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1.1

[1,2,3,4,5]

World Resources Institute 2016

GHG CO2e 49.4 Gt [6]

1/4  [7]

1.1-1 [8 ]

NMOG NOx CO2 2017 2025

2025 NMOG

NOx 70 CO2 38

CO2

NOx



1.1-1

1.1-2 4

1

CO NOx HC

CO2 H2O N O

Host

[9] 1.1-3(a), (b) 20s

20 100-200℃

1000℃

Jeong 1.1-4

[10] 1.1-4 (c)

1.1-2



1.1-2 4

1.1-3 Host  (a)  (b) 20 s

1.1-4 Joeng  (a)   (b)  (c) 
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1.2.1

/ ,mRe UD
(1-1)

U D ν

U D

2000

1.2-1 (b) 1.2-1 (a)

[11 ]

[12]

(a)

(b)

1.2-1 Reynolds



105.75log 5.5u y (1-2)

u+ (= u/Uτ) y+ (= Uτ y/ν) u

y ν Uτ (=√τw/ρ)

: τw : ρ

1.2-2 (a)

1.2-2 (b)

y+ 5 30-100

y+ 5-70

1.2-2  (a) (b) [13]

Laufer Laufer

1.2-3 root mean square (r.m.s)

Uτ [14] u, v, w 

u’, v’, w’ u’2> w’2> v’2



1.2-4 

[15]

Ejection

Sweep

 Laufer

ν/ Uτ

1/10

Uτ ν

TB TB 

Uτ2/ν

1.2-5 [16] 1.2-6 [17] TB Uτ2/ν = 100 - 250 

1.2-3 



1.2-4 Allen

1.2-5  Blackwelder Re

1.2-6  Luchik Re



k0

= ε

1.2-7

[13]

(k >> k0 )

[18 ]

ε ν

1/4 1/431/ / ,k kk V (1-3)

η

, k eE k t V E k (1-4)

Ee kk

k0 kk/k0 = Re3/4

k0 k kk kk k k0

(ν)

Ee = (ηk)-5/3

-5/3

 



2/3 5/3,E k t C k (1-5)

C 0.5

1.2-8 Chapman[19]

-5/3

RANS : Raynolds Averaged Navier-Stokes

1.2-9

RSM: Raynolds Stress Model

LES : Large Eddy Simulation

1.2-9

RANS

DES : Detached Eddy Simulation

LES RANS LES

DNS : Direct Numerical Simulation

1.2-9

LES

2 RANS 4 LES
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1.2-8 Chapman
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1.2-9 [20,21]
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a.

Dean 1.2-10 [22,23]

Dean Eustice

[ 24 ,25 ] Dean

MaConalogue [26] Dean

/ 2m cDe Re D R (1-5)

Rc Dean

MaConalogue 96<De<600 Dean

Bovendeerd [27 ] Dean 286 Laser Doppler 

Velocimetry (LDV)

1.2-11

z = 0 z = 1.0

y x



x

y

1.2-10 Dean

1.2-10 Dean

1.2-11 Bovendeerd LDV x

z = 0 z = 1.0



b.

Rem 2000

Taylor

[28] Rem 5830

Sudo [29]

Rem  60000 1.2-12 (a)

100

1.2-12 (b) 1.2-13 (a)

1.2-13 (b)

Dean 1.2-

12 1.2-14

1.2-12

Sudo [30]

[31] 1.2-15 Rem = 4410

2

Dean 1 2

2-3% [32 ]

1.2-16 Sudo

Dean 1.2-14

1.2-17 1.2-14

[33 ,34 ]



1.2-12 Sudo  (a) (b) 

1.2-13 Sudo Rem = 60000 (a) 

(b) φ=60°

1.2-14  Sudo



1.2-15 Gavrilakis

1.2-16 Sudo Rem = 60000  (a) 

(b) φ =60°

1.2-17 Sudo Rem = 

60000



[35 ]

Swirl-Switching SS

SS

Tunstall & Harvey[36] 1.2-18 L

PIV

Brücker[37] 90° Rem = 2000, 5000 PIV

1.2-19 (a)

Tunstall & Harvey

1.2-19 (b)

St = fD/U St = 0.03, 0.12

Rutten [38,39] Rem = 5000 - 27000 Large Eddy Simulation 

(LES) Dean

St = 0.005-0.01 St = 0.2 - 0.3

SS SS

PIV[40 ,41 ,42 ,43 ] [44 ,45 ,46 ] Hufnagel [47 ]

1.2-20 Hufnagel SS Rem

Rem SS St

1990 0.01-0.04 0.09-0.33



1.2-18  Tunstall & Harvey a b

SS

1.2-19  Brücker PIV SS (a) 

(b) 



1.2-20 : δ(= D/2Rc) Rem St

c.

U [48,49,50,51] S [52,53]

Mazhar[54 ]

Ng[55] PIV

Han [56] 1.2-21

Han

Han ω-RSM (Reynolds stress model)

1.2-22 RNG k-ε

[57] ω-RSM LES [58]

1.2-21 Han



1.2-22 Han Rem = 

60000

1.2.3

a.

Wormersley [59] Wormesley

Wormersley

2
.

2 ν
pfDWo (1-6)

fp

Wo 1.2-23

2

[60] Wo

Wo

Wo

Richardson
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b.

[61,62,63,64]

[65 ]

1.2-24

Wo Rem

/ ν ,p pRe U D (1-7)

Up 1.2-24

[66,67,68] Ramaprian[69]



1.2-24

Wo = 9.31, Rem = 25800, Rep = 21300

1.2.4

a.

Lyne[70 ]

Lyne

1.2-25 Lyne 4

Dean Dean

Lyne Lyne Zalosh & Nelson[71]

Sudo [72] De = 40-500, Wo = 

5.5-28 1.2-26 Lyne

Zalosh Lyne

Richardson Dean

2 Lyne Lyne

[73 ] [74 ,75 ]

1.2-27

β



Lyne

1.2-28 Lyne Wo

Lyne

Lyne Sumida, Sudo

Wo α 12 Lyne

/

[76,77,78,79,80,81]

1.2-25 Lyne Lyne

1.2-26 Sudo deformed Lyne 

circulation,  Lyne circulation



1.2-27 De = 176, Wo = 

34

1.2-28 Lyne

b.

Kalpakli [82,83,84] 90°

PIV Dean

 S 



Oki [85,86,87]  PIV 1.2-29

 1  2  Dean  Lyne 

Rem = 37800, Wo = 59.1 Lyne

S Lyne Ng[55] Mazhar[54]

 

1.2-29 PIV (a) 

 (b)  (c)  (d)



1.3

1.3.1

Dittus & Boelter [88]

Rem Nu

0.8 0.3 40.023 (0.6 160,10 )m mNu Re Pr Pr Re (1-8)

Pr (=μCp/k)

Nu (=hD/k)

Gnielinski[89,90]

4 6
2/3

/ 8 1000
for 10 5 10

1.07 12.7 / 8 1
f Re Pr

Nu Re
f Pr

(1-9)

4
2/3

/ 8
for 10

1.07 12.7 / 8 1
f Re Pr

Nu Re
f Pr

(1-10)

f Filonenko[91]

2
101.8log 1.5f Re (1-11)

Taler [92]



0.8018 0.7095 3 60.02155 (0.1 1, 3 10 10 )m mNu Re Pr Pr Re (1-12)

1.3-1 [93,94,95,96]

Gnielinski

1.3-1  Taler Present paper Taler

1-12

1.3.2

Wavell[97]

Sparrow[98 ]

30° 60° 90° /

/

Guo [99] 90°

Rem = 60000 1.3-2

 RNG k-

ε CHT 1.3-2



1.3-3 (a)

1.3-3 

(b) 1.3-4

1.3-4

1.3-2

/

RNG k-ε

1.3-2 Guo 90°  (a) 

 (b)

1.3-3 Guo CHT

 (a)  (b) 



1.3-4 Guo CHT

U

[100 ] [101 ,102 ,103 ] [104 ]

[105]

Liberto[106 ] LES Rem = 

12630 17350 δ = 0, 0.1, 0.3

1.3-5

U [107,108] [109,110,111,112]

U LES

RANS Di Piazza  Ciofalo [113]  DNS ω-

RSM k-ω SST, k-ε Rem = 14000-80000, Pr = 0.7-5.6 

and δ= 0.003-0.3 1.3-6

DNS ω-RSM k-ω SST

k-ε

Nu ω-RSM k-ω SST

ω-RSM k-ω SST

S

[114,115]



1.3-5  Liberto

Rem = 15385, 12630, δ =0.1, 0.3

1.3-6  Liberto  (a) 

 (b) Nu Rem = 

14000, δ = 0.3

1.3.3

1960

 Hanby[116]

Rep / Rem > 1 

1.3-7

(B  Rep / Rem)  

6000  Rem  16000  fp = 100 Hz 



Dec and Keller [117]

3100 ≤ Rem ≤ 4750 54 Hz ≤ fp ≤ 101 Hz

Rep / Rem > 1 

[118]

8000 Rem 12800 5Hz fp 20Hz

1.3-8 1.3-8 (a)

1.3-8 (b) Rep / Rem > 3

( Rep Reb )

Rep / Rem

1.3-7  Hanby



(a)                                                                                   (b)

1.3-8  (a)  (b) 

Rep / Rem

Guo  Sung [119] 

Wang

Zhang[120] 8000 ≤ Rem ≤ 80000 10 ≤ Wo ≤ 60

Rep / Rem ≤ 3

Zohir [121] 2

1366≤ Rem ≤12000 1Hz≤ fp ≤10Hz

Elshafei [122] 10000 ≤ Rem ≤ 40000 6.6 Hz ≤ fp  ≤ 68 Hz

CFD k-ε

[123] Habib [124] 8462

Rem 48540 1Hz fp 29.5Hz 1.3-10

Nu Re

10-20 Hz

[125] [126,127]



[128 ,129 ]

Simonetti [130 ] 10000 Rem 50000

10Hz fp 95Hz 1.3-10

20, 50, 80 Hz

Sorin [131] 17000 Rem 30000 5Hz fp

25Hz 1.3-11

13 Hz

13.4 Hz

1-1 Rep / 

Rem

Rep / Rem

Rem 50,000

1.3-9 Habib



1.3-10 Simonetti . 

w/ Dry Ice

1.3-11 Sorin



1-1

Re :Rem

or Wo
3100 ≤ Rem ≤ 16000 5 Hz  ≤ fp ≤ 

101 Hz
0 ≤ Rep / Rem ≤ 
10

1366 ≤ Rem ≤ 48540 1 Hz ≤ fp ≤ 68 
Hz

0 ≤ Rep / Rem ≤ 
3
(roughly)

10000 ≤ Rem ≤ 50000

17000 ≤ Rem ≤ 30000

10 Hz ≤ fp ≤ 
95 Hz
5 Hz ≤ fp ≤ 25 
Hz

0 ≤ Rep / Rem ≤ 
9
-

1.3.4

Zhai

[132] 1.4-1

v2-f RANS

[133]



1.4-1 Zhai

a)-c) 45° 90° 135°

Guo [134] Rem = 60000, fp = 30 Hz

1.4-2 Guo

Guo Detached Eddy Simulation DES

1.4-3

1.4-3 (a), (b)

(c), (d

1

DES



1.4-2 Guo SS(Steady flow -

Straight pipe), PS(Pulsating flow -Straight pipe), SC(Steady flow -Curved pipe), PC(Pulsating flow-

Curved pipe) 25 Hz

1.4-3 Guo

 (a)&(b): (c)&(d): (e)&(f): 

(g)&(h):
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2.1

2.1.1

2-1 90°

HAP3100; Hakko, Tokyo, Japan

(890 , Testo K.K., Kanagawa, Japan) 2-2

z = 34 D

x y z

λal 236 W/m K

(a) 



(b)

2-1.

2-2. . (a) , (b)

 2-3 K T34; 

1

36 Ta = 298 K 



z = 34 D  47 m/s 40 m/s

 399 K  118 kPa 2-1

3 0.72

60000 38000 Rc 2-2

Ti,z 

±0.28 K Two,z 

±2 K

 2-3.

2-1. z = 34 D Tfb,z = 399 K

μ  [μPa s] ρ [kg/m3] λf [W/m K] Cp  [kJ/kg K]
23 1.03 0.033 1.01

2.1.2

2-4



2-5

z = 34 D  ho 2-5 

 ho =14.8 ( )

15.2 ( ) 6.8 ( ) 11.4 ( ) 

2-4.

2-5. (z = 34 D)

, , , , , .wi z p fb z z fb z z cr ce p fb z z fb z zQ mC T T A w C T Tp fb z,mC Tp fb z, (2-1)



m Acr Tfb,z 

36

36
, ,1

/ 36fb z i zi
T T . (2-2)

 1 2-1

, ,
,

, 4 2
wi z wi z

wi z
wi z

Q Q
q

A D z ,
(2-3)

Awi,z 

,
,

, ,

.wi z
wi z

ffb z wi z

q DNu
T T (2-4)

Twi,z 

0.1 K

Twi,z ≈ Two,z 

, ,

, , 2
o o

wo z wo zx D x D
wi z wo z

T T
T T

.
(2-5)

(2-2)

CHT

, , /mfa z z z f z z zT w T dS w dS
, (2-6)

S wz ρz Tf,z 

x y



_ , , ,mfa wi z p f z z f z zQ C wT dS wT dS
,

(2-7)

_ , _ , ,/ .mfa wi z mfa wi z wi zq Q A (2-8)

, , , /w z al w z z w z zq T T z
, (2-9)

2 2
, , ,w z w z w w z oQ q A q D D

, (2-10)

λs Tw,z Aw 

2.1.3 PIV

2-6 x-z PIV

x-y 2-6 x-z

PIV

353K 60000

2-3μm

Nd:YAG Continuum Mesa PIV

10000 fps

5000 Hz x z

PIV 2-2 27 ×27 70

1

v = rPIV /Δt = 10 m/s ±5 m/s

 



2-6. PIV

2. PIV

 fs [fps] rPIV [mm/pixel] Δt [μs]
Grid

[pixel] [pixel]
10,000 0.1 10 8 27 × 27

PIV

, , , ' , ,w x z t w x z w x z t , (2-11)

 w (x, z)  w’ (x, z, t) 0.5 

2 21 ' '
2PIVk u w , (2-12)



2.2

CHT

RANS

 

SIMPLE  CHT 

ANSYS Fluent 2019 R2  2-7 (a) 

 (z = 0)  2  z = 55 D 

 1mm  2-7 (b) 

0.06 mm

1.3 1mm 9,818,841

Tetra Hex Wedge 1,013,760

8,805,081 0.98

z = 38 D  y+  u+ y+  u+ 

2-8

1  y+ ≈  1 2-

8 k-ω SST y+  ≈ 4

 

y+ ≈ 1 

y = 0.06 mm ( y+  ≈ 4 ) 2-3

 40 m/s  402 K 

110kPa

To 298K

2-5 ho = 14.8 ( ) 15.2 ( )

6.8 ( ) 11.4 ( ) W/(m2 K)



2-7. CHT (a) (b)

2-3. 2

: k : ω

2 2 1 1 2

2-8. CHT z = 38 D

 k-ω SST  [135] 

ω-RSM [106] k-ω 

SST [106] 

k-ω SST k-ω SST 

 k-ω 

k-ω SST 

 2 

PIV

(a)                                             (b)



k-ω SST 

1' ' ' '
3

jt i
i j k k ij

j i

uuu u u u
x x

. (2-13)

μt 

 

' ' t
i

t i

Tu T
Pr x

, (2-14)

Prt 0.85

 

/ ,t
t Ck (2-15)

νt k ω = ε/k ε



2.3

2.3.1

2-9 2-9 (a)

2-9 (b)

z = 40 D z = 42.4 D

-x Guo 

[99]

z = 47.4 D - 53.7 D - x

+x

z = 47.4 D

- x

5D

2

2-9.



2-10 (a) Tfb,z 

398.0 K 398.8 K Tfb,34D - Tfb,z 

(2-1)

2-10 (b)

 2-10 (b) 

2-4 z = 34 D 

 88.4 K 2-10 (b)  3.8 K 

2-4 Qwo,z 

z = 34 D 11.7 K

: Qwi,z  (2-9)

(2-10) Qwz,z 

Qwz,z

Qwi,z CHT

 



(a) (b)
2-10. (a) z = 34 D (b) 

2.3.2

 2-11 (a) z  Δz = 34 D  z + Δz = 54 D

(2-1)-(2-3)

(z = 34 D)

(z = 54 D)

1.4

(z = 34 D) 1

 6100 W 2%

1200 K

2-11 (b)  

Gnilinski  NuG 

4 6
2/3

/ 8 1000
for 10 5 10

1.07 12.7 / 8 1G

f Re Pr
Nu Re

f Pr
, (2-16)

2
101.8log 1.5f Re . (2-17)

Gnilinski NuG = 110 84

2-11 (b) 2

1.4

2-10 (b)



CHT

2-11.  

(a) , (b) 

2.3.3 CHT Simulation

2-12 Guo 

Rem = 40,000  De = 38,000

Sudo [30]

Rem = 40,000 De = 20,000

3 Guo RNG k-ε

k-ω SST

k-ω SST k-ω

z = 40 D - 42.4 D

Guo



2-12. [30, 99]

z/D = 40

 PIV 

 2-13 z = 40 D, 42.4 D

z = 47.4 D, 49.7 D PIV

 wca 

PIV

2-13. PIV CHT



 2-14 (a) 

 PIV 

 2-14 (b) 

 PIV 

(2-

12)  kPIV 

TR-PIV

RANS

2-14. PIV CHT

 2-15 36 = 6 × 6 

2-9 (b) z

43.4D 53.7D



2-16 (a) 2-2

2-16 (b)

k-ε

[99] 2-16 (a)

CHT

2-15. CHT



 2-16. CHT

2-4 -

1 2-17

A B D A D

A B

1mm 1

A C 2-8

A

1 0.06mm A

2-4.

A B C D

 [mm 1 0.75 1 2.5

1  [mm 0.06 0.06 0.02 0.06



2-17. -

2.3.4 CHT Simulation

36 2-6

2-18 (a) 

z = 42.4 D

(2-7) (2-8)

2-8 qmfa_wo,z 2-18 (b)

qwo,z qw,z 

4K

qwo,z 2-18 (b) qwi,z 

qw,z 

(2-4)

2-19  

 

2-19 Guo [99]

Guo 



Guo ho = 14 W/m2 

K

qw,z  

 2-20 

Do/D 1.25

1.25

z = 37 D z = 41.6 D

z = 48.9 D z = 53.7 D

z = 37 D

 2-5 

 ho 

 

2- 20 

z = 41.6 D

 2-18 (b) 

 qwi,z 

 2-18 (b)  qw,z 

Liberto [106]

 (z = 48.9 D)  (z = 53.7 D) 

 



 

(a)                                                                           (b)

 2-18.  CHT

(a) (b)

 2-19 . [99]



2-20.

 x z = 37 D z = 41.6 D

z = 48.9 D z = 53.7 D  2-21 (a) 

x

 x

1.5

2-18 (b)

qwi,z z = 48.9 D

 x 

2-18 

(b) qwi,z 

2-14

 2-21 (b)

 2-21 (c)

z = 41.6 D

Liberto [106] -

(2-15) k ω

ω



2-21. CHT  y = 0   x   

(a) (b) (c) 

2-22

2-22 x-y

Dean

Lyne [87]

PIV Lyne [87]

 2-21 (c)

Dean (z = 41.6 D)

Lyne (z = 41.6 D)

Dean Lyne

Dean ω

21 (a), (c)

Lyne

 

2-21 (a), (b) Dean



2-22. CHT
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60000

PIV CHT

1.4 2

CHT

 Guo Liberto
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Dean Lyne
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 CHT 

PIV
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1

/

Rem 50000

 Rem = 60000, 0.2 < Rep / Rem < 1, 10 

< fp < 100 Hz

TR-PIV 2

1



3.1

3.1.1

3-1

HAP3100

2.0m D = 32
Do = 40 mm

z = 34D 44D 54D

3-2(a) K T34
3-2(b) 1 36

3-2 c 13 μm

25 μm T32; Anbe, Japan 3-

1 890 Testo K.K.
z/D=34 398K

(a)                                                          (b) 

3-1.



3-2. (a) K (b) (c) 

T32

 3-2

Rep  Rem 2

/ ν ,m cRe w D
(3-1)

, / ν ,p c pRe w D
(3-2)

ν  w w c,p 
z = 34D 54D w c,p Rep 

PIV

, ,max ,min
1 .
2c p c cw w w

(3-3)

3-3 z / D = 34 2
15Hz 25Hz

3-4 34D 44D 54D

15Hz

1

wc,p 2πf 60 90 Hz



D/2

2
.

2 ν
pfDWo

(3-4)

3-3

3-4

3-2.

Rem [-] fp [Hz Rep [-] Rep  / Rem [-] Wo [-] 

60000

0 - -
15 54000 0.91 33
25 67000 1.11 42
30 67000 1.11 46
35 64000 1.07 49
60 49000 0.82 65
90 25000 0.41 80

3-3.

Tamb [K  λf [W/m K λs  [W/m K
298 0.033 236

3-4.

z Ti,z [K z

Two,z [K

z 

Tfb,z [K
0.28 0.06 0.28



3-3. z / D = 34

3-4.

3.1.2

3-5

0.05



(Photron, X6901sc_SLS) 0.1 K

qwo,z 

, , ,wo z o wo z ambq h T T (5)

Tamb Two,z 

10 3-6

, ,
,

, , , ,

.wi z wo z
i z

fb z wi z fb z wi z
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LES : Large Eddy Simulation

DES : Detached Eddy Simulation

RANS : Raynolds-Averaged Navier Stokes

DNS : Direct Numerical Simulation

RSM : Reynolds Stress Model

SST : Shear Stress Transport

TKE : Turbulent Kinetic energy

CHT : Conjugate Heat Transfer

CFD : Computational Fluid Dynamics

FFT : Fast Fourier Transform

POD : Proper Orthogonal Decomposition

SVD : Singular Value Decomposition

PCA : Principal Component Analysis

DMD : Dynamic Mode Decomposition



 







Gavrilakis, S., “Numerical simulation of low-Reynolds-number turbulent flow through a 

straight square duct”, Journal of Fluid Mechanics, 244, 101-129 (1992).

 , “ ”, , 22(1), 41-50 (2003).


















