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Abstract

An experimental study was conducted to demonstrate the effect of a capillary tube length on the refrigeration system
performance by adding heat exchanger. The heat exchanger was designed by laterally welding 70cm of capillary tube
with the suction line. Different lengths of the capillary tubes, i.e. 160, 175, and 190cm, were studied; besides different
refrigerant flow rates and condenser air fan velocities for both cases of adiabatic and nonadiabatic capillary tube. The
experimental results showed an increase in the system performance by 17.96% with a decrease in the nonadiabatic
capillary tube length from 190 to 160 cm at mass flow rate of 17.3 kg/hr and air velocity of 3 m/s. In addition, the
increase in the air-speed has led to a COP increment by 17.47% at mass flow rate of 18.9 kg/hr and capillary tube
length of 190 cm. Finally, at the capillary tube length of 190cm and refrigerant mass flow rate of 2.4g/s, the maximum
enhancement of the refrigeration system performance and exergy efficiency by 6.7% and 35%, respectively, was
achieved for air speed of 1m/s and 3 m/s , compared to the reference case of the adiabatic capillary tubes.
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1. Introduction

Capillary tube is an expansion device that is used to reduce
the pressure and temperature of working fluid from high
pressure in the condenser to low pressure in the evaporator
due to the friction factor and acceleration of a refrigerant.
The manufacturing of a capillary tube is very simple with
different dimensions in diameter, length, coils numbers and
diameter [1][2][3]. The improvement in the performance of
a refrigeration system is achieved by adding a heat exchanger
(capillary tube — suction line). Adding the heat exchanger
grants superheating and subcooling processes at the exits of
the condenser and evaporator, respectively. The suction line-
capillary tube (SL-CT) works as a heat exchanger, where the
saturated cold vapor at the exit of the evaporator cools the
saturated hot liquid coming from the condenser. The
advantage of the superheated process is attained by reducing
the forming of liquid droplets inside the superheated steam
before entering the compressor. While in the subcooling
process, the improvement is realized by preventing the
generation of bubbles that may obstruct the flow of liquid
through the expansion device [4].

Kuehl and Goldsshmidt [5] conducted an experimental
study on capillary tubes of various diameters (1.07-1.63 mm)
and different lengths in a compression refrigeration system
operated by (R22). The experimental results showed that the
rate of obstruction of the capillary tube increases by 5% in
the case of a capillary tube coil compared to a straight
capillary tube. Two correlations were proposed to prove the
experimental results. The first one illustrated the relationship
between the internal pressure and the refrigerant mass flow
rate in the capillary tube. The second correlation was utilized
to calculate the coefficient of friction for each diameter of
the capillary tubes at different Reynolds numbers. (Garcia,
2007) [6], studied the thermal behavior of a refrigerant
within the heat exchange area (capillary tube - suction line)
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by developing a numerical simulation model of the
refrigerant flow. The numerical results were validated by
comparing a wide range of experimental results for other
publications, which includes the mass flow rate of the
refrigerant, the temperature out of the suction line and the
temperature along the heat exchange area of the capillary
tube and suction line types (concentric and lateral). The
results showed the refrigerant flow inside non-adiabatic
capillary tubes have more resistance than the adiabatic one
because of the refrigerant re-condensation inside the heat
exchange area. A numerical study investigated by S. Park et
al. [7] to show the effect of adding a heat exchanger
(capillary tube - suction line) on the performance of
refrigeration cycle. The study was based on mass and energy
conservation equations and homogeneous two-phase flow.
The simulation results were obtained by changing the length
and location of the welded area, between the capillary tube
and suction line, to demonstrate the main parameter that
affects the system efficiency. An experimental study was
conducted by Thamir et al.[8] to determine the effect of
capillary tube lengths (80, 100 and 120 mm) on the
refrigeration system performance with using refrigerant
(R134a). The experimental results showed the coefficient of
performance decreases by 38.14% and 6.65% as increasing
the mass flow rate and capillary tube lengths respectively.
Mohd. K. et al. [9] experimentally investigated the effect of
capillary tube diameter, length, and the coil pitch on the mass
flow rate of the refrigerant R134a through a spiral capillary
line with lateral suction line. The experimental results were
validated with the current empirical correlations. An
acceptable convergence was found with the largest error
percentage of 7%. Christian [10], presented an algebraic
model of heat exchanger (capillary tube — suction line) in a
refrigeration device with utilizing two refrigerants R134a
and R600a. The comparison results between the algebraic
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model and experimental data showed a good convergence
with the value of square root higher than 90%. Several
numerical models have been presented by Lyun — Su Kim, et
al. [11], and compared with some empirical correlations of
the capillary tube and suction line region in a refrigeration
system. The numerical results showed that the friction factor
has a significant effect on the system performance. Suhaila
[12], experimentally investigated the performance of
refrigeration system with using two different working fluids,
R12 and R134a. The experimental tests were performed to
determine the heat loss from the condenser, the system
performance, and the heat transfer coefficient for each
refrigerant. The obtained heat transfer coefficients were
compared with the correlation equation of Shah [13].
Maximum variation ranged from 5 % to 12 %. The exergy
analysis had been studied by Ahamed [14] in a compression
refrigeration system by utilizing various refrigerants; i.e.
R134a, R600a, R407a, and R410a. The results showed that
R134a gave the best performance compared to the other
refrigerants. In addition, most studies in the refrigeration
system showed that the largest losses in exergy occurred
through the compressor. Debasish and Ji [15] developed an
experimental model based on obtained results from reliable
mechanistic model. An empirical model was verified with
the experimental results in the literature by using refrigerants
(R134a and R600a) [16][17]. A good agreement was found.
(Ji H. J. et al.,2012) [18], presented a numerical study to
investigate the performance of a refrigeration cycle with a
heat exchanger (capillary tube — suction line). The numerical
results showed there are two-parameters, i.e. the location and
length of the heat exchanger, affect the system performance
and cooling capacity. An analytical exergy calculation had
been investigated for the conventional refrigeration system
using a heat exchanger with various refrigerants R1234yf, R-
1234ze and R-134a by Naushad et al. [19]. A theoretical
model had been improved to determine several parameters
such as Coefficient of performance and exergetic efficiency
for all refrigerants, while the condenser temperature was kept
constant 40 °C, and the evaporator temperature was ranged
from -50 °C to 0 °C. The theoretical results of the system
performance showed that the refrigerants R1234yf and
R1234ze are a good substitute with R134a. An analytical
study had been presented by Mohan [20] to show the effect
of refrigerants, R12 and R134a, on the refrigeration system
performance. In addition, the analytical study was based on
exergy and energy analysis to investigate the impact of
subcooling and evaporator temperatures on the system
performance. A mathematical model was developed by
Deshmukh and Mudaiya [21], which depends on the
conservation of mass, momentum, and energy equations for
flow in a heat exchanger (capillary tube —lateral suction line).
The physical model was applied as one-dimensional
geometry and two-phase flow in the heat exchanger. The
numerical results showed a significant effect of the friction
coefficient on the pressure drop inside the heat exchanger
tubes. Capillary tube diameter, length, and coil pitch were
experimentally investigated by Niraj and Avinash [22] to
study their effects on the refrigerant flow rate and the system
performance. A numerical study was investigated by
Matheus et al. [23] of a heat exchanger (capillary tube —
suction line) in a refrigeration system, which is based on the
data from other publications [24][10]. The numerical results
illustrated a good agreement in (mass flow rate, critical
pressure, exit temperature for the suction line) compared to
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other results [25][26][16]. Ahmed and Ali [27] presented a
theoretical and experimental study on the refrigeration
system. In the experimental part, many parameters were
studied to show the effect of the amount of air passing on the
evaporator and condenser and the voltages supplied to the
compressor on the system performance. The experimental
results showed that when reducing the amount of air passing
on the condenser by 35.8%, the freezing capacity and
performance coefficient decreased by 1.6% and 7.1%,
respectively. In addition, a 23% reduction in the voltage
supplied to the compressor reduced the freezing capacity and
performance coefficient by 7.7% and 5.7%, respectively.
The theoretical study was prepared by developing a
mathematical model (Matlab code) to calculate the
performance of the system under the influence of changing
the ambient temperature. Energy and exergy analysis of a
refrigerator using refrigerant (R134a) studied by Loauy [28].
Nine types of condensers were used during the experimental
study according to thermal conductance and internal surface
area. In exergy analysis, the result demonstrated that the
refrigerator design depends on its thermal conductance rather
than its internal surface area. An experimental study of the
flow in a heat exchanger (capillary tube - suction line) using
refrigerant (R600a) was investigated by Santhosh and Ravi
[29]. The experimental results illustrated that the mass flow
rate of the refrigerant is reduced by (3-12%) compared to the
adiabatic capillary tube. The experimental results were
validated with other correlations [30] using R600a. A good
convergence was achieved with maximum variations of
+20%. Issam and Muayad [31], conducted an experimental
study of microchannel condensers compared conventional
condenser in automotive refrigeration system using R134a.
The experimental tests were done at different ranges of
ambient temperature from 40 °C to 65 °C at a constant
automotive internal temperature of 23 °C and a cooling load
of 2200 W. The results showed for the microchannel
condenser that the system performance and heat transfer
coefficient are higher than a conventional condenser. The
main purpose of this study is to find the best possible
procedures for improving the system performance. In the
present work, energy and exergy calculations have been
carried out in order to elucidate the effect of adiabatic and
nonadiabatic capillary tubes on the refrigeration system
performance and exergy efficiency. The experimental study
included different operating parameters such as capillary
tube length (160, 175, 190cm), refrigerant flow rate (0.175
to 0.3 L/min), and the condenser air fan velocity (1 and 3
m/s). The novelty of this research is attained by testing the
lateral suction line heat exchanger at different lengths of the
capillary tubes that influence on the system performance and
exergy efficiency, while the contact region length between
the capillary tube and suction line is kept constant 70 cm.

2. Experimental Method and Calculations
The major components of the refrigeration cycle are the
reciprocating compressor ¥ hp, finned-tube type of
condenser and evaporator, which its average heating
capacity is 0.95 kJ/s; and the last part is a straight capillary
copper tube with different lengths. An evaporator type finned
tube, as shown in Figure 1, consists of an air-fan that passes
the air through the fins to enhance the heat transfer rate by
forced convection. Accordingly, the heat transfer mechanism
in the evaporator was experimented for different air speeds
(1 m/s and 3 m/s). The specifications of the evaporator are
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shown inTable 1. In addition, the experimental tests were
applied with adiabatic and nonadiabatic capillary tubes at
similar inner diameter 3 mm, with different lengths (160, 175
and 190 cm). The tubes length was measured by utilizing pin
gauge set with accuracy of £ 0.0015 mm. Then, the capillary
tubes and the suction line were welded (heat exchanger
suction line type lateral) with a contact area length of 70 cm,
whereas the diameter of the suction line is 9.5 mm that is
demonstrated in Figure 2 (A and B). A rotameter device type
(CRYOTEK T316BL) has been used to measure the
volumetric flow rate of refrigerant (R134a), with maximum
flowrate of 0.35 Liter/minute. The rotameter tool was placed
between the condenser and capillary tube to control the
refrigerant flow rates within the refrigeration rig. T-type of
thermocouples were connected to the thermometer model
(MTR®), with an excellent temperature range between -5 °C
to 150 °C and + 0.1°C accuracy. Next, the temperatures were
recorded at the entrance and exit locations for all parts of the
refrigeration  system. Especially, the variation in
temperatures along the heat exchanger (the capillary tube-
suction line) was solved by utilizing many thermocouples to
avoid any flow resistance during the expansion process. High
and low-pressure gages were used to measure the pressure at
condenser exit and evaporator inlet, respectively. The
maximum working ranges of high-pressure and low-pressure
gage were 35 bar and 15 bar, respectively, with accuracy of
+0.03 bar. The experimental analyses have been achieved
using EES program. The schematic diagram of the
experimental calculations is explained in Figure 3.

Digital Thermometer ‘

N

/4 Condenser

Figure 1. Compression refrigeration rig.

Table 1. the specification and dimensions of all refrigeration
system components

Specification ~ Condenser Capillary Su_ctlon Evaporator
tube line

Internal tube

diameter (d;) 6.5 mm 3mm 9.5 6.5 mm
External tube
diameter (d,) 8.5 mm —_ 11.5 8.5 mm

1.6,1.75

Length (L) 273 mm 19m —_— 250 mm
Width (W) 268 mm —_ _ 238 mm
Depth (H) 118 mm —_— —_— 74 mm
Fin height (y) 4.2 mm — — 4.2 mm
The distance

between two 3.5mm J— J— 3.5mm

fines (2)
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Fin thickness (t) 0.5 mm —— —— 0.5 mm
Number of fins 66 JR— JR— 66
Number of

tubes 8 — — 8

Contact region
length between
capillary tube
and suction line

(€] Capillary tube

Welding region

T-type
thermocouple

| 5 N Suction line

From Condenser
Cross section of

®)

From Evaporator

Isometric

Figure 2. Lateral capillary tube with suction line; A).
Photograph of heat exchanger (lateral suction line) with
rotary compressor, B). Isometric drawing of lateral capillary
with flow direction

Read the input data:
. d,

Choose the
type of
capillary
tubes

Other capillary tubes
‘Wwith suction line;
Lateral type

Reference capillary
tube without suction
line

Calculate the thermophysical properties of R-134a;

h(1-6). 5.41-6). T, T,
Energy analysis

Exergy analysis é
|
v

Calculate the final output results; Calculate the final output results;
Xep: Xoo XeapXeXHcXtot: My COP, Q. Wev, Qg €

' G

Figure 3. Flowchart diagram of the experimental energy and
exergy analysis during the refrigeration process

3. Energy and Exergy Analyses

The refrigeration rig with the lateral suction line is
illustrated in Figure 4 (A) and (B) that includes subcooling
and superheating regions.
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Figure 4. The block diagram (A) and p-h diagram (B) with
adiabatic and non-adiabatic capillary tube of VCRS

The first law of thermodynamics is used to calculate the
cycle performance as a coefficient of performance (COP) as
given by Eqg. (1) [1]:

O, _ hqh
- @

The heat transfer rate and work for each VCRS component
are determined by following the conservation of energy
equation Eq. (2). The assumptions of all calculations are
achieved at steady state condition and neglecting the kinetic
and potential energies [32]

0 - W, =3, Girh), - 2,Gih), )
In addition, a non-adiabatic capillary tube is a heat exchanger
that can transfer energy from the hot fluid in the condenser
to the cold vapor in the evaporator. The heat transfer process
depends on the size and capillary suction line types such as
(lateral, coil and concentric). The effectiveness and heat
transfer rate of the heat exchanger (non-adiabatic capillary
tube) are defined in Eqs. (3) and (4) [33]

QHX:fn(hfh,s) :m(hI-hﬁ) (3)
=i @

The second law of thermodynamics refers to the concept of
exergy and energy quality. Then, the definition of exergetic
efficiency in the VCRS is the ratio of the minimum exergy
demanded to the real exergy consumed during cooling
process, which is calculated by [34] :
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X, _ 9

T T

(1- ;) (5)

Where, the total exergy rate is calculated by:

A
ol

X, =X+X+X +X

tot cap

+X, (6)

Then, the exergy destroyed for each component of the
refrigeration system can be determined as:
(a) Evaporator:

=i g oo+ O (1-3) =it [Ty )-Chy-Tys )1+ O (1-
) (7)

T,
(b) Condenser:
X:I’;’l'(ﬂz-ﬁ’l'(m = [(hz'To'sz)'(tho'SD] (8)

(c) Compressor:
X, =g g+ | W, | =i [(h,-Tps )-(h,-Ts)1+|W,| - (9)

(d) Capillary tube:

X =n'1~(p4—rh-(p5=n'1 [(h4-T0S4)-(h5-T0S5)] =mT,(s;-s,)

cap

(10)
(e) Heat exchanger (capillary tube-suction line “CI-Slhx”):
XHxzm'¢4_’h'¢5+m.(p6_’h.¢[:’h T()[(S4)_(S5)+[(S[)-(Sﬁ)]] (11)

4. Results and Discussion

An experimental study was carried out to show the effect
of adding a heat exchanger (suction line - capillary tube) on
the comprehensive performance, as the coefficient of
performance and exergy efficiency, in a compression
refrigeration system with different capillary tube lengths and
air velocities through the condenser. The experiments of the
refrigeration system were tested within the range of
volumetric flow rates from 0.175 L/min to 0.3 L/min by
using the refrigerant R134a.

#®COP,L=160 mm and V= 1m/s O COP, L=160 mm and V=3m/s
®COP,L=175 mm and V= 1m/s OCOP, L=175 mm and V= 3m/s
®COP, L=190 mm and V= 1m/s O COP_without, L=190 mm and V= 1m/s
® COP, L=190 mm and V= 3m/s ® COP, without-L=190 mm and V= 3m/s
6.0
2]
55 -
5.0 Q
O
is 4 @ .
& .
5 40 & & m:i: *@é
3.5 ’_L}:é_' %
3.0 P Q@
25
2.0
0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
W, (KW)

Figure 5. The effect of capillary tube length and air velocity
on the coefficient of performance with variable compression
power.
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Figure 6. The heat exchanger effectiveness versus the
compression power at different lengths for the capillary
tubes and air velocity.

Figure 5) and (Figure 6) show the effect of compression
power on the system performance and heat exchanger
effectiveness. The coefficient of performance for the
compression refrigeration system and the effectiveness of the
heat exchanger decreases with the increase of the
compression power. This is due to increasing the pressure
drop and delaying the flashing point inside the capillary tube
as the capillary tube length increment [35], which leads to a
rise in the consumed capacity of the compressor. In addition,
the experimental results illustrated a decrease in the
coefficient of performance as the length of the capillary tube
increases due to decrease each of the refrigerant velocity
inside the capillary tubes and cooling capacity that leads to
the increase of the friction coefficient. Heat exchanger
(suction line - capillary tube) achieved a good enhancement
in COP and the effectiveness compared with the reference
capillary tube (without suction line) due to the increase in the
subcooling zone. Finally, the heat transfer rate in the
condenser elevated by increasing the air-speed from 1 m/s to
3 m/s that leads to increment in the refrigeration system
performance, as COP and effectiveness. Therefore, the COP
results showed maximum increase by 17.47 % at 190 cm
length of the capillary tube and 18.9 Kg/hr mass flow rate of
the refrigerant. On the other hand, it is obvious that the COP
increases with the increase in the effectiveness of the heat
exchanger (capillary tube- suction line) for all cases.

The effect of the refrigerant volume flow rate on the
exergy efficiency and subcooling temperature is shown in
Figure 7 andFigure 8). The results reveal that the subcooling
temperature and exergy efficiency decrease as higher
volumetric flow rates are provided for all capillary tubes.
This is due to a delay in the intersection point and the
beginning of vaporization inside the capillary tube [35] that
leads to a decrease in the subcooling temperature with the
increases in superheating temperature. In addition, the
impact of lengthening the capillary tube from 160 mm to 190
mm leads to reducing exergy efficiency and subcooling
temperature for all cases. This can be attributed to the higher
compression power of the compressor and exergy loss for all
components in the refrigeration system with lower the
refrigerant flow rates. Consequently, it can be concluded that
exergy efficiency rises with the increment in the subcooling
temperature and air velocity for all cases. Finally, the current
energy and exergy analysis results are verified with another
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study by Fatouha and Abou-Ziyana [36] using a refrigerant
type R134a and suction line heat exchanger. The results of
COP and exergy efficiency gave the same behavior of [36],
i.e. decreased with increasing the capillary tube length.

®T_sub, L=160 mm and V= 1m/s ®T_sub, L=175 mm and V= lm/s

®T_sub, L=190 mm and V= 1m/s @T_sub_ without, L=190 mm and V= 1m/s
OT_sub, L=160 mm and V= 3m/s OT_sub, L=175 mm and V= 3m/s
OT_sub, L=190 mm and V= 3m/s @®T_sub, without-L=190 mm and V=3m/s
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Rerfigerant Flow Rate (L/min)

Figure 7. The effect of length capillary tube and air fan speed
of condenser on subcooling tempreature with variable
refrigerant flow rate.
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Figure 8. The effect of refrigerant flow rates on the exergy
efficiency at different capillary tube lengths and air velocity.

5. Conclusion

In this research, an experimental study was presented the
lateral suction line that effects on the refrigeration system
performance by utilizing different lengths of capillary tubes
160 cm to 190 cm. Besides, all the experimental tests were
achieved with a refrigerant flow rate range from 0.175 L/min
to 0.3 L/min. Then, the summary of results can be
abbreviated as:

1 The system performance decreases by increasing
the mass flow rate of the refrigerant due to an
increase in the power consumption of the
compressor, which leads to elevating the required
amount of refrigerant.

2 Increasing the length of the capillary tube leads to
a decrease the performance coefficient. The
highest value obtained for the performance
coefficient was for the capillary tube length
(160 cm), and the highest percentage in the
performance coefficient compared to the length of
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3 thecapillary tube (190 cm) is (17.96 %) at air speed

(3m/s) and rate of

(17.3 Kag/hr).

refrigerant mass flow

4 By increasing the air speed from 1 m/s to 3 m/s, the

coefficient of performance increases by 17.47 % at
the capillary tube length of 190 cm and the
refrigerant mass flow rate of 18.9 Kg/hr.

5 The heat exchanger (capillary tube-suction line)

offered a good enhancement in refrigeration system
performance COP and exergy efficiency compared
to the reference refrigeration system at capillary
tube length of 190 cm.

6 The scientific reasons and behaviors trends of

outcome results were validated by comparing them
with other publications’ [35] and [36].
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Nomenclature

d Capillary tube diameter, (m) ¢ (FI:?I\:; 1 EXergy.
1 Temperature

h  Enthalpy, (kJkg™) AT difference. (‘C)

L  Capillary tube length, (m) Subscripts

0 Refrigerant mass flow rate, 0 Referance

(kghr?)

P Pressure, (bar) c Condenser

O  Heatrate, (kW) cap Capillary

Qc Condenser heat rate, (W) cp  Compressor

T  Temperature, ('C) cv  Control volume

s Specific entropy, (JkgtK?) e Evaporator

V  Velocity, (ms?) Hx  Heat exchanger

7 Volume flow rate, (m®hr?) i Inlet

W Work rate, (kJkg™) ) Outlet

W Power, (kW) sub  Subcooling

X Quality, (-), sup superheating

X Exergy rate, (W) tot  Total

Dimensionless groups X Exergy

COP  Coefficient of performance  Abbreviations

Greek symbols Cl ﬁﬁg'”ary tube

ny Exergy efficiency, (%) SL  Suction line

Vapor
&  Effectiveness, (-) VCRS Compression

Refrigeration

System
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