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Abstract

Compact heat exchangers are considered as a plausible candidate
for heat transfer between the high pressure, high temperature gas
flows such as in the intermediate heat exchanger of Very High
Temperature Nuclear Reactor (VHTR) for hydrogen production. Such
a compact heat exchanger 1s constructed with corrugated
minichannels of millimeter-range hydraulic diameter.

In the present study, heat transfer and fluid flow characteristics of
high temperature, high pressure helium flow in minichannels have
been numerically investigated using the FLUENT code. A particular
emphasis in the analysis was to evaluate the applicability of the
turbulent models in the code to such high pressure, high temperature
flow (60 bar, 950C).

Some selected experimental data were compared with the
calculations. The FLUENT code generally overpredicted the heat
transfer coefficients and the difference was larger in low Reynolds
number flow.

The effect of wvariable properties was also investigated. Heat
transfer and fluid flow in the corrugated (zigzag) channels were

numerically analysed to seek optimum angle of corrugation.



-

Abstract

X

Hr
o)

Hr
™

=

A 1A A

- Hi A

1.1

A2 A APAS 1F

)

A

2.1

2w g A

2.3

—

&

i
v

. 15

oF
b
=

T

i

. 15

16

AAZA

=i
2o

311 A# A4

17

P

<

A

3.1.2 A



32 =4 WHEE 19 AT 153l

321 %o wE EAX W3 Ag .

322 A 71 e,

323 AR AT e,

Al 4 B FF @AE A=
A1 Al B L mBBE - eerrerererrerererererereseseererasesaseeens

42 Az FAT AAZD e

43 FA ZIH et

I - | = ) o USSR

A 5#% A Al ot O\ A

e
by
A
e

_iv_



e 74]‘1:, W]mzﬁ

Colburn j — factor

Nusselt number, 22/ £,

4=, AP

Prandtl number, v/a
ARE, Wt

Reynolds number, pzp, /u
A%, K

2~
=5

, s

-V -



A4

3t

A

|

constant—property

w

g 253

. W s

AT

e
o

gyl

A A, /\/'.5'/7%2

7]
=

. W s

AT

juze)
%R

Mo

’ /ég/ m?’

H
M

T

oo

v

_vi_



Table

Table

Table

Table

Table

Table

Table

Table

2.1

2.2

2.3

3.1

3.2

3.3

3.4

3.5

=3

= 7
Turbulent Convection Correlation Through a Circular

Ducts with Constant Properties (Nu)

Exponents n and m for Turbulent Forced

Convection Through Circular Ducts

Turbulent Forced Convection Correlation in Circular

Duct for Gases with Variable Properties

Simulated Conditions

Helium gas properties (35 atm., 200 K <T <1500 K)
Pure Nickel properties (200 K <T <1500 K)
Selected experimental NIST data

Comparison of prediction of Fluent by previous

correlations

- vii -



Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.9

3.10

3.11

3.12

3.13

ER I

Sulfur-Iodine(SI) cycle process
The schematic diagram of circular channel flow
The grid - 2D

In case of constant property, the results of prediction

for Nusselt number
Density profiles of helium versus temperature
Specific heat profiles of helium versus temperature

Thermal conductivity  profiles of helium versus

temperature
Viscosity profiles of helium versus temperature

Thermal conductivity profiles of pure Nickel versus

temperature

Specific heat profiles of pure Nickel versus temperature -1
Specific heat profiles of pure Nickel versus temperature - 2

Temperature profiles at the wall
The results of prediction for Nusselt number

Plots of heat transfer coefficient versus distance along

the tube length

In case of high mass flux, the results of prediction for

heat transfer coefficient

= viii -



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

4.1

4.2

4.3

44

In case of low mass flux, the results of prediction

for heat transfer coefficient

The profiles of Nusselt number

number(Circle) - NIST #60

The ratio of Nusselt number

number(Circle)

The profiles of Nusselt number

number(square)

The ratio of Nusselt number

number(square)

The profiles of Nusselt number

number(circle)-NIST #66

The ratio of Nusselt number

number(circle)

The profiles of Nusselt number

number(circle, square)

versus

versus

versus

versus

versus

versus

versus

Reynolds

Reynolds

Reynolds

Reynolds

Reynolds

Reynolds

Reynolds

The profiles of heat transfer coefficient at the first

cell

Construction of PCHEs

The grid of PCHE - 3D

Boundary conditions

The profile of temperature (8 = 0°)

_ix_



Fig.

Fig.

Fig.

Fig.

4.5

4.6

4.7

4.8

The profile of temperature (6 = 115°)

The profile of temperature (6 = 100°)

The profiles of j factor versus Reynolds number

(angle)

The profiles of j factor versus Reynolds number

(temperature)



Aol st ge] AH Pl wmek AuA AgFel FEa
om, ot B4 AR(NE, Af, AAZLE 5) o A HFF 0z
Sel e ol 47| et AFeriste] FHel (0, wjFolets BARAR

olAaL vk, old EAK SAS 97 A - A UAY ol
A

A2 oUXASE F2 T

= W Tl detd #8 s Aol k. A ALl
MEEa Jde ZI>UA2(VHTR @ Very High Temperature Nuclear
Reactor)®] & dYhL o] &3t SI (Sulfur-lodine)cycle 3Ao] F
H g os dE & o VgiEn.

SI 42 53 &2 397 gshgkgaom 44 5o gt

2D + SO0 + £(0 — HS0(ag) + 2HAK ag) (1)
2H R ag) — H(g) + £(C) (2)
H,S0(0) — HyKXD) + SO + 1/2 O(2) (3)

21(1)& Bunsen®H-&F 4 024 H0, SO, 128 ZF Wk A7 H,S0,2} HI
5 ST, ol @dyrgola AAF R NHE FA|TH2
0T~1001C). T3+ Bunsen WHG-olA A ¥ = HISH K802 Yo 29
Z(iodine)7} %L w, HI -HS0s-H0 - I, EggNo] ofl-oll Fgo

3l HINZ(HI - Ho0 - 12 )3 HoSOsMA; (HoSOs-H0- 12 ) 02 A Zfol] 9

lo

_1_



2(2)2 HI Zaivtsgegdow o9 HIE ZallAA
Oﬂ
=

1t}
A2 AR 21(3)9] HoS0y Esfjubeade &

RN

gy dreAe ool ). H,S0,7FAE 400 C~500Col A H09F SOs
o7 B mw, EaE S0s oF 800ToNA A Zufol] os thA] SO
o} 0,2 e Hroh

HySO(0) — Hy XD + SO(9) (4)
SO0 — SO, (9 + 1/2 02 (5)

ol AAY AAL ol G SI

FFHEE Fig 1.1 YeRAIT.

)

(Ozturk et al, 1995)

1000 — ,

‘ Hy804 = HaO + S04 + 0.50, ‘
800 [— ;
H,S|0, Decompogition

Heat

(=23
(=]
[=]

400 [— @f@ I@l Heat
G0z (Hpsoe ) HI Decompositi(;;"‘~ .
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Y™

o (p0) =0 (2.1)

S5 W42 (momentum equation)

0 P i o[ [ 90U, oUN
5 I/(p[//[/) Ny, o3 bE oW o, + ax/) P u, Z/,] + Pg;
(2.2)
o 4#] WA 2 (energy equation)
L . — a 11 a]‘ _ . 2 3
ox, (0, 7) 3/@( Pr ox, brau? (2.3)

/= B4 doluE=Z $#(thermal Reynolds stress), Pri= Prandtl

T, pe AA(viscosity)S 9on i},



2 5] dRTEEol oA (eddy viscosity),

n, o Fose el dAZ = ok A4 THEe ARESke]l doxl

v (2.5)

= 4F &% oYX (turbulent kinetic energy)©]

o714 k
ol y#]¢] A4F&(dissipation rate)o]t}. k-e & F-3l= F

gev 2

2 _ 0| M\ o4 _pE — 2.6
o, (PAU) = 0x,-[(p+ oé) 0x,-] + Pt Gy—PE — D (2.6)

[ IR VO DN BN &
2 (e )= M/[(H o ) |t g Gy = C reE
(2.7)
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Table 2.1 Turbulent forced convection correlations through a

circular ducts with constant properties(Nu)

Author Correlations and Limitations

Ny = 0.0232°Pr”

Rep= 10,000, Z/2=10. 0.7 < Pr = 160
7> 7, + n =04 (heating)

7.< 7, - n

Dittus—Boelter(1930)

0.3 (cooling)

0.14
] Nuy = 0.027.22°Pr 1/3( L)
Sieder-Tate(1936) L

0.7 < Pr <16,700 . Ae,= 10,000, Z/L2 = 10

VA S (A2) Re Pr
Petukhov-Kirllov(1970) - 1.07 + 12.7(ADY2 (Pr#®) —1

0.5< Pr<2,000 » 10*< 2e<5x10°

(A2) RePr
1.07 + 9(AD)Y*(Pr — 1) Pr

/VZ[Z):

Webb(1971)
better at high Pr and this one the same

at other Pr , smooth tubes

Nuyp= 5+ 0.015R2"Pr”
m=0.88—10.24/(4+ Pr)
7= 1/3+ 0.5exp(—0.6Pr)
0.1<Pr<10* . 10*< #e< 10°

Sleicher-Rouse(1975)
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Table 2.2 Exponents n and m for turbulent forced convection

through circular ducts

Fluid Condition n m Limitations

10" < Re< 1.25x10° .
Liquid | Turbulent heating | 0.11 - 2 < Pr <140,

0.08< 1, /n,<1

Liquid | Turbulent cooling | 0.25 - 1<, /u,< 40

104 < Re< 23x104 .
Liquid | Turbulent heating |~ - -0.25 1.3< Pr<10*.

0.35 1, /1K1

Liquid | Turbulent cooling — -0.24 1<, /0,<2

10 < Re< 4.3x10° .
1< 7] 7,<3.1

Gas | Turbulent heating | —0.47 >

Gas | Turbulent cooling | —0.36 - 0.37< 7°,] 7,<1

14x10" < Re< x10° ,

Gas | Turbulent heating - -0.52

1< 70,/ 7,<3.7
Gas | Turbulent cooling - -0.38 0.37< 7°,] 74<1
Gas | Turbulent heating - -0.264 1< 7, 7x,<4
Gas | Turbulent heating - -0.1 1< 7,/ 7,24
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Table 2.3 Turbulent forced convection correlation in circular duct

for gases with variable properties

Correlation Gas Comments and Limitations
7N\ 3
N,=0.023 2 Pro-"( 7:) 30< 1/d <72, 7X10°< Re <
Air -
Ty /Ty < 1, n = 0 (cooling) 3X10°, 0.46< & <35
T/ Ty > 1, n = -0.55 (heating) ’
s 29< L/d <72, 1.24x10°< Re
7o\ 0 )
_ 0.8 o 0.4 Lw Air
No=0.022 & Pr ( Té) <4.35%10°, 1.1< L2 <173
7,
N 0.8 o 0.4 _Lu)" A,
+=0.023 ZERTr ( Té) helim, | 1.2< L2 <2.2, 4x10°
b
=—Q. i =-0.185 for heli carbon-—
n 0.4 for air, n O' 85 for helium, e Re < 610", 1/d 560
n=-0.27 for carbon dioxide dioxide
0.8 0l 2. —
s=0.021 /R ( 7‘,3) _ L/d >30, 1< e <25,
Alr, 5
7 =05 : 4 5
N,=0.021 & Pr0‘4( 7&) helium, 1.5X10°< Re <2.33%10”,
¢ nitrogen L/d >5,
L\ YT local values
[+ (%) ]
e 1/d >40, 1.24< Lu
N,=0.024 R Pr0'4( T) '
6 <7.54, 18.3X10°< Re
N,=0.023 &% pr <2.8x10°
7\ 0 Nitrogen Properties evaluated at
__ 0.8 0.4 w
N;=10.024 &e° Pr ( ]‘é) wall temperature, L/d >24
-0 7 0.7,
x [ 1+ ({;) (7“) ] 1.2< 1/d <144
b
Z N\ :
N,=0.021 £ Pr“( 7‘4) 80< L/d <100, 13x10°<
’ Nitrogen . Va
Re < 3X10°, 1< =% <6
7,

7
. —(0.9 log % + 0.205)
Vi
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Correlation Gas Comments and Limitations
N,=5+0.012 &/ *
For gases 0.6 < Pr <0.9
<(Pr,+0.29)
N,=0.0214(#2S*—100) Pr’*
70\ 045 2 Alr, 0.5< Pr <1.5, for heating of
( 7, é) [ gl ( L) ] helium, gases; the author collected
carbon— the data from the literature;
N,=0.012( 2% — 280) Pr’4 dioxide second for 1.5< Pr <500
Va 0.4 l 2/3
( n) X[H ( L) ]
N,=0.022 #"*pPr’* _ 10%< Re <10°,
Alir,
—10.29+0.0019Z/ & helium

(7]

18< L/d <316

_14_
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mde oe-w 8 Fd(pressure-strain model)e] dgloz Hdo
Aedof] gt FHES -y S sho] mulo A el Fluent ol A
+ Launder®] A& 3} »dl3} Spezial, Sarkar & Gastski®] H] A& =d

(SSG)& Al&skar k.

S~

W 23 g A E 38t =M Launder & Spalding®] #|¢tel] 7]
%3t standard wall function?} Kim & Choudhury®] non-equilibrium
wall function?} near-wall modelS Al&stal drh. ¥ e H o
AdF Atol9] viscosity-affected regione ZHFAH ZX| &3l bridge®
o831, o] "l near-wall model?! two-layer zonal model %7
#Z(viscous sublayer)S AH ZL= Fo]qlt}.

uhebxd W gkg Abgell A% (boundary layer)S REARSEZ] 9% A
Ag a8=(grid)®] Aol FasA k. 7[EAeR ZaMAH(log
law)& AF&3}= standard wall function® 27} th-i-2o] 7$-o] Fut
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ghe] ojw)  wwo o] A WA celle TAO] vy > 30~5004 % o]
A == gl afoF &, near-wall modelS # &3t A% y'=
19kl o4& o] AxE ¥rs x4 st Zo] Fasitt. 7] F9

5 <y < 3091 €38k (buffer—layer) 3ol
FolA ¥xE o= Aotk 5 A WA cells T&3] A siAY =
2 Fwol AA st ¥WES(wall function) 2] Aol ofjufst JEj=
WHEX] k= Aol T3 Fluent 5.4 Guide, 2001).

3.1.1 Az 74 2L AAZA

1 AzTA

=2 two-layer zonal model& AF&3 A9, 7|EH o= {52 W7t
U2 ddof vld & AL disHE o

stk ol v Axte 7 dolEzsd el v = 1% f78

=)
rd
N
=2
)
B
Ll
BN
1=
ofr
ol
)
ol
o

Y}, standard wall functionsE AREE H-$-, y Hal
3098 AAE ALY, frEol s wEs ¢ & g 60D
o oFE FRow AxFE 800X500. 2 3T, o] = Fig 3.20] U
EF] Sl T}

2) BAAZA



T= BE W49 #REo] gl A A¥o] fAHESE ¥, T
AHE FA (axi-symmetric) AA 2712 AREsle] Ao, #{H
2 HZ(no slip)2AY ¥HHS w2t A 4 {50 FA8teS 313

_'Q'_
o}, a8 a AEYelAd ZAEL Table 3.1 o YeERHSIT.
3.1.2 AA 245

EAA7F 943 2 AT D (fully developed) @7 %52
AAGdE Axsiitt. oo WE dHdE AFE Fig 3.3°] HERAAH.
Fig 3.394 x5F& #FeWFeze Fad dolE yea, yH2
Nusselt<& Dittus-Boelter A% A2 o8 e ghs e,

AF8-3 standard k-e E o) viscosity-affected region AH&=E ¢
o] standard wall functionZ} two-layer zonal modelS A}F&3}3iTt.

o|=A3} 7} Petukhov, Sleicher-RouseZ} A¢tdt A2t} =4 o=

H - rAF IS A9 EH Dittus—Boelter? HrUl:E 3 o=

shan itk whebAl S AARIE oAl ol gloms A g 9

_0|L
=
%0
o

Q’Z/ Dé
Nu = (3.1)
“ b (7, — 7))
EF, A HuEs vhad 2o Fojdn
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Table 3.1 simulated conditions

Dn (m)

L (m)

Tin (OC )

Tout ( OC )

Re

q" (kW/m’)

Value 0.05

9.6

17

140

6.0X10°

6.0

Table 3.2 Helium gas properties (357]%,

200 K < T < 1500 K)

A Bl B2 B3 B4 B5
D 18.9767 | -0.08089 | 1.66904E~4 | ~1.7712E-7 |9.27485E-11|-1.89411E-14
Cp [5336.40485 | =1.55691 0.0065  |~1.22201E-5| 8.61991E-9
k 0.04041 | 4.35433E-4 |~1.84287E~7|8.63937E~11|-1.78775E-14
I |5.53466E-6 | 5.26155E-8 | -1.55256E-11|3.58702E-15
Table 3.3 Pure Nickel properties (200 K < T < 1500 K)
A Bl B2 B3 B4
Cp(200~600) 116 2.03083 | -0.00419 | 3.54167E-6
(600~1500)| 2282 -5.63667 | 0.00588 |-1.95833E-6
k 160.86094 | -0.34493 |4.27618E-4 |-2.07208E-7(3.48079E-11
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Table 3.4 Selected NIST Data

# q" &kW/m") |G (kg/m's) Re Tw

60 652 227 6600< Re < 11100 | 374< Tw <735
62 675 678 27300< Re < 34300| 317< Tw <452
64 199 690 32800< Re < 35300| 291< Tw <330
65 43 101 4500< Re <5000 302< Tw <353
66 195 93 3000< Re <4500 349< Tw <609
# | q" &W/m) | G (kg/m's) q Temperautre Ratio
60 652 227 0.0019 1.1<T.R<K 14
62 675 678 0.00068 1.1<T.R<K1.2
64 199 690 0.0002 1.025 < T. R < 1.06
65 43 101 0.00028 1.03 < T. R < 1.06
66 195 93 0.0014 1.07 < T. R< 1.27
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Table 3.5 Comparison of prediction of Fluent by previous

correlations

4 " (/) | 6 g/ s Nu Nu Nu Nu Nu
m m's
d NIST | Fluent | DB [Gnielinski| R-H
29.24 26.54 24.89 23.40
60 652 227 20.61
(42%) (29%) (21%) (14%)
73.26 75.49 69.02 66.57
62 675 678 60.02
(22%) (26%) (15%) (11%)
86.01 82.55 75.21 72.79
64 199 690 68.53
(26%) (20%) (10%) ( 6%)
20.65 17.16 15.61 15.13
65 43 101 15.02
(37%) (14%) ( 4%) ( 1%)
16.88 13.68 11.91 12.06
66 195 93 10.13
(67%) (35%) (18%) (19%)
Unhealed region Wall heat flux

600 | 130D
_ | |

Fig 3.1 The schematic diagram of circular channel flow
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Fig 3.2 The grid - 2D
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bossenlensemansem o manenade el Petukhov
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1 i 1 i 1 i 1 i 1
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Dimensionless length (x/L)
Fig 3.3 In case of constant property, the results of prediction

for Nusselt number
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Fig 3.4 Density profiles of helium versus temperature
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Fig 3.5 Specific heat profiles of helium versus temperature
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Fig 3.6 Thermal conductivity profiles of helium versus temperature
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Fig 3.7 Viscosity profiles of helium versus temperature
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Fig 3.8 Thermal conductivity profiles of pure Nickel versus

temperature
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Fig 3.9 Specific heat profiles of pure Nickel versus temperature -1
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Fig 3.9 Specific heat profiles of pure Nickel versus temperature —2
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Fig 3.10 Temperature profiles at the wall
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Fig 3.11 The results of prediction for Nusselt number
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Fig 3.12 Plots of heat transfer coefficient versus distance along

the tube length
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Fig 3.13 In case of high mass flux, the results of prediction for

heat transfer coefficient
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Fig 3.14 In case of low mass flux, the results of prediction for

heat transfer coefficient
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Fig 3.15 The profiles of Nusselt number versus Reynolds

number (Circle) = NIST #60
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Fig 3.16 The ratio of Nusselt number versus Reynolds number(Circle)
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Fig 3.17 The profiles of Nusselt number versus Reynolds
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Fig 3.18 The ratio of Nusselt number versus Reynolds number (square)
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Fig 3.19 The profiles of Nusselt number versus Reynolds
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Fig 3.20 The ratio of Nusselt number versus Reynolds number(circle)
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Fig 3.21 The profiles of Nusselt number versus Reynolds

number (circle, square)
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Fig 3.22 The profiles of heat transfer coefficient at the first cell
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Fig 4.1 Construction of PCHEs

Fig 4.2 The grid of PCHE - 3D
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