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ABSTRACT 

Flow around square cylinders is one of the most classic problems in fluid 

mechanics. Although the structure of square cylinder is relatively simple, many 

complex flow phenomena such as separation flow and eddy current occur when 

flow past square cylinders. Accurate simulation of these phenomena has always 

been the subject of Computational Fluid Dynamics (CFD). At the same time, 

the flow around the square is a common problem in marine engineering. The 

flow through the pillars of the offshore platform can be simplified as the flow 

around the square cylinders. The systematic study of flow around square 

cylinders has great engineering significance and academic value. 

In paper, the boundary conditions of inlet and outlet are developed on the 

MLParticle-SJTU solver based on Moving Particle Semi-implicite Method 

(MPS). And the solver is used to simulate the flow around a single square 

cylinder, two squares place in a row and two squares place side-by-side. 

First of all, Poiseuille flow was simulated and compared with analytical 

solutions, to verify the reliability of the solver and boundary condition. Then, 

the flow around a square cylinder with different Reynolds numbers was 

simulated. The influence of Reynolds number on the force of the square and 

the flow pattern was analyzed. It is found that with the increase of Reynolds 

number, the flow around the square changes from steady to unsteady, and the 

force acting on the square first increases and then decreases. 

Then, the flow around the tandem two squares was simulated. The 

simulated Reynolds numbers were 40 and 200, respectively, and the spacing 

ratio was 2-6. The influence of spacing ratio on flow around tandem squares is 

analyzed by lift  and drag coefficient, surface average pressure coefficient of 

squares and flow field. It is found that when the Reynolds number is 40, due to 

the shielding effect of the upstream square, the resistance of the downstream 

square is less than that of flow past the single square. With the increase of 

spacing ratio, there are altogether four flow patterns around the flow, from only 
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one pair of vortices between two squares to two pairs of adjacent vortices, then 

to two pairs of separated vortices, and finally to only one pair of vortices. When 

the Reynolds number is 200, the Strouhal number of the upstream and 

downstream square always remains the same. The flow patterns can be divided 

into two types, and the change of the flow type will lead to the sudden change 

of the force on the downstream square cylinder. 

Finally, the flow around parallel square cylinders was simulated, and the 

Reynolds number is also 40 and 200, and the spacing ratio was between 1.2 and 

5. The influence of spacing ratio on flow pattern, force and vortex stripping 

frequency of parallel square is analyzed and compared with that of single 

square. The results show that when square columns are placed side by side, the 

average lift force on square is not zero, and the resistance acting on square is 

greater than that on single square columns. With the increase of spacing ratio, 

the flow patternswill have different types. 

 

KEY WORDS:   MPS, flow past square cylinders, low Reynolds numbers, 

MLParticle-SJTU solver 
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(a)                   (b)  

1-1 Ҭ ᵣ  

Fig.1-1 Flow past cylinders in the engineering 
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Fig.1-2 Schematic of Karman Vortex Street 
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1-3 [2] 

Fig.1-3 Smoke-wake photographs of wind tunnel test 
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Fig.1-4 Time history curves of CL obtained by different methods (Re=10000) 
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ꜚ№ ȁ ȂS. Marrone ֲ[18] 2013 ᶏ
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SPH ԅᵞ ᵣ Ȃ2015 S̆eiichi Koshizuka

Kohei Murotani[19] MPS ҹ 100 200 ᵣ ԅ ̆

ⱳ ₮ԅ ԍ ᵣ ᵣ Ȃ ῤ 2018 ̆ [20] ᴰ

ᾣ ̆ ̆ ⌠

№ ҍ ̆ SPH Ȃ2020

ֲ[21] SPH Ҍ ̆№ ԅ ꜚⱬ ץ

̆ҍ ṿ ̆ ѿ ԅ SPH Ȃ ץ

⌠≠ ᵣ ̆ῒҬ № Ҭ SPH

̆ ץ MPS ΐ ѿ ӈȂ 

 

(a) ISPH                          (b) FEM  

1-5 Re=300̆ ISPH FEM Ԑ [17] 

Fig.1-5 velocity image obtained with ISPH and FEM methods for the Reynolds number of 300. 

1.2.2 ҷ∆  

ԍ ᵣ ̆ ᵣ ᴪ ̆ ̆ ԅ

ᵣ ̆ ᵣ ̆ ᵣ ̆ ᵣ ↓

̆ ұ↓ Ӟΐ № ӈȂ 

1987 ̆Sakamoto H. ֲ[22] ԅұ↓ Ҭ ҍ

ⱬ ῏ Ȃ1990 ̆ [23] ᾝ ҹ 160 ұ↓

ṿ ̆ ҍ ѿ Ȃ1992 ̆ [24]

ꜚ ȁ ῀ Ҭ̆ ԅ Re=6000 ұ↓

̆ Ҋ ұ↓ ꜚ ⅞№ҹԋ ̆

ԍ 3 ̆ Ҋ ̆ ԍ 3 ңҩ

Ȃ2007 ט̆ [25]ᶏ CFD ᴆ Fluent ҹ 300 ұ↓ ↓

̆ ꜚ ԅ№ Ȃ2008 ̆Moon Kyoung Kim ֲ[26]≠

Ἕ ת ԅұ↓ ↓ ңҩ ȁ ȁ ◄

ⱬ ꜚ ̆ ҹ 5300 16000 H/DÒ2.5 ҍ H/DÓ3
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ῃҌ ̆ 1-6 ԅ ⌠ ҹ 5300 ңҩ ,

ץ ⌠ H/D=2.5 Ҋ H̆/D=3 ңҩ ȂA. 

Sohankar[27][28] 2009 2012 ᵣ №≢ ҹ 1-100 ұ↓

40-1000 ұ↓ ṿ №̆ ԅҌ

Ҋ ̆ ṿ̆ ұ↓ ⅞№ҹ҈

Һ ̆ ᵣ ȁῬ ȁ̓̀ ̆ Re>200

̆ ֟ ҈ Ȃ2012 ̆Dipankar Chatterjee ֲ[29]ᶏ ᴆ Fluent ṿ

ԅұ↓ Ҍ Ҋ ᵣ ꜚ ᴰ ̆

ⱬ ⱬ ȁ ꜜ ץ Ꞌ ̆ ₮ԅ ꜚ

̆ 1-7 Ȃ2013 Ĭzadpanah Ehsan

ֲ[30] ѿ ԅ ᵣҬ ұ↓ ̆ ̆

₮ ╠ ꜚ№ ̆ ╠ ꜚ№ ꜚҬ҉

Ҋ Ȃ2015 ̆ ֲ[31]ᶏ CIP

ҹ 100 ұ↓ ̆ Ҍ ץ Ҋ

ⱬ Ȃ2019 ̆Deepak Kumar[32]ᶏ ᾝ

ҹ 40 ұ↓ ̆ ׆ 2⌠ 30̆ ҹ 40 ұ↓

῍ ̆ №≢ҹ 2̔ÒH/D<5ȁ5<H/D<5.5ȁ5.5<H/DÒ6ȁ

H/D>6Ȃ2020 ̆ ֲ[33]≠ PIV ҹ 34200

ұ↓ ̆ ҳ ҹ H/D=4̆ ԍ 4 ̆Ҋ

ⱬ ԍ ̆ ҉ Ҍ ̆ ԍҳ ̆҉Ҋ

₮ Ȃ2020 ↔̆ ῑ ֲ[34] ↨ ̆

ҹ 28000 ұ↓ ⱬ№ ԅ ̆ ֲ

[35] ̆ ’Ҋ ұ↓ ꜚ ⱬ№ ԅ Ȃ 

              

(a) H/D=2.5                         (b) H/D=3 

1-6 Re=5300̆ ⌠ Ҍ Ҋ [26] 

Fig.1-6 Instantaneous spanwise velocity fields and streamlines at Re=5300 
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(a) Re=50                                (b) Re=100 

1-7 ԍ Fluent ⌠Ҍ Ҋ ҍ [29] 

Fig.1-7 Instantaneous vorticity and isotherms around tandem cylinders for different spacing ratios 

1.2.3 ∆  

↓ Ӟ ⌠ԅ ֲ ῏ ̆ ԍ ұ↓ ̆

↓ Ẓ ̆ ғ Ẓ ׂׅ Ȃ 

1975 ̆B. E. Lee G. R. Fowler[36] ⌠ ↓ ԑ

ᴪ ̆ ԅ ↓ Ҭ

ⱬ̆ᵖױז ₮ ῏ Ḥ Ȃ1991 ̆ ῤ ֲ[37]

ԅ ȁ ȁ ↓ ̆ Ҭ ⌠ԅẒ

̆ ₮ Ҍ ꜚ№ ҈ Ҍ ̆№≢ҹ ᵣ ȁ

Ẓ ᵣ Ȃ1997 V̆. KOLĆřֲ[38] ᾣ יּ

̂Laser Doppler Velocim-etry, LDṼ ԅ ҹ 23100 ҹ 2 ↓

̆ ңҩ ᵝ ̆ ꜚ῏ԍҬ ̆

Strouhal ’Ҋ ⌠ (0.14 0.13)̆ Ҭ ҉ ꜚ

ԍ ᵣ ’̆p ◄℗ ⱬ ̕ ₮ Ҭ ◄ ⱬ ץ Ҍ

̆ᵖ ⱬ ȁ ץ Ҭ ҉֜ ̆ ҹ ῤ

Һ Ȃ2000 ̆ ֲ[39]ᶏ ̂marked-and-cell 

method̆ MAC̃ ↓ ṿ ̆ ԍҳ ṿ ᴪ Ẓ

̆ғẒ Ҍ ↕ ῤ ̆ Ẓ ΐ ѿ ̆ 1-8ҹᵬ

⌠ H/D=1.5 ңҩҌ ┴ ̆ ңҩ ┴ Ẓ Ȃ2004

̆ ֲ[40] ᾝ ̆ ҹ 10000 ↓
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̆ ’Ҋңҩ ⱬ ҉Ҍ ̆

҉ Ȃ2006 Ămit Agrawal ֲ[41]≠ Boltzmant ԅᵞ

Ҋ ↓ ꜚ ̆ ⌠Ẓ ҳ 3

̆ ↓ ̆ Re=73ȁ ҹ 3.5 ’ ԅ № ̆

ңҩ ң ̆ 1-9 ̆ӊ ᵀ

̂LSẼ ⌠ Һ Ȃ2010 ̆ [42]ᶏ ᾝ ԅ Re=200

H/D=1.5 ’Ҋ ↓ ꜚ └ ᵬ̆ ↓ Ҋ Ҭ

ҹ 0.15D ̆ └ ԍҊ D~2D ᵝ ץ

└ Ẓ Ȃ2013 ̆Md. Mahbub Alam ֲ[43]ᶏ ꜚ

ԅ ҹ 300 ↓ ̆ ₮ԅ ↓ Ȃ2017

̆Shengwei Ma ֲ[44] ṿ ̆ ԅᵞ ҹ 16-200Ҋ ↓

̆ 1~11̆ № ԅ 9 Ҍ ῒ

ᶭ ῏ ̆ ᵞԍҳ ₮̆ (I )̕

ԍ 0.7 ̆ ⌠ ҩ ̆ ץ (II )̆Ӟ ץ

(III )̆Ӟ ץ Ҍ ↕ (IV )̆ ῤ̆ ԍ

ᵬ ̆ ⁞ ̕ ԍ 1 ̆ ⌠ңҩ ̆

№ҹ (V )ȁ (VI )ȁ ᵞץ └ҹҺ(VI I )ȁ

ᵞץ └ҹҺ(VIII )ȁ (IX ) Ҍ ↕(IV )̕ ԍ

4 ̆ ⌠ ̂VI ̃̆ №≢ 1-10 Ȃ2019 Sung 

Jin Lee ֲ[45]ᶏ ῀ ҹ 100 ↓ ̆

̆ ꜚ₮ ԅ Ҍ Ȃ2020 ̆Yi Zhou ֲ[46]ᶏ ṿ

ҹ 2500̆ ҹ 6 ↓ ̆ᵬ Һ ↓

Ҭ ԅ № Ȃ2020 ̆ ṬԐ ֲ[47]

ԅ 14 ҩҌ Ҋ ↓ ̆ 1.2ÒH/D<2.5

̆ңҩ ԑ ▲ ̆ң ꜚⱬ ṿ Ҍ ῃ ̕

ԍ 2.5̆ ңҩ Ҍ Ȃ2021 S̆aqib Jamshed ֲ[48]

↓ № ̆ № ץ ꜚ

҉ ѿ № ԅ Ȃ ̆Zia ul Islamֲ[49]ᶏ ῗ

ԅ ңҩ ↓ ╠ ңᶷ № ꜚ ̆

№ Ҍֽ ᵞ ᵣ ⱬ̆ ғ └ Ȃ2021 ↔̆

ῑ ֲ[50] ↓҈ ̆ 1.2~2.5ӊ ҈
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ҬӞ Ẓ ̆ ғ ⌠ └Ȃ 

     

(a) t=104 ┴ Ẓ Ŷ    (b) t=108 ┴ Ẓ ŵ 

1-8 MAC ⌠ ↓ [39] 

Fig.1-8 The streamline around parallel square cylinders obtained by MAC method 

 
(a) ᵝ                         (b) ᵝ  

1-9 Boltzmant ̆Re=73̆ H/D=3.5[41] 

Fig.1-9 Simulation results of lattice Boltzmant method,Re=73,H/D=3.5 

 
1-10 DNS ⌠Ӝ Ҍ [44] 

Fig.1-10 Nine different wake modes obtained by DNS method 

1.3 ᵲ 

№ ԅ╠ֲ῏ԍ ̆ ԍ MLParticle-SJTU ̆

(a) I (b) II (c) III  (d) IV 

(e) IV (f) V (g) VI (h) VI I 

(i) VIII  (j) IX 
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ԅ₮῀ ᴆ̆ᶏ MPS ȁұ↓ ȁ ↓

№≢ ṿ № Ȃ 

ѿ ԅ ̆ ԅ ῤ ῏ԍ ȁұ↓

ץ ↓ Ȃ 

ԋ MPS ԅ ׃ ̆Һ └ ȁ

ȁ ᴆ MPS ₃ҩ Ȃ 

҈ ᾢᶏ MLParticle-SJTU ꜚ ̆ ҍ

̆ ᴆ ‰ Ȃ ̆

⌠ ’ Ȃ Ҍ

̆№ ԅ Ȃ 

ұ↓ ̆ ң ̆

№≢ҹ 40 200̆ ҹ 2~6 Ҍ ’̆№ ꜚ ̆

ⱬ̆ ̆ ҍ ’ Ȃ 

ԓ ↓ ̆ҍ ѿ ̆ ҹ 40 200ң

’̆ 1.5~5ӊ ̆№ ↓ ꜚ ̆

ⱬ̆ ̆ ҍ ’ Ȃ 

Έ ῃ ԅ ̆ ₮ԅ ѿ֓Ҍ ӊ ̆ ԅ

Ȃ 
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ԑ  MPS  

MPS ԍ ̆ ᵣ ꜚ ̆

Ḥ ̆ ԇ ȁꜚ ȁ Ȃ ԑᵬ

῀ ̆ ₱ ȁ ȁ ȁ

Ȃ ׆ └ ȁ ȁ ᴆ MPS ₃ҩ

MPS ׃ Ȃ 

2.1 ┼  

MPS ԍ ̆ ᵣ ꜚ ̆ ץ └ ҬҌ

̆ ץ N-S Ώץ Ҋ ̔ 

1 d
0

dt

r

r
=-ÐÖ =V                               ̂ 2-1̃ 

2d 1

d
P

t
=- Ð +nÐ +
r

V
V f                           ̂ 2-2̃ 

ῒҬ̔nȁɟȁfȁPȁV№≢ ᵣ ꜚ ȁ ᵣ ȁ ⱬȁ ⱬ ̆

ᵝ№≢ҹm2/sȁm3/kgȁNȁPaȁm/sȂ 

2.2 ԝᵲ  

2.2.1 ⃰  

MPS Ҭ ҹ ₱ ῒ̆ ץ ₱ ҹ Ȃ ₱

₱ ̆ ₱ ṿ ‗ ̆ ̆ῒṿ ̆

̆ῒṿ ̆ᵖῒ ῤ ᵬ ̆ ԍ ԍ ᵬ

re ῒ̆ṿҹ ȂMPS Ҭ Ҍ ₱ ̆ ₱ ҹ Zhang

[51] ₱ ̆ Ҋ̔ 

1 0
0.85 0.15( )

0

e
e

e

e

r
r r

r rW r

r r

ë
- ¢ <î

+=ì
î ²í

                    ̂ 2-3̃ 

ῒҬ̆reҹ ̆ѿ ṿ ̆
i jr = -r r ̆ iȁ
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j ҹ ̆r i r j№≢ iȁj ̆r iȁj Ȃ 

2.2.2  

MPS ̆ ᵣ ҍ ̆ <n*> ӈҹ ₱

ᵬ ₱ ӊ Ȃ<n*> Ҋ̔ 

* ( )j ii
j i

n W
¸

= -ä r r                           ̂ 2-4̃ 

2.2.3  

ṿ ̆ └ Ҭ ѿ Ȃ ԍ

iȁj ̆ ű ңҩ ӊ ҹ̔ 

| |

j i

ij

j i

f f
f

-
Ð =

-r r
                             ̂ 2-5̃ 

ῒҬ̆
if jf№≢ f iȁj ṿȂ 

i ҍῒ ⱴ ̆ ⌠ f i ̆

Ҋ̔ 

20

( )( )
( )

j i j i

i j i

j i
j i

d
W

n

f f
f

¸

- -
<Ð > = -

-
ä

r r
r r

r r
                ̂ 2-6̃ 

Ҭ̆dҹ ̆ ԋ ꜚ̆ dҹ 2̆n0ҹ∆ Ȃ 

ⱬ ̆ҹԅ ᾧ ̆ ̆ ᶏץ ᵬ Ҭ

ⱬὖ ף ὖ̆ ҹ̔ 

20

( )( )
( )

j i j

i j i

j i
j i

P Pd
P W

n ¸

- -
<Ð > = -

-
ä

r r
r r

r r

i
               ̂ 2-7̃ 

ῒҬὖ=min(ὖ)Ȃ 

2.2.4  

ᵌ̆ ҹ̔ 

20

( ) ( )
( )

j i j i

j i

j i
j i

d
W

n ¸

- Ö -
ÐÖ = -

-
ä

r r
r r

r r

W W
W               ̂ 2-8̃ 

ῒҬW ₱ ̆ Ȃ 
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2.2.5  

MPS Ҭ̆ └ Ҭ ץ ⱬ ̆ ᶏ

ԋ ̆ ᶏ Koshizuka[52] 1996 ₮

̆ Ҋ̔ 

2

0

2
( ) (| |)i j i j i

j i

d
W

n
f f f

¸

<Ð > = - Ö -
l
ä r r                ̂2-9̃ 

ῒҬ̆ɚҹḱ ̆ ῀ɚ ḱץ ṿ ̆ᶏῒ

ѿ ̆ ҹ̔ 
2(| |) | |

(| |)

j i j i

j i

j i

j i

W

W

¸

¸

- Ö -

l=
-

ä

ä

r r r r

r r
                    ̂2-10̃  

2.2.6 ᵲ  

҉ ԍ ₱ ̆ ᶏץ ֓ ̆ ₱ ᵬ

ᴪ ץ ֟ Ȃᵬ ᴪ̆

ⱴ̆ ↕ᴪ Ҍ Ȃ Ҭ ₱ ᵬ

2-1 ̆ῒҬ l0ҹ ∆ Ȃ ԋ

ᵬ Ḡ ̆ ץ ᵬ 4.01 l0Ȃ 

 

2-1 ᵬ ᵬ  

Table 2-1 Scope radius of different models 

 ᵬ  

 2.1 l0 

 2.1 l0 

 3.01 l0 

 4.01 l0 

 

2.3 Ⱶ  

MPS ⱬ ̂Poissonôs Pressure Equatioñ ⌠ ⱬ̆

1998 ̆Koshizuka[52] ₮ԅ ⱬ MPS ̔ 
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* 0
2 1

2 0

n i
i

n n
P

t n

+ < > -r
<Ð > =-

D
                     ̂2-11̃  

ῒҬ̆ɟҹ ᵣ ̆n0ҹ∆ ̆Ўὸҹ ̆ ҈ҩ ̆ n*̆

ҳ ҹ̆ ̆ ץ 2-11 Ҭ ⱬ ῃ ‗ ̆

Ҭ ᴪ₮ Ҍᾣ ̆ ⱬӞᴪ Ȃ 

ҹԅ ‗ ⱬ T̆anaka[53] 2010 ₮ԅ ̂Mixed Source 

Term method̃̆ Lee[54] Ώ ̔ 
* 0

2 1 *

2 0
(1 )n i

i i

n n
P V

t t n

+ < > -r r
<Ð > = -g ÐÖ -g

D D
           ̂2-12̃ 

Ҭ̆ɔף Ҭ ̆ ᾣ

ⱬ ̆ɔ 0~1ӊ ᴋ ṿ̆ Ҭ 0.999Ȃ 

2.4 ᴌ 

2.4.1 ῇ ᴌ 

2-1ҹ ῀ ₮ Ȃ 2-1̂ ã ҹ∆ ̆῀ ѿҩ

̕ ̆ Ҍ ꜚ̆

ᵣ ԍ ᶷ ꜚ̆Ӟᴪץ ꜚ̆ 2-1̂ b̃ ̕

ᶷ ꜚ ⌠ ᾢ ṿ ̆ ᴪ ∆ ᵝ ̆

ᵝ ᾢ ῀ ̂ 2-1̂ c̃̃̆Ῥ ԇ ᵝ ȁ ⱬ

̆ ֓ ҹ ᵣ ̆ ץ ̂ 2-1̂ d̃̃Ȃ Ҍ

ꜚ̆ ꜚ Ҭ ᵣ ץ ꜚ̆ ꜚ Ȃ 

2.4.2 ₴ ᴌ 

2-1 ̆ ₮ ᵣ ̆ ֓ Ҍ ҍ ̆

Ҍ ᵣ ֟ Ȃ ȁ ṿ ҹ ̆ ῀

̆ ץ ῀ ᵝ ̆ ԇ

ᵣ ̆ ῀ Ȃ 
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̂ã ∆                 ̂b̃ ꜚ⌠ ᵝ  

                  

̂c̃ ∆ ᵝ ̆ ῀  ̂d̃ ҹ ᵣ ̆  

2-1 ῀ ₮  

Fig.2-1 Schematic diagram of inflow and outflow boundary 

2.4.3 ᴌ 

ҹԅ ᵣ ̆ ҉ ᵣ ̆

MPS Ҭ̆ ̆ 2-1Ҭ Ȃῤ ҍ ᵣ

ҹ ѿ ̆ ѿ ҍ ⱬ Ȃ Ҍҍ

ᵣ ҹ ԋ ̆ ԋ ⱬ ᵬ ῤ

ᵣ ѿ ₮ Ȃ ᵣ ԅ ҹ ץ ̆

ῒ ᵬ ȁ ҍ ᵣ ῃ Ȃ 

2011 B̆yung-Hyuk Leet ֲ[55] ₮ ῀ ꜚ Ἕ ᶏ ᴆ

ⱴ ̆ 2-2ҹ ̆ Ҭ iU ȁu
||u №≢ ᵣ

ȁ ԍ ԍ ̆
'

iU ȁ
'u^

'

||u ҍ ᵣ

Ἕ ȁ ԍ ԍ ̆ ֓ ᵝ

ҹm/sȂ ҩ ⱬ ̆ ᶷ Ἕ ̆ Ἕ ҍ

ᵣ ῏ԍ Ȃ ̆ ᴆҊ̆ Ἕ

℗ ҍ ᵣ ̕ ᴆҊ̆ Ἕ ҍ ᵣ

℗̆ ҍ ᵣ Ȃ ⱬ ֓ ᵣ ᵬ

ⱬ̆׆ Ҍ ᴆȂ 
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̂ã                  ̂ b̃Ҍ  

2-2 Ҍ  

Fig. 2-2  Schematic diagram of no-slip boundary 

2.5 MPS  

MLParticle-SJTU Һ Һ Ҋץ ̔ 

̂1̃ ̕ 

̂2̃ ⱬץ ⱬ̕ 

̂3̃Ҍ ⱬ̆ץ ⱬҍ ⱬҹ ̆ Ạ ѿ ḱ ̆

ҳ
*
iV ̆

*
iV ꜚ ҳ

*
ir ̔ 

* 2( )n

i i tn= +D Ð +V V V f                        ̂ 2-13̃  

* *n

i i it= +D Ör r V                            ̂ 2-14̃  

̂4̃ ҳ ᵝ Ҋ ̆ ̕ 

̂5̃ ⱬ ̂2-12̃ ̆ Ҋѿ ┴ ⱬ̕ 

̂6̃ ⱬ̆≠ ̂2-7̃ ₮ ⱬ ̕ 

̂7̃ ⱬ Ῥѿ ḱ ̆ ₮Ҋѿ ┴ ̆

Ҋѿ ┴ ̔ 

1 * 1n n

i i

t
P

r

+ +D
= - ÐV V                       ̂ 2-15̃  

1 1n n n

i i it+ += +D Ör r V                        ̂ 2-16̃  

⌠ n+1 ┴ ῏Ḥ ̆ ̆ ῏ ᴆ∞

Ȃ 

2.6  

MPS ԅ׃ Ȃ ᾢ׃ ԅ MPS Ҭ └ ̆
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₱ ȁ ȁ ȁ ȁ ԅ׃ ̆

ӊ ׃ ԅ MPS Ҭ ⱬ ̆₮῀ ץ ᴆ̆

Һ MPS MLParticle-SJTU ԅ׃ Ȃ 
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Ҏ   

ᾢᶏ MLParticle-SJTU ꜚ ̆ ҍ

̆ ⱴ ₮῀ ᴆ ̕ ᶏ ҹ 100 ’

№ ᶏ̆ ҈ҩҌ ̆ ҈ҩ

№ ̆ ₮ ̕ ҹ 1~1000

ṿ ̆№ Ҍ Ҋ ⱬ ̆ № ң ӊ Ȃ 

3.1 ꜠  

3.1.1 ꜠ 

ⱬ ꜚ ҹ ꜚȂ ꜚᾟ№ ̆ ҉

№ ᴪ ₮ ̆ 3-1 ̆ Ҭ hҹ Ȃ 

 
3-1 ꜚ  

Fig. 3-1 Schematic diagram of Poiseuille flow 

 

ԍ ꜚ ꜚ ᴆ ῒ̆ ץ ̆ ῒץ ᵬҹ

ᶛȂ ꜚ Ҋ̔ 

2

3

6
( )

Q
u y hy

h
= -                              ̂ 3-1̃ 

ῒҬ̆u ᵣ x ̆Q ꜚ ׆̆ ̂3-1̃ ץ ₮̆

ꜚ ╩ ҹ ̆ ץ ץ ╩ ṿ ‰

Ȃ 

3.1.2  

3-2ҹ Ȃ h ҹ 0.2m̆ ҹ 15h̆ ꜚ

№ᾟץ Ȃ ᵣ ɟҹ 1000 kg/m3̆ ɛҹ 0.001Pa·s̆ ῀ U

ҹ 0.00002m/s̆ Re=ɟUh/ɛ=4Ȃ 
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3-2  

Fig. 3-2  Schematic diagram of computational domain 

3.1.3  

3-3ҹ ꜚᾟ№ ᵣ x Ԑ Ȃ׆ 3-3Ҭ ץ ⌠̆ ԍ

ᵬ ̆ ҉Ҋ ̆Ҭ Ȃ 3-4ҹ ꜚᾟ№

̆Ҭ ҉ ̆ ץ ⌠ ҹ 4 ̆ ꜚᾟ№ ҹ

1.5h ̆ ꜚ x ᾟ№ ̆ 0.00003m/s ̆ҍ

Ȃ 

 

3-3 x Ԑ  

Fig. 3-3  Cloud map of x direction velocity 

 
3-4 ᾟ№ Ҭ ҉ x №  

Fig. 3-4  x direction velocity on the central axis 

x=10h ̆ x ╩ Ȃ 3-5ҹ x

╩ Ȃ ꜚ ∆ ̆ Ҍ ᵝ ̆

ꜚ ̆Ҭ Ҍ ̆ ᾟ№ Ȃ

Ut/h=0.5 ̆ ╩ ₃Ӎҍ ̆ ꜚ ⌠ Ȃ⌠ Ut/h=10 ̆

V
x(

m
/s

) 

x(m) 
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ṿ ̆ ԍ ̆ ҹ 2.6%̆ ᵖ

̆ ₮ ῃẒ ’̆ ԅⱴ῀₮῀ ᴆ MLParticle-SJTU

ꜚ Ȃ 

 
3-5 x/h=10 x №  

Fig. 3-5 x direction velocity varies with time in section x/h=10 

3.2  

3.2.1 √ ᴌ  

Ҭ̆ 3-6 Ȃ Dҹ 0.1 m̆

ҹ 22D×12DȂҹԅ⁞ ῀ ̆ ᵣ῀ ҍ ᵣ

Ҭ ҹ 4D̆ ₮ ҍ ᵣҬ ҹ 18D̆ ץ Ḡ ⌠ᾟ

№ Ȃҹ⁞ ᵣ ң̆ᶷ ᵣҬ

ҹ 6DȂ Ҭ ̆x ҹ Ȃ 

 
3-6  

Fig. 3-6 Computational domain of flow around square 

ᴆ̔ ᵣ ҹ ̆ңᶷ ῀ ҹ ̆῀

Ḡ ҹ UȂ 
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∆ ᴆ̔∆ ⱬ ҹ 0̆ ᵣ ɟҹ 1000 kg/m3̆

ɛҹ 0.001 Pa·s̆ Re=ɟUD/ɛȂ 

3.2.2  

ҹḠ ץ ̆ ҈ Ҍ ȹx

ҹ 100 ṿ ҈̆ ׆ ⌠ №≢ҹD/ȹx=13ȁ

20ȁ25̆ ᵣ №≢ҹ 48429ȁ108782ȁ171196Ȃ 

Ҭ̆ Һ ⌠ ꜚⱬҺ ⱬ ⱬȂѿ ҹԅ Ḃ

̆ ⱬ ̆ ⌠ ⱬ ὅȁ ⱬ ὅ

Ꞌ St̆ №≢ҹ̔ 

2

2 d
d

F
C

U D
=
r

̆
2

2 l
l

F
C

U D
=
r

̆ sf U
St

D
=  

ῒҬ Ὂ̔ Ὂ№≢ҹ ⌠ ⱬ ⱬ ”̕ҹ ᵣ Ὢ̕ҹ Ꞌ Ȃ

3-1ҹ ⌠ ꜚⱬ Ȃ 3-7ҹҌ

⌠ ⱬ ⱬ № ̆ ץ ⌠ Ҍ̆ Ҋ ⱬ

₮ ̆ҍ╠ֲ Ȃ 

 
(a) D/ȹx=13̆ ⱬ       (b) D/ȹx=13̆ ⱬ №  

 
(c) D/ȹx=20̆ ⱬ        (d) D/ȹx=20̆ ⱬ №  
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(e) D/ȹx=25̆ ⱬ          (f) D/ȹx=25̆ ⱬ №  

 3-7 Ҍ ̆ ⱬ ⱬ №  

Fig.3-7 Curves of Cd/Cl and spectrum analysis diagram of Cl with different ȹx 

 

3-1 Ҍ ⌠ ⱬ Cd Ꞌ Stҍ

̆ ץ ⌠̆D/ȹx=13 ̆ ԍ ̆Cd Stҍ ѿ

̆D/ȹx=20 25 ̆Cdҍ ̆ ῤ̆Stץ5% 4%

ῤȂץ 3-8 Ҍ Ҋ̆ Ҭ ҉ x № ̆ ԍ

№ҹ ׆̆ Ҭ ץ ⌠ ҍ ṿ L/D̆ ⌠

3-1 D̆/ȹx=20 D/ȹx=13 8.30%̆ D/ȹx=25 D/ȹx=20

1.69%̆ ץ ̆ ⁞ ̆ ғ ԍ Ȃ 

3-1 Ҍ ⌠ ῏  

Table 3-1 Relevant parameters obtained by different particle spacing 

 Cd St L/D 

D/ȹx=13 1.572 0.132 2.61 

D/ȹx=20 1.402 0.145 2.41 

D/ȹx=25 1.514 0.14 2.37 

Sohankar A et al.[56](1998,FVM) 1.48 0.146  

Gera. B. et al.[57](2010,FVM) 1.46 ð  

Kazuya Shibata et al.[19](2015,MPS) 1.47 0.141  

 

 

3-8 Ҍ Ҋ x  

Fig.3-8 Average velocity curve in x direction behind square cylinder under different ȹx 
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3-9ҹ҈ҩҌ Ҋ ⌠ ┴ Ԑ ̆ D/ȹx=13 ̆

ṿ ̆ D/ȹx=20 25 ̆ ѿ ṿ

̆ᵖ ṿ ⁞ Ȃ ҉ ̆ D/ȹx=25 ⱬ Cdҍ

ҹ ̆ ⌠ ‰ ̆ᶏ Ҭ D/ȹx=20

Ҋ ῒ ’ Ȃ 

 
(a) D/ȹx=13                             (b) D/ȹx=20 

 
(c) D/ȹx=25 

3-9 Ҍ ⌠ Ԑ  

Fig.3-9 Vorticity cloud images obtained by different particle spacing 

3.2.3 ⅎ  

ҹ 1ȁ10ȁ40ȁ100ȁ200ȁ500 1000 ṿ ̆

3-10ҹҌ Ҋ ⱬ ⱬ ̆ ̆ ҹ 1ȁ10

40 ̆ ⱬ Ҍ ̆ѿ Ȃ ҹ 100ȁ200ȁ500

1000 ̆ ⱬ Ӟ ₮ Ȃ ꜚᾟ№ ⱬ

ị ̆ ץ ⌠ ⱬ № ׆̆ 3-11̆ ⱬ

№ ⱴ ץ ⌠̆ ReÒ40 ’Ҋ ⱳ̆

ṿ̆ ⱬ ̆ ReÓ100 ’Ҋ̆ⱳ

ѿҩ ṿ̆ ғ ṿ ҹ Ꞌ St̆ ⱬ

̆ ץ ⌠ ҹ 100ȁ200ȁ500 ̆ ̆ ⱬ

ⱴ̆ ҹ 1000 ⱬ ҍ 500 ’ Ȃ 
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(a) Re=1                             (b) Re=10 

 
(c) Re=40                             (d) Re=100 

 
(e) Re=200                             (f) Re=500 

 
(g) Re=1000 

3-10  Ҍ Ҋ ⱬ ȁ ⱬ  

Fig.3-10 Time history curves of lift coefficient and drag coefficient of square cylinder under different Re 
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(a) Re=1                             (b) Re=10 

 

 (c) Re=40                            (d) Re=100 

 
(e) Re=200                            (f) Re=1000 

 

(g) Re=1000 

3-11  ⱬ №  

Fig.3-11 Spectral analysis of lift coefficient 
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3-2ҹҌ ’Ҋ Ҭ̆ ⱬ Cd Ꞌ

St ̆ 3-12ҹ Cdҍ St ╠ֲ Ȃ׆ 3-2Ҭ ̆

ҹ 1ȁ10 40҈ҩ ’Ҋ̆ ⱬ Cd ⱴ ⁞ ̆ ғ

ҹ 10 ̆Cd ҹ 1 ’⁞ Ȃ ReÓ100 ҩ ’̆

Cd Ȃ׆ 3-12 ץ ⌠̆ ⌠ ҍט [13]

Divas ֲ[2] ⌠ Ȃ 3-13ҹ ⌠ Ꞌ StҍOkamija

ֲ[1] ̆Ҍ Ҋ ῤ̆ҍץ6.5% Ȃ 

3-2  Ҍ Ҋ  

Table.3-2 Parameters of flow around a square cylinder at different Reynolds numbers 

Re Cd St 

1 12.96 ð 

10 2.602 ð 

40 1.724 ð 

100 1.402 0.145 

200 1.501 0.1409 

500 1.893 0.128 

1000 2.033 0.1277 

 

  

(a) Ҍ Ҋ ⱬ               (b) Ҍ Ҋ St  

3-12 Ҍ Ҋ  

Fig.3-12 Comparison of parameters at different Reynolds numbers 

3-14ҹҌ ’Ҋ ⱬ ̆s ץ ╠ Ҭ O

ҹ ̆ ꜚ ̆ 3-13 C̆p

ⱬ Ȃ ̆Ҍ ’Ҋ̆ ⱬ ῏ԍ x Ҭ

̆ O-A-B-C № Ȃ Re=1 ̆ ⱬ AȁB

̆ ⱬ ̆ Ҭ ̆

ⱬ ̆ ғ O-AȁA-BȁB-C҈ ⱬ ᶭ ⁞̕ ҹ 10 ̆

A-B B-C ⱬ Ҍ ⌠̕ ҹ 40-1000 ԓҩ ’̆ ⱬ
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ѿ ̆ ╠ Ҭ O ̆ ⱬ ṿ̆׆ O⌠ A ⱬ

Cp ▲⁞ ̆⌠ A ⱬ ṿ̆׆ A ⌠ B̆Cp ̆ ׆

B⌠ CӞ ̆ ⱬ Ḡ Ҍ Ȃ 3-2ҹҌ Ҋ̆

╠ Ҭ O Ҭ C ⱬ ̆ ץ ⌠̆ ԅ ҹ 1

’̆ῒ ’Ҋ O ⱬ 1 ̆ C ⱬ ⱴ ᾢ

⁞ Ȃל ╠ ᴪ ⌠ ⱬ ӊѿ̆ ץ ⱬ

ץ ѿ ҉ ԅ ⱬ ȂRe=1 ̆ ╠ O ҍ Ҭ

C ⱬ ӊ ῒ ’ ₃Ṑ̆ ץ ⱬ

̕ ҹ 1ȁ10ȁ40 ̆C ⱬ ⱴ ̆

ҹ 100ȁ200ȁ500 1000̆ C Cp ⱴ ⁞ ̆Ӟҍ╠ ⌠

ⱬ ל Ȃ 

 

3-13 s  

Fig.3-13 Schematic diagram of surface perimeter s of square square 

 
(a) Re=1                             (b) Re=10 

 
(c) Re=40                           (d) Re=100 
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(e) Re=200                            (f) Re=500 

 

(g) Re=1000 

3-14Ҍ Ҋ ⱬ №  

Fig.3-14 Distribution of average surface pressure coefficient of square square at different Re 

 

3-3 Ҍ Ҋ̆ ╠ Ҭ ⱬ  

Table.3-3 Average pressure coefficients at O and C under different Reynolds numbers 

Re 1 10 40 100 200 500 1000 

O ⱬ  3.4743 0.9987 1.0599 1.1428 1.1016 1.1183 1.0400 

C ⱬ  -5.976 -1.4512 -0.5140 -0.7351 -1.0418 -1.4154 -1.5502 

 

3.2.4 ⅎ  

⌠ ṿ⌠ ҉̆Ῥ ̆ ץ ⌠ Ȃ

3-15 ₮ԅ 7ҩҌ ’Ҋ ꜚᾟ№ Ȃ ץ ⌠̆

Re=1 ̆ ̆ ꜚ ̆ ₮

ꜚ№ ̕ᵖ⌠ Re=10 ̆ ԅѿ ̆ ңҩ C

E ꜚ ԅ№ ̕ Re⌠ 40 ̆ ᶭ ѿ ̆

ᵖ ץ ₮ ̆ Re=10 ̕Re=100 ̆

₮ ֜ ̕ ̆ Re=200̆ 500 1000 ̆

100 ’ ᵌ̆ ̆ ╠ ̆ ꜚ ԅ№ ̆ ғ

҉Ҋ ֟ ԅ Ȃ 
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(a) Re=1 

 

(b) Re=10 

 

(c) Re=40 

 

(d) Re=100 

 

(e) Re=200 
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(f) Re=500 

 

(g) Re=1000 

 

3-15  Ҍ Ҋ̆  

Fig.3-15 Streamline around square cylinder at different Reynolds numbers 

 

3-16 ԅ Re=200 ѿ̆ҩ Ҍ ┴ Ȃ׆ Ҭ ץ

⌠ѿҩ ῤ̆ ̆ ѿҩ ̆

Ҋ ѿҩ ̆ ҉ ̕ӊ Ҋ ̆

҉ ⌠̆ 3-16(b) ̆ ҉ ῃ ̕ Ҋ

̆ ҉ ̆ 3-16(c) ̕⌠ 3-16(d) ┴̆ ҉

̆ Ҋ ῃ ̕ ̆ Ҋ ̆ ҉ ̆

3-16(e) ┴ ҍ 3-16(a) ┴₃Ӎ ̆ Ҭ ѿҩ

ꜚȂӊ Ҍ ҉ ̆ ̆ ̆ ̆ ̆ Ҋ

Ȃ 

     
(a) 0T                            (b) T/5 

     
(c) 2T/5                          (d) 3T/5 
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(e) T 

3-16 Re=200 ѿҩ  

Fig.3-16 Streamline at different points in a period when Re=200 

 

3-17ҹ ꜚᾟ№ ѿ ┴ Ȃ׆ 3-17 ץ ⌠̆ 40

̆ ̆ ԍ ̆ ╠ ᵞ̆ңᶷ

̕ ⱴ̆ ̆ 200 ̆

ҌῬ ̆ ҌẢ ꜚȂ 

 

 

 
(a) Re=40                           (b) Re=200 

3-17 Ҍ Ҋ ꜚᾟ№  

Fig.3-17 Velocity field after flow fully developed at different Reynolds numbers 

 

3-18ҹҌ Ҋ̆ Ҭ ҉ Vx,mean̆ ῒҬ Vx,mean x

̆Vx,mean ԍ № ҹ Ȃ 3-4ҹҌ Ҋ̆

῏ |̆Vx,mean|max/U x ṿҍ ṿ L̆/D

ҍ ṿȂ׆ 3-18 3-4 Ҭ ץ ⌠ ҹ 1

̆ Vx,mean ԍ ̆ ̆ҍ ⌠

ѿ ̕ ҹ 10 ̆ Vx,mean₮ ԍ ̆ᵖ x

ṿ |̆Vx,mean|max/Uҹ 0.0181̆ L/Dҹ 0.63̕ ҹ

40 ̆|Vx,mean|max/U L/D ҹ 10 ’ ̆№≢ҹ 0.0929



҉ ֜ ᵝ                                   ҈   

32 
 

 

2.32̕ ҹ 100 ̆|Vx,mean|max/U L/D ̆№≢ҹ 0.1732 2.41̆ ғ

’Ҭ ̕ ⌠ 200 ̆|Vx,mean|max/U ṿҹ

0.2956̆ ᵖ L/D ⁞ ҹ 2.22̕ ҹ 500 1000 ’̆

̆L/D 1.0 Ȃ 

 

 

3-18 Ҍ ҊҬ ҉ Vx,mean 

Fig.3-18 Vx,mean on center line at different Reynolds numbers 

 

3-4 Ҍ Ҋ  

Table.3-4 Parameters of reflux zone at different Reynolds numbers 

Re 1 10 40 100 200 500 1000 

|Vx,mean|max/U 0 0.0181 0.0929 0.1732 0.2956 0.1414 0.2081 

L/D 0 0.63 2.32 2.41 2.22 0.97 1.03 

 

ҹ 40̆ 100 1000҈ҩ ’̆ ₮Ҍ ᵝ ҉ №

’Ȃ҈ҩ ’Ҋ x ѿל ̆ x ñUò

̆ῒᵩ Ҍ ᵝ x ñVò ̆ғ ҍ

̆ñVò ԍ ̕ᵖҌ ’ Ҍ ̆x/D=0 ̆

ҹ 100 1000 ’Ҋ̆ y/D=±0.5 x ᴪ₮ ṿ̆

Re=1000 ҹ ׆̆ 3-15 ץ ̆ ԍ ңҩ ’Ҋ ꜚ

╠ ԅ№ ̆ ҉Ҋ ԅ ̕ x/D=2 R̆e=40 Re=100

̆x ԍ 0̆ Re=1000 ’Ҋ ṿ ԍ 0̆ ԍ Re=1000

L/D ԍ 2 ҍ̆ 3-18 R̕e=1000 x̆/D=15 Re=40

̆ ⱴ̆ ҉ x Ȃy
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₮῏ԍ y=0Ҭ ̕ ԍ x/D=2 ̆Re=40 ṿ 0.05

̆ ҹ 100 1000 ṿ№≢ 0.10 0.25 ̆ ⱴ̆

y ҍ ṿ ̕Re=1000 ’Ҋ x/D=10 Re=40

’ ̆ҍ x ᵣ ѿ ̆ ⱴ̆ ҉ y

Ӟ Ȃ 

 

 

(a) Re=40̆ Ҍ x       (b) Re=40̆ Ҍ y  

 

(a) Re=100̆ Ҍ x       (b) Re=100̆ Ҍ y  

 

(a) Re=1000̆ Ҍ x      (b) Re=1000̆ Ҍ y  

3-19 Ҍ ҊҌ № ’ 

Fig.3-19 Distribution of mean velocity at different cross sections at different Re 
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3-20 Re=40ȁ100ȁ200 1000 ┴ ׆̆ Ҭ

ץ ⌠̆ ҹ 40 ̆ Ҭ ̆ Re=100ȁ200 1000

̆ ԅ ̆ ғ ץ ̆Re=100 200 ̆

̆ ꜚ Ҭ̆ ᶭ Ҭ ̕

̆ ҹ 1000 ̆ ⁞ ̆ ꜚ Ҭ̆ ᴪ

ңᶷ ꜚ̆ ԍ Re=100 200 ’̆ Ҭ ҹ№ ̆ ҍ y

῏Ȃ 

 

 
(a) Re=40                                 (b)Re=100 

 
(a) Re=200                                 (b)Re=1000 

3-20 Ҍ Ҋ Ԑ  

Fig.3-20 Vorticity cloud at different Reynolds numbers 

3.3  

MLParticle-SJTU ԅ ̆ ᶏ MLParticle-SJTU

Ҍ ’ ṿ ̆ 1~1000ӊ

҂ҩ Ȃ 

ᾢᶏ ꜚ Ҭ ᴆ ̆ ҍ

̆ ΐ ‰ Ȃ 

ᶏ ҹ 100 ’ ԅ ̆ ԅD/ȹx=13ȁ20ȁ

25 ҈ Ҍ ̆ ⌠ ⱬ Ꞌ ҍ╠ֲ

̆ № ̆ Ḡ ’Ҋ̆ҹ ̆
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ᶏ D/ȹx=20 Ҋ Ȃ 

̆ ԅҌ Ҋ ̆ №≢ҹ 1ȁ10ȁ40ȁ

100ȁ200ȁ500ץ 1000̆ ⌠ Cd Stҍ╠ֲ ̆ ѿ ԅ

̕ ̆ ⱴ̆ ꜚ ׆ № ⌠

₮ № Ῥ⌠ ╠ ₮ № ̆ ReÒ40̆ ̆

ⱬ Ҍ ̆ Ҋ ̔ReÓ100̆ ₮

̆ ⱬ ̆ Ҋ ₮ ñ ò Ȃ 
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 ҷ∆  

ԍ ̆ ⱴ ̆Ӟ ⱴ ̆ ῒ

ΐ ѿ ᴇṿȂұ↓ Ҭ̆Ҋ ᵝԍ҉ Ҭ̆ ҈

̆ ң ̆ ץ №≢ ҹ 40 200

ңҩ ’̆ ұ↓ Ȃ ᾢ׃ ԅұ↓

῏ ᴆ ̕ ׃ ԅ ҹ 40 Ҍ Ҋұ↓ ̆

№ ԅ҉Ҋ ⱬ̆ № ꜚ № ̆ ⱬ

֟ ̕ӊ ׃ ԅ ҹ 200 Ҍ Ҋұ↓

̆ ⱬ № ’ ̆ ׆ ȁ Ԑ ȁ Ԑ

№ Ȃ 

4.1 ᴌ  

Ҭ̆ 4-1 Ȃ Dҹ 0.1 m̆

ҹ 24D×12DȂ ᵣ῀ ҍ҉ Ҭ ҹ 4D̆ ҹҊ

̆ ⱴ ̆₮ ҍ҉ Ҭ ҹ 20D̆

ңᶷ ᵣҬ ҹ 6DȂ ҉ Ҭ ̆x

ҹ ȂHҹң Ҭ ̆ ’ҹ H/D=2.0~6.0Ȃ

ᴆҍ∆ ᴆҍ ҈ ᶛ ̆ Ӟҍ ᶛ

̆ҹD/ȹx=20Ȃ 

 

 
4-1  

Fig.4-1 Computational domain of flow around square 
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4.2 Re=40ҷ∆  

4.2.1 ⅎ  

4-1ҹ Re=40 ̆Ҍ ’Ҋ҉Ҋ ⱬ ̆ 4-2ҹұ↓

ⱬ ҍ ̆ ⱬ Ȃ ҈ ̆

Re=40 ̆ ⱬ ҹ 1.724̆ ұ↓ ’Ҋ̆҉

ⱬ ҍ ̆p ԍ Ҋ̆ ⱬ ᴪ

ԍ ’̆ ҉ Ҋ ̆ ғ

ⱴ̆ ᴪ⁞ ̆ ⁞ ̆Ҋ ⱬ Ȃ 

 
4-1 Re=40̆ Ҍ Ҋ҉Ҋ ⱬ  

Table.4-1 Re=40, Cd of upstream and downstream square cylinder at different H 

H/D Cd-up Cd-down 

2 1.7455 0.1488 

3 1.7174 0.2115 

4 1.1725 0.2250 

5 1.718 0.3482 

5.5 1.7293 0.4279 

6 1.722 0.5932 

 

 
4-2 Ҍ Ҋ ⱬ  

Fig.4-2 Comparison of drag coefficients at different spacing 

 

4-3 ҹҌ Ҋ̆ңҩ ⱬ ̆ñUpstreamòҹ҉ ̆

ñDownstreamò Ҋ ̆s ץ ╠ Ҭ ҹ ̆ ꜚ

̆ 3-13Ȃ׆ 4-3Ҭ ץ ⌠̆Ҍ ’Ҋ̆҉Ҋ ⱬ

̆ ץ O-A-B-C № Ȃ ԍ҉ ̆
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҉ ⱬ ₃Ӎ ̆ ҉ץ ⱬ

Ӟ ̕ ╠ Ҭ O ̆ ⱬ ṿ̆׆ O⌠ A ⱬ ⁞ ̆⌠ A

ⱬ ṿ̆׆ A ⌠ B̆ ⱬ ̆ ׆ B⌠ CӞ

̆ ⱬ Ḡ Ҍ Ȃ ԍҊ ̆ ⱬ AȁB

̆ ⱬ ̆ ғ O-AȁA-BȁB-C҈ ⱬ ⁞̆ ѿ ῤ

̕ H/D=6 ’̆O-A ⱬ H/D=2 ’ ̆ B-C

H/D=2 ’ ̆ H/D=6 ’Ҋ̆Ҋ ҍ╠ ⱬ ṿ H/D=2

’ ̆ ץ H/D=6 ’ҊҊ ⱬ H/D=2 Ȃ 

 
(a) H/D=2                            (b) H/D=3 

 
(c) H/D=4                            (d) H/D=5 

 
(e) H/D=5.5                           (f) H/D=6 

4-3 Ҍ Ҋ̆ңҩ ⱬ  

Fig.4-3 Average surface pressure coefficients of two square cylinders at different H 
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4.2.2 ⅎ  

4-3ҹ Re=40 ̆Ҍ ’Ҋ̆ ׆̆ Ҭ ץ

⌠̆ѿ῍ Ҍ ̆ ѿ ҹ H/D=2ȁ3ȁ4 Ṝ̆ңҩ ѿ

̆ ԅ҉ Ҋ ╠ H̕/D=5 ҹ ԋ

̆ң ң ̆ѿ ҉ ̆ѿ Ҋ ╠ ̆ ғ

ԋ ѿ ̕H/D=5.5 ҹ ҈ ̆҉ Ҋ ╠

ѿ ̆ ғ ԋ ҍ ѿ ӊ ѿ ̕ ⱴ H̆/D=6

̆ ̆ ҉ ѿ ̆Ҋ ╠ Ȃᵖ

Ҍ ᵥ Ҋ̆ ᴪ ѿ ̆ Ҍᴪ

Ҋ Ȃ 

(a) H/D=2 

 

(b) H/D=3 

 

(c) H/D=4 

 

(d) H/D=5 
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(e) H/D=5.5 

 

(f) H/D=6 

 

4-4 Re=40̆ Ҍ ’Ҋ  

Fig.4-4 Streamline at different spacing ratios, Re=40 

 

4-5 ң Ҭ ҉ x ╩ ̆ ץ Ҭ №ҹ

̆№≢ҍ ꜚ Ȃ H/D=2ȁ3ȁ4 ̆ x ῃ

ԍ ̆ ѿҩ ṿ̆ ғ ⱴ̆x ṿ ṿ

ⱴ̆H/D=2ȁ3ȁ4 Vx,mean/U ṿ№≢ҹ-0.041ȁ-0.090 -0.092̕ H/D=5

̆ x ᶭ ԍ ̆ᵖᴪ₮ ңҩ ṿ̆ ̆

ԍ ң ̕ H/D=5.5 ҉̆ Ҋ ╠

₮ ԍ ̆ ғ ңҩ ԍ ӊ ѿ ԍ ҍ̆

’Ӟ ̕ H/D ⌠ 6 ̆Ҋ ╠ ̆ ҉

ѿ ̆ ץ Ҭ ҉ x ҉ ѿҩ ṿȂ 

 

4-5 Ҭ ҉ x  

Fig.4-5 Average velocity in x direction on center line between square cylinder 
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4-6ҹҊ x ̆ Ҭ xҹ Ҋ ̆

̆Ҍ ’Ҋ̆Ҋ ל ѿ ̆ Ҋ

ꜚ ꜚ ̆ҍ 4-5 ’ Ȃ 

 

4-6 Ҋ Ҭ ҉ x  

Fig.4-6 Average velocity in x direction on center line behind downstream square cylinder 

 

Ҋ ̆ 4-2ҹҊ ῏

̆ Ҭ L ҹ ̆Vx,minҹ x ṿ

ṿȂ ̆Ҍ Ҋ̆H/D=2 ̆ L/D=1.56̆ ԍ

L/D=2.32ȂH/D 2-5.5ӊ ̆ ⱴ̆ ⁞

H̆/D=6 ̆ H/D=5.5 ⱴȂ ̆

ⱴ̆ ṿ ⁞ ̆ ⁞ Ӟ Ҋ

ⱬ ⱴ ӊѿȂ 

 
4-2 Re=40̆ Ҍ Ҋ̆Ҋ  

Table.4-2 Parameters of reflux zone behind the downstream square at different H of Re=40 

H/D 2 3 4 5 5.5 6 

L/D 1.56 1.41 1.38 1.33 1.29 1.32 

Vx,min/U -0.0457 -0.0416 -0.0408 -0.0397 -0.0396 -0.0393 

4.3 Re=200ҷ∆  

4.3.1 ⅎ  

4-7ҹ Re=200 ̆H/D=2ȁ3ȁ4ȁ5ȁ6ԓҩҌ Ҋұ↓

Ҭ҉Ҋ ⱬ ⱬ ̆ñUpstreamò҉ ̆

ñDownstreamòҹҊ Ȃ ץ ⌠̆Ҍ Ҋ ⱬ Cl ₮ ̆

H/D=2ȁ3ȁ4҈ҩ ’Ҋ̆ ԍ ԑ ̆ ⱬ ̆
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ⱴ̆H/D=5 6ңҩ ’Ҋ̆ ⱬ ̆ᵖԓҩ ’Ҋ̆

Ҋ ⱬ ṿ ԍ҉ ̕ ԍ ⱬ Cd̆ H/D=2ȁ3ȁ4҈

ҩ ’Ҋ Ҋ̆ ꜛⱬ ₮ ԍ ’ ҉̆ ⱬ ԍҊ

̆ ⌠ 5 Ҋ ꜛⱬ ҹ ṿ ғ₮ Ȃ 4-

8ҹҌ Ҋ ⱬ ⱬ № ׆̆ Ҭ ץ ⌠̆Ҍ ’Ҋ҉

Ҋ Ꞌ ѿ ̆ ғҊ ⱬ ṿ ѿ҉ ̆

ҍ 4-7Ҭ ⱬ Ҭ Ȃ 
 

 

(a) H/D=2̆ ⱬ          (b) H/D=2̆ ⱬ  

 
(c) H/D=3̆ ⱬ          (d) H/D=3̆ ⱬ  

 
(e) H/D=4̆ ⱬ          (f) H/D=4̆ ⱬ  






















































































