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Abstract

The evaporating heat transfer of R-22 in small tubes has been
experimentally studied. The tubes in present work are single square
tube and single round tube. The hydraulic diameter of the tubes is
167 mm. The experimental apparatus consists of a refrigerant pump, a
condenser and a receiver, the small-tube test section, a subcooler of
liquid refrigerant, a preheater for control of refrigerant quality at the
inlet of test section. The heat flux is generated by heating wire
wound on the outer wall of the test section. A set of five
thermocouples are embedded at the wall of the test section to measure
the wall temperature at five locations. The refrigerant flow rate is
measured using a high-pressure rotameter. The pressure drop across
the test section is measured using a differential pressure transducer.

For refrigerant mass flux of 384 kg/m’s and 570 kg/m’s, the inlet

gualities are varied from 0.0 to 0.8 and the wall heat fluxes are varied



from 4 kW/m? to 10 kW/m?. The measured evaporating heat transfer
coefficients in the small tubes are 620 4760 W/m’K, which are
lower than those observed in the typical large-diameter circular tubes.
The evaporating heat transfer coefficient in the square tube shows
lower heat transfer coefficient than the round tube. The pressure drop

increases with increasing quality.
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Shah(1976)  Kandlikar (1990) 1)

Dhar (1979) 2) , Bennett & Chen(1980),
Gungor & Winterton(1987), Jung(1989) 3)
1) 2
: 3)
22.2
, 5 mm
, 5 mm

Ashley 1941 R-12



Bryan 1951 R-12

Schrock & Grossman 1962

Lockhart- Martinelli
(Boiling number), Bo

’

Shah
(1982)

Fr

Shah (1982)

R-22

(Martinelli parameter), X

(1976)
2

Johnston & Chaddock,



Pierre, Anderson ,

0 09, 16 88 kwW/m?, 14 346 kg/m’s
Shah 18 800
R-22 41 25.3%

Gungor & Winterton(1987) Kandlikar (1990)

Gungor & Winterton(1987) , , (ethylene

glycal) ) ,

K andlikar (1990)

, Shah(1976)
. 1983 1990
, R-11, R-22, R-114, nitrogen, neon 24
5246

Shah(1982), Gungor & Winterton(1987), Chen(1966),

’

Bjorge, Hall and Rohsenow  (1982) , R-22
16%
Shin, J. Y .(1995) 7.7 mm R-22
R- 32, R-134a, R-290, R-600a 10 30 kW/m?,



265 742 kg/m’s

Chen
Table 2.1 , Table 2.2
. Fig. 22 R-22, 584 kPa,
200 kg/m’s, 20 kW/m?* 16 mm

. Kandlikar (1990)  Schrock

K andlikar (1990)

Shah (1982)

Gungor (1987)

Wambsganss(1993) R-113 292 mm, 368 mm
10
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88 90.75 kW/m?, 50 300
kg/m?s, 0 09 ) ,

, Damianides &
Westwater (1988) 3 mm
' /

(Jung & Radermacher, 1989) ,

Kim, J. S.(1998) R-22 353 mm, 1.76 mm, 1 mm
100 kg/m’s, 150 kg/m’s, 200 kg/m’s,
300 kg/m?s, 400 kg/m’s, 5 kW/m?*, 10 kW/m?, 0.1 10

500 mm

Dittus-Boelter |

Re Gnielinski
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Fig. 2.1 . Fig. 21
Re>2300 176 mm, 1 mm
2 3

Kim, J. S.(1998)
Dittus- Boelter 1 176 mm,
, 353 mm
100 kg/m?®s, 150 kg/m?®s, 200 kg/m?’s
5 kW/m?, 10 kW/m? ,

. Fig. 23 Fig. 24

Kim, J. S.(1998)
Lockhart-Martinelli
25% . Fig. 22
Kim, J. S.

Dittus- Boeltor

Yan & Lin(1998) 20 mm
R- 134a

80 mm
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Kim, M. S. et al.,(1999) R-134a 2.2 mm

Winterton

380 kg/m’s, 470 kg/m’s, 570 kg/m’s

kKW/m?, 36 kW/m?, 46 kW/m?’, 64 kW/m’ . Fig. 25

19 kW/m?®

Kim, J. S.(1998)
24 , Fig. 2.3

Kim, M. S. et al.,(1999)

Wambsganss(1993)
Fig. 26 Fig. 2.7
Fig. 2.8 Gungor & Winterton(1987)

, 50%

- 13 -

Gungor &

19

Fig.



Kim, K. Y.(2000) 16 mm 9

R-22 01 09 , 2 kwim?, 4
KW/ m? 184 kg/m’s, 378 kg/m’s
Fig. 29

Kim, M. S. et a.(1999) wambsgass(1993)

Kuwahara et al.(2000) stainless steel 20 mm 08 mm
100 600 kg/m?’s,
116 468 kw/m?
R- 134a 920 kPa
tube . Yu
, Baker's Flow Pattern Map Fig. 2.10

2.3
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Table 2.1 Previous work on bailing heat transfer

Author Working fluids Remarks
A shley
Freon- 12,W ater
(1941)
Bryan Freon- 12,
(1951) Freon-11
Schrock , Lockhart-
w ater N -
(1962) M artinelli : (Boiling number)
Pierre water, (ail
(1964) R-12, R-22 separator)
Chaddock 2
R-12
(1966)
, Lockhart-Martinelli
water, 18
Shah
R-11, R-12, R-22 16%
(1982)
R-22, R-113
Gungor & | water,
Winterton | ethylene glycaoal,
(1987) refrigerants : :
) water, 24 5246
Kandlikar
R-11R-22R- 114 R-22 16%
(1990) ,
nitrogen, neon :
W ambsganss
R-113
(1993)
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Table 2.1 (Cont.) Previous work on bailing heat transfer

Author Working fluids Remarks
) R-22. 7.7 mm
Shin, J. Y.
R-32, R-134a,
(1995)
R-290, R-600a
95 mm
Liu
R-22, R-134a
(1997)
) 1-1.76 mm
Kim, J. S.
R-22
(1998)
) 2.0 mm
Yan.&Lin
R-134a
(1998)
(8.0 mm)
Kim, M .S. 2.2 mm
R-134a
et al(1999)
Kim, K. Y. 16 mm
R-22
(2000) ,
Kuwahara et 20 mm 0.8 mm
al. R-134a . Yu
(2000) . FlowPattern Map
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Table 22 Heat transfer correlations as applicable to present study

Author Correlation

h
U= o= f (Co,Bo,Fryy)

h,
For Ng>1.0
¥,,= 230B0"°, B0>0.3x10 " *
¥,p= 1+ 46B0”°, Bo<0.3x10 " *
U= 1.8Ng °°

Usis the larger of @ ,and &,
For 0.1<Ng<1.0

W= F B0 exp(2.74N¢ °)

U= 1.8Ng °°

Usis the larger of Tgand Ty
For Ng<0.1

= FBo"’exp (2.47N *F)
Shah (1982) T,= 18N 0.8

Usis the larger of Tgand Ty

where,
N,= Cofor Fr;,>0.04

N.= 0.38Fr;,°%Cbor Fr,<0.04
F.= 14.7for Bo>11x10"*

F.= 15.43for Bo<11x10 *

C _ l- X 0.8 ﬂ 0.5
° ( X ) 0Ot
" 2

G
Bo= —d— Fr,= ——
Ghyg 7 pfgD

K _
h = 0.023(3')?e?-8Pr?-4 Re,= (1= XD

M
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Table 22 (Cont.) Heat transfer correlations as applicable to present

study
Author Correlation
- + 0.86 4 1 ( X ) 44
Gungor & hre= h, [1 300080 + 1.12 (X o
Winterton - 0.023 /G (1- x)d \°7Cpi 1) Mﬁ
(1987) sEEE ) k, ) d

4 flow area
Heated perimeter

Kandlikar (1990)

hre= [C1(Co) “(25F 1) “+ Cq(B0) “Fy]h,

where,

Constant For Co < 0.65 For Co > 0.65
C1 1.136 0.6683
c2 -09 -0.2
C3 667.2 1058
Cc4 0.7 0.7
C5 0.3 0.3

Cs=0for Fr,>0.04

C:(:L_X)o.aﬂ 0.5 - G
° X o 079D

Eluid Fi Eluid Fo

W ater 1.00 R- 113 1.30
R-11 1.30 R-114 1.24
R-12 150 R- 152a 1.10
R-13B1 131 Nitrogen 4.70
R-22 2.20 Neon 3.50
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Table 22 (Cont.) Heat transfer correlations as applicable to present
study

Author Correlation

1 0.81
hip= 24— h
TP (x N ) |

where,

Kim, J. S.(1998 K _
(19%8) h = o.ooss(T'fe?-BPr?-“ Re = 2(1- XD

M
1 « 0.9 100 \0° ” 0.1
xtt_(l'x) (Pg) (#f)
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D=0 :1.00(mm) 2300 < Re < 10000 /
100 4 o :1.76 (mm)
& :3.53(mm) P //
— - : Dittus-Boelter eq. - — = "
— :Gnielinskleq. .~
;
Z 19 o
0 B uL
% ﬁ%&) O fg-F7 8 — : Proposed Correlation
® Nu=0.053Re"’ Pr’*
- Larmirar eq. (Nu - 4.36) { 2300 < Re )
1 T T T T T LI | T T T T T
1000 10000
Re
Fig. 2.1 Nusselt number vs. Reynolds number for water
(Kim, J. S., 1998)
o T T T T T T T T T
Gungor(1987) T
o soaf R-22, 584kPa - - —-Kandikar(1890) -
o | G=200kg/ms ... Shah(1282) |
E soml 3 g" = 20kWWIm’ - - Sohrock(1962)
E . = evmes Kim( 1998)
P d
=]
E s L. 4
(eH] = -
e 2 e E R i
g e i W *
g 2000 - ‘._""*-.._j:_'-- . N
g T ]
I e - ]
o ; I 1 I . I
0.0 02 0.4 08 08 10
Quality

Fig. 2.2 Comparison of experimental data with the predictions of
various correlations for heat transfer (ID = 1.6 mm)



E R-22, LD =3.53 (mm)

5 = Tc-mdﬁﬂ'{]

B q = 5, 10 kW)

Z r|woems: = . v
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Fig. 23 Evaporating heat transfer coefficient vs.
quality (inner dia. 3.53 mm)
(Kim, J. S., 1998)

10
E R-22, LD =176 {mm})
£ Te= 27816 (K}
E q= 5, 10 (KWim?)
= OB 20 kgm: v, w
3 ZSG{I:gFm;s}: a . =
< 00 (kpfmsp: o -
& B
=
a
=3
< 4L
et
o=
o
=
£ o2t
-
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[
a4
: 0O 1 i 1 ] 1 1 i ] i
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Fig. 24 Evaporating heat transfer coefficient vs.
quality (inner dia. = 1.76 mm)
(Kim, J. S., 1998)
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-1‘. ‘. L ] Fd
= 5L _gu® G kg/m's
+n ® 320
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0 | | | |
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Fig. 25 Variation of heat transfer coefficient with respect to
mass flux (q'" = 19 kW/m?)
(Kim, M. S. et al., 1999)

15 T T T T
m m N
mo®™ .".‘ ..‘ : LY
v 10 | =
¥
2
c s | G. kg/m’s
® 380
B 470
¢ 570
8] | | ] 1
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 26 Variation of heat transfer coefficient with respect to mass
flux (9" = 64 kW/m?) (Kim, M. S. et al., 1999)
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X G =100 (g" = 26 623) o G =200(g5= 27.040)
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Fig. 2.7 Heat transfer coefficients at constant heat flux
(Wambsganss, 1993)
15 T T
&
= 10 + =
g
I
:
= 5 o
u 1 1
0 S 10 15

Fig. 28 Comparison of measured

h . KW/m
pred

heat transfer coefficient with

predictions by Gungor & Winterton correlation (1987)




Heat Transfer Coefficient, Wim'k

1000 - 7 T T
800 N
800 - & .
L . - o’
T00 f= -t [ ] L] .
L [
00 - a - ] o Q B . n N
sa0 - & & o o g =2 -
400 = Q -
300 = g 3 oo -
- G=1B4 kg/m's  G=378 kgfm's
200 - B
i L & 4= 2 KWim’ & e 2 W
100 O g% =4 KWim B =4 W -
|:| [ 1 1 " 1 L 1 1 1 "
0.0 n2 04 08 o8 1.0

CQluality, =

Fig. 29 Evaporation heat transfer coefficient vs. quality
(G=184 kg/ m®s, 378 kg/m?s)

Symbol Flow Pattern  Symbol

v Bubble Pattern G (kg/ms)
8 Plug o G: 100
o] Slug - G: 200
& Annular @ G: 500
10° - T s
b INCTEASINE X 3
“. ANNULAR & 1
N . BUBBLE |
.\\"'1. \\‘_ i ___,.rrl', DR 'I
. N4 .74 FROTH -
“c WAVY ™ AT 4 |
& 10 SRR \-\___ "'__g, L :|
- B 3 ‘o g 'J,I_I_.-"D - 5@, 1
E it R [
STRATIFIED ™.\ SLUG ‘g

<

0O

|
s 4aul

1 i | Ly J

10" 10" 107 10° 10°
(1-x)oux

Fig. 2. 10 Modified Baker's Flow Pattern Map

(=2

—

-
e

(ID=2.0 mm)(Kuwahara et al., 2000)
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3.1
2
(compact heat exchanger)
HCFC R-22
, 2
2 '
Fig. 3.1
, , (Preheater), (T est- section),
Receiver), (Double- pipe Heat Exchanger)
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3.1.1

35
-5
Omega (rotameter)
(preheater)
5 T -type 5
(Sight glass)
(condenser)

- 27 -



3.1.2 (Preheater)

05 kw 45 m U4
8 m (6 2/m 2
(slidax) ,
K-type
3.1.3 (T est section)
Brass 167 mm,
0.36 mm , 5 T-type
Fig. 32 , Fig. 3.3,
Table 3.1 Fig
34 . 300 mm ,
50 mm 50 mm 5
Fig. 35 , Fig. 3.6
3 mm
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Brass

1 mm, 18 m
, 10000 mmAq YOKOKAWA
T ransmeter
Signal Isolator
3.14
9
mA Signal Isolatord Data Acquisition
, Keithley 500A Data
Acquisition system , Labtech
Notebookpro
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3.2

(leak test)

Pump down CAP.

0- 10 kgf/cm?

50 % 2 kg
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3.3

X (3.1
QPH
X=X+ = 3.1
ot e (3.1)
y QPH y rﬁr y hfg
Xo
h.- h;
Xo = 32
o= he (32)
(3.3
, , Tw
Brass
0.36 mm , 61 W/mK
0.1 C
h= — a4 33
TW' Tsat ( )
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, (34)

(k=0.33 W/mK)

Qe

4T TP XL (34)
. Qe L
, Pi . Brass
5
3 , (35)
Fig. 3.7 . 5
0.2
Tpe+ T+ T
e b 30 d (35)
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T able 3.1 Dimensions of the test section

Item Value Item Value
L: [mm] 306 L [mm] 300
w [mm] 2.38 Ac [mm?] 2.79
b [mm] 2.38 Pi [mm] 5.01
t [mm] 0.36 Dn [mm] 167

- 33 -




-VS-

@ Thermocouo/e
(P> Pressure Gauge

Differital Prossure Trensducer "SI':"\,
Sight glass {r)
@@ —AN\—

]

TEST SECTION  {7) Pre—heater

Conderser
o ?
¥ e flowmeter 8
Constant ]
Temperature Feceiver
Bath w
r_ - . .
——— - Filter Drier
Constant _
Temperature Magnetic Pump

Bath

(variable speed)

Fig. 3.1 Schematic diagram of experimental apparatus



2.7

D=2.38 = -
[
2,38
0.36
L]
¥
i
umit & mm

Fig. 3.2 Details of the test section

Fig. 3.3 Photograph of small tube (Square)
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300

hJ

2.38

[

a5 —»

A —»

-

T Thermocouple

— S —]

— 50—

Fig 34 Length-wise location of themocouples on

test section

Fig 35 Photograph of test section
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/7 Pressure tap

i
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I[[ Il GE S L L R t !
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Fig. 3.6 Schematic of test section
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kg/m’s, 570 kg/m?®s ,
kKW/m?, 10 kW/m?

, 30
30
Table 4.1
, 384 kg/m?s,
KW/ m? ,
R-22
, 384 kg/m’s 08
Fig. 4.1 . Fig. 4.1 5
0.2
384 kg/m’s
Fig. 4.2
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Kim, M. S. et al.,(1999)

’

Fig. 29

’

Kim, K. Y .(2000)

Fig. 26 Fig. 2.7 (Wambsganss, 1993;Kim, M. S. et al.,

1999)
6%
15%, 24%
0.093, 0.0125
4.1
Fig. 4.2, Fig. 43 ,
Fig 44
06

Fig. 44
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4.2

Fig. 45 Fig. 46

Shin, J. Y.(1995)

4.3

Fig. 47
4 kW/m?®
, 10 kKW/m?

Fig. 4.9

Kim, K. Y .(2000)
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(Kim, J. S., 1996)
Fig 4. 9 384 kg/m’s , 4 kKW/m®

Wambsganss(1993) Kim. M. S(1999)

4.4
Fig. 48
570 kg/m?®s, 4 kW/m?, 10 kW/m?’
570 kg/m’s
08
1.3 . 03 m, 167
mm 0.8 187 kPa/m,

238 kPa/m
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Table 4.1 Test condition

Working fluid R-22

ompernine s 9

Mass velocity 384, 570 kg/m®s
Heat flux 4, 10 kW/m?®
Quality 0 08
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F1g. 4.1 OSteady - state penavior or wall temperature
000 r - I - . - 1 ; :
Sguare tube
= i
sann b G = 384 Kg/im's ) i
A gt =2 WM
= 4 KWm
ano » 4 y
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=
E oo u N
= .
< zam | -
[ ] L ]
[ ] A
o
1000 - : L ;1 & N
r'y
ﬁ 1 " 1 X 1 X 1 1
0o 0z 04 0.6 08
Cluality, x

Fig. 4.2 Variation of heat transfer coefficient
with respect to heat flux
(G = 384 kg/m’s, Square tube)
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h, Wim’k

h, Wim“k

600

S000

L4000

3000

2000

1000

A000

20

1000

Sopuare lube
G=57T0 Kg/m's
& g =dKWm
B g =10 kAim
[ ]
|
= »
& L
- L 4
L
L ok L e 1 i 1 4
oo oz 04 L6 0E
Cuality, »

Fi1g. 4.3 Variation or heat transrer coerricient

with respect to heat flux
(G = 570 kg/m’s, Square tube)

Round tube
@ = 570 Kgim' s
& g =4 Km *
& o' =10 kKW
O m *
L
L
L % %
¢ L
&
0o 0z 04 : 06 DE
Cluality, x

Fig. 44 Variation of heat transfer coetticient

with respect to heat flux
(G =570 kg/m’s, Round tube)
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h, Wimk

b, Wim 'k

6000 . - , ; . . r "
o Square fube
s000 b | g =4k |
Ll | O &=384Kgm's
aop | | M G=ST0Kgm's | -
000 - -
L [ |
2000 | .
] 0
n o
noF M O o il
3 1 1 1 L I
] 0.2 0.4 0 0.
Ciuality, x

Fig. 45 Evaporation heat transfer coefficient vs. quality
(Square tube, "= 4 kW/m?)

ﬂl:r": T T T T T
SoLEare tube
sooo | oot =10 KA 4
O G=33Kgms
an b | M G =570Kgm's i
m
3000 B
[
m m|
2000 |= -
| : =
O O
1000 f g
c L A 1 A 1 1 1 1 L
oo 32 04 0 &
Ciuality, x
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