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Abstract This paper presents the results of an experimental study and
mathematical modeling of the effect of dynamic instabilities on the con-
densation phase transformation of the refrigerants homogeneous R134a and
its replacement in the form of isomers R1234yf and R1234ze and R404A
or R507 and R448A in pipe mini-channels. In the case of homogeneous
chlorofluorocarbons (CFCs), it is the 1234 isomers that are envisioned as
substitutes for the withdrawn ones with high ozone depletion potential and
global warming potential. For zeotropic and azeotropic mixtures, for exam-
ple, these are R507 or R448A. The paper presents a dimensional analysis
procedure based on the Buckingham II theorem to develop a regression ve-
locity model of pressure dynamic instabilities. The experimental part of the
work was carried out with the use of tubular mini-channels with internal
diameter 1.40-3.3 mm.
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1

Introduction

In the many papers, the possibility of using computational models devel-
oped to describe the impact of dynamic instabilities on the process of con-
densation of refrigerants in pipe mini-channels is demonstrated [1,4,9, 10,
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13, 18]. These methods refer to the computational determination of the
velocity of displacement of pressure instabilities, and the velocity of the
liquefaction front.

It should be noted that in the literature there is a lack of publications
describing dynamic instabilities with unitary characteristics and, in partic-
ular, a lack of computational models. Filling this information gap are the
author’s models presented in this paper. They concern the modeling of the
propagation of pressure instabilities and the movement of liquefaction front,
resulting from non-stable interactions of unitary nature [17]. The given so-
lution can be applied to the phase transformation of refrigerant liquefaction
implemented in mini-channels [3,16,20,26]. A regression function was used
to describe the velocity of the displacement of the pressure change signal
and the temperature change signal. It describes the dependence of the ex-
pected value of a variable (in this case, the magnitudes of the velocity of
displacement of pressure instabilities and the velocity of the liquefaction
front) on the explanatory variables Buckingham II theorem, assuming that
the number of dimensionless modules is equal to the number of independent
physical parameters, minus the number of basic dimensions [5,6,8]. The pre-
sented method of determining dimensionless numbers, describing the speed
of propagation of instability and the unknowns occurring in the regression
equations, is included, as constant quantities and exponents of powers.

The magnitude of the velocity of the movement of the pressure change
signal caused by instabilities of a unitary dynamic nature (velocity of move-
ment of pressure instabilities) was functionally dependent on the following
parameters:

vp = f(Apv p07 U7 du ’U)), (1)

where: Ap — amplitude of condensing pressure oscillations during distur-
bances, p, — average condensing pressure of the refrigerant, v — kinematic
viscosity coefficient of the two-phase mixture, d — internal diameter of the
mini-channel, w — average velocity of the two-phase refrigerant mixture.

Equation (1) shows that the speed of movement of unit dynamic insta-
bilities depends on the amplitude and frequency of their generation and
the physical properties of the refrigerant. The magnitude of the amplitude
of pressure oscillations (Ap) depends, in turn, on the step (unit) change in
this value. In the case under consideration, there is a sudden disappearance
or development of the condensation phase transformation process, caused
by the sudden closure (or opening) of the shut-off valve on the refrigerant
supply to the pipe mini-channel.
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The primary quantity affecting the generation of dynamic instabilities,
both pressure and temperature, is the mass flow rate of the refrigerant. In-
stabilities of this type are associated with mass flux density disturbances [7].

In the case of dynamic instabilities of the mass flow rate (r) of the
refrigerant, there is an impulsive (one-time) change in this quantity. The
velocity of the two-phase refrigerant mixture in this case is determined by
the relation -

dist
prrpA’ 2)
where: A — cross-sectional area of the mini-channel, prrp — density of the
two-phase mixture is determined from the relation

Mmix = wpTrpA = w=

PLPG (3)

PTFP = )
pc +x(pL — pa)

where the subscripts G and L stand for gas and liquid, respectively. The
vapor quality (x) of the refrigerant in the sections of the mini-channel was
calculated according to publications on the subject [15,21].

Performing the procedures related to the application of dimensional anal-
ysis to relation (1) led to the dimensionless propagation velocity of unitary
pressure instabilities:

of = CRefpe (2p7)' (4)

where: a,b — exponents; C' — constant; Ap™ — dimensionless pressure drop,
Rerpr — Reynolds number for two-phase flow.

The dimensionless propagation velocity of pressure instabilities was de-
termined by the ratio of the propagation (vy,) of the displacement of the
pressure change signal to the average velocity in the two-phase mixture

v
(w), v;‘ = %) and the dimensionless pressure drop was defined by the
w

ratio of the amplitude (Ap) of pressure to the pressure (p,) of condens-

A
ing refrigerant <A;r = p). The Reynolds number for two-phase flow in
Po
a mini-channel can, with the internal diameter d, be expressed as
wptprd
Rerpr = Ty

where 7 is the dynamic viscosity.
Equation (4) reduces to the following linear form:

log v;r =1log C + alogRerpr + blog Ap™. (5)
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The value of the constant C' and the exponents a and b were calcu-
lated using a nonlinear regression model. The method used the procedure
of highest reliability, which is an alternative to the method of least squares.
The standard deviation of the observed value from the predicted value was
determined using the so-called loss function. Maximization of the credibil-
ity function (selection of appropriate parameters satisfying this condition)
was performed using the quasi-Newton and symplex methods, which are
standard calculation modules in the Statistica software package. Equilib-
rium calculus was carried out (for a given refrigerant) for an appropriate
number of equations built on the basis of experimental results for the range
of applied disturbances.

In an analogous way to the regression function for unit pressure insta-
bilities, the values of the dimensionless velocity of propagation of the lig-
uefaction front were determined relating to the movement of temperature
instabilities:

vr = f(AT, T,, v, d, w), (6)

where AT is the temperature oscillation and Ty, is the refrigerant condensa-
tion temperature. The application of dimensional analysis procedures made
it possible to formulate the relationship for dimensionless velocity in the
form of

vt = CReSpp (AT+>b, (7)

where AT is the dimensionless temperature drop determined by the ratio

of the amplitude of the temperature oscillation, to the magnitude of the
AT

refrigerant condensation temperature (AT+ =T )

Relationship (7) was also reduced to linear form:

log v} =1log C + alog Rerpr + blog AT, (8)

Calculation of the constant C' and the exponents a and b in Eq. (8) were
performed according to the same calculation procedures as for the nonlinear
regression model defined by relation (5).

The developed regression model was used to determine the propagation
velocity of pressure and temperature instabilities occurring during the gen-
eration of unitary instabilities. The occurrence of physical phenomena of
such instability character is associated with the process of rapid develop-
ment or disappearance of refrigerant condensation, for example, in heat
exchangers built of conventional channels, as well as mini-channels [14].
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2 Methodology of experimental research

The realization of experimental studies was carried in accordance with
for the identification of the effect of instabilities of a dynamic nature on
the condensation of R404A and R134a refrigerants in mini-channels of
pipes [12-14]. In the case of R507 and R448A refrigerants, the detailed
parameters under which the tests were carried out were as follows:

o refrigerants — R404A, R507 and R448A;

e internal diameters d = 3.3,2.3,1.9,1.44, and 1.40 mm;
e single channel configuration;

o refrigerant mass flux G = 60-316 kg/(m?-s);

o refrigerant inlet pressure p;, = 1.09-7.5 MPa (saturation temperature
in the range of 42.6-45.5°C.

Figure 1 shows a general view of the experimental station, while Fig. 2
shows a view of the measurement section, the schematic of which is pre-
sented in Fig. 3.

Electromagnetic cut-off valves

Data Acquisition
System

1

e

time controller

v i

= differential pressure gauge

Figure 1: View of the test site [12-14].

Using electromagnetic cut-off valves (Fig. 1), instabilities of a dynamic na-
ture were generated. The experiment was performed in a methodology that
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Figure 2: View of channels for studying heat transfer during refrigerant condensation in
mini-channels of pipes with pressure and temperature sensors installed [12-14].

Pressure signals Temperature signals
A/DJ[ 1 PC IﬂD 2

Water

Figure 3: Schematic diagram of the measurement section [12-14].

allows identification of the development and disappearance of the conden-
sation process of the studied refrigerants [2,12,19].

In order to achieve intensification of the liquefaction process, the method
of increasing the mass flux by means of opening the supply valve with
adjustable time (f) was used. On the other hand, the disappearance of the
liquefaction process was obtained by abruptly closing the shut-off valve [12—-
14]. This allowed us to determine the minimum time at which the response
of the system to the induced dynamic was noticeable is t, = 0.3 s. Tests
were carried out in the range of valve opening and closing times ¢, = 0.3—
3.5 s, using an increase or decrease in this time every 0.05 s in successive
measurements. Figure 4 shows the results of the tests on the issue under
consideration [12].
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Figure 4: Distribution of pressure of the tested refrigerants depending on the time of
closure (t.) and opening (t,) of the shut-off valve for the inner diameter of the
tested mini-channel d = 3.30 m.

The result of the rapid influx of refrigerant vapors into the mini-channel is
the displacement of the pressure change signal, which refers to the speed of
propagation of pressure instabilities (v,). Figure 5 illustrates the pressure
change signal identified for R404A, R507A, and R448A mixtures.
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Figure 5: Speed of propagation pressure instabilities depending on the frequency of gener-
ated unit disturbances during liquefaction of tested refrigerants in mini channels

of pipes.

The movement of pressure instabilities (v,) is accompanied by the propa-
gation of temperature instabilities (vr). These are referred to the so-called
the velocity of the condensation front (vpc). It was observed that in the
case of the development of the condensation process there is a decrease in
the velocity of propagation of the condensation front, which moved in ac-



www.czasopisma.pan.pl P N www.journals.pan.pl

N
Modeling the phenomena accompanying the condensation. .. 129

cordance with the direction of steam flow in the mini-channel. The decrease
in velocity is due to an increase in the frequency of generated disturbances,
which corresponds to a decrease in the opening time of the shut-off valve
(Fig. 6). On the other hand, when the condensation process disappeared,
the instability moved in the direction opposite to the incoming steam, re-
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Figure 6: Dependence of the velocity of propagation of temperature instabilities on the
frequency of generated unit instabilities for the studied refrigerants.
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sulting in a reduction in the most effective area of condensation proper in
terms of heat transfer [11,22,24,26]. Figure 7 shows example distributions
of pressure and temperature instability precipitates for R134A refrigerants

and R1234ze and R1234yf isomers.
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Figure 7: Propagation velocities of pressure (v,) and temperature (vr) instabilities as
a function of the frequency of singular instabilities during condensation of tested

refrigerants inside tubular mini-channels
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3 Comparative comparison of computational
models describing dynamic instabilities
of unit liquefaction of pro-environmental
agents in pipe mini-channels

For the studied refrigerants, the application of regression functions for the
unit pressure and temperature instabilities occurring during the liquefac-
tion process, the values of the unknowns C, a, and b were determined
according to relations (4) and (7) with the corresponding variance from
population (02) and r-Pearson significance coefficients. Example calcula-
tion results for the studied refrigerants R448A and R1234yf are presented
below.

In the case of the R448A refrigerant, for pressure instabilities occurring
during the development of the liquefaction process, the following values
were obtained: C' = 327.8, a = —0.52, b = —1.11 with a variance of 96% and
a significance factor R = 0.91. This allowed to, formulate the relationship
in the following form:

v = 327.8Rerl?Apt . (9)

The results of calculations according to Eq. (9) on the dimensionless ve-
locity v; reg Were compared with the results of experimental studies vl‘f oxp?
obtaining satisfactory agreement in the 25% range, as shown in Fig. 8.

300

T T T
0 30 100 150 200 250

+
Up reg

) for R448A refrigerant during the development of the

Figure 8: Dependence of dimensionless velocity (

imental studies (v;
exp

condensation process.

) from the value obtained in exper-
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Figure 9 presents the correlations obtained by means of applied statistical
software for the parameters on which the regression model was based.

Model: v1=b1%(v2*b2)*(v3°b3)
2=(327,798)"(x-0,520319))(y*(-1,11438))

> 700
Il <520
Bl < 520
[ < 420
[]<320
= <220
B <120
B <20

Figure 9: Interdependence of quantities forming the regression model (V;]L, Ap', Rerpr,
Eq. (9)) for R448A refrigerant during the development of the condensation
process.

Analogous to the regression model of pressure instabilities, the values of
the constants of the equation describing the dimensionless velocity speed of
propagation of temperature instabilities were determined v; for the refrig-
erant R1234yf. The following values were obtained: C' = 0.00079; a = 0.34;
b = —1.43; with a variance of 98% and significance coefficient R = 0.99.
Consequently, the following form of the regression function was obtained:

v} = 0.00079ReFLAT . (10)

Comparison of computational results obtained from relation (10) with ex-
perimental results showed a concordance of £25% (Fig. 10). Figure 11 shows
the correlations obtained by means of applied statistical software for the
parameters on which the regression relationship was formulated for speed
v;reg in condensing refrigerant R1234yf.

Table 1 presents a summary of the quantities that form correlations,
describing the dimensionless speed of propagation of pressure (v]‘oIr ) and
temperature (v7) instabilities developed for refrigerants R134a, R1234yf,
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N
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0 1 1 2 2 3 3 . 4
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Figure 10: Dependence of dimensionless velocity 'U;C reg from the value obtained in exper-

imental studies U;C exp for the refrigerant R1234yf, during the development of

the condensation process.

Model: v1=b1*(v2"b2Y(v3"b3)
2=(0,000790703)(x0,338075))*(y™(-1,42926))

| Ext

B <325
<225
<125
B <025

Figure 11: Interdependence of quantities forming the regression model (VT+ , AT" Rerpr,
Eqg. (10)) for R1234yf refrigerant during the development of the condensation
process.

R1234ze, R404A, R507, and R448A. The tabular statement also indicates

the range of accuracy of comparison of calculation results (vp+ reg) with

experimental (v, eXp). It was within the range of +25%.
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4 Conclusions

The paper proposes proprietary computational models for determining the
propagation velocity of pressure and temperature instabilities during the
development or disappearance of the liquefaction process of existing and
new environmentally friendly refrigerants. The proposed calculation meth-
ods were based on a regression function in which the expected value of the
explained variable depends on the explanatory variables. In the case under
consideration, the explanatory variable was the value of the propagation
velocity of a given instability, while the explanatory variables were related
to the parameters of the system.

Simple dimensional analysis procedures were used, taking into account
the Buckingham II theorem. A general form of the regression function was
obtained with the help of the values of the dimensionless velocity of propa-
gation of pressure instabilities and the dimensionless velocity propagation
of temperature instabilities for different refrigerants. Calculations made ac-
cording to the developed models were compared with experimental studies.
Satisfactory agreement was shown, within +25%, for all analyzed factors.
This result should be considered satisfactory and testifies to the applicabil-
ity of the developed regression models for the computational determination
of the propagation speed of pressure and temperature instabilities originat-
ing from unitary dynamic interactions. The 25% accuracy interval value
for two-phase flows is a very good result in two-phase flow technology, as
indicated in the industry literature.

The methodology proposed by the author makes it possible to calcu-
late significant quantities (the dimensionless velocities of propagation of
pressure and temperature instabilities) in describing the dynamic unit in-
stabilities that occur in the liquefaction process in mini-channels. Using a
relatively simple method, important information was obtained that effec-
tively fills a gap in the literature.

It should be emphasized that the proposed methodology can be applied
to new agents that are replacements for phased-out F-gases.

Received 17 January 2023
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