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SUMMARY

The needs for securing clean energy source and stable energy supply raise
the research need for Sodium-cooled Fast Reactor(SFR) which can decrease
radioactive waste and radioactivity toxicity. As the SFR uses fast neutrons for
nuclear fissions and has the characteristics of converting fertile material to
fissile material, the SFR has been developed from early nuclear development
period for the efficient utilization of uranium resources.

The SFR is targeting the goal of dramatical improvement of safety and
technological wverification and adopts PDRC(Passive Decay Heat Removal
Circuit). Sodium-Air Heat Exchanger(AHX) is a part of PDRC, which is one
of the essential characteristic design concepts of the Sodium-cooled Fast
Reactor. The AHX is composed of helical tube banks inside a stack. The hot
sodium flows down inside the helical tubes and cold air cools the outside of
the helical tubes. The natural convective air flow driven by the heat transfer
from the helical tube interacts with the stack and results in a complex
phenomenological behavior. The heat removal capacity of the AHX are to be
proven by the experimental means in order to get the Design Certificate from
the regulatory body.

The studies on natural convection heat transfer on helical tubes are limited.
Furthermore, most of the available investigations are concerned with flow and
heat transfer inside the helical tube. A study on natural convection heat
transfer phenomena of a helical tube was performed as a part of work to
verify heat removal capability of th SFR. The study is aiming at the
determination of governing parameters for the helical tube phenomena, which
will be later utilized for the developed of experimental facilities.

In this study, natural convection heat transfer phenomena of helical tube

were investigated experimentally. With the analogy concept, heat transfer



systems were replaced by mass transfer systems. the copper sulfate
electroplating system was employed as the mass transfer system. A series of
preliminary tests were performed. Natural convection experiments on horizontal
cylinder were performed and mass transfer rates were measured as well as
the heat transfer pattern was visualized by electroplating technique. Natural
convection heat transfer tests on inclined cylinders reveal that when the
inclination angle is less than 30° from the horizontal, the measured heat
transfer rates were similar to that of the horizontal cylinder. Natural
convection experiments of vertical in-line double horizontal cylinders showed
that bottom cylinder is not influenced by top cylinder but top cylinder is
influenced with pitch—to-diameter ratio between top and bottom cylinders.

Main tests for helical tube were performed. The diameters of helical tube
were varied from 0.00lm to 0.008m, the total lengths of helical tube were
varied from 0.157m to 1.571m, the heights of helical tube were varied from
0.033m to 0.289m, and the pitchs of helical tube were varied from 0.004m to
0.1m, which correspond to the Rayleigh numbers by diameter of 5.5%105 to
9.4x108, Rayleigh numbers by total length of 6.54x%1011 to 6.54x1014, and
Rayleigh numbers by height of 6.09x109 to 3.62x1012.

The study suggested that the heat transfer corelations by diameter, total
length, and height of helical tube from experimental results. From natural
convection heat transfer phenomena of helical tube, heat transfer rate was
decreased with diameter of helical tube at laminar flow, but total length and
height of helical tube did not influence the heat transfer rates. And the
diameter of  Thelical tube was effective characteristic length when
pitch—to—diameter ratio is larger than 5 and pitch—to-radius is smaller than 2.3.

In the AHX, the helical tube is located inside a stack. Due to the chimney
effect inside the stack, the total driving force will be affected by the length or
height of the tube. Therefore, the experiments on helical tube in duct should

be performed to confirm the AHX phenomena study.
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Fig. 2 Average turbulent heat transfer correlation for a vertical coils in

water with coil length as a characteristic length[M. E. Ali, 1994].
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Fig. 3 Average heat turbulent heat transfer correlation for a vertical set
of coils with D=0.012m in water compared with the previous
results on flat plates[M. E. Ali, 1994].
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transfer coefficient[G. . Sedahmed et al,
1985].
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Fig. 6 Nusselt number ratio as a function of P/D

[H. Yuncu, and A. Batta, 1994].
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Fig. 8. Effect of ring diameter on the mass transfer coefficient
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W FFAE Teolee] AAHE A, SFANE FUR NEHE B
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(2) O ol AFuEW = ¥HS (V)

A (DAl A dojub= B = ofgel o] Yk 5 St

E3, (@79 ERSe 14 ugole /bIsE oo BAAY Lmi

obefe] wg HEHom ek & Yok,

o
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ANA ke HhEET A (Reaction rate constant)©]™ A AAFE}(Steady state)
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h (G~ C)=kC (18)
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D’ Dv p, D

ol7]14 Se, Ra, Shiz= F2 F2¥U4< Schmidt 47, Rayleigh &= % Sherwood
TFE et 919 FAY FES T3] deAe Be EAAEC] a3t

BooATelA AREE AT E -t R oA e EHAEL Fenechdt

O

Tobias [E. J. Fenech and C. W. Tobhias, 1960]°] &]&}o] 2 <&#H 7 W54 3 e

2 ANE e 2e dANES AL

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

+ 0.12755 Cp, 50, + 0.01820 C¢, 50, @1
i (ep) = 0.974 + 0.1235 Gy, + 0.0556 G2,
(22)

+ 0.5344 Cp, 50, + 0.5356 Cf,50,

nDg,s0,(cm’/s) = (0.7363 + 0.00511 Gy g + 0-02044C50) X 1077 (23)

Dy g0, (em?/s) = (1.6691 + 0.24519C,, o, + 0.96637 Cpq,) < 1077 (24)

toyr = (02633 — 0.1020 Gy o)) G (25)
— 2

t,+ = 0.8156 — 0.2599 C, » — 0.1089 CZ,.. (26)

o] HEL 22 CollA £05 % oo ex= 2 srevha oA vt =%
7} t}E 7 %ol = Chiang®} Goldstein[I. D. Chiang and R. J. Goldstein, 1991]l
ol Aely Xk mE dFES st U Ak 99 B4 4 20 E
o] &3 Schmidt 4, Sherwood F& T3l d ¥ oy ¢vf. 2y
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WalE m#sfol 3t} Selman® Newman[]. R. Selman an
Newman, 197119 A26] Z45= e 4w 249 03 %olhel vha
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ACy 50, 1 2
——2 = = —=0.000215 + 0.113075 v + 0.85576 v — 0.5049 y
AC(TuSQ
(27)
C(ruso,1
’y pr—
0(31504 + H,50,

—_

o]/ ACe A HHF g Had Ao SEAE Ul FY = 3
T2 e At Wi =2 RE 9o #A Ao T Fo]Ai= Aot}
9 Ao 2HE H+ o] A7ol% WS uyd HMEjols t}go Aoz

T2 AvH]. S. Newman, 1973].

pb = ps
o =4 C(ﬁusq 5@504 A CH2504 ﬂHZSQ
(28)
B A CHQSO4
- ACOusq ﬁ(ﬁusq A Couso ﬁHQSQ1

A7 Baso, Prso= A4 FakgtE]l W gabe] "X 4 (Densification

coefficient) 2 th&-3F o] vjeR o] 2T},

EYe. (29)
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Al 2rsle] 07F 180°¢1 A Aol A FAEE AAFS W oF ks Wit
Merk®} Prins[H. L. Merk and j. A. Prins, 1953-54]9] 23} g0 wl& dHdg
= 07F 0°%0 A A@olA Huirb H i 67F 180°¢) 7l deE @z

X al
AsAor AAGFE 00 /AR oeF FN Adde 7

McAdams[W. H. McAdams, 1954]% WHF =29 Ho|AAS Rap 7 10722 A4
& W Morgan[V. T. Morgan, 197512 Rap & 1022 A A &}4 ).

plume

laminar boundary
layer flow

Fig. 11. Natural convection around cylinder[K. Kitamura et al., 1999].

TR o5 Addwdd dg d3A-FA4 ddE FHA2 McAdams[W.
H. McAdams, 1954], Morgan[V. T. Morgan, 1975], =22]3. Churchill®} ChulS.
W. Churchill and H. S. Chu, 1974] &°l 93] th&2 Hel= Zo] Fofzlt} o
714 Cok x2 A W9 8 x2dd wel @tk Rap 9 Nup 5 Dol 7]

Z 3
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Nuj, = hD _ C Raj, (30)

Cet x= o2 94 dvolg=ol osf dAdrt Co 45 dd=d % ¥y

of whet Aol B molm, xo A% Ao Hfe

lo
ol
o
=2
(ld
>
oo
_OL
=
=
i
lo

A4 1/35 AF&3HK. Kitamura et al, 1999]. Morgan[V. T. Morgan, 1975]<
71Ee) AAEARAES A k] 10 < Rap < 10° oA ZF79 die 94
G #2e A A 893, McAdams[W. H. McAdams, 19541 10" < Rap < 10
N e Fet W ARG AA S AAEAY Merket Prins[H. L. Merk and

j. A. Prins, 1953-54]3= t}kdk Pr ol wel dAENAAS A s,
Churchill®} ChulS. W. Churchill and H. S. Chu, 1974] & %< "¢l 42 Rap
ol diste] Fa2E AAISHATHE 3).

Table 3. Natural convection heat transfer correlations on a cylinder.

Author Correlation
Nuy,=0.53 Ra¥',  Lamina, 10" < Ra,, < 10° (31)
McAdams A
Nup=0.13 Ra}y®,  Turblulent, 10° < Rap, <10 (32)
Nuy, =0.480 Ra%™°)  Lamina, 10" < Ra,, < 107 (33)
Morgan A
Nujy,=0.125 Ra%*® | Turblulent, 10" < Ra;, <10  (34)
Merk and y
Nup,=0.523 Raj)*,  Pr—oo (35)
Prins
Churchill and 0.387 Ra/® 2
: D 12
Nu,, = {0.60 + Ra, <10 (36)
Chu b [1+(0.559/Pr)%/1678/27 | » =P

KitamuralK. Kitamura et al., 1999]e ¢]3}H, o]# 3l Ho]7|+=L RaD 7}
S7hetaA st e dA dEdY Holrlee AAsE AL vrerr
At Alatele Aoz FREFAA Hel= 07 180°Y W A Rap &
7F AR Fvketel R s o] HWA wberp dAskr] AlEsks 09 A HA

Aol E A% 67} 120°9] AAAA ol Bk F, Helgh dRAAe 5

O
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Fig. 12. Visualized surface temperatures of cylinders [K. Kitamura et al., 1999].
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Fig. 13. Test facility and arrangements of cathode.

Table 4. Test matrix

CuS0; Br D (m) Rap
0.01, 0.034, 0.06, 1.73x107, 6.79x10%, 3.73x10°,
001 M | 1956 0.067,0.08, 0.1, 5.20x10°, 8.84x10°, 1.73x10",
0.15 5.83x10"
0.01, 0.034, 0.06, 1.69x10°, 6.63x10°, 3.64x10",
01 M | 2094 0.067, 0.08, 0.1, 5.07x10", 8.64x10", 1.69x10",
0.15 569x10"

Fixed L=0.05m, H:S0O4 1.0M

Churchill?} Chu®] 22 (36)% A2tz 2 A2 wolx 23 AA#L
Atk ¥y Rap §° 107033 o529 FaAEs3} ke AolE HYx
Merk®} Prins[H. L. Merk and j. A. Prins, 1953-541¢] 43#21(35)3 KitamuralK.
Kitamura et al, 1999]2] A& Zdxe} Aol U 3%t
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103 _ McAdms; Eq.(32)

Churchill and Chu; Eq.(36)
Morgan; Eq.(34)

McAdms; Eq.(31)

o 102-_

Nu

- McAdms
. Morgan
—— Merk and Prins
——————— Churchill and Chu
Morgan; Eq.(33) o Kitamura
e Experiment data

Fig. 14 Comparison of the results with the existing correlations.

a9 156 HAFdA #FE 549 T8 me dEES HoFE Iigolth
S Ee kA AAE 28 12049 KitamuralK. Kitamura et al, 1999]¢] 4
o] Alzkstel wi-¢- fFrAbSEIY. RE maafdolA =
el (Separation) & A= FHEE VIEAEE g2 ASo] #EHSNY &
(@)x 58] -5 071 180°A FelAe] F&2Ql w7k deATt (a) A%2 Rap
= 1.69x10%] t}. McAdams[W. H. McAdams, 1954]7F A A8k WH2 9] Holx
ol7) wiel ojet 2 At

oft
i
9
4z
>
r2
=
3
rfo
bt
a
™

29l Rap & 10702 (@A 9 A% F%0]

ol

29 162 Rap Fol w& Hrefe] Ajz Adg a2z vebd 2otk Rap
= 49 Rap % Rap=RapxNupoldt. Z2#l=Z 2] 3 & KitamuraZl A3
doleol, A2 L 2 A9 dHolge|ty. dddst e Jd3 7o FAS
A3E BATh Rap 7 AAFE dEv AlgEE 08 A FolEvhb A5

o = 07} 120°X| Hell A ©] o] FER &3 LA Fo] HY o= Edd
A AAE Aok WA o] AA WA 1/38 @A Feve A AgSdk)
FAE 72 A4 Kitamura® 239 A$ Rap’l 10M0]4e] o= A

e FASA Ak ol F/Y A% %S R 2] Askel duv 2
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(a) D 0.01m, (b) D 0.034m, (c) D 0.067m,
Ra;1.60% 108 Rap6.63x 10° Ra,5.07%10%

(€) D0.10m Rap1.69% 10" View from the top (f) D0.10m Rap

(d) D 0.08m,
Rap8.64% 1010

8=180"

Tubulent

1.69x10', View from the side

Fig. 15. Visualized results.

180
1 i £ 4 . o Kitamura data
160 T i + Experment data
4 OOODO 5
140 4 B2 .
] g 90 p
Og. 00.0
120 - % e .
sy )
£
5 100
Q_ -
T gp
S 8o
2’ 1 180 °
<< 604 s
] ' Separation
40 -
20
o O'
0 —rr— T —— T — T —— T —
10° 10" 10" 18" 10" 10"
RaD

Fig. 16 Separation Angles.
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2. 7180¢
1) 71 &) d A B el A FaAt
Fig. 172 7|7 d3d#A =S Yebd 28 olv. Lia®t Tarasuk[]. Lia and

J. D. Tarasuk, 1992]° &J3lH, 7]-&ojx @A A FolA Do wE =5

A2 F2(0=90°) dFaAL wf, 7 7 g o, FH(G=0")% 7o

(0°<0<90°) Aol A= AT shet A F(0-0004) 7HF 2, A7) FeHO
-180)9] AAAAWA gadth Wi AAYES Radl #9% @A Folsha

Fig. 17. Inclined cylinder.

Agoln APPA AT Aol dAY B

=

a 7, Pr &, 71&7]
(d), L/Del A A rHR.]. Goldstein et al. 2007]. =4 A& B 3+ LeFevrelE.
J. LeFevre, 19561 Gri<10’e] el 49 F#2S A8} Fand 5
[R. M. Fand et al. 1977]S A&d# o= 1/D7} 22, 07 < Pr < 3090, 1& L
25x10° < Rap < 1.8x107¢] W9l ddg Faae A3} 7] &0 94
ol Aol AAdg oo EAAel: stAwtt g2 Lg EAA =3
71 €)1 ¥ # oz Sedahmed®} ShemiltlG. H. Sedahmed and L. W. Shemilt,
19821 AP RS o] &3ke] 465 < L/D < 14.3, Pr 4= 2300, 28] 1L, 1.9x10"° <
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Rarcosd < 3.8x10"9] wWlelA dxg HJ#2S AASIL, Al-Arabi 9
Salman[M. Al-Arabi and Y. K. Salman, 1980]% A&z o=
APHAR F718 o889 L/D7} 25 1055 < Ray < 1079 H o)A <]
B S AAE T DE AR Vgolzl d¥d AP oE Al-Arabi%}t
Khamis[M. Al-Arabi and M. Khamis, 1982]3= A& o2 73 2mF710]A
APHAR F71E o843kl 06 < L/D < 165, 107 < Rap < 4x1079] #
e WRE TSt ddg ARAE AASE A, Ooshuizen[P. .
Oosthuizen, 19761 AdHAZ F7|E o|&3te] L/D7F 8 10, 16019, 10 <
Rap < 10°9] WiglelAx I F4a4e A stk ©3 Stewart® Buck|W. E.
Stewart and S. L. Buck 1980]& A3 A o2 #d3 A& AIFAE 57
ol- &3t} L/D7} 6, 9, 12019, 4x10" < Rap < 6x10°2] WA dAL A2
A A BRI, P H o 2 StewartlW. E. Stewart, 19811 2@ do=z2 #dd 4<%
ol ARFAR F715 o438k 6 < L/D < 12018, 10° < Rap <

A S-S AASATHE 5).

(ld

e
iy
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Table 5. Correlations

Author (0] 1L/D | Pr Correlation
Nu, =0.67(Gr Pr)"*
LeFevre | Vertical (37)
Grp < 10
Sedahmed 465 Nuj =0.498(Ray cos )",
and Inclined 143 2300 N . (38)
Shemilt . 1.9X10" < Rajcosp< 3.8 X 10
Al-Arabi

Nu, = [0.6— 0488 (sin (90— (;3)1,09]}?,&}/“1/12(5111(9()—(9))1 E
and Inclined | 25 | 0.7 - (39
10°? < Ra; < 107

salman
Laminar,
Al-Arabi Nuy = [29—2.32(cos ¢) "] Grp /12 Ral/ 4+ 112(eos0 )"
0.6
and Inclined 165 0.7 | Turbulent, (40)
Khamis ' Nuy =[0.14—0.11(cos $)"%] Grp 2 Ral/?
10" < Ra; < 4% 10°
Nu — )
8, — D __042[1+(1.31/T V432
(Grpeosep)'/* ’
Ooshuizen| Inclined | 10, | 0.7 (41)
== L
16 T S 4 9
L= Tiang » 10" < Rap<10
6 Nuy, iy D \V4 D\/4
Sl J 7/,—0.48+0.555[( ) +(=
Tncl. 9, |07 | (Bapoosg)™ . L 42)
and Buck A s
12 4x10" < Rap<6x10
Nu D \V/4 D\/4
s =055 055 | g (7]
Stewart | Inclined 0.7 D (43)

10" < Rap< 10

Nup =0.48Ra}}*
Morgan |Horizontal (44)
10* < Rap< 10"

Fand et 0.7 Nup,=047TARSB PO
Horizontal| 2.2 |~309 , : (45)
al. 0 2.5X10° < Rap<1.8X%10
2) A9 w2 A
AE A= oladE e Azd FxoH =2 4RE FUd F U= 72
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A&SFATHLE 18).

Cathode Anode

Fig. 18. The experiment equipment and system circuit

Rap5 ¢ WHE 1.69x10° ~ 507x10°¢]1, RaL5¢ WHE 264x10° ~
1.54x10%e]t. 987 A 2(D)e 0.0094m, 0.034m, 0.067m7HA] WA AL} o]
o fF@e] Zol(L)2 0.25m, 045mE AE3tSith ¢ 0~90°7kx WEE F9)
3L, CuS0:8F HaSOs= 742 0.1M, 15Mo|THEE 6).

Table 6. Test matrix

d (°) L (m) Rar Gr D (m) Rap Grp

001 | 1.69x10° | 8.06x10*
0,5, 10, 15, | 025 | 264x10" | 1.26x10° | 0.034 | 6.63x10” | 3.17x10°
20, 25, 30, 0.067 | 5.07x10" | 2.42x10"
40, 50, 60, 001 | 1.69x10° | 8.06x10*
70, 80, 90 | 045 | 1.54x10Y | 7.34x10° | 0.034 | 6.63x10° | 3.17x10°
0.067 | 5.07x10" | 2.42x10"
CuSO. 0.1IM, SO; 1.5M, Pr=2094

X
>
mal
i
i)

TY 19% B4Z2e® LE Aod 49P5E ool web ed exoluh

= 3 5ol A" A FH Le S22 A3 vl A

>
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i
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L=25cm
A Gr=6.27x10", D=0.010m, L/D=25
3000 — ® Gr=3.17x10°, D= 0.034m, L/D=7.4
® Gr =237x10, D= 0.067m, L/D=3.7

L=45cm
2500 O Gr,=3.17x10°, D= 0.034m, L/D=13.2

o Gr= 2.37x107, D= 0.067m, L/D=6.7

2000
BRI e ——— -
z i e o
LI I B B B ) o
1000 4 Inclined correlation

—— Sedahmed and shemilt (L/D=4.65~14.3)

Fesss Al-Arabi and Salman (L/D=25) N B
Vertical correlation
500 4| -~~~ Laminar flow
Tubulent flow

T 177 T T T L L B | ! T

Horizoontal i 20 Po & 50 &0 70 &0 Vgr%cal

Angle of inclination
Fig. 19 Nur vs. Inclination angle
o7t 0°(F¥E)d AF, 7MY =2 Nup 75 UERA, o7 S7HEE Nu 7

AR AR 07 WAL SUA B Nu £F 2Yth ¢7) 0°

~ 35°9 F-tel M= AAe] Nup =7F A WakA] x|k, 35° ~ 90°¢] F-+

=
Fe9a SRS dRoAY W Sus BAEA Gk 07 Ahstel 73
ol AAAAEA D7 e Aol 7 B Nu F#E UL o] wl, D} A
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A5% Nu S Sl A o= 379 4% JUAoE D} 4 o 98

ag 08 E4Zol: DE A HAANE ool wheh e g zelr),
APARE F 5ol ANE FA7 AR DS SADE AR /) ol2l A
0

0094m, 93-S 0.034m, AR S

- Tl
0.066mE Z42t vebiiH, e & Lol 0.25m, 832 Lo] 045mE 77 ek
. 7z AEL & boll AlAE S YET
Inclined correlation Horizontal correlation
1000 - (5) —— Ooshuizen (L/D=8,10,16) < (8) Morgan
1 (6) - Stewart and Buck (L/D=6,9,12) ----(9) Fand et al
(7) -~ Stewart (L/D=6~12)
5”100
3 ]
| 4 o6r=6.27x10° D=0.010m, LID=25
® Gr=3.17x10°, D=0.034m,L/ID=7.4 O Gr,=3.17x10°, D=0.034m, L/D=13.2
B Gr=2.37x10',D=0.067m, L/D=3.7 O Gr =2.37x10/, D= 0.067m, L/D=6.7
N = Simn S5 & S
0 10 20 30 40 50 60 70 80 90
Horizontal At Vertical
Angle of inclination
Fig. 20 Nup vs. Inclination angle
Le A==z vk 28 199 A¥er o] ¢7F 0°(+3)Sl 4+, M =2

Nup 5 Wi, ¢7F S7Hd% Nup = A3k Fasier o7F 90°(5=4)7)
HWHA #HA Nup 78 B L3 0° ~ 35°9 F-FolA= AAMY] Nup +7F
A WEkA eskvh Lo 932 Aol yEtuA &skth D7F 0.0094me] 4-¢,
Hol| A= Morgan[V. T. Morgan, 1975]2] J3#213} LA &A 3, o] 7]&o)xH
Al Stewart®} Buck[W. E. Stewart, S. L. Buck, 198012} Stewart[W. E. Stewart,
198119) g2t dAFAT wE, D7F 0.034meF 0.065mol A= A=
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Fand et al.[R. M. Fand et al, 197713 ¥ x& 3 o} 7] &ojx ™

%0
o

A7 v

=3 ]
=

<
&

5

4

ol A

=
T

2-1-4d0) A A A

ﬂ
&
0

j2)

-
e

—_
o

o|J
!

O

-
e

7}3k

SHA Nup 7t 5

= 7tet

3lal, P/De)

Nup &7} &4
Bl e AACe Nup o] R EobdA i

el 59 P/D

A% ¢ P/De]

s

-

5

b}

=
[}

-
1.

A o]Hel P/DelA

g

=
—._T;(

of =

b

o &

7} =4 o]}

g
4

HE

le

A Al = A

[HI. Yuncu, and A. Batta, 1994].

olmad = A

kA )

-
1.

44

v

3
ATHLFE 21).

3

b2

qow
%))

o}

17

e

)

0.35mx0.35mx*0.12me] ™, -2

U
.

=

0.012m, 0.035m, 0.067meo] L, z+z} 2718 A =

23!

ojy

&

s

ojn

o}

A2 HIOKIAMY]

=
=

|

bk A

<)

ViiPOWERA}S] DC Power supply-AK1205¢]H,

shach

g

KeN
=

DIGITAL HITESTER 3804-50

39



2 A3 Wt A E P/DE FFY HiRE SR 3k
0.IM#} 1.5M=Z A3t} Pr 8 417322 A3
FAANATE. R dRe TES 918k 0.012m, 0.035m, 0.067m= A 7o) &
A 7o) #e Abgsgith ol Rap & 258x10° ~ 4.49x10'°9] Wigjel| &},
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Power supply
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Fig. 21. The experiment equipment & system circuit.

Table 7. Test matrix.

Pr D(m) P/D Rap Flow
Lla ges, & |
0.012 2.58%10 Laminar
3579
A3 0.035 1.02, 1 9% ¥ 6.39x10°
Turbulent
0.067 1.5, 1702 4.49x10" HEbHen

a9 22v adE pANde FEE A4 5, sk £ 8] Nup Fibe
T il
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Fig. 24 Nusselt number ratio as a function of P/D(Turbulent).
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Table 8. Test matrix — D effect (m)

D P N H ) R Ray Rap Ray

0.001 | 003 | 1~10 | 0.289 | 1.571 | 0.025 | 4.07x10" | 1.69x10° | 6.54x10"
0.003 | 0.03 | 1~10] 0.327 | 1.571 | 0.025 | 5.90x10" | 4.55x10° | 6.54x10"
0.006 | 0.03 | 1~10] 0.365 | 1.571 | 0.025 | 820x10™ | 2.11x10" | 6.54x10"
0.008 | 0.03 | 1~10] 0422 | 1571 | 0.025 | 1.27x10" | 864x10" | 6.54x10"

Table 9. Test matrix — P effect (m)

D P N H D R Ran Rap Ray

0.003 | 0.004 | 1~10 ] 0.093 | 1.571 | 0.025 | 1.36x10" | 4.55x10° | 6.54x10"
0.003 | 0.006 | 1~10 | 0.111 | 1.571 | 0.025 | 2.31x10™ | 4.55x10° | 6.54x10"
0.003 | 0.008 | 1~10 | 0.129 | 1.571 | 0.025 | 3.62x10™ | 4.55x10° | 6.54x10™
0.003 | 0.01 | 1~10| 0957 | 1.571 | 0.025 | 1.48<10™ | 4.55x10° | 6.54x10"
0.003 | 0.015 | 1~10 | 1.407 | 1.571 | 0.025 | 4.70x10™ | 4.55x10° | 6.54x10"
0.003 | 0.020 | 1~10 | 1.857 | 1.571 | 0.025 | 1.08x10" | 4.55x10° | 6.54x10"
0.003 | 0.030 | 1~10 | 2757 | 1.571 | 0.025 | 8.54x10" | 455x10° | 6.54x10"

Table 10. Test matrix — R effect by P (m)

D P N H L R Ray Rap Rag
0.003 | 0.04 3 10.083]0.471 | 0.025 | 9.65x10" | 4.55x10° | 1.77x10"
0.003 | 0.05 3 ] 0.103 10471 | 0025 | 1.84x10" | 4.55%10° | 1.77x10"
0.003 | 0.06 3 ]0.1231] 0471 | 0025 | 3.14x10" | 4.55x10° | 1.77x10"
0.003 | 0.07 3 ]0.143 ] 0471 | 0.025 | 4.93x10" | 4.55x10° | 1.77x10"
0.003 | 0.08 3 01630471 | 0025 | 7.31x10" | 4.55x10° | 1.77x10"
0.003 | 0.10 3 102030471 | 0.025 | 1.41x10" | 4.55x10° | 1.77x10"

47

@ jeju



Table 11. Test matrix — L or H effect (m)

D P N H L R Ray Rap Rar

0.001 | 0.03 1100010157 | 0025 | 1.69x10° | 1.69x10° | 6.54x10"
0.003 | 0.03 1 0003|0157 | 0025 | 455%10° | 455%10° | 6.54x10"
0.005 | 0.03 1100050157 | 0025 | 2.11x10" | 2.11x10" | 6.54x10"
0.008 | 0.03 1 0008|0157 | 0025 | 864x10" | 8.64x10" | 6.54x10"
0.001 | 0.03 2 100330314 | 0025 | 6.06x10° | 1.69x10° | 5.23x10™
0.003 | 0.03 2 100330314 | 0025 | 6.06x10° | 4.55%x10° | 5.23x10™
0.005 | 0.03 2 100350314 | 0.025 | 7.23x107 | 2.11x10" | 5.23x10™
0.008 | 0.03 2 10038 | 0314 | 0.025 | 9.26x10° | 8.64x10" | 5.23x10"
0.003 | 0.03 3 | 006310471 | 0.025 | 422x10" | 455%10° | 1.77x10"
0.001 | 0.03 3 10065 | 0471 | 0.025 | 4.63x10" | 1.69x10° | 1.77x10"
0.005 | 0.03 3 | 0.065| 0471 | 0.025 | 4.63x10" | 2.11x10" | 1.77x10"
0.008 | 0.03 3 ] 0.068 | 0471 | 0.025 | 5.30x10" | 864x10" | 1.77x10"
0.003 | 0.03 4 0093|0628 0.025 | 1.36x10™" | 4.55x10° | 4.18x10"
0.005 | 0.03 4 0095|0628 | 0.025 | 1.45%10™ | 2.11x10" | 4.18x10"
0.001 | 0.03 4 0097 | 0628 ] 0.025 | 1.54x10™" | 1.69x10° | 4.18x10"
0.008 | 0.03 4 ] 0.098 | 0628 | 0.025 | 1.59%10™" | 864x10" | 4.18x10"
0.003 | 0.03 5 1012310785 ] 0.025 | 3.14x10" | 455x10° | 8.17x10"
0.005 | 0.03 5 012510785 | 0.025 | 3.29x10™ | 2.11x10" | 8.17x10"
0.008 | 0.03 5 01280785 | 0.025 | 354x10™" | 864x10" | 8.17x10"
0.001 | 0.03 5 0129 0.785 | 0.025 | 3.62x10™ | 1.69x10° | 8.17x10"
0.003 | 0.03 6 | 0.153] 0942 | 0.025 | 6.04x10" | 455x10° | 1.41x10"
0.005 | 0.03 6 | 0155|0942 | 0.025 | 6.28<10™ | 2.11x10" | 1.41x10"
0.008 | 0.03 6 | 0158 | 0.942 | 0.025 | 6.65x<10" | 864x10" | 1.41x10"
0.001 | 0.03 6 | 0.161 | 0942 | 0.025 | 7.04x10™ | 1.69x10° | 1.41x10"
0.003 | 0.03 7 10183 1.100 | 0.025 | 1.03x10™ | 4.55x10° | 2.24x10"
0.005 | 0.03 7 10185 1.100 | 0.025 | 1.07x10™ | 2.11x10" | 2.24x10"
0.008 | 0.03 7 10183 1.100 | 0.025 | 1.12x10™ | 864x10" | 2.24x10"
0.001 | 0.03 7 10193 1.100 | 0.025 | 1.21x10" | 1.69x10° | 2.24x10"
0.003 | 0.03 8 | 0213|1257 | 0.025 | 1.63x10™ | 4.55x10° | 3.35x10"
0.005 | 0.03 8 | 0215 1.257 | 0.025 | 1.68x10™ | 2.11x10" | 3.35x10"
0.008 | 0.03 8 | 0218 1.257 | 0.025 | 1.75x10™ | 864x10" | 3.35x10"
0.001 | 0.03 8 0225|1257 | 0.025 | 1.92x10"7 | 1.69x10° | 3.35x10"
0.003 | 0.03 9 | 0243 | 1.414 | 0.025 | 2.42x10" | 4.55x10° | 4.77x10"
0.005 | 0.03 9 10245 | 1.414 | 0.025 | 2.48%<10"% | 2.11x10" | 4.77x10"
0.008 | 0.03 9 | 0248 | 1.414 | 0.025 | 257x10" | 864x10" | 4.77x10"
0.001 | 0.03 9 | 0257 | 1.414 | 0.025 | 2.86%10™ | 1.69x10° | 4.77x10"
0.003 | 0.03 | 10 | 0273|1571 | 0.025 | 3.43x10™ | 4.55x10° | 6.54x10"
0.005| 0.03 | 10 | 0275|1571 | 0.025 | 351x10™ | 2.11x10" | 6.54x10"
0.008 | 0.03 | 10 | 0278|1571 | 0.025 | 3.62x10™ | 864x10" | 6.54x10"
0.001 | 0.03 | 10 | 0289|1571 | 0.025 | 4.07x10" | 1.69x10° | 6.54x10"
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