), and
it is reported that the heat transfer coefficient reaches maximum there.
Similarly, the Nusselt number increases in approaching the reattach-
ment point z/6 = 0.1. From the above results, it is confirmed that in
Case 3, the heat transfer is promoted, yet with only a relatively small
increase in the drag.

Statistical Characteristics of Velocity Field and Turbulent
Structures

It is considered that in a velocity field of a channel flow with the
rib surface, the flow motions in the enclosure between the rib strongly
affect the flow field above the ribs. Thus, in the following, the statisti-
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Figure 12: Budgets of turbulence energy

cal quantities of turbulence in the middle of the enclosure (z/8 = 0)
are discussed, because the indifferences cannot be seen along the
streamwise direction except near the roughness element. As for the
k-type roughness, it is well known that the statistical quantities are
scaled with the friction velocity. In the present study, the behavior is
confirmed in the region above the rib (y > H).

Figure 8 shows the mean velocity normalized by the bulk veloc-
ity Up. Because of the effects of the rib, it is observed that at the
downstream side of the rib, the velocity decreases. In Cases 1 and
2, it can be concluded that the reverse flow in the enclosure is the
cause of the increasing drag, as shown in Fig. 4. The correspond-
ing distributions of the Reynolds shear stress and turbulent energy are
shown in Figs. 9 and 10. As the rib height increases, the turbulence
is promoted, and both the Reynolds shear stress and the turbulence

Case 3 H=0.056
1 i

0 20 40 v 60 80

Figure 13: Distributions of pressure strain terms in transport equa-
tions of Reynolds stress

Case 3 H=0,056

Figure 14: Vortex structures visualized by second invariant: II"* <
—0.5

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,
no effects are observed, 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. 8, the Reynolds shear stress
takes a positive value, thus confirming the occurrence of counter gra-
dient diffusion. Because the production of the Reynolds shear stress is
mainly maintained with the pressure-strain correlation and the pres-
sure diffusion, no production from the mean shear is observed. An
experimental study (Hanjali¢ and Launder, 1972) indicated that the
place where the Reynolds shear stress takes zero and the mean veloc-
ity becomes maximum is different. However, the difference of these is
about 2.8% (0.0564) per a channel width in the present results. This
might be because the Reynolds number studied is relatively small.

Figure 11 shows the turbulence intensities normalized by the fric-
tion velocity u- 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. 10, it is observed that the turbulence intensities
relative to the bulk mean velocity increase. To consider the phenom-
ena, the budget of the turbulence energy is shown in Fig. 12. From
Case 1, the advection term is enhanced in comparison with the plane
channel flow. Because the mean vertical flow component near the rib
has occurred, and also because there is a variation in the turbulence
in the streamwise direction. Moreover, the contributions from the tur-
bulent and pressure diffusion terms are very high; in the enclosure
between the ribs, there is no production from the mean shear, but tur-
bulent transport maintains the turbulence there. This is one of reason
for the increase on the rough-wall side. In Case 3, the distribution
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Figure 16: Profiles of wall-normal turbulent heat flux
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Figure 17: Fractional contributions of organized motions to wall-
normal turbulent heat flux

of the budget is similar to the result in the plane channel, in compar-
ison with Case 1, but the contributions from the turbulent transport
(turbulent and pressure diffusions) are large.

Next, to investigate the anisotropy of turbulence, Fig. 13 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 wall, and the pressure
fluctuations increase over a wide region on the rough-wall side in
comparison with the smooth-wall side. If we compare Case 1, where
the rib is highest, with the plane channel flow, the respective com-
ponents of the pressure-strain term become maximum in the region
between the ribs, and a very active energy exchange has occurred.
In Case 1, the sign of the ®1; becomes positive at y+ ~ 15. As
in the wall turbulence without external force, it is observed that in
the near-wall region, the splatting effect caused by v2 gives the en-
ergy to w? as seen in the DNS results (Nagano and Hattori, 2003)
included in the figure. However, in the enclosure between ribs, the
energy hardly redistributes to the w? component. This is the result
of the two-dimensional vortices existing in the enclosure, which pro-
mote the redistribution from the v2 to w2 components. As for Case 3,
the effects from the two-dimensional 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. 11, in spite of the existing rough-
wall surface, the anisotropy of turbulence shows behavior similar to
that in the smooth wall, and the roughness greatly promotes the heat
transfer with a relatively small drag.

Finally, Fig. 14 shows the streamwise vortices educed with the
second invariant tensors of the velocity gradient 771 (Kasagi er al.,
1995; lida, Iwatsuki and Nagano, 2000). In each case, the streamwise
vortices are produced in the region above the ribs on the rough-wall
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Figure 18: Profiles of temperature variance
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Figure 19: Production and turbulent diffusion terms in budget of tem-
perature variance
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Figure 20: Streamwise-averaged streamlines and temperature fluctu-
ations in y — z plane: 8/AT,, = —0.05 (white)~0.05 (black)

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 between 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 skin friction coeffi-
cient and Nusselt number as seen in Figs. 6 and 7.

Statistical Characteristics of Thermal Field and Related
Turbulent Structures

For the thermal field, the turbulent statistics at the middle of
the cross-sectional enclosure (x/6 = 0) are discussed below. Fig-
ure 15 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 ve-
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locity profiles, and the temperature increases in the major part of the
channel. On the other hand, because of the rough-wall side effects,
the region of the large temperature gradient extends to the smooth
wall side. Figure 16 shows the turbulent heat flux in the wall-normal
direction. The heat transfer is activated from the enclosure with the
ribs, but in the thermal field also the counter gradient diffusions occur
in Case 1. This is because the turbulent heat fluxes are maintained by
both the pressure-terhperature gradient correlation and turbulent dif-
fusion. However, the production from the mean temperature gradient
is not the same as for the Reynolds shear stresses. Moreover, as seen
in Fig. 17, in the near-wall region of Case 1, the interaction motions
(=1 and 3) become more active than the ejection (j=2) and sweep
motions (j=4); this is why the counter gradient diffusion occurred.

Next, Fig. 18 shows the temperature variances, which decrease
on the rough-wall side, where the turbulence of velocity fluctuation
are promoted. However, the temperature variances increase on the
smooth-wall side, where the turbulent velocity fluctuation is sup-
pressed. The contrary situations occur between the velocity and ther-
mal fields on each side. To investigate the reason why the contrary
situations occur, Fig. 19 shows the production and turbulent diffusion
terms of the transport equation for 0_2/ 2 in each case. The produc-
tion terms on the smooth-wall side, where the temperature gradient
is large and the wall-normal heat fluxes increase, contributes greatly
in the region from the peak place to the center of the channel. This
is why the temperature variances become large on the smooth-wall
side. On the other hand, on the rough-wall side, because the contribu-
tion from the production decreases and the turbulence is maintained
by the turbulent diffusion, the intensities of temperature fluctuations
decrease, especially in Case 1.

Finally, to observe the spatial structures which contribute to the
transport of the passive scalar, Fig. 20 shows the streamlines, which
are spatially averaged along the streamwise direction, and the tem-
perature fluctuations in the y — 2 cross section in the plane channel
flows and Case 1. In the plane channel flow, the streamlines show the
streamwise vortices in the near-wall region; the mixing of the temper-
ature fluctuations becomes active around the 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 be-
havior is consistent with the above-mentioned statistical results, i.e.,
the increase in the heat transfer coefficient, the change in the mean
temperature distributions, and the increase in the turbulent diffusion
terms, which appear in the budget of temperature variance.

CONCLUSIONS

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

1. The Reynolds number differs greatly with the ribs arrangement,
because of the decrease in the mean velocity, although the pres-
sure 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 com-
pared 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. This phenomenonis not observed with d-type rough-
ness.

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 maintained in the enclosure
between the ribs. Also, counter-gradient diffusion is observed
for the Reynolds shear stress and the wall-normal heat fluxes,
and it is confirmed that this results from pressure-related trans-
port terms.

3. Inthe enclosure between ribs low in height, the streamwise vor-
tices are seen over the entire region in the enclosure; when the
ribs are high, however, the flow stagnates downstream of the
ribs and streamwise vortices are not produced. Thus, the lo-
cal Nusselt number decreases from downstream of the ribs to
the center of the enclosure. Moreover, the skin friction coeffi-
cient increases because of the effects of the streamwise vortices,
which are seen above the ribs, while the local Nusselt number
does not increase. As a result, the total heat transfer character-
istics including the drag deteriorate.

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 so that ribs will be lower in height and having the
mixing occur in the near-wall region, the overall heat transfer
performance becomes much effective including the drag.
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