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Abstract

Flow boiling heat transfer coefficient of R-22 in small-diameter
round tubes has been experimentally studied to investigate the effect
of tube material. The experimental apparatus consists mainly of a
refrigerant pump, a condenser and a receiver, two test sections of
300 mm-long round tubes and a pre—heater for control of refrigerant
quality at the inlet of test section. The ranges of the major
experimental parameters in this study used are 600 kg/mzs of
refrigerant mass flux, 5 ~ 30 kW/m” of the wall heat flux and 0.0 ~
0.9 of the inlet vapor quality. The experimental result showed that
the boiling heat transfer coefficient in small tubes are in the range
of 1 ~5 kW/m°K and it varies only by heat flux, independent of
mass flux and vapor quality. The flow boiling heat transfer
coefficients in three different tubes of copper, aluminum and brass,
have been obtained and the results show that the effect of tube

material is small.
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Table 2.1 Previous work on boiling heat transfer
Table 2.2 Flow boiling heat transfer correlations
Table 2.3 Summery of past work on flow boiling in small-

diameter tubes

Table 2.4 Flow boiling heat transfer correlations for small
channels

Table 3.1 Material properties of the test tubes

Table 3.2 Dimensions of the test sections

Table 4.1 Test conditions
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Heat transfer coefficient as a function of vapor quality

(Lazarek et al., 1982)

Heat transfer coefficients at constant heat flux

(Wambsganss, 1993)

Circular-tube (R-12) local heat transfer coefficients for

various combinations of mass flux at three constant

values (Tran et al, 1996)

Variations of the evaporation heat transfer coefficient

with the imposed wall heat flux at different mean

vapor quality (Yan & Lin, 1998)

Variation of heat transfer coefficient with respect to

heat flux (Kim. M. S., 1999)

Modified Baker’s Flow Pattern Map (ID = 2.0 mm)
(Kuwahara et al., 2000)

Heat transfer coefficient vs. quality (Bao et al., 2000)
Heat transfer coefficient vs. quality (Oh et al., 2000)

Heat transfer coefficient vs. quality (Kim. J. M., 2000)

Evaporation heat transfer coefficient vs. quality

(Kim. K. Y., 2000)
Heat transfer coefficient vs. quality (Kim. J. S., 2000)

Heat transfer coefficient vs. quality (Yoon et al., 2002)
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Fig. 2.13 Comparison of experimental data with Tran et al.’s
correlation (Park. K. S., 2002)

Fig. 3.1 Schematic diagram of experimental apparatus
Fig. 3.2 Photograph of experimental apparatus

Fig. 3.3 Photograph of Magnetic gear pump

Fig. 3.4 Photograph of Rotameter

Fig. 35 Photograph of Pre-heater

Fig. 3.6 Photograph of Pressure drop transmeter

Fig. 3.7 Schematic diagram of Reducer

Fig. 3.8 Photograph of Reducer

Fig. 3.9 Photograph of Test-section

Fig. 3.10 Schematic diagram of Flange

Fig. 3.11 Schematic diagram of Block

Fig. 3.12 Schematic diagram of Block

Fig. 3.13 Photograph of thermocouple attachment

Fig. 3.14 Photograph of thermocouple attachment work
Fig. 3.15 Photograph of surface roughness

Fig. 3.16 Count of cavity diameter
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Photograph of Tube Inner Surface (x600 scale)

( top : aluminum, center : brass, bottom : copper )

Photograph of Tube Inner Surface (x3,000 scale)

( top : aluminum, center : brass, bottom : copper )

Variation of heat transfer coefficient with respect to
heating wire spacing at thermocouple position
(G =600 kg/m°s, q" =10 kW/m>, water)

Thermocouple response of magnetic force by electric

current

Variation of wall temperature with respect to quality
(G =600 kg/m’s, q" =20 kW/m’, brass)

Variation of heat transfer coefficient with respect to
heat flux (G =600 kg/m’s, q” = 10 kW/m® copper)

Variation of heat transfer coefficient with respect to
heat flux (G =600 kg/m’s, q” =10 kW/m’, aluminum)

Comparison of experimental data with Tran et al.’s
correlation (G = 600 kg/mZS, q'=5 KW/m?)

Comparison of experimental data with Tran et al.’s
correlation (G =600 kg/m’s, q” = 10 kW/m?)

Comparison of experimental data with Tran et al.’s
correlation (G =600 kg/m’s, q” =20 kWW/m’)

Comparison of experimental data with Tran et al.’s
correlation (G =600 kg/m’s, q” =30 kiW/m”)

Comparison of experimental data with Tran et al.’s

correlation
Comparison of pressure drop with quality
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Table 2.1 Previous work on boiling heat transfer
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Author
Gungor &
Winterton

(1987)
Kandlikar

Table 2.1 (Cont.) Previous work on boiling heat transfer

(1990)

(1993)
(1995)

Shin, J. Y.

Wambsganss
Wambsganss

(1996)

Kandlikar

(2003)
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Table 2.2 Flow boiling heat transfer correlations

Author Correlation
W= %" = A Co, Bo, Fry)
For N»1.0 W ,,=23085""°, Boy0.3x10 ~*
U ,=1+465"", Bo<0.3x10 ~*
vo,=1.8/5""
For (). 1< V< 111{015 the larger of W _, and W ,
U, = FB 5 exp@.74N ")
U,=1.8/"F
For A4<0.1 b 1S Pegareet ol Trap iyl s
U ,=1.8M5"8
Shah(1982)

where,

No= Co for ‘%};Zztﬁefolfrger of W ,and W,
N,=0.3877,""Co for  Fr,<0.04

F,=14.7 for Bo>11x10""

F,=15.43 for Bo<11x10 "

) 0.5
(5 15

G
Bo=—"%—  Fr,=
T Chy T pkep

p
= 0.023( —DZ) P88 P

oo, = %M
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Table 2.2 (Cont.) Flow boiling heat transfer correlations

Author Correlation

0.75& 0.4
o yp= é,[1+3000300~86+1.12(¢) (p) 1
r

Gungor & L=
Winterton _ G A=Dd\"Y _Cuh " A
/4,=0.023 0 p 7
(1987) / /
_ 4 flow area
" Heated perimeter
érp:[ Cl(CO) CZ(ZSFV/) CS+ 63(50) C4F//]é/
where,
Constant ~ For Cp < (.65 For ¢o > (.65
C1 1.136 0.6683
2 -0.9 -0.2
3 667.2 1058
4 0.7 0.7
Kandlikar o 0.3 0.3
(1990) 65201 fOf F?’/>004
L=\ P _ &
o ( x ) ( p/) £ pAelD)
Fluid F, Fluid F,
Water 1.00 R-113 1.30
R-11 1.30 R-114 1.24
R-12 1.50 R-152a 1.10
R-13B1 1.31 Nitrogen 4.70
R-22 2.20 Neon 3.50
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Table 2.2 (Cont.) Flow boiling heat transfer correlations

Author Correlation
i 0.81
=2. Y/
L
where,
Kim, J. S.
/~ _
(1998) 1= 00053 %) RSP R AL
/
L:( x )“Bz AR
Xff ]. — X Dg 11/
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Table 2.3 Summery of past work on flow boiling in small-diameter tubes

Dn

G

”

Tubes/

. q .
Authors (mm) Fluid (kg/m?s) | (’W/m?) | L (m) Remarlks
vy w5 dEH e 23
H 53 dd o gAadA
SE de%d 9PL
Lazarek Copper | wrow v u]5e) 4]
& Black 3.1 [R-113 | 125~750 | 14~380 / A7y F7hgel  we
#4350 F/ksd AQdg
(1982) 126 }:l}\ol #}o} _
AG7F £33 v 5 EHA
= Axd FadeA o
A&
- Lazarek & Black(1982)
Stainl
Wambsganss O R IE R PR
o olee.
et al. 292 | R-113 | 50~300 AR e iR
1005 0B/ ge Auisd g@ 9
* 40 1ol o AdRRE
AALAFE L5
S Wo] wrow A
Zo wEtdE A9 W
Round & 57 grg wasax
Tran et al. | 246 rect. 7h275CE 71Ee= ol
R-12 | 44~832 |3.6~129| Brass | Bt} 2L w= tjFuy
(1996) 2.4 / Tl FEIE dxdel
g0 | B, clutt 2=
AH&e) 9P W
Aqu 5ol Frar 94
ol Y4
g0l 5 kW/m’Q
A% AE7 BobAsE
QAGA S S E
%ol 5 kiW/m’el4el 4
Yan & Lin Copper | 4 A=/ obd %
2.0 |R-134a| 50~200 | 5~20 / A AGA ST A3
(1998) 200 +9 A7) 80 mm °l
ol wE v 9
&3 ARt e A
+2 Ad%nE T
;1]"6‘1—
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Table 2.3 (Cont.) Summery of past work on flow boiling in small-diameter tubes

Dy ) G q” Tubes/ )
Authors |y | P (ee/m?s) | (i/mD | L (m) Remarks
dAGAF = Ax
upel Ao WEA i
2 AT AY EH
: g dfF&9 JFSs
Kim, M. S. Stgmlelss ool HCL%TF °
tee
et al. 2.2 |R-134a|380~570| 19~64 / A o3 dojx A
(1999) = Gungor & Winterton
- (1987)0] A A & 7 ¥4
7 vuste 434t
o &3k gt Tl 50% o]
= d=4
dAGATFE €459
Kuwahara Stainless| ojgfulo w= zo] o}
2.0 1.16~ Steel | Yg AFH& 2 Ax
et al. og |Re134a]100~600] = ' 7 | a g 2os wom
(2000) 830 A7t 7188 94
s S
Lazarek & Black(1982)
°of Ay} dAFSE B
oAF=d, gdgAF7t
R-11 Copper By G gol A F43
Bao et al. ZFobol & £ 39 ool A
195 | HCFC |50~1800| 5~200 |/ R
(2000) o dAY, dAdGAS
-1z 306 | Jl agzo) g wo)
S o]Z¥E Wambs
ganss(1993)9] Ao} o
ER
B0l FAg
dHG Tl 10% A&
Oh et al. 1.77 R-22 Copper | g4 g& noly, ¥
3.36 R-134 200~400| 5~30 / =7} 5T 7 g2
(2000) | 545 a 2000 | 0T ASol 242 %
go] g7k w2 Ao
e
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Table 2.3 (Cont.) Summery of past work on flow boiling in small-diameter tubes

Dy G 7 Tubes/

. q .
Authors oy | FIU | e m2g) | ar/m® | L (m) Remarks
AFfsol e AL
Round & axgx4e  agan
Kim, J. M. rect. o] ArzFAl @ w3 A
1.67 | R-22 |384~570| 4~10 | Brass | =° wet 2A ZF7}st
(2000) / E A%S Holw AL
300 | 0814 Hel 14w =7
[RASREY
5 7o} Kim, M. S. et al.(1999)
Kim, K. Y. Aluminum ¥} wambsgass(1993) 5
16 | R-22 |184~378| 2~4 o Ag Aot nlust
(2000) / o] @A rolr A
100 gaszre e
A4 zdolgt:= 9
Kim, J. S. Bronze | 2o 93 =ato] o}
1.0 | R-22 [150~500| 1~5 / o] APHY HAAE o
(2000 2000 | SelA uehdtia wm
)

AAE oA es 4
FEZY WA dFol
dAagA gl mAE 3
Stainless go] wusli} 0.30] 4o

< ] =
Yoon et al. | 1.8 | R-22 Steel | udx GgeAx= Ao
300~600| 5~15 / HAow wAFELYS
(2002) 28 |R-407C 1500, | &, WAel #ALFE 4
3000 deAF7 S7hsk R,
dAGAF7E AA A=
dgolA EFEdEG

# 8t 5
dHgATse dEY
AFFEe g A9
Brass | -z grom, dfgo
Park et al. Aluminum| @ 3ko] Hujz ol w3t
1.67 | R-22 |300~600| 10~20 A ]

(2002) / AH 1 WellA  alumi

300 num3©] brass¥ell W] 3}

YA s by
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Table 2.4 Flow boiling heat transfer correlations for small channels

Author Correlation
Nu=30£"*" B ™
Lazarek & where Re= GDIn
Black(1982) Bo=b|Ghy,
Wambsganss
p o\ 04
& Tran A=A 100080 1) )
(1996) ’
V4 7P NBD  — 0.6683 6070'2 (1_X) 0.8 fg( F?’LO) éLO
+1058.0 Bo"" (1—2) "% F 4
Kandlikar e
(2003)

éTP,CBD - 1.136 6‘0—0.9 (l_x) 0-8 f2( FVLO)
+667.2 50" 1= "° £ 240
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Fig. 2.1 Heat transfer coefficient as a function of vapor quality

(Lazarek et al., 1982)
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Fig. 2.2 Heat transfer coefficients at constant heat flux

(Wambsganss, 1993)
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T.N. TRAN et al.
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Fig. 2.3 Circular-tube (R-12) local heat transfer coefficients for various

combinations of mass flux at three constant values
(Tran et al., 1996)

Fig. 2.4 Variations of the evaporation heat transfer coefficient with
the imposed wall heat flux at different mean vapor quality
(Yan & Lin, 1998)
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Fig. 2.5 Variation of heat transfer coefficient with respect to heat flux
(Kim. M. S., 1999)
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Fig. 2.6 Modified Baker’'s Flow Pattern Map (ID=2.0 mm)
(Kuwahara et al., 2000)
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Fig 2.7 Heat transfer coefficient vs. quality (Bao et al., 2000)
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Fig. 2.8 Heat transfer coefficient vs. quality (Oh et al., 2000)

_31_



_ -
L4 M
-
x 3
2 b e i
oo 2 E

Fig. 2.9 Heat transfer coefficient vs. quality (Kim. J. M., 2000)
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Fig. 2.10 Evaporation heat transfer coefficient vs. quality

(Kim. K. Y., 2000)
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Fig. 2.11 Heat transfer coefficient vs. quality (Kim. J. S., 2000)
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Fig. 2.12 Heat transfer coefficient vs. quality (Yoon et al., 2002)
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Fig. 2.13 Comparison of experimental data with Tran et al.’s

correlation (Park. K. S., 2002)
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Table 3.1 Material properties of the

test tubes

brass aluminum copper
p, kg/m’ 8530 2702 8933
k, W/mK 110 237 401
cp J/kgK 380 903 385
a, m*/s 33.9x10° 97.1x10°° 117x10°
Table 3.2 Dimensions of the test sections
Item Value
Length [mm] 300
Thickness [mm] 0.36
Diameter out [mm] 2.38
Diameter in [mm)] 1.67
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P>  Thermocouple
(P>  Pressure Gauge
Dift ]

Sight glass

Test section B Test section A

Visual tube
Condenser

By—pass line

Constant
Temperature :

Receiver

- Sub—cooler
Magnetic Pump

(variable speed)

Fig. 3.1 Schematic diagram of experimental apparatus

Fig. 3.2 Photograph of experimental apparatus
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Fig. 3.3 Photograph of Magnetic gear pump

Fig. 3.4 Photograph of Rotameter
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Fig. 3.5 Photograph of Pre—heater

F%( ‘qu —

4

Fig. 3.6 Photograph of Pressure drop transmeter
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*1/4inch 72 1D : 5 mm —
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Fig. 3.7 Schematic diagram of Reducer

Fig. 3.8 Photograph of Reducer
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Fig. 3.9 Photograph of Test-section

unit - mm (Hzozs) M Z& : Brass

32

-\ 3/32 inch
_/

[

~
N

Fig. 3.10 Schematic diagram of Flange
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Fig. 3.12 Schematic diagram of Block
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Fig. 3.13 Photograph of thermocouple attachment

Fig. 3.14 Photograph of thermocouple attachment work
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Fig. 3.16 Count of cavity diameter
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Fig. 3.17 Photograph of Tube Inner Surface (x600 scale)

( top : aluminum, center : brass, bottom : copper )
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Fig. 3.18 Photograph of Tube Inner Surface (x3,000 scale)
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Table 4.1 Test conditions

Working fluid R-22
Evaporating temperature 6~127TC
Evaporating
600~ 720 kPa
pressure
Mass velocity 600 kg/m’s

Heat flux

5, 10, 20, 30 kW/m"

Quality

0~ 09
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Fig. 4.1 Variation of heat transfer coefficient with respect to
heating wire spacing at thermocouple position
(G = 600 kg/m’s, q"= 10 kIW/m’, water)
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Fig. 4.2 Thermocouple response of magnetic force

by electric current
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Fig. 4.3 Variation of wall temperature with respect to quality
(G =600 kg/m’s, ¢" = 20 kW/m’, brass)
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Fig. 4.4 Variation of heat transfer coefficient with respect to heat flux
(G =600 kg/m’s, q" = 10 kKW/m>, copper)
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Fig. 4.5 Variation of heat transfer coefficient with respect to heat flux
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Fig. 4.6 Comparison of experimental data with Tran et al.’s correlation
(G =600 kg/m’s, q" =5 kWW/m®)
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Fig. 4.7 Comparison of experimental data with Tran et al.’s correlation
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