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Refrigerant R12, or Freon 12, has been a predominant choice in various refrigeration and
air conditioning applications due to its versatility across a broad spectrum of operating
conditions. However, R12, a chlorofluorocarbon (CFC) with the chemical formula CCl2F,
poses a significant threat to the ozone layer, contributing to the greenhouse effect.
Consequently, the phasing out of R12 is imperative. This study explores viable alternatives
to R12, focusing on the impact of external temperature and other parameters on capillary
tube length. A detailed comparison between refrigerant R-134a and R-12 is conducted
using Engineering Equation Solver (EES) software at Q=366.5 W, d= 1.2 mm, Tcont =45°C
and tsur=35°C. The software utilizes refrigerant thermodynamic and transport properties,
including dynamic viscosity, density, thermal conductivity, and specific enthalpy, in the
analysis. The research is aimed at understanding the flow dynamics in a capillary tube
based on a model that aligns with the requirements of contemporary refrigerator design.
Parameters such as operating conditions and tube diameter are scrutinized, with an
emphasis on the direct relationship between them. The study also investigates the
performance variability of the two refrigerants under identical conditions. A key finding is
the superior quality of R-134a over R-12 in the two-phase region, coupled with the
observation that the capillary tube length for R-134a is approximately 20% shorter than
that for R-12. These results underscore the intricate relationship between refrigerant type,
capillary tube dimensions, and overall system efficiency, thereby informing the design and
optimization of next-generation refrigeration systems.

1. INTRODUCTION

need for a receiver. Thirdly, upon cessation of the refrigeration
plant, the pressure across the capillary tube equalizes, ensuring

Air conditioning and refrigeration systems are integral
components in a diverse range of sectors, including industries
such as food, textiles, chemicals, printing, and transportation,
as well as in various infrastructural settings like banks,
restaurants, schools, hotels, and recreational facilities.
Consequently, the effective installation, repair, and
maintenance of these systems are crucial for the seamless
operation of the associated activities. Within these systems,
the capillary tube, typically fabricated from copper with
diameters ranging from 0.5 mm to 5 mm and lengths between
0.5 m to 5 m, plays a vital role. The selection of the capillary
tube's size is contingent upon the power and load capacity of
the system, and it is particularly suited for systems with small
or fluctuating cooling loads, such as refrigerators, water
coolers, and small air conditioners. This study focuses
primarily on straight capillary tubes, often necessitated by
their extensive length requirements.

The capillary tube, serving as a throttling device in
refrigeration and air conditioning systems, offers several
advantages: Firstly, its simplicity allows for easy and cost-
effective manufacturing. Secondly, the capillary tube limits
the maximum refrigerant charge in the system, obviating the
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constant pressure throughout the refrigeration cycle. This
feature significantly reduces the load on the compressor upon
restart, as it does not need to counteract high pressures.

Distinguished from thermostatic expansion valves,
capillary tubes lack moving components, contributing to their
widespread application as expansion devices in air-
conditioning and refrigeration machines. Their appeal has
grown in tandem with the development of more adaptable
compressors, advanced refrigerants, and near leak-proof
systems [1]. Most small refrigeration and air conditioning
systems employ capillary tubes as expansion devices due to
their simplicity and low cost [2].

2. LITERATURE REVIEW

Research on capillary tubes, pivotal in air conditioning and
refrigeration systems, dates back to the 1940s. This paper
focuses on studies conducted in the last decade. Dawood and
Ibrahim Hasan [3] developed a mathematical model using EES
software to analyze R134a refrigerant flow through straight
and helical capillary tubes. The model revealed that flow
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behavior, in terms of pressure, temperature drop, velocity, and
entropy distribution, was consistent across both tube designs.
However, helically coiled tubes were invariably shorter than
straight tubes under identical conditions. Tube length was
found to increase with higher degrees of subcooling,
condenser temperature, and tube diameter, but decreased with
increased mass flow rate and roughness.

Zareh et al. [4] conducted numerical simulations and
experimental analyses on two-phase refrigerant flow in both
helical and straight capillary tubes, employing the drift flux
model. The momentum, energy, and mass conservation
equations were resolved using the Fourth-order Runge-Kutta
method. Their findings indicated that the mass flux through a
40 mm diameter straight capillary tube was approximately
11% higher than that through a helical tube, with the straight
tube being about 14% longer than the helical tube for the same
refrigerant mass flux.

Shokouhmand and Zareh [5] experimentally studied and
modeled choked refrigerant flow through straight and helical
adiabatic capillary tubes. The study examined the impact of
tube length, inner diameter, coil diameter, relative roughness,
and various test conditions like inlet temperature, intake
pressure, and refrigerant sub-cooling degree. Both
experimental and numerical simulations provided insights into
pressure distribution, critical mass flux, temperature variations,
vapor quality, void fraction variation, and vapor velocity. It
was observed that mass flux peaked at a predetermined
evaporator pressure under choked conditions and decreased
with increasing capillary tube length.

Chingulpitak et al. [6] researched correction factors and
new selection charts for sizing helical adiabatic capillary tubes
working with alternative refrigerants. Their model, based on
fluid mass, energy, and momentum conservation in the
capillary tube, assumed homogeneous flow in the two-phase
flow region. The model's precision was validated against
experimental data and existing literature. Following validation,
the study proposed correction and selection charts,
incorporating crucial parameters for determining the sizing of
helical adiabatic capillary tubes.

Rocha et al. [7] investigated the effect of surface roughness
on the mass flow rate through adiabatic capillary tubes.
Experimental measurements were conducted on two different
capillary tubes, using a few roughness parameters. The study
encompassed algebraic solutions for helical and straight
adiabatic capillary tubes for refrigerants CO, and R600a.
Results demonstrated that changes in surface roughness had a
more pronounced impact on CO, compared to R600a,
approximately 2.5 times greater.

Salem et al. [8] experimentally explored the effect of heat
exchanger tube material type on refrigeration system
performance, using R134a as the working fluid in capillary
tubes with varying lengths. Their results indicated that
performance coefficients (COP), the number of transfer units
(NTU), and evaporator effectiveness (e) decreased with
increasing refrigerant mass flow rates. However, significant
improvements in e, NTU, and COP were noted when
comparing capillary tube lengths of 120 cm and 150 cm.

Rabde et al. [9] experimentally investigated R134a
refrigerant and a mix of R134a and hydrocarbon refrigerant in
coiled helical capillary tubes of various diameters. The study
found that the mass flow rate was maximal for the 1.52 mm
diameter capillary tube, recording 3.7g/s. The lowest mass
flow rate was observed in the 1.12mm diameter tube at 2.72g/s
under the same operating conditions. The study concluded that
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the mixture of refrigerant R134a/HC performed better than
R134a alone.

Surawattanawan and Chutikusol [10] developed a
mathematical model for R-410A refrigeration capillary tubes,
which was verified through experimentation. The model was
used to examine the impact of varying capillary tube width and
length. The study resulted in a simplified chart for capillary
tube selection for various cooling capacities, indicating that
smaller diameters require shorter lengths, and vice versa,
balancing efficiency with cost.

3. THEORITICAL
3.1 Replacements for R-12

As mentioned earlier due to environmental concerns for
R12, it has unusually high potential to cause the depletion of
the ozone layer in the upper layers of the atmosphere that
causes the greenhouse effect. R-134a is considered the finest
R12 substitute. R134a's chemical name is tetrafluoromethane,
and its chemical formula is (CF3CH2F). It is a
hydrofluorocarbon (HFC) with little greenhouse effect and
does not contribute to ozone depletion. R-134a is
nonflammable and nonexplosive, with high chemical stability
despite a little affinity for moisture. R-401a and R-401b
refrigerants are considered good replacements that may be
used instead of R12. R-401A is a 34% R-124, 13% R-152a,
and 53% R-22 combination by weight. It is a suitable
substitute for R12 when the temperature of evaporator is -23
°C or above. It may be utilized in applications such as home
refrigerators, dairy display cases, food, walk-in coolers,
vending machines and beverage dispensers. R-401b is a 61%
R22, 28% R-124 and 11% R-152a combination by weight.
This refrigerant is appropriate for home and commercial
freezers and transportation refrigeration [11].

3.2 Assumptions used to analyze the flow through the tube

1- The capillary tube inner diameter and surface roughness
are constant.

2- The capillary tube is completely insulated.

3- Pure refrigerant (oil-free) is fill the capillary tube.

4- Steady state, one-dimensional flow.

5- The flow is homogenous in the two-phase.

6- The entrance point lies on saturated liquid or sub-cooled
liquid.

7- The capillary tube is horizontal.

8- The capillary tube is adiabatic.

3.3 Govering equations

The governing equations used to describe the physical flow
behaviour through all capillary tube forms depend principally
on the basic equations of the conservation of energy,
momentum and mass and the basic fundamentals of fluid flow
through the tubes, which are explained by considering an
infinitesimal control volume as shown in Figure 1 and
applying the conservation equations as follows.

- Mass conservation:

aew _
m_ =d£ AqA (1
A A% %) 1=n2



- Momentum conservation in x-direction:
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Substitute shear stress and divide on A in the momentum
equation:
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Simplify the last part of the equation:
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For Reynolds's number of turbulent regions, an applicable
equation for the friction factor f is:
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The viscosity of the two-phase refrigerant at a given
position in the tube is a function of the vapour fraction x:

p=pr(1—x) + pgx

w=py+x(ug — 1) ©

For the increase of length 1-2, we can apply mean friction
fm and mean velocity u,,

= [122] )
fit+f;
=2 ®
Substitute in momentum Eq. (4):
n AL. ¥
%(uz —u)=@P1—D2) — fm dim % ©)
7 2.d.A
AL = [(Pi —p2) — % (uy — u1)] Pttt
- Energy conservation:
a(-L
o+ 2E) _ (10)

By applying the first law of thermodynamics to the control
volume:

Q—W =g.dz+udu+dh
From assumptions:

udu+dh=0

2 2 11
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h=hs(1—-x)+hgx
v=v(1—x)+vyx (13)
v = vf +x(vg - Uf)

Combine the continuity Eq. (1) and the energy Eq. (11):

vE (Mo _ ui
ho+5 ()" =hi +5 (14)
Substitute Egs. (12) and (13) into Eq. (14):
—_ 2
e + (b —he)x + SECETEEE QYR <+

=
N |>-IN

Everything in Eq. (15) is known except X, which can be
solved by the quadratic equation:
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Figure 1. The control volume (C.V) for refrigerant flow in
capillary tube

3.4 Calculating the length of an increment

1-Select t,.

2-Compute hyy, hep, Vea, Vg2, D2, gz and fig, all of which
are functions of t hy, he, vs, vy, 0, g, iy = f ()
¢ =ap+ art + ayt? + azt3 + azt* + agt®.

3-Compute vapour fraction (x) from continuity Eq. (1) and
energy Eq. (15).

4-With the value of x known h,, v, and u,, can be computed.

5-Compute the Re at point 2 using the viscosity from Eq.
(6), the friction factor at point 2 from Eq. (5), and the mean
friction factor for the increase from Eq. (8).

6-Finally, substitute Eq. (7) into Eq. (9) to calculate AL and
Solving by EES Program.

4. RESULTS AND DISCUSSION

4.1 Exergy analysis of vapor-compression refrigeration
cycle

4.1.1 Effect temperature of the condenser on performance
Increasing in the temperature of the condenser will be
caused increasing exergy destruction and decreasing
coefficient of performance and second-law efficiency, the
exergy efficiency dropped as the in condenser temperature



increased. Exergy loss increases with increasing condensing 28
temperature for all refrigerants, as seen in Figures 2-5. It is
clear because the greater the temperature differential between
the ambient and the component, the greater the energy loss. 24}
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4.1.3 Effect the cooling capacity in the performance of the
cycle

The cooling capacity does not consider efficiency or the
coefficient of performance if the pressure of the condenser and
evaporator remains constant, but it is important for exergy
destruction, as shown in Figures 7-9.

R-12

R-134a

0 200 400 800 1000

600
Q (w)
Figure 9. Cooling capacity vs efficiency
4.2 Analysis of the calculation of capillary tube

4.2.1 Effect length of the capillary tube

The figures below indicate (Figure 10 to Figure 16) the
length of the capillary tube is proportional to the increasing
velocity of refrigerant quality. Still, it is inversely proportional
to the cooling capacity. These findings agree with the
investigation conducted by Javidmand and Hoffmann [12],
Khunte and Mishra [13].
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Figure 11. Length of capillary tube vs velocity at Q=183w
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4.2.2 The effect temperature of the condenser

At compared the results with the research of Jadhav and
Agrawal [14], Li and Hrnjak [15], we noted that the
temperature of the condenser is one of the most significant
parameters that should be taken into account in studying the
performance of the refrigeration cycle. The compressor
pressure decreases as the length of the capillary tube increases.
Cause of increase in pressure due to friction, the specific
volume, and velocity increase in the capillary tube. It increases
the compressor suction pressure. The blow is proportional to
the length of the capillary tube as shown in Figures 17, 18 and
19.
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Figure 20. Pressure vs length at the diameter of capillary

tube=1.0 mm
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Figure 21. Pressure vs length at the diameter of capillary

tube=1.2 mm
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Figure 22. Pressure vs length at the diameter of capillary
tube=1.4 mm



4.2.3 Effect capillary tube diameter

Diameter of the capillary tube is one of the important
parameters that should be taken into account in studying the
performance of the refrigeration cycle. The figures (Figure 20
to Figure 23) show that the blow is inversely proportional to
the length of capillary.

1200
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R-134a

Q=366.5w & d=1.6mm |
Teondensation=45C

1000+

800

600

Pressure(kpa)

400+

200
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Figure 23. Pressure vs length at the diameter of capillary
tube=1.6 mm

5. CONCLUSION

1-The operating conditions at the capillary tube's inlet and
the refrigerant's thermophysical characteristics, particularly
the viscosity, affect the capillary tube's length.

2-The capillary tube's diameter and length are directly
proportional. The length is shorter if the diameter is smaller
and the length is longer if the diameter is greater.

3- Both refrigerants' performances show the same degree of
variation when the conditions remain is the same.

4-In the two-phase region, it is quite different in quality
because the viscosity of R-12 is less than R-134a, and length
of capillary tube of R-12 is longer than that of R-134a under
the same conditions.
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NOMENCLATURE

A cross-sectional area of a capillary tube, (m?)
d the inner diameter of a capillary tube, (m)

f friction factor, dimensionless

m mass flow rate, (kg/s)

h specific enthalpy of the refrigerant, (kJ/kg)

specific enthalpy of saturated refrigerant vapour,

(kJ/kg)
h specific enthalpy of the saturated refrigerant,
f (kJ/kg)
p pressure, (Pa)



temperature, (°C)

Reynolds number, dimensionless

the velocity of the refrigerant, (m/s)

specific volume, (m%kg)

the specific volume of saturated vapour, (m®¥kg)
the specific volume of saturated liquid, (m¥/kg)
dryness factor of the two-phase flow region,
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TPEETTE

dimensionless

viscosity, (kg/m. s)

the viscosity of a saturated liquid, (kg/m. s)
the viscosity of saturated vapour, (kg/m. s)
incremental length of a capillary tube, (m)

density, (kg/m?®)

shear stress, (N/m?)





