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Abstract

Direct numerical simulation (DNS) of heat transfer in a channel flow obstructed by rectangular prisms has been performed for
Res = 80–20, where Res is based on the friction velocity, the channel half width and the kinematic viscosity. The molecular Prandtl num-
ber is set to be 0.71. The flow remains unsteady down to Res = 40 owing to the disturbance induced by the prism. For Res = 30 and 20,
the flow results in a steady laminar flow. In the vicinity of the prism, the three-dimensional complex vortices are generated and heat trans-
fer is enhanced. The Reynolds number effect on the time-averaged vortex structure and the local Nusselt number are investigated. The
mechanism of the heat transfer enhancement is discussed. In addition, the mean flow parameters such as the friction factor and the Nus-
selt number are examined in comparison with existing DNS and experimental data.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

A channel flow obstructed by a bluff body can be found
in various engineering fields. Owing to separation and reat-
tachment in the vicinity of the obstacle, heat and momen-
tum transfers are augmented. These advantages are often
utilized in many practical applications such as a cooling
channel in a turbine blade, a heat exchanger and an elec-
tronic device. Therefore, it is of practical importance to
clarify the vortical structure and local heat transfer around
the obstacle.

A channel flow with a wall-mounted prismatic obstacle
has been subject to a number of previous investigations.
The experimental studies of Larousse et al. (1991), Martin-
uzzi and Tropea (1993), Hussein and Martinuzzi (1996)
focused on the flow structures around a prismatic obstacle
in a fully developed channel flow for Rem = 105–106, which
is based on the bulk mean velocity um, the kinematic viscos-
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ity v and the whole channel width 2d. The major flow struc-
tures, such as the horseshoe vortex induced around the
upstream face, the arc-shaped vortex in the wake of the
obstacle and the flow recirculation at the top and the side
faces of the obstacle, were described. Hwang and Yang
(2004) carried out numerical simulation for Rem = 10–
3000 to examine the Reynolds number effect on the vortex
structure. They mentioned that the flow becomes turbulent
in the near wake region including the free-shear layer at rel-
atively low Reynolds numbers. Recently, Yakhot et al.
(2006) performed direct numerical simulation of a channel
flow with a wall-mounted cube for Rem = 5610 with the use
of an immersed boundary method. The time-averaged data
of the turbulence mean-square intensities, Reynolds shear
stresses, turbulent kinetic energy and dissipation rate are
presented in their paper. As for the heat transfer of a
wall-mounted cubic obstacle in a developing turbulent
channel flow, Meinders et al. (1999) experimentally studied
for Rem = 9000–16,000. They presented the distributions of
the local heat transfer on the faces of the cubic obstacle and
the correlation with the flow pattern. Meinders and Hanj-
alić (1999), in addition, reported on the flow structure
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and the local heat transfer around a cube placed in a spa-
tially periodic in-line matrix of cubes.

In the present study, we target a channel flow obstructed
by periodically placed rectangular prisms as shown in
Fig. 1. This configuration models an annular channel with
spacers often seen in heat exchangers or a fuel channel of a
gas cooled nuclear reactor (JAERI, 1999). Coolant flows in
a narrow annular channel, in which prisms are equipped
periodically in both streamwise and azimuthal directions.
The prisms reach from bottom to top wall to serve as a
spacer. Since the channel width is much smaller than the
radius of the annulus, the channel can be modeled with
the one bounded by two parallel plates. The flow is gener-
ally dependent on Reynolds number and the geometry, i.e.
the size as well as the stream- and spanwise spacing of the
prism. Especially in the turbulent-laminar transition range,
the flow and the thermal fields are more dramatically
affected by the obstacle than in high Reynolds numbers
because separation and reattachment around the obstacle
promote turbulence. Hence, in the present work, a series
of DNS has been performed at low Reynolds numbers of
Res = us0d/v = 80–20, where us0 is the friction velocity
defined by the pressure gradient to drive the flow.

The objective of this work is to explore the local effects
of the turbulence enhancement by obstacles on the velocity
and temperature fields. The effect of the Reynolds number
is studied in the turbulent-laminar transition range for an
assumed geometry, which is determined in reference to a
spacer rib in the coolant channel of the gas cooled nuclear
reactor (JAERI, 1999). As for the geometrical effect, the
spacing of the prism has been examined; however, it turned
out that the spacing of this design is rather large so that it
causes no large primary effect on the fundamental charac-
teristics of the velocity and temperature fields. Aspect ratio
of the prism may cause larger effects, but the large compu-
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Fig. 1. Configuration of the computational domain.

Table 1
Computational conditions

Res(= us0 Æ d/v) 20 30 40

Rem(= um Æ 2d/v) 240 510 770
Pr(= v/j)
Lx · Ly · Lz

lx · lz
Nx · Ny · Nz

Dx�;Dy�min � Dy�max;Dz�

Tum=Lx Tus0=dð Þ – – 52 (280)
tational burden enabled us to perform one series of compu-
tation for the given design of the fuel channel. The relation
between the vortices generated in the vicinity of the obsta-
cle and local heat transfer is discussed. In addition, the
mean flow parameter such as the friction factor and the
Nusselt number are discussed in comparison with existing
DNS and experimental data.
2. Numerical procedures

Fig. 1 shows the configuration of the computational
domain. The rectangular prism is located at the center of
the domain and directly connected to both the top and
the bottom walls. In the x- and z-directions, the periodic
boundary condition is applied, i.e. the prism is periodically
located in the streamwise and the spanwise directions. The
flow is assumed an incompressible viscous fluid with a pas-
sive temperature field. It is driven by the streamwise mean
pressure gradient. The continuity, the Navier–Stokes and
the energy equations are solved. All the variables are nor-
malized by the friction velocity us0ð¼ ½�ðd=qÞðdp=dxÞ�1=2Þ,
the channel half width d and the temperature difference
DT(=Tbottom � Ttop). Here, q is the density and dp=dx
the mean pressure gradient imposed to maintain the flow.
The temperature difference between the top and the bottom
walls is kept constant.

In the present computation, the fractional step method
proposed by Dukowicz and Dvinsky (1992) is adopted,
and a semi-implicit time advancement is used. For the
viscous terms with wall-normal derivatives, the Crank–
Nicolson method is employed. For the other terms, the sec-
ond-order Adams–Bashforth method is applied. For the
spatial discretization, the finite difference method is used.
The numerical scheme proposed by Morinishi et al.
(1998) with the fourth-order accuracy is adopted in the
streamwise and spanwise directions, whereas the second-
order one in the wall-normal direction.

The non-slip condition is imposed on the top and the
bottom walls, whilst the prism is computed with the use
of the immersed boundary method described in detail by
Fadlun et al. (2000). It consists of imposing the desired
velocity value (i.e. zero in this case) on the body surface
by an adequate treatment of the external force term in
the Navier–Stokes equation. As regards the temperature
on the surface of the prism, a linear profile (T = 1 � y*/2)
50 60 80

1000 1240 1780
0.71
51.2d · 2d · 12.8d
11.4d · 1.3d
1024 · 128 · 256
0.05,0.0001–0.033,0.05
54 (280) 89 (440) 78 (360)



Table 2
Comparison of mesh resolutions with Kolmogorov’s length scale

Res c(= (DxDyDz)�1/3/g) cx(=Dx/g) cy(=Dy/g) cz(=Dz/g)

80 0.22 6 c 6 3.69 0.47 6 cx 6 5.95 0.03 6 cy 6 2.79 0.47 6 cz 6 5.95
60 0.17 6 c 6 2.72 0.35 6 cx 6 4.45 0.02 6 cy 6 1.99 0.35 6 cz 6 4.45
40 0.10 6 c 6 1.73 0.17 6 cx 6 2.68 0.02 6 cy 6 1.31 0.17 6 cz 6 2.68
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is imposed with the assumption that the heat conductivity
of the prism is much larger than that of the fluid.

The computational domain size (Lx · Ly · Lz), the
prism size (lx · lz), the number of grid points
(Nx · Ny · Nz), the spatial resolution (Dx,Dy,Dz) and the
sampling time period for time-average ðTum=LxÞ are given
in Table 1, where um, j and T are the resultant bulk mean
velocity, the thermal diffusivity and the sampling time,
respectively. The accuracy of the DNS depends upon the
mesh resolution. The relationship between the mesh resolu-
tion and the Kolmogorov’s length scale g are summarized
in Table 2 in the cases of Res = 80, 60 and 40. From the
authors’ experience reported by Seki et al. (2006), these res-
olutions are enough small to obtain the second-order statis-
tics of turbulence.
Fig. 2. Instantaneous flow fields; (a) Res = 80; (b) Res = 60; (c) Res = 50;
(d) Res = 40; (e) Res = 30. The low-speed regions of u 0 and the negative
regions of the second invariant of deformation tensor II (dark gray,
u 0+ 6 � 2.0; light gray, II+

6 � 0.01). Here, the superscript of + denotes
normalization by v and us0. Lower half domain is visualized.
3. Results and discussion

3.1. Instantaneous flow field

Fig. 2 shows the isosurfaces of the low-speed velocity
fluctuations u

0
and of the negative second invariant of

deformation tensor II(=oui/oxj · ouj/oxi) in an instanta-
neous flow field for Res = 80–30, respectively. It is well
known that the negative region of the second invariant well
represents the vortex region (see e.g. Robinson (1991)).

For Res = 80, the near-wall streaky structures and the
vortices are distributed in the whole calculated domain as
seen in Fig. 2a. In particular, a lot of complex vortices
are observed in the side and the downstream regions of
the prism. Note that the unsteady horseshoe vortices are
generated in the vicinity of the upstream face of the prism.
In case of the plane channel flow, Tsukahara et al. (2005)
reported the periodic intermittent flow alternated by a
quasi-laminar and a highly disordered turbulent states at
Res = 80 (Rem = 2320). If we look at our results at the
same mean pressure drop, i.e. Res = 80 and Rem = 1780,
the flow is still turbulent and no such the intermittency is
observed, although, in case of the plane channel flow at
the same mean Reynolds number (Rem = 1780), the flow
is already laminar.

With decreasing Res, the near-wall streaky structures are
still distributed in the whole domain for Res = 60 and 50
(see Fig. 2b and c). Except in the wake region, however,
the areas of weak-turbulence with few vortices are
observed. With further reduction of Res down to 40, the
number of near-wall streaky structures significantly
decreases especially outside the wake region. Note that
the steady laminar flow is observed at Res = 30 as shown
in Fig. 2e and Res = 20 (not shown here).
3.2. Vortex structure and local heat transfer in time-

averaged flow field

The upstream flow is not fully recovered for all the cal-
culated cases although a series of DNS has been carried out



15.1 16

10.6

14.2

12.4

8.87

x/δ

z/
δ

0 12.8 25.6 38.4 51.2

0

6.4

12.8

-2 16
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Fig. 4. Vortex structure in the time-averaged flow field at Res = 60; the
negative regions of the second invariant of deformation tensor II
(isosurfaces, IIþ 6 �1:0� 10�3).

Fig. 5. Contours of the local Nusselt number Nu on the bottom wall at Res =
plane at y/d = 0.05.
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with using relatively large computational domain. Fig. 3
shows the contours of the time-averaged velocity uþ in
the x–z plane at the channel center for Res = 60 for
instance. The wake reaches to the upstream of the prism.
The strong wake, however, decays in between. In the vicin-
ity of the prism, the three-dimensional vortices are gener-
ated similarly to the cases of the cited works in Section 1.
A birds-eye view of the time-averaged vortex structures
at Res = 60, for example, is shown in Fig. 4. The complex
vortices wrap around the prism. Upstream of the prism, a
cluster of the horseshoe vortices is separately formed at the
top and the bottom prism bases. The individual cluster
consists of three vortices (A, B and C) as seen in Fig. 4b.
These vortices are elongated streamwise along the side
faces of the prism. Downstream of the prism, four longitu-
dinal vortices are observed near the wake region (see
Fig. 4c). Note that this combination of vortex structures
is unchanged for all the calculated cases.
60. The lines represent the limited streamlines of the mean flow in the x–z
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Fig. 5 shows the contours of the time-averaged local
Nusselt number Nu on the wall at Res = 60, for example.
Here, the time-averaged local Nusselt number Nu is defined
as

Nu ¼ qw � 2d

ðT m � T wÞk

����
����; ð1Þ

where qw is the time-averaged local heat flux at the wall, T m

the time-averaged bulk mean temperature, Tw the tempera-
ture at the wall and k the thermal conductivity of the fluid.
Hereafter, the overbar denotes an average over time. In
Fig. 5, the lines represent the streamlines drawn by two-
dimensional time-averaged velocity vectors in the x–z plane
at y/d = 0.05. The flow pattern is very similar to that of a
wall-mounted prismatic obstacle reported by earlier litera-
tures (e.g. Larousse et al., 1991; Martinuzzi and Tropea,
1993; Meinders et al., 1999). The points of S1 and S2 in
Fig. 5 are often called saddle points. The separation lines
originate at these points S1 and S2. Within the inner separa-
tion line, the Nusselt number Nu is remarkably increased.
Downstream of the prism, the divided mean flows converge
at a meeting point M. The Nusselt number Nu is also aug-
mented around the downstream area of the meeting point M.
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Fig. 6. Time-averaged streamlines in the upstream region of the prism in
the x–y plane of symmetry (z/d = 6.4); (a) Res = 80; (b) Res = 40; (c)
Res = 30; (d) Res = 20.
3.2.1. Horseshoe vortex and local heat transfer

Fig. 6 represents the time-averaged streamlines in the x–
y plane of symmetry in front of the prism. In Fig. 6a, the
vortices A–C correspond to those of in Fig. 4b, respec-
tively. Although the vortex C is not clearly observed, its
existence is confirmed by the negative local minimum value
of II as seen in Fig. 4b. The primary vortex A and the sec-
ondary vortex C are rotating in the clockwise direction,
while the vortex B in the counterclockwise direction. For
Res = 80–30, the secondary vortex C and vortex B are
formed. On the other hand, they do not appear for
Res = 20 as shown in Fig. 6d. With decreasing Reynolds
number, the center of the primary horseshoe vortex (vortex
A) gradually shifts towards the channel center and
downstream.

Fig. 7 shows contours of the time-averaged temperature
in the same plane as Fig. 6. Around the front face of the
prism, i.e. the sweep side of the horseshoe vortex, the area
of T* � 0.5 extends near to the bottom walls. In particular,
the temperature gradient is quite large near the bottom wall
for Res = 80.

Fig. 8 shows the Nu and the skin friction coefficient
Cf ¼ sw=ðqu2

m=2Þ in the symmetry plane on the bottom
wall. Here, sw is the wall shear stress. The region of nega-
tive Cf corresponds to the position where the horseshoe
vortices are formed. The profiles of Cf indicate that the
streamwise sizes of the horseshoe vortices are almost
unchanged in the present range of Reynolds numbers
except for Res = 20. For Res = 80–30, the position of the
saddle point is about d from the front-end prism for S1

and 1.8d for S2. The profiles of Nu exhibit the significant
enhancement of the heat transfer in front of the prism. In
this region, the low temperature-fluid in the mid height is
transported towards the bottom wall owing to the flow
impinging on the front face of the prism. In addition, the
horseshoe vortices continuously remove the fluid heated
by the bottom wall. Thus, the temperature gradient at
the bottom wall is augmented. The individual profiles of
Nu are very similar although their magnitude depends on
the Reynolds number. The width of the area where Nu is
remarkably enhanced is roughly d from the front face of
the prism. In addition, Fig. 8 clearly indicates that the
region where Nu is high coincides well with the region
where the horseshoe vortex exists. So, the close relation
between the horseshoe vortices and Nu is thus confirmed.
3.2.2. Lateral vortex and local heat transfer

Fig. 9 shows the mean velocity vector components of v
and w on the y–z plane at the streamwise bisection of the
prism (x/d = 25.6). Four longitudinal vortices are swirling
near the side face of the prism. For Res = 80–50, the center
of these vortices are approximately unchanged. This posi-
tion is 0.5d from the wall and d from the side face of the
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prism. With further reduction of Reynolds number, these
vortices become weak (Fig. 9b and c). Here, the center of
the vortices tends to approach the side face of the prism.
At the lowest Res of 20, these vortices are not observed
(see Fig. 9d).

The distribution of the time-averaged temperature in the
same plane as Fig. 9 is presented in Fig. 10. As with the
upstream region of the prism, the temperature gradient
near the bottom wall is more enhanced around the sweep
side of the longitudinal vortices.

Fig. 11 shows the spanwise distribution of Nu on the
bottom wall at the bisection (x/d = 25.6). For
Res ¼ 80� 30;Nu is significantly enhanced in the location
where the longitudinal vortices are formed. This heat trans-
fer enhancement is attributed to the same mechanism as
that in the upstream region. The individual profiles of Nu
is similar except for Res = 20.
3.2.3. Local heat transfer in wake region
Fig. 12 represents the time-averaged streamlines in the

x–y plane of symmetry in the downstream region of the
prism. The flow pattern in the downstream region strongly
depends on Reynolds number in contrast to those of the
horseshoe vortices and the lateral vortices. For Res = 80–
40, the meeting line first shifts towards the downstream
direction with decreasing Reynolds number. Then it
approaches to the back-end prism for Res = 30 and 20.
Moreover, the shape of the meeting line also depends on
Reynolds number. Note that the two vortices are formed
near the back-end of the prism inside the cavity zone for
Res = 80–40, while they are not formed for Res = 30–20.
The cases with or without the vortices roughly correspond
to the unsteady or the steady cases, respectively.

Fig. 13 shows contours of the time-averaged tempera-
ture in the same plane as Fig. 12. Near the back-end of
the prism, the fluid with a middle temperature at the mid
height is transported towards the bottom wall by the vorti-
ces in the cavity zone. On the other hand, the temperature
gradient become large at the channel central height in the
cavity zone (x/d = 32–33).

Fig. 14 shows Cf and Nu in the downstream region of the
prism in the symmetry plane on the bottom wall. The point
of Cf ¼ 0 corresponds to the meeting point M shown in
Fig. 5. The profiles of Nu exhibits the two the local peaks.
One is at the position of the vortex in the cavity zone near
the back-end prism, which is caused by the same mecha-
nism as the upstream region. The other is at the down-
stream of the meeting points for Res = 80 � 40. This
local peak arises from the enhanced mean temperature gra-
dient owing to the effective mixing by a number of vortices
behind the prism seen in Fig. 2. It has been confirmed that
the turbulent heat flux v0T 0 is augmented in this region (not
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shown here). Note that no significant correlation can be
found between the meeting points and the local peaks for
the calculated cases.
3.3. Mean flow parameter

Fig. 15 shows the friction factor fA in comparison with
the empirical correlations proposed by Dean (1978) for
the plane channel flow and by Blasius for the pipe flow.
The present friction factor is defined as follows,

fA ¼
Dp
Lx

d
qu2

m=2
; ð2Þ

where Dp is the time-averaged pressure drop from x = 0 to
x = Lx. The friction factor fA contains the form drag of the
prism. In the transition range of plane channel flows, it is
well known that fA once decreases with decreasing Rem.
It results from that the flow becomes laminar and turbulent
intermittently (see, e.g. Patel and Head, 1969; Iida and
Nagano, 1998; Tsukahara et al., 2005). In the present case,
however, the drop of fA does not appear in this range. This
is because the flow remains turbulent as a consequence of
the disturbance induced by the prism. The similar tendency
is also observed in the experimental data of an annular
channel flow with spacers (JAERI, 1999).

Fig. 16 shows the time- and spatial-averaged Nusselt
number hNui. Hereafter, the angle brackets hi denotes a
spatial-average over x- and z-directions. The result of
DNS for a plane channel flow with the constant tempera-
ture difference condition (Seki et al., 2003; Tsukahara
et al., 2006) is also shown. In the case of the plane channel
flow, Nusselt number tends to drop rapidly towards the
theoretical solution of the laminar flow with decreasing
the Reynolds number. On the other hand, the present
hNui with the prisms is higher than the empirical correla-
tion for the turbulent channel flow. Moreover, it stays lar-
ger than the empirical correlation even in the transition
range.



Fig. 12. Time-averaged streamlines in the downstream region of the prism
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To examine the contribution of the mean flow and the
fluctuation to hNui, a mathematical relation is derived with
reference to Fukagata et al. (2005). The energy equation
for T � can be written as

0 ¼ � @

@x�j
u�j T � � @

@x�j
u0�j T 0� þ 1

RemPr
@2T �

@x�2j
; ð3Þ

where u�i is nondimensionalized by twice the bulk mean
velocity 2um. The boundary conditions are T �jy�¼0 ¼
1; T �jy�¼2 ¼ 0. Here, the time-averaged Nusselt number is

Nu ¼ qw � 2d

ðT m � T wÞk

����
���� ¼ � 2d

DT =2

dT
dy

����
y�¼0

¼ �4
dT �

dy�

����
y�¼0

: ð4Þ

By integrating Eq. (3) once from 0 to y*, we obtain

Nu
4RemPr

¼ v�T � þ v0�T 0� � 1

RemPr
@T �

@y�
þ
Z y�

0

Ixzdy�; ð5Þ

where Ixz contains the convection and the diffusion terms in
the x- and z-directions. The conditions of v�T �jy�¼0 ¼
0; v0�T 0�jy�¼0 ¼ 0 and Eq. (4) are used to obtain Eq. (5). This
integration is equivalent to obtain the flux balance. Eq. (5)
is integrated again from 0 to 1 to read

Nu ¼ 2þ 4RemPr
Z 1

0

v�T �dy� þ
Z 1

0

v0�T 0�dy�
�

þ
Z 1

0

Z y�

0

Ixzdy�dy�
�
: ð6Þ

Here, the boundary condition, i.e. T �jy�¼0 ¼ 1 and the anti-
symmetry condition, i.e. T �jy�¼1 ¼ 0:5 are used. Because of
the periodicity in the stream- and spanwise directions, the
integration of Eq. (6) in the x- and z-direction gives the
time- and spatial-averaged Nusselt number hNui as follows:

Nu
� �

¼ 2þ 4RemPr
Z 1

0

v�T �dy�
� �

þ
Z 1

0

v0�T 0�dy�
� �� �

:

ð7Þ
Here, the heat flux from the surfaces of the prism was ne-
glected because the volume of the prism is much smaller
than the whole computational domain. The first term in
the right hand side indicates the contribution of the con-
duction, the second term that of the convection by the
mean flow and the third term that of the turbulence
transport.

Each term of Eq. (7) is shown in Fig. 17. It has been
confirmed that the value of hNui calculated from Eq. (7)
agree well with the directly calculated value shown in
Fig. 16 with an accuracy of 0.5%. A notable point is that
the contribution of the mean flow convection to hNui is
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much smaller than that of the turbulence transport. The
heat transfer enhancement by the convection is indeed
dominant around the prism. This effect is confined to
the vicinity of the prism. Hence, the mean flow itself does
not directly augment the spatial-averaged Nusselt number
hNui. Accordingly, we can conclude that the three-dimen-
sional mean flow around the prism produces the turbu-
lence and thus the dispersion of the induced turbulence
contributes most significantly to the holistic heat transfer
augmentation.
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4. Conclusions

DNS of heat transfer in a channel flow obstructed by
rectangular prisms has been performed for low Reynolds
numbers in order to assess the effect of the prism on the
flow and the heat transfer in the turbulent-laminar transi-
tion range. The Reynolds number effect on the time-aver-
aged vortex structure around the prism is discussed. The
relation between the vortex structure and local heat trans-
fer is also investigated. In addition, the effect of the prism
on the mean flow parameters is presented.

In the instantaneous flow field, the near-wall streaky
structures are observed in the whole calculated domain
for Res = 80, 60 and 50. For Res = 40, the number of the
streaky structures decreases except in the near wake region
in comparison with the cases of higher Res. Moreover, the
flow results in steady laminar flow for Res = 30 and 20.

In the time-averaged flow field, the complex vortices
wrap around the prism. Upstream of the prism, the horse-
shoe vortices are generated. The size of them is almost
unchanged for all the calculated cases for Res = 80–30. In
this region, the heat transfer is remarkably enhanced
because of the low temperature-fluid impingement induced
by the prism and the washout effect of the horseshoe vorti-
ces. The width of the area with remarkably enhanced heat
transfer is approximately d from the front-end prism for all
the cases.

Around the lateral region of the prism, four longitudinal
vortices are formed. The size of these vortices are almost
unchanged for Res = 80–50. For Res = 40–30, these vorti-
ces become weak with decreasing Reynolds number. For
Res = 20, these vortices are not clearly observed. In this
region, the heat transfer is significantly enhanced because
of the same mechanism in the upstream region.

Downstream of the prism, the flow pattern strongly
depends on Reynolds number. The meeting line first shifts
towards the downstream direction with decreasing Rey-
nolds number for Res = 80–40, and approaches to the
back-end prism for Res = 30 and 20. Downstream of these
meeting line, a relatively large local peak of Nu was
observed for Res = 80–40. This local peak arises from the
enhanced mixing around the meeting line. However, no sig-
nificant correlation can be found between the meeting
point and the local peak.

The turbulence budgets also provide understandings to
the interaction of vortices downstream of the obstacle
and its influence on heat transfer. The rest of the data, such
as the turbulence budgets, will be uploaded on our web of
DNS database‘‘http://murasun.me.noda.tus.ac.jp/turbu-
lence/’’.

The friction factor does not show the drop in the turbu-
lent-laminar transition range. This is because the turbu-
lence remains owing to the disturbance produced around
the separation and the wake region of the prism. The val-
ues of hNui stay larger than the empirical correlation of
the turbulent plane channel flow even in the transition
range. The contributions of the conduction, the mean flow
convection and the turbulence transport to hNui are exam-
ined. It is statistically confirmed that the dispersion of the
turbulence induced by the prism contributes most signifi-
cantly to the holistic heat transfer augmentation.
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