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Abstract 
 
The analysis of the time-dependent and two-dimensional fluid flow and heat transfer around a single row of tubes in 

a channel is performed numerically. Due to its fundamental significance and practical importance, aerodynamic and 
heat transfer characteristics of tube bundle have been paid great attention by many researchers. In the present study, the 
immersed boundary method is applied by using a Cartesian grid system. Numerical solution for the governing equa-
tions of mass, momentum and energy conservation is obtained with the finite volume method. To validate the numeri-
cal approach with the immersed boundary method, the results have been compared with published data. The generation 
and evolution of vortical structures, wake interactions and their effects on the drag, lift and heat transfer are analyzed at 
different Reynolds numbers. The effect of hydraulic boundary layer development on the fluid flow and heat transfer is 
also investigated.   
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1. Introduction 

The phenomenon of flow separation, bluff body 
wake and prediction of heat transfer from a single 
cylinder [1, 4, 12, 13, 14, 15, 17, 18, 22, 23, 25] and 
tube bundle [2, 3, 7, 19, 20, 24] has long been in-
tensely studied because of its fundamental signifi-
cance in flow physics and practical importance in 
aerodynamic and heat transfer applications.  

Flow around a circular cylinder is well known to 
undergo a sequence of transition from steady to un-
steady and from two- to three-dimensional phenom-
ena with increasing Reynolds number. Each such 
transition has an attendant effect on overall heat trans-
fer. Ahmad [1] conducted a numerical analysis of 
heat transfer by forced-convection from a horizontal 
stationary circular cylinder in a cross-flow of air by 
solving two-dimensional steady-state Navier-Stokes 
and energy equations in the Reynolds number range 

from 100 to 500. He suggested correlations for sepa-
ration angle, drag coefficient, vorticity, pressure and 
Nusselt number as a function of Reynolds number. 
There have also been many other studies of flow past 
a circular cylinder, where the focus has been the in-
vestigation of flow transition from steady to unsteady 
and from two to three-dimensional phenomena [4, 12, 
13, 14, 15, 17, 18, 22, 23, 25]. These studies have 
investigated the onset of three-dimensionality, the 
generation and evolution of vortical structures, wake 
transition due to three-dimensional instability and 
their effect on drag.  

Complex wakes are found behind tube bundles in 
heat exchangers, fuel and control guide rods in nuclear 
reactors, piers and bridge pilings, oil and gas pipelines, 
cooling-tower arrays, suspension bridges and high-rise 
buildings. These complex wakes are usually formed 
by the interactions of a number of simple wakes gen-
erated by individual structures. Kang [7] investigated 
flows over two stationary cylinders in side-by-side 
arrangement at 40 Re 160≤ ≤ and with g  less than 
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5 and classified six wake patterns in detail along with 
drag and lift coefficients, which are affected by gap 
spacing more than Reynolds number. Some numeri-
cal simulations for the fluid flow and heat transfer 
around tube bundles have been restricted to two-
dimensional cases for the laminar flow [6, 19].   

The present study is primarily concerned with com-
plex flows and heat transfer in the laminar flow re-
gime around a single row of tubes in a channel. The 
time-dependent numerical approach predicted the 
generation and evolution of vortical structures, wakes 
interactions, and their effects on the drag, lift and heat 
transfer in the range of 20 < Re < 180. The effects of 
wall boundary layer development on the distribution 
of flow and heat transfer are also discussed.  

 
2. Computational details 

Fig. 1 shows the computational domain in which 
the eight tubes are arranged in a row in the channel 
and its coordinate system. The immersed boundary 
method is used to simulate flow and thermal fields 
over a tube bundle in the channel. Therefore, the gov-
erning equations describing unsteady incompressible 
viscous flow and thermal fields in the present study 
are the momentum, continuity and energy equations: 
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where ix  are Cartesian coordinates, iu  are the 
corresponding velocity components, t  is the time, 
P  is the pressure, and T  is the temperature. The  
 

  
Fig. 1. Computational domain in which the eight tubes are 
arranged in a row in the channel and its coordinate system. 

momentum forcing f  and mass source/sink q  are 
applied on the body surface or inside the body to sat-
isfy the no-slip and mass conservation on the cell 
containing the immersed boundary. In Eq. (3), the 
heat source/sink h  is applied to satisfy the iso-
thermal boundary condition on the immersed bound-
ary. All the variables are non-dimensionalized by the 
cylinder diameter D , inlet velocity iU  and the 
temperature difference between the cylinder surface 
temperature and inlet temperature s iT T− . The above 
non-dimensionalization results in two dimensionless 
parameters: /iRe U D υ=  and /Pr υ α= , where υ  
and α  are the kinematic viscosity and thermal diffu-
sivity. In the simulations to be reported here the 
Prandtl number, Pr , is a constant 0.71 correspond-
ing to air.  

A two-step time-split scheme is used to advance the 
flow field. This scheme is based on the previous 
works of Kim and Moin [10] and Zang et al. [26]. 
First, the velocity is advanced from time level ‘n’ to 
an intermediate level ‘*’ by solving the advection-
diffusion equation without the pressure term. In the 
advection-diffusion step, the non-linear terms are 
treated explicitly by using the third-order Adams-
Bashforth scheme. The diffusion terms are treated 
implicitly with the Crank-Nicolson scheme. Then, the 
Poisson equation for pressure, which is derived by 
using mass conservation, is solved fully implicitly. 
Once the pressure is obtained, the final divergence-
free velocity field at ‘n+1’ is obtained with a pressure-
correction step. The temperature field is advanced in a 
similar manner with the third-order Adams-Bashforth 
scheme for the advection term and the Crank-Nicolson 
scheme for the diffusion term. The central difference 
scheme with second-order accuracy based on the finite 
volume method is used for the spatial discretization. 
Additionally, a second-order linear, bilinear or trilinear 
interpolation scheme is applied to satisfy the no-slip 
and iso-thermal conditions on the immersed boundary. 
Further details of the immersed-boundary method are 
given in Kim et al. [9]. 

The size of computational domain is 40 45x− ≤ ≤  
and 10 10y− ≤ ≤  for the streamwise and transverse 
directions, respectively, as shown in Fig. 1. The num-
ber of grids used is 575 and 1001 in the x and y direc-
tions, respectively, and the grid points around the 
cylinder are densely distributed with 0.2x y∆ = ∆ =  
as shown in Fig. 2. The condition of CFL≤0.3 is cho-
sen to determine the non-dimensional time step used 
in the present calculation. 
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Fig. 2. Magnified view of grid system around a cylinder. 

 
At the inflow and far-field boundaries, the Dirichlet 

boundary conditions, 1u = , 0v =  and 0T = , are 
enforced. On the surfaces of the cylinder and channel 
boundary, no-slip and no-penetration boundary condi-
tions, 0u =  and 0v = , are imposed for the velocity 
field, while an isothermal boundary condition, 1T = , 
is enforced for the temperature. The convective 
boundary conditions, / / 0i iu t c u x∂ ∂ + ∂ ∂ =  and 

/ / 0T t c T x∂ ∂ + ∂ ∂ = , are applied at the outflow 
boundary, where c  is the space-averaged stream-

wise exit velocity, u  and v  are the velocity com-
ponents in x  and y  directions, respectively.  

Once the velocity and temperature fields are ob-
tained, the local, time-averaged local, and time- and 
total surface-averaged Nusselt number, Nu , Nu  
and Nu , are defined as 
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where n  is the normal direction to the walls and Pt  
is the period of time integration. 

To check the validity of the present numerical 
method, we compared the present numerical results 
for the flow and heat transfer characteristics around a 
circular cylinder, two circular cylinders and a bundle 
of tubes in a row with those obtained by the previous 
researchers. The present numerical results for the drag 
coefficient, lift coefficient, Strouhal number and Nus-
selt number over a circular cylinder, for the drag and 
lift coefficients over two circular cylinders and for the 
streamwise and spanwise velocity profiles at 0.25D 
upstream from the centerline of the tubes represent 
very well the previous results [5, 6, 7, 8, 9, 16, 21] as 
shown in Table 1, Fig. 3 and Fig. 4, respectively.  

Table 1. Comparison of the present computational results for the time-averaged drag and lift coefficients, Strouhal number and 
Nusselt number with previous results.  

 

Re Present Kim et al. 
[9] 

Park et al. 
[16] 

Williamson 
[21] 

Kim & Choi 
[8] 

Eckert & 
Soehngen 

[5] 

CD  1.520  - 1.510 - - - 
'CL  - - - - - - 

St  - - - - - - 
40 

Nu  3.293 - - - 3.230  3.480  

CD  1.340  1.330  1.330  - - - 
'CL  0.330  - 0.332  - - - 

St  0.165  - 0.165  0.165  - - 
100 

Nu  5.218 - - - 5.130  5.230  

CD  1.332  1.510  1.320  - - - 
'CL  0.396  0.320  0.410  - - - 

St  0.174  0.165  0.175  0.175  - - 
120 

Nu  5.684 - - - 5.620  5.690  
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Fig. 4. Time-averaged streamwise and spanwise velocity 
profiles at 0.25 upstream of the centerline of the tubes.  
 

3. Results and discussion 
Fig. 5 shows the distribution of instantaneous 

spanwise vorticity contour for the flow past a bundle 
of tubes for different Reynolds numbers where the 
number of tubes arranged in a single row is eight and 
the gap G  between the tubes is 1.5. When the Rey-
nolds number is 20 and 40, the flow is steady. There 
are no flow interactions among the tubes from #2 to 
#7, hence the flows around tubes from #2 to #7 are 
similar to the flow around a single tube. However, we 
can observe some interactions between the top wall 
and #1 cylinder and between the bottom wall and #8 
cylinder which are caused by the development of wall 
boundary layer due to the presence of top and bottom 
walls. When 60Re ≥ , the flow around a bundle of 
tubes becomes time-dependent and we can observe the 
vortex shedding resulting in the formation of complex 
flow patter in the wake. We can observe some interac-

tions between the vortices in the wake without any 
mixing between them at the region of 0 4.5x≤ ≤  
but with strong mixing at the region of 4.5x > . As 
the Reynolds number increases, the fields of instanta-
neous vortices in the wake are divided into the smaller 
scale as the flow moves downstream. When 60Re = , 
the fields of instantaneous vortices in the wake con-
verges into the center as the flow moves downstream. 
As the Reynolds number increases, the fields of in-
stantaneous vortices in the wake spread out in the 
channel because the effect of mixing increases. As a 
result, the fields of instantaneous vortices at 180Re =  
are distributed widely in the whole region of wake.      

Fig. 6 shows the distribution of time-averaged skin 
friction fC  at the bottom wall for different Rey-
nolds numbers. At the upstream of a bundle of tubes, 
the time-averaged skin friction decreases with in-
creasing Reynolds number because the thickness of 
the hydraulic boundary layer decreases as the Rey-
nolds number increases. In the region close to the 
center of a bundle of tubes, the time-averaged skin 
friction increases very rapidly because the velocity 
through the small gap between the bottom wall and 
#8 cylinder increases rapidly. When 100Re ≥ , the 
time-averaged skin friction coefficient has negative 
values at the location just close to rear stagnation 
point of tubes, meaning that the re-circulating flow is 
formed on the lower wall after the flow passes 
through the gap between the lower wall and #8 cylin-
der. At the downstream of tube bundle, the variation 
of time-averaged skin friction for different Reynolds 
numbers is small. 

 
 

                                                       (a)                                                                                            (b) 
 
Fig. 3. Time evolutions of drag and lift coefficients around two cylinders at Re=100 and G=1.5. 
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                                              (a) Re = 20                                                                                   (b) Re = 40 

 

 
 

                                               (c) Re = 60                                                                                   (d) Re = 80 

 

  
 

                                             (e) Re = 100                                                                                 (f) Re = 120 
 
Fig. 5. Distribution of instantaneous spanwise vorticity contour for the flow past a bundle of tubes for different Reynolds num-
bers when G =1.5.  
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Fig. 6. Distribution of time-averaged skin friction at the bot-
tom wall for different Reynolds numbers.  

 
 
Fig. 7. Time-averaged length of re-circulating bubble formed 
on the lower wall as a function of Reynolds number.  

  
 
                                             (g) Re =140                                                                                   (h) Re = 160 
 

  
(i) Re = 180 

 
Fig. 5. Distribution of instantaneous spanwise vorticity contour for the flow past a bundle of tubes for different Reynolds num-
bers when G=1.5 (Continued).  
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Fig. 7 shows the time-averaged length of re-
circulating bubble, FL , formed on the lower wall as 
a function of Reynolds number. Here FL  is defined 
as the length from the rear stagnation point of tubes to 
the end of re-circulating bubble along the flow direc-
tion on the lower wall. The time-averaged re-
circulating flow on the lower wall is formed when 

100Re ≥  as it is already mentioned. FL  decreases 
as the Reynolds number increases at 100Re ≥  be-
cause the vortex shedding caused by the shear layer 
instability moves upstream along the tube surface 
with increasing Reynolds number as the flow passes 
through a bundle of tubes.  

Fig. 8 shows the distribution of time-averaged 
streamwise velocity u  for different Reynolds num-
bers at different streamwise locations. Fig. 8(a) shows 

the distribution of time-averaged streamwise velocity 
at 10x = −  which is far upstream from a bundle of 
tubes. The presence of a bundle of tubes in the chan-
nel does not give any effects on the distribution of 
time-averaged streamwise velocity at 10x = − , hence 
shows the characteristics of typical channel flow. As 
the Reynolds number increases, the time-averaged 
streamwise velocity at the viscous layer close to the 
wall increases due to the decreasing thickness of the 
hydraulic boundary layer. However, the time-
averaged streamwise velocity at the potential core of 
the channel decreases in order to satisfy the continuity 
equation with increasing Reynolds number.  

Fig. 8(b) shows the distribution of time-averaged 
streamwise velocity at 1.5x = −  which is near up-
stream from a bundle of tubes. The presence of a 

   
                                            (a) 10x = −                                                                            (b) 1.5x = −  
 

               
                                             (c) 0.75x = −                                                                           (d) 0x =  

 
Fig. 8. Distribution of time-averaged streamwise velocity for different Reynolds numbers at different streamwise locations. 
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bundle of tubes gives some effects on the distribution 
of time-averaged streamwise velocity at 1.5x = − . 
Thus the distribution of time-averaged streamwise 
velocity at 1.5x = −  is different from that at 

10x = − . At 1.5x = − , the time-averaged streamwise 
velocity in front of a bundle of tubes (from #2 to # 7 
cylinders) decreases due to the flow deceleration 
caused by the presence of a bundle of tubes, whereas 
the time-averaged streamwise velocity between tubes 
increases due to the flow acceleration caused by the 
decrease in the cross-sectional area, compared to the 
time-averaged streamwise velocity at 10x = − . At 
the regions both from the top wall to #1 cylinder and 
from the bottom wall to #8 cylinder, the effect of 
hydraulic boundary layer development is larger than 
the presence of tubes, and as a result the time-
averaged streamwise velocity at 1.5x = −  is similar 
to that at 10x = − . As the Reynolds number in-
creases at 1.5x = − , the time-averaged streamwise 
velocity at the viscous layer close to the wall in-
creases, whereas that at the potential core of the chan-
nel decreases, similar to the distribution of the time-
averaged streamwise velocity at 10x = − .  

Fig. 8(c) shows the distribution of time-averaged 
streamwise velocity at 0.75x = −  which is closer to a 
bundle of tubes than at 1.5x = − . As the flow ap-
proaches a bundle of tubes, the flow at 0.75x = −  
accelerates more between tubes and decelerates more 
in front of tubes (from #1 to #8 cylinder), compared 
to those at 1.5x = − . Thus, the variation of the time-
averaged streamwise velocity at the potential core at 

0.75x = −  is larger than that at 1.5x = − . The 
maximum values of the time-averaged streamwise 
velocity between tubes at 0.75x = −  are larger than 
that at 1.5x = − , whereas the minimum values of the 
time-averaged streamwise velocity in front of tubes at 

0.75x = −  are smaller than that at 1.5x = − . As the 
Reynolds number increases at 0.75x = − , the time-
averaged streamwise velocity decreases between 
tubes and increases in front of tubes. As the flow ap-
proaches more a bundle of tubes from 1.5x = −  to 

0.75x = − , the presence of #1 and #8 cylinders on the 
time-averaged streamwise velocity gives more effects 
on the time-averaged streamwise velocity than the 
development of hydraulic boundary layer, and as a 
result the time-averaged streamwise velocity in front 
of # 1 and #8 cylinders at 0.75x = −  decreases due 
to the flow deceleration in the presence of #1 and #8 
cylinders, unlikely to the time-averaged streamwise 
velocity in front of #1 and #8 cylinders at 1.5x = − .    

Fig. 8(d) shows the distribution of time-averaged 
streamwise velocity at 0x =  which is the centerline 
of the tubes. The magnitude of time-averaged 
streamwise velocity between tubes at 0x =  is about 
two times larger than the inlet velocity of channel, 
which is larger than that at 0.75x = − , 1.5−  and 

10− . As the Reynolds number increases, the time-
averaged streamwise velocity between tubes at 0x =  
decreases with a concave shape, unlikely to the con-
vex shape of the time-averaged streamwise velocity at 

0.75x = −  and 1.5− , due to the viscous effect 
around the cylinder surface. The distribution of time-
averaged streamwise velocity between the top wall 
and #1 cylinder at 0x =  is generally similar to that 
at 0.75x = − .  

Fig. 9 shows the distribution of time-averaged front 
stagnation point along the upper and lower surfaces of 
eight cylinders for different Reynolds numbers. The 
angle along the upper cylinder surface is defined as 
positive, whereas the angle along the lower cylinder 
surface is defined as negative. Because the #1 cylin-
der is close to the top wall, the flow around #1 cylin-
der is affected by the hydraulic boundary layer devel-
opment due to the presence of channel walls. Thus, 
the flow velocity along the upper surface of #1 cylin-
der is lower than that along the lower surface of #1 
cylinder. As a result, the front stagnation point of #1 
cylinder has a negative value, as shown in the time-
averaged streamline around #1 and #8 cylinders in 
Fig. 10. Similar to the case of #1 cylinder, the flow 
velocities along the upper surfaces of #2 and #3 cyl-
inders are also lower than those along the lower sur-
faces of #2 and #3 cylinders. As a result, the front 
stagnation points of #2 and #3 cylinders have nega-
tive values. Moving from the top wall to the center-
line of the channel ( 0y = ), the absolute value of 
front stagnation point decreases because the differ-
ence in the magnitude of flow velocities along the 
upper and lower cylinder surfaces decreases with 
decreasing effect of hydraulic boundary layer devel-
opment. For the case of #4 cylinder, the magnitude of 
flow velocity along the upper surface of #4 cylinder is 
the same as that along the lower surface of #4 cylin-
der, resulting in zero front stagnation point. As the 
Reynolds number increases, the absolute value of 
front stagnation point for the #1 ~ #4 cylinders de-
creases because the inertia effect increases and the 
difference in the magnitude of flow velocities along 
the upper and lower surfaces of cylinders decreases. 
The front stagnation points for the #5 ~ #8 are sym- 
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Fig. 9. Distribution of time-averaged front stagnation point 
along the surfaces of eight cylinders for different Reynolds 
numbers.  

 

  
(a) #1 cylinder              (b) # 8 cylinder 

 
Fig. 10. Time-averaged streamlines around #1 and #8 cylin-
ders. 

 
metric to those for the #1 ~ #4 cylinders with positive 
values.   

Fig. 11 shows the distribution of time-averaged 
separation point at the upper and lower surfaces of 
eight cylinders for different Reynolds numbers. When 

20Re = , there are no flow separations at the upper 
surface of #1 cylinder and at the lower surface of #8 
cylinder. As the Reynolds number increases, the flow 
separation point moves upstream along the lower and 
upper surfaces of cylinders, and as a result the abso-
lute value of flow separation point for different cylin-
ders decreases. The absolute values of flow separation 
points for the #1 (#8) cylinder are lower than those for 
other cylinders due to the effect of hydraulic bound-
ary layer in the presence of top and bottom walls at 
the specified Reynolds number. The variation of flow 
separation points for the #2 ~ #7 cylinders at the 
specified Reynolds number is small.      

Fig. 12 shows the time-averaged drag coefficient 
around eight cylinders as a function of Reynolds  

  
(a) Upper surfaces of cylinders 

 

  
(b) Lower surfaces of cylinders 

 
Fig. 11. Distribution of time-averaged separation point at the 
upper and lower surfaces of eight cylinders for different 
Reynolds.  

 
number. The drag coefficient decreases with increas-
ing Reynolds number. The drag coefficient of #1 
cylinder is lower than the drag coefficients of #2, #3 
and #4 cylinders, because the flow velocity around 
the #1 cylinder is lower than that around #2, #3 and 
#4 cylinders due to the hydraulic boundary layer de-
velopment in the presence of wall. As we move form 
the #1 cylinder to the #4 cylinder, the drag coefficient 
increases with decreasing effect of hydraulic bound-
ary layer in the presence of wall. The drag coeffi-
cients of #1, #2 and #3 cylinders are 28.7%, 6.1% and 
1.4% lower than the drag coefficient of #4 cylinder. 
The distribution of drag coefficients of #5, #6, #7 and 
#8 cylinders as a function of Reynolds number is the 
same as that of #4, #3, #2 and #1 cylinders, respec-
tively, because the distribution of time-averaged flow 
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Fig. 12. Time-averaged drag coefficient around eight cylin-
ders as a function of Reynolds number.  
 
 

  
Fig. 13. Time-averaged lift coefficient around eight cylinders 
as a function of Reynolds number. 
 
is symmetric around the centerline of the channel 
( 0y = ) as shown in Fig. 8. 

Fig. 13 shows the time-averaged lift coefficient 
around eight cylinders as a function of Reynolds 
number. As it is mentioned above, the flow velocity 
around #1 cylinder is affected by the hydraulic 
boundary layer development in the presence of a wall. 
Thus, the lift coefficients of #1 cylinder have positive 
values when 40Re ≥  because the flow velocity 
along the upper surface of #1 cylinder is larger than 
that along the lower surface of #1 cylinder. However, 
when 20Re = , the flow velocity along the upper 
surface of #1 cylinder is lower than that along the 
lower surface of #1 cylinder; as a result the lift coeffi-
cient of #1 cylinder has a negative value. As we move 
from the top wall to the centerline of the channel, the  

  
Fig. 14. Time- and surface-averaged Nusselt number as a 
function of Reynolds numbers for different Reynolds num-
bers.  

 

  
Fig. 15. Time- and area-averaged goodness factor /j f  as a 
function of Reynolds number. 

 
difference in the flow velocities along the upper and 
lower cylinder surfaces, resulting in the decrease of 
the time-averaged lift coefficient. As the Reynolds 
number increases, the time-averaged-lift coefficient 
of #2, #3 and #4 cylinders approaches the zero value, 
meaning that the flow velocities along the upper cyl-
inder surfaces are almost the same as those along the 
lower cylinder surfaces. The time-averaged lift coef-
ficient for the #5, #6 and #7 cylinders as a function of 
Reynolds number has the same absolute magnitude 
with the opposite sign to those for the #4, #3 and #2 
cylinders, respectively, because the distribution of 
flow velocity is symmetric to the centerline of the 
channel.     

Fig. 14 shows the time- and surface-averaged Nus-
selt number as a function of Reynolds numbers for 
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different Reynolds numbers. As the Reynolds num-
berincreases, the time- and surface-averaged Nusselt 
number increases with increasing convection effects 
on the heat transfer from a bundle of tubes. The time- 
and surface-averaged Nusselt numbers of #1, #2 and 
#3 cylinders are 8.9%, 1.54% and 0.34%, respectively, 
lower than the Nusselt number of the # 1 cylinder. So 
the difference in the time- and surface-averaged Nus-
selt number among the #2, #3 and #4 cylinders is 
small, compared to the large difference of time- and 
surface-averaged Nusselt number for the case of #1 
cylinder due to the effect of hydraulic boundary layer 
development in the presence of wall. Similar to the 
flow and time-averaged drag coefficient, the time- 
and surface-averaged Nusselt number for the #5, #6, 
#7 and #8 cylinders as a function of Reynolds number 
is the same as that for the #4, #3, #2 and #1 cylinders. 

Fig. 15 shows the time- and area-averaged good-
ness factor /j f  as a function of Reynolds number. 
The /j f  decreases nonlinearly with increasing 
Reynolds number and can be expressed as. 

 
1.5 2/ 4.438 11.316j f Re Re− −= +  (5) 

 
This expression shows that the pressure drop is lar-

ger than the increase of heat transfer.  
 

4. Conclusions 

The fluid flow and heat transfer around a single 
row of eight tubes are investigated by using the finite 
volume method applying an immersed boundary ap-
proach.  
(1)  The successful validation against published data 

confirms that the immerse boundary approach 
can be applied to complicated flow and heat 
transfer field.  

(2)  The presence of top and bottom walls gives some 
effects on the flow around a bundle of tubes be-
cause of the hydraulic boundary layer develop-
ment from the top and bottom walls. The front 
stagnation points of #1, #2, #3 and #4 cylinders 
are located at the lower surface of cylinders, 
whereas those of #5, #6, #7 and #8 cylinders are 
at the upper surface of cylinders. As we move 
from top and bottom walls to the centerline of 
channel, the front stagnation points move to the 
horizontal centerline of cylinders because the dif-
ference in the magnitude of flow velocities along 

the upper and lower cylinders surfaces decreases.   
(3)  The separation point moves upstream along the 

surface of cylinders as the Reynolds number in-
creases. When the Reynolds number is 20, there 
are no flow separations along the upper surface of 
#1 cylinder and along the lower surface of #8 cyl-
inder.   

(4)  As the Reynolds number increases, the time-
averaged drag coefficient and the time- and sur-
face-averaged Nusselt number decrease. As we 
move from the top and bottom walls to the cen-
terline of channel, the time-averaged drag coeffi-
cient and time- and surface-averaged Nusselt 
number increase because the effect of the pres-
ence of walls to the fluid flow and heat transfer 
around cylinders decreases.  

(5)  The time-averaged lift coefficients for the #1 and 
#8 cylinders have some positive and negative 
values as the Reynolds number increases because 
the flow velocities along the upper surface of #1 
and #8 cylinders are different from those along 
the lower surfaces of #1 and #8 cylinders. How-
ever, as we move from the walls to the centerline 
of channel, the time-averaged lift coefficient 
around #2, # and #4 (#5, #6 and #7) approaches 
to zero because the difference in the flow veloci-
ties along the upper and lower cylinder surfaces 
decreases. 

(6)  The derived correlation for the time- and area-
averaged goodness factor /j f  as a function 
of Reynolds number is 1.5/ 4.438j f Re−= +  

211.316Re−    
 

Nomenclature----------------------------------------------------------- 

c  : Dimensionless space-averaged streamwise 
exit velocity 

DC  : Drag coefficient 
fC  : Time-averaged skin friction 

LC  : Lift coefficient 
D  : Tube diameter 
f  : Momentum forcing or friction factor 
G  : Dimensionless gap between tubes 
g : Gravity 
h  : Heat source or sink 
j  : Time-averaged Colburn j  factor 

fL  : Time-averaged length of recirculation bubble 
n  : Normal direction to the wall 
Nu  : Local Nusselt number 
Nu  : Time-averaged local Nusselt number 
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Nu  : Time- and surface-averaged Nusselt number 
P  : Dimensionless pressure 
Pr   : Prandtl number 
q  : Mass source or sink 
Re  : Reynolds number 
t  : Dimensionless time 
T  : Dimensionless temperature 

iu   : Dimensionless velocity tensor in i direction 
u , v  : Velocity components in x  and y directions 

ix   : Dimensionless Cartesian coordinate tensor 
x , y  : Cartesian coordinates in the x  and y  

directions 
 
Greek symbols 

α  : Thermal diffusivity 
θ  : Angle  
υ  : Kinematic viscosity 
 
Sub/Superscripts 

i  : Coordinates, inlet 
j  : Coordinates 
s  : Surface 
sep  : Separation 
stag  : Stagnation 
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