26303

Khalid A. Joudi A and Qusay R. Al-Amir B/ Elixir Mech. Engg. 73 (2014) 26303-26308

Available online at www.elixirpublishers.com (Elixir International Journal)

Mechanical Engineering

IS5SN: 2229-712X

Elixir Mech. Engg. 73 (2014) 26303-26308

performance in domestic split air conditioners with R22 alternatives

Khalid A. Joudi A* and Qusay R. Al-Amir B
Deportment of Mechanical Engineering, Baghdad University, Iraq.

ARTICLE INFO

Article history:
Received: 19 February 2014;
Received in revised form:
25 July 2014;

Accepted: 8 August 2014;

ABSTRACT

A numerical model has been formulated to simulate the capillary tube in split air
conditioners of 1 and 2 TR capacities under high outdoor air temperatures. The outdoor air
temperature was varied from 35 to 55°C with 5 °C increments. Three environment
friendly refrigerants were used as alternatives to R22. They are R290, R407C and R410A.
Finite difference method has been adopted in conjunction with EES software. This model
is capable of predicting pressure, temperature, quality, velocity and viscosity distributions
through the capillary tube for all refrigerants. The geometrical parameters and input
conditions to the capillary tube model are extracted from experimental data. These
include inner diameter, mass flow rate, surface roughness, temperature and pressure of
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R290, the subcooled liquid refrigerant. The results show that the capillary choking length
Ei%g increases with increasing outdoor air temperature.  Results of the simulation show that

R290 needs more capillary length than the other refrigerants investigated, whereas R410A

High ambient effect on capillary tube.

needs less capillary tube length.

Introduction

A capillary tube is a constant area expansion device, which
is commonly used in low capacity systems such as domestic
refrigerators, freezers, and room air conditioners because of its
simplicity and low cost. The capillary tube creates the pressure
drop between the high and low pressure sides.

In the past decades, most studies essentially focused on
the flow through straight capillary tubes ([1],[2].[3].[4]). Jung et
al.[1] performed experimental and theoretical studies of
pressure drop through a capillary tube to predict the size of
capillary tubes used in residential air conditioners and also to
provide simple correlations for practicing engineers. The study
covered condensing temperatures of 40 °C, 45 °C, 50 °C, and
subcooling (0 °C, 2.5 °C, 5 °C), capillary tube diameter (1.2 -
2.4mm), mass flow rate (5-50g/s). The results indicated that the
capillary tube length varies uniformly with the changes in
condensing temperature and subcooling.

Kim et al. [2] discussed the characteristics of flow and
pressure drop in adiabatic capillary tubes of inner diameters of
1.2 to 2.0 mm, and tube lengths of 500 to 2000 mm for several
condensing temperatures and various degrees of subcooling with
R22.

A numerical simulation of straight capillary tube was
carried out by Imran [3] for R22 and alternative R407C. Zhou
and Zhang [4] investigated the performance of coiled adiabatic
capillary tubes both theoretically and experimentally. They
developed a new method including metastable liquid and two
phase regions.

The main objective of this study is to study the effect of
ambient temperature on coiled capillary tubes in domestic split
air conditioners with ozone friendly refrigerants under high
outdoor air temperatures.

Adiabatic Capillary Tube Modeling
The refrigerant flow inside the capillary tube can be divided
into single phase and two-phase regions. Fig.(1) is a schematic
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diagram of the coiled capillary tube where point 1 denotes the
condenser exit and point 2 is the capillary tube inlet. There is a
small pressure drop between these points due to entrance loss.
The refrigerant enters the capillary tube at point 2 as a subcooled
liquid. The pressure decreases linearly until the refrigerant
becomes saturated liquid at point 3.  Beyond point 3, the
refrigerant enters the two phase region where the pressure
decreases non-linearly with length until it reaches the end of the
capillary tube at point 4. Finally, point 5 represents the
evaporator inlet.

The present model uses the following assumptions:

1.The capillary tube operates at steady state.

2.A subcooled liquid enters the capillary tube .

3.The flow of refrigerant inside the capillary tube is one
dimensional, homogenous and adiabatic.

4.Changes in kinetic and potential energies are negligible.
5.1senthalpic expansion through the capillary tube.

liquid phase region Two phase

< >+ >
+ > < >

Chocking point

Saturation point

Fig.1 Schematic diagram of a capillary tube

Applying the Bernoulli equation between points 1 and 2, the
minor pressure drop at the entrance was calculated by Sinpiboon
and Wongwises [5] as;

\Vi 2
PlfPZ:(l+k)p2 . ()

where k is the entrance loss factor. References are not in
agreement about its value. The value of k=0.5 is used here as
given by Chen [6].
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In the single phase region between points 2 and 3, the
pressure at point 2 decreases linearly until saturation pressure at
point 3 according to the following equation (Munson and Young

[7D);

P,—Py=f,— 2

2 3 S dca 2 ( )

The single phase length L is calculated from substituting
equation 2 in equation 1 ( Sukkarin and Somchai [8]) thus;

dea | 2p
Ls :f_s'|:?(Pl_P3)_(k +1) )
where G is the mass velocity and f; is the friction factor,
which can be determined from the Moody correlation (Moody

E))2
- 1.325 @

2
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By applying the steady flow energy equation for the single
phase liquid region in the capillary tube with negligible work
and heat exchange, we get:

H;=Hs=H; ®)
Applying the steady flow energy equation for each element
lying in the two phase region, between points 3 and 4:
v.2 2
H3+%:Hf+x Hfg +GT(Vf+X.Vfg)2 (6)

2

Equation 6 is quadratic in x and the quality x can be expressed as

G2 2
—Hy -G%v, vy ¢\/(Gz.vf.v,g)22.Gz.vfg( 5 ! —HS—V—3+Hf

2
G?v},

X =

Once the quality for element i is known, properties such as
viscosity, density and entropy can be easily calculated by using
the saturated properties for the liquid and vapor phases as:

i =Xigi +(@=X;) a5 (8)
-1
Xi  (@-x)
pi=| =t (©)
Pgi Pii
Si =XiSqi +(@—X;) S¢i (10)
The Reynolds number in the two phase region is determined as:
Rei — pi'\/i 'dca (11)
Hi

Where V; is the velocity for element i in the two phase region.
The two phase friction factor fi is calculated by the correlation
given by Sami and Tribes [10];

31 1-x"%)
= Relx) exp{ 24 } (42

The incremental length of each section in the two-phase
region is calculated as follows ( Sukkarin and Somchai,[11]):

—p; AP

AL = e | 2O A0 (13)
f; G Pi

The calculation in two phase flow region is terminated

when the flow approaches the choked. The total length of the
two-phase region is;

L, = Zn:ALi (14)
i=2
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Finally, the total length of the capillary tube is the sum of the
single phase and two-phase lengths, i.e.
Lot = Ls + Lt (15)

The coiling effect of the capillary tube can be entered in
the calculation of the friction factors. A straight tube model can
also be applied to coiled capillary tubes by changing the
corresponding  friction factor equations (Sukkarin and
Somchai,[11]). The equation proposed by Mori and Nakayama
[12] is used here with different coefficients for the tube coiled
wall roughness

0.5
S fc _ Cl(dca/DC) 1+ C2 = (16)

[Re (d ca/Dc )2'5 ]]/16 [Re (d ca/De¢ )2'5]1/
Where:
C; =1.88411177*107% + 85.2472168(¢/dgs ) — 463030629 *10% (¢/d ¢y )P
+1.31570014*10 (¢/dgs )

C, = 6.79778633*1072 + 25.388038(¢/d gy ) — 1.0613314*10% (e/dq

+2.54555343*100(e/dca )

This method is used for both liquid and two phase regions.
Solution Procedure

The Engineering Equation Solver (EES) software (Klein
[13]) is used in this work for computer programming.
Refrigerant thermo-dynamic and transport properties such as
density, dynamic viscosity, specific enthalpy, thermal
conductivity are taken from EES software. In the single-phase
region, after calculating the Reynolds number, the single phase
friction factor and single phase length were calculated. Initial
condition of two phase region is the end condition of the single
phase flow region. Calculation of the two-phase region length L,
required a numerical solution due to the change in quality along
this region (see Eq.7). For each element in the two-phase
region, the pressure P;, the temperature T;, the vapor quality x;,
the entropy S; and the two-phase friction factor (f) were
calculated. At each element, the calculated entropy S; was
compared with the entropy of the previous element S;_;, to make
sure that the entropy increased as the refrigerant flows through
the capillary tube. The entropy increases continuously through
the capillary tube to a certain maximum and then it begins to
decrease (choking condition). The two phase region length is
calculated by eq.(14). The total capillary tube length is the sum
of the two region lengths.
Fig. 3 shows the flow chart of simulation model for the capillary
tube
Results and discussion

Fig.3 Compares the pressure distribution along the
capillary tube in the present study and that of Sukkarin et al.[8]
The comparison is good. Only R22 and R410A results are
shown as typical results. The present model can be used to
predict the flow characteristics for the other alternatives.

Fig. 4 shows the pressure distribution along the capillary
tube at ASHARE standard test conditions for 1 TR and 2 TR
systems. For an actual cycle, each refrigerant has a different
condensing temperature and pressure. Therefore, the capillary
tube length is different for each one. The capillary tube length
depends on the operating conditions at the inlet of the capillary
tube and thermo-physical properties, especially viscosity, of the
refrigerant. It is observed that there is a linear drop in pressure
for R22 and its alternatives between the entrance of the capillary
tube and saturation (flash) point in the single phase region.
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Fig. 2. Simulation model flow chart for the capillary tube
The pressure drops rapidly near the end of the tube in the two
phase region. Results showed that R290 required more length
for choking due to its lower liquid viscosity and refrigerant mass
flow rate than the other refrigerants tested. R410A needed less.
The magnitude of pressure drops is different for each refrigerant
depending on its mass flow rate (or its specific volume). Thus,
R290 shows the lowest pressure drops owing to its large specific
volume. Whereas, the similar specific volumes of R22 and
R407C make their pressure drops similar. R410A has the largest
pressure drop. This is true for both systems.

The change in vapor quality with length of the capillary
tube is shown in Fig.5. For all refrigerants, the quality is zero
up to the flash point. After that, the change of vapor quality
increases sharply towards the end of the tube in the two phase
region. The reason for this behavior is that the acceleration and
friction effects in the two-phase region increase the pressure
gradient giving rise to a higher vaporization rate. Fig. 6 shows
the temperature distribution along the capillary tube at standard
conditions for thel TR and 2 T R systems. The temperature
drop, of all refrigerants is insignificant in the single phase
region. However, in the two-phase region, the temperature drops
sharply with pressure.

The Reynolds number along the capillary tube at standard
conditions for R22 and its alternatives for both 1 TR and 2 TR
systems is shown in Fig.7. In the single phase region, the
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variations of Reynolds number is minimal because the thermo-
physical properties of the liquid refrigerant do not change
significantly. In the two phase flow, the values of Reynolds
number start to drop because the thermo-physical properties,
especially the viscosity, increases as the capillary tube length
increases. The velocity distributions along the capillary tube at
standard conditions for the two systems is shown in Fig.8. In the
single phase region, the velocity remains constant because the
refrigerant remains liquid. In the two phase region, the flow
velocity of refrigerant increases because of the specific volume
of the mixture increases due to vaporization.

Figs.9 and 10 show the effect of outdoor air temperature
on pressure distribution along the capillary tube for R22 and
R410A as typical results. As the outdoor air temperature
increases, the condenser pressure and mass flow also increase.
This increases the both the single phase and two phase lengths.
Therefore, the total length of the capillary tube for R22
refrigerant increased from 1.78 m to 2.69 m as the outdoor air
temperature increased from 35°C to 55°C. For R410A, it
increased from 1.29 mto 2.43 m.

Fig 11 shows the vapor quality along the capillary tube as
a function of outdoor air temperatures for R290 as a typical
results. When the outdoor air temperature increases, the quality
values at exit increase due to the increase of the specific volume
of the mixture. Fig.12 shows a typical temperature distribution
along the capillary tube as a function of outdoor air temperatures
for R407C. As the outdoor air temperature increases, the
condensing temperature at the entrance to the capillary tube
increases. The capillary tube length increases accordingly with
the condensing temperature. Extensive details for all four
refrigerants are given by Al-Amir [17].
conclusions

1. R290 required the longest capillary tube length due to its
lower liquid viscosity and mass flow rate than the other
refrigerant. R410A needed the shortest length .

2. The magnitude of pressure drops is different for each
refrigerant. R290 showed the smallest pressure drop. Similar
specific volumes of R22 and R407C made their pressure drops
similar. R410A showed the largest pressure drop across the
capillary tube.

3. Increasing the outdoor air temperature, increases the
condenser pressure for all refrigerants. This increased both the
single phase and two phase lengths.

Nomenclature

Coiling Diameter(m)

Capillary tube inner diameter (m)
Roughness (m)

Friction factor

Mass flux (kg/s.m?)

—h® o g

Enthalpy(kJ/kg)

Thermal conductivity(W/m.K)
Entrance loss factor

Length (m)

Pressure(N/m?)

Reynolds number

o~ XTI

Re

Entropy (kJ/kg.k)
Velocity(m/s)

Specific volume(m®/kg)
Vapor quality

X< <w»
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