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Abstract

In this paper, pressure drop through a capillary tube is modeled to determine the length of
a capillary tube for a given set of conditions. HCFC-22 and its alternatives, HFC-134a,
R407B, and R410A are used as working fluids. The conditions on which the model is tested
are as follows ! condensing temperature;40.0, 45.0, 50.0, 55.0°C, degree of subcooling; 0.0, 2.
5, 5.0°C, capillary tube exit condition;choked flow, capillary tube diameter;1.2~2.4mm, mass
flow rate;5.0~50.0 g /sec. The results justify the use of Stoecker’s model which yields the
results very close to the values in ASHRAE handbook. While McAdams’ method yields much
better results than Duckler’s in calculating the viscosity of the fluid in 2-phase, the friction
factor suggested by Stoecker seems to be the best for capillary tubes of large diameter used
in residential air conditioners. For each refrigerant, 372 data with various variables are cal-
culated by the model. The results show that capillary tube length varies very uniformly with
changes in condensing temperature and degree of subcooling. Based on this fact, regression
analysis 1s performed to determine the dependence of mass flow rate on the length and diam-
eter of a capillary tube, condensing temperature, and degree of subcooling. Thus determined

correlation yields a mean deviation of 2.36% for 1,488 data, showing an excellent agree-

ment.
HENY h s g, kl/kg £ J/kg
A D RAY GHE, o L D EA# o], m
D D EAY WA, m 4L olAZel, m
DSC : #Y%, C m D Bl fF, kg/sec EE g /sec
f D upEAl e p : ¥, Pa
Re cde)lER £, VD/uy

* A3, atgistn 7)A Fetk Tt A= o



436 AES .
v CHAE, mi/kg

V C 3ol f-4, m/sec

X AR

n 5" AS, Pa s sec

Ozl X}

bub vl EA

cal DEARA S B3 Aol oE) Aty g
dew :o]&3

f T ¥ 3loyA|

g A

model : A Rdo] osf AAE 3t

1. M 2

ABNA e 49 9 38ty RS0 S8}
, WEZI7IWA A T8 EdEde] s84o] uj
£ o] 22(HCFC-22)7} 448 W%7], 7}
48 F71x3 717] Sol gl AMgHo] g} 2
2 2 Bof I HCFC-227} A71& o g »ol
=4 974 5 . HCFC-22+ 949 47}
Eo3l & ‘Hydro-chlorofluorocarbon’(HCFC) o &
M, &% 59 A57) R1ld vl&) of 5% A xo]
o},

1992. 11.9 dim=9] s sl A AR A4
2 2D AWM VRIS FojolM dod 2E
2 AN =X 2 s 9sld, HCFCe
1996. 1. 17¥ 200332 744] 1989d 4w
FoZ ARo] FAHY, 1 o|Fax Y2 AL
Fol A=A A7) 2020d5EHE WAoo
A ARRER] RapAl @0, o)3 2ME 7eret
o 54L& olv] 1999d@7xwr HCFC-228 A}
48 AL WUz A3 Y3, nIF G4
2000 dd] Zubolle HCFC-229] A 29} Algo] B
VFod Aoz Udrx o,

o] FL AN 2FFE HNER gon, o
HAE AAsA AT 2dd 4T g3iag 5
AE WriEo] A3 2 FHT Y3, ol F o
A Yoh s § FHRIA 4BL B Qe AE0)
H-0&F B9 ardisg £33 =Pdas
olt}. &% WojEo Exo olajol zrl -

o R

qAER

£9 A (10~20%)
< EFZ B AL

AT s 24
, 871 23718 AA WA gix

olgg HEE F UL

Aol EAE 54 wjFoll v Fu] Eyul (Non
~Azeotropic Refrigerant Mixtures, NARMs) &
& 7123 9 WE Roplld Ay 5gL €4
7 1Y & A WEY duzs Ry ¢
i, =] Ag on oy AfsodM 2B ¥
A3 EAEA diE e A7) Aggoigie
“®. NARMst S H oA Fuo] doly o &
Firiete g Feerrt g wie o
Aldle &2 =7t ashl Huo, ojg) o &y
& ‘2574 &AH(Gliding temperature phenom-
enon)’olZtal BTH I T Fwo] AlzH e
F Eue F0Y xAelE 2= 7 RH(Gliding
temperature difference, GTD)g}11 &l=d|, o]
GTDe Add E3viel =40l o} o2

olgl AF&stol A, nixa d& 2L /AYY Wy
olp] wFFZYI (ARD) Al “R22
AREP”elgte fAar&g FAsIA R327} 23
¥ ERYulz HCFC-228 diAlslein &u)sa
Qlil, Y4B % A o “R22 JAREP”o)gl= =
22He A9M A%A HCFC-22U41 g 8t
UTH. A 27k HA o] Folx zkE: AY ¢
o83 AFEL F3) oA HCFC-220 %) &9
o] A HAR, 289 Puke g 2
o} ¢ HFC-134a, R407B(23%R32/25%R125/52
%R134a, & AC9000), R410A(50%R32/50
%R125, & AZ20). o]& i) YulEe B
Table 1ol EA= o it}

Mg A7IE e 248 e g2t
DEEVL 3L, $57, A AR dE
SZ771A M 7l EA el ok f3g 243}
© A2 ARRHAKRN, ME2E A Yol Sl
E EA#o] ARSdE Aeg AWt wA#e v}
Zo oz 1YY WolE Agen wEe] Fn,
A0 Wule {2 S 2HEA YHTAM B2
© 73T 382 o] FxE BEo] Fr ¢4 U
A WA Folt). o)A A FAZ} Ay, aA)

Aol ##E7|=o] QoA AlFlAMe] 3, BRoinr)

ok XL ML 1R
-

W e
offt rlo

=0
[y



HCFC-22 qiAgrfe] =A# 143

437

Table 1 Characteristics of HCFC-22 alternative fluids
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No major problem

Much research is
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Fig.1 Schematic of a capillary tube
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Table 2 Vanables calculated from the model
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Fig.3 Variation of quality and 2-phase Mach
number through a capillary tube

Position T P X b v Mach, 4L L
(T (kPa) (kJ/kg) | (m/sec)
1 40.0 1535.6 0.000 93.73 4.51 2615 .0000 .000
2 39.0 1498.5 0.008 93.72 5.04 .2691 .2346 .2346
3 38.0 1462.0 0.15 93.72 6.17 2769 .2050 4396
4 37.0 1426.2 0.023 93.72 6.78 .2850 .1804 .6199
5 36.0 139.1 0.030 93.71 . .2934 .1597 7796
6~33 . . . . 40.46 . . .
34 7.0 621.9 0.199 92.92 42.46 6951 .0080 2.1655
35 6.0 602.9 0.204 92.83 44.55 7164 .0070 2.1726
36 5.0 584.4 0.208 92.74 46.73 7384 .0061 2.1787
37 4.0 566.3 0.213 92.64 48.99 .7609 .0053 2.1840
38 3.0 548.7 0.217 92,53 . 7841 .0045 2.1885
39~44 . . . . 67.57 . . .
45 -4.0 436.4 0.245 91.45 70.66 .9643 .0004 2.2023
46 -5.0 421.9 0.249 91.24 73.87 .9925 .0000 2.2023
47 -6.0 407.8 0.253 91.01 1.0213 -.0004 2.2019
{Conditions : refrigerant; HCFC-22, condensmg temp 40 C, subcoolmg 0°C, diameter of the capillary

tube ;1 igerant
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Table 3 Various friction factors found in the literature

Author

Formula

Stoecker et al.'¥

f=0.33/Re"

2 Modified Blasius'®

f=0.3/Re®?»

Goldstein!®

f=0.02

1. . X0.25

4 | Erth® f=3.1/Re"s Exp<7-——~— )

2.4

. 1.0—x%%
5 Sami** f=3.1/(Re(l1—x))°*® E)r:p<~wzf~4E = >
6 Pate et al.'® f=3.49/Re™¥
7 Hopkins® f=0.217/Re"*
8 User supplied function f:Cl/Recz

Table 4 Two-phase dynamic viscosities found in the literature
Author Formula
McAdams et al. '¥ pu=(1—x)p+xu

2 Duckler et al. **

a=[vi{l—x) i+ vexul/v

(%) The first equation is called MaAdams equation by Stoecker. But Collier called it Cicchitti et al.”s

equation.(Z 1 F3 22, P.33)

Table 5 Capillary tube lengths calculated from
various equations

~~_viscosity | McAdams et Duckler et
friction
factor al.'? al.®
Stoecker 2.204(m) 2.632(m)
Modified Blasius 2.425 2.895
Goldstein 2.466 2.466
Erth 2.758 4.040
Sami 2.849 4.136
Pate 2.225 3.144
Hopkins 1.953 2.248
User Suppied
Ser =tppie 2.694 3.216
fuction

d d 12
dv“+(1~x)—vf+wg4X ]¢}
dp

Machye= { — Gz[x b dp.
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Table 6 Constants needed to calculate the pressure drop due to area contration

1/ 0.0 0.2 04 0.6 0.8 1.0
C. 0.586 0.598 0.625 0.689 0.79 1.0

1
(E‘_ 1)2 0.5 0.45 0.36 0.21 0.07 0.0




HCFC-22 djAryvle] Mg 7% “3

9o HAA++E MaAdamse) Wa]-g AREH, o]
& A& Stoecker, Moody M %, Goldstein, 2
23 FAF o R deYd AR Ho) 'Y o
3 dREATG. AREAE HY g C, Coe
0.27 4 0.252 Ao, o588 8 PHT Az
BAbe] rAgel et A3LE 713 & YehdSs
= #ECIAY. olEg A3 2 Hage v
ATae UEY & Q38 BolZi orjoa 1
AHEL AAEA] ket

F 21709] diojEel i3 vw AfeE L
#t}. Stoecker?} A|Qhst vhAA E AMg-sle] Al
e AFRFE FAHY gholl visl of 15.44%F
o Zokh, 23 oj g FAle Y wr) Ao
% o FFEHAG. 489S Ay Wijaya G4
Stoecker®] iz A 4hg 31, 2 =& A
A7 YA Hy HEL k. Moody MEES
ARgdte] WA g Asksid AlatE 2 FRekol
g 249 @ s (12.8% 24, 33
BA S AYalA 42 npaA ol g g4
ARg-EHR, oF 13.5%0| U2 AZR{I+E Aarg
At E=F AR vFATE AHgEe
Godstein®] 9HE 13.9% 9 Q& Wb o|¢e
NnE B WEREY 48F PErld 2ole
AR 4FE A& R FUEFE YEY
A$¢-de g8 2zt 13~15%H T2 AtE A
& o & o wgeld o]f P ol ASHARE
Handbook §oll 4 A|Algle g3t HA ZAze] 2
o]9} B Aoy} Jormm wra] AYd) 9s 3
I3 AE4AE de Aol ezt Az}

9 vwe v Ay HF0) TAR HE
S Hristed glol Ml F8% AAYS HoE
o} meha] o] ARAE oA A Ejls) Rl )
Wxr| AzYAda HCFC-228 wYnja ALg3)
N 2% GEE AN A9 vz vy F
28719 doJejo]l izl Stoeckers] wiEAATE
ARG B0 AR B2 ARE BAFIT, 4
H #33 Alard f3Aleldis o 5% A xR B
7} AATH

428% 2 FUEF WE ASHE ZARY
e vaE FiA gRHoR g g FE
£ UiE & AATE AL oA AEE= A

=
;g 1'2mm°]}2}_9‘] 51 M el E 2] 9 -1 7} =L ylxlal

4> to ki oap

F& vhaAIT4 & Stoecker7} At 4o|}. Y
Fig 2A#Y Feoe & At Apdge] F
Z ARgste 2ABe nlEASFE 71EY BiE
RSt dEH oz 349 H, 2& 4L dE
Yofol #-gatH @t

24 Sy S| W HYAHT At

2 =82 FdE2FY 718 Py ARgs
€ HCFC-22 dAlg i3 Jorg, AFRE
€ AZo] 1.2mo)gde] RA gl Myt AatE
A g Holth, mA @] AgdSol] FPL vA
T AT & WE F dhvhe A4 v FA2
AAIToItt. d9ehy E4XEae g, 54
o HAAPY dHEEE S4o] ) oYL, w
g SAXE 719 A% wig =z gty &
AAES wel, BE 5~10% A% 2318 Ro
© AL =58 FYE go|r}p' 0, F3F) B oo
Me erdu] 2 EREE ARgdteR, 2AR
AEE A3 WM e S HAAH -
5 gojopyt s}, aeivt AF7EX] EFPnie) Y
AAlw7E 248 AL vl =g 00

o, E3PvlEol 71&9 CFCl2, HCFC-
22, CFC5025 9] A &2 A AHg-gol ua}, nj=g
EEAT e &7 2 ZFRvisy g4
542 9 ¢4A5EL Adshule REFPROP
(version 4.0)olgte T2 I8 HEgch?, dx)
T 38709 el 2 olEo S (5% &9
W72 75 )EY EAXEel REFPROPe| 2f3)
Add ¢ Aok 49388 BEAXE-2 Carnahan-
Starling-De Santis(CSD) 4] w424, $=45
Bennedict-Webb-Rubin(MBWR) A}e] W32,
22} ‘Extended Corresponding States’(ECS)
2o ofs] AsEch Hgdxe= MBWRH ECS
2ol EX¢, A= 4 CSD e wA4at
o] Z@uiAe 49 BAAAEE AiEd +
sitt. REFPROP& T3 ECS 2d& ARg-3lo]
&5 9 ERYoe =4AIFE ANg. o) o
2 d3 ZEln wEge AL FAB] o
& REFPROP& o]&3ld ¢4 2 E3Pulg A}
Bt BAIEY 548 dSste el Heddn
A=A

—alrdl DEEDRNDO 210 3led 74];&?} HCFC-



Hi qEF .

229 FHAASS ASAA AN AgE FAH
AArSde % 5%AEY Xel7t At olARH
£ REFPROPE AM3-3Al Bo2X, FJ4As
o Wzl we MY 549 Wae Aurnz
gt o] A, SlolAM AEE ol & AME-3E
gt g2 2AAM(HCFC-22, 10g /sec, 407C
o+ 5°C7}=| 78}) REFPROPE A}-§-5}a] Al4tel
2ABe ZolE 2.14mAT, o & ASHRAE
Handbooke] #A1%k 2.03mell & © A Fhol
th. o]24 REFPROP& ARg-3}lo] Wrje) g3t
X 24A 9 AYASE ANEE, AR 44
FAME RA @Y s dFo] m¢ F¥sH o
Fol 4 F dSo] AU

ol A wix|Zto g2 theojop & A oA HE
HAA(3) 2 ol Zos g WA (13) ¢
(14)e] B3 Aot Az HAH (147 XY
B @ 998 oAl B4 (3)e e &
& ohq A8 ol 1 i F-2o g¥st w
Al A AFEFel, 4 (3)9 EFANYAEGLe dg
el 1%AE|BR, ¥E 130 FAlgolx
Axd Aol & 93§ "XA Zooh w3 A
A A2 A g, WRog Qs mAHY] 25
T Y 2xut Yorna ok Are o] F
Hol A mAgoz fYB. T2lER &% oY
A g FAEe AL AAZA] Sl A3

shdr}. old Aol oA BE A e gkt
A o3 Zejdn.
hi=h, (1n

E&, point 29149 Axx HA A &
TR FAG F-¢-9 ebdAddl disl 2K
B7] 93 ohA] 3 e AN BARY 45
& o &8 Bt FAG Aol mAR Zol
7} 2.13m 2, FAEA g Al s 2 oA
olx 0.47%° BHAFYT, A 279 AL FA
7ol Wyl o

w

A2t o =0

o} % Ahse &i}ﬁﬂﬂ

g0l A e
el 7} Bl 2 }z] 9

SY 2 A A )l S PEReY

AEH

& 431,
At
1) wd#A 4= Stoeckerdll o)st A|AlH
AHg-ghet.
2) 224 #A9 HAASE McAdamsel 93]
AAE F4g AR§-3ich
3) 99 8A B4R 2 HAATE
& A3t Aldgch
4) oz WA Ao M &5 oA &g
5) BA# 7Y B il 93 4HAsE
nE S (FA 74N 1 0.2)
6) 7] ®3 2% . 40, 45, 50, 55C
FPE 10, 25, 5C
BAR T 3 /5 A
A% AA :1.2~2.4m(0.2m4 Z7})
Yol &% 5~50g /sec
7) 13y WeiE : HCFC-22,
R407B, R410A

a2 HAAEE 8 % PHYoeR

24e

REFPROP

A g

HFC-134a4,

ANE AAE7) Al w4 &7 25 )
=9 st Aol Hasith HF QR gAY
FA(As 379 e Zuzie Yoo &
Foll wet 23} b depa. gy gubge
2 YE7Y A5e T 2 35719 ¥3 2%
ZiEo s vladr}. T8 4= He &
T ET FR 2 &7 3 25 E 7
o zsA AAEG. wIgAR mA#e 4%
27] & 2 71FEEelA vmE I A A E o
ofgt W dxYoigo] f-&3 A8 5= 3l

add YallA 2EFEl AFHUKRC], BEY|
Egale e 7‘% 2 &5 oToﬂ ¥3}
227} FAVsIAY A debd 57 %
7} 40CET AAEE AnogE wﬂ:u e
Z7o g2 BERE). o] EAE @3] Y3
= W F2 Yol FBs= 'R22 diA) =)
¥rt TEaPe M, 24 999 Faer, &
%79 x5} A 2 ¥} 7|A Lxo HIFAE
$5719 2 AL A0V, oA 2 dhHe
A AAH Y gFol Hi vk mEbq B QT
T 29 Hs wyg Hoh

v 2y EPPojo] A9, o)A &7 &

ALO =Y. tr =l Al EN sl A]::/psub) g}\‘ E.i]’ 7]

) HN £ e

— A0



HCFC-22 tixlyulle] mA# 43 445

A ¢ (pew) & T3 H, o] 9 HFA7} &
%719 ¢do] Hx& 3. HCFC 22 ¥ HFC-
134ae & Wrllelmz Ay au EA7) g9
31, R410A A Al I8 EFE(Table 1 3
Z)olmE JA] & BA7} 91}, ©x] R407BY
e GTD7Y 7.0C Axolmz, ojghe w4
o8 §%719 d#o] AR ook Y}, w st
Aiislor & He, ujFY Fghduie] B9 24
Jelol A dA 2 7AYol ttEmE o)
2 V1A fEAF T AN wW A 24o]
ohd Z+ Aol 2A-& AMg-sjopt dube Abdolr)

Figdv 237 &% 40T, #JUx 0Co AL
o HCFC-229] &% 2 wAl@e Zol& Hos
oAl gg W2, 22 =719 mAla WA s,
Wojel fapo] Fadtw wA@e o)z} zrle
o Ze wAg Holo disiMiz, MATS WA
ol NA+E Faste= Wuly Fo] Frh3i). o2
£ #43¥ ASHRAE Handbooke] 9+ A3} £
B}C},

Fig5, 6& &%7] & ¢ #dxo f4qS ¥
A&t PPxrt FUiEeE gaw He EAS
9 Zojx F7eh=dl, 1 o)fvw HPF-RdA B
Ae-g F3 P b At lolokyt o)
g F-oltt. B &7 2&7t L Hd, 7
A5l e sy AR o] 94 FrietA B
t}. Fig5 2 Fig.6eis vehd AXY, dhfe] H
Ay 571 2571 F71EH HE d4E e B
A#el dole Ao dAsA FHOR o).
e AR He AU daeE gl uaii
FJPE Y $F 2% Wl o3t Az WA
g Zoje] W3l Fuhe] MEo] w7 vehiA H
B, Axrl U5 BN, dARrEe] 29 A
TE AHdRZ o]8d 7 gtk o] FAE FHAst
7] 98, 2ABY 45e 3 e wAHMes ®
sl F Aol vk A& W

Fig.4, Fig.5 2 Fig.6o)] Jehd &, wApe
W 4-Eo] mg YA Waloz A3 G4 E
Follle Aol 284 & AV 5 &%, o
2712 W 2lel el g Algst A, o5 g
2 gE7t X E Datag 71 & UEtd Ao

C- % DSC

m=C,DeLST™

® S T

\E 0
i .
.

Subcookng=0C | -

T Teong=40C 1T

2 T YT T —TrTT

02 7 8

Caxvlhary Tube Length{ m}

Fig.4 Mass flow rate as a function of a capil-
lary tube length for various diameters

50

g sec)
s

bdd— bbb

Fig.5 Effect of condensing temperature on cap-
illary tube length

50

o

m o sec)

Capiary Tube Length(m)

Fig.6 Effect of subcoocling on capillary tube



He AET - BER

Table 7 Constants for the correlation and deviations.

Avg Mean
C C G C G Dev.(%) | Dev.(%)
HCFC22 | 0.249029 | 2.543633 | -0.42753 | 0.746108 | 0.013922 | -0.04 2.35
HFC134a | 0.123237 | 2.498028 | -0.41259 | 0.840660 | 0.018751 | -0.11 3.45
R407B | 0.246647 | 2.544032 | -0.41953 | 0.755385 | 0.013678 | -0.04 2.25
R410A | 0.406125 | 2.589643 | 045475 | 0.696669 | 0.011865 | -0.02 1.45
Avg. Dewz(infag rf‘"“"’*‘)><100(%), Mean Dev.=ABS(Avg. Dev.)(%)
model
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