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Enhancement of heat transfer rate of a heat surface in a three-dimensional channel flow with insertion of
a moving slender block is investigated numerically. A slender block is installed along the direction of the
channel flow, and the movement of the slender block is in periodic motion and transverse to the channel
flow. Due to the interaction between the channel flow and slender block moving, a large circulation ver-
tical to the channel flow is induced and follows the moving slender block closely. The behaviors of the
slender block and circulation destroy and suppress the velocity and thermal boundary layers on the heat
surface periodically. These phenomena first observed cause the heat transfer rate of the heat surface to be
enhanced especially in the downstream of the heat surface. The maximum magnitude of enhancement in
this study is about 50%.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Until now a problem of forced convection of a heat surface in a
channel flow is usually of practical importance, and widely consid-
ered in the design of devices such as heat exchangers, nuclear reac-
tors, and solar energy systems. Thus, an effective method for
improving the heat transfer performance of forced convection in
the channel flow is urgently expected.

In the past, Bergles [1,2] had reviewed the development in con-
vective heat transfer augmentation in detail and related studies are
continued to be investigated up to now. At present well-known
methods of the enlargement of heat dissipation surface [3–11],
the disturbance of flow field [12–19] and the vibration of heat sur-
face [20–26] are most usually adopted to enhance the forced con-
vection heat transfer rate of the channel flow and the results of the
above methods are remarkable and available. However, the incre-
ment of the heat transfer rate of the above methods seems to have
limitation because a thermal boundary layer which is disadvanta-
geous to heat transfer mechanisms still forms on the heat surface.
Therefore, Fu et al. [27,28] proposed a new method in which the
thermal boundary layer forming on the heat plate was destroyed
periodically by a block moving back and forth on the heat plate
to enhance the heat transfer rate of the heat plate, and remarkable
heat transfer rates were achieved. The situation investigated
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numerically and experimentally in the above studies was a heat
surface under a two-dimensional slot jet flow. It is well-known
that the jet flow has a superior heat transfer rate in the whole re-
gion, but in the channel flow the heat transfer rate of the heat sur-
face varies drastically from excellent to low level along the flow
direction. Then, using a block moving periodically on the whole
heat surface to improve the heat transfer rate of the heat surface
in the channel flow, especially in the downstream region, can yet
be regarded as an available method.

Therefore, the aim of this study investigates the forced convec-
tion heat transfer rate of the heat surface in a channel flow en-
hanced by a moving block numerically. The moving block of
which the movement is transverse to the channel flow and moves
periodically back and forth on the heat surface is installed along
the channel flow direction. Since the moving direction of the block
is vertical to the channel flow direction, the geometrical situation
becomes a three-dimensional model. To avoid the necessity of a
huge memory in three-dimensional computation processes, the
immersed boundary method based on a finite difference scheme
developed by Peskin [29] substituting the Arbitrary Largrangian–
Eulerian method of finite element scheme used in the previous
study [27] is adopted. The movement of the block causes the
spaces distributed in both sides of the block to be contracted and
enlarged simultaneously. The compressibility of fluid is then con-
sidered. In addition, requisite methods of Roe scheme, precondi-
tioning, and dual-time-stepping available for compressible fluid
flows are adopted to resolve the governing equations. The results
show that under high velocities of the channel flow and block sit-
uations, the superior enhancements of heat transfer rates are
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Nomenclature

En enhancement of the average heat transfer rate of the
heat surface of a cycle in Eq. (32)

g acceleration of gravity (m/s2)
h dimensional height of the slender block (m)
k thermal conductivity (W/mK)
l1 dimensional length of the channel (m)
l2 dimensional length of the slender block (m)
l3 the distance between the inlet and the heat surface (m)
l4 the distance between the outlet and the heat surface

(m)
M local Mach number
NuX1 Nusselt number defined in Eq. (27)
NuX3 Nusselt number defined in Eq. (7b)
Nu average Nusselt number defined in Eq. (30)
NuX1 average Nusselt number defined in Eq. (31)
(Nu) average Nusselt number defined in Eq. (32)
R gas constant (J/kg/K)
Re Reynolds number defined in Eq. (7a)
t time (s)
T temperature (K)
T0 temperature of surroundings (K)

Tf film temperature (K)
Th temperature of heat surface (K)
u1, u2, u3 velocities in x1, x2 and x3 directions (m/s)
U1, U2, U3 dimensionless velocities in X1, X2 and X3 directions
vb moving velocity of the slender block (m/s)
Vb dimensionless velocity of the slender block
w1 dimensional width of the channel (m)
w2 dimensional height of the channel (m)
w3 dimensional width of the slender block (m)
x, y, z Cartesian coordinates (m)
X1, X2, X3 dimensionless Cartesian coordinates

Greek symbols
c specific heat ratio
n, g, f curvilinear coordinates
h dimensionless temperature
l viscosity (N s/m2)
l0 Surrounding viscosity (N s/m2)
q density (kg/m3)
q0 surrounding density (kg/m3)
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achieved and the maximum enhancement is about 50%. However,
under low velocities of the channel flow and block situations, the
behavior of the block oppositely becomes a burden which causes
the enhancement of heat transfer rate to be dulled and even a
counter-effect is observed.

2. Physical model

The physical model investigated in this study is a three-dimen-
sional situation and shown in Fig. 1. The width, height, and length
of the channel are w1, w2, and l1, respectively. A heat surface ABDC
of which the width, length, and temperature are w1, l2, and Th,
respectively, is installed on the bottom surface. The distances from
the inlet and outlet to the heat surface are l3 and l4, respectively.
Cooling fluid flows into the channel, and the uniform velocity
and temperature of the cooling fluid are u0 and T0, respectively.
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Fig. 1. Physic
The thermal and flowing conditions of the cooling fluid at the out-
let are fully developed. A moving slender block which has width
w3, length l2, and height h is set on the heat surface. In order to
avoid the impediment of channel flow in the regions near both ver-
tical walls, the slender block moves at the constant speed of vb

from the point of pr to the point of pl, and the distances from the
right and left walls to the points of pr and pl are the same and equal
to 1

4 w1. The purpose of the moving slender block is to destroy the
thermal boundary layer forming on the heat surface, and then
the height of the moving block is higher than the thickness of
the thermal boundary layer. Except the heat surface, the other sur-
faces including the moving slender block are adiabatic. The laminar
forced convection is studied exclusively in this work, and the
effects of turbulence and gravity on the heat transfer mechanisms
of the heat surface are neglected. According to Trong [30], the gov-
erning equations are expressed as follows:
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@U
@t
þ @F1

@x1
þ @F2

@x2
þ @F3

@x3
¼ 0 ð1Þ

The quantities included in U and Fi are separately shown in the fol-
lowing equations:

U ¼

q
qu1

qu2

qu3

qe

0
BBBBBB@

1
CCCCCCA

ð2Þ

and

Fi ¼

qui

quiu1 þ Pdi1 � lAi1

quiu2 þ Pdi2 � lAi2

quiu3 þ Pdi3 � lAi3

ðqeþ PÞui � lAijuj � k @T
@xi

0
BBBBBB@

1
CCCCCCA
; 8i ¼ 1;2;3 ð3Þ

where Aij ¼
@uj

@xi
þ @uj

@xi
� 2

3 ðr � uÞdij and the ideal gas equation is written
by

P ¼ qRT ð4Þ

The Sutherland’s law is adopted to evaluate the viscosity and the
thermal conductivity as follows:

lðTÞ ¼ l0
T
T0

� �2
3 T0 þ 110

T þ 110
ð5Þ

kðTÞ ¼ lðTÞcR
ðc� 1ÞPr

where q0 = 1.1842 kg/m3, l0 = 1.85 � 10�5 N s/m2, T0 = 298.0592 K,
c = 1.4, R = 287 J/kg/K and Pr = 0.72 .

To simplify the analysis of results, the following dimensionless
variables are made.

X1 ¼
x1

w1
; X2 ¼

x2

w1
; X3 ¼

x3

w1

U1 ¼
u1

u0
; U2 ¼

u2

u0
; U3 ¼

u3

u0
; Vb ¼

vb

u0
ð6Þ

The compressibility and viscosity of the working fluid are consid-
ered, and the definition of the Reynolds number Re and the local
Nusselt number Nux3 on a certain x2x3 cross section of the heat sur-
face is defined as follows:

Re ¼ q0u0w1

l0
ð7aÞ

NuX3 ¼
w1

k0ðTh � T0Þ
kðTÞ @T

@x2

� �
ð7bÞ

Since the conditions of the channel flow are dynamic and un-
steady throughout, in Eq. (7b) the temperature difference of
(Th � Tf) which is usually used in a convection channel flow is con-
veniently substituted by (Th � T0) .

3. Numerical method

Accompanying with the usage of Roe and preconditioning
methods [31], two other effective methods are used together to
avoid the occurrence of inefficiency and inaccuracy in computing
processes. One is the method of three-dimensional curvilinear
coordinate (n, g, f) to be used for clustering the grids near the heat
surface. A dual-time-stepping process is the other one to improve
the efficiency of convergence. The original governing Eq. (1) is then
transformed into the following equation:
C
@Up

@s
þ @U
@t
þ @F1

@n
þ @F2

@g
þ @F3

@f
¼ 0 ð8Þ

where C is the preconditioning matrix derived by Weiss and Smith
[32], and Up is the primitive form [P, u1, u2, u3, T]/J in which J is Jaco-
bian matrix. s and t are the artificial and physical times, respec-
tively, and U is the conservative form of (q, qu1, qu2, qu3, qe)/J.
The preconditioning parameter b according to Dennis et al. [33] is
chosen as b = max(min (M2, 1.0), bmin), where M is the local Mach
number, and bmin � 3M2

1. M1 is the approaching Mach number.
To discretize Eqs. (8) and (9) is obtained. The terms of @Up

@s and @U
@t

are differentiated by the first order forward difference and the sec-
ond order backward difference, respectively, and the terms of
@F1
@n ;

@F2
@g , and @F3

@f are differentiated by the central difference.

C
Ukþ1

p � Uk
p
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þ 3Ukþ1 � 4Un þ Un�1
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1
iþ1

2;j;k
� Fkþ1

1
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þ 1
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2
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3

i;j;k�1
2

� �
¼ 0 ð9Þ

In which superscripts of k and n indicate the iteration numbers of
artificial time and proceeding step of real time, respectively. When
the term of artificial time @Up

@s is convergent to e(=10�3), Eq. (9) is
automatically transferred into the Navier–Stokes equation and the
values at the iteration number of (k + 1) of the artificial time in
Eq. (9) substantially become the values at the proceeding step of
(n + 1) of the real time.

Afterward the terms of Uk+1 and Fkþ1
i in Eq. (9) are necessary to

be linearized and expressed as follows, respectively.

Ukþ1 ¼ Uk þMDUp ð10Þ

where M ¼ @U
@Up

and DUp ¼ Ukþ1
p � Uk

p

FKþ1
1 ¼ FK

1 þ ApDUp ð11Þ

where Ap ¼ @Fk
1

@Up
is the flux Jacobian and the same method for Bp ¼ @Fk

2
@Up

and Cp ¼ @Fk
3

@Up
is used in linearization of FKþ1

2 and FKþ1
3 , respectively.

To substitute Eqs. (10) and (11) into Eq. (9), the following equa-
tion is obtained.

C
DUp

Ds
þ 3ðUk þMDUpÞ � 4Un þ Un�1

2Dt
þ dnðFk

1 þ ApDUpÞ

þ dgðFk
2 þ BpDUpÞ þ dfðFk

3 þ CpDUpÞ ¼ 0 ð12Þ

where dn, dg, and df are central-difference operators.
Eq. (12) can be rearranged as the following form:

C
I

Ds
þM

3
2Dt
þ ðdnAp þ dgBp þ dfCpÞ

� �
DUp ¼ Rk ð13Þ

where Rk ¼ � 3Uk�4UnþUn�1

2Dt

� �
� ðdnFk

1 þ dgFk
2 þ dfF

k
3Þ, I is the unit ma-

trix.To divide the C in both sides, the following equation is
obtained.

I
Ds
þ C�1M

3
2Dt
þ C�1ðdnAk

p þ dgBk
p þ dfC

k
pÞ

� �
DUp ¼ C�1Rk ð14Þ

The solver of Eq. (15) is the LUSGS implicit method proposed by
Yoon and Jameson [34] which is used to solve Eq. (14).

Ap ¼ C�1Ak
p

Bp ¼ C�1Bk
p

Bp ¼ C�1Ck
p

ð15Þ

As for the computation of Rk ¼ � 3Uk�4UnþUn�1

2Dt

� �
� ðdnFk

1 þ dgFk
2þ

dfF
k
3Þ in RHS (right hand side) of Eq. (13), the terms of Fi in Eq.

(3) based on Cartesian coordinate can be divided into two parts.
One is the inviscid term Finviscid.



Fig. 2. Comparisons of local Nusselt number of heat surface along the centerline of
streamwise direction. (Re=200)
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Finviscid ¼

qui

quiu1 þ Pdi1

quiu2 þ Pdi2

quiu3 þ Pdi3

ðqeþ PÞui

0
BBBBBB@

1
CCCCCCA

ð16Þ

The other is viscous term Fviscous .

Fviscous ¼ �

0
lAi1

lAi2

lAi3

lAijuj þ k @T
@xi

0
BBBBBB@

1
CCCCCCA

ð17Þ

The upwind difference scheme developed by Roe [31] is em-
ployed in discretion of the term of Finviscid at the cells interface
iþ 1

2

� 	
and expressed as follows at low Mach number situation.

Finviscid;iþ1
2
¼ 1

2
ðFR þ FLÞ �

1
2
fjC�1ApjDUPg ð18Þ

The fifth order MUSCL scheme proposed by Abalakin et al. [35] is
used to compute the Eq. (18).

The derivative terms of Aij ¼
@uj

@xi
þ @uj

@xi
� 2

3 ðr � uÞdij in Eq. (17) are
computed by the fourth order central difference.

@u
@x
¼ ui�2 � 8ui�1 þ 8uiþ1 � uiþ2

12Dx
þ oðDx4Þ ð19Þ

The advantages of usage of LUSGS implicit method are to im-
prove efficiency and decrease artificial dissipation.

The object of the study belongs to a kind of moving boundary
problem and is appropriately resolved by two methods. One is
the arbitrary Lagrangian and Eulerian method, and the other is
the immersed boundary method. A three-dimensional compress-
ible flow is considered, and then the immersed boundary method
based on a finite difference scheme is adopted. The immersed
boundary method was originally presented in the pioneering work
of Peskin [29]. More recently, the application and simplified ver-
sions of the method were presented in [36–38]. According to the
above literature, the Navier–Stokes equation with the force terms
introduced through the boundary conditions can be written as
follows:

@U
@t
¼ � @F1

@x1
þ @F2

@x2
þ @F3

@x3

� �
þ qFB ð20Þ

where FB is the body force term computed at every time step, so
that the velocity distribution on an arbitrary surface is equal to
the function of Vs .

Unþ1 ¼ Un þ DtðRhsþ qFBÞ ¼ Vs ð21Þ

where Rhs includes all the pressure gradient, advection and diffu-
sion terms. In case of a stationary solid body with no-slip boundary
condition, the magnitude of Vs is zero along the boundary. In this
study, the specified velocity Vs is equal to the velocity of the moving
slender block. In order to lead the velocity of the next time step Un+1

to be equal to the desired value Vs on the immersed boundary, the
source term FB of Eq. (20) can be expressed as follows [38]:

FB ¼
1
q

Vs � Un

Dt
� Rhs

� �
ð22Þ

The main advantage of immersed boundary method is that the force
FB can be prescribed on a regular grid, and the accuracy and effi-
ciency of the solution procedure on simple rectilinear grids are
maintained.

The adiabatic and no-slip conditions are adopted on the wall ex-
cept for the heat surface. The equations are given as follows:
Pði;0; kÞ ¼ Pði;1; kÞ
u1ði;0; kÞ ¼ �u1ði;1; kÞ
u2ði;0; kÞ ¼ �u2ði;1; kÞ
u3ði;0; kÞ ¼ �u3ði;1; kÞ
Tði;0; kÞ ¼ Tði;1; kÞ

ð23Þ

The isothermal and no-slip conditions are adopted on the heat
surface. The equations are given as follows:

Pði;0; kÞ ¼ Pði;1; kÞ
u1ði;0; kÞ ¼ �u1ði;1; kÞ
u2ði;0; kÞ ¼ �u2ði;1; kÞ
u3ði;0; kÞ ¼ �u3ði;1; kÞ
Tði;0; kÞ ¼ 2Th � Tði;1; kÞ

ð24Þ

where Th is the wall temperature.
0 indicates the ghost cell and 1 indicates the cell most near the

wall.
The uniform velocity at the inlet is u0, and the fully-developed

thermal and flow situations are obtained at the outlet. The inlet
and outlet conditions can be expressed as the following equations,
respectively.

Pð0; j; kÞ ¼ 2Pð1; j; kÞ � Pð2; j; kÞ
u1ð0; j; kÞ ¼ u0

u2ð0; j; kÞ ¼ 0

u3ð0; j; kÞ ¼ 0

Tð0; j; kÞ ¼ T0

ð25Þ

Pðnxþ 1; j; kÞ ¼ Patm

u1ðnxþ 1; j; kÞ ¼ u1ðnx; j; kÞ
u2ðnxþ 1; j; kÞ ¼ u2ðnx; j; kÞ
u3ðnxþ 1; j; kÞ ¼ u3ðnx; j; kÞ
Tðnxþ 1; j; kÞ ¼ Tðnx; j; kÞ

ð26Þ

where Patm is the atmosphere pressure with a constant of
101,300 Pa. 0 indicates the cell at the inlet and nx + 1 indicates
the cell at the outlet.



Table 1
Combinations of parameters of Reynolds number and velocity of slender block.

Re Velocity of slender block (Vb)

Case1 200 1/4
Case2 200 1/2
Case3 600 1/4
Case4 600 1/2

W.-S. Fu et al. / International Journal of Heat and Mass Transfer 53 (2010) 3887–3897 3891
4. Results and discussion

To obtain an optimal computation, three kinds of grid distribu-
tions are used to examine the adoptable grid distribution used in
this study. The results of the distributions of the local Nusselt num-
ber NuX1 of the heat surface along the centerline of streamwise
direction at Re = 200 situation are shown in Fig. 2. The definition
of NuX1 is shown as follows:

NuX1 ¼
w1

k0ðTh � T0Þ
kðTÞ @T

@x2

� �
ð27Þ

The deviations among the results are not apparent. The grid distri-
bution of 200 � 40 � 40 is then used. According to numerical tests,
the related length variables are determined and shown as follows:

w2=w1 ¼ 1
w3=w1 ¼ 0:05
h=w1 ¼ 0:175
l1=w1 ¼ 15
l2=w1 ¼ l3=w1 ¼ 2:25
l4=w1 ¼ 10:5

ð28Þ

Due to the convenience of the computation of the immersed bound-
ary, the computational time step is equal to the time of the block
moving along one grid in x3 direction which varies from 0.8 to 5 s
accompanying with the variations of the Reynolds number and
the velocity of the moving block. In one periodic movement 40 steps
are necessary.

In Fig. 3, the results of velocities at the outlet of the channel are
compared with the analytical solution [39] expressed in the fol-
lowing equation:

u1ðx2; x3Þ ¼
4w2

1

lp3 � dp
dx1

� � X1
i¼1;3;5;...

ð�1Þ
ði�1Þ

2 1�
cosh ipx3

w1

� �

cosh ip
2w1

� �
2
4

3
5

�
cos ipx2

w1

� �

i3 ð29Þ

In the central region, a slight difference exists between both results,
and in the other regions. Both results have good agreements.
Fig. 3. Comparison of present results with analytical solution [39]. (Re = 600).

Fig. 4. Periodic variation of average Nusselt numbers of the heat surface in case 1
and case 4.
The situations investigated in the study are tabulated in Table 1.
In Fig. 4, the variations of the average Nusselt numbers Nu from the
beginning of movement of the slender block to several cycles are
shown. The average Nusselt number Nu is defined in the following
equation.

Nu ¼ 1
A

Z
x1

Z
x3

Nux3 dx3 dx1 ð30Þ

where A is the area of heat surface.
After three cycles, the steadily periodic variations of the average

Nusselt numbers can be observed. The results indicated in the fol-
lowing paragraphs are under the steady periodic situation.

In Fig. 5a and b, the velocity fields on the x2x3 plane at the front
(AB), and back (CD) cross sections which are shown in Fig. 1 under
the situation of Re = 200 and Vb = 1/4 are indicated, respectively. In



Fig. 5. Distributions of velocity, temperature and local Nusselt numbers of the front and back cross sections (Re = 200, Vb = 1/4).
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these figures, the slender block finishes its last periodic movement
from the pl to pr position and just starts to execute a next new peri-
odic movement from the pr to pl position. Shown in Fig. 5a, the
channel flow impinges on the front edge of the slender block at
all times. The velocities of fluids around the slender block are then
immediately affected by the mutual effects of the channel flow and
the movement of the block, and the velocity directions of fluids on
the left side of the block are the same as that of the movement of
the block itself. As for the behaviors of fluids on the narrow right
side of the block, some fluids supplement vacant space caused by
the movement of the block and flow behind the block, and some
other fluids are suppressed by the channel flow and flow upward.

The velocity field on the back (CD) cross section is indicated in
Fig. 5b. The cross section has certain distance away from the front
edge of the heat surface, and for an instant the effect of the channel
flow does not reach the cross section. Besides, the effect of the last
periodic motion of the block still leaves, and fluids near the left
side of the block then flow to the right side. The fluids near the
right side of the block supplement vacant space caused by the
movement of the block similar to that shown in Fig. 5a. A
circulation induced by the interaction of the channel flow and
the movement of the block is observed, and the behavior of circu-
lation is like a rolling dish, and moves with the block closely.

Shown in Fig. 5c and d, the distributions of isothermal lines on
the front and back cross sections which are separately correspond-
ing to the cross sections indicated in Fig. 5a and b are indicated,
respectively. In Fig. 5c, on the front cross section the channel flow
which is not heated yet touches the heat surface first, the distribu-
tion of isothermal lines is naturally dense near the heat surface.
The space on the right side of block is much narrower than that
of the left side of block which causes the amount of fluids flowing
through the space of the right side of block to be decreased. As a
result, the distribution of isothermal lines of the right side of the
block is sparser than that of the left side of the block.

Then in Fig. 5d, the distribution of isothermal lines of the back
cross section which is located in the downstream region is sparser
than that of the front cross section. Besides, the distribution of iso-
thermal lines of the right side of the block is sparser than that of
the left side of the block, and the reason is mentioned above. The
behavior of circulation is like a rolling dish, then the distribution
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of isothermal lines is suppressed by the circulation and a concave
is found on the left side of block.

In Fig. 5e and f, the distributions of the local Nusselt numbers
NuX3 along the heat surfaces of the front and back cross sections
are shown, respectively. The dashed lines indicate the situation
without a moving block and the solid lines indicate the situation
having a moving block. Shown in Fig. 5e, the channel flow first
touches the heat surface at the front cross section that is very
advantageous to the heat transfer rate of the heat surface. How-
ever, the moving velocity Vb of the block in this case is relatively
small which causes the promotion of the heat transfer rate of the
heat surface to have limitation. Consequently, the local Nusselt
numbers indicated by the solid line are slightly larger than those
indicated by the dashed line in the left region of block. In the right
region of the block, this region is narrow and less fluids flow
through which leads the heat transfer rate of heat surface to get
worse. Then in this region, the local Nusselt numbers indicated
by the solid line are oppositely smaller than these indicated by
the dashed line.
Fig. 6. Distributions of velocity, temperature and local Nusselt num
In Fig. 5f, the back cross section is farther away from the front
edge of the heat surface, and the distribution of the local Nusselt
numbers indicated by the dashed line on this cross section is nat-
urally smaller than that of the front cross section. Due to the exis-
tence of circulation in the left region of the block, the thermal
boundary layer of the heat surface is suppressed by the circulation
that causes the local Nusselt numbers indicated by the solid line
relative to those indicated by the dashed line to be enhanced and
to become larger in magnitudes. In the narrow right region of the
block, the mobility of fluid in this region is inferior and it is need-
less to say that the local Nusselt numbers indicated by the solid
line are predictably smaller than those indicated by the dashed
line.

In Fig. 6a and b, the block is moving to the center of heat sur-
face, and the velocity fields on the front and back cross sections
are indicated, respectively. A large and remarkable circulation zone
is observed in each cross section, and the block is included in it. In
the right bottom region of the block, due to the circulation, fluids
flow quickly and close to the bottom surface. Those behaviors are
bers of the front and back cross sections (Re = 200, Vb = 1/4).
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advantageous to the heat transfer rate of the heat surface. Due to
the low velocities of the channel flow and the moving block, near
the left bottom region of the block fluids are pushed forwards by
the moving block, but the high-speed fluids don’t flow close to
the heat surface, and those behaviors are disadvantageous to the
heat transfer rate of the heat surface.

Shown in Fig. 6c and d, the distributions of isothermal lines on
the front and back cross sections are indicated, respectively.
According to the descriptions of velocity fields mentioned above,
in each cross section the distribution of isothermal lines in the
right region of the block is denser than that in the opposite region.
The movement of circulation follows the block tightly, and con-
caves on the distributions of isothermal lines indicated in those fig-
ures are not apparent.

In Fig. 6e and f, the distributions of local Nusselt numbers on the
front and back cross sections are shown, respectively. Based on the
distributions of isothermal lines mentioned above, in each cross
section the local Nusselt numbers of the right region of the block
are slightly larger than those of the opposite region. In the front
zone of the moving block, the fluids flow upward which causes
Fig. 7. Distributions of velocity, temperature and local Nusselt num
the local Nusselt numbers in this region to be inferior to those in
the other region.

The magnitudes of the Reynolds number Re (=600) and the
moving velocity of block Vb (=1/2) of the following cases are the
maximum values. The velocity fields shown in Fig. 7a and b are
similar to those shown in Fig. 5a and b, respectively. Due to the
more rapid velocities of the channel flow and the moving block,
the interaction of both velocities becomes stronger which directly
causes the distributions of isothermal lines of cross sections shown
in Fig. 7 c and d to be denser than those shown in Fig. 5c and d.
Therefore, the distributions of local Nusselt numbers indicated in
Fig. 7e and f are then much different from those indicated in
Fig. 5e and f. Relative to the case without a moving block (dashed
line), the local Nusselt numbers shown in those figures are en-
hanced far and wide on each cross section.

Shown in Fig. 8a and b the block moves to the center of the cross
section. Around the block, high-speed fluids flow close to the bot-
tom surface which is helpful to suppress the boundary layer of the
heat surface and to enhance the heat transfer rate of the heat sur-
face. Then the variations of the distributions of isothermal lines
bers of the front and back cross sections (Re = 600, Vb = 1/2).



Fig. 8. Distributions of velocity, temperature and local Nusselt numbers of the front and back cross sections (Re = 600, Vb = 1/2).
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shown in Fig. 8c and d are more drastic than those shown in Fig. 6c
and d. Shown in Fig. 8e, based upon the results mentioned above
even on the front edge cross section the local Nusselt numbers
indicated by solid line are apparently larger than those indicated
by dashed line. Similarly, on the back cross section Fig. 8f the local
Nusselt numbers indicated by solid line are still larger than those
indicated by dashed line. The enhancement of the heat transfer
rates of less-efficient regions can be improved by this method.

In Fig. 9a and b, comparisons of the average local Nusselt num-
bers of the heat surface along the centerline of streamwise direc-
tion at Re = 200 and 600 situations are indicated, respectively.
The definition of the average local Nusselt number of Nux1 is ex-
pressed as follows:

Nux1 ¼
1
tp

Z
t

Nux1 dt; tp ¼ time of a cycle ð31Þ

Due to the slow velocities of channel flow and moving slender
block, the effect of interaction between both velocities on the heat
transfer rate is weak, then the enhancement of the heat transfer rate
is difficult to achieve on the whole heat surface.
Relative to the results shown in Fig. 9a, in Fig. 9b both velocities
of channel flow and the moving slender block are quicker which
causes the effect of interaction between both velocities on the heat
transfer rate to become strong. As a result, the enhancement of the
heat transfer rate is achieved in the whole region.

Enhancement of the average heat transfer rate of the heat sur-
face of a cycle En tabulated in Table 2 is calculated by the following
equation:

En ¼ ðNuÞwith block � ðNuÞwithout block

ðNuÞwithout block
ð32Þ

where ðNuÞ ¼ 1
tp

R
t Nudt; tp ¼ time of a cycle.

Since the interaction of the velocities of channel flow and the
moving block is strong under high Reynolds number situations,
the strong interaction directly causes the heat transfer rate to in-
crease and remarkable enhancements of the heat transfer rate
are achieved. Oppositely, under low Reynolds number situations,
the effect of interaction is worse and becomes a burden for favor-
able fluid flows of heat transfer, and then the enhancements of
heat transfer are inferior.



Fig. 9. Comparisons of the average local Nusselt numbers of heat surface along the
centerline of streamwise direction.

Table 2
Enhancement of heat transfer rate of a cycle En.

Re Vb Nu En (%)

200 N/A 6.31 N/A
200 1/4 6.22 �1.42
200 1/2 6.51 3.11
600 N/A 7.03 N/A
600 1/4 10.02 42.40
600 1/2 10.84 54.04
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5. Conclusions

Enhancement of heat transfer rate of a channel flow with inser-
tion of a moving slender block is investigated. Several conclusions
are summarized as follows:

(1) Achievement of using a moving block to enhance heat trans-
fer rate of a channel flow is remarkable especially in the
downstream of channel flow.
(2) Behaviors of the moving block and the rolling circulation
induced by the interaction between the motions of channel
flow and moving block play an important role in enhancing
heat transfer rate of a channel flow.

(3) A case of low velocities of channel flow and moving block is
a counter-effect for promotion of the heat transfer rate of
channel flow.
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