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Abstract

The capillary tube is a common expansion device used in small sized refrigeration and
air-conditioning systems and whose function is to reduce the high pressure in the
condenser to low pressure in the evaporator and therefore drops the temperature of the
refrigerant.

The main focus lies on the analysis of the refrigerant flow behavior in the capillary
tube, including pressure drop, temperature and quality distribution along the tube by using
a commercial code FLUENT V.6 for the simulation.

The numerical results are compared with experimental results from internet web site
and show a good agreement. It shows the capability of the code to simulate the flow and
phase change in the capillary tube.
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1. Introduction

The capillary tube is a constant area expansion device used in a vapor-compression
refrigeration system located between the condenser and the evaporator and whose function is
to reduce the high pressure in the condenser to low pressure in the evaporator. The capillary
tube expansion devices are widely used in refrigeration equipment, especially in small units
such as household refrigerators, freezers and small air conditioners. Its simplicity is the most
important reason to continue using it instead of other expansion devices. It is a long copper
tube (1-6 m) with a very small inner diameter. The flow inside the capillary tube of a
refrigeration system can be divided into a sub-cooled liquid region from the entrance to the
point in which the fluid reaches saturated conditions, and a two-phase flow region after that
point until the end of the capillary tube.

Many numerical and experimental investigations have been developed in order to study
the refrigerant flow in capillary tubes. Normally, the numerical studies concerning capillary
tubes found in the literature are targeted to the calculation of the mass flow rate through the
tube for given geometry and operative conditions Bittle et. al. ¥ Wongwises .
Experimental studies were investigated on the performance of refrigerants in-several capillary
tubes length and geometry for air-conditioners Ro S. T. et. al. P,

Another experimental study was taken under account the influence of geometrical
parameters on capillary behavior i.e. the influence of length, inner diameter and type of
refrigerants. The experimental device has been fully instrumented with pressure, temperature,
and power sensors. The vapor-compression system was composed mainly of a compressor
equipped with an accumulator, condenser, evaporator, and adjustable expansion device. Both
condenser and evaporator were equipped with pre and post heat exchangers to control the
flow conditions at the capillary tube test section. A straight capillary tube was installed
together with various measuring stations equipped with sensors for temperature and pressure.
Those sensors were necessary for measurement of the temperature and the pressure profiles
along the capillary tube length, S. M. Sami et. al. .

The author has evaluated the pressure, temperature and quality distribution along the
tube, which plays the most important influence on the capillary tube performance and
compare the results with the experimental results extracted from S. M. Sami et. al. .

2. Numerical Procedure

One of the main objectives of FLUENT is to reduce the maximum calculation time. This
makes FLUENT a very comfortable analysis and optimization tool to solve fluid flow
problems involving phase change. A fixed-grid methodology is used, in which an equation for
the latent heat content is solved and the enthalpy equation is solved with extra source terms
due to the phase change.

The fundamental equations governing capillary tube flow are continuity and Navier-
Stokes equations
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where:
p : is the density.
u: is the velocity of refrigerant, and
A: is the cross section area of capillary tube.

ut+V.(uu)=—%[Vp—V.(2;18)]+%FSF,V.U=0 ................................ )

where:
p: is the pressure, and
S: is the deformation tensor which is given by:

where:
Fse: is continuum surface force vector.

The above equation is dependent on the volume fractions of all phases through the
properties p and . These properties were calculated by the following equations:

D= 20l Pp eeereerenerenaserneeesesenneetnaesnneseneetnseetnattnaerensttnaesrnseeneesnnnns (4)
and,
s )
2y Py
where:

Ok , px andouy : are the volume fraction, density and viscosity of the kth fluid, respectively.

In a two-phase system, the following possibilities arise in a particular cell.

0, (Fluid1)
o, =11, (Fluid2) e (6)
0(a,(1 (Interfacebetweentwofluids)
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The interface between two fluids was tracked by volume fraction functiono . It

convicts with the flow and conservation of this function can be represented with the help of
interface mass balance conditions by pure convection equation:

The volume fraction for the primary phase was not solved and was obtained from the
following equation:

These equations can be integrated and solved simultaneously by an iterative process for
each control volume with the help of finite volume method (FVM). The process can be
repeated along the capillary tube length including single-phase and two-phase cells. For the
two phases flow region a separated flow model is assumed.

The model was developed with the following considerations:

1. The capillary tube is horizontal (gravity effects are neglected), and of constant cross
section.

2. The flow in the capillary tube is steady, one-dimensional.

3. When the fluid reaches the saturation pressure, the fluid starts to evaporate.

4. The fluid is always in local thermodynamic equilibrium corresponding to its local pressure.

Pressure losses can be defined by:

1. Pressure drop by entrance effects (from the upstream tube to the capillary tube)
2. Pressure drop by friction: Single-phase friction from entrance up to the saturation point,
and two phase friction from saturation point up to the end.

The conservation equations and equations of state constitute a system of non linear
equations. For a given capillary tube geometry (inner diameter and length) and given
operative conditions, the whole problem becomes fully implicit. The calculation of the
capillary tube performance for given operating conditions (upstream and downstream) starts
from the inlet section and proceeds till the end of the capillary tube. Integrating the
conservation equations over length, for non critical conditions, the calculated capillary tube
length must be the real capillary tube length. The process start calculating the pressure,
temperature and then the quality at each cell can be calculated.

Structured rectangular grid generated with the help of Gambit 2.2 (Fluent v.6 Inc., USA)
was used for simulation. A complete and detailed explanation of the numerical method with
the equations can be found in FLUENT software user manual.
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3. Description of Capillary Tube

A tube with a length of 222.3 cm and an inside diameter of 2.159 mm. The refrigerant is
R-22 with an inlet temperature of 26 C, inlet pressure of 1100 kPa and mass flow rate of
15 g/sec.

4. Results and Discussion

The described capillary tube model has been validated with numerical investigation by
using the commercial CFD code FLUENT v.6 program for the simulation. As can be
observed in resulting Figures the model has a good agreement for experimental results .

Figure (1) shows the variation of pressure drop over the length of the capillary tube.
The result shows that there is no choke flow phenomenon was observed during the study
because there was no large drop in pressure at the exit of the tube. The results show a good
agreement between numerical and experimental ®l. (The pressure unit in psig for comparison
purpose).
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Figure (1) Variation of pressure over the length of the tube

Figure (2) shows the variation of temperature distribution over the length of the
capillary tube. The results show a good agreement between numerical and experimental
results.
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Figure (2) Variation of temperature over the length of the tube

Figure (3) shows the variation of quality distribution over the length of the capillary
tube. This figure shows the phase change behavior of refrigerant R-22 in the capillary tube,
starting from the sub-cooled liquid region from the entrance in which the quality X less than
zero (Sub-cool), to the point in which the fluid reaches saturated conditions in which the
quality X equal to zero, then a two-phase flow region in which the quality X greater than zero
after that point until the end of the capillary tube.
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Figure (3) Variation of quality over the length of the tube
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5. Conclusions

A numerical model for calculating pressure, temperature and quality distribution
through the capillary tube working with pure refrigerant R-22 has been carried out by means
of the integration of the conservation equations (mass, momentum and energy) over
individual cell. The model assumes thermodynamic equilibrium and one-dimensional
two-phase flow.

The FLUENT program is able to predict the behavior of the refrigerant flow with the
phase change during the throttling process in the capillary tube. In general, a good agreement
between numerical and experimental results has been observed. No choke flow phenomenon
was observed at the exit of the tube because there was no large drop in pressure occurs in the
tube.
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