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ABSTRACT

The discrete vortex method is not capable of precisely predicting the bluff body
flow separation and the fine structure of flow field in the vicinity of the body surface. In
order to make a theoretical improvement over the method and to reduce the difficulty in
finite-difference solution of N-S equations at high Reynolds number, in the present paper,
we suggest 2 new numerical simulation model and a theoretical method for domain decompo.
sition hybrid combination of finite-difference method and vortex method. Specifically, the
full flow field is decomposed into two domains. In the region of O(R) near the body surface
(R is the characteristic dimension of body), we use the finite-difference method to solve the
N-§ equations and in the exterior domain, we take the Lagrange-Euler vortex method. The
connection and coupling conditions for flow in the two domains are established. The spe.
cific numerical scheme of this theoretical model is given. As a preliminary application, some
numerical simulations for flows at Re=100 and Re==1000 about a circular cylinder are made,
and compared with the finite-difference solution of N-§ equations for full flow field
and experimental results, and the stability of the solution against the change of the
interface between the two domains is examined. The results show that the method of the
present paper has the advantage of finite-difference solution for N-S equations in precisely
predicting the fine structure of flow field, as well as the advantage of vortex method in
efficiently computing the global characteristics of the separated flow. It saves computer
time and reduces the amount of computation, as compared with pure N-S equation solution.
The present method can be used for numerical simulation of bluff body flow at high
Reynolds number and would exhibit even greater ‘mcrit in that case.

Keywords: domain decomposition, hybrid method, finite-difference method, vor-
tex method, numerical simulation, circular cylinder-separated flow.
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I- InTrRODUCTION

The vortex method (VM) and the finite difference method for N-S equations
(FDM) are the two major methods for numerical simulation of bluff body flows.
The advantages of the vortex method include what follows: It is capable of pre-
dicting effectively the global features of unsteady separated flow and the flow field
far from the vorticity layer. Because this method is discrete only with respect to
vorticity sheets, but not with respect to the whole velocity field, it is relatively
_time-saving in computation. The Lagrangian vortex method can avoid troubles brought
about by grid dividing. With VIC method the amount of computation can be re-
duced from O(N?) (N is the number of vortex points) to the order of O(Mlog,M)
(M is the number of grid nodes). The random walk can reflect the diffusion of
vorticity. But the vortex method has a few intrinsic theoretical defects, for exam-
ple, it is not capable of precisely predicting the flow field near the body surface
and that near the vorticity layer. Prediction of the flow separation and vorticity
distribution on the surface requires smoothing technique for computed results, pro-
viding approximate values in an average sense. The precision of the method with super-

posed random walk 1is proportional to 1/+/N. Consequently, to ensure the
sufficient precision, the order of vortex number must be O(Re), thus requiring a
large amount of computation. In practice, the degree of precision is not satisfactory.
In addition, essentially, the random walk of vortex can only simulate the viscous
diffusion of fluid molecules. At high Reynolds number, the flow becomes turbu-
lence, the definite meaning of this diffusion would be lost. Although a lot of re-
sults given by this method are rather satisfactory, its mechanism is still somewhat
questionable. Using any kind of vortex method, a number of somewhat arbitrary
parameters must be introduced in order to bring the numerical results into agreement
with experimental data. On the other hand, in the case of moderate Reynolds
number, the finite difference solution of N-S equations can yield very precise
results of numerical simulation. But when the Reynolds number increases, the
number of grid nodes should reach O(Re), and the small scale structure with mag-

nitude of O(ﬁ) in the flow, e.g. the important deformation character of the
flow, such as flow separation, secondary separation, would then be resolved precisely.
This is difficult to realize at very high Reynolds number (e. g. Re~10° 10°% in
the range of flow transition, or in the case of even higher Reynolds number). In
addition, it needs even greater number of grid nodes and larger amount of compu-
tation to make the far wake flow field discrete. In the simulation of unsteady flow
and vortex shedding, considerable amount of computation is required and different
time steps are introduced to show the difference in character between starting flow
and that of long-time flow. Moreover, there are still some theoretical problems in
finite-difference solution for flow at high Reynolds number remaining to be solved.

Considering both the advantages and the existing problems of the two methods
mentioned above, we try in the present work to explore a new kind of numerical
model, expecting that it not only is capable of giving precise description of fine
structure of flow near body surface, and the generation and initial convection of
vorticity, but also can conveniently yield precise computed results for a large scale
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flow and predict the overall characteristics of the flow far from the body surface.
For this purpose, in the persent paper, we suggest and study a domain decomposition
hybrid combination method for finite-difference solution of N-S equations and a
vortex method. This method possesses the advantages of finite-difference solution
of N-S equations. It will reduce the difficulty of large number of grid nodes and
large amount of computation for high resolution required by treating flow at high
Reynolds number by means of limiting the region to be studied in detail to the area
near the bluff body. At the same time, this method also has the advantages of
discrete vortex method and can be used to predict the character of flow in region
with large extent. In order to make full use of some previous results for detailed
comparisons, in the present paper the new method will be applied to simulating
flows at moderate Reynolds number around a circular cylinder, and the computed
results of Re = 100 and Re = 1000 will be given. For the purpose of analysis
and comparison, the corresponding finite-difference solution of N-S equations for
full flow field will also be computed, and the influence of location of interface
between the two domains is estimated. In the following paper, we will present the
results for high Reynolds number and unsteady flow cases by the new method with
a high order difference scheme used.

II. TueoreTiIcAL METHOD
1. Domain Decomposition and Fluid Flow Resolution by Hybrid FDM-VM Method

The complete flow field is decomposed into two domains, namely, the interior
domain Q; and the exterior domain Q,. The
interface between Q, and Q,; is I, as shown in
Fig. 1.

The interior flow is viscous, flow separa-
tion occurs and important deformation exists
there. This is the region where the vorticity
takes place and transports initially, The extent

of this region is O(+/ 7). But in view of
the fact that the complex structure of flow in
reverse flow region should be shown and that
the reduction of the circulation of vortices in
near wake would significantly influence the
force acting on the body, the extent of interior
domain can be extended to O(R)(R is a char-
acteristic dimension of the body). This range can be determined flexibly according
to our requirement on precision of describing.the fine structure of flow and the
requirement on amount of computation. In domain Q; the variation of vorticity
and the flow field are determined by N-S equations and Poisson equation about
stream function and their initial and boundary conditions for this solution. The bound-
ary values of vorticity on the interface must be determined with care. The flow
in domain Q, is assumed approximately to be inviscid potential flow. The convec-
tion of vortex is calculated using discrete vortex model and VIC method™”. The
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vorticity is conserved when the vortex 1s in motion. The velocity of this motion 1is
given by Poisson equation.

The flows in the two domains are coupled together, and will be solved simul-
taneously. The exterior domain gains the newly generated discrete vortex ifrom vor-
ticity flux passing across the interface, which serves as the initial condition for
solving the vortex motion in the exterior domain. The vortex motion in the exterior
domain is determined by using the full flow field vorticity distribution and by solving
the Poisson equation. In solving the interior N-S equations, the boundary condition
o, at the interface is given by interpolation for the vorticity on the two sides near
the interface, i.e.

I+N

w(iy7) = 2] Awy, (1D
k=1—1

where Aw; is the discrete vortex component on the interface, such discrete vortices
were generated from the vorticity at grid nodes of the %2-th grid layer, and expe-
rienced a motion for one time step. N is a positive integer. The stream function
values ¢; on the interface are obtained from interpolation of nearby stream function
determined by the vorticity of the full flow field. Across the domain interface the
mass flux, the momentum flux and the vorticity flux should be conserved. The
correlation and simultaneous solution of flows in Q, and @, can also be visualized
from the computation methods presented in the next section.

2. Interior-Exterior Domain Hybrid Computation Method

The interior domain and the full flow field are divided with fine and coarse
grids respectively. Two sets of grid, fine and coarse, can be applied simultaneously
to the interior domain. The computation method is as follows.

(1) As the variables on the interface at the n-th time step are known, solve the N-§
equations on the fine grid in ©Q,. Then vorticity distribution is obtained.

(2) Calculate the new discrete vortex transferring into Q, and the movement of
discrete vortex originally existing in Q,. Vorticity in Q, is obtained.

(3) Solve the Poisson equation from full field vorticity distribution. The stream
function and the velocity on the coarse grid are obtained.

(4) Calculate the vorticity, the stream function and the velocity on the interface
required by the next time step.

(5) Solve the Poisson equation on fine grid in Q, to obtain values of stream func-
tion, and calculate the velocity field and the vorticity on the body surface, as
well as the forces on the body.

Repeat steps (1)—(5) to obtain the flow solution.
3. Method of Numerical Solution
(1) The governning equations and the determining conditions

Let flow variables, time variable and coordinate variables w, ¥, V,, Vy, ¢ and r
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be made dimensionless by introducing characteristic quantities —%— U.R, U, -R—

o
and R, In order to make the grid denser in the vicinity of cylinder surface, we
introduce the following coordinate transformation:

r = exp(2x&),
6 = 27y ' (2)
to transform the physical plane (r,68) of the rounded flow into the computational

plane (&,7),

For the interior domain, the governning equations of the flow around a
circular cylinder and the solution-determining conditions are as follows:

Jw 2 ( a’w)
D.E,. E——+——U + 2 (voy=2 + ; 3
o o) + 2 (V) e+ 2o (32)
0P o
=T 4 = -—E )
o8 o N
where E = 4xn’exp(4n&), U = _g_tb = EiV,, V = — g—? = EiVy (V,,V present the
7
velocity components in physical plane).
¢ 1 8%
B.C. =0 = =0 = —_
s ¢ or > @ E 0¢& ’
£ =& oE,n) to be given,
¢i(§,1) to be given, (3b)
I.C. t=10 ¢ = —2sh(2x&)sin(2=y),
w(gaﬂ)= 0, (3¢)

The dimensionless pressure P, and shear stress (normalized by-;—pVi,) T, and

the vorticity w on the cylinder surface can be obtained from the following relations:
op 4 Ow

On 1&=0 - Re w@E_IFﬂ ’ 4)
— f(n) = % o) g=0s (5)
“e= (E o&? )550 ) (©

. . . 1
The coefficients of drag and transverse force with -E—pUi as a reference quan-

tity are

1
—Cp+iC, = -I% ] j (27:0) — Q—L-G—) ei=ndy, (7)

(2) The finite difference equations

For flow at moderate Reynolds number, in the present paper, the revised expo-
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nential type finite-difference scheme derived by Kellogg® is utilized to treat two-
dimensional unsteady flow, and the alternation direction implicit (ADI) method is
employed to perform alternating direction implicit difference calculation in direc-
tions £ and 7%, then the finite-difference equations for N-S equations are obtained

as follows:

Et‘ Bjyi — w?,f + (Uw):"-i-hf _ (Um):'l-—l’f + (V’aj)i.f"‘l i (V”é)i:f-l

A1 20 20
2
—_ _2__ [(0’1&?)?4.1,,‘ —_ 2(0‘1(0)?,;‘ -+ (clw)?—l)f
Re A&
+ (03®)irj+1 — Z(Uiﬁz);si + (056)ii_ ] , (8a)
n
E. 035_',;(1 —&®;,i + (ﬁwsﬂ)iﬂ’f - (ﬁw’ﬂ)i_ni + (f;‘:?):’afﬂ —_ (ﬁ&)bi—z
" Ar 2AE 247
2
— _2_ [(5’1m”1)£+1,5 —_ 2(5103”1);:5 -+ (5103'+1)u'_1,,-
Re AE?
+ (628)irir1r — 2(5::;12);,; + (5253);’:'-1] , (8b)
where
(Uy)ijAly (UpdiiAl
(O'k)iai="“‘_—'4—“‘ Re coth [-———T—— Re], k=1,2 (8¢)

When k= I, V1=U, A31=A§; k=2, U;= V, A.fz:A?].
The symbol “~” implies taking the values at (n +%—)-th time step. The Pois-

son equation in (3a) is solved by means of the successive over-relaxation (SOR)
method, with the following scheme '

(14
prit= ot + O+ ) [Pl + o) + (i + G

+ (AE)E;0;; — 2(1 + £2)¢%;1, 9

where @ = Af/An, « is the over-relaxation factor. Taking « = 1.72, the rapid
convergency can be affected.

One of the reasons why we adopt the above-mentioned difference scheme is that
the program of ours for solving N-S equations may be used directly. Generally
speaking, for the revised exponential finite-difference scheme of Kellogg, the pre-
cision is of the first-second order, the stability is good, the amount of computation
is not large, the convergence speed is rapid, and the grid Reynolds number is not
limited, so this scheme is appropriate for treating flow at low and moderate Rey-
nolds numbers®™. And the ADI method is capable of reducing the inversion of a 5-
rank diagonal matrix into successive inversions of 3-rank matrices. This can save
computer time greatly.
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The surface vorticity and the vorticity gradient are calculated by using the

(3) Lagrange/Euler vortex method calculation in exterior domain

The strength of j-th nascent discrete vortex which is converted from the vortic-
ity flux passing through the j-th section surface element d%n on the interface in unit
time may be approximately expressed as

AT; = L U, dn = -%(m; + 0; 1 )(U,; + U,i)AnAtz, (12)

Here U, is the normal velocity at the interface.
Assuming that vorticity flows out from the center of every small arc element

on the interface with average velocities U = % (U; + Ujyy)y, V= -;— (V; + Via)s

after Az, each nascent discrete vortex will be located at
G+ Ar) = £(2,i) + 8¢,

7}(:+Az)=q(z, f+-21-)+611, (13a)

where

5k = %U . AYJE,
. (13b)
én = '2—V « At]E,

The movement of discrete vortex already in exterior domain can be calculated
with VIC method. After Az, each discrete vortex will be located at

E(r + Ar) = £Q) + 88,

7}(: + At) = ’T(‘) + o7, (14)
sE=U,+ At]E,

sn=1V,+ At/E,

where U,, V, are velocities of vortex motion; they can be obtained from velocities
on the grid nodes by using area-weighted interpolation method as follows:

4
U, = D mA/ 4,

*j‘ (15)
Vo= 2 vxdsl 4,

k=1
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where #; and v, are flow field velocities on grid nodes, which can be derived from
the solution of Poisson equation. A is the grid cell area and A is the area occupied
by the k-th vortex. When the vortex with strength T' reaches its new location, the
corresponding vorticity distribution on grid nodes is

r “x
X = E, A (16)

In the present computation, the spacing of the coarse grid is taken as integral mul-
tiple of that of fine grid in interior domain. In the calculation with discrete vor-
tex method our previous study on the force prediction has shown that' the circula-
tion reduction of vortex in the near wake (1 < r < 3) is expected to affect consid-
erably the drag and transverse force, and the effect of vortex decay in the far field
may be neglected, so that in our computation the interface between interior and
exterior domains is taken to be located at r = 2—3.

III. ComrutaTioN Resurrs anp CoMPARISON
1. Re =100

In the case of the Re = 100 solution, we take the same grid spacing in both
interior and exterior domains on the computation plane, for comparison with the re-
sults of solution of full field N-S equations. Take AZ = 0.01, Axn = 0.0167, The
interface between the two domains is a circular cylindrical surface of r;= 3, i.e.
being located on the grid points with I = 18, positioned at a radial distance 3
times the radius of the circular cylinder. The total number of grid nodes in the
interior domain is I X J =18 X 60, and the corresponding region on the physical
plane 1s 1 <r <3, 0<<6 <2z, The total number of grid nodes is I XJ=60X60,
the corresponding region on physical plane is 1 <r << 43, 0<<6 < 2x, The time step
is Ar=0.02, For the purpose of analysis and comparison, we make finite-difference
solution of N-S equations for full flow field with the same numerical scheme and
grid dividing. In addition, using the same method, we further calculate the flow in
the early stage as the location of the interface is taken at r;==2, i.e. on the grid
nodes with I = 12, Computation in the present paper gives the time variations of
physical quantities, such as the drag of the circular cylinder, the transverse force,
the separation point, the stagnation point, the surface pressure distribution, the vor-
ticity distribution, the radial velocity on the symmetric axis behind the cylinder,
the flow patterns, and the vortex shedding as well as §, number.

The general features of the variations of these quantities coincide with those
given by previous numerical solutions of N-S equations, which are omitted here.
Table 1 gives the calculated global features of the separated flow and their compar-
ison with available data. The results show that the mean value of the drag and S,
number are in excellent agreement with experimental results given by Relf et al.®?
and Roshko™. The mean value of separated angle agrees well with or is very close
to the numerical solutions from Kawaguti”™, Jordan et al.® and Thoman et
al.®  The prediction of the global features of the flow given by the present method
coincides well with that given by our finite-difference solutions of N-S equations
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for full flow field.

Table 1
The Global Features of the Separated Flow About Circular Cylinder and the Comparison
Results Cp 5% S, Cirom.s.
Re = 10? 103 102 102 102 10* 10?
Present method 1.435 1.17 116.6 96.4 0.163 0.203 0.229
FDM solution of NS 1.41 1.15 115.9 96.2 0.16

eq. for full flow
field by present work

Experimental results|} 1.436 (Relff*?) 0.16 [0.213 (Roshko!s)
1.60 1.00
(Wiselsbergert!''?)

Jordan et al,[®2 1.28 1.24 117 92 0.16 0.206
Kawagutil? 1.20 115
Thoman et al.t%y 1.50 117.5 102

300,000 1 15.000
270,000 ) 10.000 _%\
, A, L \
240.000 3 \
210.000 : 5000 \
L /N AN 3 N
2 180.000 "\‘n \\~/ As\ J ~ TV 0.000 \ \
150.000 \ —5.000 3\
120.000 P AP —F—< -
v A — 10,000
90.000
£0.000 —15.000 L : '
770,00 10,00 20.00 30.00 40.00 50.00 60.00 0 60 120 180 240 300 360
t 6.
Fig. 2. Periodic variation of separation angles Fig. 3. Vorticity distribution at the cylinder

(A;5A;) and rear stagnation point (Re = 100). surface and comparison between the present

work and Ref. [10],
——, Present results; <.+, Collins and Dennis*!03

Fig. 2 shows the variations of the angle of separation and the rear stagnation
point. The detailed change of the vorticity distribution with time and the separa-
tion at the cylinder surface are shown in Figs. 3 and 4 respectively. The compari-
son between our results and those given by Collins & Dennis“? is made in the two
figures and an excellent agreement is obtained.

Our computation shows that as Re = 100, the vorticity generated at the surface
of the circular cylinder transports to domain interface, reaching there almost at
¢ =136, Hence, the coincidence shown in the comparison of vorticity at = 1.0
and 7= 2.0 in the figure demonstrates the correctness of our numerical solu-
tion of N-S equations for full flow field as the outer boundary shifts from infin-
ity in theoretical sense to the finite region (O(R)) of r; = 3, and the correctness
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of the domain decomposition hybrid combination solution. Table 2 presents the de-
tailed comparison of computed results of separation angle. It can be found from
the table that for three cases in this pa-
per, i.e. the domain decomposition hy-
1000 Re brid combination solution, the full field
N-S equations solution by the same nu-
merical scheme, and the solution when
the position of domain interface changes,
the computed results are very close to
each other. When the position of domain
interface changes fromr; =3 tor; =2,
the present solution is stable. The com-
puted values of drag in these three cases
also show agreement. Figs. 5(a)—5(b)

Fig. 4. Variation with time of the angle show the good periodicity for the stream
of separation

A, Present results,

line patterns at various instants, with

s Collins and

Dennis’ nuwerical solutions,[10] a difference of about half a period. The
Table 2

Comparison of Angle of Separation (Re = 100)

¢ Angle of Separation

. . Finite-difference solution for

Solution by present method N-S eq. for full flow field
ry= 3 ry = 2

0.5 166.90 166.75 . 166.88

1.0 133,32 133.53 134,13

1.5 126.35 126.33 126.84

2.0 123.41 123.42 123.31

2.5 121.57 122.00 121.68

3.0 120.07 120.34 120.07

3.5 119.33 | 119.45 119.39

4.0 118.59 .; 118.86 118.61

(a) ©

Fig. 5(a). Streamline pattern at Fig. 5(b). Streamline pattern at
t =52.0 for Re =100, 2 = 58.0 for Re = 100.
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computation is done with a Honeywall DPS 8/52 computer. Up to z= 60,
CPU time used is 1.2 h., while CPU time required by solving N-S equations for
full flow field with the same finite-difference scheme is 1.9 h, the latter being
1.58 times of that required by the method suggested in the present paper.

2. Re = 1000

For Re = 1000, one computed example in this paper applies uniform grids in
both interior and exterior domains on &,%n plane and AZ = 0.005, An = 0.0083, The
interface between the two domains is a circular cylinder with r; =3, The total
number of grid nodes is I X J =120 X120, The corresponding flow region is 1 <<
r<<43, 0<<6 <2z, Time step is Az = 0.02, The global features of the flow are
given in Table 1. Comparison shows that the calculated drag coefficient is close to

the measured values of Wieselsberger™’ and the numerical results of Jordan et al.®
2 N T T T T T T T T 3 _ I i T . T ]
© WW T ) 0~' /\ /\ i
H . ] \ \/
' ; . ] It =
0 20 40 60 80 . 100 40 . 60 80 - 100
4 {
Fig. 6. Variation of drag coefficient Fig. 7. Periodic variation of transverse force
with time (Re = 1000). coefficient (Re = 1000).
60F— T T T ™
T T L T l I. T T .
- (ﬁ\/\_/\m |
= 200
0 . ) 1 . } ) —H0 e . . PR SU NN S S TR
0 50 0 100 200 300
¢ 6°
Fig. 8. Periodic variation of Fig, 9. Variation of vorticity distribution at the
separation angles (Re = 1000), cylinder surface and comparisons between the pre-

sent work and Ref. [10]J(Re=1000). , Present
results; %%, Collins and Dennis’ numerical

solutions.
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The calculation of §, number agrees well with the results of Jordan et al.®™® It

is close to the experimental data of Roshko™ and is a bit lower. The prediction

of the separation is close to the results of Jordan et al.®®,

and more accurate than

that given by Thoman et al.”? The coincidence between the present results obtained
by the domain decomposition hybrid method and numerical solution of N-§ equa-
tions for full flow field is very good. Figs. 6—8 show the periodic variations of
drag, transverse force and the separation point.

Table 3

Comparison of the Angles of Separation (Re = 1000)

1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0

Angle of Separation
Solution by present method for NS "edqi.f o it o Field
117.74 117.67
114.74 114,68
112.47 112,13
110.29 110.17
108.61 108.45
106.95 106.79
105.46 105.31
104.15 104.50
102,91 102.84
101.67 101,79
100.89 101.01

The comparison of computed vorticity distribution on cylinder surface and the
separation variation at the early stages of the flow with results of Collins and Den-

nis"®” are given in Figs. 9 and 4, respectively.

Both results coincide perfectly.

y T
1 =10 ]
2.0
0.5 ~~ 3.0 .
N
0 t } "
_0.5 = -
_1 —
: 1 :
1 2 3 4
y
Fig. 10. Variation of the radial velocity

on the symmetric axis behind the cylinder
and comparisons between the present work

and Ref.

results;

[12](Re = 1000), s Present
+++, Ta Phuoc Loc’s numerical

solutionstl,

The detailed comparison of calculated separa-

tion points for the early stage of the flow
is presented in Table 3. It can be found
that the coincidence of domain decomposi-
tion hybrid combination solution with that
of N-S equations for full flow field using
the same finite-difference scheme is even
more perfect.

Fig. 10 shows the variation of radial
velocity on symmetric axis behind the cyl-
inder and their comparison with results by
high order numerical schemes given by Ta
Phuoc Loc!¥, It is found that the present
method predicts accurately the velocity dis-
tribution. Shown in Figs. 11(a) and 11(b)
are the computed results for stream line pat-
terns at two instants with about one period
interval which exhibit a perfect periodicity,
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Fig. 11(a). Streamline pattern at Fig. 11(b). Streamline pattern at
¢t = 82.0 for Re = 1000. t = 92.0 for Re = 1000.

revealing the kinematic features of the separated vortex flow.

In the present paper, computation of the flow is further carried out in another
case. Fine grid is applied to the interior domain with A# = 0.0025,%Ayn = 0.0167;
and coarse grid is applied to both domains with A = 0.01, An = 0.0167, Interface
of the two domains is taken at r; = 2, Results very close to the available finite dif-
ference solution of N-S equations are also obtained. They will not be described
in detail here, for space is limited. The computation is done with a Honey-wall DPS
8/52 computer. Up to ¢ =4, CPU time required by the domain decomposition
hybrid solution is 2.1°, while that required by solution of N-S equations for
the full flow field with the same finite-difference scheme is 2.8, the latter being
1.33 times of that needed by the present method. Up to z = 50, CPU time required
by the present method is 2 h.

IV. Concrusion

The present paper proposes a new numerical method of domain decomposition
hybrid combination finite-difference of N-S equations and vortex method. Compu-
tation of circular cylinde-separated flows at moderate Reynolds numbers is present-
ed. The numerical results on the separated flows at Re = 100 and 1000 show that
our method is capable of satisfactorily predicting the flow characteristics in the vi-
cinity of cylinder surface, such as flow separation, surface vorticity distribution and
radial velocity variation, as well as the global flow features, such as periodic
variations of the flow, drag, transverse force, vortex shedding and S, number.
The results of computation are in good agreement with or very close to the finite-
difference solution of N-S equations for full flow field and experimental measure-
ments. Our method also saves CPU time. Our theoretical model and numerical meth-
od, if further applied to treating flow at high Reynolds numbers and flow with
complex unsteady oncoming, will show even greater advantages. Simulation of flow
at high Reynolds number in the domain decomposition solution requires high order
precision numerical scheme, such that details of small scale flow structure in the
vicinity of cylinder surface can be obtained with satisfactory precision.

We thank Gu Qi-yang for his help in numerical calculations,
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