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Abstract

Numerical computation was carried out for a turbulent boundary layer disturbed by a square rod based on a concept of de-

composing each quantity into its three components, i.e., time mean, periodical and stochastic ¯uctuations, respectively. The e�ect of

stochastic ¯uctuation of velocity and temperature on the time mean and periodically changing parts of ¯ow and thermal ®elds was

modeled with a k ÿ e type turbulence model. Numerical results of heat transfer coe�cient obtained with a modi®ed LS model agree

well with the experimental data. Generation of the dissimilarity between the momentum transfer and heat transfer occurring in the

studied boundary layer was successfully predicted. Discussion is developed for the washing action exerted by a spanwise vortex and

its role of generating the dissimilarity. Ó 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

In a ¯at plate turbulent boundary layer disturbed by a
cylinder mounted normal to the ¯ow direction and detached
from the plate, reduction of skin friction of the ¯at plate was
found to appear in the region downstream the inserted cylinder
where signi®cant enhancement of heat transfer was observed
(Kawaguchi et al., 1984). This opposite direction of change of
heat transfer against the one of momentum transfer was called
strong dissimilarity (Suzuki and Inaoka, 1998). Later, struc-
tural study of turbulence was made near the wall with octant
analysis (Suzuki et al., 1988) in the similar disturbed turbulent
boundary layer in which the dissimilarity was generated. It was
clari®ed in the study that hot outward and cold wallward in-
teractions were intensi®ed more strongly than sweep and
ejection were intensi®ed. Such interactive ¯uid motions are the
motions classi®ed into the ®rst and third quadrants in the u±v
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Notation

Cf skin friction coe�cient � 2sw=�qu2
0�

D rod size
h heat transfer coe�cient
k turbulent kinetic energy
Nu local Nusselt number � qwx0=k�hw ÿ h0�
p pressure
Pr Prandtl number
Prt turbulent Prandtl number
qw heat ¯ux on the wall
ReD rod size based Reynolds number�Du0=m
Rex0 streamwise Reynolds number � x0u0=m
u; v velocities in the x- and y-directions
x; y streamwise and wall-normal coordinates,

see Fig. 2
x0 streamwise location from the leading

edge of the ¯at plate

Greek
d thickness of the boundary layer at the

origin
e dissipation rate of k
m kinematic viscosity
mt turbulent viscosity
k thermal conductivity
h temperature
q density

s shear stress

Subscripts
0 free stream, undisturbed boundary layer
w wall

Others
time mean

� periodical part of the ¯uctuation
0 turbulent stochastic component
h i phase average
^ isotropic
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plane where u and v are the streamwise and wall-normal
components of velocity ¯uctuation, respectively. These two
interactive ¯uid motions contribute negatively to momentum
transfer. On the other hand, such an intensi®ed wallward in-
teraction was found more likely to be cold, i.e., the one char-
acterized by negative temperature ¯uctuation, than to be hot.
Additionally, the intensi®ed outward interaction is more likely
to be hot than to be cold. Therefore, the two types of inter-
active ¯uid motions were regarded to contribute positively to
heat transfer and result in the generation of the dissimilarity.

Similar larger fractional contribution from the ®rst and
third quadrants of the u±v plane were separately reported also
for a few types of organized unsteady laminar ¯ows (Suzuki
and Suzuki, 1994a; Suzuki and Suzuki, 1994b; Suzuki et al.,
1994). In these works, the washing action to be exerted by a
spanwise vortex was found to be responsible for the generation
of spontaneous dissimilarity which can lead to the dissimilarity
between the time mean heat transfer and momentum transfer.
Recently, selective intensi®cation of such interactive ¯uid
motions was found to be related to the periodical velocity and
temperature ¯uctuations produced by the Karman vortex in
case of a turbulent channel ¯ow obstructed with a square rod
(Yao et al., 1995) and in case of a turbulent boundary layer
disturbed by a cylinder (de Souza et al., 1997). de Souza et al.
(1997) also suggested that the washing action is also important
in the generation of the dissimilarity in a disturbed turbulent
boundary layer.

The present paper discusses the above topics from an ap-
proach di�erent from the previous ones. An e�ort is made to
see if the dissimilarity can be predicted numerically. For this
purpose, an unsteady ¯ow numerical computation is carried
out for a ¯at plate turbulent boundary layer disturbed by a
square rod by making use of a k±e type turbulence model. The
adopted numerical scheme is developed from the computa-
tional code for an unsteady laminar boundary layer disturbed
by a square rod (Inaoka et al., 1998), and the periodical
shedding of the Karman vortex from the inserted square rod is
computed one by one along the time axis. The discussion is
developed on the results to be obtained and attention is paid to
the roles of the Karman vortex and the washing action exerted
by a vortex appearing near the wall.

2. Features of dissimilarity and ¯ow geometry to be studied

As discussed in Section 1, skin friction coe�cient Cf and
heat transfer coe�cient h as well as turbulence quantities have
been measured intensively in a turbulent boundary layer dis-
turbed by a cylinder (Suzuki et al., 1988; Suzuki et al., 1991).
Typical results on Cf and h are cited from Suzuki et al. (1991)
in Fig. 1. Recently, similar experiments were done for the case
where a square rod was inserted into a turbulent boundary
layer (Inaoka et al., 1997). A square rod was chosen so as to
make the geometry of an inserted body more convenient to
attach a splitter plate and see if its attachment is e�ective to
suppress the Karman vortex, and therefore, to suppress the
dissimilarity. From a grid allocation point of view in a nu-
merical computation, a square rod is preferable as a body to be
inserted in the turbulent boundary layer. Therefore, the pres-
ent numerical computation was made for this geometry shown
in Fig. 2. Experimental apparatus and results to be compared
with the present numerical computation will be brie¯y de-
scribed in the following. Some features of the dissimilarity to
be discussed later are also demonstrated here.

Fig. 3 illustrates a low speed wind tunnel used in the ex-
periments (Inaoka et al., 1997). A ¯at plate 9 was located at the
bottom of the wind tunnel of the cross section of 380 mm �
380 mm. Uniformity of free stream velocity was secured at the

leading edge of the ¯at plate by sucking the boundary layer
developed on the upstream part of the tunnel ¯oor with a
blower 11. The free stream velocity was kept at 14 m/s and
streamwise uniformity of static pressure was established by
adjusting the geometrical position of the tunnel ceiling. As is
shown in Fig. 4, a square rod of 8 mm thickness was mounted
at a streamwise position of 1400 mm downstream from the ¯at
plate leading edge in a manner keeping the space between the
rod and the ¯at plate at 8 mm. The thickness of the ap-
proaching boundary layer was measured to be 28 mm at the
insertion station of the square rod unless it was inserted. The

Fig. 1. Distributions of Cf and h=h0 in a turbulent boundary layer

disturbed by a cylinder (Suzuki et al., 1991).

Fig. 2. Computational domain and coordinate system.

Fig. 3. Schematic view of the wind tunnel.
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square rod was positioned parallel to the ¯at plate and normal
to the free stream. Therefore, the studied ¯ow is statistically
two-dimensional. In some experiments, a splitter plate of dif-
ferent length was attached to the square rod.

Fig. 5(a) and (b) illustrate the streamwise distributions of
the measured heat transfer coe�cient and skin friction coe�-
cient, respectively (Inaoka et al., 1997). h0 in the ®gure indi-
cates the value of the heat transfer coe�cient for a normal ¯at

plate boundary layer without insertion of any disturbing body.
It is clearly observed that heat transfer is enhanced by the
insertion of the square rod (case K). The results of the present
numerical computation are compared in the following with the
experimental results of this case K.

As is seen in Fig. 5(a) and (b), it is observed that en-
hancement of heat transfer becomes less pronounced with the
elongation of the splitter plate. In contrast to this, skin friction
coe�cient does not change noticeably with the change of the
splitter plate length. Fig. 6 shows the power spectra for
streamwise component of velocity ¯uctuation for several cases
of di�erent length of the splitter plate (Inaoka et al., 1997). The
spectra were measured at a wall-normal position near the ¯at
plate and at the streamwise location near the square rod. Peak
of the spectrum becomes less remarkable with the elongation
of the splitter plate. Especially, no peak is observable in the
spectrum for the case of the longest splitter plate. In this case,
heat transfer is least enhanced. Therefore, the Karman vortex
or its accompanying periodical ¯uctuation is concluded to play
an important role in generating the dissimilarity. In this sense,
three-component decomposition of a quantity, namely de-
composition into time mean value, periodical part and sto-
chastic part of ¯uctuation, is needed in the numerical
computation to successfully predict the generation of dissimi-
larity. This necessity was also pointed out by Yao et al. (1995)
in their paper on a turbulent channel ¯ow disturbed by an
inserted square rod.

In the experiments on a turbulent boundary layer disturbed
by a cylinder, de Souza et al. (1997) showed that the Karman
vortex shed from the lower half of the inserted body disappears
in a short distance and that another vortex shed from the
upper half keeps a much longer life. It was also observed in
their experiments that the latter vortex approaches to the ¯at
plate and that it exerts a washing action to the ¯at plate sur-
face. This washing action was con®rmed to be the generation
mechanism of the dissimilarity, as was concluded by Suzuki et
al. (Suzuki and Suzuki, 1994a; Suzuki and Suzuki, 1994b) in a
series of numerical studies of an unsteady channel ¯ow
partially blocked with a square rod.

Fig. 5. Streamwise distributions of h=h0, (a) and Cf=Cf0
(b) (Inaoka et

al., 1997). Fig. 6. Power spectrum of u and v (Inaoka et al., 1997).

Fig. 4. Geometry of the ¯ow system, coordinate system and geometric

parameters (Inaoka et al., 1997).
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3. Computational method and procedures

The following three components decomposition is adopted
for a velocity component in xi direction, ui, pressure p and
temperature h:

ui � �ui � ~ui � u0i � uih i � u0i; �1�

p � �p � ~p � p0 � ph i � p0; �2�

h � �h� ~h� h0 � hh i � h0; �3�
where A denotes the time mean value of a quantity A, ~A des-
ignates the periodical part of the ¯uctuation of the quantity
and A0 the turbulent stochastic component of the ¯uctuation of
the quantity. h i denotes the phase average.

The governing equations for ui may be written as follows:

oui

oxi
� 0; �4�

oui

ot
� uj

oui

oxj
� ÿ op

oxi
� 1

Re

o2ui

oxjoxj
; �5�

where t is time and Re is the ¯ow Reynolds number.
Substituting Eqs. (1)±(3) into Eq. (5), taking into account

of Eq. (4) and then phase averaging, one obtains the following
equation for uih i (Reynolds and Hussain, 1972):

o uih i
ot
� uih i o uih i

oxj
� ÿ o ph i

oxi
� 1

Re

o2 uih i
oxjoxj

ÿ o
oxj
hu0iu0ji: �6�

The third term of the right-hand side of Eq. (6) is modeled
with a turbulence model as was made in the other references
(Cousteix et al., 1978; Ha Minh et al., 1989; MacInnes et al.,
1989; Franke and Rodi, 1991; Kato and Launder, 1993; Bosch
and Rodi, 1996). Here is used a low Reynolds number version
of the k ÿ e turbulence model, i.e., Launder and Sharma, 1974
model hereafter referred as LS model) but with a little modi-
®cation so as to describe the stochastic parts of velocity ®eld
on the phase averaged velocity ®eld, namely:

ÿ u0iu
0
j

D E
� mt

ohuii
oxj

�
� o uj


 �
oxi

�
ÿ 2

3
dij kh i; �7�

where

mt � Clfl
kh i2
hêi ; Cl � 0:09; fl � exp

ÿ3:4

1� Rt=50� �2
( )

;

Rt � kh i2
mhêi : �8�

Phase averaged turbulent kinetic energy kh i and the rate of its
dissipation eh i are determined from the following transport
equations in the case where the LS model is employed:

o kh i
ot
� uj


 � o kh i
oxj
� o

oxj
m

��
� mt

rk

�
o kh i
oxj

�
� Pk ÿ �ĥei � D�;

�9�

ohêi
ot
� uj


 � ohêi
oxj

� o
oxj

m

��
� mt

re

�
ohêi
oxj

�
� Ce1f1

ĥei
kh i Pk ÿ Ce2f2

hêi2
k

 � � E;

�10�

where

Pk � mtS2; S �
����������������������������������������
1

2

o uih i
oxj
� o uj


 �
oxi

� �2
s

; D � 2m
o
�������
kh ip

oxj

 !2

;

hêi � eh i ÿ D; E � 2mlt

o2 uih i
oxjoxi

� �2

; f1 � 1:0;

f2 � 1:0ÿ 0:3 exp
ÿÿ R2

t

�
;

�11�

Ce1 � 1:14; Ce2 � 1:92; rk � 1:0; re � 1:3:

ê is the isotropic part of the dissipation rate. Adoption of ê as a
variable simpli®es the wall boundary condition of the dissi-
pation rate since ê � 0 at the wall.

In order to reduce the excessive production of kh i predicted
in the stagnation regions with LS model, Kato±Launder model
(1993, hereafter referred as KL model) proposed to replace the
production expression Pk by

Pk � mtSX; X �
����������������������������������������
1

2

o uih i
oxj
ÿ o uj


 �
oxi

� �2
s

�12�
was also tested in the present study.

Similarly, energy equation can be expressed with hh i as
follows:

o hh i
ot
� uj


 � o hh i
oxj
� 1

Re Pr

o2 hh i
oxjoxj

ÿ ohu0ih0i
oxj

; �13�

ÿ u0ih
0

D E
� mt

Prt

o hh i
oxi

: �14�
Unsteady ¯ow Prandtl number was assumed to be constant in
this study, namely Prt � 0:9.

Fully implicit forms of ®nite di�erence equivalents of the
above mentioned equations were solved numerically along the
time axis. For the ®nite-di�erencing of the governing equa-
tions, a central ®nite-di�erencing scheme was used for the
di�usion terms. For the convection terms, the third-order
upwind scheme (QUICK) was applied in case of the momen-
tum equation but the central ®nite-di�erencing scheme in cases
of the kh i, êh i and energy equations. For the evaluation of
pressure, the SIMPLE algorithm was employed. In order to
relax the solutions of the above types of elliptic di�erential
equations, iterative process was applied at each time step. In
this process, alternating direction implicit (ADI) method was
also combined.

The geometry treated in the present study is illustrated in
Fig. 2, together with the coordinate system to be used below.
A square rod is mounted in a ¯at plate turbulent boundary
layer in a position normal to the ¯ow direction and detached
from the ¯at plate. The conditions for which computation is
made are shown in Table 1. In the present study, main stream
velocity u0 (� 14 m/s) was treated constant and the square rod
of the size D (� 8 mm) was introduced at the location of
streamwise Reynolds number Rex0 � 1.24 �106. The inlet and
outlet boundaries of the computational domain were located at
20D upstream and 110D downstream from the square rod

Table 1

Conditions for computation

u0 14.0 m/s

D 8 mm

ReD 7075

Rex0 1.24 ´ 106

d0 25 mm

c=D 1.0
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position, respectively. The free stream boundary was located at
y � 30D. 200 � 110 grid points were allocated non-uniformly
in the computational domain with ®ne grid meshes near the
¯at plate and the square rod. Especially, more than two grid
points were allocated within the viscous sublayer in order to
evaluate quantities near the ¯at plate accurately. The upstream
boundary condition for the streamwise velocity uh i was given
as follows:

u� � y� �y�6 5�
u� � 5:0� 5:0 ln�y�=5:0� �5 < y�6 30�
u� � 2:44 ln y� � 5:0� 2:44PW �y=d� �30 < y�� �15�
where

W �y=d� � 2 sin2�py=2d�; P � 0:596;

y� � u�y
m
; u� � u

u�
:

�16�

In order to determine other quantities such as vh i, kh i, êh i and
hh i at the upstream boundary, preliminary steady numerical

computation was made for a normal undisturbed ¯at plate
turbulent boundary layer in the smaller region of
ÿ306 x=D6 ÿ 17:5. As the upstream boundary condition for
that preliminary calculation, vh i was assumed to be zero, kh i
and êh i were given by the DNS results (Mansour et al., 1988),
and hh i was given by the experimental data obtained by the
above mentioned wind tunnel. The results obtained at x=D �
20 were adopted as the upstream boundary condition in the
main computation.

At the downstream boundary, streamwise gradients of all
quantities were assumed to be 0. At the free stream boundary,
the streamwise velocity and the cross-stream velocity were set
to be u0 (� 14 m/s) and 0, respectively. The cross-stream gra-
dients of the other quantities were set to be 0. At the solid
boundary, no-slip condition was used. The square rod surfaces
were treated to be thermally insulated and uniform heat ¯ux
was assumed at the ¯at plate surface.

The above set of equations was numerically solved and the
time mean Nusselt number and time mean skin friction coef-
®cient were calculated. The obtained results will be compared
with the experimental data discussed in the above.

4. Numerical results and discussions

Here are discussed the obtained numerical results in com-
parison with the experimental data. Fig. 7(a) shows the
streamwise distributions of time mean Nusselt number Nu and
Fig. 7(b) those of time mean skin friction coe�cient Cf . In
these ®gures, both values are normalized with the respective
counterparts of the undisturbed boundary layer. It is observed
in Fig. 7(a) that the present computed distribution of the time
mean Nusselt number with LS model is quite similar in shape
as the experimental data obtained by Inaoka et al. (1997) while
the enhancement of heat transfer is calculated in a little less
pronounced manner. Skin friction coe�cient calculated with
LS model also closely follows the experimental values obtained
by Inaoka et al. (1997). The reduction of skin friction is pre-
dicted in a little less pronounced manner. Thus, the dissimi-
larity is predicted a little weakly. In particular, increase of heat
transfer coe�cient accompanying the reduction of skin fric-
tion, which we call strong dissimilarity, is obtained only at
positions downstream the position of x=D � 9, in contrast to
the experimental result that it is achieved at positions down-
stream the location of x=D � 2. In that sense, further im-
provement of the model is still requested; however, an
important point is that the generation of strong dissimilarity
was predicted ®rst time and was possible only through the

present type of unsteady ¯ow computation based on the three-
component decomposition approach. Such success has never
been achieved with steady ¯ow computations employing a few
di�erent turbulence models in attempts by the group of the
present author. Although the results of the skin friction coef-
®cient obtained with KL model agree with the experimental
data better than those with LS model, unreasonable results
were observed in the Nusselt number distribution. Thus, the
discussion will be concentrated in the following on the gener-
ation mechanism of the dissimilarity based on the results ob-
tained with the LS model.

As will be mentioned later, ¯ow and thermal ®elds change
in a highly periodic manner accompanied by a Karman-like
vortex shed from the square rod. Therefore, in order to in-
vestigate the instantaneous ¯ow and thermal ®eld structures,
several quantities were sampled at each instant corresponding
to every one eighth of a period of the velocity ¯uctuation.
Fig. 8(a) and (b) show the streamwise distributions of the in-
stantaneous Nusselt number Nu and those of the instanta-
neous skin friction coe�cient Cf sampled that way,
respectively. In each frame of these ®gures, instantaneous
distributions of Nusselt number and skin friction coe�cient
are presented with solid lines together with their time mean
values, Nu and Cf , illustrated by dotted lines. Time change of
Nu and Cf distributions are clearly observed in these ®gures.
Similar to the distribution of Nu, the distribution of Nu has
two or three peaks at every instant. While its ®rst peak con-
stantly appears at a position close to the square rod, its second
peak changes its position from one sampling phase to another,
i.e., the second peak position moves downstream with an
elapse of time. The same feature of time variation is clearly
observed in the distribution of Cf . In these ®gures one inter-
esting feature can be observed. Namely, peak instantaneous
heat transfer coe�cient is generated at positions where the
dent is observed in the distribution of instantaneous skin
friction coe�cient. This means that instantaneous dissimilarity
between heat transfer and momentum transfer is locally
generated there. The positions where such instantaneous

Fig. 7. Streamwise distributions of time mean Nusselt number (a) and

skin friction coe�cient (b).
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dissimilarity appears move downstream with an elapse of time.
Such a local instantaneous dissimilarity observed at every in-
stant contributes to the generation of the time mean dissimi-
larity found in Fig. 7(a) and (b).

Fig. 9 compares the spatial distributions of an instanta-
neous apparent wall-normal heat ¯ux produced by the peri-
odical ¯uctuations of velocity and temperature, ~v~h, and
another instantaneous apparent heat ¯ux produced by the
stochastic ¯uctuations of velocity and temperature, v0h0h i,
sampled at several instants. ~v~h is calculated automatically as a
part of convection term of Eq. (13) while v0h0h i is calculated
through the model of Eq. (14) in the present computation. In
this ®gure, the shaded parts correspond to the regions where

the plotted quantities take positive value, namely heat is
transferred outwards in the boundary layer and the unshaded
parts to those where they take negative value. Deep gray col-
ored area corresponds to the large heat ¯ux region. The arrow
in the ®gure represents the peak position of instantaneous
Nusselt number or the position where the dissimilarity exists.
Since the shaded area covers almost all parts of the boundary
layer both for ~v~h and v0h0h i, both of periodical and stochastic
¯uctuations enhance the heat transfer inside the boundary
layer. This should lead to the enhancement of the time mean
wall heat transfer. At the bottom of this ®gure, bird's-eye view
presentations of instantaneous distributions of ~v~h and v0h0h i
sampled at a particular instant are plotted. Another point

Fig. 8. (a) Streamwise distributions of instantaneous Nusselt number. (b) Streamwise distributions of instantaneous skin friction coe�cient.
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worthy to notice is that ~v~h takes much larger value than v0h0h i
inside the boundary layer and that such larger value of ~v~h
appears just above the peak position of Nu indicated by the
arrow at each instant. Therefore, the periodical part of ¯uc-
tuations should contribute majorly to the production of peak
Nu and therefore the enhancement of the time mean wall heat
transfer.

Fig. 10 compares the spatial distributions of an instanta-
neous apparent wall-normal Reynolds shear stress produced
by the periodical velocity ¯uctuations ÿ~u~v and another in-
stantaneous apparent Reynolds shear stress produced by the
stochastic velocity ¯uctuations ÿ u0v0h i in the same manner as
seen in Fig. 9. In this ®gure, again the shaded parts correspond
to the regions where the plotted quantities take positive value
and unshaded parts to those take negative value. It is con-
®rmed that not only stochastic ¯uctuation but also periodical
¯uctuation produces large value of apparent shear stress inside
the boundary layer. As is observed in the experimental data by
Inaoka et al. (1997), large negative shear stress is attained in

the distribution of ÿ~u~v near the wall, especially at the position
just above the peak position of Nu or the minimum peak
position of Cf indicated by the arrow at each instant. This
should contribute majorly to the production of minimum peak
of Cf and therefore the reduction of the time mean skin fric-
tion. Thus, such spatial distributions of the apparent positive
heat transfer and apparent negative momentum transfer in-
stantaneously produced near the wall are the direct cause of
the dissimilarity in the distributions between Nu and Cf found
in Fig. 8. Therefore, taking such large contribution from the
periodical component of ¯uctuations into consideration is
crucial in numerical computation to successfully predict the
dissimilarity in the studied boundary layer. In the following,
detail discussion on the generation mechanism of the dissimi-
larity will be developed focused on such periodical ¯uctua-
tions.

Figs. 11 and 12, respectively, show the instantaneous con-
tour maps of the vorticity and temperature, which were sam-
pled at the same instant as the one for each frame of Fig. 8(a)

Fig. 9. Instantaneous maps of heat ¯ux contours: (a) ~v~h and (b) v0h0h i (shaded parts: positive value).
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and (b). In Fig. 11, the shaded parts correspond to the regions
where vorticity is positive and the unshaded parts to those
where it is negative. The arrow in the ®gure again represents
the peak position of instantaneous Nusselt number or the
position where the dissimilarity exists. Time dependent be-
havior of the Karman vortex shed from the square rod can be
observed in these ®gures but it is distorted by the e�ect of the
shear existing in the boundary layer. Negative-vorticity region
(hereafter called NS region) which is formed in the upper half
of the near wake of the square rod rotates clockwisely as it
moves downstream with an elapse of time (phase1 ! phase4).
Simultaneously, this NS region drives the positive-vorticity
region (hereafter called PS region) which is formed in the lower
half of the near wake of the square rod upward (phase3 !
phase7). As is observed in Fig. 12 the NS region supplies the
cooler ¯uid from the outer region of the boundary layer to-
ward the wall and the PS region ejects the hotter ¯uid from
near-wall region toward the outer region. Both enhance the
wall heat transfer.

The above mentioned motions of the PS and NS regions
produce another important unsteady ¯ow behavior. High-
vorticity wall layer developing near the ¯at plate surface is
intensi®ed in vorticity at the insertion position of the rod due
to the ¯ow acceleration occurring in the space between the rod
and the ¯at plate. Fig. 13 shows the magni®ed view of the
instantaneous contour maps of the vorticity near the ¯at plate,
which were sampled at several instants. It is clearly observed
that, synchronizely assisted by the motion of the PS and NS
regions, the tip of this high-vorticity wall layer (hereafter called
NW tongue) protrude outward or is lifted just around the peak
Nu position indicated by an arrow. Fig. 14 shows the instan-
taneous vector map of the periodically ¯uctuating velocity,
~uÿ ~v, together with the instantaneous periodical part of tem-
perature ¯uctuation, ~h. These are sampled at the instants same
as those of Fig. 13. In Fig. 14, the shaded parts indicate the
region where ~h is positive and unshaded parts the region where
it is negative. It is clearly observed in this ®gure that clockwise
¯uid motion is induced around the lifted tip of the NW tongue

Fig. 10. Instantaneous maps of shear stress contours: (a) ÿ~u~v and (b) ÿ u0v0h i (shaded parts: positive value).

K. Inaoka et al. / Int. J. Heat and Fluid Flow 20 (1999) 290±301 297



observed in Fig. 13. This clockwise ¯uid motion entrains fresh
and cooler ¯uid into the near-wall region below the NW ton-
gue from its downstream side so that heat transfer enhance-
ment is achieved there. Since this ¯uid motion entrains the
¯uid into the near-wall region from the downstream side, it
temporarily reduces the streamwise velocity there near the wall
so that skin friction reduction occurs there. At the upstream
side of its clockwise ¯uid motion, appearance of an intense
up¯ow from the near-wall region to the outside is observed.
The up¯ow is e�ective in pumping out the hotter ¯uid that has
exchanged heat with the wall surface. It prevents from the
excess heating of the wall and is thus e�ective in enhancing the
heat transfer, too. Above mentioned clockwise ¯uid motion is
clearly observed to lie just above the peak position of Nu in-
dicated by an arrow, and it is the washing action of a spanwise
vortex appearing near the wall discussed for a di�erent type of
unsteady ¯ows in Suzuki and Suzuki (1994a); Suzuki and
Suzuki (1994b); and Inaoka et al. (1998). This washing action
of the vortex appearing near the wall should be the cause of the
generation mechanism of the dissimilarity and therefore, pre-
cise prediction of the periodical component of ¯uctuation is
again concluded to be decisive to successfully predict the dis-
similarity.

On the other hand, such entrainment of cooler ¯uid and
pumping out of the heated ¯uid caused by the washing action
exerted by the vortex are characterized by ~u < 0; ~v < 0 and
~h < 0, and ~u > 0, ~v > 0 and ~h > 0, respectively. Thus, they are
classi®ed into the elementary ¯uid motions equivalent to the
``cold wallward interaction'' and ``hot outward interaction'' of
turbulent elementary ¯uid motions. They contribute negatively
to momentum transfer but positively to heat transfer and thus

result in generating the dissimilarity. Figs. 15 and 16, respec-
tively, show the magni®ed view of the spatial distribution of
the contours of ÿ~u~v and ~v~h. In these ®gures, the shaded parts
indicate the region where the value of the plotted quantity is
positive and unshaded parts the region where it is negative.
From these ®gures, such interactive ¯uid motions are con-
®rmed to be produced in the near-wall region around the po-
sition indicated by an arrow. ÿ~u~v takes negative value but ~v~h
takes positive value just downstream the positions speci®ed by
the arrows. Thus, two types of interactive ¯uid motions are
con®rmed to be periodically intensi®ed by the washing action.
Therefore, as was suggested by de Souza et al. (1997), selective
intensi®cation of such interactive ¯uid motions observed in a
disturbed turbulent ¯ow should be related to the washing ac-
tion periodically exerted by a vortex near the wall.

5. Concluding remarks

Numerical computation was carried out for a turbulent
boundary layer disturbed by a square rod based on a concept
of decomposing each quantity into its three components, i.e.,
time mean, periodical and stochastic ones. The e�ect of sto-
chastic ¯uctuation of velocity and temperature on the time
mean and periodically changing parts of ¯ow and thermal
®elds was modeled with a k ÿ e type turbulence model.

Obtained results of heat transfer coe�cient with LS model
agree fairly well with the experimental data. In the results
obtained with the LS model, heat transfer enhancement and
generation of the dissimilarity between momentum transfer
and heat transfer in the studied boundary layer were predicted.

Fig. 11. Instantaneous maps of the vorticity contours (shaded parts: vorticity is positive).
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This dissimilarity results from the occurrence of the instanta-
neous dissimilarity. Generation mechanism of the instanta-
neous dissimilarity is strongly related to the behavior of the
Karman vortex. Namely, taking large contribution from the

periodical component of ¯uctuations into consideration is
decisive in numerical computation to predict the dissimilarity.
Therefore, three components decomposition of a quality is
very necessary in numerically predicting the dissimilarity. A

Fig. 12. Instantaneous maps of the temperature contours.

Fig. 14. Instantaneous distribution of the ¯uctuating velocity vector,

~uÿ ~v (shaded parts: hotter than time mean temperature).

Fig. 13. Instantaneous maps of the vorticity contours, magni®ed view

(shaded parts: vorticity is positive).
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downstream tip of the high-vorticity wall layer lifted from the
wall induces a clockwise motion producing the e�ects called
washing action around it. This washing action produces the
dissimilarity. Namely, it supplies cooler fresh ¯uid into the
near-wall region from the downstream side and ejects the
hotter ¯uid toward outside from the wall region at the up-
stream side. This washing action can fairly well explain the
experimental results that the selective intensi®cation of two
types of interactive ¯uid motions was observed.
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