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1. Introduction large vortex flow through a square cylinder at 22,000 Reyn-
olds. The advantage of immersed interface method over

From more tharone hundred years ago till now other computational fluid dynamics methods is that there is
days, the flow around objects with circular and square cross compulsion to adapt the computational grid with the im-
sections has attracted the attention of many researchers. Thersedboundaries. So, the flow field can be analyzed nu-
subject of flow around these objects and the phenomenon gferically using a simple Cartesian mesh domain. In general,
vortex shedding caused by that due to peatepplications t he gr i d poi n tosthe anmersed intersem i nc i
in engineering is of great importance. Among the practicaion. The main idea of this method (Immersed Interface
applications of these types of streams, flows around chinMethod) is solving the NavieBtokes equations over the
neys, high rise buildings, marine structures, suspendeaghiform Cartesian gridd.he IIM is introduced by Le Veque
bridges, and aircraft's wing, ship's propeller and masts, arghd Li [7] to solve the elliptic equations. Then, this method
manymore can be mentioned. This type of flow often in-was developed for Stokes flows with the elabtitndaries
volves complex phenomena such as flow separation, vortey surface tension [8 This method (IIM) wasxtendedo
flow and vortex shedding. The formation of a vortex behindjeal with the fleible border problems usinthe Navier
arigid fixed cylinder is a complex phenomenon, and despitstokes equations [9The immersed imrface method was
all theoretical and laboratorstudies, there are still many developed fuher for he Navier Stokes equations in Q1
unknown aspectsn this research, we use temersedm-  11]. The IIM was also used in P114] for solving the twe
terface method to simulate the flow around the rigid cylindimensional streafunctionvorticity equations on irregular
ders. In this method, the effect of the presence of a bodjpmains.Xu and Wang [15] have extended the IIM to the
immersed in a fluid by adding a term of force telavier 3D Navieri Stokes equation for simulating fltigolid in-
Stokesequations is considered. An important advantage agraction.In this research, using a commiommersed rter-
this method is that there is no compulsion to atlepoints  face method, the flow around one and two rigid sejugl-
of the fluid mesh and the object meSlatsutaniet al. stud- inders is simulated, and the effects of the blockage ratio and
ied voluminous twedimensional unsteady flow aroutdo  the distance between the cylinders on the formation of vor-
square cyhders in a channel with a 20% obstruction ratiotices are examined.
in numerical and laboratory methods. They examined the ef-
fect of the gap between cylinders on flow behavior in Reyn2. Governing equations
olds numbers between 200 and 1600 $ohankaet al. [2]
examined the fluid flow around efrectangular cylinders at Navier-Stokes equations for the incompressible
various angles numerically. Their calculations are made fdfow are as follows:
numbersReD200 and angles between zero and 90 degrees.
They found that the behavior of all flow parameters at an- PO & L
gles of less than 20 degrees and more than 70 degreas had '
clear difference with other angles. Th&)dlso numerically
simulated and studied the netationary flow around a cir-
cular cylinder. His calculations were carried out in the range
of numbersRe= 45200. His numerical results showed that
for Reynolds less than 50 flows behind the cylinder are
steady and, with increasing Reynolds number, takesion a
steadystate Patnikeet al. [4]simulated the flow of a circu- _
lar cylinder using finite element method. In the range of uluE = Yooay 3)
numbersRe= 41-200, they examined the flow through the U(X0) = Upg,
effects of buoyancyBruno et al. [5]investigated the flow

around the cylinder in the Reynolds 40000 by means of gara s the fluid velocity p is the pressurg is the den-

finite volume dissociation methotVhile Lee and Benkie- sity ande the viscosity of the fluid. The forde which has
wicz [6] applied a finite element mettl for simulating a the form '
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with boundary and initial conditiorLp]:
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P Ty The above equations were derived13] andhere,
PO =1, T(s t)d( X -X(s D) ds @) we have used thsame notation for clarityThe jump, [.],
denotes the difference between the value of its argument
where X(s, t)is the arelength parameterization af(t)is ~ Outside and inside theterface, ands ,) arefthe rectangular
the arelength x(x, y) is spatial positionandf(s, 1 is the coordinates associated with the directionsnoind , re-
force density. Herelj(x) is the Diracfunction. The motion ~spectively. Alsok is the signed valued of the curvature of
of the interfaces is shown as below formulation the interface. We assume thet ¢ =k = constant, so that
can point either towards, or outwards from, the center of
-~ - - ~ curvature. We note that from above terttms values of the
i ux t)d( x X 1) d> () jumps of the first and second derivatives of velocity and
pressure taken with respect to the y) coordinates are
achieved by a simpleoordinate transformation. We con-
sider the below relations as a simple

u(X(s 9, t):m
ut

The force density using an expression of the form

f(s,1) = k(7<e(8) - X s)), (6) Q8 ugn gu.rg (12)

where kis a constantk > 1, and X is the ardength pa- QU & US M E2 u . . Bru ¢ 13
rameterizatiorof the required boundary position. The forc- Bv § UG ER U, B fuL B (13)
ing term in EqQ (6) is a particular case of the feedback forc- B B

ing formulation proposed by Goldstein et dl7] with b=0.  where n=(n,n,) and¢ =( ¢, ,)Y are the Cartesian com-

In [18], the force is expressed:as ponents of the normal ana@ngential vectors to the interface
at the point considered.

@) We employ a presswrécrement projection algo-
rithm for the discretization of the Navi&tokes equations.
The velocity field u and u are defined at the vertical edges

where U is the velocity at the control points, amdand ~ and horizontal edges, resgively. Given the velocity” ,

b are chosen to be negative and large enough so thll and the pressur(,z.u"'}/2 , We compute the velocity"**and

stay close to zero.

The Navier Stokes equations are discretized usin
a standard finite difference method on a staggered Cartesiqu‘% in there steps
grid. Cartesian grid is used for solving interface problems or ) _ o
problems with sophisticated geetry have become popular ~Step 1: compute an intermediate velocity field
recently. Existing Cartesian grid methods for interface probby solving
lems can be classified into two general groups: methods that
determine the jump conditions across the interface and in- ¢ - u ek
clude them into the finite difference scheme andnoethod o {u &2 -p
which is based on the immersed interface method originally
proposed by LeVeque and [18] falls into the first group.
Other methods smooth out the singular force before it is a5 rmula
plied to the fluid. When singular forces are applied on a ma-
terial interface, the solutions of the NaviStokes equations L5 1
may be norsmooth or discontinuous across iheerface. (ubu)™z =Z(u B)" =(u W (15)
letiand U be the unit outward normé&l and tangential vec-
tors to the interface, respectively. The respective normal and

tangential components of the force densfty= f(s,t) ©

f(s,)=apJ(s ti)dt #bU(s 9,

n+l

d:)ressurepn% , We compute the veloncity" "~ and pressure

[~

1
n +

m#éu B. (14)

n-

Q

Where, the advective term is extrapolated using the

The diffusion term is approximatéehplicitly as

and f, = f(s, 1) (:cgn be related t? themp conditions for Dzun+% :%( B +ﬁ'55) o (16)
pressure and velocity as follows3:
= Ut And the pressure gradient term is given by
& 80, 78 =8H £ ur 80 (8)
. p2" 2 =gMC p' o €, (17)
[p]= f..gp, gﬁ, P§ : ©)
Hs The MAC gradient operators are defined as
p +1 -R;
- -3 f,~ .- G"p) |, =——
§mi . BKE L G =g';—; &6 (10) (&), =
MAC Pij +1 B
(" P) oy ==
- - - y ij +% Dx

8mjxxﬁ'/éhh%8t'il ;gn (12)
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Step 2: Compute a pressure updats™ by solv- For convenience, we can write the above equation
ing the passion equation as
2o DU U, =Uy HAf, (23)
P*F"™ =— n PP 0: (18)
Dt W

where U, is simply the velocity at the control points ob-
This is accomplished by solving the discrete systained by solving Eqq14) i (22) with =0, givenu" and

tem p" A isa22N,3 2N, matrix, whereN , is the number
.., DMACY of control points. The vectoAf is the velocity at the con-
BTF"™ = o O (19)  trol points obtained by solving the following equations
Where the MAC divergence operator is defined as U omo . .
follows: ° P o= Bunul, (24)
ollows: Df 2 uw
u, -u, u , -u
(DMACU) - s BT R .
. - . u
! Dx A D%ﬂlz—Lm.FﬂW s (25)
Step 3: Update pressure and velocity field accord- Dt "
ing to:
L e ut=u - O HF (26)
u™t=u - o E G (20)
Af = B(u™). (27)
o™= gt A 4 g g( DY°U) G (21)

With f being the singular force at the immersed
boundary. Eq () can be used to determine the singular
] force if we know the prescribed velocltl at the immersed
central difference operators a{ =1,...,5 are the correc-  poyndary thus, the singular force at the control points can
tion terms which are only nerero at the points near the be computed by solving
interface and are calculated using generalized finiterdiffe
ence formulas of the type introduced in the previous section.  A¢ -y e, (28)

This method requires solving two Helmholtz equations for P X

u”in Eq (14) and ine poisson equation f&r"** in Eq, (19). The matrix A is computed once astbred. We

Having solved firu"™ at the grid points, we now solve Eqs(24) i (27) 2N, times, |, e one for each column
compute the velocity at the interface. The velocity at th&ach time, the force strengths set to zero except for the
control points,U, is interpolated from the velocity at the entry in the column we want to calculate which is set to one.

The operator®, andb’ are the standard three point

grid points. Thus, we can write Once the matrix A has been calculated, only the right hand
sideU , - U. . Needs to be computed at each timestep. The
— k — n+1
U, =U(X7) =B(u™), (22) resulting small system dEq. (28) is then solved at each

timestep for the singular force f. Finally, we solve HG4)
where B is the bilinear interpolation operator which in- . 21) to obtainu™*. p"%
cludes the appropriate correction terms which are require'd( ) to obtainu™, p=7=.
to guarantee second order accuracy when the derivatives of . )
the velocity are discontinuous. 3. Results anddiscussion
In summary, the equations that need to be solve
in order to calculate "™ andU, . can be written symboli-
cally as The problem geometry in this case is shown in
Eq (14)° Hu =C +B f. Fig. 1, the path blocking ratio is equal t8=1/8=0.125
Eq (19) 0 el . ( B =d/ H ). The channel length wbstaclelength ratio is
G (19° LF™ =Du &, f. 25. (L /d =25). All dimensions of the cylinders are dimen-
Eq (200° u™+u -G F* B f. sionless by the length of the square obstakie. length of
Eq (22° U, =Mu™ 48, f. the flow mlput (the distance between the front edge of the
S R, square cylinder and the channel entrance) i% . The ve-
Eliminating u",F""u" * from the above equa- |qity profile is uniform at the entrance and the boundary
tions, we can compute the velocity, at the control points condition is norslip on the walls. The Reynolds number is

g.l. Flow analysis around one square cylinders

as follow Re<300.
U,=M(H'C -GL'DH *C) + Fig. 2 shows ’(he flow lines for severa.l diffe_rent
. j . Reynolds numbers. FigR, a shows thestreamlines in
+(M(H'B, -GH"B 6L°B B) Byt Re= 1. In this case, due to the predominance of Viscose

forces, asteadyflow will be formed without any separation.
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As the Reynolds number increases, separation of the floedge. Based on the results of the calculations, the penetra-
occurs in the back of the barrier. The onset of the separatidion phenomenon of the separation region to the front edge
phenomenon and therimation of stationary vortices for the can be seen in the Reynolds range greater than 130. This
present problem iRe= 3 (Fig.2, b). Zdravkovich [19]in  phenomenon has significant effects on the flow charaeteri
his empirical observation, provided this value for a circulatics that will be addressed in the following sections.

cylinder in the free flow witiRe= 4.4. As can be seen, this

value is for a square barrier siieathan the corresponding d
value for the flow around the circular cylind@ihe reason .
for the smaller value of this value in the flow around the L/5 -

square barrier can be related to the existence of sharp edges <+~
in this problemWhen the Reynolds number othpstream
flow reaches the critical Reynolds number, alternating * g

steadyvortex phenomenon occur§he critical Reynolds L

number for the studied issue is calculated with blockage Fig. 1 Problem geometry of a square cylinder

tio of 0.125, about 55T 0 illustrate this, thetreamlines are ) o )
comparedor Re= 50 andRe = 60 inFigs. 2, ¢ and 2 d. Fig. 3, a shows the variation in vortex region length

References [2021] have provided 54 and 70 respectively(SteadyﬂOW with symmetric vortices)versus Reynolds
for critical values of Reynolds. Fig, e shows the stream number.The calculations confirm the linear increase in vor-

lines forRe= 200. Since the flow in this caseliasteady, €X region length in terms of Reynolds number increase.
the shape of the stredines is drawn in a special moment. Fig- 3 shows the variation in the Drag coefficient in terms
Flow in Re= 200 In addition to the vortex flow behind the of Reynolds number in the Reynolds range below 55. In this
cylinder, smaller vortex flows will be formed adjacent to thefigure, the results of the traulations are compared with the
lateral edges of the cylinder. In other words, the separatidigSults of Breuer et al. [22 the lower Reynolds numbers,

tional forces to pressure forces is greater.

[ 35F .
3 - \\
3k \ present study
25¢ A B Breuer study [22]
© 2 f - 25
iy [ ©
15 * oL
1
[ 15
05F
L 1 L I I I I
0 10 20 30 40 50
Re
a b

Fig. 3 a- The vortex region lengthersusthe Reynolds number in the permanent flow The variation of the drag coeffi-
cient in terms of Reynolds number in tteadyflow

Fig. 4 shows the variation dhe Strouhahumber versus Reynoldsumber. The results are in good agreement
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with the results oBreuer et al. [22]. Ithe range 055<Re<  characteristics. Boundaryuditions and channel geometry
140, with the increase of the Reynolds number, the numbeare similar to the previous problem. The Reynolds number
of strouhal also increases. When the Reynolds numbearies between 1 and 200. Fir&, = 5 is considered con-
reaches about 140, the graph will have a maximum poingtant.
and after that, the Strouhal number begindetiorease grad-

'y

ually. the reason for that is an important change that occurs Cylinder 1 4 Cylinder 2 4

in the flow pattern as shown in Fig, e. In the Reynolds i i H
range greater than 130, the flow separation point moves L5 G

from the rear edge of the cylinder to the front edge and there- !

fore vortex flows are formed with a smaller scale adjacent
to the lateral edges. The occurrence of this phenomenon
causes the fluctuating behavior of downstream flow to slow Fig. 6 The geometry of two squaylinder problem
down.

L

Fig. 7 shows variations in the coefficient of cylin-

0.8 der drag in the differertlockagerates versus the increase
present study in Reynolds numberd = 5). Reducing thdlockageratio
08p Brever study [22] reduces the drag coefficient apdessingdrag coefficient.
This is due to the reduction ofareffective flow velocity
» 014 around the cylinders and the strengthening of the pressure

in the rotating area behind the cylinders. Increased pressure
in the areawvakecylinder reduces thpressingdrag coeffi-
cient and since the large part of the drag coefficof the
‘ ‘ ‘ cylinders is due to theressingdrag coefficient, the total
100 . 200 300 drag coefficient decreases. With increasing Reynolds, the
€ cylinder drag codicient 1 (upstream) decreases &inel cyl-
Fig. 4 Strouhal number changeersuskReynolds number inder drag coefficient 2 (downstream) increases. However,
by increasing Reynolds, there is a fluctuation in the drag co-
In Fig. 5, the drag coefficient chart in the Reynoldsefficient of 2 that reduces the drag coefficient.
range of less than 130 has a decreasing trend, which is re-
lated to the effects of the getting thin of boundary layer. The

chart has a minimum point at Reynolds Point 130, and in :\—/
larger Reynolds, the Drag coefent increases. This is due Ler T

to the penetration of the point of separation of the flow from - —— T

0.12 |*

0.1:

the rear edge of the cylinder towards the front edge, result- 12 /
ing in an appreciable increase in the contribution optes- 8
suredrag force in calulating the dragaefficient. As noted 08| oylinder 1, B=0.2
above, the penetration of the separation region to the front /) T i e
edge in the Reynolds range greater than 130 has significant 0al cylinder 2, B=0.125
effects on theinsteadyflow characteristics and plays a ma-
jor role in interpreting the changes chart in ®othal ‘ ‘ ‘ ‘
numberand Drag coefficients. % 50 100 150 200
Re
16
Fig. 7 Changes in cylinder drag coefficient in the different
,,,,, o o 122 obstruction rates versus increasing the Reynolds
15} number
3 14f For the distance betweerethylindersG =5, in the
Reynolds number range less than B&w remainsteady
while in the Reynolds number range greater thanubs
13} steadyflow (periodic) are formed. The critical Reynolds
number indicates the beginning of the vorsbrdling from
bothcylinders, for the gap between the cylin@er 5 in the
L2 "0 1m0 200 20 300 Re= 5560 range. In Fig8, the streamlines for Re= 100
Re and the various cylindrical distand®s= 1-5 are shown. For
Fig. 5 Changes of the average drag coefficiearsusReyn- ~ cylinder spacingG = 1, the flow around the cylinder up-
olds number irthe unsteadylow stream (cylinder 1) and thHeetween twoc y | i ragka®is s 0
steadyand the vorteshedling occurs only from the down-
3.2 Flow analysis around two square cylinders stream cylinder (cylinder 2). As the distance between the

two cylindersincreases, the flow symmetry ihe between

The purpose of this section is numerical study ofwo cylindersarea fades out and the vortsixediing from

passing flow from two consecutive cylinders in order to find?0th cylinders starts-or the Reynolds number 100, thap
the effects of thehange of Reynolds numbehe ratio of the critical cylinder, which vortex shdithg starts from cyl-
blockage and the distance between the barriers on the fldidder 1, lies within the range @& = 1-2. Reducing the gap
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betwea cylinders will increase the critical Reynolds num-(Von karman vortexstreet) starts from both cylinders. Crit-
ber. For example, for a gap between cylindérs 2, the ical Reynolds number can be an important parameter in the
critical Reynolds number is withifRe <100, while for the ~design of structures. lsuch a way that the structural de-
cylindrical gapG = 1, the critical Reynolds is within the Signer can predict the initiation of the vortex's diffusion and
Re> 100 range. The critical Reynolds number is a Reynold&ctually the application of oscillatory forces on the structure.
in which the phenomenon of asymmetric vortisaediing

d e
Fig. 8 Thestream linefor Re=100a-G=1,b-G=2,C-G=3 d-G=4ande-G=5

4. Conclusions 55 unsteadyPassing fronsteadyto unsteadystate happens
in theRe= 5560 range (critical Reynolds numbeBased

In this research, the immersed interface method ign the location and flow separation, thréféedent states are
used which is a nenonforming method to the boundary. observed. 1Begin separation of the flow from the escape
Eulerianmeshis used for fluid field, and Lagrangianesh  edges of the cylinders in the ranfye Re< 2 for the up-
for solid field. The connection between these tweshis  stream cylinder angl< Re< 5 for the downstream cylinder.
established bthe Dirac Deltdunction Considering the cyl- 2. Startingthe vortexsheddingrom the edges of the escape
inder as a rigidmmersedboundary within the flow. First, of the cylinders in the range 65<Re<60. 3. Starting sep-
simulationlaminarflow around a square cylinder has beenaration of the flow from the attack edges of the upstream
investigated.1. In Reynolds less than 1, there ist@ady cylinder in the range df00< Re<125.
creepagdow and no flow separation occurs.@the Reyn-
olds larger than 3, the separation of the flow occurs and theeferences
steadyflow is observed with symmetrical and stationary
vortices behind the cylinder. & the Reynolds larger than 1. Tatsutani, R.; Devarakonda, R. 1993.Unsteady flow
55 (critical Reynolds), the phenomenon of alternating dis- and heat transfer for cylinder pairs in a channel, Interna-
charge of wrtices (\on karman sheddingStreet) andun- tional Journal of Heat and Mass Transfer 36:3328.
steadybehavior of flow are observed. fh the Reynolds https://doi.org/10.1016/0019310(93)90013/.
larger than 130, the vortex flow from the back of the cylin-2. Sohankar,A.; Norberg, C.; Davidson.L.1997. Numer-
der penetrates to the front edge. The results of the calcula- ical simulation of unsteady flowraund rectangular cyl-
tions show that in theteadyflow pattern with symmetric inder s at inciderg Journal of Wind Engineering and
and stationary vortices behind the cylinders in the range Industrial Aerodynamics 691:189201
3< Re< 55, with the increase of the Reynolds number, the https://doi.org/10.1016/S0165105(97)00154.
length of the vortex region increases lineaflg.the Reyn- 3. Udaykumar, H. S.; Mittal, R.; Rampunggoon, P.;
olds number increases, the process of changing the trounh Khanna, A. 2001. A sharp interface Cartesian dri
number in the range below 140, incremental and in the method for simulating flows with complex moving
Reynolds range between 140 and 300 is reduced. Also, with boundariesJournal of Computational Physit34:345
the Reynolds number increasing, the process of changing 380
drag coefficient in the Reynolds range less than 130 declines https://doi.org/10.1006/jcph.2001.6916.
and within the Reynoldsange between 130 and 300 incre-4. Patnike, B. S.; Narayana,P. A. A.; Seetharamu, K.
ments. The change in behavior in the process of changing N. 2000. Finiteelement simulation of transient laminar
the Stroull number and the drag coefficient in the range of ~ flow past a circular cylinder and two cylinders in tandem
130< Re< 140can be related to changing the pattern of flow  influence of buogincy, International Journal of Numeri-
in this range. The penetration of vortex flow from the back cal Methods for Heat & Fluid Flow 10:56880.
of the cylinder to the front edge is the main cause of this https://doi.org/10.1108/09615530010347169.
behavior change. In the second part of this study, the flow. Bruno, L.; Fransos,D.; CosteN.; Bosco,A. 2010.3D
around the two cylinders hamen analyzed. Studies have  flow around a rectangular cylinder: A computational
shown that foiG = 5, the flow in the Reynoldsange less study, Journal of Wind Engineering and Industrial Aer-

than 55 is steadywhile in the Reynolds range greater than ~ odynamics 98:26276.
https://doi.org/10.1016/j.jweia.2009.10.005.



