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ABSTRACT

A two-dimensional (2D) numerical analysis of flow past two and three square rods arranged side-by-side (SBS) using the
numerical technique of the lattice Boltzmann method (LBM) is performed. The combined effects of gap spacing (g = g/D)
for two rods and, in the case of three rods, the size (d/D) of the middle rod vary with the delay of vortex shedding. The flow
across two and three square rods is examined for 0.5D < g/D < 4D and 0.1D < d/D < 1D at a fixed Reynolds number (Re
= 160). The results indicate a strong cotrelation between middle rod size and flow characteristics for small gap spacings (g/D
< 1D). It is observed that at a large value of g/D and a small value of d/D, the secondary rod interaction frequency disappeats,
and the flow is fully controlled by the primary vortex shedding frequency. It is also obsetved that at g/D 2 1, the drag force
for the upper and lower rods decreases with the addition of the middle rod. The observed flow regime (FR) without the middle
rod (d/D = 0) is the itregular flow regime (FR), occutting at g/D = 0.5 and 1, and modulated antiphase synchronized FRs
occur at g/D = 2, 3, and 4. In the presence of the middle rod, the itregular FR occurs at (g/D, d/D) = (0.5,0.1 <d/D < 1)
and (1,0.1 < d/D < 0.8). While at (¢/D, d/D) = (2,0.1 =d/D £ 0.6), (3,0.1 <d/D £ 0.6), and (4, 0.1 and 0.2), the modulated
antiphase synchronized FR occurs in the presence of the middle rod.

Keywords: Lattice Boltzmann method, Square Rods, Gap spacing, Flow patterns, Reynolds number.

INTRODUCTION

The flow through multiple bluff bodies is of practical interest e.g. the flow around large buildings, tubes in heat exchangers,
bridge piers, electrical poles, chimney, stacks and offshore platforms, etc. A number of studies have been taken for flow past
bluff body arrays of different geometries (Kolar ez a/. (1997)). The flow interference effects strongly depend upon the bluff
bodies’ arrangement. One of the most typical arrangements is the SBS arrangement, where the bluff bodies face uniform flow.
A number of studies have been taken place on two and three SBS circular rods (Sumnet ez a/. (1999), Guillaume ez a/. (1999) &
Zhang and Zhou, (2001)). As compared to circular geometry, much less attention has been paid to the square geometry of the
rods.

LITERATURE REVIEW

Agrawal ez al. (2006) numerically analyzed the flow characteristics around two structures arranged in a cross flow direction and
found the chaotic and synchronized patterns to Re = 73. Chiu and Ko, (1995) analyzed the mean static pressure distribution
of two rods with 2:1 dimension ratio. They obsetved the bistable flows by varying ¢/ D from 0.375 to 1.75. Further they found
that the flow separates from the corners, whereas the formation of separation bubble depends on the critical separation of two
rods. Ma ez al. (2017) analyzed the different types of flow behaviors numerically behind two rods arranged as SBS at 16 < Re
<200 and 0 < g/D <10.The reseatchers observed nine different flow regimes. Inoue ¢f a/. (2006) studied the sound generation
mechanism behind the two structures arranged SBS numerically. Islam e/ a/ (2016) examined three different types of flow
characteristics for flow over three rods arranged SBS through Lattice Boltzmann method. Zdravkovich, (1968) analyzed the
smoke visualization of the laminar wake behind three rods in various triangular arrangements. He observed the co-existence
of multiple Karman vortex street. The vortices quickly disintegrated by forming a completely new single vortex street. Zheng,
(2017) studied the flow behavior through three squate rods (SC) at fixed Re = 150 and g/D = 1.1 — 9. They observed five
different flow regimes for different ranges of g/ D, namely; (i) based-bleed flow for g/ D < 1.4; (ii) flip-flopping flow for 1.4 <
g/ D<2.1; (iii) symmetrically biased beat flow for 1.2 < g/ D < 2.6; (iv) non-biased beat flow for 2.6 < g/ D < 7.25; and (v) weak
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interaction flow for 7.21 < g/D < 9. Inoue and Suzuki, (2007) studied the sound effect of three SBS rods arranged at low
Reynolds number values by using 2D unsteady compressible Navier-Stokes equations using the uniform flow. They observed
that when the spacing is large, the flow interference is very weak and behaves like three separate rods flow. The frequency of
vortex shedding remains the same, with the decrease in spacing. The flow interference plays a key rule, with the decrease in
g/ D the flow interference among the three rods become stronger and the vortex shedding from rods tends to synchronize.
Burattini and Agrawal, (2013) analyzed three different kinds of FRs at Re = 73 and 0.5 < g/D < 6. Kang, (2004) numerically
analyzed the 2D flow through three circular rods arranged SBS at Re = 100 and g/ D < 5and identified five different types of
patterns. He also found that at g/ D < 1, the middle structute drag coefficient is considerably lower than the drag values of the
outer rods. Verma and Goverdhan, (2011) analyzed the flow features by using two circular rods arranged SBS arrangement for
Re = 200.They found a repelling force between the rods. This repulsion force decreases as the g/D increases. Rahman e7 a/.
(2014) analyzed the various types of flow behavior and aerodynamic features of three rods arranged SBS. They observed that
the flow transition is highly dependent on the spacing, particularly when there is unequal spacing. Wang and Zhou, (2005)
experimentally analyzed the downstream flow characteristics of the two rods with SBS arrangement. They observed three
different flow regimes, namely a single, asymmetrical and two coupled street flow regimes.

From the above-mentioned literature, it is clear that there are number of studies for flow past rods in SBS arrangement.
However, to the best of our knowledge in open literature there is no study for the proposed problem. The primary aim of the
present study is to control the flow and fluid forces. Furthermore, how the irregular wake structure mechanism can be
controlled with the help of middle rod. In present paper, we will study the flow past two and three SCs with SBS arrangement.
In case of three SCs, the size of outer rods are fixed while the size of middle rod is varied.

The other sections of the paper contain the description of the problem and boundaty conditions, detail of numerical method,
effect of computational domains, code validation, result and discussions and conclusions, organized in sections, 2, 3, 4, 5 and
6 respectively.

PROBLEM DESCRIPTION

The configuration of flow feature is shown in Fig. 1. A 2D numerical study is conducted to study the effect of g/ D and middle
rod of size 4/D. The study is taken for fixed Reynolds number (Re = 160), while changing ¢/D from 0.5 to 4 and d/D from
0.1 to 1. G, G, and C, are the upstream, middle-stream and downstream rods, respectively. The size of outer rods is D that is
fixed. The horizontal and vertical height of the channel are denoted by L. and L,, respectively. The upstream, downstream
and vertical distances of the channel are L, = 8D, I, = 25D and L, = 12D, respectively. These values of upstream, downstream
and vertical distances are selected after a careful investigation, so that the effect of boundary conditions at entrance and exit
position can be reduced (Han ef a/ (2013). At the entrance position of flow, uniform inflow velocity is used, while the
convective boundary condition is applied at the exit position of the channel, while at the upper and lower side of the channel
periodic boundary conditions are applied (Guo e7 a/. (2008)). At the surface of the rods no-slip boundary condition is applied
(Zhou et al. (2009). All the fluid forces are calculated by using momentum exchange method (Yu ez 4/ (2003).
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Figure 1 Configuration of flow past three square rods in an unconfined channel.

NUMERICAL METHOD (LBM)

A 2D Lattice Boltzmann code was established for this study. Because of low Reynolds number the two-dimensional
assumption is used. As compared to other numerical scheme LBM is the latest numerical technique used to solve simple and
complex flow problem. This numerical technique was developed by Frisch ez a/. (1986). A short description of this method is
described here. A mm9 model (where, # represents the dimension and  represents the particles number at a computational
node) is used for the purpose of this work. In this model each node consists of eight moving particles and a rest particle at
origin (Fig. 2). The Lattice Boltzmann equation is given by;

filx+ es 1) = fix A-1fi (% 0 Y (x, 9]/ (1)

where, f is distribution and @ is equilibrium distribution function, e;is the velocity component, #is the dimensionless time,
x is the position of particles, and 7 is single relaxation time. The equilibrium distribution function is described as:
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£ = pw;(1 + 3(e; u) + 4.5(e;. u)? — 1.5u?). @

Here, u shows the instantaneous velocity of each node, p is the density of fluid and w; are the weighting coefficients. In #zms9,
the weights for each node ate as follows; w; = 9/4 for the rest particle, 1/9 for the particles 1 — 4, and 1/36 for the particles 5
- 8.

Lattice Boltzmann method is based on two different steps: collision and streaming (Breuer ez a/. (2000), Sumner ez al. (1999)).
These steps can be mathematically expressed as:

6

€3

Figure 2 LBM lattice velocities on square structure.

Collision step: £, " (x, ) =fy(x, H-If; (x, ) —f°P (x, 2]/7. 3)
Streaming step: fi(x + e, 7+ 1) = fi(new) (x, 2). “4)
After the streaming step the boundary conditions are applied. To calculate the density and velocity we will use the following
equations:
p=1Xifi )
pu = Y fe ©)
The pressure can be calculated from equation: p = gr?; where ¢ is the speed of sound and this equation is known as equation
of state. It is to be noted that LBM has a second order accuracy in terms of space and time (Breuer ¢ a/. (2000)).

STUDY OF COMPUTATIONAL DOMAIN

The flow characteristics of flow around bluff bodies are strongly based on the size of the computational domain. The flow
behavior totally changes, when there is a small change occurs in size of computation domain, and values of physical parameters
are affected. In this section we have calculated the Cp,.., and 57 for different values of L, L4 and L, so that we can choose a
better computational domain. Table 1 is representing that there is a minute difference in between the resulted values of physical
parameters. We will simulate the given problem by using I, = 8D; I, = 25D and L, = 12D.

Table 1 Effect of computational domain at g/D = 0.5 and d=0.1.
Lh Lﬂ’ Lﬂ CDrm'zm/ CDmemm \5ny LSf/z

8D | 15D | 12D | 21957 | 2.2204 | 0.1543 | 0.1543
(0.13%) | (058% | 0% | 0%

8D | 25D | 12D | 21929 | 22322 | 0.1543 | 0.1543
097%) | (021%) | 0% | 0%

8D | 35D | 12D | 21717 | 22368 | 0.1543 | 0.1543
4D | 25D | 12D | 22605 | 2.2837 | 0.158 | 0.158
G%) | @3%) | (24%) | (24%)
8D | 25D | 12D | 21929 | 22322 | 0.1543 | 0.1543
25%) | @9%) | 3%) | 3%)
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12D [ 25D [ 12D | 21361 | 2.2.1689 [ 0.159 | 0.159
8D | 25D | 6D | 25123 | 25291 | 0.158 | 0.1740
2.6%) | (3%) 2.4%) | (2.4%)
8D | 25D | 12D | 21929 | 22322 | 0.1543 | 0.1543
29%) | @1%) | 3%) | (3%
8D | 25D | 18D | 2.1285 | 2.1843 | 0.1495 | 0.1495

CODE VALIDATION STUDY

The code validation is done against the problem of flow past a single SC at Re = 160. For validation, only two parameters are
validated that are Cpj. and Sz The results of Chatterjee e/ 2/ (2009), Robichaux ez al. (1999) and Sharma and Eswaran, (2004)
are given in Table 2 for the comparison. The maximum deviation with data of Chatterjee ef a/. (2009)is 2.8% and 0.8% for
Coma and 57, respectively. The maximum deviation with Robichaux ef 2/ (1999) data is 3% for S% The maximum deviation
with data of Sharma and Eswaran (2004) is 0.9% and 0% for Cpyu.., and 57, respectively. The results shows that the resulted
Coman and 57 are in correspond well with the numerical results of Chatterjee e a/. (2009), Robichaux e7 4/ (1999) and Sharma
and Eswaran (2004)

Table 2 Comparison of present and previous numerical results.

Comean St
Present 1.457 0.160
Chatterjee ¢f al. (2009) 1.50 0.159
Robichaux ez al (1999) | - 0.165
Sharma & Eswaran, (2004) 1.47 0.160

RESULTS AND DISCUSSIONS

We have conducted numerical simulations for flow past two and three SCs arranged SBS. In case of three SCs the size of
upper and lower rods are fixed while the size of the middle rod is varied. The numerical simulations are carried out by varying
the g/ D and d/ D size for a fixed Re = 160. The g/ D will be varied from 0.5D to 4D and d/D vatied from 0.1D to 1D. The
results are studied in terms of instantaneous vorticity contours visualization, time histories of Cp and Cp, power spectra of Cr.
and force statistics analysis.

CHARACTERISTICS OF FLOW PAST TWO SIDE-BY-SIDE ARRANGED RODS

Firstly, we will discuss the various flow characteristics for two SBS rods in absence of middle rod. The irregular and modulated
antiphase synchronized flow regimes are observed. Figure 3(a-c) presents the wake structure and its downstream evolution for
different g/ D values. At g/D = 1, there is reasonably enough space between the rods and the gap flow that effects the near
wake downstream behind the rods. The lower and upper rods generate the wide and narrow wake, respectively. A similar flow
behavior were found by Wang and Zhou!” for flow over two circular rods. An inctrease in values of g/ D, makes the gap flow
and wakes interaction weaker, and the gap flow effect is almost insignificant.

At g/D = 2 and 4, the two rods wakes almost become synchronized, as presented in Figure 3(b, c). The streamline confirms
that the vortex shedding pattern behind each rod occurs almost in the same phase, an alternate shed vortices move downward
without any interaction with each other’s (Figure 4(b, c)). Due to these characteristics, the FR is called the antiphase modulated
synchronized flow regime. Such FR can also be found in the three circular rod flow by Kang, (2004) at g/D = 1.5 and Re =

100.
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Figure 3(a-c). Flow regimes and its streamwise evolution at various spacing ratios.

Inspection of Figure 4(a-c) further confirms the existence of the irregular flow, and antiphase modulated synchronized flow
regimes. In an irregular FR, the outer shear layers separated from the two rods merged with the gap flow near downstream of
the rods, forming two smaller recirculation regions behind the lower rod and one recirculation region behind the upper rod
(Figure 4(a)). Due to merging the forces are completely modulated. As seen in Figure 4(b, c), the influence of gap flow between
the rods reduces with the increment in values of g/D. As a consequence, the modulated antiphase synchronized FR from the
two rods are to be expected after a reasonably large spacing value of g/D (= 2).

200
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Figure 4(a-c) Visualization of streamlines for different flow regimes at different spacing values.

Time histories analysis of force coefficients are computed in order to investigate the influence of the g/D on the two SBS
arranged rods. In order to examine the interaction of shed vortices quantitatively, the forces acting on the rods are computed.
When the amplitude of two rods is same, then one can see the solid lines only in Figure 5(c, €). It is found that the generated
shed vortices from the two rods ate affected at g/ D = 1. As a result, one can see the itregular variation of forces in Figure 5(a,
b). Atg/D = 2 and 4, lift coefficients becomes sinusoidal, and the outer rod shed vortices results in an antiphase mode (Figure

5(d, £)).
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Figure 5(a-f) Time variation of Cp and C at different g/D.

The power spectra of Cp. are calculated using the fast Fourier transform from which the vortex shedding frequency is extracted
and presented in Figure 6(a-f). We will call the largest peak in the power spectra is primary frequency and the other peaks in
the spectra will be called the secondary frequencies. The secondary frequencies confirm the continuous switching between
narrow and wide wakes behind the two rods (Figure 6(a, b)). The power spectrum presented in Figure 6(c-f) confirms that in
case of antiphase modulated synchronized FR, thete is only one dominant shedding frequency for the two rods. At g/D = 2,
a small peak in the power spectra suggests that the two rods flow is still affected by the gap flow but not seriously.
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Figure 6(a-f). The spectra analysis of Cy at different g/ .D values.

The variation of the Cpuu, 57, Cpme and Cr,, with g/ D values for two rods is presented in Table 3. The Cp is found to
decrease rapidly with an increase in gap spacing between the rods. At g/D = 2 where the gap flow may not affects the wake
structure behind the two rods, and the Strouhal number of the Cyand C, slowly decays from 0.1805 to 0.1674. This ensures
that the rod Cyand C,are behaving like an isolated rod at g/ D = 2. The abrupt change in 5% Cpy and Cpys of two rods is found
once the flow transition occurs from an irregular FR (¢/D = 1) to modulated antiphase synchronized FR (¢/D = 2).

Table 3 Variation of physical parameters as a function of g/ D.

Gap spacing (¢/D) Coneant Comeans St Stu
0.5 2.1147 2.1156 0.1368 0.1368
1.0 2.0052 2.0612 0.1642 0.1696
2.0 1.8338 1.8338 0.1805 0.1805
3.0 1.6900 1.6900 0.1740 0.1740
4.0 1.6065 1.6065 0.1674 0.1674
Spacing ratio (g/ D) C[)n,,;/ Cpmm, C T rmsl C Lrmesn
0.5 0.2035 0.2106 0.3250 0.3301
1.0 0.2991 0.3116 0.5828 0.6068
2.0 0.1071 0.1071 0.6198 0.6198
3.0 0.0497 0.0497 0.4643 0.4643
4.0 0.0324 0.0324 0.3860 0.3860

THE EFFECT OF MIDDLE CONTROL ROD BETWEEN THE TWO RODS

It can be seen in Figure 7(a), that how the wake structure changes behind the lower and upper rods in presence of small rod
in the middle of two SBS rods. The positive and negative vortex shedding from the lower and upper rods, respectively are
observed in the flow field. One can find the required justification from the streamline visualization presented in Figure 9(a).
Figute 9(a, b) represents the drag and lift coefficients for g/D = 0.5 and d/D = 0.2. A modulated sinusoidal variation is
observed for the outer rods in presence of middle rod. This modulated frequency is due to the secondary frequencies produced
by the two gap flows between the rods along with the primary frequency lead to multiple peaks observed in the power spectra
of lift coefficients (ref. spectrum in Figure 10(a-c)).

The irregular FR is seen for the case with ¢/D = 1 and 4/D = 0.2 in Figure 7(b). The vortices behind the downstream of the
rods are not quite clear. Furthermore, the vortices from the outer rods are wider and narrower from the middle rod. In this
FR, the gap flows are found to interact with each other’s behind the rods. Such type of flow behavior was reported in the
previous numerical study of Kang [14] for flow past circular rods at Re = 100. Figure 8(b) reconfirms that the irregular vortex
shedding occurs behind the three SBS rods. The higher drag amplitudes observed for the outer rods as compared to the middle
rod (Figure 9(c)). It is found that the lift coefficients for the outer rods are in-phase (Figure 9(d)).
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Figure 7(a-f) Flow regimes and its variation in streamwise direction at various g/D values.

0

In case of g/D = 1 (without middle rod), the forces of the outer rods ate irregular (see Figure 5(a, b)). The powet spectrum
presented in Figure 10(d-f) was obtained by fast Fourier transform based on the time series analysis of the lift coefficients. It
is found that there are multiple peaks in the spectra. As compared to the power spectra of two rods presented in Figure 6(a,
b) the less peaks atre obsetved in case of middle rod. As seen in Figure 7(c), the flow transition occurs with the increase of d/D
value for the middle rod from 0.2 (irregular FR) to 1 (symmetric FR) at the same spacing (g/D = 1).

The streamline visualization of the three rods in Figure 8(c) shows some interesting flow behavior behind the rods. It is found
that there exists one small circulation region on the lower surface and upper surface of the lower and upper rods, respectively.
As a result, the negative and positive vortices shed in the form of two-row vortex-street from the upper and lower rods
considerably different in terms of width and length as compared to the case presented in Figure 8(a). Interestingly the same
drag value is observed for all three rods without any modulation (see Figure 9(e)). Due to the same value, one can only see the
solid line in Figure 9(e). The lift force oscillation of the lower and upper rods was stable, which ensures that the influence of
gap flows was almost negligible. The power spectra of lift coefficients of the three rods are shown in Figure 10(g-i). No
Strouhal value for the middle rod is observed due to constant behavior of lift coefficient (Figure 10(i)). The spectra of the
outer rods show only single dominant peak which suggest that only primary frequency have been observed.
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At (¢/D, d/D) = (2, 0.8), the three rods wakes almost become synchronized, as presented in Figure 7(d). The vortex pattern
behind each rod occurs almost in the same phase, alternate shed vortices move downward and shows some interaction with
each other’s. The slightly higher drag amplitude is observed for the lower rod as compared to the middle and upper rods
(Figure 9(g)). Due to vortices interaction small modulation ate also observed for the drag coefficients. It is observed from the
streamline visualization that the vortex shedding processes behind the rods are independent presented in Figure 8(d).
Inspection of Figure 9(h) further confirms that the flows behind the rods moves independently. The interaction of shed
vortices with each other’s at far downstream of the flow domain results in multi-frequency variation in the power spectrum of
the lift coefficients of the three rods (ref. spectrum in Figure 10(-I)).
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Figure 9(a-1) Time variation of forces at different g/ D and d/ D values.

Manzoor

The vorticity contours for g/D = 4 and d/D = 0.4 is presented in Figure 71. The flow is symmetric behind the middle rod,
while the flow behind the outer rods is antiphase. Such kind of flow behavior were also numerically observed by Han e a/!®
and expetimentally by Zhang and Zhou* for ¢/D = 1.5. The wide wake is obsetved behind the middle rod. In streamline
visualization graph presented in Figure 81 no recirculation region can be seen behind the middle rod due to symmetric nature.
Upon increasing the size of the middle rod to 4/D = 1, the vortex shedding mechanism is obsetrved behind the middle rod
(Figure 7(f)). It is quite clear from Figure 7(e, f) that the size of the middle rod plays a major role in the stability of flow behind
the two rods, compared to the absence, of the middle rod. Figure 7(f) reconfirms that the vortex shedding occurs from the
middle SC. It is also observed that the vortex shedding process of the lower and upper rods to be independent of the middle
rod due to reasonably large g/ D value between the rods. Inspection of Figure 9(L, j, k, 1) further confirms that the flow behind
the outer rods to be independent of the middle rod. From Figure 10(n-s), it is seen that the spectra analysis are changed while
changing the size of the middle rod.
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The graphical representation of various flow regimes, obsetrved in this study, is given in Figure 11 at selected values of g/D
and d/D. It can be observed that without middle rod (4/D = 0) the itregular FR occurs at g/D = 0.5 and 1 and modulated
antiphase synchronized FR occurs at g/D = 2, 3, and 4. In presence of middle rod the irregular FR occurs at (¢/D, d/D) =
(0.5,0.1 <d/D< 1) and (1, 0.1 < d/D< 0.8). While at (g/D, d/D) = (2,0.1 < d/D < 0.6), (3,0.1 < d/D < 0.6) and (4, 0.1 and
0.2) the modulated antiphase synchronized FR occurs in presence of middle rod. It can be seen from the figure that at (g/D,
d/D) = (0.5,0.2) and (1, 1) the symmettic FR occuts. At (¢/D, d/D) = (2, 0.8) and (3, 1) the inphase synchronized FR occuts.
The antiphase-inphase synchronized FR occurs at (g/D, d/D) = (2, 1), (3, 0.8) and (4, 0.6 < 4/D < 1). For the purpose of
comparison, the Cpyem, S7 Cpms and Ci on a single rod for different is also plotted in Figures 12(a-¢) to 15(a-¢). It is observed
that the mean drag coefficient of the middle rod is smaller than the outer rods values. Slightly higher than the outer rods at
g/D =0.5and 1 and d/D = 1. It can be seen from Figure 12(a-¢) that the Cpum is more sensitive for the smaller middle rod
size (d/D = 0.1 to 0.4). The mean drag coefficient of the middle rod increases as size of the middle rod increases. As the size
of the middle rod increased, the Cp of the outer rods slightly changed and was higher to that of a isolated rod for g/D =
0.5, 1, 2 and 4. The Cpy, of the middle rod was smaller than that of the isolated one. When the value of middle rod increased
to 0.8, the Cpyea of the middle rod becomes equal or higher than that of a isolated rod. At higher separation ratio the Cpyu of
three rods almost equal and slightly higher than the isolated rod case (Cpuas = 1.470). The mean drag coefficient of the middle
rod quickly increases for the /D values whete FR transitions were observed.

As the size of the middle rod increased, the §7 value approached to the value obtained from a flow past a single rod (Figure
13(a-e)). On the other hand, the vortex shedding frequency for outer rods was unaffected and almost approaches to the value
of an isolated rod. The middle rod Strouhal value is slightly affected as compared to the lower and upper SC value. Interestingly,
for all d/D values, the lower rod and upper rod Strouhal values ate almost equal to the Strouhal value of flow past an isolated
rod (§7=0.1591). At g/D = 0.5, the middle rod Strouhal value ($#7) is lower than the isolated rod value. Furthermore, at g/D
> 2, the Strouhal value of the middle rod is slightly higher than the isolated rod value. The reason is that at large g/ D value the
shed vortices from the rods are move independently without any serious interaction in the far wake region downstream of the
rods.

Figute 14(a-¢) shows the variation of the Cp,, with the /D for Re = 160. The middle rod has a maximum Cp, value at /D
=1 for all spacing ratios. The Cp,,sof the middle rod is much larger than that of the isolated rod for 0.6 = 4 =1 for all selected
range of g/D. At 0.1 < 4/D < 0.5, the Cps of the middle rod is almost approaches to that of an isolated rod. The Ci,, value
of the middle rod C,, is lower than that of an isolated rod except at the g/D = 2 to 4 and d/D = 1 whete Cp is neatly equal
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to the Cp, value of an isolated rod. It can be seen that the C.,,, on the middle rod is sensitive to g/ D and 4/ D, while those on
the outer rods is not too much sensitive. The Cp, of the outer rods was almost equal to that of an isolated rod in case of g/D
= 3 and 4 for all selected range of size of middle rod. It is found that the Ci,,, of the lower and upper rods were too close. It
is observed that the outer rod was less affected by the middle rod when g/D 2> 3 (Figure 15(d, ¢)).
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CONCLUSIONS

Manzoor

In this chapter, we have numerically analyzed flow past over two and three rods. For the investigation, numerical simulations
wete petformed, on the flow past rods in the range of ¢/D = 0.5 to 4 and d/D = 0.1 to 1 at Re = 160. It is found that without
middle rod (¢/D = 0) as gap spacing increases an irregular FR occurs at g/D = 0.5 and 1 and modulated antiphase synchronized
FRs occuts at g/D = 2, 3, and 4. In presence of middle rod the irregular FR occurs at (¢/D, d/D) = (0.5,0.1 < d/D < 1) and
(1, 0.1 = d/D < 0.8). While at (g/D, d/D) = (2,0.1 < d4/D = 0.6), (3, 0.1 < d/D < 0.6) and (4, 0.1 and 0.2) the modulated
antiphase synchronized FR occurs in presence of middle rod. It is found that the flow is symmetric behind the middle rod at
4/D =4 and d/D = 0.4, while the flow behind the lower and upper rods are antiphase. The wide wake is observed behind the

www.KurdishStudies.net



914 Numerical Study Of Flow Behind The Tods In Side-By-Side Arrangement Through Lattice Boltzmann Method

middle rod. The secondary frequencies confirm the continuous switching between narrow and wide wakes behind the rods in
case of irregular FR. The abrupt change in S%, Cp,. and Cr, of two rods is found once the flow transition occurs from irregular
FR (¢/D = 1) to modulated antiphase synchronized FR (¢/D = 2). The study found that the presence of a middle rod
significantly influenced the forces exerted on the rods and the frequency of vortex shedding. Abrupt changes in these
parameters coincided with transitions between flow regimes. Overall, the results highlight the complex relationship between
rod spacing, middle rod presence, and flow characteristics.
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