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The paper presents the results to increase the performance of double-pipe counter flow heat

exchanger by computational fluid dynamics method (CFD). The performance can be increase by adds

the spirally corrugated in the tube of working fluid. The results obtained from the heat exchanger

with spirally corrugated in tubes are compared with those without spirally corrugated in tubes. It is

found that the spirally corrugated have a significant effect on the heat transfer and pressure drop

augmentations.

The results of smooth tube heat exchanger by computational fluid dynamics method (CFD)

are to be compare with Theory of smooth pipe. And study the effect Reynolds number, de  .

Pr,dp   for fluid flow in spirally corrugated heat exchanger. As a result the effect of spirally

corrugated tube can be set in The equation of friction factor and Nusselt number to compare with

experiment.

The results show computational fluid dynamics method (CFD) can be estimate the friction

factor and Nusselt number for Theory of smooth tube heat exchanger with the maximum error is 15

% error and the equation 2967.0372.01232.0 Re025.2~ dpdef  from CFD method can be

estimate the friction factor for spirally corrugated tube heat exchanger and The equation
4794.06751.01218.00627.0 PrRe9362.0~ dpdeuN  can be estimate the Nuseelt number for

spirally corrugated tube heat exchanger with the maximum error is 15 %.
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(developed laminar flow in pipe with constant wall temperature)
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: (2548)
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(shell and tube exchanger)
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1.  (Overall heat transfer coefficient)
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(Clustered Grid)

CFD

(Adaptive

Grid)

CFD

CFD

  CFD

4.

- 1 , 2 , 3

- (Laminar flow)

(Turbulent flow)
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- (Steady flows)

(Unsteady flows)

- (Incompressible flows)

(Compressible flows)

- (Single-phase flows)

(Multi-phase flows)

- (Inert flows) (Reacting flows)

5.

(Density) (Viscosity)

6.

(Initial Conditions) (Boundary Conditions)

  

(Unsteady flows)

4 2

4
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(Inlet)

  

(Outlet)

2

(Wall)

(Symmetry)

2

7.

(Partial Differential Equations)

8.  (Discretisation)

(Discretisation)

(Algebraic Equations)

  

(Finite Volume Method)

(Finite Element  Method)
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(Conservation Laws)

  

9.

(Numerical Methods) (Direct

Methods) (Iterative Methods)

CFD   

(Direct Methods)

10. (Turbulence Models)

(Turbulence Models)

CFD   

11.

CFD Fortran, C

Matlab
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12.

  

CFD

(Vector)

, (Contour)

(Graph)

CFD

1.

 (Turbulent Flows)

(Heat Exchangers)

 (Laminar Flows)

 (Reynolds

Number)
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1.1

 (Continuity Equation)

 (Steady Incompressible Flows)

 (Cartesian Coordinates)

 (Metrices)  (Tensor)

- (Index)

3
3

2
2

1
1 x

ba
x
ba

x
ba

x
ba

i
i (76)

-

,,,
3

1
2

1
1

1 x
ba

x
ba

x
ba

x
ba

j
i

,,,
3

2
2

2
1

2 x
ba

x
ba

x
ba (77)

3
3

2
3

1
3 ,,

x
ba

x
ba

x
ba
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(78)

0
i

i

x
U

(78)

(79)

011

termsource

i

termdiffusion

j

ij

termconvection

j

ji

x
P

xx
UU

(79)

(Convection Term) (Diffusion Term)

(Source Term)

j

i

i

j
ij x

U
x
U

(80)

1.2

 Reynolds (Reynolds averaging)

 Reynolds
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-

iii uUU PPP

-

- 0iu

iii uUU   (78) (81)

0
i

i

x
U

iii uUU

0
)(

i

ii

x
uU

(81)

(82), (83), (84)

0
)(

i

ii

x
uU

(82)

0
i

i

i

i

x
u

x
U

(83)

0
i

i

i

i

x
u

x
U

(84)

0iu

Reynolds averaging (85)

0
i

i

x
U

(85)

iii uUU   (79)
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iii uUU   (Convection Term)

termconvection

j

ji

x
UU

(86)

j

jjii

x
uUuU ))((

(86)

(86) (87)

j

ijijiji

j

jijijiji

j

jjii

x
uuUuuUUU

x
uuUuuUUU

x
uUuU

)(

)(

))((

(87)

0iu  Reynolds averaging

(88)

j

termstressynolds

jiji

x

uuUU
Re

(88)

iii uUU (Diffusion Term)

termdiffusion

j

ij

x
1

(89)

j

ii

i

jj

j x
uU

x
uU

x
)()(1

(89)
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(89) (90)

j

ii

i

jj

j x
uU

x
uU

x
)()(1

(90)

(91)

j

ii

i

jj

j x
uU

x
uU

x
)()(1

(91)

0iu  Reynolds averaging

(92)

j

i

i

j

j x
U

x
U

x
1

(92)

pPP (Source Term)

termsource

ix
P1

(93)

ix
pP )(1

(93)

(93) (94)

ix
pP )(1

(94)

(94) (95)

ix
pP )(1

(95)
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0ip  Reynolds averaging

(96)

ix
P1

(96)

(88) (92) (96)

 Reynolds averaging

(97)

011Re

ij

i

i

j

jj

termstressynolds

jiji

x
P

x
U

x
U

xx

uuUU

        (97)

Reynolds averaging

Reynolds averaging

Reynolds Stresses )( jiuu   

(Turbulence Models)

Reynolds Stresses   

Reynolds averaging

1.3

 (Turbulence Models)

Reynolds

 Reynolds Stresses )( jiuu

 Reynolds Stresses

 CFD

k  2
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k

k

k  (Constants)

(Functions) k

k  Launder  Sharma (1974)

k

 (Eddy Viscosity)  Boussinesq (1877)

 Reynolds Stresses )( jiuu  Reynolds

)( t (98)

j

i

i

jt
iji x

U
x
U

kuu
3
2

(98)

t

 (Flow)  (Fluid)

t

k (99)

2kfCt (99)

k

k
~ D~  (Turbulent

Reynolds Number),
2

Re k
t (100) (101)

termsource

termndestructio
termprodution

j

i
ji

termdiffusion

jk

t

j

termconvection

i
i D

x
Uuu

x
k

xx
kU )~(1

           (100)
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termsource

termndestructiotermprodution

j

i
ji

termdiffusion

jk

t

j

termconvection

i
i E

k
fC

x
Uuu

k
fC

xxx
U

2

2211

~~~1~
         (101)

,0.1k ,3.1 ,09.0C ,44.11C ,92.12C

0.11f 2f (102)

)Reexp(3.01 2
2 tf             (102)

f (103) E D (104)

(105)

2

50
Re

1

4.3exp
t

f             (103)

22

2
mk

it

xx
UE (104)

2

2
ix
kD             (105)

 CFD  CFD
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 CFD

 (Residual)

 (106)

30
max 10

oldresidual                          (106)

old

max

3010

 (Governing equation)

(Finite volume method)
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(107)

CVAA

dVSdAndAnu ..                    (107)

u A

S  (Source)

(107)

 3

vu, w 20

20  3

20 P

e, w, n, s, t b

P

 (107)
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1. (Discretisation)

1.1 (Convection term)

(108)

bt

sn

we
A

AuAu

AuAu

AuAudAnu).(

        (108)

uAF F  (Convective flux)  (108)

(109)

bt

sn

we
A

FF

FF

FFdAnu).(

                 (109)

1.2 (Diffusion term)

(110)
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0VS
z

A
z

A

y
A

y
A

x
A

x
A

bt

sn

we

(110)

x
AD

 (Diffusive flux)

(111)

0ppubpbptt

spspnn

wpwpee

SSDD

DD

DD

     (111)

tsne ,,, b

 (First order upwind scheme)

(Second order upwind scheme)  (Quadratic upstream interpolation

for convective kinetics differencing scheme, QUICK)

2.
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2.1

eF e p

eF e E

21

21  

0;,0;

0;,0;

wpwwWw

eEeepe

FF

FF

(112)

eeepee FFF             (112)
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2.2

22

22  

0;
2
1

2
3

0;
2
1

2
3

0;
2
1

2
3

0;
2
1

2
3

wEpw

eEEEe

wwwww

ewpe

F

F

F

F

(113)

eEEEewpee FFF
2
1

3
2

2
1

3
2

                                 (113)



64

2.3

       

 2  (Dowstream)

 1  (Upstream) 23

23  

0;
8
1

4
3

8
3

0;
8
1

4
3

8
3

0;
8
1

4
3

8
3

0;
8
1

4
3

8
3

wEPWw

eEEEPe

wWWwPw

eWpEe

F

F

F

F

(114)

eEEPEeWPEee FFF
8
1

8
3

4
3

8
1

4
3

8
3

         (114)
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nb

(115)

baa nb
nb

nbpp                                                                                   (115)

nb pa nba

P nb

b

 (Segregated method)

 (116) x

fpA u

BpAfuaua nb
nb

nbpp                                                                (116)

fA B

y z

(117)

0
faceN

f
fn Au (117)

faceN nu

3.  (Solution algorithm)

 SIMPLE (Semi-Implicit Method for Pressure-Linked

Equations), SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations Consistent)
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 PISO (Pressure Implicit with Splitting of Operators)

 (116) P u

P

(118)

BAppuaua few
nb

nbnbpp
****                                           (118)

wp*
ep*

*P *
,

* vu *w

p *p

  (119)

vvvuuuppp *** ,,             (119)

p  (Pressure correction)  (118)

(120)

BAppuaua few
nb

nbnbpp                                                 (120)

 SIMPLE
nb

abnbua

(121)

ewp ppdfu **                                (121)

fd
p

f
f a

A
d

(122)

ppp p
new *            (122)
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p SIMPLEC

SIMPLE

nb
abnbua   fd pnb aa /1

(123)

ew

pnb

f
p pp

aa
d

u **

/1
                                                                (123)

PISO

SIMPLE Neighbor correction Skewness correction  (Loop)

 (Momentum correction) Neighbor

correction PISO

Skewness correction
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Solid work

GAMBIT

 FLUENT

(CFD)

Double-pipe

Solid Work, GAMBIT

FLUENT , , ,

1. : CPU i7 , RAM  4 GB

2. Solid Work

3. GAMBIT

4. FLUENT

1.

Double-pipe 24 900 mm

20 mm 5 mm

76 mm 300 K

 (engine oil) 600 K
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24

- velocity inlet

Reynolds number 10,000 40,000

300 K

- outflow

- velocity inlet

1 m/s 600 K

- outflow

- (Adiabatic surface)

(No slip condition)

(No slip condition)

- 3

- (Steady flow)

- Standard k   Model

- Second order upwind

- SIMPLE

-  (Unstructured grid)

- 451,566
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1.

2.

3.

4.

5.

k  Model

6.  3-5

Criterion convergence 510

2.

Double-pipe 25 900 mm

20 mm 5 mm

76 mm )/( dp 1 6

)/( de 0.04 0.09 Pr 0.741 6.99

300 K

 (engine oil) 600 K
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25

- velocity inlet

Reynolds number 10,000 40,000

300 K

- outflow

- velocity inlet

1 m/s 600 K

- outflow

- (Adiabatic surface)

(No slip condition)

(No slip condition)

- 3

- (Steady flow)

- Standard k   Model

- Second order upwind

- SIMPLE

-  (Unstructured grid)

- 619,903
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1.

2.

3.

4.

5.

k   Model

6.  3-5

Criterion convergence 510

3.

3.1 friction factor  FLUENT friction factor

Colebrook

 friction factor FLUENT

friction factor Reynolds number 10,000 – 40,000

3.2 Nusselt number

FLUENT Nusselt number

Dittus-Boelter

Nusselt number FLUENT

Nusselt number Reynolds number 10,000-40,000
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4.

4.1 friction factor friction factor

FLUENT  

friction factor

4.2 Nusselt number Nusselt number

FLUENT  

Nusselt number

5. Reynolds number

friction factor Nusselt number Reynolds number

10,000  40,000 friction factor Reynolds number

Nusselt number Reynolds number de 0.04 dp

3 Pr 6.99

6. de

friction factor Nusselt number de

0.04 0.09 friction factor de Nusselt number

de Reynolds number 40,000 dp 3

Pr 6.99
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7. dp

friction factor Nusselt number dp 1

6 friction factor dp Nusselt number dp

Reynolds number 40,000 de 0.04 Pr

6.99

8. (Pr)

 Nusselt number (Pr) 0.741

6.99  Nusselt number (Pr) Reynolds number

40,000 de 0.04 dp 3

9. friction factor Nusselt number

Reynolds number, de , dp Pr

friction

factor Nusselt number

friction factor Nusselt number

10. friction factor Nusselt number

friction factor Nusselt number

friction

factor Nusselt number
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11. friction factor Nusselt number

friction factor Nusselt number

(Dong et al., 2001)   

friction factor Nusselt number

 friction factor Nusselt number  friction

factor Nusselt number
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1.

1.1 friction factor

FLUENT friction factor

Colebrook 13%

26

Smooth Tube Heat Exchanger

0
0.005
0.01

0.015
0.02

0.025
0.03

0.035
0.04

0.045
0.05

10000 20000 30000 40000

Reynolds number

Fr
ic

tio
n 

fa
ct

or

Simulation
Theory

26  friction factor
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1.2 Nusselt number

FLUENT Nusselt number

Dittus-Boelter

13%  27 Nusselt number Nusselt number

Smooth Tube Heat Exchanger

0

50

100

150

200

250

10000 20000 30000 40000

Reynolds number

N
us

se
lt 

nu
m

be
r

Simulation
Theory

27  Nusselt number
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2.

2.1 friction factor friction factor

FLUENT

friction factor

friction factor

Reynolds number friction factor Reynolds number 28

Simulation Smooth&Spirally Heat Exchanger

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

10000 20000 30000 40000

Reynolds number

Fr
ic

tio
n 

Fa
ct

or

Smooth
Spirally

28 friction factor
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2.2 Nusselt number Nusselt number

FLUENT

Nusselt number

 Nusselt number

Reynolds number Nusselt number Reynolds number

29

Simulation Smooth&Spirally Heat Exchanger

0

50

100

150

200

250

300

350

400

10000 20000 30000 40000

Reynolds number

N
us

se
lt 

nu
m

be
r

Smooth
Spirally

29 Nusselt number
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3. Reynolds number

3.1 Reynolds number friction factor

de 0.04

dp / 3 friction factor 30

Friction Factor Vs Reynolds number

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

10000 15000 20000 25000 30000 35000 40000

Reynolds number

Fr
ic

tio
n 

Fa
ct

or

30  friction factor Reynolds number

30 friction factor Reynolds number

de 0.04 dp / 3 Reynolds number

friction factor

(124)

2967.0Re*0679.0f                          (124)
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3.2 Reynolds number  Nusselt number

de 0.04

dp / 3 Pr 6.99 Nusselt number

31

Nusselt number Vs Reynolds number

80

130

180

230

280

330

380

430

10000 15000 20000 25000 30000 35000 40000

Reynolds number

N
us

se
lt 

nu
m

be
r

31  Nusselt number Reynolds number

31 Nusselt number Reynolds number

de 0.04 dp / 3 Pr 6.99 Reynolds

number Nusselt number

(125)

6751.0Re*754.93Nu                                                                                 (125)
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4. de

4.1 de friction factor

Reynolds number 40,000 dp / 3 friction factor

32

Friction Factor Vs e/d

0.034

0.036

0.038

0.04

0.042

0.044

0.046

0.04 0.05 0.06 0.07 0.08 0.09

e/d

Fr
ic

tio
n 

Fa
ct

or

32  friction factor de

32 friction factor de

40,000 dp / 3 Reynolds number friction factor

(126)

1232.0*035.0 def                                                                                  (126)
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4.2 de Nusselt number

 Reynolds number 40,000 dp / 3 Pr 6.99

Nusselt number 33

Nuseelt number Vs e/d

340
350
360
370
380
390
400
410
420

0.04 0.05 0.06 0.07 0.08 0.09

e/d

N
us

ee
lt 

nu
m

be
r

33  Nusselt number de

33 Nusselt number de

Reynolds number 40,000 dp / 3 Pr 6.99

Reynolds number Nusselt number

(127)

0627.0*73.370 deNu                                                                             (127)
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5. dp

5.1 dp friction factor

Reynolds number 40,000 de 0.04 friction factor

32

Friction Factor Vs p/d

0.02

0.025

0.03

0.035

0.04

0.045

0.05

1 2 3 4 5 6

p/d

Fr
ic

tio
n 

Fa
ct

or

34  friction factor dp

32 friction factor dp

40,000 de 0.04 Reynolds number friction

factor

(128)

372.0*05.0 dpf                                                                                   (128)
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5.2 dp Nusselt number

Reynolds number 40,000 de / 0.04 Pr 6.99

Nusselt number 33

Nusselt number Vs p/d

320
330
340
350
360
370
380
390
400
410

1 2 3 4 5 6

p/d

N
us

se
lt 

nu
m

be
r

35  Nusselt number dp

33 Nusselt number dp

Reynolds number 40,000 de / 0.04 Pr 6.99

Reynolds number Nusselt number

(129)

1218.0*44.413 dpNu                                                                          (129)
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6. (Pr)

(Pr) Nusselt number

 Reynolds number 40,000 de / 0.04 dp / 3

Nusselt number 34

Nuseelt number Vs Pr

350

450

550

650

750

850

0.741 1.034 1.467 3.972 6.99

Pr

N
us

se
el

t n
um

be
r

36  Nusselt number (Pr)

34 Nusselt number (Pr)

Reynolds number 40,000 de / 0.04 dp / 3

Reynolds number Nusselt number

(130)

4794.0Pr*26.825Nu                                                                                 (130)
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7.  friction factor Nusselt number

7.1 friction factor  Reynolds number, de ,

dp Pr  friction factor

Reynolds number, de dp

(124), (126) (128)

7.1.1 friction factor Reynolds number (124)

(124) (131)

in
iii Cf Re,ReRe,Re,                                                                          (131)

ifRe,       friction factor i

iRe      Reynolds number i

inRe,   ifRe, iRe

iCRe,   ifRe, iRe

friction factor inRe,(Re) (132)

inff Re,(Re)                           (132)

      7.1.2 friction factor de (126)

(126) (133)

jden
jjdejde deCf ,

,,                                                            (133)

jdef ,      friction factor j

jde     de j
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jden ,   jdef , jde

jdeC ,     jdef , jde

friction factor jdende , (134)

jdendeff ,)/(                        (134)

7.1.3 friction factor dp (128)

(128) (135)

kdpn
kkdpkdp dpCf ,

,,                                                         (135)

kdpf ,      friction factor k

kdp     dp k

kdpn ,   kdpf , kdp

kdpC ,     kdpf , kdp

friction factor kdpndp , (136)

kdpndpff ,)/(                 (136)

7.1.4 (132), (134) (136) friction

factor (137)

kdpjdei n
k

n
j

n
ikjikji dpdeCf ,,Re, **Re*,,,,                     (137)

kjif ,,    friction factor kji ,,
in

i
Re,Re Reynolds number friction factor

jden
jde ,)/( de friction factor
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kdpn
kdp ,)/( )/( dp friction factor

kjiC ,,    kji ,, (138)

kdpjdei n
k

n
j

n
i

kji
kji

dpde

f
C

,,Re,Re
,,

,,                                    (138)

kjiC ,, kji ,,   

friction factor Reynolds number, de

dp (139)

n

C
avgC

n

i

n

j

n

k
kji

kji
1 1 1

,,

,,                                                            (139)

friction factor

Reynolds number, de dp (140)

2967.0372.01232.0 Re025.2~ dpdef                                   (140)

(140)  friction factor

Reynolds number 10,000 40,000

de 0.04 0.09 dp 1 6

7.2 Nusselt number  Reynolds number, de ,

dp Pr  friction factor

Reynolds number, de , dp Pr

(125), (127), (129) (130)

7.2.1 Nusselt number Reynolds number (125)

(125) (141)
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in
iii CNu Re,ReRe,Re,                                                                       (141)

iNuRe,   Nusselt number i

iRe      Reynolds number i

inRe,     iNuRe, iRe

iCRe,     iNuRe, iRe

Nusselt number inRe,(Re) (142)

infNu Re,(Re)                           (142)

      7.2.2 Nusselt number de (127)

(127) (143)

jden
jjdejde deCNu ,

,,                                                         (143)

jdeNu ,   Nusselt number j

jde       de j

jden ,     jdef , jde

jdeC ,       jdef , jde

Nusselt number jdende , (144)

jdendefNu ,)/(                 (144)

7.2.3 Nusselt number dp (129)

(129) (145)

kdpn
kkdpkdp dpCNu ,

,,                                                     (145)
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kdpNu , Nusselt number k

kdp    dp k

kdpn ,   kdpf , kdp

kdpC ,    kdpf , kdp

Nusselt number kdpndp , (146)

kdpndpfNu ,)/(                 (146)

7.2.4 Nusselt number Pr (130)

(130) (147)

ln
lll CNu ,PrPrPr,Pr,                                                                          (147)

lNu ,Pr     Nusselt number l

lPr         Pr l

l
nPr,     lNu ,Pr lPr

lCPr,       lNu ,Pr lPr

Nusselt number ln ,Pr(Pr) (148)

lnfNu Pr,(Pr) (148)

       7.2.5 (142), (144), (146) (148)

Nusselt number (149)

lkdpjdei n
l

n
k

n
j

n
ilkjilkji dpdeCNu Pr,,,Re, Pr***Re*,,,,,,             (149)
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kjiNu ,, Nusselt number lkji ,,,
in

i
Re,Re Reynolds number  Nusselt number

jden
jde ,)/( de Nusselt number

kdpn
kdp ,)/( )/( dp Nusselt number
ln

l
Pr,Pr Pr Nusselt number

lkjiC ,,, lkji ,,, (150)

lkdpjdei n
l

n
k

n
j

n
i

lkji
lkji

dpde

Nu
C

Pr,,,Re, (Pr)Re
,,,

,,,                                     (150)

lkjiC ,,, lkji ,,,   

Nusselt number Reynolds number, de , dp

Pr (151)

n

C
avgC

n

i

n

j

n

k
kji

lkji
1 1 1

,,

,,,                                                                        (151)

Nusselt number   Reynolds

number, de , dp Pr (152)

4794.06751.01218.00627.0 PrRe9362.0~ dpdeuN                            (152)

(152)  friction factor

Reynolds number 10,000 40,000 de

0.04 0.09 dp 1 6 Pr 0.741 6.99
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Reynolds number, de , dp Pr

  friction factor Nusselt

number friction factor

Nusselt number (140) (152)

2967.0372.01232.0 Re025.2~ dpdef                                                (140)

4794.06751.01218.00627.0 PrRe9362.0~ dpdeuN                             (152)

friction factor Nusselt number  friction

factor Reynolds number

10,000 40,000 de 0.04 0.09 dp 1 6

Pr 0.741 6.99

8.

8.1 Reynolds

number

8.1.1 friction factor friction

factor Reynolds number

friction factor

de 0.04

dp 3 Reynolds number

10,000  40,000 friction factor

8 % 35
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Simulation Vs Empirical
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37 friction factor friction factor

Reynolds number

8.1.2 Nusselt number Nusselt

number Reynolds number

Nusselt number

de 0.04

dp 3 Pr 6.99

Reynolds number 10,000  40,000

Nusselt number

12 % 36
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Simulation Vs Empirical
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38 Nusselt number Nusselt

number Reynolds number

8.2 de

8.2.1 friction factor friction

factor de

friction factor

Reynolds number 40,000 dp 3

de 0.04  0.09

friction factor

5 % 37
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Simulation Vs Empirical
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39 friction factor friction factor

de

8.2.2 Nusselt number Nusselt

number de

Nusselt number

Reynolds number 40,000 dp 3

Pr 6.99 de 0.04 0.09

Nusselt number

10 % 38



97

Simulation Vs Empirical
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40 Nusselt number Nusselt number

de

8.3 dp

8.3.1 friction factor friction

factor dp

friction factor

Reynolds number 40,000 de

0.04 dp 1  6

friction factor

12 % 39
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Simulation Vs Empirical
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41 friction factor friction factor

dp

8.3.2 Nusselt number Nusselt

number dp

          Nusselt number

Reynolds number 40,000 de

0.04 Pr 6.99 de 0.04 0.09

Nusselt number

8 % 40
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Simulation Vs Empirical
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42 Nusselt number Nusselt number

dp

8.4 Pr

Nusselt number  Reynolds

number 40,000 de 0.04

dp 3 Pr 0.741 6.99

Nusselt number

18 % 41



100

Simulation Vs Empirical
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43 Nusselt number Nusselt number

Pr

9. friction factor Nusselt number

Reynolds number Pr

friction factor Nusselt number

de dp friction factor

Nusselt number  friction factor

Nusselt number

friction factor (Dong et al., 2001)

Reynolds

number 10% 44
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Experiment Vs Empirical
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(Dong et al., 2001) 15%
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friction factor Nusselt number

friction factor Nusselt number

 friction factor Nusselt number

Reynolds number , de , dp Pr
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1.

1.1 friction factor

 friction factor

15 %

 friction factor friction factor

mesh

mesh

1.2 Nusselt number

 friction factor

15 %

 Nusselt number Nusselt

number Mesh

2.

 Nusselt

number Nusselt number Nusselt

number Reynolds number

Nusselt number 2 Reynolds number
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friction factor

friction factor

friction factor friction factor

3. Reynolds number

3.1 friction factor

Reynolds number

friction factor   

friction factor

  

friction factor

3.2 Nusselt number

Reynolds number

Nusselt number

  

Reynolds number
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4. de

4.1 friction factor

de friction factor

  de

de   

friction factor friction factor   

friction factor

4.2 Nusselt number

de Nusselt

number   de

de

de Nusselt number

5. dp

5.1 friction factor

dp friction

factor   dp

dp

dp friction

factor dp   friction factor
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friction factor

5.2 Nusselt number

dp  Nusselt

number dp

dp

dp dp

dp Nusselt number

6. (Pr)

6.2 Nusselt number

(Pr) Nusselt

number   (Pr)

(Pr)

(Pr) Nusselt number

7. friction factor Nusselt number

7.1 friction factor (140)

friction

factor 15 %

friction factor  friction factor

friction factor  friction factor
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2967.0372.01232.0 Re025.2~ dpdef                                   (140)

friction factor  friction factor

Reynolds number 10,000 40,000

de 0.04 0.09 dp 1 6

7.2 Nusselt number (152)

Nusselt number 10 %

Nusselt number friction factor

friction factor friction factor

4794.06751.01218.00627.0 PrRe9362.0~ dpdeuN              (152)

Nusselt number  Nusselt number

Reynolds number 10,000

40,000 de 0.04 0.09 dp 1 6

8.

 friction factor Nusselt number

(Dong et al., 2001)

friction factor Nusselt number 15 %

friction factor Nusselt number friction factor

Nusselt number
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1.  friction factor Nusselt number

2.

3.   

 friction factor Nusselt number
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 Solid Work  2  900

 20

25  76

1. Solid Work sketch Right plane

x

1
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2. circle 2

2 2

3.  smart dimensions

20 25

3
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4. feather extrude boss

900

4

5. 20 900

5
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6.

76   

6

7.  Right

plane

7
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insert curve helix/spiral

8

8. 900 pitch 60

height pitch

9
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9. plan 1.6

10

10. swept

Right plan 7

11
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11. insert combine main

body body to subtract

12

12. shell

5

13
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13.  76

14

14. save

save .STEP

GAMBIT
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GAMBIT
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GAMBIT

GAMBIT

1. Import file .STEP Heal Geometry

1 Import file .STEP GAMBIT
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2. GAMBIT

2 GAMBIT

3. volume volume

f1 edge 18

edge 8

3 f1 edge 18 edge 8
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4. f2 edge 17 edge 7

4 f2 edge 17 edge 7

5. f1

f2 Voss

5 f1 f2
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6. Volume 1 Voss

6

7. 2 3 Split Volume

Volume 2 Volume Voss

7
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8. Volume 4 Volume 4

Volume Voss

Volume 2

8

9. Zone Specify Boundary Types

face 16 cold inlet type Velocity inlet

9
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10. Zone Specify Boundary Types

face 15 cold outlet type outflow

10

11. Zone

Specify Boundary Types f 2 hot inlet type

Velocity inlet

11
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12. Zone

Specify Boundary Types f 1 hot outlet type out

flow

12

13. face 3, 4, 5, 6, 9, 10 pipe

type wall

13
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14. face 2, 7 out wall

type wall

14

15. Zone

Specify Continuum Types Volume 4

Type Fluid

15
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16. Zone

Specify Continuum Types Voss

Type Fluid

16

17. Zone Specify Continuum Types

Volume 2 pipe

Type Solid

17
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18. Grid

Mesh Mesh Volume 4 mesh Tet/Hybrid

Type T Grid  Spacing 1 Spacing

Grid

18 Mesh

19. Grid Mesh Mesh Voss

mesh Tet/Hybrid Type T Grid  Spacing 5

19 Mesh
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20. Mesh 2

GAMBIT .msh Fluent

Export Mesh  .msh

20  .msh
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Fluent
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Fluent

Fluent

PDE (Partial Differential Equations)  

  

(Numerical Methods)

(Iterative Methods) CFD

1. Fluent 3d Run

3d

1  3d
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2. File >> Read >> Case

.msh GAMBIT Fluent

2

3.

 3   .msh
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4. Grid >> Scale

Unit Conversion mm

4

5. Define >> Model >> Solver

5
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6. Steady Time

OK

6 Steady

7. Define >> Model >> Energy

7
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8. Define >> Model >> Viscous

8

9. Model k

k Standard  

9 k
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10.

Define >> Materials

10

11. fluid engine-oil Material Type

fluid

11 engine-oil
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12. fluid Material Type

fluid

12

13. Material Type

solid

13



142

14. Define >> Boundary Conditions

14

15. zone cold-in Type velocity inlet

300 K 1 m/s

15
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16. zone cold fluid

Type fluid Material Name water-liquid

16

17. zone hot fluid

Type fluid Material Name engine-oil

17
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18. zone hot-in Type velocity inlet

600 K 1 m/s

18

19. zone pipe Type wall

19
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20. zone outwall Type wall

20

21. Solve >> Controls >>

Solution

21
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22. Under-Relaxation

Discretization First Order Upwind Second

Order Upwind

22 Under-Relaxation

23. Solve >> Initialize

23
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24. Compute From all-zone

Init Apply

24

25. (Residual) Solve >> Monitors >> Residual

25 (Residual)
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26. Convergence Criterion 0.000001

0.000001

26 Convergence Criterion

27. Solve >>

Iterate Number of iterations 5000

27
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28.

Under-Relaxation

28

30. Reynolds number

Reynolds number

Reynolds number 10,000-40,000
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Friction Factor

Friction Factor

1

1 Friction Factor

Colebrook

Reynolds number
(m/s)

Friction factor Friction factor %

10000 0.53 0.0436 0.0395 9.57

20000 1.12 0.0382 0.0334 12.51

30000 1.64 0.0331 0.0275 16.797

40000 2.14 0.0263 0.0224 14.858

13%

Friction factor Friction factor

mesh

mesh   

Friction Factor
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 Nusselt number

Nusselt number

Dittus-Boelter 2

2 Nusselt number

Dittus-Boelter

Reynolds number
(m/s)

Nu
Nu %

10000 0.53 68.04 61.86 9.564

20000 1.12 115.42 107.71 6.684

30000 1.64 179.09 148.97 16.81

40000 2.14 208.34 187.53 9.989

Nusselt number Nusselt number

Friction factor Friction

factor Mesh

 Friction Factor

 Friction Factor  

Reynolds number

  Friction Factor

3
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3 Friction Factor  %

Friction Factor

Reynolds number
Friction factor Friction factor %

Friction factor

10000 0.0436 0.0622 29.789

20000 0.0382 0.0537 28.857

30000 0.0331 0.0440 24.724

40000 0.0263 0.0350 24.736

 Nusselt number

 Nusselt number

Reynolds number

Nusselt number

Nusselt number Nussellt number

4

4   Nusselt number % Nusselt number

Reynolds number
Nu Nu %

Nu

10000   68.04 101.02 32.286

20000 115.42 174.29 33.776

30000 179.09 268.38 33.272

40000 208.34 369.42 43.602
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friction factor

5 7

5 friction factor friction

factor

Reynolds number

Reynolds number

friction factor friction factor

 friction factor

%

friction factor

10000 0.0622 0.0588 5.35028

15000 0.0579 0.0521 9.846

20000 0.0537 0.0479 10.75

25000 0.0475 0.0448 5.567

30000 0.044 0.0424 3.42

35000 0.0375 0.0405 8.256

40000 0.035 0.0390 11.4834

6 friction factor friction factor

de

de

friction factor friction factor

 friction factor

%

friction factor

0.04 0.035 0.0390 10.3

0.05 0.0381 0.040107 5.0

0.06 0.0403 0.041018 1.750

0.07 0.0415 0.041804 0.72

0.08 0.0422 0.042498 0.73

0.09 0.044 0.043119 2.02



155

7 friction factor friction factor

dp

dp

friction factor friction factor

 friction factor

%

friction factor

1 0.047 0.058718 19.95573

2 0.041 0.045372 9.635178

3 0.035 0.039019 10.3006

4 0.0307 0.035059 12.43369

5 0.0272 0.032266 15.70183

6 0.024 0.030151 20.39948

Nusselt number

8 11

8 Nusselt number Nusselt

number

Reynolds number

Reynolds number

Nusselt number Nusselt number

 Nusselt number

%

Nusselt number

10000 101.2 132.1506 23.42073

15000 143.7 173.7595 17.29947

20000 174.3 211.0059 17.39568

25000 243.5 245.3119 0.738603

30000 268.4 277.443 3.259424

35000 328.7 307.8716 6.76529

40000 369.42 336.9147 9.647926
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9 Nusselt number Nusselt

number

de

de

Nusselt number Nusselt number

friction factor

%

friction factor

0.04 369.42 356.9147 3.385112

0.05 388.2 364.6617 6.063458

0.06 397 368.5898 7.156224

0.07 408.3 371.9462 8.903699

0.08 409.8 374.88 8.521234

0.09 411.7 377.4882 8.309877

10 Nusselt number Nusselt

number

dp

dp

Nusselt number Nusselt number

Nusselt number

%

Nusselt number

1 405.3 385.1531 4.970871

2 390.4 353.9712 9.331154

3 369.42 336.9147 8.799004

4 342.2 325.3138 4.934609

5 338.9 316.5912 6.582716

6 330.7 309.6382 6.368855
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11 Nusselt number Nusselt

number

Pr

Pr

Nusselt number Nusselt number

Nusselt number

%

Nusselt number

0.741 860.62 988.0331 12.89563

1.034 526.55 842.1728 37.4772

1.467 514.86 712.157 27.70414

3.972 447.39 441.7711 1.271901

6.99 369.42 336.9147 9.647926

12 friction factor

(Dong et al., 2001)

Reynolds number

friction factor friction factor

friction factor

%

friction factor

10000 0.051 0.0588 13.37157

15000 0.048 0.0521 8.044481

20000 0.045 0.0479 6.110203

25000 0.0425 0.0448 5.256807

30000 0.04 0.0424 5.873447

35000 0.039 0.0405 3.931749

40000 0.038 0.0390 2.612081
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13 Nusselt number

(Dong et al., 2001)

Reynolds number

Nusselt number Nusselt number

Nusselt number

%

friction factor

10000 90 132.1506 31.89591

15000 148 173.7595 14.82479

20000 198 211.0059 6.163769

25000 221 245.3119 9.910601

30000 230 277.443 17.1001

35000 267 307.8716 13.27553

40000 300 336.9147 10.95669
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