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ABSTRACT

In the conventional model of a household gas water heater, water is heated by using
only the sensible heat of flue gases, after which the gases are discarded as exhaust gas.
This combustive gas contains steam at approximately 200°C; therefore, it has a relatively
large amount of heat. Recently, water heaters with heat exchangers heat exchanger that
collect the latent heat of exhaust gas heat water in advance. As a result, the efficiency of
heat utilization has improved by approximately 15%. However, installation of the 2nd
heat exchanger has created problems in that the product size has increased and the
condensate obstructs the heat exchange process. Therefore, it is necessary to produce a
product that is more compact and where the condensate can be easily collected.

The commonly-used secondary heat exchanger is the shell and tube type heat
exchanger which the water flows in tubes and the gases flow in the shell. This type heat
exchanger is simpler structure than others and has high flexibility. When making a heat
exchanger compact, it is considered that using mini-tubes is effective for expansion of the
heat transfer area. However, because the water flows into the tubes and the gases flow
inside the shell in typical secondary heat exchanger, problems such as the hydraulic
pressure, drainage and freezing may occur when using mini-tubes. Therefore, there is a
limit when designing a compact heat exchanger of this type.

In this study, a heat exchanger which flows exhaust gas in mini-tubes and cooling
water in the shell is examined with the aim of developing a compact heat exchanger that
has a large heat transfer area due to using narrow tubes. Drainage on the shell side can be
easily achieved and efficient exclusion of condensation is expected by using the gas tube
flow. In order to simulate the characteristics of the proposed heat exchanger, it is
fundamental for investigating the heat transfer characteristics of the single tube. The
performance of heat exchanger can be predict by characteristics of single tube because
the wall temperatures of all tubes are similar each other and near the coolant temperature
for the sake of large flow rate of coolant under the gas water heaters conditions. It is
considered that the variation of inlet of gas flow rate of single tube is little since because
the inlet gas is in single phase due to its higher temperature. Since the differences in
density and composition ratio between flue gas and moist air are small, it is adequate that
the moist air is used as a test gas instead of flue gas.

In this study, the heat transfer in a shell & tube type heat exchanger in which the moist
air flows inside tubes and the cooling water in the shell-side is investigated for further
improvement of heat exchanger performance. In order to investigate the heat exchanger
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performance, the heat transfer characteristics of single tube are clarified using improved
test sections. The performance of heat exchanger with thin tubes is investigated by using
characteristics of single tube. This thesis consists of 6 chapters:

Chapter 1 describes the background to the study, previous studies, and the purpose of
the present study.

In chapter 2, the experimental system, the experimental methods, and the
measurement precision are described. The temperature of moist air after heat
exchanging with coolant is measured as the bulk mean temperature to bifurcate and
converge the moist air. Furthermore, the condensation rate from moist air is also
measured in parallel and the heat transfer characteristics is investigated by using these
experimental results. Measurement precision is verified and the effective tube length for
heat exchanging in this experimental system is decided by comparing measurement
value and theoretical value by using dry air as sample because the test section used for
this study has a non-cooling region for fixing the test section into the measurement
apparatus.

In chapter 3, the experimental results in moist air are described. First, the influence
of inner diameter (di = 1.0 ~ 5.0 mm) is investigated by fixing the inlet temperature and
velocity conditions which is based on the typical conditions of use for a secondary heat
exchanger. The inlet gas velocity was the same for all di, the moist air temperature at
outlet Tgo varied significantly for different di. Tg varied significantly for smaller di and
shorter L, which confirms that heat transfer is improved when using thinner tubes.
Second, the influence of inlet temperature of humidified air is investigated and the heat
transfer is also improved by thinner tube even if the range of inlet temperature is
extended. Additionally, in the measurement pressure loss, the average and temporal
variation of pressure loss are explained.

In chapter 4, by focusing on thermal entrance region, it is explained about the effect
which the thermal entrance region has on heat transfer of moist air. The thermal entrance
region is estimated from the inlet condition of moist air, and it is understood that all
measured data reveal very close trends in the variations of the non-dimensional
temperature difference and specific enthalpy against the non-dimensional length that are
both qualitatively and quantitatively independent of tube diameter or inlet conditions. The
equations which proposed from the non-dimensional temperature difference and specific
enthalpy against tube length correlate well with the experimental data for the temperature
variations and enthalpy changes against effective tube length for all tube diameters of d;
=1-5mm.

In chapter 5, it is explained about the heat exchanger performance which proposed in
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this study. The heat exchanger which the same usage conditions and performance are
the same as conventional secondary heat exchanger is investigated and compared by
using non-dimensional equations which is shown in chapter 4. As a result, it is
elucidated that a new type heat exchanger which gas flows in mini-tubes is remarkably
effective to reduce the size of heat exchanger. And the effect that the pressure loss has
on the heat exchanger performance is investigated. Additionally, the optimum
configuration of high performance secondary heat exchanger for gas water heater is
proposed from the relationship of heat transfer coefficient to pressure loss.
Chapter 6 summarizes the results described in the all chapters.
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(XXX )

| (% k.

Water  Gas Hot Water Gas Hot Drain
water water

(a) Former type without  (b) Present type with Water
secondary heat exchanger secondary heat exchanger

Fig.1-1 Gas water heater system Fig. 1-2 Conventional secondary
heat exchanger
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Location of Thermocouple
(1st row and 5th row)

Outlet of cooling water

254 8

Inlet of cooling water

(b) Tube with fin type (fi & (1992)) (c) Plate-fin type (JI| F ©)(2006))
Fig.1-3. Example of each heat exchanger type
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RNT= D, FRE AT D IITHE OB 2 R T 5 Z e ERE R D,
Tobb, KGalBITDRMETIE, MAEAKOREITTSICRE S, EREICHT
HVTINOEIZEBWT O EEEREE T AR ST, £, AT A XIRER
L REOBEMTH D720, BREE LEGEICBIT2MAEORY T/ &
BEZONDZ e OHEICI DB N THIAEETH L EEZIBND.
FE2E 241 THTHEMZ R L CVDD, HARBEERD 2 IR WAL AT
HEPEHT AL, BEBIONBEZRE LB EXOERITNEL, LER-T
FHeH A DOENRNBREREIL, B0 ZERa2lEtE LTHWS Z & THdgET
XHEEZLND. LLEDS, RFFETHE, K 1-3 1383 B fags O Rt 2 1
THEOIL, WELE LTS E A, BEOBRERMZ R 5.

Table 1-1 Comparison of each researcher for heat exchanger

Characteristic Volume ratio
Heat exchanger | length of tube or y Heat transfer rate oV X10°
Researcher(s) Study method e channel with l:H 0 kW KW/m?
V m
d; mm
= 54 1 4.54 239

Paloma Co.
Shell & Tube
(Square)

Fujiwaraetal.  -Numerical Analysis 6 0.95 6.12 4.1

Jeong et al *Numerical Analysis Shetlcicﬂl)'ube 435 16 16 0.2
Kanzaka et al. * Experiment Fin-Tube 21 17.4 = ==

Kolev et al. *Numerical Analysis 6 = — 32

Plate
Yara et al. *Numerical Analysis 2 T 0.104 0.0092
Kawaguchi et al. * Experiment Plate-Fin 1.8 0.80 4.50 3.5



Fig.1-4 Proposed type heat exchanger

1.2.2 B PE D BRIFET R F T2 I3FAKIBE A [ OB ZR I B 3 5 4%

1.2.1 BT, AWFROXG &3 5 BAHam OB E 2 T 2720, BHEO
BENBMGERMZ R T2 2 ERMETH D LT, RO ST BE N
ATHY, BREEIC LV IKEPBEE L RIELKERDTZD, AXKIBREXAETHD.
DX D K ERE EUANEMEEIR TH DD KO B BB ZE O IR,
1.2.1 OB IROPEREFRNCBIE L ¢, mEWEIC W TE SRS Twn
%. F7= Kang 5(1999), Cheng 5 (2011)1L~7" L — MIRDIE V) 22K O PR ERFEIC
DWT, BRI AN BRI D & U TEEAENT IC K DB O RRGE AT 72 -
TW5. Saraireh ©5(2012)I31R 0 25 &2 HWe 7 L — F 7 ¢ URIER Wiz DO VERE
ZEBRIICHREFTT 2 & & I, SRE T E OFNBYREIZ OV TEAEMENT 2 H
WTHEERRARE L, thof7EE & OFEREER L KR L Rif e —EE2 G onT-
E LTS, ERROAEKIRE KUEDRERFEIZ DT, Terekhov ©(1998)137K
PRERFAUC BN T, BEREIRAILR TH 2 EE L, FUEHREIC L > TR Y ER
DEVRFEFBER A BN TV D . Z OFABIZFIIPNE 8mm, Re % 100000 ~ 200000
D EERFER L 20%D#iPH TxiH L TWA.  Hammou 5 (2004) 1380 EAREE 12D
WTC, ENTTERRE L7oiRIAD E@RIc 72 5 & L, BUEMNT CEMREERAE 2 fRGE L C
V% . Siow(2007) 5 1T & DB 7R D SPAT AR DU BMm#E 2OV T, Hammou &
& FIRRICBEMEIE DS IR C, M E T LD RFE ) 2B 8 L 7 BT CRREE L TV
%. Tanrikut & (1998)(3%E AR 33mm DIREVE I\ TR D Z2[ DOIREZ b &
OEGRROBPEIZ LY, FRATTANIRT 5 R ER 2 EBRIIZIH 5N L
TWa5.

Z ZCMRAT D AKIER G RE DR ZEMBEARIZOWT, FEREY £ 72 135 %
OIS LIRE STV 5D, Smolskii 5 (1971)1%, 1% (3~6mm) DImEVE 128
AR 2R OBYRIEIC OV TER(L-D)EREL TV 5.



Nu = 0.107Re*77°%( 1 (1-1)
d

H=(PV_PW)
P

Hasanein o (1995)1X PN 45mm DN EE TKARG —~U 7 L, KRG — 285 —
AU 7 NRAREB OB O EBRAZRE L T D, (L-2)1FkES —~
U LIBITHERKTHS.

Nu = 2.244Re"**'Sct%*%Ja" 9% (1-2)

Jia G[IS|IFIRBEHE AT A &2 VT, ENEE 6mm 38 KU 8mm OEHEF 2T 5
EMRERRE 2 SRS K OMIEARAT 12 L 0 /R L, Re $diPH 2300~5000 T 6k &
fEMTET AN B —H AR LTV, F7-% OEOBEERFEEATR(1-3)
TERIND.

2 0.45
T
Nu = 0.0358(Re°'8 —1oo)Pr°-4 1+HT [—fJ (1-3)

ZIH DOWFFED 2  IFERIE. T A SAREVE 2t 5T, TR - BUEREHTRIIT S B
FRPEIZOWTHREEL TV 5. 2B Y 225 E I X AR U A IRAE KK DML
DELITTERRA T E2RRELTEY, BN 10~40mm FEE & Rk &
<, Re>2300 OELFRFEIRAIZ E A ETH Y, AKFEIEOE N bmm LLT O 55
2 X DFZEITAD 7.

H ARG DR |, 2 IREVZHAGRIZIRAT D RBET AT T bk b5
MN—E 7272, ShiE FRE O AN TR EHRHAT 5 813wt E 2L
b, LIz o T, RO FEEEZ D &, KEF MO T AN 2T
L2 EDEEROIBE FRYTLEEZOND. Tbh, WAKEGEHTHWS 2k
BRI \WNT, TAEEARE T HERO Y 2 VT 2 — T B Hids % B
T 555, TOMRTHB IRz 7 MEER D 7=0121%, EFWNE 5mm LU
TAFEFBFRAD, BREEHEAT A 28 L7218V 225021 2 BMm it 4 B & 2
IZT DR D 5.



Table 1-2 Comparison of each researcher for heat transfer characteristics of in-flow with condensation

Channel Flow
Researcher(s) Study method size d; mm Sample . Range of Re Proposed correlation
(Shape) direction

Terekhov etal  *Numerical Analysis ( C?l:cle) Air-H,0  Horizontal 1283330_
Siow et al. *Numerical Analysis g’i:rn:ﬁ::il(;nll:tzs) Air - H,0 Declining 500 - 2000
Tanrikut etal.  Nomerical Aualysis (:313 je) Air-H,0 (Dﬁ;i g 3748 ~93388
Sinal kit etall I Experimer 3'?&?;2;5’0 Artio| O Vel 100 - 2400 W p gi";’fﬁgﬁg@m
Hasanein et al. *Experiment ( (?iffle) He - H,0 (D(\)Iﬁ;:lr & 825 ~ 24460 Nu=2.244Re%1615¢ 165271038
Jiaet al. *Experiment 6('&22!2)0 Fuel gas (DZEVT\;:' d) 2300~ 5000  Nu=00358(Re** ~100 P N{“Gfl;—ﬁw

1.3 BEME%E 5 BRRIBESRMEOE NIEHIxHRE - WERERSN

AL TR G & T HBRMRIZEIT 2ENBLIL, EHA0L0HBEANCL IR
D ZBZBNEDANANORZIZEEAI SN, ZBROBENMETT 5 E LIy
BEENAE T D, ORGSR, BREIZEE IR IEIL A ES D RIK AR 2 BT 5.
BT 5 X OUT, WAITERIRGE, BORUE, 2BER7e & OmBIEEZ ~T. —hHR
FEFTIE, BRELOHMAANC L VIRER T L, BALLTIC/R D & —HoKREKMN
fhEa - WAL T D LD, ETREHEHEFIC LY, AKORE AL UK
ROWEASENELD. 2O KD 2WEsEB LUK MRt OE T 2 8%
2OV, EERIITERIE 22 SIS LV IEEF BB 2R3, 2 2 TIRE R
HAL L2 RICOWTHARRN R BIG 2303 5.

X 1-5 12D X 572 FRZmd. X 1-5@)IFEATHR ORI 1A S B X %
X 1-5(0) I XIEE - E B EX IS I T D r A OIRE /A & 58 IR E GRRIREE)
SRR LTWD, I 2 TEMEIRITKIR S i COELIVTIEF I/ NS <, EFIREE
IZBWTRIRAE OZEELR N EAE L TV D, AR OB RIS IT 5l
D Z2RZDOWMNIKEEN D, T AWAVULETIREE L & 2, S HITIR Y 225D Pr )3
07 ThHHI-W, HERE RS & RERREORENMZZFRFICETT 5. X 1-
5(b) DEIEXFIZ B W TIRER B 1T EET TH Y, FESfELS O E5 TILIZ
BRI AR 2 FF008, 20D & & O SR E (RRIRE) AR XK OFRMR T
AT EIICEZXLND. T7obb, BRI & _T/ha L, 2
WEMIBMRER DR E W & D, EEfERE iR E 3 HKRE IR S D.
Lo > THARP 24 L LT, KHBIRESENEOWEm M S —5Hd 50 %

-9-



EHNBRIEEUTICHS EE 26N, K 1-50)DIROBER(GARESIRE) & B
DFERGHRE)N —E T2 Z L1122 D, S OICIREIT ISR, WA AN FE
B LMAINET &, AW CEAREDT &2 5.

W, EEMZIEILE 5 EICFLE 3505, LLED L 5 2RIV CIREE
TR OBIEHU T EAA O 2BHCHTI N TONE <, BIRITEFRA OB - ME R
KEEND. FTRITERT X O ITARWIEOBAZHCRIT MR D, IEER - A
HI7Z28ige 70D, LN - T, AR TITEREDO 2 WESHIHIHEH ST
HARENE R L RO BB 2 W, BrloREmbiviE 2 N T EBES, EBREY
ICAORRE 2R T D 2 E NS TH D EERD.

Coolant (Uy=1.2 m/s, T; =20 °C) _Velocity distribution U(x.r)

Tube wall
Moist air
(Ug=2.5m/s. N~ | > & ) Condensate
T, =180 °C)  —

Entrance region | Fully-developed field

(a) Heat transfer model of this study

N Thermal boundary ~ Condensate
thickness

layer \ \Z

- Dew point

"
",
.
.
.

Coolant

v

(b) Distribution for radial direction of temperature and vapor concentration in entrance region

Fig.1-5 Investigating the relationship between heat and mass transfer
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1.4 HFFEDOBH

1.2.1 TH TR DB Hads £ 7213 T NN OB AE U B4 2 BFgEic oW
TRR7=. 22T, $ERBONHAMEE 7L — 7 4 B a7 " MEERHFT S
BRI A ET L, JERBL D = LV F 2 — T ESTHER CRENIC T A,
VNS HIK 2T T2 2L T, (ERME T L — b7 4 U BOZN
FNOEFREZAT HEMEREN D a7 MR BGHMOENRETH D L&
2Tz, ETERNE T AN L T HEZMEE A TIE, BE OBMRERE A2 it
HMLBENRD Y, BRIET AD L 9 e 728 KIRE ZURDOTERDWFFEIZ DN T 1.22 IHT
WAz, 2D THERDAEKIRAZRDMIE T, T ABEZR THWD X 5 2
DOWFTEIT D 72 <, A CTAOTEL & O NERE IR O BB R IZ D W TR
HMBENDHZ LER LT

AWFZE Tl FRD X512, v o VT o — T RBGHIRIC BT 5, BN BRIE
A, ¥ = VRNZHHKR Z T H e x5 & LT, BEVE OMERIC X 2 B8R
EERFET 5. BONRE, £ S EBRERMEOREGRE RFEICH LT 5729,
CEVEHEICBIT 26 % & b7 ) BN ERMEZ EBRIICKRET L, FEH
WGt OEHASIEICB T 28R, BRER EOFUEDPMRESIT T L R
L, BRI BB OMERER L2 B E 5. X512, o= BE TR
% RERAE B FT, BRBEPED R AR L7218 V) 2250 00 Bs EE R oD B YR T R 5
FREL, ThEHWTHRAZENG & T 5O g O MR TS0
TR 2.
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Vivan ~rs

2 HE

EERIEE B L0 FHE

2.1 ZEBRIRXT A

2-1 ICEBREEE 2R A R, SRR E L EE TS - I - B - 5RER
ECHERR S D . RJEABEIC L 0 SN RIS ERIEEICA L, A EE
T 5. ABFFEOFREREIIE, FIEhE OFEHEIEIEN HRET 5 HiEZ A
7o, ZERPhE & M HE OJE 1R I ORNEAE % o ik Tl L7 iz
AW TZERREEZE L2 MIC oW T 24118 0 2K EOHEIE TR 5.
IR TIE, 225 RABAERITHMA SEKKRKRERAE S5, —CHEEICH
TV KFE DT DB g DR Y 22K %28 L, FTEDREICHRSZ EICXD,
AFNGy 2 RN - e S D 2 LI K D HERHBE 2 5% E LT, X0 s 22 B E
D=, S HITMEAI IR Y 2282 M H IZB W CEMBEZHIE L, K
RGBS Z2 P8 L7z MBS DWW TCIE 2.4.2 18 0 225K DO #EHEFE DR E TR R 5.
TNEAER T ¥ 2850 % 18380 OSMA & @R mA% TN L, SEBR St iR JE
FTEhEAIES. ARBREH TRV 225 & BT 2 AKX IR K FE C— i A
RS, WHKIREIZEREN 7 o — A =22 O CHlET 5.
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Flow meter

Humldlty (water) €
A Wowan measurement \
Air blower l
with heater F
Flow meter
(air) AP

G

;i Test section
———| Air blower
| with heater Constant
2 temperature
bath
— |\ Constant
Drain tank temperature bath

Humidifier

Fig.2-1 Schematic of experimental apparatus

2.2 FRABREFEM

221 REREOER

X 2-2 [ ZRRBRE O Z R, BB O A AEAGR & BAAZHLER O R W B
(KU A X FEYZH A CHF RO 2 T2 L T D, BEES Lo idm
HARKOBWAOALLHHAOETOEIE L, L=7,20,30,50,100 mm @ 5 FE¥EH
%. X 2-2 PRI IREONME, 2o bR O A Mo A0, KAIOH AL
TIRE ZEL 0.5mm O —ABEIZ L » THIE Lz, HABRADICTF ¥ o °
—ZRITHI LT, MARIDOH A% F v L /N—NTHRIZREG - RIETE 5 L9
W2 L7z, T U —NIRIRE SN2 <, BAVERARNIIREY —THHZ &N
MR STV D. AEIZ DWW TIL 244 TA TR AR S . i ARTORERH OHIE % [E
ETDIFREER IR EL 72D KO ICRE LT, TRbbIFAEMOE 1T,
MAES L FEHE CTENEN 2mm BL O 3mm TH 5. 18D 225 DE NEVR R
PEDOFEAMIZ X, BAFAVCIRE R X O E A NGFIET 2356, AR &
AT OFE & Wi Ty LR, T 72 b biRA FHIRE Te ORENE
TWCTH 5. RBRE O 225 H 0 T, Bt ol 28K %2500 « At S
B2 & CIRATFHREZNE L.
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Cooling length Bulk mean temperature

SUS tube L.=7,20,30,50, 100 mm | measurement apparatus
di=1,2,3,5mm (Bakelite)

Water

_ 8n£n
\ Thermocouple
) \
Gas \ )
. = —a
— A

i \

A

Mixing chamber
(polyimide)

= Statics hole (Pressure
loss measurement point)

Fig.2-2 Details of test section

222 RAEVHEENEEER

ATTEOME Y, 10 225 OB EREZ RETT 27201213, Bz Dl Y 225
DIRGVERREZRET A Z ENEETH L. ORI 0 TiE, IREF
PR ZPNET IO OEE LT fF1F72. 4 2-3 ([ZFOFEMK & ~HEZRT.
REVERIZL > TR ERDOWMEN R 5720, FRI/MREOWE R T 1E PNE
ZWALHI Y R OTEN NS RV ERNE S, di=1,2mm A & di=3, 5mm
Ho 2 FEHW. BEEZE - 7210 Z250KK 2-3 F ol B THlkL, /&
F O A @ CTHrm C THART 5. a0l Z25UIWrm D O2KIZIA
RO, JEFEIC S O TR A @S Tl A THEH S D, ZHUTEEE D
HMOEHEEERT 5 L IR T D2 & T, FENLORETFHE TZHIRY
INSLFTHDTHD. WEHEE, KPORTRINDALEIIZ 0.0mm HF#E T
TIEVE X 2 W CHIE L7c. 2 2 CWrin C OHUL AT, Wil B ToHl s w7277
ZDEWRTH Y, ZONEOREIREZEAGFEIRE Ts & Lic. ZHfEE L
<, W B @EP’I\-A\/'AJ_:_]:(TCEHIEI’)O)?EIE?EUE%’T?O 7273, ZRIT/NZ o T, if:ﬁ%
JEFLZWR U 2250 AT & Wi B (2T, DK EZRIE Lz, Wi B (2 EEE
WP 0 23, TR~ PEH S0 2 BEfa iR &> O M iRk & 2 1E L7z,
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(b) Upper view

(c) Cross-sectional view

(d) Apparatus size

Tcenter

di(mm) | a(mm) | b(mm) | c(mm) | d(mm) | e(mm) | f(mm) | g(mm)
1,2 7 1 1 0.8
45 20 3
3,5 14 2.5 2.5 1.6

Fig.2-3 Details of bulk mean temperature measurement
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2.3 FOMOERERE

FBRICER L, LTOERBEER I OHESRZEH L.

B O L O 0 o AR, WMEIKIBE ORIEIZ, ¢0.5mm O T Bl — =
BB KO 7 1 U 0.Amm BEEVESH A L. DAFICZ ofb R
ER

Table 2-1 Specification of thermocouples
+ I — ) Bl A BB
B2 AT T type

T —H =
BV CTIIE L7 B 22 I AT 2 7o O I B R O 7 — 2 1
7a~|v|x1oo ZHAWZ, DIFIZE otz R
Table 2-2  Specification of data logger
FEATN 7E JE) 1] 50/100/200/500/1000 ms
CAC SR 100msec LA I

- BRI E 2R

WERIEHOENBEDOREIZ, Thr— VAT 47 4 v 7 EBOME
JEit~ / A—% DT-8890 #H\\\7=. #EE%2T 4 PHXNVFKRTDH. LLTFICHEE
R

Table 2-3  Specification of differential pressure gauge for measurement flow rate

) 2 A -34.48~+34.48kPa
Pal. Al 0.01
g +0.3%FSO
g +0.2%(fx X +0.5FSO)
IS 0.5
i ) L ok 0~50°C
fili R B 85%RH LL T

-16 -



- WBRER AT
Y Z2R[ROREBRIIZ BT 5 ENHERLAEICIE, =y T toMELEE
Wakiads: LAY =l
Table 2-4  Specification of differential pressure gauge for test section

) E # A -1000 ~ 1000 Pa
S ERE (B /M) 0.1 Pa
KL +0.3%FSO
g +0.2%(f K+0.5FSO)
S RE ] 0.5 %
ol P YL L 0~50°C
il BR B e J4E 85%RH LL T

C IR AT
BRI T 1y 7 TORENORRT 2 Bl54 572912, REDLAKE IMAGING +L
Motion Pro HS-4 Z{E [l L7=. LLFIZZEDOERZ R
Table 2-5 Specification of high speed camera

R A5 IS 1280x1024 &7 /L8 ¥ v k
R o i i 10,000 =< /fD
o) BHEC~ v b

- E IR KA
AR HIK 28 Br S 2 7o O IR AR AR B O RIE R BRAKAE (7 — v~
C-770) &M L7=. LA FICHAEZE "9,
Table 2-6  Specification of temperature controlled tank

i R s ] -20~+20°C
AR GE 10.5/13.5m  (ifi & Ol/min D)
R 14.8/16.41/min  (#5F2 Om DIRF)
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- JEE
TEIR KA 2 SRR I 2B HK O EEZRE T H7-DIMHEHT 5. UT

(AR A2 7R
Table 2-7  Specification of mass flow meter
A E i 1~10l/min
ot P AL K 40C
A% e ) 0.4MPa
- IR SRR
AREREBICIA S DH2ER, EXREMBT L7120 2R LD

snmELﬁiwﬁyhi7w/+mme%@%Lt uT AR E R T
Table 2-8 Specification of hot air blower

Hi 3400W
IR G PH 25~600°C
e K& 8001/min

c 7l ¥ EeE—H
AR ERRNOKOIREFRE O]
A L7, LTNICEDOERRZRT.
Table 2-9  Specification of heater for humidifier

IR OEEE D 7 L% v — & (M2-2-2000)

Yy 2000W
PA 4.0mm
HHUE 20.0Q

-UEE—X
TS SR o0 KRl oo YL BE SRR I SR B AL oo ANV R A 7 b — & (UH-1K)

A L7z, LR ICEoHEREZ =T,
Table 2-10 Specification of U type heater for temperature controlled tank

B 100V
K 1000W

-18 -




2.4 FEBRFIL

241 BREBET R LBV ZBRORSY HE

AWFZETIL, Y 22K E W TH A faEas D 2 IREVSHERIZIR AT 2B
AEREL TS, BRBET A THEDND RRT ALEIZA X U ThDHH, Tive Bk
PESED-OICELEDEREH WS-, BEBIONNREZRE L 2D B
ERTIIRE EDRVY. R 2-11 (TRBET X & ARWFETHW DI Y 225D RSy
b, BER I ONEE 2R, 22 Cms LIEBREESED 2 DAL, BER L OVEEIX
AAT AHETAR L TWHHEEZBR LT,

HFRZEXUC LD RBEPEY 21T, WA ZTERESE DIV ERRERE
UL LTETH L. EBRITITIATERRBE L 7o), BRBEICHW L EKEr %
K LoTEY, RFEOEBRFMITIENOHERLEX L iBRZELXOFMOMEE &
STNDZ ENHERIND. BEELRITIREEZ LD W= OBEER L O i1k
IRBDEIEVIIH D0, BEL XONBEIIEFITHVEEZ &> T, Lo T
AWFFECTHW DI D ZE50E, BRBEHEN A 2+ Z E R ARETH 5.

Table 2-11 Comparison of compositions between combustion gas and humidified air

Volume ratio % . Specific
Density o
humidity
kg/m?
Component material N2 02 Co, HO  (180°0) kglkg
(180°C)
Humidified air
) . 69.4 18.7 0.03 11.9 0.735 0.11
(Experimental condition)
Combustion gas (theoretical) 71.7 0 9.9 18.4 0.733 0.123
Combustion gas (excess air) 72.9 3.2 8.4 155 0.737 0.103
Dry air 78.1 209 0.032 0 0.7681 0
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242 Y EJHKEOHE

BRI AT D 22RO EREIL, JEEEEHWTHES 5. RBFE Tl
AE IR BRAETWT 7280, ZOMBIFIEFITNI V., FEEROEZELHET
L7, ENEZFE—IZ L TERTHILENH Y, AL 1.0mm & 5.0mm Tl
BN 25 (FDZENEL D, TROLBUNEEDDHIE L ¥ O JRE &R 23 W
BLRRDD, —RARANESR IR NEZ EAEL LT 7V A — A RREN KR E <,
IRV EELIFH AT 5 7 — A TIER/METORENIEFITKRELS D, £D
72, AWFIE Tl Fig.2-4 1277 & 5 72 SUS Lo dhiE 2 vy, Z o fhE Z i s
TRIKDOESRRZWEEFTRIET D, 2k o> TREREBICHA S ¥ D&
WX THEZMHENDIT S Z & T, INWREFPHCORENIREEL RV, F7-fH
HToEOENBELEEIHZHTLH LT, MUMNIEORBELHEOND &5
2B,

M CHRAE LICE RN OIMEZIIET D720, MEOHRE LT 7.
FMARITZER T, EFIZERE A STk, K EEfOEE T2 2 B Lt
BT Lz, 22K 0OMEIL, 200ml DA AT ) o X =Bl ANPEH &
LR ZMET D 2 & TIRIET S, ZOREMORIEICIE, ST AT 2R LT,

d=2.3mm

" [=4m |

|

AP

. Re=0.14mm

1=0.5m

Re=1.0m

Fig.2-4 Schematic of flow meter
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ZIZT, AETHER L E O EEER ERBEOBERICONT, ¥y —- U
A ANy NORE X OMFEE S (1977) D Bh A& (23817 5 FBR A VO TRGE L 7=,
BWAILTI, [TEIHERIEFEA LV — T 2Ny OHXR-DICE D FRIND.

AP L pU?
Fg:xagg (2-1)

BEEAE A IZHEOLE, FHEOERNXQ2)LVELHTHIZENTES.

A=A, x0.1008De"?(1+3.945De ™2

(2-2)
+7.782De™ +9.097De ¥'? +5.606De?)

Deld7 4 —HThb, X@2I)THRIND.

De=Re, /i (2-3)
2Rc

ZZTRCIZHFELERTHD. 2 LITEHHEOEEBEFETHY, BItDL
&, RE-HTERENSD.

/1_64

s T % (2-4)

UL EDH(2-2) ~ (2-4) L D KD b FEEAE 2 X (Q-1)ITRATDH Z & Tl
BEAREHTES. FRATHEHB LR E =R LB LHE Lok R o g%
Fig2-5 |2/~ 3. ABFFECHEMAT BT 3MED Y, THENHEME L HIEE I
FEFITEVEAZ R L TS Z ENND. FREREEOIELYE /SN
ENERTE, RO ENEI LI+ REENEGLND Z L 2R LTz, RIS
DOIEIX, ZOHERRPOEONIAMEZ HWT, H/h ZFEIC L 0 &2l
(2-5) ~ 2-NT L > TRET 5.
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I [ T T )
50- P Flow meter's diameter [mm]
@ 30
o~ I 2 A 20
:E 40 o 1.0
_ I Ito's calculation
= 30t -=-=30
-===20
g | --- 10
S 20t .
=} L I
E o
ul ’JM :
0 ;L W

L e e L I | I
0 1000 2000 3000 4000
Prerssure loss AP Pa

Fig.2-5 Result of flowing quantity proofreading
PN 3mm il /& (i & PH : 15 mi/s ~ 50 ml/s)

M, =-1.64x10°x* +2.06 x107°x (2-5)
NEE 2mm il (i EEEFE : 5 mifs ~ 15 ml/s)

M, =-3.80x107x* +5.30x107°x (2-6)
R Imm B (D &% 1 ml/s ~ 5 ml/s)

M, =2.48x107°x* +1.85x107°x 2-7)

Z 2T, X(2-5)~2-7)DELH x 1T DJESJHHK AP (Pa) TH 5.
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243 1BV ZBEOMMBEDRE
AWFZETIE, BAIREZRAETHZ & TR Y B0 EE 21T . Hix
& BSIRE ORBRIZA(2-8)B L VR-9)TEEND.

ﬁ
W

( 7.5xTy J
P =6.11x10" %" (2-8)
,__ 0662xP,

~P—(0.378xP)) (2-9)

Z Z T P(hPa) i R&UE, Ps(hPa)idfafnzisit, TaCONXEE mIREE, x(kg/kg)lTi
FHBETHDH. ZORX)0D, BRIBEZHET S Z & CHXHEENRET 5. X
2-6 12, AWIETHWZERIREREHOH 7 v v 7 oM EZR~T. KPokR
Al Z8EEIC L, ZOmEND Imm NEICEVER 2/ AT 5 Z & C, Sl
NFAETDHEEOREZRNETD. 22T, WEBICHEA L 72 BVEXT & FmiRE D
xR 2-7 1R T. IRE ERFHIIFIER CEE 2R3, EERE TR T
02°CRRIEDENAEL L. ZOIREELHINLEOFRELEL L THREELTZ5HE, it
AGAETH D BRI 56.5 °C O TIZHBWT, K 1%DFRETH Y IEFIT/N
<AAN

60

Fig. 2-6 Copper block for measurement dew point
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Fig. 2-9 Calculation model
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AT (z = 0)
u=2.5 m/s, v=0 m/s (2-14)
Tg= 180 °C (2-15)
(R EVE SVEE(r =1/2di+0.5)
Te=20°C (2-16)
T = L)
P= Pam (2-17)

S LML, AT FERIAGT S A SR L, IBEOMEE L TH 2T,
HEREROFIE LT, FNRICEIT 5L =10, 20, 30, 50, 100mm DI 4341 D i 5
Z[M2-101C 7. FHEFER LV, T AFRATTM0~110mmOEiFHIZ BV Thmm Z &
OIRFESHT ZEH L, X(2-18), 2-19)% AW CIRAFHEE 2R L. R
(IEEVE R (L2d) ThAD.

U;Z LRRT(")U(r)rdr (-1/2d, <r <1/2d,) (2-18)

Tg (Z):

u(r)==26(1——£;;j (2-19)
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Fig. 2-10 Calculation results of temperature distribution
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Fig. 2-11 Comparison measurement with calculation by each adopting length for dry air
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Fig. 2-12. Variation of bulk mean temperature against effective tube length for dry air
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Fig. 2-13. Detail of inlet part of test section and measured points for investing the
temperature distribution.
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Fig. 2-14. Temperature distribution of inlet section (vertical)
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Fig. 2-15. Temperature distribution of inlet section (horizontal).
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Fig.2-16 Variation of pressure loss against effective tube length (dry air)
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F 2-12 ([CEBRSLM AR, BIEM DI TV D RN FER T A58
SN TV DRE R 2 REKHigs (LT PH & FES) OS2 AR FERIZE
FAEREMEE LTHWD. ik X 912, EBRHO T AZi3E D 22505 AT
D0, MEBIONEEIZIEPH ERICKEZREL TWAD. 77205, B0 ZER
DAY MRE% 180°C, AV OHaxHEE % 0.11kgkg (82 mUREEIX 56.5°C) & L
7. AREVE 1213 SUS304 BLo N di=1.0,2.0,3.0 B L TN5.0mm @ 4 FEED &
W2 0 2R RN PHACRA T 2B 7 2 OFid 2 IS, 2 TORIZE
WCALENTEEZ 25mlis O—E & Lz, WEUKOIEEIL 20°C, §#% PH T
T2 HRKIREZEEICL, 2 TORBEICBWTL2m/s T-EEL Lz, K
FERIZ BT 2B MIXRE], 720 LB OGHEIKIEA O 226 0 F TORE
BREX%, g0 X5z, BEES L E LT, L=7,20,30,50,100 mm o 5 fE¥H
Z T~

Table2-12 Experimental conditions

Present study PH
Gas Humid air City gas
Material SUS304 SUS316L
Heat exchanging length I [mm] 7, 20, 30,50,100 105
Tube Tube length [mm] 12, 25, 35, 55, 105 300
Thickness t [mm] 0.5 0.3
Inner diameter di [mm] 1.0,2.0,3.0,5.0 54
Velocity Ug [m/s] 25
Inlet temperature  Tgi [°C] 180
Gas Specific humidify x [kg/kg] 0.11
Mass flow rate My [kg/s] 1.5,5.9,13.5, 37.5 (x10®) 0.028
Velocity Uc [m/s] 1.2
Coolant Inlet temperature T [°C] 20
Mass flow rate M [kg/s] 5.8,5.0,4.2, 2.5 (x10?) 0.22

-34 -



2.6 FEBRFIE

FREZLLTOFIETITo 7.

SRR

1.

T I AE TR R KA LK 2 Ady, NN - PR AR IR U CRRETREIZ 72 5
£ MRIBE AR, RIRFICAKISAELRITKE ATUNENL, SafniEE IZmw
REFE CEAIETEL.

BEREDT- D, BSIREREOHRT v v 7 OFEIZHEREENE D BE TX
HEITTAF v I R=ITHET L. FEHENEOEY kb —F, 5%
RIRERERS 7 2y 7O — 222y T 0735,

B A TBIOREASRE M EF L, &S 7 0y 7 REIESEZEDY
5.

BRI A LA, BAEXAAT S, £RBRITICHmEKERL, Whof
2RI 5. FRRICEBRI CoOH AMOTFNETF = v 73 5.
ZOMPIER:, ENEOREOE®RET = 7T 5.

ES R

1.
2.

BRI D ZER e MASHE, MEZHE LRAZEZ LT ETHET 5.

T EE I O EIEAKFE OIRER L ORGSR ERO e — X HZRET L, &
KEAaV ho—1T 5,

BAIRERER T ey 70— B L, SEBAIRE XD OLHE D
HBEFCTLEASES. 2onbbe—220087 0 v 7 ORE KR~ IZFE
TEE, REICEMOER S NDIEEZHERT 5.

20K L, MENERSMIC/ D TREEBRVIEL, BENIITRE
AU X ERE DO EIR 2 Ad, Y ER 2 MASEHREREE CLAEX
5.

I 0 2B OB N R ERE CRE LD b7 — % 1 ' —MX100 &7
DREFE BT 5. FIRFICHHEKEZ RIS S8, HEiRAKE C/KIEE
20 °C |15,

MR 2 BemlieRd L, AVER, IR, A, MmADKRER X ONRE O R
SN 2 1T F ORI A T 5.

501 1 FERREIR A RN L, Z ORHEROBE S 2\ R TRV k7T 5.

8. 4, 5V IKL, EFKEEERD, HERHEDOZMSL /NS TIUTREZ

BT L, FBRREZRTFTD.

-35-



A o
3

EBRERBIUBE

3.1 EHEFHFICBITLHIER

AEITIX, 5 2 IREZHAGR D AR 72 FEE B ST 5720, 1R
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Fig.3-1 Variation of bulk mean temperature against effective tube
length for inner diameter (Tgi= 180 °C, Ugi= 2.5 m/s)
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Fig.3-2 Variation of condensation rate against effective tube length
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Fig.3-3 Ratio of condensate rate to theoretical maximum condensation
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Fig.3-4 Aspect of drop-wise condensation (di = 3.4 mm)
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Fig. 3-5 Difference in specific enthalpy against effective tube length.
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Fig.3-6 Variation of bulk mean temperature against effective tube
length for inner diameter (Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig.3-7 Variation of condensation rate against effective tube length
(Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig. 3-8 Difference in specific enthalpy against effective tube length
(di= 1.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig. 3-9 Difference in specific enthalpy against effective tube length
(di= 2.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig. 3-10 Difference in specific enthalpy against effective tube length
(di=3.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig. 3-11 Difference in specific enthalpy against effective tube length
(di=5.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)

-47 -



33 MAHE DRE

32 HiTl, EBEOKGwmOFMEMZBE LT, Wikt 2 IREGHEE~DT
NBEREZRFT L2, 22 CIEMAEREOREBIZ O W THRNZITY. T/
b, RETIIRPEHEOEMEICMA, AR 1.0,2.0,3.0,40 BLN50m/s T
EBREITV, FRAFHEIZ L DB OV TR 5.

331 FAER L BB OIRA IR E OBE&%

¥ 3-12 12, BENRBRICBWTTRARE ZZ S HE0HFDE R LIRE W
PIRREDOBMRIZOWTRT.  di=l.0 B LN 2.0 mm TiE, AHEEDOHEV L=10
BLO23 mm TIIHEAEEIC LD ETRE VR, AHEEOHKICHENZEDZE
FITNEL 20, AEE L=103 mm TIEE TOMABEE CIZIER U HARES
SR L 25, —JF, di=3.0 BLUN5.0 mm TlE, AREE L=103 mm 2B\
THHAODEATFHEREDOSHTAEEIC L D EFTRE V. ZITEESRMEB X
OB E AR L RERIS, BN/ NI WIEEBWE R TOIREZLEN
RKENWZEERLTWD., FE2TOENRIZEBWT, MAREOIR Y Z250E N
REWZERDEROMRICL DIREELEIT/ NI, BRI LB/ hE
RI3RT2 2 E NSNS,

332 B Y ZEROEHEERIE

] 3-13 ~ 3-16 I1Z, FENRICB T DEMEOMEEZ T, ENENOXIT,
EEICHIE SR R 2, TECHE & & B REFEDO L Z R LT 5. JIEEE
i L, S UE CIREN R D7 DMAREIC L AN O D0, ik KBk
Mg & Ok, TR LERMERIG TRICGS, SERMICIARERREWVIZ EFE)
BRICHTDEMER SN/ NN ERDNnD. L LEDORAEEDE(IZ L
%, AERICHTDEEEIS ORI, d=1.0 8L 020 mm T, AEE
DR E L HIT/NEL o TWNDZ 0D . —75 di=3.0 8L UN5.0mm T,
HE ST AERICB O CEEEIA OMAREIZ L 5 2BROENR/HI VN,
ZHUTIRAIREZ (b SE -6 LRy, X 3-12 TRLEAHEEICHT D
RS R E OB (WER &S L TR Y, MAEE 22 I8 5545, i
BIXMAREDOEEEZ T D ERNNND.

~

-48 -



di =1.0 mm | ||I |.| Ulirr;/
601 Ui ne%f gO s |
I 4.0
40 : ) gg
38 s & |
20 s 88 0 0
Ob—r—rt——
di=2.0m InIetXeI. Ugiom/s I
© 100F & 30
i A A 2.5
= 2 2.0
% 50 A § A =
z A A A
g- O | \ | | 1 1
_ 1 inketvel. U, mishH
g 1501.8i=30mm N |
T a
L D __ . |
S 100k B o 5o |
Z 0 Bg B —= 1-°D:
50j O o 8 -
r O 0
(e S T Uy mis |1
200! d; = 5.0 mm v 4§8
- 3.0
¥ .
— v .
100V vy gl—x—to |
Vg g Y
vV |
v
0

0 20 40 60 80 100
Effective tube length L mm

Fig. 3-12 Variation of bulk mean temperature against effective tube length
(Tgi=180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-13 Variation of condensation rate against effective tube length
(di=1.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-14 Variation of condensation rate against effective tube length
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Fig.3-15 Variation of condensation rate against effective tube length
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Fig. 3-17 Difference in specific enthalpy against effective tube length
(di= 1.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig. 3-18 Difference in specific enthalpy against effective tube length
(di=2.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig. 3-19 Difference in specific enthalpy against effective tube length
(di=3.0 mm, T4i= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig. 3-20 Difference in specific enthalpy against effective tube length
(di=5.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-21 Temporal variation of pressure loss against effective tube length
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Fig.3-22 Temporal variation of pressure loss against effective tube length

(Dry air, Tgi= 180 °C, Ugi= 2.5 m/s)
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Fig.3-23 Variation of pressure loss against effective tube length
(Tgi=180 °C, Ugi= 2.5 m/s)
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Fig.3-24 Variation of pressure loss against effective tube length
(di= 1.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig.3-25 Variation of pressure loss against effective tube length
(di=2.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig.3-26 Variation of pressure loss against effective tube length
(di=3.0 mm, Tgi= 130 ~230 °C, Ugi= 2.5 m/s)
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Fig.3-27 Variation of pressure loss against effective tube length
(di=5.0 mm, Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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Fig.3-28 Calculation results of dry air for pressure loss against each inlet temperature
(di=2.0 ~5.0mm, L= 103 mm Tgi= 130 ~ 230 °C, Ugi= 2.5 m/s)
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=1L, FEYEGR AL Upn(= 25 m/s)IZ 51T 21 Rk 2 FL T )R K APy & &
WA, BT Ug & IEETE AR Upp O b3 L O IR AEEIZ BT 5 1+
JIHESR AP &, FEVERGHE 2351 ARSI APer & OIIE, RS GRfR L
727%. IX3-3312, FLYEGE AL & BEVEE DR OBREZ T, I OJRHE
(X2 DN 11 OfEZRLTEY, BEMHEEE T T UglUpn=4PIAPpn 73
WY LG, EBEKOEMBITIEDOEME L IZIFR U THDLZ L 2R L
TS, ZIZT332HIZBWT, EMEHIAITmMAREIZ IV ®RRDZ 2R
720N, ANGHEE OBARIZ & B EERE R E DAL, ERKICE- 2 5 BHIZ oW T
TR SN2 o 7o, T HVTIEMESEIC BT, 1B Y 2B O%NE & 1F 5 JE Rk
(FHLIRZER COESRR LI L THRTHZ L 2R L, BREROGFIED TS
BEOMKRDFRE 705 Z & # LN LN, ZOFEJBEEOKIL, EiEE
(FEWTEAE ) LT 7, ELSENEBIRICOMT 2 EB 2 bN5720, Bl
DIV L DIENEEB LY, HL LD o T2 EEHGIR N 28RN A Rk 5 Z LT
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Fig.3-29 Variation of pressure loss against effective tube length
(di= 1.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-30 Variation of pressure loss against effective tube length
(di=2.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-31 Variation of pressure loss against effective tube length

Effective tube length L mm

(di=3.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-32 Variation of pressure loss against effective tube length
(di=5.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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Fig.3-33 Relationship between Ugi/Upn and AP/APpH
(di=1.0~5.0 mm, Tgi= 180 °C, Ugi= 1.0 ~ 5.0 m/s)
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1. AR EEREZ A SIS T 57280, 11D 28O AN I KL O —
TEDHERMICB T HREZFH L, ENRED/NIVITE, 10 2R OMEE
R IOtk XL EBENL, BAD OBl Gl e B b E R L.
L7=Ro T, i CIHEVWERICBW T EERMEERN TOND -0, Mgl
DL ELZ gD a7 MUIZEITHD Z ENHA LN ST,

2. ARV 2255 LT, MARE—ET, MARELZZLIEGE, ©
Rl 1 OFEESIR L EERICENREDN NS W EEWVE R TIRER FTES KX
W Y, RBWERED A EATER Sz, £ EHEEONIE TR AIRE DR
BIX BRI NSNS En ol b o X LV ERBEIEIL, BENRO/NE
VW10 mm BELN2.0 mm TlE, AR —DOBEINEWVERETETT5
72, MAREOW D 28K OB ZNREEXE TR L. BNRO
FIRE WV 3.0mm BE5.0mm D56, AOERORBWE Ttk 2Ly
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4, FEEFMITHB T DIENBERNEIC IV, EEROIEEE 2B b2 - TE
U 2 BN O W THIE L, BNEIN/NESWIE S FZEER L OYESE
TERPKENZ AR L. LL, M8 ClE, EWEEDm Eickv®
REESTE2 800, BEAENC L2 ENBRORNEEZE LT-5E
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4.1 BAERIZIT HIEEB & X E OBRE

3 EIIBWNT, EENREEERTE, Bl 2 reBEhEo
AR A2 ERBIEIC L 0 ZMAICH LN Lz, 22 T313HIZBWT, ARE
RORDICxT o= X VEBBEORDEEIT, AEEORVEAE T
NRRKEWZ L ERLE T74205, di=3.0mm BILO5.0mm IZBWT, A%
FL=10mm & 103mm ([ZB) Do v 2 L EOBENEIS & il L7284, A%
BWREORITH 0097 12X L, T L EOBBEIEORIZFENFENR 046 B &
U023 THD. ZIUFRY ZERICEBWTHIREEXF OBVRERN KX
TENERL TS LEEZBND. Re< 2300 OEFIRREIC ISV THEE B E X R
FHE-)TREL L ENTED.

L, /d =0.05RePr  Re <2300 (4-1)

2 CIREBEXENL, FZIXENEN 1.0 mm & 3.0 mm THEL7Z5A,
AT DUROIEERL LOSEENFE U ThilE, TNFOEEMEXREkIX
BNBED 2 L 720, BN 3.0mm OIREBEXREIL, 1.0mm D 9fEDE X
ElAh. Tk L, B\oBEEISI3E 3 BX 3-5 CRLIEbE X LV ERER
N BEEAEY , NEE 1.0mm OEALT v Z L EDOBENEIA DK 90%I12 72 5 fnEh
BRI 7T~8mm ICTEET 5 DIT% L, NEE 3.0 mm OF A 13K 50~60 mm &,
FOEFNIGERD. T72b5, B ZEZROUE THLNZBAOBEEIES &,
B OIRE B E XM O RITEEMICTVVEZ R L TEY, B0 ZERICBWN
THIREEXBOEENRKRENEHFIZEZLND.

EWNHEMARICBWY L, HBREERO =3 —NeB\koeib L, = DRy
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FREAXEZMLS Z L TR X BV NROWLEZRDHZENTEXDH., LrLY
LY [ & MR D IR B E X OB IZ OV TR, TR OFEOREE, X145
& 72 HIBIRDICIRIT K o THE A 225203 T Ty 5. Myong 5 (2006) 1R FE Bl
X & HEEXMNRBRE L RS Pre1 OHAZFKLE L, ~A 70 R7
—NVDF 2—T7 D7 LY REIZ OV TRITEIIZHRGT L T 5. Gulhane ©(2009)
FFRIBRIC~ A 7 B A — L OE BRI, 5% AW AREORE % 7e ek aE

& BE X D BN DWW TEAEREHTAYIZTIEET L T 5. Cossali(2009) (33 (4 73 J]

HIFNTIREZL L TRAT D& FIZ oW THRET L TWd. Ho 5(2005)i% 2 &
8 B BAAZ s OO RS SRS 3 1T 5 1B Bh A& X[ 0D 52788 2 BB AR AT O LR A L
TW5. 2O THEROIEEEX B OBYRZIZOWTHREF L TE Y, I
225572 E DOEKIRE KUK OFIZAL & £ 5 IR EEBIE X DO 2 DWW T W5
TRHTZ 5720, L#LLi@@@ 1V 22U BT HIRE B EX B OBVRE
FRRENZ ENRHDICTRITE, 2B EKOHE TE LB OB ENE
AL, BRBOEEEXBOLRIIEEMITTVVEZ RLTEBY, ZORE|C
DWTHRFTTOMERH 5.

4.2 IBEBEXEIZEE T B E|RIT/NT A —F OKRFH

B OIR B & XM OBYRER Y, =3 ¥ —RE2 ARk L, = Oy
FRAEZM L THELNLD. EARoub I o =L ¥ —K(4-2) DK R TTE
FULFD@EY THDH. ZDOERICOW TS 5(2006) % B/ Lz, FEMIC OV
Ik B ICFLik 4 5.

2 ofer
Gz ni-n?)en\" oy (4-2)
T'(n0)=1 T (LGz)=0

T, T, R RePr

ZITCGIFT VY THDL. ZOXEEHBETHRITDET5HE, (44D
RGNS, ik Gz & yp TENENER L, ok in=4-5)%155

= F(Gz)G(7) (4-9)

T T-T (4-3)
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1dF 2 d( dG (5)
F dGz (1—772)776 dn nd?]
FREWTERE-2ET DL, FIZonTkANnEons.
dF 2 2
—=-XF F=exp(—A°Gz 4-6
dGz xp( ) (4-6)
Thebb, X@B)DELIT VY HOEME L TERT I ENTXS.
TIZK@E-B)DETIZONWTEE-2 L T5 L GlzonTkANELNS.
d( dG) #? ,
dn(ndnJ 2( 7h e
303 Strum-Liouville B D5 HFET, MERRAE D A(A1, A2, A3, =+ = An)ITKPIE

L CHERRAE O fif D [E 4 BIEL G(G1, Go, G, * + * Gu)WFAET B 728, R(4-4)ITk
TRIND.

T-1C, o=, |6, (1) (4-8)

ZORRE Cn AR, AW TERTLERAFIERE Ts L LTKRDL L, K
X FEoND.

862677“ exp(— ﬂnsz)
Te=2 yﬂﬁG (4-9)
- 06,
n d77 ,

U ENSIRATEEE T X7/ VYO TH L Z LIREND. 207 L
YT Gz = (U)/(Re-Pr) TH 2 BN 57, ZIUTIREBEXRE Lt L EREOL L
AR THD. T2ROBIRENEXMEZ AL 214-1) &, H& L O HiTH(4-10)
TRTZENTE, IBEVHIRE Te X ULt OB E 2 5. ABFFE CIZIRER &
XM OEEZONWTRFT 5728, BRcESELT UL 205, ZZ TR
EBERXMIE, FHARFOREBMENOHEHT 5.
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L _ L _ 1 L/d _ 1 G (4-10)
L, OO5SRePr-d 20 RePr 20

FIEBRAER S, WO HA DREZE) & MR STIREE Z2(Te-Te)/( Ty
Tc), F7oERICHT 2 Z NV ERBENEIS Adildinx (FERIO LT & )L E AL &
313WHDM 3-5 TR Lz Kt o Z L2 L D) &2 W TR Y 225 O B
Kl oW TR 5.

4.3 IREBNERXM L & BRTREZR L ORI )V EBE)
B BiR

431 BEZHOHE

X 4-1 (2, A& R LIREHEXB OEOMERITTE S Ll & ERTIREZE (5
WA O AN PIZBI DIREZEDH) (Te-To)(Te-Tc), X 4-2 12 LILt & HER Tt
T A LVEBEIEIS (EROlT o XL EEA EK IR LR 2L
E L D) Aildimex DBIRE ENZEIURT. F70K 4-1 ITENENDENEREIC
X% Re HbB LONREMAEXM Lr 2777, K41 B LW 42 DEnZENDX ()l
HESNERBEETHY, Kb)X@E@DOIEREEXEZIERK LS DT,
0<L/Lt<1 2MEEBEXME 725, LL=1 ¥ TOEER FB X OROBEE AL
K& <, BRTGENF US54 FizBW CREBE X O di=1.0 38 X 0V 2.0mm
DHE TIE, BRI R R IDIEFITHELS, a7 MricaTthsr & #
OIS, F B ORISR E 2 LR C ik o # L EBETEIS I,
BNRICEDLT UL TEOELHEIEZRLTND Z ERbMD. LRS- T,
ARIFZED FRGIFITIB N T, B ORG EERE S L Ot o # L B E)
L LLr OB E L T—RMRBRICRD2 B LND.

Table 4-1 Reynolds number and thermal entrance region for each inner diameter

di mm 1.0 2.0 3.0 5.0
Re 75 150 225 375
Lt mm 2.6 10.6 23.8 66.0
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Fig.4-1 Relation between non-dimensional tube length and
bulk mean temperature (Tgi= 180°C, Ugi = 2.5 m/s)
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Fig.4-2 Relation between non-dimensional tube length and difference
in specific enthalpy (Tqi= 180 °C, Ugi = 2.5 m/s)
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432 BYEKADBEZELIELEE

R —E DA & RIERIS, RARE 228k S /70856 O ZBRFE IOV T
RITTEEFL AT TR 2K 4-3 BL W 4-4 1R T, 2N ThoOENER X
ORAREIZ AT 2 Re Hudbs K ONRE B EXRE] Lr &% 4-2 1277, K418 X
W 4-2 LRRIS, RAEEZZ(LSEHAICBWVTH LL=1 £ TORERT
BLOBOBEEISIIRE W ENS01 5. BIEIZBWT, RAIREOREL
s it OIRGIEIRE B IR U 2 AV EBEBIRE TR LD, ERILE S
2% 9 2 TR o LIRS TEWIRE R L OMER Tt v X L ERBENEIAIE, BN
BB IOMAREICLS T UL TEDE(LEIRZ R LTS Z ENbnD.
ZHUBIHIRER L OYE—EOHA L BRI, Ll OBI%kE L T—xa072 %R
WZRHEZEZDBND.

Table 4-2 Re and L for each inner diameter and inlet temperature

Tgi °C di mm 1.0 2.0 3.0 5.0
230 63 125 188 313
200 69 139 209 348
180 Re 75 150 225 375
160 81 163 245 408
130 92 186 279 465
230 2.2 8.8 19.8 55.0
200 2.4 9.8 22.0 61.1
180 Lt mm 2.6 10.6 23.8 66.0
160 2.9 11.5 25.8 71.7
130 3.3 13.1 29.5 81.9
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Fig.4-3 Relation between non-dimensional tube length and
bulk mean temperature (Tqi = 130~230 °C, Ugi = 2.5 m/s)
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Fig.4-4 Relation between non-dimensional tube length and difference
in specific enthalpy (Tgi= 130 ~230°C, Ugi = 2.5 m/s)
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431 B LN 432 H L [AERIC, RAREZZL S5O FERERICD
WCHEER T 21T 2 R 2 X 45 B L OV 4-6 12T, £ NEROEN
BB X OYRNHEE KT 5 Re £k T ONREEBY AKX Lt 238 4-3 (T~ FiE
D, WAEEOZEIZ L2 M EGEHRER L0t o L EB# EA~D
AT R E L, MAEERE KT 21E ERAOBENIESC) L R DA S L
7Dy, MEROUEE AT S Z & THRESRMB L ORARE L Z(LSETHGE L 1F
FRIZ LL=1 £ CTORERTBLUOROBEIEISIIRE L, EBRoE ST D
HEROTH DIRATHIRER L OERICHE T o X L EBEIEIA X, BNRBLD
MAHEIZ ST UL T—EDEEIGZ R LTS & EAR LTz,

Table 4-3 Re and L for each inner diameter and inlet temperature

Ugi m/s di mm 1.0 2.0 3.0 5.0
5.0 150 300 451 751
4.0 120 240 360 601
3.0 Re 90 180 270 450
2.5 75 150 225 375
2.0 60 120 180 300
1.0 30 60 90 150
5.0 5.3 21.1 47.5 132
4.0 4.2 16.9 38.0 106
3.0 3.2 12.7 28.5 79

Lt mm
2.5 2.6 10.6 23.8 66
2.0 2.1 8.5 19.0 53
1.0 1.1 4.2 9.5 26
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Fig.4-5 Relation between non-dimensional tube length and
bulk mean temperature (Tqi= 180 °C, Ug = 1.0~ 5.0 m/s)
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Fig.4-6 Relation between non-dimensional tube length and difference
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4.4 1B BROBUREICKIT 5 ERTEHADER

4.4.1 EHESRMEDZE

A3 TR LI L DT, ARFEDOFEREIIZIBNT, BAZHL OIRE EEIR
&%i@%i/&wb%ﬁgiUh®%ﬁkbf TRBRIZR D LB XD
N5, ZTZITH41LEBLO42 OZBLEIGHG, BRGEHICO W TRHREFH
%, ERICIREZE & BEROTR SI2oWTE, (X, Y)=(0,1)%EY, x=oTyIEL0
I L CWKTBEE & 5. ElERocb 2 v eBEiEE, (x y)=(0, 0)% i@
mx o TCYIXLICHITT DA & 5. LLEICHEE L TREE Y Tidd, AAF

BIFLHAEMEICR S R<ET 2ELHREFTT 5.

ﬁwnm&wm&a_,%n%mﬁﬁxﬁé RS, EEROTREZEB XD

Rttt = > 2 )V EBENEI G IC oW TR T Z R T,

1 -Nn
Te—T, _ a{i N anj (4-11)
Tgi _Tc I—T
DL x L T T
a=15n=17 |—>0 0<-8 °¢<
L, T, - T,
. 1\~ M
AL g g b e (4-12)
AImax I—T
DL x _
b=07.m=16 ﬂizo, 0< A sq
I—T Imax

PLED 2 REBIEREOHEAZK 4-7T BLIW4-8 1277, 2S5O X
0, KUEDOERT — X NEIHFICEKRBEIND Z ENHERIND.
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Fig.4-7 Proposed non-dimensional equation (4-11) for bulk mean temperature
(Tgi =180 0C, Ugi =25 m/S)
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Fig.4-8 Proposed non-dimensional equation (4-12) for specific enthalpy
(Tgi=180 °C, Ugi = 2.5 mfs)
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ERBIOEEICLST, ULroBe Lie—#RBRE2R<ELTWS. T
7ebhh, X(4-11D)B L OE-12)1%, MARERL X OEEOEIZIG LT, di=
1.0 ~5.0 mm {28 1F DV LR OENRNOEFEEVEEREEZ B<EZL TN D &
ZZoNb.

Z DR TTHEEE TRV IR B XK L i ARFORREE D HEH LTV 5
72, BHERIICH T 256, BERICMA ST T ADORENBEF Thi
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Fig.4-9 Proposed non-dimensional equation (4-11) for bulk mean temperature
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Fig.4-10 Proposed non-dimensional equation (4-12) for specific enthalpy
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BB EXRH L FROLZ T, £9 - Eis X OMREARIFC & 2 B
HOBAKITTIREZR L OER T o X LV EBBEISGICOVWTHRFL, 51
TEANRE OISR T it 21T o 7. ZORMBEIIKROLIICE LD HND.

1. BHAEWRICEWT, MREEERICB T 2= 3 v —RX e \Roufb L, £z
< Z & T, IBAFEHRENE R SIREEXMLE ULy OB TH D Z & &R
L7z,

2. VEARFOIREE I X OYEH —E O FKMESMF T, WALk S Ll 2 W TR T
TR 7 (Te-To)/( Tei-Te)B L BRIt = v X L EBENEIS Aildimax (2T
HET— 2 Z B LR, BARICELT —COBEISZRT 2 &R
Mmolz. FltOEEEND, LT OERGUEH AR L.
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~LTz.
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5.1 fERE 2 IRETHAZRTIR 2 2LV & 4 5 BT RELL IR

5.1.1 BZ#IRDOMREHEIZ AW ZARER X OB H &

I TCESHER D 3 X MEIZOWTRET 5. 5-1 |ZHf D FEHE L 7
%, 4&?&%@@65%%%&@#%“ %éff%/?@” IS OEIFHERA (PH)
IC—HSHE TS, 22 TH5E2B8E05-312, BRAFHERESL O U ZL
v EEOHEM & X (@4-11), (4-12)%, ﬁ/km%%r KA ERIZBIT DIk &
LCrd. ERE & X (4-11)13% d TRgR—HEZRLTEY, ko2 Le
BHEICBWTHRE-12)BLARE LTELSKHELTWD Z ERgD, ZnE
ALORDNENEE 1.0 ~ 5.0 mm TELHALOH NREL L= L B #) &
DHEFENTRETH D LHfR I NS, Dbk, (4-11)ZHWT PH &R CHO
A, 97005 Tg=65°CIZRHAMERL &, ZOAMERNDL, BRItz
Z VI FRTR@-12)Z W T o Z L E AR, PH &% LV Es i
B HN D BSHERMERE S W CUL FOE 1~ 4 B L UORK(5B-1) ~ (5-6) % W T
Rat L, FERICEBT D MERESHRTE % o L 7-.

1. fRFEAZR 2 RETHAZS (PH) L5 LWEASHA R 215 5 5 S 2 et

T 5.

2. HAIWEIREE T, FOENIEHEIZET25mls £ 35.
. PH &777\1EIJ@{}IL]\DLEE*$<E{}ILE ITEE L.
4. (BEVE ORVEFIEX, PHIZB T 2EEAVER L ERROL EZE L.
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Fig.5-1 Review method of proposed heat exchanger

S=1/2d,

X =2N,-d,
Y =2N. -d,
d,:d, =009:1
Apr:APH

M =Mg_py

g-pr 9

Measurement d; mm

o 1.0
A 2.0
m 3.0
v 5.0
1| Experimental Eq. (4-11)
1 — 1.0
E— 2.0
E— 3.0
e 5.0

20

40

60

80 100

Effective tube length L mm

Fig. 5-2 Comparison of experiments and Eq. (4-11)
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‘51 200 v 5.0
o= Experimental Eq. (4-12)
Q ~ —_— 1.0

o 100 e 2.0

e — 30

) o — 5.0

0 20 40 60 80 100
Effective tube length L mm

Fig. 5-3 Comparison of experiments and Eq. (4-12)

5.1.2 BEHERD 2 %) MEICET 3Bt

5.1.1 HORERB L OEH FEEZH, a2 37 MeaRe Lz a3 5-1
(RT. ARBFEOE NEENE 2 FIH 9 2 B 0% 4, 2 1IXWEE di=1.0mm
AEIZT D2 & T, BSHUERATEL IR DK 4.3%, di=2.0mm TH) 17 %,
3.0mm THI 39% L 27 MEEK D Z ENRR[REE 70D, F - B HAHIFG I,
di D2 FIHBILTRELRD., ZHITdE2/NELTHZLEBLY, MK mE
WX DEEEENE R T 52 & &, ENERERPERT H 2 LI LK
IR OB L FRETH D Z & D, ME(LT L B Hags O MERE A KIEIZ M
EEERZENTEDLEEZLND. ZZTPHIL, 8 KDOWMAUKAGEVE 24
DEIT D Z & TH—_X XA UTRIRIC L, 1 KOMBEVE N T AP &2 BnlfT &
KT HLIBLETHZ L THEKEZMEAL TEY, ZTOHHAKOIEEZE{LE)
SAZHEZRH LTS, ABFFRICERIT 2 B TEHE, PH & OB
BEORHFEOEWNC L DMEELEGTZ 0D, AIFFEOENE 5mm TR
T B e~ ED, BN 5AmMm D PH LD REWHEHR Lo bEZ BN S.

PLEMNS, RAFFEOXGTH 2 ENTANZFIH L 7= BRI E A gs X, TEk
Ll LI GIC K » TRIEZR 2037 MERATRETH D, - @-11)B &
OR(4-12)1T 2 D% A T ORLHgm DR THICAI TH D EEZ 2 b D.
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Table5-1 Heat exchanger volume for each tube diameter

di [mm] 1.0 2.0 3.0 5.0 PH
Present method L [mm] 3.9 15.4 34.7 96.4 105
using Egs. (4-11) _
and (4-12) Volume ratio  0.043  0.17 0.39 1.03 1

5.2 BBMEIR DILBIE & OBYRZE~DREIZE T HHET

0 225 DEEN & F O B NBMREE CTIRERRIR OTFAENBIRIL L 2 572, B

Ha i DIREEEFE DN RGBT H- 2 DB HOW TS T A NERNH D, £
SR DE NERETALIE, 22K —KOEN MR OFE L TRl T 5720, HN
FEVE DO TREVERAE &2 fist 35 2 & TR OBRPL 2RI rfE & B2 bbb, I
= 5(1966)1%, EPNER 5~28.8mm DR TR N0 HE LI AR A NRFERR L
5, BN TSI D EBRICOVWTHRIE L. B R 5 (2004) 13606 k2%
SN TNDEFEAUZOWT, Fx 2R, B RF L OVE S 2GS ATRE 72
HLWEHESKORT 21772 > T D, Wong(1997) & X 284-7K, B8Rk 1 (1979)1X/k D
PRSI, FEEE(1983) XM T, 2N ENAIK I OIRERRKZ £ L DTN 5.
Mederic(2004) 5 (%, &% 10, 1.1 BLTN0.56 mm O H T 2 & 2 FWT, KEE
DEFETRN O FHULFIEREITV, BK T AV T 4 OBALITEE S JE BBk
FEFRIZ DWW TG L T 5. Fukagata(2007) S, ~ A 7 0 ENORIR _FHEIC
SNWTRIAOBEIX ZHES I 2L —a v THRL, vA 7 2 ENOKIKR vk
D FEH R EVMREREZ R LT S,

AW TIE, MR O BIRPLNBVMREIC 5 2 2 EEIZ DWW TR 5720,
VOF %2 A WEE Y 2 = b—3 3 N2 K0 B O B4Rhi 2 3R o, REHLHTIC
56 DS OBEITEI A 2 REd 5. K54 ICHARET VERT. BEISO
2 WOt R EAE R & FAV, Bl 5 AL & 28 500, 8 BEG 2 S il 2 e LEREL 5 Ml
KBTAT . 2O L X[, EESRMFE I, BRI ERW RS
RE L, BRI DI DKOFEEIL, FERTHONTEHENOERICHT S
BT DR Z KO DH T L TKRDMEDIFE 52 TW5D. FENRICET HE
BHEHOEEE, 5.1 iR LM OREAFEIREN 65°C LRI ZHAL
TW5. XA, DLTFoEgOX((B-7), =« A h—27 AKX (5-8), ik
s TR (5-9) TH D .

7o
7=
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%O+V-(pu):0 (5-7)

Du
—=-Vp+V- 5-8
P Dt P T (5-8)
oF
E-I—UV'F =0 (5_9)
YF=1
BARAFMILUTO®EY TH 5.
X =0:Ug =2.26 m/s (const.) (5-10)
X = Les:c : P=Pam (const.) (5-11)
y=1/2 d;: Mg =1(x) (5-12)

T 2T, EBRENSE-X(G-13)E AV, FENEROMSE a 133 52 ©
WY THD.

T

-3.8
M, = f(x)= 5ax10-5(i +1.53J (5-13)

Table 5-2 Coefficient a of each inner diameter for Eq.(5-13)

di mm 1.0 2.0 3.0 5.0

a 3.26 1.59 1.05 0.63
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Fig. 5-4 Calculation model

4] 5-5 12, BENRIZEBIT DR ORMEB 2 ~d . FHRITERE NSO 2 Kk
TCMTREEEER TV, EEfgiK O T BVERF L NEERIRIZ BN IR LT D ERIR
T, K EITIERTEOREZ & > TW5S . Z OO EIXEFEIICE#)T 5
7D, REEAEIRNIFIE S 23K 60, KO BB ) b EEfg K DEIERHL RL A 3RO 7.
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Fig. 5-5 Local Liquid film thickness for each inner diameter
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¥ 5-6 |2, &EWNERIZET DEHEREVEHL RL & REMEHL Ry Ol Z2 7. K&
N TERERIZEEOHEKIZHR LT, RY R IFBAT 5. RY Ry lZHEMEHLIZ X
T D IR OBEPIEI G TH Y, ZOMEDN /NI VI EEERIR DA BUREICH 2 5
AN E WD, HREN/NEWZ E RY Ry OEHEIT/NE L, HRELLO0mMm T
#10.018, B 20 B L3.0mm TH 0.02 TH 5. EANE5.0mm TIL/HFC
#10.05, L LTER0.03 FRETH DD, HBEUEHICH L CHEFI/IhENWT &
WD, LLEG, BE)GO 2 RoTHBEER TR LIV RIRGE Tz
HERER OBIRPUIIER I NS 2D EHZ 26N 5.

WIZ, KVPELELEVE CTO, BHER OB DWW TRETE1T 9. X 5-7(a)i
BUKWBRASE LT T A8 % VT, B OmEh Z Ak L7=b D Th 5.
I BBVE TS E L CWD 2 E MR TE 5. W LER TE AR
W3, X 5-7(0)D & 5 IZENARIC bl < BRI EL TVWDH EEX HiLD.

o« 0.04 | 0.041 |
0:_‘ L \J L
| J
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Fig. 5-6 Ratio to total thermal resistance and liquid film resistance for each inner diameter
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ZIT, bOHBEEVEWRHEIZI T HIREVE T & BiiAL D EEE IR O RSB E S
D, b RBE N TRIENIE S 72 A& RO T FERE K 5-3 IR, Ak
IZHW= A T ZABUYRBVE ONBIZZENZE108, 1.9, 34 mm O 3FEETHDH. =
TG, EEERMEEVE TEICAET 2L, BEOM U~UARETH D Z
EDIND L BRI EICE T &2 AL D56, KARN O AW X OE T
DOEEIZ L0, FHELISIN DK 70% O FE OB E S TR OFHE L v /&<
72578, T OEFER OFEIR AW EL L E LT H, SROEEIR OEHRETIX L
WOFHEAREROK 107 5L 0 /NS LR, REEDNKEEEOSHAIZBWTH
BEE IR O BRPUEI A X s/ h &,

AUFFE DML Y B DOMASM T, ZRICKT A AR MR/ NS <, X 5-8 (12
R LT KOEE N AR O EIRE R B, JBIR F TR IC e B & PR
5. F£721X5-9 T L7z Mederic(2004) 5 O A AL EBR ICEH VT, AHFFED
FMHTEWE 7 AV T 4 TOEER O TREERARITERIE £ 72 3 R & 725 2
EDHER SN TND. LLEND, RIFFESME T T2 0 15 5 fishER A I L CREfE

HROBIRG L2 Bat LR R, EBMRBU R 2 Bk O BRI+ h v
ZENHEREND.

(a) Visualization result (b) Schematic of condensate distribution

Fig. 5-7 Flow condition of condensate in a horizontal tube

Table 5-3 The thickest area of condensate in a horizontal tube

di mm 0 mm g ° contour ratio
0.8 0.143d; 88.9 0.247
1.9 0.145d; 89.4 0.248
34 0.237d; 116.5 0.324
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(a) 10 mm tube

- <+———— Flow direction

fL(m/S)

(c) 0.56 mm tube

*+——————— F|ow direction

Waves
Fig. 5-8 Flow pattern map in Fig. 5-9 Flow conditions in a
a horizontal tube horizontal mini-tube (Mederic(2004))

5.3 HAADEARKICET 5 et

ZIZTHEL, EROIFEN RO E N REFEIZOWT, £7- Fukagata b
T~ A 7 0 F o —7 Ok ERE R & BUEREHT 3 5 BR O RFE I DV
C, Lockhart - Martinelli(1949) D 7k % VT 5. ZHUXE N ARt OB
FAZHONWT, MEMRESCH N T I B & T ik B < JEROBPER I & —5
T 5L ENTWD ., RWFFEOEEEZ £ O BNIENZ W T, 1Y 2208 NEE
FETLAV DT IR & 285 — /K D FHE & AE L C, Lockhart - Martinelli @ J53%C
P 5.

(5-14)1Z, Lockhart- Martinelli /X7 A —% X025, K[AHOHNBEIMTENE
7= LN =856 OE DK APId)e 12xF9 %, —FAHEOKJE F1H8 2 (dP/dz)r
Dz RO HRERT. 22T, MWEHBKAP/A)F AR O FE R I HEE
AV, (dP/d)  IZENEZ M Tz L2 & DL NEEAETHY, 5 3 HTm
L7-dfE 2 O T O EE RO, L — T A ANy ORI N—F
RNT A PRI B IETIT I 1T 5 B BRI L =64/Re 2R L 72 (5-15) % FH W
THRMH L.
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(dP/dz;F I CX X2 (5-14)

¢\ (dP/dz),
_[(dP/dz),
| (dP/dz),
L U LU
AP=32—"—pq=32—— 5-15
g a2 "9 g7 PH (5-15)

BENEE DL TDOEBRSIIZIB T, Lockhart - Martinelli D35 A —% X &
FRVREEERIE SR E b TE L Db DA 510 ~ 5-13 (2737, KD ERIT
Lockhart - Martinelli ®=(5-17)D£%# C & L CTliE, 1~5 mm OMENZER — K
FEIRE D FER T — Z DN = F— A 51(1995) DA(5-16) CHI L 7= 6 D & H W
LQAYS)

C = 2113 (5-16)

=E—HBIORERIZH L, BFLE L TOREWVEZ TRTHOO, d=1.0 BLW
2.0 mm TIEr20%D&EFHNT LIS L TWD Z LR SN S, £z di= 3.0
BELOB0mMmMIZBWTSH, HERDZE S B30 LNICIE > TWD. T2 TH
BNBIZEB T A HERPAIZIHVT, Lockhart - Martinelli 235 X —#% X O/hE W
BEIFANER L OFWGHEICB T H2EIHEEERLTVDED, FFITd=3.0 B
LOV5.0 mm OGE, XD/WhSWEZAT O DIENRKEL72->TEY, ZDH%
X OWRIZHED, =B—H3ORXITEVETHEML TW R Aond. 2
I3V 22RO E NEFEEVRIZEIZB W T, AR TITHm AR OBYRER N KX <,
EWNEEE IMEAE OIZIT2EX M CHAKIEEIZITW EHl SN D720, A%
BEEOEWIERICEIT DEMEROLERIZIERE TH Y, JEITHEEDIERIZOR0
REWEEBEZLNS.

PEAIRE D B2IR 2 GG IR D LRI X D ENERCRRE LD DD, A5t
TR BB Y 22K D E SR SR EIT Lockhart - Martinelli O x(5-14) & = 15—
HolDOHX(B-16)Z HWTERT Z N TE S, T720bb, V4R E DDV
BN A DFENHEIE, K(5-14)F L ON5-16) % V> T+30% D& Tl 7] §E T
bV, BAZHMEIRDORFNIAD THLEZZOND.
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2 d=1.0mm |71 Inlettemp. Ty °C
| | o 23
° 200
X ¢ 180
¢ 160
® 130
Inlet vel. Uy n/s
o 5o
(O] 40
3.0
¢ 25
..... ° 25
IUUUURRURREREREEE : :
_ —— Mishima-Hibiki
0.5 ! o | |
0 002 004 006 008 01
(dP/dz),
(dP/dz),

Fig.5-10 Comparison of pressure loss between this study and
Mishima-Hibiki with Lockhart - Martinelli parameter X (di=1.0 mm)

0.5- 1 ] 1 ] 1 ] 1 ] 1 ]
0 002 004 006 008 0.1

dP/dz),
X=[——
(dP/dz),
Fig.5-11 Comparison of pressure loss between this study and

Mishima-Hibiki with Lockhart - Martinelli parameter X (di=2.0 mm)
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—  ¢;=30mm T T Inlet temp. °C
B 230
B 200
oL B 180
o B 160
E‘ . " +30% - - B 130
4 LA Inlet vel. m/s
o’ ' @ 50
4.0
3.0
@ 25
____________ o 20
PP L o 10
— Mishima-Hibiki
| 1 | | |
0 002 004 006 008 01
_ |(dp/dz)
~\(dp/dz),

Fig.5-12 Comparison of pressure loss between this study and
Mishima-Hibiki with Lockhart - Martinelli parameter X (di=3.0 mm)

d=5.0mm , , Inlet temp. T,; °C
- v 2%
2t v 200
i v 180
v 160
R / v 130
Inlet vel. Uy m/s
o 15— e v %I.O
AP 40
3.0
/ ______ 50% v 25
1k Vo a v 20
e v 1.0
- —— Mishima-Hibiki
. ] 1 ] ] ] y
0 0.02 004 006 0.08 0.1
_ |(dp/dz),
~\ (dP/dz),

Fig.5-13 Comparison of pressure loss between this study and
Mishima-Hibiki with Lockhart - Martinelli parameter X (di=5.0 mm)
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5.4 1B ) BROBENENEIZBIT 2 BURER L [ EHBELEOBR

B Hags ERE DR & L C, BMRER LR NHREKOM G OFHMENEE L 72 5.
INETICHEONTERER LD, Colbun @ j 7 7 7 ¥ —8 X OB EEGEKE
Kb, HIEERAWDBESHEROFANEIT S .

Colburn @ j 7 7 7 Z — I (5-17) B3RO VS . Nu X FEER O EIRE
Ot 2 ENSRE L, 7 BEEBEE A 13(5-18) % -,

Nu

= (5-17)
1:2%35 (5-18)
P

4 5-14 |2, REBRKIIZBIT D | & EEBAE L O L R LR S Ll & DR
RERT. ALY, BYREREIENBEEAOLTHY, ZOMENBKEWIT LR

OMRENMENLTWDEEE 2D, 2200, Pl ULr=2D & %, d=1.0~5.0
mm @ j/ A DEIZFNFNHK 04,025 02 01 THY, ZDOLEDERELIZFN
Z405.2,21,47,132mm & 70 5. TROLENEDN/NIWVIZE jILOERKE S
PERENRM EL, LTI HERERELES TE D Z L0, MEFIH TR #2
FROMEREM R L Na Xy MEDREBAIEETH DL Z L Z R L TN 5.

INETORRELY, A—IRAEMEEZRA T DB RETT 258, BN
BAZ & > T LB IR AFEN B2 D B 21 PH & [ UEEHESATH DA
HWEBIOEETH AZMASE, HOEE 65 CIZ2r/0ERIL, di=10-~
50mm CTZNE4 3.9,154,34.7,96.4mm TH Y, [[R—HAmEERE S8
B ORZBAEFRITME CHDIEENSLK RS, FLIOLE2D UL IZETOE
NEETHRILE THY, K514 NHEENRICBWT LLT=15 D j/ 1 DEIFEN
BANPEVIELEREVEZ R L TWD. ZHITEBEEIN B H 2 DR EHT B U
T, BEERIZIMA ST\ 2O &R K OVEE N BER T, #asO W A & o
BEZFTEDOMEE L THWIUL, HERERDIG D NBZHIERDERTENIRE D,
ZOBZHIROMRED AFE LD Z ENTE D, T72b b, REEN A DB AN EL
RYLEFOMERE T L ORI, REEXRMICE SV ERLE SI2HT 5
MERICIRE 2 L OER L v Z L BN & O MR UK L R LE S
\Z%F3° % Colburn @ j 7 7 7 % — L E BRI A Oz W2 [X 5-14 28 F#) T
borEEZLND.
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Fig.5-14 Relationship between ratio of Colburn j factor j and

Friction factor 4 and non-dimensional length L/L+y

55 BES5EFEL®D

3 HIB X OE 4 ETH LIRS BGTIRER OVERERGT 21TV, E 7 kE
MR DIREN N BRI 5 2 DB OW TR 21T o7, TOREITKRD L 9
IZEEDBND.

1. AR Y EROREERMFITBNT, 4 B CRE I EROCEEAE v
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