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ABSTRACT

The primary objective of the current study is to analyze a
theoretical model of flow, which simulates homogenous
steady two-phase flow of a refrigerant through a capillary
tube to predict it's adiabatic performance. The dimensions of
the capillary tube for given inlet refrigerant conditions and
mass flow rate are calculated to give definite evaporator
temperature. Also the choked flowconditions of R-12, R-22
and R-134a through the capillary tube are presented as a
function of inlet conditions. The results predict, for a given
evaporator temperature, the suitable capillary tube diameter
and the mass flow rate of the refrigerant. The model can
predict the capillary tube length for various entry
parameters.:Jhe results ofR-134aare compared with those of
R-12 and R-22 to provide a base line for judging the
performance of R-134a.

Keywords: Two-phase flow,Capillary tube and choked flow.

INTRODUCTION

The capillary tube is the most commonlyexpansion device used with small
refrigerating systems and its application
extends up to refrigerating capacities of 10
kW. The capillary tube is a long tube with
small diameter, [1. to 6 m long, and 0.5 to 2
mm inner diameter]. The size of the capillary
tube, for given inlet conditions of a certain
refrigerant, depends mainly on the tube
diameter and its length. Thus to provide the
required pressure drop between the
condenser and evaporator, we have to size
the capillary tube properly. The same job
may be performed by a short capillary tube
of small diameter or a longer tube with a
larger diameter.

In one of the first theoretical
investigations, Marcy [I} studied capillary
tubes of diameter 0.58 mm and lengths
2.028 m and 4.572 m with R-12 and 802 as
refrigerants. In more recent years, Rizza [2]
developed a theoretical flow model for R-22
through capillary tubes of diameters 0.914,
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1.78 and 2.29 mm and lengths 0.305 and
1.52 m. In 1990, Kuehl and Go1dschmidt [3]
presented a theoretical model developed in
conjunction with an experimental
evaluation of adiabatic capillary tube
performance with R-22.

Most of the theoretical and experimental
studies on flowthrough capillary tubes are
performed on R-12 and R-22 [4-6}. It is
necessary to know the behavior of the flow
of R-134a as an alternative refrigerant to R
12 in the small refrigerating units.
Therefore, the study in this work includes
comparisons between the characteristics of
flow through capillary tubes using
refrigerants R-12, R-22 and R-134a.

SIMULATING MODEL
The conventional approach is to

simulate the flowthrough a capillary tube in
the region of two-phase flow, (see Figure 1).
The model of calculation given in Reference
[5] is based on the governing equations and
correlations of the refrigerant properties.
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Correlation of the available data
It is clear from the relations given in the

Appendix, that, accurate property
cOlTelations should be used to arrive to a
precise tube length. The friction factor is a
function of Reynolds number, which in turn
depends largely on the viscosity of the
refrigerant. Using mathematical analysis
and computer programming, the following
equation was developed to calculate the
properties of the vapour and liquid
refrigerants from the available tabulated
saturated values of the properties of each
refrigerant in References 7,8 and 10.

where ~ f. g , is the property of liquid and
vapour, co, Cl, C2. C3 and C4 are constants,
listed in Table 1, for refrigerants R-12, R-22
and R-134a.

Figure 2

p

h

Governing Equations
The equations govenling the flowin the

capillary tube are the continuity,
conservation of momentum and
conservation of energy. In modeling the flow,
these govenling equations have to be
satisfied through both the single phase
region (saturated liquid) and the two-phase
region. The flowmodel was developed under
the followingassumptions:
- The flowis one dimensional and steady,
- Homogenous two-phase flow and no

foreign admixtures at inlet,
- Negligible heat transfer with irreversible

adiabatic flow.
In this case, the fundamental equations

applicable on a control volume bounded by
sections 1 and 2 as in Figure 2, take the
form given in the Appendix .

Figure 1 DecrementaJ pressure drops in the capillary
tube.

Table 1 Constants in the correlated relations according to Equation 1.

(a) R-12

Physical
CoClC:;l CaC4

property P (kPa)

308.66310.1250.1256710.0007197-
Vf (m3/kg)

0.715E-031.647E-067.306E-097.1S6E-011-
V« (m3/kg)

0.0.552923-0.00174483.473E-054.988E 073.488E-09
Hr (kJ/kg)

199.93800.9243650.00103760.0-
H. (kJ/kg)

351.47400.428860-0.0006492-7.051E-06
!if (Pa.s)

0.2676E-03-2.471E-062.0618E-08-1.07E-01O-

11. (Pa.s)
1.162E-054.746E-081.075E-01O6.481E-013-
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Physical CoClC~C3CA

orooertv P (kPa)

497.68416.18970.1984840.0011077-
Vr (m3/kg)

0.778E-032.0354E-069.8584E-091.3318-010-
v. (m3/kg)

0.0470568-0.0014952.9568E-05-4.249E-073.0099E-09

hr (kJ/kg)
199.93601.l713900.001839590.0-

h. (kJ/kg)
405.35200.366790-0.0015929-1.463E-05-

lie (Pa.s)
0.2359E-03-1.688E-061.2706E-08-7.47E-011-

Ii. (Pa.s)
1.1952E-055. 1626E-081.941E-0103.619E-013-

(b) R-22

PhY!lical CoClC~C3CA

propertv P (kPa)

292.585010.62060.1506910.0009019-
Vr (m3/kg)

0.7736E-031.9439E-069.785E-097.079E-Oll-
v. (m3/kg)

0.0693130-0.00229965.0203E-05-1. 188E-061.5326E-08
hr (kJ/kg)

49.0944001.3216200.00233280.0-
h. (kJ/kgl

247796000.5852090-0.0010614-9.907E-06-
/.lr(Pa.s)

0.3117E-03-3. 144E-062.9939E-08-2.34E-OI0-
Ii. (Pa.s)

1.2098E-054.3660E-081.290E-0106.536E-013-

(c) R-134a

Figure 3 Computed temperature variation along the
tube length (d = 2. mm, W = 0.01 kg/s & t c=
40oC)

close to each other, while for R-22 the
temperature and pressure values differ
largely. Moreover, larger diameter produces
lower evaporator temperature and pressure
and longer tubes for constant mass flowrate
before choking at the same inlet conditions.

RESULTS AND DISCUSSION
In this study, the computed results are

presented for the flowof R-12, R-22 and R
134a, through different capillary tubes of
different dimensions at different mass flow
rates.

Figure 3 shows the computed variation
ofthe refrigerant temperature along the tube
length for the three refrigerants flowingin a
tube of diameter, d= 2 mm. Mass flowrate
was kept constant at, w = 0.01 kg/s., and
condenser temperature at, t- = 40 QC.Figure
4 shows the corresponding pressure change
along the tube length under the same
conditions. The results show that as the
refrigerant flows in the tube its temperature
and pressure decrease moderately up to
near the choking flow condition where the
decrement will be more rapidly. Moreover,
the choking tube length for the given mass
flow rate is longer for R-22 than that for R
12 which has longer length than R-l34a.
These results have similar trends to that
obtained in References 5 and 8.

From these results it can be clearly seen
that the variation of temperature and
pressure of refrigerants R-12 and R-134a are
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Figure 7 Variation of local flow velocity along the tube
length (d=1.5 mm, w= 0.01 kg/s & t c = 400C)

Figure 5 Computed dryness fraction variation along
the tube length (d = 1.5 mm, W = 0.01 kg/s
& t c = 40°C) .
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Figure 6 Computed dryness fraction variation along
the tube length d = 2.0 mm, \\' = 0.01 kg/s &
t c = 40°C)

Figure 4 Computed pressure variation along the tube
length (d = 2.0 mm, w= 0.01 kg/s & 1:<:= 40°C)

The variation of vapour dryness fraction
and velocity for the three studied
refrigerants for constant mass .flowrate (w=
0.01 kg/s.) and same condensation
temperature (te = 40 QC) for two different
tube diameters (d = 1.5 and 2 mm.) are
shO~TIin Figures 5 to 8. The results show
small incremental rate of dryness fraction
and velocity near the tube inlet, increase by
increasing the tube length and reach the
maximum values at the choking condition.
Comparisons of Figures 5 and 6 as well as
Figures 7 and 8 show that increase of tube
diameter increases the dryness fraction, the
exit velocity and the tube length for
constant mass flow rate and same
condensation temperature.

The length of the capillary tube, at
choking condition, was computed for flowin
three different tube diameters (d = 1.0, 1.5
and 2 mm) of the three studied refrigerants
at three different mass flowrates (w= 0.005,
0.01 and 0.015 kg/s). The results of
computations are plotted in Figure 9. It is
clear that, the maximum capillary tube
length increases with increasing its
diameter. The choking capillary tube lengths
for R-12 and R-134a are approximately
equal for constant mass flowrate and same
inlet conditions. Another plot of the
calculated choking tube length against the
mass flow rate for two different tube
diameters, (d=1.5 and 2 mm) are shown in
Figure 10 for the three studied refrigerants.
It is clear that, the capillary tube length
increases with decrease of mass flowrate.
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Ftgure 11 Variation of cornpressor power against
evaporator temperature.(d=2.0 mm, w =
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13. The refrigerating capacity and the power
required for the compressor are' calculated
from the followingrelations:

R.C = w(he - he') (2)

P = w(hd - he) (3)
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Ftgure 12 Variation of refrigerating capacity against
tube length. (cl=2.0mm, w = 0.005 kg/s & t
c=40°C)
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Ftyure 8 Variation of local flow velocity along the tube
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Ftyure 9 V<u-iationof maximum tube length against the
tube diameter for three different mass flow
rates
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Ftyure 10 Variation of maximum tube length with mass
flow rates at two different tube diameters.

Moreover, the variation of length
required to change the diameter from 1.5
mm to 2 mm is larger in smaller mass flow
rates than for larger ones. Finally the effect
of the type of refrigerant on the refrigerating
capacity (R.C), and the power required for
compressor, (P) are shown in Figures 11 to
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Table 2 Results of case study
(t, = 400 c. t. = _100 c, d = 2.0 nun and w = 0.005 kg/s.)

Refrigerant
Mu.PowerRefrigerating capacityC.O.P

type

Length kW
m

KW

R-12

13.2680148 0.5463.69

R-22

230610.202 0.7613.77

R-134a

11%10195 0.688353

Here the compression process is
assumed to be isentropic.
The coefficient of performance of the
refrigeration unit (C.O.P) is given by the
relation:

Flow velocity

sounr velocity

L>

+

o

80

20

60

that the nature adjusts the flowrate of the
local sonic velocity, which occurs at the exit
of the tube. In other words, for every mass
flow rate of a given refrigerant and tube
diameter, there is a tube length (L)at which
the flow is choked. Longer tube than (L)
leads to reduction of the mass flowrate and
shorter one leads to higher suction pressure
in the refrigerating system.

Figures 14 to 16 show the calculated
variations of local velocity and the local
sound velocity for the studied three types of
refrigerants at a diameter, d=2 mm and
three different mass flowrates.

The presented results show that at the
end of the tube length, the local flowvelocity
is equal to the local sound velocity, i.e.
Mach number (M)= 1, which means choked
flowcondition.

(4)C.O.P=R.C/P

For a case study of evaporator temperature
(-lOQC) for all refrigerants at constant
condensation temperature (40 QC), tube
diameter (d = 2 mm) and at mass flowrate,
(w = 0.005 kg/ s ) the results are given in
Table 2. From these data, it is clear that the
power required in the case of R-22 is higher
than that required for R-12 and R-134a, and
the lowest power is for R-l2. On the other
hand, R-12 has a lower refrigerating
capacity than that for R-134a and R-22. The
coefficient of performance for the three
refrigerants do not differ too much.

o 4 8 12 16

LENGTH, m
Figure 15Variation of local flow, -and sound velocities

against tube length. (R-22 , d = 2 mm & to=
40° Cl

LENGTH. on

Figure 14 Variation of local flow, - and sound velocities
against tube length.(R-12 ,d = 2 mm & to=
40° Cl

3020
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FLOW-CHOKING IN THE CAPILLARY TUBE
Choked flowin the capillary tube occurs,

because of the friction pressure drop, which
leads to increase the velocity until it reaches
the sonic velocity [5]. The thermodynamic
conditions of this flow may be presented by
the known Fanno -flow [I IJ. At the sonic
velocity, the Fanno line demands a decrease
in entropy for a given mass flowrate, which
is violated by the Second law of
thermodynamics for this irreversible
adiabatic process. The corresponding
suction pressure of the refrigeration system,
at this condition is the minimum pressure
attainable by the capillary tube under such
conditions and at which the mass flowrate
remains constant. Further decrease in
suction pressure for the same tube diameter
do not affectthe mass flow rate. This means
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Figure 16 Variation of local flow, -and sound velocities
against tube length. (R-134 a , d = 2 mm & te
= 400 Cl
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Figures 17 to 19 show the variation of the
evaporator temperature against the capillary
tube diameter at constant condensation
temperature (t c = 40 0 C) for three different
mass flow rates (w = 0.005, 0.01 and 0.015
kg/ s.) at choking conditions. In Figure 17
the results are plotted for refrigerant R-12,
and in Figures 18 and 19 for R-22 and R
134a respectively. With the aid of these
curves, for a specified evaporator
temperature, the suitable capillary tube
diameter and the mass flow rate of the
refrigerant can be evaluated and
consequently the suitable compressor of the
refrigeration system can be selected.
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Figure 17 Variation of evaporator temperature against tube diameter for R-12 at te = 40 0 C
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Figure 18 Variation of evaporator temperature against tube diameter for R-22 at te = 40 0 c.
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Figure 19 Variation of evaporator temperature against tube diameter for R-134a at t" = 40 0 C.

CONCLUSION
A theoretical model for predicting capillary
tube performance, based on irreversible
adiabatic homogeneous two-phase flow
assumptions has been studied.
The model predicts the required capillary
tube length, diameter and power required
for compressor for any inlet conditions to
the capillary tube. From this study the
followingconclusions are drawn:
1- For the same inlet conditions to the capil

lary tube and at constant condensation
temperature, the maxiInum choking
capillary tube length and the evaporator
temperature for R-22 is greater than that
for R-12 and R134a. On the other hand,
R-22 has a lower flow velocity through
the capillary tube than that for R-12 and
R134a.

2- The behavior of the flow of R134a is simi
lar to that of R-12.

3- For the same inlet conditions and at
constant condensation temperature, the
maxiInum choking tube length increases
as the capillary tube diameter increases
bu t decreases as the mass flow rate
increases at the same capillary tube
diameter.

4- For the same inlet conditions of the three
refrigerants investigated, the compressor
power required for R-12 is smaller than
that for R-22 and R134a at the same
evaporator temperature. On the other
hand, the flow of R-22 has a higher
refrigerating capacity than that of R-134a
and R-12.

5- The evaporator temperature increases as
the capillary tube diameter decreases and
also increases as the mass flow rate
increases for the same inlet conditions.

NOMENCLATURE
A: Tube cross sectional area, m2
d: Tube inner diameter, m
f : Friction factor, -
h: Specific enthalpy, J /kg
L : Tube length, m
p: Pressure, Pa
Re: Reynolds number, -
T: Temperature, K
v: Velocity,m/s
v: Specificvolume, m3/kg
w: Mass flowrate, kg/so
x: Dryness fraction, -
~: Dynamic viscosity, Pa.s.
p: Density, kg/m3

Subscripts
1: element inlet
2: element outlet
c: condenser
d: compressor exit
e: evaporator exit
e': capillary tube actual exit
f: liquid
g: gas
es capillary tube isentropic exit
Tp: Two-phase
m: mean
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A-8

A-S

A-7

APPENDIX
Working Equations
The continuity Equation

The simple form of the continuity
equation is:
w/A=VI/vl=V2/V2 A-I
in which the mass flow rate per unit area
(w/A), will be constant through the capillary
tube.
The Momentum Equation

The form of the momentum equation in
the flow direction is:

W(V2-VI)= (pl-p2) "twall ndL\LI-2 A-2
Where (pl-p2)is the pressure drop across the
incremental length ~ LI-2 , d is the inside
tube diameter and "twall is the average wall
shear stress over ~ Ll-2, (see figure-2).
Inserting the coefficient of friction fm in this
equation according to Darcy- Weisbach
definition [9), ,

fm :=8"twaII/PmV~ ==8(~~alI/VmXA/w) A-3

Then, w(V2- V1)==~1-P2)A-7tWd&)-2 fmVm. 8A
AA

Here, £n is taken as a mean value along
ilLI-2 and Vm is the average velocity between
sections 1 and 2 which are given by the
equations:

f ==(fl +f2)
m 2

Vm ==(VI: V2) A-6
In the low Reynolds number range of

turbulent flow through straight tubes [9),
Blasius equation for the frictional coefficient
maybe used:

f == 0.33
RO.25e

where : Re is the Reynolds number which
equals (Vd/vJ.l.).
The Energy Equation

The simplified form of the energy
equation applied to the control volume in
Figure 2 is:
103hl + VI2/2:= 103h2+ Vi./2

Calculation procedure
As the refrigerant flows through the

capillary tube, its pressure and temperature
decrease as in Figure 1. On the other hand,
the fraction of vapour x continuously
increases, so for homogenous flow at any

point, thrn:

h ==hf + ~hg- h~}x A-9v ==Vf+(~g -vf A-lOJ.l.==J.l.f+ ~g - J.l.f A-lI
In order to calculate the fraction of

vapour x, the continuity (Equation A-I) and
the energy (Equation A-8) are combined as:

103h2+v~w2/(2A2)==103hJ+VJ2/2 A-I2

Here h is in kJ /kg.
Substituting Equations A-9 and A-IO ill
Equation A-I2, one may obtain:-

103ho +103(hg2 -hrJx+(vr2 +(vg2-Vr2~)2 A-13

w2/(2A2)==103hl +V?/2

The resultant equation can be put in the

quadratic form: ax2 + bx + c = 0, where a,
b and c are constants.
All parameters in Equation A-13 are known
except x which can be solved from the
following quadratic equation:

x==(- b±~b2--lac) l2a A-I4
where

a ==(vg2- Vf2)2(w/Af /2
b ==103(hg2- hfJ+ Vf2(vg2- Vf2Xw/A)2
c:= 103(hf2- hl)+ (w/A)2Vf2/2- V12/2

For given mass flow rate, w, and the
conditions at section I:
Selecting the temperature 12,the parameters
p2, h12, hg2, V12and Vg2which are function of
12 can be known for the refrigerant [7-8).
With the value ofx obtained from Equation
A-14, the conditions at section 2 can be
computed and consequently the value of
Reynolds number. Moreover, the mean
friction factor along the length ~ LI-2 can be
computed from Equation A-S. Finally,
substituting Equation A-6 into Equation A
4, the incremental length ~ Ll-2 can be
computed. The procedure is repeated to
compute the next incremental length by
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selecting another temperature and starting
from the conditions obtained in the last
step.

The Second law of thermodynamics in
the case of irreversible adiabatic flow
provides a constraint on the flow solution.
This means that the entropy change in the
direction of the flow can never decrease. As
the calculated soiution proceeds down the
capillary tube, the entropy change across
each incremental volume is computed and

No

Calculate t:.. L across increament

Eqll8tionA-4

checked to ensure that the change is
positive.
The flow solution proceeds downstream
until the accumulated capillary tube length
equals to the choked length (choked flow
conditions). This occurs when the velocityV
reaches the sonic velocity (a), which is
defined as [11]:

a=J(dp/dp)

Aflow chart of the procedure is given in
Figure A-I.

Temperature drop across
iIxmDent

T2=T2• DT

Calculate dryness fraction
Eqll8tiOllA-14

x=x1 or x=~

Calculate tbennodynamic
properties at sectioo (2)

Equation I

A 108

Figure A-I Computer model now chart.
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