creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86t AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Metok ELIChH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aeles 212 LWS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

i L

a

rL.
N

f

iy
=

-+

PR ERE KEBE

%) TELR

HE A i

20114F 2



ok
)
of, rjg
oft!
e
=
o
x
=
3

BEHE B N &

e W E

of W& L& LB wXoE i

20104 12H

Feagne] T8 B Gaste RiES

FHEEZAR & M= (El)
% =] F E M (Fl)
% =1 IR (El)

PR REx

20104F 121

@ jeju



A Study on the Development of Mixed Convection
Flow Regime Map in a Vertical Pipe

Gyeong-Uk Kang
(Supervised by professor Bum—Jin Chung)

A thesis submitted in partial fulfillment of the requirement

for the degree of Master of Engineering

December 2010

This thesis has been examined and approved.

Department of Nuclear & Energy Engineering
GRADUATE SCHOOL
JEJU NATIONAL UNIVERSITY

@ jeju



LIST OF FIGURES -erersrersssrssssnsssnsssssnsnsstasssassses st st v
LIST OF TABLES -orroresreresrerssenssesssessessnsninsssnssiass sttt st sanes vii
NOMENCLATURE -eeereerersssessarssssenrenssesssstssatsassasasssssssssss st secs viil
NONDIMENSIONAL NUMBERS -:eersssersnsrsnsasesscsrecscsasessssnsssssssassass 1X
T 1 A N R X
I . A B 1
I. O] FA HJZ oo 3
1. ST B (IVIXEA COMVECTIOM) +vtrevsereseesreessesssesseesseehustssssssssevesevssessesssseessesstossesssanss 3

2. 4% 0 O X T (FIOW TEGIME MAD) wtorveeevssresssesosss muttttumsntessesovsssiessssessssbissoeesnn 3
DN A} ool Sl AR B ... 5

92) ZE W ATUL Q0F B HIO]E] FZ s 15

93) 7]Z £ B AR T O] FIIE crorrrrresssitsnssssensssss s s 17

3. BT TFT B tterretteeueeereneennein et eebs bbbt R 19
31) 7|2 . e . PR 20

A, B T TFTY B cevereveremseesineessceces e stbasti s e st e bbb 2]
A1) BEE T e ATS BT BRI 2]

A.2) 7] T O] T ereneeeee e 23

5. DA BAATEO] G ARA] wrrrerrvrmsmsessssmsssssssssssssessss s %
1) G AR AT «eesersstesees et e 2%

59) QAT BA R TFO] ALA] o %



<27
< 28

31
ez

36
-+ 40
- 40
<41
- 44

| K] T 7] HH] eeeeeeesecen s

2] A ceeeeeee s

R4

SHA

6.2)

Al 5] A

V. dH]

Im.

44

o
_zrc
H

H
B

\._A.uﬂo

o
ok

w 45
- 46
- A8
- 48

]_od 1;H .ﬁ.g 7(:)] 74]

o0
o2

X

bE

ToR

;Ot

o4

=

3.1 7]% ﬂ] o] Eﬂﬂ— u]ﬂ

3.2) Aol =
3.3) A7 e]

3. B, 7ol w

S
- o7
-39
- 61

o
T

o}

o
i

al

4. Re vs. Gr

e
H

H
B

\._A.uﬂo

o
o

@ jeju



61

5.1) 71&

62

64

© 65

8
T

- 67

r
ok

Aol 2

@ jeju



Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

LIST OF FIGURES

1‘ FIOW regime map iHSide a Vertical plpe ........................................................ 2

2‘ EXperimeﬂtal data in buoyaﬂcy_aided flOW .................................................. 4

3. Comparison of the velocity distribution observed by Watzinger &
JOhHSOH aﬂd the ldeal parabOhC distribution ............................................... 5

4. Dimensionless correlation of local mixed, free and forced convection

heat transfer coefficients for buoyancy-aided flow e 8
5. Velocity profiles inside a vertical pipe for constant heat flux «««-oveeee 10
6. Correlation of data for transition in buoyancy-aided flow. oo 11
7. Nu vs. Ra/Gz for constant Graetz number (Ofl) «weeemeeese 12
8 Nu vs. Ra/Gz for constant Graetz number (Water) «« o weeeeeeeseeces: 12
9. Redrawn flOW TEGIIME MA w+w s wewstssssrssessrssssmsmsamsansass sississsssssnsssssssnssssssseses 16

10. Effect of buoyancy on the fully developed Nu for laminar flow in a
Vertical Circular tubeS ...................................................................................... 17
11. Turbulent mixed convection for B, in a vertical flow system <« 19

12. Qualitative description of wvelocity and shear stress distribution in a

turbulent mixed convection flow in a heated vertical tube ««eoeeeeeeee 20
13. Effect of aiding natural convection in a vertical tube «eesveenmemeneen 21
14. Nu/Nus vs. B, in buoyancy-aided flow for L/D; ratiQ -« w«wseeeeeeeeees 22
15. Nu/Nus vs. B, in buoyancy-opposed flow for L/D; ratio «w««weeemeees 22
16. Schematic diagram of mass transfer in electric field «eeeerrreemeneeene 27
17. Typical imiting current density CUIVE «w et eeessmmmmmeciitt 39
18. The experimental equipments and SYSterm CIrCUIt «woeeeeeeeermsreemsmmmmns 4
19. The shapes of copper pipe (0.02m, 0.0320m) «wweeseeseesesessssrssmsnesmssssnssnannens 35
20 The piCtureS Of two test SeCtiOHS ............................................................... 36
21 AHOde copper rOd inserted i]fl the hole ....................................................... 37



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

22.
23.
24.
20.
26.
21.

28.

29.

30.
318
S
33.
34.
30.
36.
37.
38.
39.
40.
41.
42.
43.

The test result for forced convection (D; @ 0.02mm) «weeeeressmessneaccen 40
The test result for forced convection (D; @ 0.032m1) «eoeeeereerseecsens 40
Test regime to De CATTIEd QUL e wewersrrsresrssrssumsimismsiissimisissismssisisissasess 44
TeSt procedure for mlxed COHV@CtiOH ......................................................... 45
TeSt reSUltS fOf mlxed COHV@CtiOH (Dl:OOZm) ......................................... 47
TeSt reSUltS fOf mlxed COHV@CtiOH (Dl:OOS2m) ....................................... 48
The limit of mixed and natural convection in buoyancy-aided flow
(D70.0201, Pri2,014) «weseeeesesssssessssssssssestasis st smsstuts sostssmse s 49
The limit of mixed and natural convection in buoyancy-opposed flow
(D002, Pri2,014) «eeseeeeseessseessssssssssestassstismssintismssis i mssmsss sttt siasesssess 50
The test results (Di0.02m, Pri2,014) s 51
The test results (Di0.02m, Pri2,129) «eereresssrssmsumssmsssssssssssssssssssssasesass 51
The test results (Di0.032m, Pri2014) s 52
The test results (Di0.032m, Pri2,129) «ereresusmmtsamssscssrsssmssismsssssissssessasess 592
The comparison of the existing data and current experiments -« 53
Comparison of different D; and same H(Pri2,014) «eoweermermcssessineee. o4
Comparison of different D; and same H(Pri2,129) «erweeremmcsieseneecs o4
The Compaﬂson Of same Di a]fld differeﬂt H ........................................... 56
The Compaﬂson Of same Di a]fld differeﬂt H ........................................... 56
R@ Vs, Gr for buoyancy_aided ﬂOW ........................................................... 57
R@ Vs, Gr for buoyancy_opposed ﬂOW ...................................................... 58
Classical flow regime map vs. restructure of flow regime map == 60
FIOW regime map for buoyancy_aided ﬂOW ............................................. 61
FIOW regime map for buoyancy_opposed ﬂOW ........................................ 61



LIST OF TABLES

Table 1. Definition of the ideal systems on the approximation «::t«essssseseeees 6
Table 2 Information in hteratures .............................................................................. 13
Table 3 Information in hteratures .............................................................................. 14
Table 4 Information in hteratures .............................................................................. 14
Table 5 COITelatiOHS in ﬂOW regime 0021 8 JRRRR L e e LR LR EE LR L LLE LR ALRREELRRY 15
Table 6 Governing equatiOHS ....................................................................................... 25
Table 7 DimenSiOHleSS group traﬂSfOfmatiOﬂ .......................................................... 25
Table 8 DimeHSiOH Of two test SeCtiOH .................................................................... 35
Table 9. Test matrix on forced convection inside a vertical pipe ««t«ssseeseeeeeeses 39
Table 10. Test matrix for mixed convection inside a vertical pipe -« 43

Vi

@ jeju



Sz zE o TN Ew s Q

=~

Greeks symbols

R T R @

A

Nomenclature

concentration [kmole/m?’]

diffusivity [m/s?]

Faraday constant, 96,587,000 [Coulomb/ kmolel
gravitational acceleration [m/57]
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SUMMARY

Hydrogen has drawn public attentions as the clean, secondary energy
source. One of the promising production methods of hydrogen is to use the
heat from the VHTGR (Very High Temperature Gas—cooled Reactor), a next
generation nuclear reactor. Due to the high temperature requirement, the
coolant for the VHTGR should be gas phase in order to prevent phase change
during operation.

One of the technical issues raised by the development of the VHTGR is
the mixed convection, which occur when the driving forces of both forced and
natural convection are of comparable magnitudes. It is classified into laminar
and turbulent flows depending on the exchange mechanism and also into
buoyancy—aided and buoyancy-opposed flows depending on the direction of
forced flow with respect to the buoyancy forces.

In laminar mixed convection, buoyancy-aided flow shows enhanced heat
transfer compared to the pure forced convection and buovancy-opposed flow
shows impaired heat transfer due to the flow wvelocity affected by the
buoyancy forces. However, in turbulent mixed convection, the situation is
reversed. The buoyancy-opposed flows shows enhanced heat transfer due to
increased turbulence production and buoyancy-aided flow shows impaired heat
transfer at low buoyancy forces and as the buoyancy increases, the heat
transfer restores and at further increases of the buoyancy forces, the heat
transfer is enhanced.

It is of prime interests for engineers to classify the convective flow
regimes : forced, natural, and mixed convection. Metais and Eckert suggested
a classical flow regime map. The map is based upon several experimental
studies and the ranges of Reynolds number and Grashof number are far below
the VHTGR ranges.

The present work is to examine review the classical flow regime map and
to develop the flow regime map applicable to the VHTGR ranges. Firstly, the
literatures related to the classical flow regime map were reviewed. Based upon
the reviews, the flow regime map was redrawn and compared with the
classical flow regime map. Secondly, a series of mixed convection experiment

was carried out for the wider ranges than the classical flow regime map.



The achievement of large Grashof numbers with gas coolant requires very
tall test facility as the Grashof number is strong function of facility height. In
order to avoid tall and expensive test facility, this study adopted the analogy
experiment method. Using the concept, the heat transfer system can be
transformed into mass transfer system using the electroplating system. This
system allows the large Grashof number to be achieved easily with short test
facilities and accurate measurements of mass fluxes by electric means.

The ranges of Grashof number are from 5.27x10° to 6.93x10" and those of
Reynolds number are from 4,000 to 14,000, which cover turbulent flows
sufficiently higher than the classical flow regime map. The Prandtl numbers
are varied from 2,014 to 2,129. Two kinds of the pipe with different diameters
are used.

The reviews of the existing flow pattern map revealed the limitations
limitation of cited studies, selective use of experimental results, lack of detailed
description for the curved lines appeared in the flow pattern map etc.

The experiments reproduced the typicals of the mixed convection heat
transfer phenomena in a turbulent flow condition and agreed well with the
existing studies performed by Y. Parlatan(1996) and Ko et al.(2008). The limits
between the forced convection and the mixed convection and those of between
the mixed convection and the natural convection were defined. A new flow
regime map 1is suggested. Discussions are made regarding the effect of height,
aspect ratio, problems of using characteristic lengths.

It may be concluded that the flow regime map should be drawn into
buoyancy-opposed flow and buovancy-aided flow, respectively. The existing
flow pattern map based upon the dimensionless numbers using the diameter as

the characteristic length is not generalized enough to be widely used.
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Table 3. Definition of the ideal systems on the approximation.

Characteristics Approximation 1 Approximation 2 Approximation 3
Two vertical flat Two vertical flat ) '
o o Vertical cylinder of
Geometry plates infinite, a plates infinite, a )
. [ diameter D
distance D apart distance D apart
. Linear near wall Linear near wall
Linear near wall
) u=By u=By
Velocity u=By

. . . B variable with x, a
distribution in | B constant with x, .
i function of buoyant
fluid stream depends only on
F i as well as forced
forced condition

flow

B variable with x, a
function of buoyant
as well as forced

flow

Density a linear
Fluid

properties

All properties are function of

constant temperature; all other

properties constant

Density a linear
function of
temperature; all other

properties constant

Variation of No variation (short No variation (short

mixed mean length of heating length of heating

temperature section) section)

Determined by heat
balance; varies

exponentially

Buoyant force
proportional to (t—to)

where ty is the
Buoyant force | No buoyant force

temperature of the

fluid entering heating

section

Buoyant force
proportional to (t—tmx)
where tmx is the
mixed mean

temperature at any X

A 7HA e EAel e 99

ol e 7 oHA e Al HA



w9 HUEm 7] FolmEBE AAYTH o174, Gop=  Graetz FE
RePr(D;/L)°| t}.

Nujy, =1.59 i/GZD + 0~096(GT'DP1"%)°‘75 1)
: D o.75

Nuj, = 1.75F1i/GzDJr0.0722F2(G7"DPr%)°‘75 (3)

2 (@2)9F )2 22 FHE FHsAW dF e dolef A Ee vyt ZAY Fe
2ol wepA 2 A AL 28y Martinelli®} Boeltere] <d-j-o A= o™ 7]
o g3l 2 (2)9F (3)o] FEH ] AMEE =X HlelAE o] AuHA XU

oy

t}. Eckert ¢ 17

Eckert 5& 19539 WHEd+ 9
GAGe FA- ek A AFE AT o] HAHoA FeddS AAS)
= WS AA) &9l 3 Watzinger?t Johnson 28] 31 Martinelli®} Boeltere] <17+

AE AAY] a5 A7 AnE ¥AA FAAQ FEAIRNEE ERY

At APLS F7E ARESte] @] Aol thdk X5 v(H/D)7F 59 43 H
9

@ jeju



o Ti8ted Grashof 4= 10°~10"3 Reynolds %= 36x10°~37.7x10"¢] WelelA 4
FuAar 7ty e el AFy A A s FEZEA S A xE AolH
=2 ARSI 19 4e 2AE AR SAHE 7Y fEY =5
Nusselt & Mot} Watzinger®} Johnson®] ZA 3¢l 28 29 #A3 &g ¢
At €A 3 Reynolds el W3t GrPr SFo W =5 Nusselt ¢
Aolth o F Nusselt 7+ Y3 Reynolds 7ol gk =45 welrt
WA ##3E Forced convection limit Y& oA = GrlPr 72 43S 4x] &1
AAGTE & F Ytk =, o] ¥ AA T . WA GrPr 71 57t
stAAl oF7k A4Stk thAl F71EH Mean data lines WEl7hs RS B S
2t} =, Forced convection limit line¥} Mean data line®] Apo|7} E3tohirol 3

gavha e A¢HoE B 5 vk

Nusselt number, Nuy

|
- imEad LI
y L | i T
Reynolds A——————————
number, | |
o e i
O |
|

— el
=~

1012 AT
8 10+¢ 2 4x10+

e 12 1 213 L)

8 1010 2 1 6" Is 1011 2

Product of Grashof and Prandtl numbers, GryPr

Fig. 4. Dimensionless correlation of local mixed, free and forced convection

heat transfer coefficients for buovancy—aided flow.

A, Aoz FAUR 99 B4 AFelE AAUF o] a2
AFE 10% oWz MekAslE AReR Fosy o FaAmRe JUe 2
A% A9oE FAA ALY Bokert 5 17 49] FERAL FRaE %

10

@ jeju



TR A G AARFS EPUF J9e PR

Between Forced and Mixed flow  Re, = 15.0(G7-.,1¢Pr)0‘40 (4)

Between Natural and Mixed flow  Re, = 8.25(Gr,Pr)"* (5)
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Fig. 5. Velocity profiles inside a vertical pipe for constant heat flux.
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Table 2. Information in literatures.

Brown Eckert et al. Kemeny & Somers
Boundary
- - UWT UHF
condition
Flow - Turbulent Laminar
; ] Buoyancy-aided, )
Direction = Buoyancy—aided
Buoyancy-opposed,
) Water : 3~6
Prandtl 3 Air : 07 .
Oil : 80~170
36x10°<Rep<37.7x10" | Water : 61 <Rep<6800
Ranges 1 50x10° < Rex < 70x10" Oil : 3.4<Rep<630
10°< Gre< 10" 10°<Grp< 10°

Length scale

Distance from heated

Pipe diameter (D)

wall (x)
L{m) - 3.05 2.44
0.00635, 0.0127, 0.0254,
D(m) = 0.61
0.0381
L/D 3 5 9.7~320
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Table 3. Information in literatures.

Metais Petuchov Watzinger & Johnson
Boundary
.. - - UWT
condition
Flow - - Laminar to turbulent
. . Buoyancy-aided,
Direction - -
Buoyancy-opposed,
Prandtl - - Water : 2~5
6x10°< Grp< 10°
Ranges 1 =
1450 < Rep < 15000
Length scale - - Pipe diameter (D)
L(m) - — 1
D(m) - - 0.05
L/D - - 20
Table 4. Information in literatures.
Hanratty et al. Hallman Martinelli & Boelter
Boundary
N UHF, UWT UHF UWT
condition
Transition, Laminar to | Transition, Laminar to "
Flow Laminar
turbulent turbulent
. . Buoyancy-aided, Buoyancy-aided, .
Direction Buoyancy-aided
Buoyancy-opposed, Buoyancy-opposed,
Prandtl Water : 552 Water -
3x10°< Grp< 10° 10'< Grp< 4.5x10°
Ranges -
40 < Rep< 350 140 < Rep <4300
Length scale Pipe diameter (D) Pipe diameter (D) Pipe diameter (D)
L 2.52 0.92 -
Di 0.022 0.008 -
L/Di 114.3 115 -
E 5= a9 19 FEGIAEE TR FEAS HelFth A% 2 B

=
o
(it
o

2 Martinelli®} Boelter®] o] #o9]
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Authors Correlations

Martinelli & Boelter

Rep =19.64(Grp)"* (Between Forced and Mixed)

Eckert et al. Rep, =17.39(Grp)"*  (Between Natural and Mixed)
RePr\'® -, B
Hallman Rap =9470 52/ D (Transition laminar-turbulent)
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Fig. 12. Qualitative description of velocity and shear stress distribution in a

turbulent mixed convection flow in a heated vertical tube.
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Fig. 14. Nu/Nus vs. B, in buoyancy-aided flow with respect to L/D; ratio.
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Fig. 15. Nu/Nus vs. B, in buoyancy—-opposed flow with respect to L/D; ratio.
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Table 6. Governing equations.

Heat Transfer Mass Transfer
Vv =20
(Continuity equation)
D; _ 9 — —
phy = “VP + pViu £+ F
(Momentum equation)
DT 9 DC 9
D av'T D DvC
(Energy equation) (Concentration equation)
Table 7. Dimensionless group transformation.
Heat Transfer Mass Transfer
v | 14
Prandtl number % & Schmidt number D
hH mH
Nusselt number & <  Sherwood number D
AT H3 HS A
Rayleigh number gPATH = 9= 2P

Dv p
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T
e

w

(8)
9)
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Cu

+ 2e

2e

Cu . Cu2 TF
C’LL2 +

Anode
Cathode

a2 &9 (Electrolyte)o] =] A

)

%
L

.]

o

S2F(Diffusion) L83 A4 H

?:51_
7 (Convection) ©] Al 7}A| F-2]o]& 9] o]s HAYF o Z o] Foj 3t}

(Electric migration), & =%} ¢
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Fig. 16. Schematic diagram of mass transfer in electric field.

uElA gAY A EAAGES g5 2 1003 2ol yEdE Qv
[C. R. Wike and C. W. Tobias, 1953].

Cathode Nt = Nm, + Ml + N(: (10)

471980l A% 2AAGL b FAZ R RN mF
ojun dad= F2 daket &4 24 Fol ste] HeHA Ak AA =
AAd g N Faraday W2 ol

Hl gl sk #AA o2 yErd 5 Y] S. Newman, 1973].

N, = — (11)
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oA7| A, = AFEE, ne AFukSoa wEHE WA F o9 AAU}
(Valence charge)E Yet® F df#dlo] <(Faraday constant)o]t}. 3+#H,

Npo® FAHE dA7]dsed 8 sdde2 ddgelMes & 5 gl AW

dith e ATues] 2RAY AP 2 Fof 29 Feo &
Aol ofd A7 Qe wgolth el A AvF B oF ol

da®F A2 Faraday WHol o vheat Zo] 234 & 3o

-
rir
2
%

o
o
i
iy

Noio= — (12)

A7A, e A G (Transference number)ZA], A 7|50 93] AEgH= o]=9
s Foll ASukgol FAstE o] v &S UEHUH HE FHe o]
T & vdstta &¥ A i Thomas, B. Drew, et al., 1978].

Newman[]. S. Newman, 1973]°] 2J3}H 0.1 M2 &4k &HA] o] gk
°F 0363024 HA=SwkgoA 2 (1003 22 722 dEH= dA o9
olEFE 1008t HekE w, ArGEed 9 olsHE FEolY F= oF 44
Are oujdt}, Ax EAAY T FolA AVDELS Ak dAGT

7F AHEch mebs Sk diwRke] 9s 1etr] fsiA e A
7lgEol o3 EdAEe aE H AlA oFRE gt} 7ol o3 =d4A

A4
2o FaE HAigtelhs WHoEs @) ot B FAsvYESRS 22 A

A &l o (Supporting electrolyte) 2 W] &4 A& A (Inert electrolyte)S 3 A7k
oz Aukgol] Folste o] T E&(6)E o9 HrHC. R Wike an

C. W. Tobias, 1953]. %, 34 Asi} e vt A7t sl goe] AEEE

[N

H

Z7N o zR FElo]o] Wi AV A AVE AgAoz AAATE AS
ojuj gty . AFo| A= o]H oy AFolA, FibTE] FEAAA ALEH
< s g o R ALt weba] dV]dsel o BddYe] EdE

agAg NS AREFoRA FAS = gla, ddgel el o] byt ot
k=l



(13)

Ag5w oo 9t

KeN
=

A(Mass transfer coefficient), An

ojy

U

(14)

i hm (Cb B Cs)

Nt - Nm

AT

(15)

(1—t,)I

nF(C,— C,)

h m

-

X
£

%
o

ojy

H

12 Aelso] Aol

H Wragg, Fenech®} Tobias, Newmanel 2] 3

o
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ojeo] AAHE AW, SIAAE TR Bt BUuse] Doy &
= geo] o) mie] dojurh F, el o] & At AL Bate] vhA T
SEANSS 1) 2 44 HePEE Jehd

l

(1) oA A=EHo R Cfo]lee 22 A (N))

(2) Cu”ol e ATFuHE “F vhe (Ny)
HA (DolA dojy= EddE FHAE ofgief o] el ¢ 9t
Nl = hm (C’b . Cs) (16)

a3 ASEANSS 14 Wgld AESE FE ohge) ws £ryo

o 7|4 ke WS A (Reaction rate constant)©]®™ A E]O A= Ni=N- 9]

h, (C,— C,) = kC, (18)

wEbs A= wwelA e e o) Fi, Gev thet 2

C, = (19)
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A F AT Aol FolA AAAE WA F/IANE WIEERF ki
w7

AN A7F F7bEkel el A FrtetH W, EHAGAF k2 DA
T3 dAS gs ZE=oHW. ] Moore, 1972]. WElA k> A0 G GoAde]
& Cse 719 00 dr) ojwl, Ax7F 7ol = &8tal o o] x7e
Aeol glo] HAF A= A e] AFE A A 7 (Limiting current) kil $hr},

N

AR 2okt i ds 2AelA =ddEe] EE I Hy Redt A=
Fw Afele] FRAbelE B AAA frk Eeie] yki AAE]) witd A
Aoz AFgxHe FE ol FRvl 0ol VMRl Hol EAdYo] HUm o]
AXA Hol H o) e A ol Ut @A " o] 99 ol For A
AE 57 AZIE =0l ArlEsel os eavh dAsE Az wkel
dolutn] A7t bl FA48A S7hETh ol o] dAMFIANE A= &
Hel e ol FRE 00E Fd 5 g7 wiel 4 (15elA wHEEE T
dofshs olE&S S5 £ vk aHEE AR ZWe AHeded £44
GAF, hne Yol 23 o]l R vk Gof AT " (Limiting current

density) Lim(mA/cmH) ooz AA-" 4 ),

e

h, B 1V Vgl (20)

N F AAAFNEE AssY oA WHASA EHY F YUY 5w
SRS AAT F Ux, FAL 12
9g o st Aol del ol gua Yk 2y 172 AN AFHo

2 Z35E aAdRe Bag e,
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AR A -3 R oA EAAELS Fenech and Tobias [E. J.
and C. W. Tobias, 1960]el ¢]3le] 2 &7 Ha Fej2 AAE o5

h
we WANES A,

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

2
+ 0.12755 Cp, 50, + 0.01820 CZ, 50, (2D

j(cp) = 0.974 + 0.1235 Cy ¢, + 0.0556 C2 g0,
+ 0.5344 C, g0, + 0.5356 CZ, 50,

(22)
Dy g0, (em®/s) = (0.7363 + 0.00511 Cy 4, + 0.02044 Cp, 50 ) X 1077 (23)
uDy o0 (cm?/s) = (1.6691 + 0.24519 Cyy o + 0.96637 Cp,50,) X 10 °  (24)
te, = (0.2633 = 0.1020 Cy 50,) Cpev (25)
ty+ = 0.8156 — 0.2599 C,, .- — 0.1089 C7, -- (26)

A9 e 22 CTAA 205 % ojule ox= Z HeEgy g Qv %

¢} Al
7} g2 %ol = Chiang¥} Goldstein[H. D. Chiang and R. J. Goldstein, 1991]l
o] guld 2o wE JIFFS nHEH 7 Arh
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Fig. 18. The experimental equipments and system circuit.
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Fig. 19. The shapes of copper pipe (0.02m, 0.032m).

aglal FE 77 gl ofaE dFE A Ao sFole STWAE AAH
ATt olAL A H A @ W (Unheated wall) 2.2 4 Z o] (Entrance length)

H
ase o ve fAddon g5 dae

2,
:Cn)L_'4
oft
ol
£
o,
1y
i
=,
rir
N

& (Fully developed flow)& YH&7] 98] ¢F2 s E¢e StraightenerE 7%

-

t}. Test section® & Zo]i= 14mo|t}. o9} #Zo] FAE Test sections & %
o] AAo] Az e F S Azt 189 202 A &3 Test sectiond] AFA

& HojFal & 82 o594 Ade YEYL

Table 8 Dimension of two test section.

_ Acryl pipe Copper pipe
Test section
Inner diameter Thickness Inner diameter Thickness
A 0.023m 0.008m 0.02m 0.0015m
B 0.035m 0.01m 0.032m 0.0015m
37

Collection @ jeju



Fig. 20. The pictures of two test sections.

Test section®] Aeta sfghoE= 7F=4ksko 2 PVCH 183 Y3 AE £4
7 FAA AT Fxdd A4S AA T3FEZ(Circulation loop)E FAA3EATE
AE =81717] A% F=Zo e SAs 7] A AdAFEFAE 5729 Test
section Akololl A=A eFdvt. Zrelal ol oa FAZE &8 Eolvbe £ FE
Poles BWEHE AAste] Bad g s 24T & ARE 3Tt
owE A4 0002me] FYE-e ARESISITE o] el Zid 210lA 9k 2o
Test section®] A&ell FA7F MoAurbA| FEE: FHASTS s Qe EA

o
9] FYol £2 0.002me] FHo= AbqlHT
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soll e AFE FAL Aol AAFZAE L
of X3, 1 Wil Afel A= el BAE
gtk HZE LGAAALS] PM-100PME2e] AFEE 1AL 32 20L/mine] th.
VUPOWERAFS] A A3FAX(DC Power supply - IPS-18B10)E o] &3}%]aL,

Fluke-45% 2 ¢l Dual Display Multimeter® A7t AFS FA o A3}
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Table 9. Test matrix on forced convection inside a vertical pipe.
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Nusselt number

Nusselt number

Nu = 0.023Re" P14 27

o] Aol A&WMe+= Prandtl % 0.7~160°]H Reynolds <= 10,0000] %

23 713728 H/DiE 600) eItk olel 3 A9 2319 Aol ® #ydtw
ol =A% Nusselt % Dittus-Boelter 323 A= AA3teE ZH5e
= 2= = = =] = o =
ATk EFE "elA o & Aol AW I oA A3 Nusselt

=1 &}.© 5 3 @] [} [o] &
E A2 9AF FUF 5 gk ol e B xole AFS ASFoRA
k.0 = = =)
Heol g AAd ol o FAE T AA S| welt
Forced convection inside a vertical pipe 1Forced convection inside a vertical pipe
12004 D,: 0.02m CuSO4:0.05M Pr:2,014 12004 D;: 0.02m CuSO4:0.12M Pr:2,129
900 - 8 900
=
=i
=
600 4 S 600+
(2]
=}
g 4 Aiding flow F 4 Aiding flow
300 . v Opposing flow 300 v Opposing flow
Dittus-Boelter Dittus-Boelter
O T T ¥ T T O T T T T
4000 8000 12000 16000 4000 8000 12000 16000
Reynolds number Reynolds number
Fig. 22. The test result for forced convection (D; : 0.02m).
Forced convection inside a vertical pipe Forced convection inside a vertical pipe
1200 D,: 0.032m CuSO4:0.05M Pr:2,014 12004 D,: 0.032m CuSO4:0.12M Pr:2,129
900 g 900
| £
3
c
600+ 7&3 600 4
]
=
E Aiding fl 1 K Aiding fl
4 Aiding flow 4 Aiding flow
300+ v Opposing flow 300+ v Opposing flow
Dittus-Boelter Dittus-Boelter
0 T T T T 0 T T T T
0 4000 8000 12000 16000 0 4000 8000 12000 16000
Reynolds number Reynolds number

Fig. 23. The test result for forced convection (D; : 0.032m).
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Table 10. Test matrix for mixed convection inside a vertical pipe.

D; (m) | CuSO4 (M) = H (m) Gr Re

4000

9
0.50 9.27>10 5000

6000

0.60 9.11x10 7000

8000

0.05 2014 0.70 1.45%10" 9000

10000

0.80 2.16x10" 11000

12000

0.90 3.70x10'° 13000
0.02, 14000

0.032 4000

10
0.60 2.05x10 5000

6000

0.70 3.26x10" 7000

8000

0.12 2129 9000

0.80 4.87x10" 10000

11000

12000

0.90 6.93x10" 13000

14000
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