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SUMMARY

The SFR(Sodium-cooled Fast Reactor) has attracted increasing attention
recently as it provides means for efficient utilization of uranium resources and
reduction of radioactive wastes.

In order to meet one of the Gen IV SFR technology goals of dramatic
improvement of safety, a PDRC(Passive Decay Heat Removal Circuit) was
adopted. Sodium-Air Heat Exchanger(AHX) is a part of the PDRC, which is
one of the essential characteristic design concepts of the Gen IV SFR. The
AHX 1is composed of helical tube banks in the chimney. The natural
convective air flow driven by the heat transfer from the helical tube interacts
with the chimney and leads to a complex phenomenological behavior.

There were only a few experimental investigations on the natural
convection heat transfer for chimney effect, and most of previous studies
have been performed numerically. In this study, using analogy concept for
heat transfer and mass transfer, the natural convective heat transfer
phenomena in a chimney-system Wwere simulated by mass transfer
experiments. And the applicability of the experimental methodology was
identified by numerical analysis using FLUENT.

The present works are divided into four steps. Firstly, the velocity of flow
in the chimney and Nusselt number were calculated theoretically using
simplified balance equation approach. Secondly, to know whole phenomena,
preliminary experiments were carried out. Through those two steps, it was
found that the increase of the exit length caused by the chimney enhanced
the heat transfer up to a certain chimney height(effective length). This
effective length was determined by the balance of acceleration driven by

buoyancy and the deceleration due to the friction between fluid and wall of

Xiii



the chimney.

Thirdly, through the comparison between the mass transfer experiment and
the numerical analysis, the validity and applicability for analogy experimental
method was confirmed. The temperature and velocity profiles of the numerical
simulations near the heated wall with and without the anodes in the middle
of the chimney, was quite similar. Thus it was concluded that the mass
transfer experiment with the anode in the middle of the chimney can predict
the real phenomena.

Finally, what happened to the effective length and the heat transfer in the
chimney-system was demonstrated depending on extension and exXpansion
ratios, heat input, and cross-sectional shape of the chimney. The heat
transfer was enhanced with the increase in extension ratio up to a certain
length (effective length). As the expansion ratio increases, the heat transfer
rates decreases and the effective length increases. The effective length
increases with the heat input. The effective length was same regardless of
the cross—sectional shape of the chimney.

This study has significance in a few senses. Firstly it is one of the rare
studies using experimental means. Secondly, it provides theoretical
background of extending the applicability of the analogy experimental method
using the electroplating system. Thirdly, the experiments were performed for

high Grashof numbers.

Xiv
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Table 1. Literatures on chimney (Numerical study)
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Channel Exten | Expan
No. Auth Heating Ray Test aspect sion sion M ¢ Arrange-
T easuremen
ref. Hthors condition (Rar) fluid ratio ratio ratio ment
(Lw/b) (L/Ly) | (B/b)
S. E. Haaland Mass flow rate, Unheated
nheatet
(1) and E. M. CWT - - - - - velocity and temperature it
exi
Sparrow(1983) profiles
. _ Mass flow rate, maximum
A. Andreozzi 5 s . 5, 10, _ Unheated
(2) CHF 10°-10” Air 1.5-4 1-4 wall temperatures, average .
et al.(2009) 20 exit
Nu number
. Velocity, temperature and
@) A. Andreozzi CHF 10°-10° Al - . Unheated
R ir 0.7, 10 4 pressure profiles, average .
et al.(2008) exit
Nu number
A Andr . Mass flow rate, maximum Unheated
. An 771 N . nheatet
(4) co CHF 10*-10* Air 10 1.5-3 1-4 wall temperatures, .
et al.(2005) . exit
pressure profiles
A. Andr i Velocity, temperature and
_ ndreozzt 4 s . x(Vertical height)/Leo = v P . Unheated
5) and O. CHF 10°-10 Air 0-10 pressure profiles, it
-1. exi
Manca(2001) temperature fields
AC ¢ Wall temperature, Induced Unheated
. Campo e 4 s nheatet
6) P CHF 10*-10° Air 5-15 1-5 - mass flow rates, velocity
al.(2005) . entry
and temperature profiles
‘Wall temperature profiles,
maximum wall
i Unheated
A. Campo et y 5 . temperatures, velocity and .
(7 CHF 10°-10° Air 10 0-19 - . exit and
al.(1999) temperature fields, mass :
entry
flow rates, pressure
profiles
K T CWT / Mass flow rate, Unheated
() L é199'4> CHF 10%-10" Air - - - temperature profiles, exit and
e average Nu number entry
Y. Asako et Mass flow rate, maximum Unheated
. Asako e nheatet
9) CWT 125 Air 5-40 5-20 1-10.7 | heat transfer rate, average .
al.(1990) exit
Nu number
A. Auletta et 9 16 . _ _ Maximum wall Unheated
(10) CHF 10710 Air 5-20 1.5-4 1-4 .
al.(2003) temperatures exit
A Andn . Wall temperature, mass Unheated
. 9 . . nheatet
(1D ficreozzl CHF 10°%-10* Air 10 2 1-4 flow rate, air velocity .
et al.(2005) exit
profiles
A Andr . In-flow condition by Unheated
. . . nheatet
(12) ficreozzl CHF 10°-10” Air 5-20 1-4 15-4 stream function and .
et al.(2010) . exit
temperature fields
A Andreozzi Dimensionless mass flow Unheated
. . . nheatet
(13) ficreozzl CHF 10°-10” Air 5-20 1.5-4 1-4 rate, maximum wall .
et al.(2006) exit
temperature

% CWT: Constant Wall Temperature, CHF

: Constant Heat Flux




Table 2. Literatures on chimney (Experimental study)

Channel . )
. Extensio Expansio
No. Heating Ray, Test aspect i . Arrange-
. Authors diti (Raw) fluid " n ratio n ratio Measurement :
ref. condition ar. ui ratio men
(L/Lp) (B/b)
(Li/b) !
Fisher and Velocity profiles,
. Unheated
(14) | Torrance(19 CHF - Air - - - frequency of it
exi
99) cold-inflow
Mass flow rate,
_ | Kazansky et g . N velocity and Unheated
(15) CHF <10 Air 1.25 1-9 - . .
al.(2003) temperature profiles, exit
flow visualization
‘Wall temperature
Auletta et P rofiles, maximum Unheated
(16) tetta © CHF 10°-10° Air 2.5-10 1-4 1-8 P .
al.(2001) wall temperatures, exit
average Nu number
Aulett: d o e Temperature profiles, | Unheated
(17 | e an CHF | 10-10° | Arr | 255 15-4 1-4 P P _
Manca(2002) local Nu number exit
Wirt d Mass flow rate, Unheated
irtz an nheatet
(18) CWT (<10% Air x(Vertical height)/Lipwa = 0-1.0 velocity and
Haag(1986) . entry
temperature profiles
Flow visualization,
0. M In-flow study b,
anca " . _ . y. v Unheated
(19) and M. CHF <10 Air 5 1-4 1-4 profiles of air it
exi
Musto(2002) temperature
fluctuations
0. Manca - . Local and maximum Unheated
(20) CHF 10-10° Air 5-20 1-4 1-4 )
et al.(2003) wall temperatures exit
A G 1<Ray(
. B Local Nu number, Unheated
(21) | Straatman CWT b/Ly) < Air 10-24 1-4 1-5 )
_ mass flow rate exit
et al.(1993) 500
% CWT: Constant Wall Temperature, CHF: Constant Heat Flux
3. dME(Ee=x=AD
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Fig. 3¥= A8 (L/Lyl thar H ) ¥ L% (Maximum wall temperature) = 1}
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Fig. 4 Air mass flow rate in the chimney as a function of chimney height.
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Fig. 5 Velocity profiles for L/Ly = (a) 0 and (b) 1.5 and (c¢) 3.0: channel-chimney
system with B/b = 2.0 at Ra = 10
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Fig. 6 Temperature profiles for L/Ly = (a) 0 and (b) 1.5 and (c) 3.0:
channel-chimney system with B/b = 2.0 at Ra = 10°
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H AR HFE(mass flow rate)o] S7FES on|stty. SH8|(L/L)7F A-AT=
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Fig. 7 Centerline pressure profiles at Ra'=10° and L/b=10 for several
Ley/L ratios.
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Fig. 8 The sketch of the inflow caused by a vortex cell.
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Fig. 10 Maximum wall temperature as function of the expansion ratio
B/b and several extension ratios with L#/b=10 for three ohmic heat

flux values.
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Fig. 16 Campo S[A. Campo et al, 1999]¢] X4 A+ ZAyjo|t}, 3H4n]
(L/Lp)°ll tet AFHFE(mass flow rate) ¥sE YepdTh 7405 74 &
A5-(Case 1) 2ol E 7HA = 4 F(Case 2)9 AFFHEES AR x4
JH & H3lth Induced mass flow ratets= ETZ0)E 7R & 4SS F

S 9ol e BSeE gad

(3) =¥ (Velocity profile)

“or L
sk X=L, /b
B XL /o

wof ?

J e /o

CI SO T LR SRE L CH T il il anlaiicibad
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Y: Y

(a) (b)
Fig. 17 Velocity profile of (a) the base channel(without extension) and (b) 4.0

extension ratio.

Fig. 172 Campo S[A. Campo et al, 2005]¢] X2 A ZAyo|t}, 3H4n]
(L/Lp7F 915 wWieb S wol] thalk &2 3F(Velocity profile) W3S vhepict.
sheke] GdE ARt Qs F9(a) X=0.091 A HNA A2l HHI Profiles 1.9
ok Wb, 409 GG E I d= A 5(b), X=L/boll A9 &5
Fol HATE o= EFHY EAE frEol dIEAISHAF oAy W
(Develop)ste] =2kgk7] Wl o]t

£2U) Adl #e vlasfrd

in}
el
e

N
Cal

F R ooUA Fadz ojn] "X FAVF Seterr FHo] FAsklr]

o]},

e



(Temperature profile)

-
X

(4) ==&

o = W o o o =T o1 =T
8 ol - S B o N
—~ o — A oo I oy o
- e 357 g & z® 5
= N © o o) R o
9] — —_
RN + ST F T pE OFW
= e b = - N o oo
“ ] _E ﬁo < A o _ ,Ul
A : o S = o 5 T oo o
: 3 = oy ~ 3 = 2w o T ok W ° RO
.o e 7A X
o) la Z @m@ﬂwﬂ% m oA
St ) — — —_— < —_—
IE 0 X O X 1m- < T N Y
g e %20 T n N e
= ~ N EM
S T -
_ : g 2 i oo e o Bk
| S T e W 5 5 RN G I s & N o R
® 0 8w g Gy X = F
2 S o B o8 oF
8 .8 X o 11 ) th =
m . ,_mw_n wlArO Ot . H;! ﬂ o ﬂ.Uﬂ ,UrL
£E ISR g0 Txw _ 5
" ) e ~ '
32 5 - wr. BoX B 5 p F R
- 9 TN M7 R = i - =
2 oy <F 2, 3 7 o 2 ) %0 o P = m_m
o < —
R ° = m M\Uﬂ jod ﬂu - m .p.m " NV M o N
3 \e = = @) OW oo N 2 a T T o ~
o il 2 ;o g ® o) =~ o 7o
<35 B < om oo T F X g & TE
oy ) % | =) I > w ) o o
.Mﬂo 9> @ m . m\M ~ W ~ ol H 2 o o ) =
1 © 2 3 < =® H w o £ X oo m.uo B oy
—_ g, g = B o W = o ~ - =% Th mn
© 8 ] il o NooR 2
- i m © el v m_m i Bow P o~ o i
N - mo iz W o
= o U & B ok w = 5 5 % g
L L | P | "5 o0 —_— ‘Iﬂ — a H;!
£ & 5,8 & * %0 U A4 o o o A W
<>} — LN o T N e v B oF
o 2o L ® BB 3 e st
i ~ X7 .o ™o T ~ o8 oo N
5 F 57T oM OB TN T

23



AdS o ZaArle 2348 F71% AT 94 Fo] o] FdREHE 25 s
A 5ol 2+ Upward-flow7} W59 FAE "LojF7] wiEd LS tA 5

-20000.0 -

-40000.0 +

-60000.0 ‘ ‘ .
-50.0 0.0 50.0 100.0 150.0
X

Fig. 19 Centerline pressure profiles at Ra'=10* and L/b=10 for

several Le./L ratios for case of the entrance length.

Fig. 19% Campo S[A. Campo et al,, 1999]¢] A+ Az} F G EELo
ZA}olt}, Centerline non-dimensional pressure®} X coordinate(5+2 W3 &<
S Uit 4 9GdRe] dolrl AojAsE HAgHo] "ol o
U S48 A= ofU AR, Section®] AR WsE wjio] =E] oA 2w
A orel 733l Jehdeh olw), FeEl AetE A3 Ao 2 (Linear shape) UENUE
o], ol= 7Fd A'd(Heated-hannel)®] ofdif-Fo] wd Aol 7] wji-olth. o

Ha 52 =59 STUESF AH)FdA AT a2 FN(L/L)7 7]
2

"
3

5o @71=FPul) E3E opr|dt. = 72

24



s,

Induced mass flow rate’} 743

-

1

7
| &AtY

=

=

lo]
}

“=

,_—ll.

o]
H

FA] grolA], =5 U
1) “$AFA4 (Analogy)

°

gl

o5 A

= O
=

ot} st A et B

%0
B

N

i

b

fite)

ArAA e A

!

=
o

el
!
ey

it

o
ﬁo

)

+

o

il

=3
"o

1} Navier-Stokes

1 “AARA (Analogy)”S o] &

2o

)

ol

R

%

% 4 THG. Murphy, 1950].

AL&}

o} Agol A% &

ol Al =wle] 7]

g % Axd

%0

ARA
A e

¥

<0

o, Mz
AR RS

-

1

o

X

ol
o}
e}

o

=

]

A

A WYERETHA. Bejan,
g

2)
=i

E

°

Fol At

A
o

o4

B
1984]. wehA o] 2

)

el

ATHE. Wilfred,

el

B

)

25

1973][W. E. Baker et al., 1997].



o, wep ol

ki3

B

EERELE

[e]
T

ojlvt A

A}

el

=B

-
1

of 4 LpERY

el

Table 3. Governing equations with incompressible fluid.

Mass Transfer

Heat Transfer

(Continuity equation)

—

—

—

= —VP + uV?’v + F

Dwv
P Dt

(Momentum equation)

DC
Dt

(Concentration equation)

= DV?C

(Energy equation)

geby dAgAel Aol o

o7 A Utk

%

!
MW

&

T
i
o

Table 4. Dimensionless group transformation.
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Ra = - Sh = (19)

2 Sherwood
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=
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TE Uedt 919 FAd FES o] A e B2 2450 Fastt
= g -gik FE& A e ZAXEL Fenech and
Tobias [E. J. Fenech and C. W. Tobias, 1960]°l ¢Jale] 2 &z =54 3
2 AAE vy 22 dAAES ARSI

p (g/em?®) = 0.9978 + 0.06406 Cyy 5o — 0.00167 Cjj g0,

(20)
+ 0.12755 Cp, g0, + 0.01820 CZ, 50,

g (cp) = 0.974 + 0.1235C), ¢, + 0.0556 Cjy g,

(21)

+ 0.5344 Cp, 50, + 0.5356 Cf,50,
1D, 50, (cm?/s) = (0.7363 + 0.00511 Cy, 4, + 0.02044 g, ) X< 1077 (22)
1Dy g0, (em?/s) = (1.6691 + 0.24519 Gy, 4, + 0.96637 Cypg0) > 1077 (23)
to = (02633 — 0.1020 Gy 4, ) G (24)
— 2

tH+ - 08156 - 02599 CCuH - 01089 Cc,u2+ (25)

918 Ee 22 TAA 205 % ollel eam 2 wetm deld k. e
+ e 7

%o == Chiang¥ Goldstein[H. D. Chiang and R. J. Goldstein, 1991]
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IO. 2549 #54£%(w) 2 Nusselt & H7}

=5 Ui F83 AT stve TFHQA A4 5= (Integrated heat
removal capability)o|th. SAA THL =5 Ao A3 F2 A (Factor)=
A, =5 ik 139 5% A #HA 2 (Momentum balance equation)¥ 7}
F-(Heated section)ol]l w3k FA-olHA A =42 (Fluid-energy balance
equation)®] % A3} (Simultaneous solution)® Fo] X tHVilim. R. B and Feld
man. E. E., 2007]. ¥ #o| A+ Simplified balance equation approachZ ©]-& 3}
o] #5(Chimney) =+ &7 =3 (Air duct)S 7 FZo| A9 o234 i/
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nelEd. de F 4ol Lo SEDuctul 7HY o] [,E Fd wgtem iy
Sojeth AN 919 WAL A% pE AAE AOR Y

A AEE pE ARG G Adudels] frges YA $dol

i
=2
Ny
|m
=)
o

7}
Badsla FAE F5A7E -2 (Dimension) 8 o1& AT F T H

5 (Gravity head) & 7}A ¢}
2. 2=z fA-0|L{X|] ©= (Momentum and Fluid-Energy Conservation)

1) %% HE(Momentum conservation)

G\ oP  fGlal
0z ( ) )_ 9z 2D, p cost (26)
f= % [Re,, < 2,000] (27)

2 (2602 AAgEHAAY 1Y 2FF A W24 (Momentum  balance
equation)©] tHVilim. R. B and Feld man. E. E., 2007]. ¢17]4], G¥ mass flux,
p= B PE 4E, DpE 3384 A& (Hydraulic diameter), 6= A4S U
B} 12, f= Darcy friction factor® Hagen-Poiseuille flowd wj, 2 (27)3} 7o)
deojdrt 28l el nHA NodeZh#l AES Fdstar, HES 9 =7
a8 3 283 ~(Orifice)oll o] €48 A7t a2dx 7 5 BFE 9t

P

SAZ(AP)EE v HEA 29, A (28)3 o] YEkd 5

K K, K
pp ph P

Sl 1 ﬂAT

G® (28)
‘Dh p
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2 fAle] 7S, dwbdl &40 g3 i3 (Balance)E olEthe AS YER

o, 9o A (28)5 o] &3tH olE4 fEHSE EEY 7 A
2) FrAl-eld A BE(Fluid-Energy conservation)

e e & el doemr ouA HES A8t Hd2e
(Tw7F o] Aok f1xo we} g A Wi, & i dHd2E(q,,,)°l
Aok ETelAY A ofEA #EEeA AAE o dn A 29)=
AAALE (State-steady) ol A1 2] 12k FA-AH A % #A 2 (Fluid-energy

balance equation)©] tHVilim. R.

{

and Feld man. E. E., 2007]. &171A u¥x= A

B
o] &%, he @HGAT, D 7934 A & (Hydraulic diameter), 7183 Ty

pCu = 5T, T.) (29)

Q=pAu, GAT, (30

7tdF-o] &8 (Power), Q% 2 (3007 o] Ao HE=Z 2] (29)2 g
7FE H o] & A (cross-sectional area), A= walFi +s] b kg A (31)
A5 Yebd = 9l

mC,(T,— T,) = hA, (T,~ T.) (31)

21 (B2 A7 €& WobA oUYA|7E F7kek oFo] MHoRRY FAE A

g dEFH #F S olF e AS vEth A7A, stHA ¢ o= HES
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(Inlet) 2} = (Outlet)S YFERWATE

3. &A= (Flow-chart)

One-Dimensional ~ Momentum  balance
equations ©]&35to] %7] £=()E 3
o]71 4, at&E A+ i+ initial velocityES Y E}
Wi, §%2 Potential flow® 7}4 g+

P
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One-Dimensional Fluid-Energy balance
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Surface®t AmbientS UERY.
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D, ; Pe

— TRl qIste] F/ME Nu F EE

_ . Sieder and Tate®] ZAdF & 3
- Self-chimney effect® ¢ls}le] %7

A& o] &3t Nu FE ALt

o
N
)
<
4

Aol F3 F N S Fgsle HAF ol
=4 Nu #s 73

38



WA 2 (Momentum balance equation)oll A, A
XA 3

3 Z(Potential flow)2. 2 7}A&lo] wpzaly} &4

glo] Slv X
sl Wb Al o w2 Uy 2] (32)7) @)
£l 1( BAT ) 1K K Korf))22
M AT= 2=+ —|s— 7|5+ !
PegBhy ( D, 5 p\1=BAT|] 2\p, p, p P
_1(8AT ),
= 9P ANT= pc(l— ﬂAT)p >

§1 A (32)1A vk FA Fa olgEtd, o A (33)% o] oj2H %7
£E()E Fake EE o] ®rh

R

Sov = /ghy (1= BAT) A71A, h, = Exit length

(33)
ol@A T 27EE()E ol &atd] Rep £5 EZaW, dHE(Iteration)S
Fyst7] % 712 5 FAT Aot

1 J AP AT o|2HOR T AT} thE
7] R ol wA Folop @tk A AW sdyuo
AgE Dol AvlolA S

29E FugAw
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THE 343 Aol [Fig. @], WH, 2% W24 §A8 TEA7E 34
2 WEo Wi ALY YT FF Aol EEH(ATYE FHAA} 4 A
GurelA ol U7k F7hE G UEhitHFig. 23(0)]
web] 2E A2geld §AE FEATE oo A7g A4es] A

= 1239 FA-o9A A A2 (Fluid-Energy balance equation)g ©]-&3}¢

O]N

AT/S ATYZ WB8I, ATE 8% AT, o84 £EE Fat uy
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Aol Al 3 AHGAF(WE o1& ¢5 T3, AToA ATyE ¥Eete 3

@ B AT T3 -
@ = (hAAT)) ol tI)ste] ¢ =Z3e) G=hx AX AT,

- R =&

q 1) A ¢ 5% (7] 4, hs} AT, = Ao znE Tath)

g=mc,AT,

"

® @olH E2& ¢5 ¢=me, ATl WATTh | (6]7]4], m=pudol s, p= UE, v §4

At A9re WAL ted)

)

@ AT, = 4 S A4 7HEH Y F(nlet) ot &

T(Outlet) AFol9] LEA(AT)E EZ e},

3) 71 =9 3 HelH

Table 59 WHE-H (Iteration)S 93 7|2 #HES YEHUAY Hx 27 &F=
W)E T woll= A3 U= p} pE ol&ste] &) 13 o] I
(Feed-back)S Fd3sto] AT,E 7 wf niry 2ufef & o] &3t p.ot p, &

ThAl 73Tk WA AR 7R WA O R pxDyxly(3Eo])ol T},

Table 5. Basic data.

g ) ) Co
| L [em] I, [em] hee [em] p.lg/cm’] p, lg/em’] l Dy, [em]
[cm/s7] [J/gxTC]
Ay A 1.09082
980 17~107 7 13.5~103.5 o= 1.103067 o= () 1 35
A v k . . !
X ) Jé] AT[TC] AT[TC] i
[cm’] [cm”/s] | [W/cm-T] (THRFS)
76.93 0.01163 | 0.000006127 10° 11.101558 (g %

4) &4 o] (Exit length)oll wW& £ A4

oAl 2 (28)9] 123 5% 4 A2 (Momentum balance equation)©l 4],
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S 9] 58S HagenPoiseuille flow® 7}A8ste] £%(u)v YA o] slH
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Table 6. Magnitude of individual terms in momentum equation at 100cm exit length.

Gravity, Pa ghyp SAT 0.72211
Acceleration, P i(ﬂ) G? 0.00000274029
cceleration, Pa p\1—BAT .
l. =
Friction, Pa (2ié)02 - 0.601447 sum
D, p 0.72221
. 1K K, Kl o,
Entrance and Exit Loss, Pa —|—t+—+—|G 0.030763
2\p. P

(

Table 6°] &4 °](Exit length) 100 cmoll 3 5% X2 WA 7t 3
o] S YeAT o] FolA FH(Gravity) &3] #% 3 vk (Friction) &2 32
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(a) Entrance length effect
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Fig. 26 The experimental apparatus.

Table 7°1 A@WHES YUt Pr +5 20942 1174
T L Rap F 455x10%01 4 1.69x10" Sl o 3},
ol YA S o] 520 FFH =5 Hore] A
g a =5 A7 FaFed dis)

Table 7. Test matrix.

qo ATstat

Cathode

——— Anode

& AAdst 2% 3
& e 9Tdel 3

D Height of duct (m) Diameter of duct
Pr m) H (m) (Rar) | Geometry [Diameter of (m) [Height of
m
duct=0.06] duct=0.50]
Bare
. 0 0
0.03 (4.55x107), | cathode
2,094 | 0.054 | 0.07 (5.79><1010), 0.30, 0.40, 0.50, 0.60,
I Ducted 0.06, 0.08, 0.10, 0.12,
0.10 (1.69x10™) 0.70,
cathode 0.14
0.80, 0.90, 1.00, 1.10
2) A4y 4 uF
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Fig. 27 Comparison between present experimental Nu;/Nuy

number at each exit length.
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=259 EAE =5 dF9 489S SEUHA. Andreozzi et al., 2009]. &4
o7} ZojAd4= g A= gL F7FUHA. Andreozzi et al, 2007]. ZLA
AA Fo] o] EFFdAE I5 AT e TR o] Auyer 7] o
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GAMBITS ©]&3te] 2D Rd= AxE A3ttt Figs. 329 332 &=%
(Cold-rod)°]l A= 49 = Ao gt Grid A4 S vepdn. F5%50l
At ASE UERE Fig. 32& ARl 2719 Heated wall, 171¢]
Pressure-inlet, Pressure-outlet, Axis, Cold-rod= T4 %3, AAHCel)d =
°F 50007H & 7+d ¥ ™ (Heated wall) <A oll= ZWstA st vpgol= 424 A
1SS wolFEt) 7hE9 ¥ (Heated wall)oll 7 A% (Boundary layer)S &1
o} Fig. 332 Cold-rod7} §l& ZA9E YEldl=dl, Cold-rod’} gl A& A3t
i+ Fig. 32¢F 24}

o
olr
Jat
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Adiabatic wall (Duct height) Heated wall
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Fig. 33 The solution grid of the 2D symmetric model for without cold-rod.
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FLUENTO| A &/ X9 (Laminar model)S A}&3}3L, Pressure, Momentum ~L
? 3L Energy 32| Schemee 27} Second Order®} Second Order UpwindE AF-&
39ttt Pressure—velocity couplings  SIMPLE(Semi-Implicit Method for
Pressure Linked Equations) ¥il#] 5 (Algorithm)S AF&3}91t} Relaxation factor
+ Pressure 0.01, Momentum 0.01, Energy 0.01% A 3lo] Ht} A3l 7ro =
FHol H £ AEE YT 7MEF 2xE 400Ke|a, fA19 %% 300K &
2o AAZRAS AEddon gHe 7|t e &, Pressure-inlet¥} outlet®] Input
S (0 Pascal®2 A3t Al E# o]l A (Simulation)S AUl ~= ZAHBoussinesq
approximation) & Al43l3 8 e XE9 §%o0] m2 wgroz 98 m/s’

o]},

Table 8. Test matrix — the chimney-system.

Anode Height of duct (m)
D(m) | L(m) Rar (Rap) Geometry [Hydraulic diameter of the
(Cold rod) e 03]
O No chimney 0
0.035 | 0.07 | 579x10" (7.23x10") 0.10, 0.20. 0.30, 0.40, 050,
X A circular duct
0.60, 0.70, 0.80, 0.90. 1.00

Table 9. Properties of FLUENT for chimney-system.

Density (p) 1,103.7 kg/m®
Thermal conductivity (k) 0.0006127 W/mK
Viscosity (1) 0.001283 kg/ms
Thermal expansion coefficient (b) 0.000111 K
Specific heat (C,) 1000 J/kgK

Table 82 FLUENT Z=Z7131& F83}7] 93 Test matrix©|th. =50 &
et s W, 283 FF5%(Coldrod)e] J& Wt s W] 7149 H-(Heated
cylinder) W] €d&S wlwstith. 339 (Expansion ratio)s 12 714959 =5
o #Aeol 0035 m= 2ok 7hdF-e] ®eol 007 melvh FLUENT Z4h2

54



5.79x10"(7.23x109 2 W] Z=F oA AxtE AT}
Table 9= 48¥ EAX= vepdn Pr 2,0940]a1, ojufje] EAA= =4

:‘,:
Ag A3 Ao, FA4F s=7F 1.5Mo| il 4kt 5=+ 0.1Molt

N

RCZL(RCZD)

2. =AY A FLUENT A|Z30[ A4t Hla

1) #Hr(Average) Nup I 42l

500

450

400
5 350 . -___‘ﬁ‘-‘)‘/.,‘;:‘:“—ig
% 300
o))
©
5 250 |
< 200
§ 1 | Comparison among experimental and numerical Nu,
S 1504 | —=—Experiments
2 % —e— FLUENT Simulation(With cold-rod)

1 —A— FLUENT Simulation(Without cold-rod)
50 4 Le Fevre, 1958
0 T T T T

T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Exit length [m]

(a) Experiments and FLUENT simulations

3444 346 - 350 4

A
348 sk
242 I — 3444 __e—* sl
- L e 346 |
e 3424 d A
340 - / 344 /
5 - 240 ] / - /
3 5 /,F g e e 3 a2 A
® / ® o e
2 / g 334 o § 0] 37
3 336 /, 3 e 1
z J Z 336 / z 338 ’,/
9 334 / 3 4 3 4 /
8 / & 3344 / 8% e
< i 5 o 5 334
RIS I D a3 | e @ o /
/ e + /
3304 Experiments 3304 o FLUENT Simulation (With cold rod) 330 FLUENT Simulation (Without cold rod)
—u— Diameter of chimney : 0.035 m —e— Diameter of chimney : 0.035 m A —A— Diameter of chimney : 0.035 m
328 328 328

T T T T T T T T — T
00 01 02 03 04 05 06 07 08 09 10
Exit length [m7] Exit length [m] Exit length [m]

(b) Experiments (c) With cold-rod (d) Without cold-rod

T T T T T T T T T T T T T T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
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Fig. 35 Temperature profile profiles for with cold-rod for 0.8 m exit length

in the heated cylinder

410 o 410 -

400 iy Position of X-direction

280 350 —=—0.0 [m]

as0 380 o aim

] —4«—0.03 [m]

L A7 4 _ 3o —¥— 005 [m]
f 280 f 360 —+—0.07 [m]
5 eed] Position of X -direction S s
2 E —=—0.0 [m] e
D 34 | o =
el —e—0.01[m] = i
5 220 4 @ 230 4 \

220 320 \

10| i 310 .\()'\\

] -
200 - 200 e
280 ——— — —— —— 280 ; - : I I \
0020 -0015 -0.070 -0.005 0.000 0.005 0.010 0015 0.020 0017 -0.018 -0.015 0014 0012
Pasition of Y-direction [m] Position of Y-direction [m]
(a) Y-direction - all (b) Y-direction - left side

Fig. 36 Temperature profile profiles for without cold-rod for 0.8 m exit

length in the heated cylinder

7 A% (Thermal boundary)e] z}z} A¢t == 3}

57



Position of X-direction

3333333333

05 [m]
07 [m]

[] @injesedwe |

-0.0170

-0.0172

-0.0174

-0.0170

-0.0172

-0.0174

Position of Y-direction [m]

(b) Without cold-rod

Position of Y-direction [m]

(a) With cold-rod

Fig. 37 Temperature profiles for 0.8 m exit length near the heated cylinder
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Table 10. Test matrix for extension and expansion ratios.

Hydraulic diameter

Dim) | Him) Gru Geometry Height of duct (m)
of duct (m)
Bare cathode 0 0
0.035
7 0.040 0.10, 0.20, 0.30, 0.40,
003 007 276x10 A circular duct 0.045 0.50, 0.60, 0.70, 0.80,
0.050 0.90, 1.00
0.055

7hERel Fole HY Ee EFFY AVIE AA™ Aoty =, Thermal
pumping powergs ZAASIEE, Fado] AHES AAT Aol wepa 7L F-9
3 ¥ (Aspect ratio)E €, =5
17& &< 3itt Table 110 43S Hebideh 589 A4L 0035 m
2 145t aL, Fol& 0.07~020 m7bA WMsiAAHY. =52 A5S 0.06 mel

g 9E(Duct) & AHE3H L, =015 0.30~1.10 m7-A WA AT

N

Table 11. Test matrix for heat input effect.

Height of duct (m)

D(m) | H(m) Gru Geometry [Hydraulic diameter of duct = 0.06]
(5]
0.03 2.18x10 Bare cathode 0
0.07 2.76x10"
0054 | 0.10 | 806x10" A cireutar duct 0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90,
8
0.15 2.79x10 circular duc 1007 1.10

0.20 6.45%10°
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