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NUMERICAL STUDY OF CONVECTIVE HEAT TRANSFER
FROM TWO IDENTICAL SQUARE CYLINDERS
SUBMERGED IN A UNIFORM CROSS FLOW
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Department of Building Services Engineering, The Hong Kong Polytechnic
University, Kowloon, Hong Kong, People’s Republic of China

Zuojin Zhu
Department of Thermal Science and Energy Engineering, University of Science
and Technology of China, Hefei, People’s Republic of China

Shenghong Huang
Department of Modern Mechanics, University of Science and Technology of
China, Hefei, People’s Republic of China

This article presents numerical results of convective heat transfer from two identical square
cylinders (TISC) arranged at close proximity in a uniform cross flow of air (Pr = 0.71) at
the particular Reynolds number of 250. The proximity arrangement of the TISC is defined
by longitudinal spacing ranging firom zero to unity, with the transverse spacing ranging firom
0.125 to unity. Results are obtained by the finite-difference method for 25 cases, divided into
five groups for convenience of discussion. It is found that the time-averaged or mean con-
vective heat transfer rates from the TISC reach their maxima when the transverse spacing
value is about 0.3 firom the view of the group averaging at a given transverse spacing. The
heat transfer rates from inner faces of the TISC are generally greater than those of the
outer sides, by a factor of about 2 to 3. Depending on the TISC arrangement, a bifurcation
sometimes occurs, with the bifurcated lower St value corresponding to the shedding firom the
outer shear layer, and the higher one corresponding to the shedding from the inner shear
layer. The significant effect of the TISC arrangement on the flow-induced forces is also
reported and discussed.

1. INTRODUCTION

Convective heat transfer from square cylinders (SC) has important implica-
tions in thermal and building services engineering. For instance, with regard to the
use of natural ventilation and concern about virus-laden aerosol spreading near
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NOMENCLATURE
A, B coefficients used in the third-order Nu,s Nusselt number on the top face
finite-difference scheme of the square cylinder, defined by
C, Specific heat of fluid — fol 00/0x dy with x, y measured
CD  coefficient of drag, defined by by the side length of the square
FD/(0.5u3 d) cylinder
CL coefficient of lift, defined by Nuy  Nusselt number on the top face
FL/(0.5u2d) of the square cylinder, defined by
d side length of square cylinder, m — fol 00 /0y dx with x, y measured
f vortex shedding frequency from the shear by the side length of the square
layers of the square cylinder, s~ cylinder
FD  total force per unit length in the Pr Prandt]l number (=o/v)
longitudinal direction, N/m Re Reynolds number (=dui, /v)
FL total force per unit length in the St Strouhal number, defined by fd /ui,
transverse direction, N/m T transverse spacing, m
H, length of the computational domain, m u streamwise velocity component, m/s
H, width of the computational domain, m v cross-stream velocity component, m/s
L longitudinal spacing, m x Cartesian coordinate in the streamwise
Nuys  Nusselt number on the bottom face direction
of the square cylinder, defined by y Cartesian coordinate in the spanwise
j; 00/0y dx with x, y measured direction
by the side length of the square o thermal diffusivity, m?/s
cylinder ® normalized temperature
Nug  Nusselt number on the bottom face v kinematic viscosity of fluid, mz/ s
of the square cylinder, defined by p fluid density, kg/m?
fol 00 /0x dy with x, y measured
by the side length of the square Subscripts
cylinder m time average
Nu,, Nusselt number for the square w cylinder wall
cylinder, defined by I bottom square cylinder
(Nupg+ Nuge+ Nug+ Nuyp) /4 11 top square cylinder

buildings [1], an accurate prediction of the heat transfer from square cylinders is
essential for the assessment of the convective and diffusive transportation of passive
scalars such as heat and the harmful aerosols around buildings.

Earlier experiments have provided empirical expressions for the convective
heat transfer from a square cylinder at Reynolds numbers in the subcritical range
[2-4]. Recent experiments have emphasized the response of vortex shedding behavior
on the oncoming flow incidence and the bluff body shape changes [5-7]. The char-
acteristics of square cylinder wake transition flows have been explored by using
dye- and laser-induced fluorescence visualization [8]. It was found that the critical
Reynolds numbers at which secondary flow modes occur for square cylinder flows
were estimated to be approximately 160 and 200, respectively, and are lower than
those found in circular cylinder flows, which are generally agreed to be approxi-
mately 188-190 and 230-260, respectively.

More extensive numerical work has been conducted for the flows around a
bluff body [9-13]. For flow past a single square cylinder submerged in a uniform
cross flow, it was found that the flow transition from two to three dimensionality
occurs at a Reynolds number of 180 [10, 11].
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The unsteady flow and heat transfer characteristics from square cylinders located
in a channel with fully developed inlet velocity profile have been studied numerically by
Rosales et al. [12, 13]. It was shown that the Nusselt number decreases for both a single
and a tandem pair of cylinders as they approach the channel wall. The highest Strouhal
number occurs in the channel-centered, inline-eddy configuration.

Using a control-volume finite-element method adapted to the staggered grid to
solve the the complete Navier-Stokes and energy equations, Turki et al. [14] have
studied the two-dimensional laminar air flow and heat transfer in a channel with a
built-in heated square cylinder for Reynolds number ranging from 62 to 200 and
Richardson number in the range from 0 to 0.1 when the blockage ratio was set as
25% or 12.5%. The results showed that the degeneration of the Karman vortex
street, previously observed experimentally for the circular cylinder, also occurs for
the more bluff square cylinder at a critical Richardson number of 0.15.

Sharma and Eswaran [15-17] have investigated numerically the heat and fluid
flow across a square cylinder in the laminar regime, focusing on the effect of aiding
and opposing buoyancy, the flow blockage ratio, and the channel confinement. Yang
and Farouk [18] have studied the two-dimensional laminar mixed-convection flows
around a heated horizontal square cylinder rotating slowly within a concentric circular
enclosure, highlighting the detailed influence of the rotating noncircular geometry of
the inner cylinder on the flow field and the heat transfer characteristics. The three-
dimensional conjugate heat transfer in a rectangular duct with two discrete flush-
mounted heat sources has been studied numerically by Wang and Jaluria [19], with
particular interest paid to the transverse variation in the flow, temperature and heat
transfer, the interaction between the heat sources, and the effects of conjugate transport.

The objective of this numerical study is to investigate the heat transfer from
two identical square cylinders submerged in a steady cross flow, focusing on depen-
dence on the proximity arrangement of the flow-induced forces and the convective
heat transfer rates from the overall face of the square cylinders and each cylinder
face, as well as the oscillating characteristic of the heat transfer process caused by
the large-scale vortex shedding from the shear layers of the SC.

The remainder of this article is organized as follows: Section 2 gives the govern-
ing equations and the numerical methods, accompanied by assessment of the method
with respect to earlier published results. Section 3 presents the results and discussion,
where the flow-induced forces, Nusselt numbers, and the vorticity and temperature
fields are presented. Conclusions are presented in Section 4.

2. GOVERNING EQUATIONS AND NUMERICAL METHOD
2.1. Governing Equations

As shown schematically in Figure 1, the square cylinder has a unform surface
temperature which is higher than that of the steady oncoming flow. The incident
angle is set as zero. It is convenient to present equations in nondimensional variables.
Choose the units

=d [=d/um, [0]=0, -6y (1)
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Figure 1. Schematic of flow past two identical square cylinders. Note that the transverse spacing is
denoted as 7, with longitudinal spacing given by L. The bottom square cylinder (SC I) has a distance
of H,, from the front face to the inlet bound of the computational domain, while the top square cylinder
(SC II) has a distance of H,, from the top face to the top bound of the computational domain. The two SC
are arranged symmetrically to the horizontal centerline of the computational domain, with H, and H,
representing the relevant length and width.

where u;, is the oncoming flow velocity and d is the side length of the square cylinder.
The Reynolds number of the problem considered is Re = du;, /v, with v being the
kinematic viscosity of the fluid; 6,, and 0y, are, respectively, the surface temperature
of the SC and the temperature of the oncoming fluid. Representing the normalized
temperature as ® = (0 — 6;,)/[0], the governing equation in a two-dimensional
Cartesian coordinate system (x, y) can be written as

uy+v, =0 (2)

U, + uty + vy, = —py + V>u/Re (3)
v+ uvy + v, = —p, + V?v/Re (4)
0, +u®, +v0, = V*@/RePr (5)

where Pr (=v/a) is the Prandtl number of the fluid, with the thermal diffusivity of the
fluid denoted by a. The corresponding vector form of the Navier-Stokes equations is
given by

V-ou=0 (6)

u + (u-V)u=—Vp + Vu/Re (7)

The solutions of the governing equations (2)—(5) should be sought under appropriate
boundary and initial conditions. For the boundary conditions (BC) on the square
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cylinder walls, we have nonslip BC,
u=0 v=0 0=1 (8)

while for the BC at the outlet, similar to the treatment utilized by Sohankar et al. [11]
and Saha et al. [10], we use the Orlanski [20] type,

u; +uqu, =0 Vi +uv, =0 O, +u0®,=0 9)

With regard to the nondimensional form, we choose u, = 1. At the inlet section,
we have

u=1 v=20 =0 (10)
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Figure 2. (a) Transient CD and CL for the flow past a single SC at a blockage of 5.56%. (b) Power spectrum
of CL versus frequency. Note that the transient flow-induced forces were obtained by using the third-order
upwind scheme for the discretization of convective terms in the Navier-Stokes equations, the grid number
was 181 x 121, the time step scaled by (d/u;,) was 0.005, and the d-scaled distance from the rear face of
the SC to the exit bound of the computational domain was set as 15. The results suggest a St of 0.140, a
time-averaged CD value of 1.79, with the RMS values of CL and CD given by 0.969 and 0.081.
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However, on the side boundary of the computational domain, we use

u, =0 v=20 0,=0 (11)

The initial condition is given by

2.2. Solution Method

The solutions for the convective heat transfer from two identical square cylin-
ders (TISC) arranged in proximity region (T € [0.125, 1.0], L € [0, 1.0]) are sought
by using the accurate projection algorithm PmlIII developed by Brown et al. [21].
The intermediate velocity components are calculated excluding the pressure gradient
terms. The pressure Poisson equation is first solved by the approximate factorization
one (AF1) scheme given by Baker [22], with the solution accuracy of pressure predic-
tion improved by the stabilized bi-conjugate gradient method (Bi-CGSTAB)
developed by Von der Vorst [23]. The convective terms in the Navier-Stokes equa-
tions are spatially differenced by a third-order upwind scheme, with the viscous
diffusion terms treated by a second-order central difference scheme.

For example, the third-order upwind scheme treats the convective term uu, in a
staggered grid system in the following way:

(uux)l.j = I/l,][f(A + B + C)u,] + Au,-,h,- + Bul;zj + Cui+1J] — Du,-j(uxxxx)ij (13)
where the velocity component (u;) is located at point (x;_/2, ;). The term including
the fourth-order derivative of u in the above equation has to be used to remove the
artificial viscous term from the Taylor expansion of terms with coefficients 4, B, and
C. Our numerical experiments revealed that this upwind scheme is stable. Denoting
that h; = x;_j/» — X;_1/2—1, according to the Taylor expansion of the velocities at
point (i — 1,j), (i —2,j), and (i + 1,/), Taylor expansion gives rise to the following

Table 1. Grid-independent inspection of numerical results of flow past the TISC for the case of Re = 250
and T=L=0.5

For SC 1

Grid At x 10° CD RMS of CD CL RMS of CL Sty St
210 x 153 10/3 2.410 0.589 —1.275 0.786 0.160 0.173
210 x 153 3.6 2.416 0.559 —1.276 0.761 0.173 0.173
210 x 193 3.6 2.492 0.594 —1.353 0.815 0.180 0.180
For SC II

Grid At x 10 CD RMS of CD CL RMS of CL Sty St
210 x 153 10/3 1.957 0.369 —0.113 0.680 0.073 0.160
210 x 153 3.6 1.890 0.300 —0.173 0.607 0.08 0.173

210 x 193 3.6 1.899 0.342 —0.155 0.678 0.08 0.173
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coefficients of the scheme:

32 2 3
83783

hA hiA

B= , A= -Bs;—Cs; (14)

b (Ah? + B(hi + hi)* + Ch}, ) /24 for uy >0
o otherwise
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0.1
(b
Figure 3. Power spectra of the coefficients of lift (CL) plotted as functions of frequency for two cases of

cylinder spacing for (a) the lift on SC I and (b) the lift on SC II. The power spectrum was evaluated from
the temporal sequence of lift coefficient with time ranging from 50 to 200.
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where s, = (h,‘,l + h,‘)/h,‘, §3 = h[+1/h[, and A = 5553 (Sg — 1)(S3 + 1)(S2 + S3). Clearly,
the upwind scheme expressed by Eq. (13) has fourth-order accuracy in discretization
when u;; is positive, and has third-order accuracy in discretization when is negative,
since the coefficients (4, B, C) have order O(1/h;). Similar expressions can be derived
for the upwind differencing of other convective terms. The fourth-order derivative of
u in Eq. (13) can be discretized by the central difference approach, which is used for
treating the diffusion terms in the governing equations.

02 ® 6 ®
i : v @ O  L=0,St,
- ¢ = L4 VvV  L=0.25
0.15 | v v A L=05
_ ' O L=075
n i O L=1.0
? o R 2 B L-0,St,
8 8 8 V¥V  L=0.25
- A L=05
0.05 r © ® L=075
I ) L=1.0
0 I R BT B L1 1 T |
0.2 0.4 0.6 0.8 1 2 1.4
(@)
T
i &
0.2
i x O L=0, St,,
i : ! vV L=025
0.15 B ) v A L=0.5
- o <o O L=0.75
ry h ) L=1.0
? o4 -4 R \Y% & © B L=0,St,
8 8 a o R Vv  L=025
- o A L=05
0.05 r ® L=0.75
l (5] L=1.0
0 L PR R BTSRRI
0.2 0.4 0.6 0.8 1 1.2 1.4
(b) T

Figure 4. Strouhal number versus transverse spacing in the case of various longitudinal spacings for vortex
shedding from the shear layers of SC I (¢) and SC II (b). St;; and Sty are labeled by nonfilled symbols and
are relevant to the vortex shedding from the outer shear flow layers of the two identical SC; Sty, and Styp,
are labeled by filled symbols and correspond to the vortex shedding from the inner shear layers of the
TISC.
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The criterion for convergence in the pressure calculation is that the grid-number-
averaged global residual is as low as 3.0 x 10~%. The advantage of this joint method for
pressure estimation is that it has higher accuracy than the AF1 method alone [24].

3.5
3
2.5
2

CD,

1.5

0.5

(a)

CD,

(b)

<o > PO
r
11
o
N
[$,]

——QO—— mean value

0.2 0.4 0.6 0.8 1

Figure 5. Time-averaged (mean) coefficients of drag on SC I (a) and SC II (b), plotted as functions of trans-
verse spacing in the case of various longitudinal spacings. Note that the labels of symbols in (b) are the same as

in (@). The mean value

was evaluated from results of the six cases characterized by longitudinal spacing.
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The Bi-CGSTAB has been used alone for the pressure field prediction [25]. However, it
needs many more steps to obtain the pressure field. In the Bi-CGSTAB method, for the
convenience of code construction, a Jacobian-type preconditioner is used, since the
SSOR-type preconditioner given by Pennacchio and Simoncini [26] is more complex
in simulator coding, even though it was reported that the SSOR-type preconditioner
has almost the best performance.

oF . o
0.4 F
08
© -1.6 :_ m] L=0
- A L=0.25
-2 [ A L=0.5
: o L=0.75
2.4 F ¢ L=t
B ——O—— mean value
[ 1 I DT RS N |
0.2 0.4 0.6 0.8 1
(@) T
14
1.2 k

CL,

> . . T

Figure 6. Time-averaged (mean) coefficients of lifts on SC I (a) and SC 1I (b), plotted as functions of trans-
verse spacing in the case of various longitudinal spacings.
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2.3. Method Assessment and Grid Independence Inspection

The numerical method given above was assessed by comparing the Strouhal
number and the mean coefficient of drag (CD) of the wake flow around a single
square cylinder with published data for the case of Reynolds number 250. For single
square cylinder (SC) wake flow, at Re = 250, as numerical work of Sohankaretal. [11]
has shown, the Strouhal number, St, is about 0.150 in the case of a given blockage
value of 5.56%, while results in the past decade [10] suggest a Strouhal number of 0.142.
Using the previously mentioned numerical method, with grid number 181 x 121 and
time step 0.005, it was found that the relevant St value is 0.140 from the evolution of
flow-induced forces given in Figure 2. This suggests that the present method can
predict the vortex shedding frequency in good agreement with published values.

On the other hand, at Re = 250, the mean coefficient of drag (CD) calculated
by Saha et al. [10] for single SC wake flow is about 1.70 at the blockage of 10%; the
work of Sohankar et al. [11] shows that the CD should be 1.49 at the blockage of
5.56%. For the same blockage (5.56%), the present calculation gives rise to a CD
value of 1.79, indicating that the code used in the simulation can output mean drag
in good consistency with those published but obtained by different numerical meth-
ods. Note that at Re = 250, the single-cylinder wake flow has a three-dimensional
property, which may be the feature causing the discrepancy of flow simulation. This
will be discussed elsewhere.

The grid independence inspection was carried out prior to extensive numerical
simulation for 7= L = 0.5. The computational domain (see Figure 1) was chosen so
that the distance from the inlet section to the front side of the upstream SC is
H,, (=8.5), with the same value as the distance from the SC side wall to the side
boundary of the computation domain, indicating that H,,, = H,,. The distance from
the rear side of the downstream SC II to the flow outlet section is 15, and the block-
age of the flow in the present calculation can be expressed as 1/(1 +0.57 + 8.5), with
T representing the transverse spacing.

The smallest mesh size near a SC wall is approximately equal to 0.01. There
are 20 grids on each side of the square cylinder. Smaller mesh size was assigned at
the cylinder corner regions because flow separation inevitably results in greater
pressure gradients in these regions. It is shown in Table 1 that the effects of grid
change on the mean drag and lift coefficients as well as on St are negligible.

Table 2. Coefficients of polynomial fitting by T for aerodynamic parameters”

) ) ap a as

CDy 3.352 —4.333 5.762 —2.464
CDy 3.686 —6.328 7.391 —2.545
CL; —2.474 5.326 —6.810 3.483
CLy 1.532 —6.969 10.379 —5.048
RMS of CDy 0.676 —0.529 0.566 —0.204
RMS of CDy; 0.652 —0.773 0.591 —0.049
RMS of CL; 1.430 —4.315 6.930 —3.132
RMS of CLy; 2.321 —6.938 8.980 —3.278

“Available for T ranging from 0.125 to 1.0. ® = 2(3) a;T'.
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3. RESULTS AND DISCUSSION

The flow past the TISC is naturally transient at Re = 250, owing to the pres-
ence of the spanwise vortex structures which play an important role in decreasing the
temporal oscillating magnitudes of the aerodynamic forces, but generally without
apparent impact on the time-averaged value of the forces. This means that for the
wake flow at Re =250, a 2-D Navier-Stokes (NS) model can provide reasonable
time-averaged results. Alternatively, a 3-D NS model should be applied to achieve
more accurate solution of the oscillation-related features, and this will be carried
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Figure 7. RMS of the coefficients of drag on SC I (a) and SC 1I (b), plotted as functions of transverse
spacing in the case of various longitudinal spacings.
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out in further work in near future. The remainder of this section describes the
simulation results for the aerodynamic forces, convective heat transfer, and the
vorticity and temperature fields.

3.1. Flow-Induced Forces

The flow-induced forces acting on a TISC arranged in close proximity are
transient and are usually measured by the normalized primary frequencies of force
oscillations (defined as the Strouhal number, St), the mean (time-averaged)

2
I o L=0
F A L=0.25
15L © A L=05
iy I Led L=0.75
O [ ¢ L=1 o
— | ——QO—— mean value
o 1k
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Figure 8. RMS of the coefficients of lift on SC I (a) and SC II (b), plotted as functions of transverse
spacing in the case of various longitudinal spacings.
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coefficients of drag (CD) and lift (CL) and their relevant root-mean-square (RMS)
values. The Strouhal numbers were evaluated from the corresponding power spectra,
where were in turn obtained by performing discrete Hilbert transformation [27] of
the temporal data sequences of CL for the time range from 50 to 200. For instance,
for the case of L =0.25, and T = 0.75, the two pulses of power spectra shown in
Figure 3a suggest that St;; = 0.160, St;; = 0.187, with the similar two power-
spectrum pulses in Figure 3b illustrating that Sty = Sty = 0.160. For the case of
L=0.5 T=0.75, it can be found that St;; = St;; = 0.213 from Figure 3a, and
Sty; = 0.107, Styp = 0.213. Here the Strouhal numbers Sty;, Sty, correspond to the
vortex shedding frequencies from the outer and inner shear layers of the bottom
square cylinder, while Sty;; and Sty, are relevant to the vortex shedding
frequencies from the outer and inner shear layers of the top square cylinder.

The duplicate values of St reflect that, for a given value of longitudinal spacing,
the St-T diagram (Figure 4) might show a bifurcation, indicating that the TISC
arrangement effect on St is dominant. The St bifurcation as shown in Figure 4 implies
that there is interaction between vortices shed with different periods in the vortex
street of TISC. Such vortex interaction not only influences the flow-induced forces
and wake flow patterns but also affects the convective heat transfer from the TISC.

To evaluate the variation tendencies of CD and CL and their RMS values with
the transverse spacing, the 25 cases considered were divided into five groups with

4:- L
3.5; a 10:—
s go——° ]
P o 8:
25 F [
£ o o L=0 5 6F
2 F A L=0.25 =z [ o
15 F A L=05 4 b
b o L=0.75 [
T 3 L=1 2?_
0.5 _ ——O—— mean value r
OE\\|\\\\|\\\\|\\1|\\\\| O:w | YRS ST N AN W TN ST [T ST TR WO T T S S |
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(a) T () T
14 7r
10; 5_ ®
= 8‘ . 4 b 3
=] F =] I o
Z 6t Z 3t
4; 2?. L]
2 b 1F
0:\1\|\\\\l\|\\|\\1|||\\\| O:AAII\\\\|A|\\|\AA||\\\\|
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
© T (d) T

Figure 9. Time-averaged face Nusselt numbers for SC I plotted as functions of transverse spacing in the
case of various longitudinal spacings on the (a) bottom, (b) top, (¢) front, and (d) rear faces.
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respect to the value of transverse spacing. Each group contains six particular cases
labeled by the longitudinal spacing, whose values are given by L =0, 0.25, 0.5,
0.75, and 1.0, respectively. The mean value within each group was obtained by
arithmetic averaging. The mean coefficients of drags (CD;, CDy;) of the flow around
the TISC were shown in Figures 5a and 5b, with the mean coefficients of lifts
(CL,, CLy) given in Figures 6a and 6b. It is seen that the mean coefficients of drag
decrease almost linearly as the transverse spacing starts to increase from 0.125 to
about 0.4. On the other hand, the mean coefficient of drag CDy is almost a constant
of 2.4, with a constant 2.1 for the mean coefficient of drag CDy;. It can be well fitted
by the third-order polynomials for the variation tendencies of CD and CL as well
as their RMS values with the transverse spacing 7. The coefficients of polynomial
fitting are shown in Table 2.

Generally, the bottom square cylinder (SC I) is subjected to a repulsive lift
force owing to the existence of the top one. The repulsive lift force denoted by
CL; has a mean value of —1.91 for the transverse spacing 7 = 0.125. Figure 6a
indicates that the repulsive lift force averaged arithmetically within each group has
an excellent third-order polynomial fitting, whose coefficients were given in the
fourth row of Table 2. On the other hand, Figure 65 shows that a repulsive lift force
is also imposed on the downstream square cylinder (SC II) when the transverse
spacing is smaller than 0.5. For cases of longitudinal spacing ranging from 0.5 to
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Figure 10. Time-averaged face Nusselt numbers for SC II plotted as functions of transverse spacing in the
case of various longitudinal spacings on the (a) bottom, (b) top, (¢) front, and (d) rear faces.
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1.0, an attractive lift force on SC II occurs when the transverse spacing takes a value
in the range from 0.5 to 1.0, showing that the lifts are very sensitive to the proximity
arrangement of the two identical square cylinders.

As shown in Figures 7 and 8, the RMS of drags and lifts on the TISC varies
with the transverse spacing in a similar way: decreasing quickly for small transverse
spacing at first, reaching their minima and then growing gradually with the trans-
verse spacing. The data for the mean value within each group for RMS of CD
and CL can also be well fitted by polynomials. As illustrated in Figure 8, comparison
between the two parts of Figure 8 shows that the RMS of lift on SC II is significantly
greater than that on the upstream SC I when the transverse spacing is less than or
equal to 0.25, while they are close to each other when the transverse spacing ranges
from 0.5 to 1.0. It is noted that these RMS values should be qualitatively reasonable,
since they are obtained by 2-D flow simulation. For the case of square cylinder flow
at Re = 250, the actually existing secondary flow can decrease the oscillating magni-
tude of lift significantly.

3.2. Nusselt Numbers

Figures 9 and 10 show plots of the time-averaged face Nusselt numbers as func-
tions of transverse spacing, with the span of data scatter for a particular transverse
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Figure 11. RMS of face Nusselt numbers for SC I plotted as functions of transverse spacing in the case of
various longitudinal spacings on the (a) bottom, (b) top, (c) front, and (d) rear faces.
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spacing indicating the relevant influence of longitudinal spacing. With a maximum
discrepancy of about 10%, the mean Nusselt numbers on the outer faces of the TISC
are close to a constant 3.2; while the mean Nusselt number on the front face is
approximately close to 11.8, as depicted by Figures 9a and 9¢, and Figures 105
and 10c. This implies that the mean face Nusselt numbers are almost insensitive to
the change of transverse spacing. The shortest span of data scattering at a given
transverse spacing for the mean Nusselt numbers on the front and outer faces sug-
gests that influence from the change of the longitudinal spacing is almost negligible.

However, the mean Nusselt numbers on the rear and inner faces of the TISC
depend evidently on the transverse and longitudinal spacing values. For the mean value
within each group, the relevant curves based on spline-fitting (Figures 95 and 10a) show
that the mean value within each group for the face Nusselt numbers on the inner sides
of the TISC reaches a maximum when the transverse spacing is about 0.3. For larger
transverse spacing (7> 0.5), the mean value within each group for the face Nusselt
number on the top face of SC I is about 7.5, with that on the bottom face of SC II
approximately a constant value of 5.5, indicating that the mean Nusselt numbers on
the inner faces are about 2 to 3 times those on the outer faces of the TISC.

For the case of T'= 0.125, the effect of the longitudinal spacing is apparent in
the RMS of the face Nusselt number. Similar to the dependence of the mean face
Nusselt numbers on the TISC arrangement, as shown in Figures 11a and 11¢, and
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Figure 12. RMS of face Nusselt numbers for SC II plotted as functions of transverse spacing in the case of
various longitudinal spacings on the (a) bottom, (b) top, (¢) front, and (d) rear faces.
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Figure 13. Time-averaged (mean) Nusselt number plotted as a function of transverse spacing in the case of
various longitudinal spacings for (a) SC I and (b) SC 11.

Figures 12b and 12¢, the RMS of the Nusselt numbers on the front and outer faces of
the TISC are smaller. In contrast, the RMS of the Nusselt numbers on the rear and
inner faces of the TISC are larger and significantly sensitive to the transverse and the
longitudinal spacing values.
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Figure 14. RMS of mean Nusselt number plotted as a function of transverse spacing in the case of various
longitudinal spacings for (¢) SC I and (b) SC I1.

The time-average (mean) Nusselt numbers for the TISC have been plotted as
functions of the transverse spacing in Figure 13. For the transverse spacing ranging
from 0.25 to 1.0, the mean Nusselt number for the bottom square cylinder is about
7.1, with a value of 6.7 for the mean Nusselt number for the top square cylinder. For
T = 0.125, the mean Nusselt number for the TISC takes a smaller value of about 5.5;
this may be caused by the suppression of vortex shedding from the inner sides of the
TISC due to the smaller transverse spacing. The maximum is likely to occur at
T = 0.3. Furthermore, as shown in Figure 14, the RMS of the Nusselt numbers
for the TISC are of the same order, and range from 0.25 to 0.7.
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Figure 15. Vorticity fields at the instant z = 200 for the case of 7= 0.5 at three different longitudinal

spacings: (¢) L =0; (b) L =10.5; (¢) L =1.0.
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Figure 16. Temperature fields at the instant # = 200 for the case of 7'= 0.5 at three different longitudinal
spacings: (¢) L =0; (b) L =10.5; (¢) L =1.0.
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3.3. Vorticity and Temperature Fields

The vorticity fields at the time of 200 for the case of T= 0.5, and L =0, 0.5,
and 1.0, are given in Figure 15. The clockwise vortices are illustrated by dashed lines,
the vorticity values are labeled from —0.25 to —1.0 with an interval of 0.25; while the
anticlockwise vortices are shown by solid lines, which are labeled by vorticity values
from zero to 1.0 with an interval of 0.25. The flow patterns for the case of H = 0.5
are characterized by vortex pairing, splitting, and enveloping patterns, as identified
by Sumner et al. [28].

It is evident that the variation of the longitudinal spacing has caused significant
changes in flow patterns. There exist the close proximity interference and the wake
interference for the flow around the TISC. Clearly, these flow interferences are domi-
nated by the TISC arrangement.

The relevant temperature fields are shown in Figure 16. The isotherm lines are
labeled by the temperature values from 0.05 to 0.45 with an increment of 0.05. It is
noted that the thermal cells occur corresponding to the presence of the large-scale
vortices in the near-wake of the TISC.

4. CONCLUSIONS

The convective heat transfer from two identical square cylinders arranged in
close proximity and submerged in a uniform cross flow at Re =250, Pr =0.71
has been studied numerically using a finite-difference method. The third-order
upwind scheme was used to discretize the convective terms in the governing equa-
tions. This study emphasized the effect of the longitudinal spacing ranging from zero
to unity, and the transverse spacing ranging from 0.125 to unity. The results of these
extensive numerical experiments revealed that the time-averaged or mean convective
heat transfer rates from the TISC at the particular Reynolds and Prandtl numbers
are characterized by the transverse and longitudinal spacing values. The mean heat
transfer rates from the inner faces are generally greater than those of the outer sides
by a factor of approximately 2.0 to 3, owing mainly to the gap flow influence.
Depending on the TISC arrangement, a bifurcation occurs in association with the
Strouhal number for vortex shedding, with the bifurcated lower St value associated
with the shedding from the outer shear layer, and the higher one associated with the
shedding from the inner shear layer. Similarly, the effect of the TISC arrangement on
the flow-induced forces is also significant. The mean Nusselt number on the TISC is
about 7.0 for the transverse spacing in the range from 0.25 to unity, while it is about
5.5 for the transverse spacing of 0.125, due to the suppression of the vortex shedding
in the inner sides of the TISC.
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