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Abstract: In this paper, a numerical model of a capillary tube is developed. The considered expansion
device is placed against the suction line at the inlet of the compressor. Wrapping the capillary tube
around the suction line allows heat to be recovered by superheating the refrigerant leaving the
evaporator. This increases the degree to which the fluid is superheated, preventing liquid droplets
from entering the compressor and causing damage. The open-source software PYTHON is used for
modelling the non adiabatic capillary tube, and the results are validated by comparing them with
experimental tests. This study demonstrates that an accurate contact of the capillary tube with the
suction line affects the superheating of the compressor inlet fluid by increasing its temperature by up
to 5 degrees and produces an increase in COP of 3-4%. On the other hand, the length of the capillary
tube affects the flow rate of the refrigerant circulating in the cycle; in particular, it is noted that a 300%
increase in the capillary tube length leads to a decrease in the refrigerant flow rate of up to 50-60%.
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1. Introduction
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Non-Adiabatic Capillary Tube in of 4% per year since 2000. The number of units in operation has more than doubled

since 2000, reaching over 2.2 billion units and accounting for 16% of the building sector’s
final electricity consumption in 2021. According to the IEA report [2], the increased
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contribute substantially to the achievement of the Sustainable Development Goals. In this
context, the importance of design technology to improve the energy efficiency of vapour
- compression cycles has been recognized. One of the main strands of research in recent years
has been based on the study of the main components of reverse cycles to improve their
performance: compressor, evaporator, condenser, and expansion device. The latter has been
the subject of fewer studies than the other components. The capillary tube is an expansion
device in a refrigeration system. It is the most suitable device for a system with less than 3
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refrigerant charge. One of the parameters that most influences the operating conditions
is the temperature of the environment in which the refrigeration machine works. For this
reason, the capillary tube is used in applications for which the environment does not
experience large temperature variations. The capillary tube can be adiabatic or diabatic [4].
In the adiabatic capillary tube, the refrigerant expands adiabatically. In a diabatic flow
arrangement (Figure 1), the capillary tube is connected to the cold suction line of the
compressor in a counterflow heat exchange arrangement. The advantage of using a diabatic
capillary tube is a greater cooling effect and thus better system performance.

’/ Condenser
Capillary tube

| — _\/

. |

Figure 1. Scheme of a capillary—suction line heat exchanger.
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Although the CSLHX (Capillary—Suction Line Heat Exchanger) has extremely simple
construction, the study and modelling of this component are far from trivial. Several
complex phenomena can be encountered during operation: the simultaneous presence of
liquid and vapour; phase change heat transfer; thermal contact between the two tubes not
being guaranteed; and the achievement of sonic locking.

In recent years, the literature has been concerned with studying the influence of
capillary tube use in vapour compression systems, but few studies have been conducted
on the non-adiabatic helical configuration (Dubba and Kumar, 2017 [3]). Several studies
can be found for non-adiabatic rectilinear configurations. K. C. Mendonca et al. 1998 [5]
analysed the behaviour of two different capillary tube geometries with six different suction
tube couplings. C. Melo et al. 2000 [6] studied the behaviour of R-134a fluid inside a
straight, diabatic capillary tube concentric to the suction line, analysing how geometry and
operating conditions affect the refrigerant flow rate. Ji Hwan Jeong et al. 2012 [7] developed
a rectilinear capillary tube model in contact with the suction line to analyse the influence
on COP and cooling capacity. In 2019, Rakesh Chechare et al. [8] were responsible for
conducting a parametric analysis to study the effect of capillary tube diameter and degree
of sub-cooling on performance parameters. They compared the lateral heat exchanger
configuration with the concentric configuration and found that the lateral configuration
gives better performance.

Regarding studies conducted on helical capillary tubes wrapped around the suction
line, fewer contributions can be found in the literature. In 2009, Mohd. Kaleem Khan et al.[9]
studied the influence of capillary tube geometrical parameters and degree of sub-cooling
on refrigerant mass flow rate. Santhosh Kumar Dubba and Ravi Kumar [10] studied the
behaviour of R600a through a helical capillary tube concentric to the suction line. From the
study, results were extrapolated regarding the relationship between refrigerant mass flow
rate and capillary tube geometry.

In the literature, a lack of works about helical capillary tubes wrapped externally
around the compressor suction line can be noted, as well as a scarcity of data on the
performance of 'R600a” and "R290” fluids within these applications [3].

In this regard, the purpose of this work is to analyse the influence of the heat transfer
area between the capillary tube and suction line on the cycle thermodynamic performance
and on the refrigerant flow rate, in a configuration where the helical capillary tube is
wrapped externally around the suction line. The analyses are conducted by varying the
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lateral exchange area and the length of the tube. Furthermore, the reported data will
contribute to increase knowledge of R290 and R600a, which represent only 9 and 13% of
the refrigerants considered in scientific research[3], respectively, supporting possible future
applications of such natural refrigerants.

2. Materials and Methods

In order to evaluate the performance of the water cooler machine under different
working conditions of the diabatic capillary tube, a mathematical model is implemented in
PYTHON. The capillary tube model works by dividing the capillary tube into segments,
and analysing piece by piece what happens to the working fluid by solving energy and
mass balance equations. Although the ultimate goal is to obtain a model that can be
used for different types of refrigeration machines, the focus is on commercially available
water cooling machines, for domestic or office use, given their increasing relevance in the
refrigeration sector.

The goal of the modelling is to obtain a tool to define the architecture of the capillary
tube, and thus find the cycle operating temperatures, as well as how best to design the
capillary tube in terms of geometry, i.e., tube length and diameter and refrigerant flow
rate. For this reason, the independent variables within the model are the capillary tube
length and the refrigerant flow rate. To achieve this, the model starts from the condensing
pressure and proceeds by iterating the energy balance equations until the pressure reaches
the evaporating pressure. In this way, the model can be used as a decision-making tool
to achieve the working conditions established through the use of the capillary tube as an
expansion device.

2.1. Solving Algorithm

As input, the program needs the type of refrigerant, condensation, evaporation tem-
peratures, and the degree of subcooling, along with the geometric data of the capillary
and suction tube. The cycle in Figure 2 is iterative, and proceeds by fixed pressure drop
intervals Ap. The exit conditions are the achievement of evaporation pressure and sonic
conditions. The outputs are the refrigerant flow rate or the length of the capillary tube,
the vapour quality, and the enthalpy of the refrigerant entering the evaporator.

The code offers the option of being used from the refrigerant flow rate or the capil-
lary tube length; depending on the usage, the capillary length and refrigerant flow rate,
respectively, will be returned.

The capillary tube model is then fed into a simulation program of the entire ther-
modynamic cycle, Figure 3. As an input of the thermodynamic cycle, the output data
of the capillary tube model are entered, i.e., the mass of refrigerant, the enthalpy of the
fluid exiting the capillary, and, from the suction line temperature, the enthalpy of the
fluid exiting the evaporator. As for the compressor, considering commercially available
machines, the isentropic efficiencies of the compressors are extrapolated from manufactur-
ers’ datasheets.
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Figure 2. Flow chart of the simulation program of the capillary tube.
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Figure 3. Flow chart of the simulation program of the system.

2.2. Mathematical Model

The non-adiabatic capillary tube has an initial adiabatic region where there is no
contact between the capillary tube and the suction tube and a portion of the pipe wrapped
around the suction tube. Furthermore, within each region, one can be found in both
single-phase and two-phase flow conditions. Four cases can occur:

1.  The length of an adiabatic segment is less than the length of the single-phase part,
while the non-adiabatic segment is entirely in the two-phase flow condition. Figure 4.

2. The length of the adiabatic segment is greater than the length of the single-phase part,
while the non-adiabatic segment is in the two-phase flow condition. Figure 5.

3. The length of the adiabatic segment is less than the length of the single-phase part,
and the fluid in the non-adiabatic segment after travelling a certain length of capillary
returns to the subcooled fluid condition. Figure 6.
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4. The length of the adiabatic segment is greater than the length of the single-phase part,
and the fluid in the non-adiabatic segment after travelling a certain length of capillary

returns to the subcooled liquid condition. Figure 7.
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Figure 4. P-h diagram of the behaviour of the fluid inside the capillary tube when the adiabatic stroke

length is shorter than single-phase length.
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Figure 5. P-h diagram of the behaviour of the fluid inside the capillary tube when the adiabatic stroke
length is longer than single-phase length.
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Figure 6. P-h diagram of the behaviour of the fluid inside the capillary tube when the adiabatic
stretch length is shorter than the single-phase length, in the case where the fluid returns to subcooled

liquid conditions once it enters the two-phase region.
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Figure 7. P-h diagram of the behaviour of the fluid inside the capillary tube when the adiabatic

stretch length is longer than the single-phase length, in the case where the fluid returns to subcooled

liquid conditions once it enters the two-phase region.

In order to simplify the actual flow conditions without losing the main physical
features, the following assumptions were made:

1.  Constant inner diameter and roughness of piping;

2. Constant helix diameter of the capillary tube;

3. Insensitivity to the helix diameter of the capillary tube; therefore, the model is not
sensitive to the influence of the number of windings at the same capillary tube length;
Capillary tube is helical throughout its length;

Incompressible flow in single-phase regions;

One-dimensional steady-state flow;

Homogeneous two-phase flow;

Negligible heat exchange with ambient air in the adiabatic capillary tube section;
Thermodynamic equilibrium in which metastable flow phenomena are neglected.

0O XN oG

The capillary tube can then be divided into two main sections: the adiabatic section,
and the diabatic section, from which the following relationship is derived:

Ltot = Lagiab + Laiaba (1)

In turn, each portion of the pipe has to be analysed according to the flow state:
Lagiay = Lspad + Ltpad ()

Lgiap = Lspa + Ltpa 3)

where Lspag, Lipad, Lspa, and Lypy are the portion of the pipe in the single-phase adiabatic,
two-phase adiabatic, single-phase diabatic, and two-phase diabatic sections, respectively.
The momentum balance under steady-state conditions is expressed as:

2
pi (VL P Vin

= +zi1+H 4
pig | pig ' pig | pipg | h T oss @

where Hj,4; is formed by a term representing the pressure losses due to the change in the
cross-section at the capillary inlet (5), and a term representing the pressure losses due to
friction with the walls of the tube (6):

Ap =k—— (5)

Ap= fsp Dcap Yo (6)
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C1 =1,88411177 -1

Cr =6,79778633 - 1

The following equations for the friction factor fsp, which are variations of the Mori
and Nakayama [11] equation with varying coefficients taking the roughness of the tube
wall into account, were formulated by Zhou and Zhang [12] :

Deca 05
c(7)

C

for = [ (D )2,5 76 |1t (D )2,5 176 ()
Re( % } [Re Zeap }
De D,
€ 2 e \3
0! +85,2472168 — 4,63030629 - 10* ( ) +1,31570014 - 107( ) )
DC“P Dcup Dcup
€ 2 e \3
02 + 25, 3880380 —1,06133140 - 10* ( ) +2,54555343 - 10° ( ) ©)
cap cap cap

By neglecting elevation changes from Equation (4), the length of the single adiabatic
phase can be derived as (Bansal and Rupasinghe, 1998 [13]; Melo, 1992 [14]):

Deg 2
Lsp = prp L)Vg(r]l —p2) — k] (10)

Taking into account the simplifications made and thus simplifying the mass terms
and the changes in altitude, the energy balance in the two-phase flow region can be

written as: ) )
% 1%
o thi= 5+ hi g (11)
The continuity equation can be written as:
Deap \ 2 Deap \?
”'1=7T(;ap> 'Vi'Pi:Tf( ;ﬂp> “Viy1 - piv (12)

Introducing the volumetric flow rate G, the fluid velocity in the capillary can be
defined as:

G
Vi= — 13
= (13)
G
Vigr = — (14)
Pi+1

The heat exchanged between the capillary tube and suction line is evaluated using the
correlations:

hiv1=hgpiv1+xip1- (hg —hp)pin (15)
Vit1 = Vfpit1 + Xiv1 - (Vg — Of)pit1 (16)

Thus, by making the appropriate substitutions, the vapour quality at point i+1 can be
derived from Equation (11). The length of the section in the region of two-phase flow can
be derived from the momentum balance equation:

7'[D2 7'L'D2

where T, is the tension, defined as:

V2
Tw = ftp% (18)
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The friction factor f for the two-phase flow region (Equation (19)) and helical tube is
calculated with the following equation (Lin et al., 1991 [15]) from S. W. Churchill, 1977 [16]:

—a2p, (2 19
ftp - fSP th ( )
Then, from S. W. Churchill, 1977 [16]:
A B 1/8
P2 = {S’“L S”] [1+x<pf —1)} (20)
Atp + By Pg
r q16
Asp = | 24571n 55 L (21)
2 \0
i ) F027(oi) )
r 716
Ay = |2457In 55 ! (22)
2 \0
| () +o27(s5)
37530\ '©
By, = 23
. (RESP> 23)
37530\ '©
By, = 24
" (REtp) 24)
GD
Resy = —F (25)
Hsp
GDcup
Rep, = (26)
14 th

The heat flux |g;, 1| transferred from the fluid in the capillary tube to the fluid in the
suction line is evaluated as:

‘Qi+1| =U- Aex- (Ti - T]) (27)

gia| = 191l 28)

The contact area between the capillary tube and the suction line was evaluated as a
portion of the outer area of the capillary, so later assessments were made regarding the
influence of more or less precise winding on cycle performance.

Asc =dLtp - Degp - 70+ f (29)
The resistive method Figure 8 is used to determine the overall heat transfer coefficient U:

1 1 l}’l (gsl,ex ) lTl ( gct,ex ) 1
=R;+Ry+R3+Ry = sLin + ctex +
Udex ' ’ * g1 Ag 27tk st Lsp 27tkwet Let Kt Act

(30)
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Figure 8. The resistive scheme. R1 represents the fluid running through the suction tube, R2 represents
the wall of the suction tube, R3 represents the walls of the capillary tube, and R4 represents the fluid
in the capillary tube.

where ky, &g, and a; are the tube perimeter conductivity and convective heat transfer
coefficients of the suction tube and the capillary tube, respectively. Analysing the order
of magnitude of the heat transfer coefficients showed that the convective heat transfer
coefficient on the capillary tube side is three orders of magnitude greater than the heat
transfer coefficient on the suction line side. Thus, the resistance R4 can be neglected, along
with the conductive resistance of the walls of the two tubes, R2 and R3. Thus, the overall
heat transfer coefficient can be calculated as follows, from the Gnielinski correlation [17]:

e (%) (Rerer —1000)Py
= Sl: p— .

(31)
1412,7y/ 5t (P22 — 1) Petin
uc
Pryes = —F (32)

where y is the dynamic viscosity and fy.r is the friction factor within the suction line,
evaluated using the Darcy—-Weisbach correlation from Kamel Sigar Hmood et al. [18]:

oo 1
S (0, 79InRey. — 1,64)2

(33)

The heat absorbed by the vapour from the suction line is considered to be the same as
that given by the refrigerant on the capillary side. Therefore, we find:

|qi 1] = hsi — hg (34)

where hg is the initial enthalpy of the refrigerant in the suction line and hg; is the enthalpy
of the refrigerant after heat exchange.

2.3. Literature and Experimental Validation

The capillary tube model is validated with data from two types of refrigerants, R134a
and R600a, from Bansal and Wang [19]. The vapour quality at the capillary tube outlet and
the refrigerant flow rate are the parameters used for the comparison. Given the same length
and inner diameter of the capillary tube, the condensing temperature, the evaporation
temperature, and the type of refrigerant, the comparison yielded the following results:
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*  The comparison with data obtained with R134a shows a deviation of 0-10% for vapour
quality and a deviation that stabilizes around 16-17% for refrigerant flow rate.

*  The comparison with data obtained with R600a shows a deviation of 2-5% for vapour
quality and of 11-13% for refrigerant flow rate.

The non-adiabatic capillary tube model is also validated using three water-cooling
machines. Each machine has its cooling capacity and its coupling configuration between the
capillary tube and compressor suction line. The model as designed allows for adaptation
to all configurations.

From the experimental measurements, performed on real machines for water cooling,
are extrapolated data on evaporation temperature, condensation temperature, and the
temperature of water in the tank over a certain time interval. Starting from these values,
the actual heat output data, necessary to make the tank temperature drop by the measured
quantity, were compared with the data extrapolated from the model. The comparison
showed that the error between the extrapolated and measured data is between 4% and 15%.

3. Results

In order to evaluate and quantify the influence of the coupling between the capillary
tube and suction line, sensitivity analyses are conducted.

As revealed in the review work conducted by Dubba and Kumar [3], from 2006 to 2016
only a small percentage of work on capillary tubes in the literature used propane “R290”
and isobutane “R600a” as refrigerants, at 9% and 13% of the works found, respectively.
Therefore, analyses using propane and isobutane are conducted in this research work,
the results of which are given below.

First, sensitivity analysis is conducted on the lateral exchange area. By establishing as
the maximum exchange area the half outer circumference of the capillary tube multiplied
by the length of the capillary tube, f is a multiplicative coefficient indicating a fraction of
the maximum area.

Tables 1 and 2 show the values of suction line temperature, COP, cooling capacity,
refrigerant flow rate, and vapour quality as the f-factor varies, with the use of R290 and
R600a, respectively. Next to each value is also shown the relative variation with respect to
the first iteration data. The data are extrapolated by fixing the condensation and evaporation
temperatures, the capillary tube length and diameter, and the superheating degree.

Table 1. Sensitivity analysis with respect to lateral heat transfer area. Ty, = 54 °C, Tevap = —3.7 °C,
A Tgyp =3°C, Let =2.2 m, D¢t = 0.9 mm, refrigerant = R290.

Tsl o, o, Qf o o, o

f (K) Yo Ccop % (W) %o (kg/h) Yo X %
0.1 279.82 0.0 1.937 0.0 372.29 0.0 5.262 0.0 0.3764 0.0
0.2 280.19 0.1 1.943 0.3 374.94 0.7 5.273 0.2 0.3748 0.4
0.3 280.57 0.3 1.949 0.6 377.59 14 5.285 0.4 0.3732 09
0.4 280.94 0.4 1.954 0.9 380.27 2.1 5.296 0.7 0.3716 1.3
0.5 281.31 0.5 1.960 1.2 382.94 29 5.308 0.9 0.3700 1.7
0.6 281.68 0.7 1.966 1.5 385.63 3.6 5.320 1.1 0.3684 2.1
0.7 282.05 0.8 1.971 1.8 388.34 4.3 5.331 1.3 0.3668 2.6
0.8 282.42 0.9 1.977 2.1 391.07 5.0 5.343 1.5 0.3652 3.0
0.9 282.79 1.1 1.983 2.3 393.79 5.8 5.355 1.8 0.3636 34
1.0 283.16 1.2 1.988 2.6 396.55 6.5 5.368 2.0 0.3620 3.8
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Table 2. Sensitivity analysis with respect to lateral heat transfer area. Tyy,g = 54 °C, Tevap = —3.7 °C,
A Tgyp =3 °C, Let =2.2 m, Dt = 0.66 mm, refrigerant: R600a.

Tsl o, o, Qf o m o, o

f (K) Yo CcOop % (W) %o (kg/h) Yo X %o
0.1 279.86 0.0 2.056 0.0 70.54 0.0 1.024 0.0 0.3571 0.0
0.2 280.28 0.2 2.066 0.5 71.46 1.3 1.027 0.3 0.3554 0.5
0.3 280.69 0.3 2.075 1.0 72.26 24 1.031 0.6 0.3537 1.0
0.4 281.10 04 2.085 1.5 73.16 3.7 1.034 1.0 0.3520 14
0.5 281.52 0.6 2.095 2.0 74.08 5.0 1.038 1.3 0.3503 1.9
0.6 281.93 0.7 2.105 24 75.01 6.3 1.041 1.7 0.3486 24
0.7 282.34 0.9 2112 2.8 75.65 7.2 1.045 2.0 0.3469 29
0.8 282.75 1.0 2.122 3.2 76.55 8.5 1.048 24 0.3452 3.3
0.9 283.16 1.2 2.131 3.7 77.47 9.8 1.052 2.7 0.3435 3.8
1.0 283.57 1.3 2.140 41 78.41 11.2 1.056 3.1 0.3418 4.3

The results show that more accurate contact results in an increase in the degree
of superheating of the compressor inlet fluid, and an increase of up to 3% in COP and
refrigerant flow rate. The use of one fluid versus another does not affect the trend in COP
or compressor inlet temperature, but does affect the heat capacity, which is a property of
the fluid itself.

Next, the influence of capillary tube length on machine performance is analysed. Based
on the assumptions made about the helix diameter, the increase or decrease in the length
of the capillary tube corresponds to an increase or decrease in its windings around the
suction tube. Table 3,with R290 as the refrigerant fluid and with a capillary tube diameter of
0.9 mm, and Table 4, with R600a as the refrigerant fluid and with a capillary tube diameter
of 0.66 mm, show the values of suction line temperature, COP, cooling capacity, refrigerant
flow rate, and vapour quality as the length of the capillary tube changes. A factor of f =1
is used to define the exchange area. As for the analyses shown in Tables 1 and 2, the data
are extrapolated by fixing the condensation and evaporation temperatures, the capillary
tube length and diameter, and the superheating degree.

Table 3. Sensitivity analysis with respect to capillary tube length. T,y = 54 °C; Tepap = —3.7 °C;
A Tgyp =3 °C; Dot = 0.9 mmy; f = 1; refrigerant: R290.

Tsl o, o, Qf [ m o, o,
L (m) (K) Yo (¢(0) 4 %o W) %o (kg/h) Yo X %o
1.0 281.34 0.0 2.018 0.0 703.04 0 9.463 0 0.3498 0.0
1.1 281.54 0.1 2.010 —04 65535 -7 8.841 -7 0.3546 0.8

1.2 281.75 0.1 2.005 —-0.7 61599 12 8.330 —12 0.3548 1.4
1.3 281.95 0.2 2.001 -09 58285 17 7.889 —-17  0.3564 1.9
1.4 282.16 0.3 1.998 —1.0 55443 21 7.507 =21  0.3577 23
1.5 282.37 0.4 1.996 -11 52982 25 7173 —24  0.3585 2.5
1.6 282.59 0.4 1.995 -12 50829 28 6.878 -27  0.3592 2.7
1.7 282.80 0.5 1.994 —12 48917 =30 6.614 =30  0.3596 2.8
1.8 283.22 0.7 2.001 —-09 46837 33 6.298 =33  0.3577 2.3
1.9 283.51 0.8 2.002 —-0.8 44984 36 6.038 -36  0.3576 2.3
2.0 283.80 0.9 2.003 —0.8 43343 38 5.805 -39  0.3574 22
2.1 284.10 1.0 2.005 —-0.7 41887 —40 5.596 —41  0.3571 2.1
22 284.40 1.1 2.007 —-0.6 40579 —42 5.407 —43  0.3566 2.0
23 284.70 1.2 2.009 —04 39401 —44 5.236 —45  0.3560 1.8
24 285.00 1.3 2.012 —-03 38331 —45 5.079 —46  0.3553 1.6
2.5 285.30 14 2.015 -02 37357 47 4.936 —48  0.3546 1.4
2.6 285.61 1.5 2.018 0.0 364.68  —48 4.803 —49  0.3538 1.1
2.7 28591 1.6 2.022 0.2 356.48  —49 4.680 -51  0.3529 0.9
2.8 286.22 1.7 2.025 0.3 34894  —50 4.567 =52 0.3520 0.6
29 286.53 1.8 2.029 0.5 34196 51 4.460 =53  0.3510 0.4
3.0 286.84 2.0 2.032 0.7 33550 52 4.362 -54  0.3500 0.1
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Table 4. Sensitivity analysis with respect to capillary tube length T4 = 54 °C; Tevap = —3.7 °C;
A Tgyp =3 °C; Dot = 0.66 mm; f = 1; refrigerant: R600a.

Tsl o, o, Qf o, m [ o,
L (m) (K) %o (€(0) %o (W) %o (kg/h) %o X %
1.0 279.45 0.0 2.133 0.0 172.32 0 2422 0 0.3294 0.0
1.1 281.48 0.7 2.134 0.1 135.31 —21 1.877 —-22 0.3329 1.1
1.2 281.79 0.8 2.128 —-0.2 124.39 —28 1.727 —-29 0.3354 1.8
1.3 282.09 0.9 2.126 —-0.3 115.79 —-33 1.608 —-34  0.3369 23
14 282.39 1.1 2.125 —04 108.71 —37 1.509 —38 0.3379 2.6

1.5 282.70 1.2 2.125 —-04 10286 —40 1.425 —41  0.3385 2.8
1.6 283.02 1.3 2.123 -04 9754 —43 1.353 —44  0.3387 2.8
1.7 283.33 1.4 2.125 —04 9325 —46 1.290 —47  0.3386 2.8
1.8 283.65 1.5 2.127 —-03 8951 —48 1.235 —49  0.3384 2.7
1.9 283.96 1.6 2.130 -0.1 86.22 -50 1.186 -=51  0.3380 2.6
2.0 284.28 1.7 2.133 0.0 83.33 —52 1.143 =53  0.3375 24
2.1 284.60 1.8 2.137 0.2 80.72 -53 1.104 —-54  0.3368 2.3
22 284.92 2.0 2.140 0.4 78.41 —-54 1.069 -56  0.3361 2.0
23 285.24 1.1 2.140 0.3 75.84 —56 1.036 =57 0.3353 1.8
24 285.56 22 2.144 0.5 73.92 —-57 1.007 —58  0.3344 1.5
25 285.88 2.3 2.148 0.7 72.16 —58 0.980 —60  0.3335 1.3
2.6 286.20 24 2.152 0.9 70.57 -59 0.955 —61  0.3326 1.0
2.7 286.53 2.5 2.156 1.1 69.10 —60 0.932 —62  0.3315 0.7
2.8 286.85 2.7 2.160 1.3 67.73 —61 0.910 —62  0.3305 0.3
29 287.17 2.8 2.165 1.5 66.47 —61 0.890 —63  0.3294 0.0
3.0 287.49 29 2.170 1.8 65.32 —62 0.871 —64 03283 0.3

The tables show that an increase in capillary tube length results in an increase in
compressor inlet fluid temperature, and a decrease in refrigerant flow rate of up to 50%,
leading to a decrease in refrigeration capacity. The COP, on the other hand, does not
undergo changes that can be considered significant when varying the length of the capillary
tube and keeping the operating conditions intact.

4. Conclusions

This paper presents the effects of capillary tube length and the heat exchange area
of the suction line on the performance of a commercial water cooler machine, in order
to define the architecture of the capillary tube, in terms of geometry, i.e., tube length
and diameter, and refrigerant flow rate, knowing the operating temperatures of the cycle,
and the required performance.

The conclusions that can be drawn from this study are as follows:

*  Anincrease in the f-factor, leading to a more accurate coupling between the capillary
tube and suction line, brings as an advantage an increase in the degree of superheating
of the refrigerant entering the compressor, reducing the risk due to the presence of
liquid in the compressor. On the other hand, the COP increase is almost negligible,
in the order of 3%, in line with data in the literature (Ji Hwan Jeong, 2012 [7]).

*  The increase in the capillary tube length of 300% has an influence on the degree of
overheating and on the decrease in refrigerant charge of up to 60%, which contributes
to charge reduction but, in turn, causes a decrease in cooling capacity.
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Abbreviations

The following abbreviations are used in this manuscript:

CSLHX capillary-suction line heat exchanger

cor coefficient of performance

Nomenclature

A cross-section area of the capillary tube (m?)
cp specific heat (J kg~1 K1)

Deap coil diameter of the capillary tube (m)
f friction factor (-)

G mass flux (kg s Im™2)

g gravitational acceleration, (m s2)
Hjpss total head loss (m)

h specific enthalpy (k] kg~1)

k entrance loss factor (-)

L capillary tube length (m)

m refrigerant mass flow rate (kg s~ ')
Pr Prandtl number (-)

P pressure (Pa)

h specific enthalpy (k] kg~1)

k entrance loss factor (-)

L capillary tube length (m)

m refrigerant mass flow rate (kg s~

Pr Prandtl number (-)

p pressure (Pa)

Q heat flow (W)

q specific heat (k] kg™1)

Re Reynolds number (-)

T temperature (K)

v refrigerant velocity (m s~1)

X vapour quality (-)

z elevation (m)

Geek letters:

convective heat transfer coefficient (W m~2 K1)
difference

relative surface roughness of the tube (m)
thermal conductivity (W m~1 K~1)

dynamic viscosity (Pa s)

density (kg m~3)

TR >0 >R
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Subscript:
ad adiabatic
ct capillary tube
d diabatic
ex external
f saturated liquid
g saturated vapour
i the outlet of each new control volume
in internal
ref refrigerant
sl suction line
sp single-phase
tp two-phase
w wall
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