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Abstract The paper presents the results of experimental heat transfer
and pressure drop during condensation of the single component refrigerant
R134a and zeotropic mixtures R404A, R407C, and R410A in tube minichan-
nels of internal diameter from the range 0.31-3.30 mm. The local values and
the average of heat transfer coefficient and pressure drop in the whole range
of the change in mass quality were measured. On the basis of the obtained
test results there was illustrated the influence of the change of mass vapor
quality, the mass flux density, and the inner diameter of channel on the
studied parameters. These results were compared with the calculation re-
sults based on the relations postulated by other authors. The discrepancy
range was * 50%. On the basis of given test results own correlation was de-
veloped to calculate the heat transfer coefficient and pressure drop of tested
refrigerants which presents the obtained results in a range of discrepancy of
+25%.
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Nomenclature
d - minichannel inner diameter, m
f — friction coefficient
G~ mass flux density, kg/(m?s)
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g gravitational acceleration, m/ s
L length, m
m mass flow rate, kg/s
P pressure, kPa
q heat flux, W/m?

T temperature, °C

T vapor quality

Ap pressure drop, kPa

Nu Nusselt number

Pr Prandtl number

Re Reynolds number

We Weber number, We = %
ATy temperature glide, K

Greek symbols

Subscripts

th
TP
TPF

Q™ ® >0
|

heat transfer coefficient, W/(m?K)
thermal conductivity coefficient, W/(m K)
dynamic viscosity, kg/(ms)

density, kg/m?

surface tension, N/m

averaging conditions
critical value
experimental values
flow of one phases
gas

gas only
hydrostatic

flowing section
liquid

liquid only

reduced pressure
saturation value
theoretical value
two phase

two phase frictional
local value

1 Introduction
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Due to the destructive impact of refrigerants from chlorofluorocarbons
(CFC) and hydrochlorofluorocarbons HCFC) groups on the natural envi-
ronment, in particular on the destruction of the ozone layer and the intensi-
fication of global warming, radical actions were taken in order to eliminate
derived chlorinated substances from a common use. The first international
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agreement which was aimed at protecting the environment was the ‘Mon-
treal Protocol’ [22] implemented on 16 Sept. 1987. The consequence of it is
the ‘Act on substances that deplete the ozone layer’ [30] from 20 April 2004
passed by the Council of the European Union and ratified by the Polish
Parliament. These documents regulate the use and operation rules of sub-
stances harmful to the ozone layer, as well as prohibit the widespread use of
refrigerants of CFCs (R11, R12) and HCFC (since 01 Jan. 2010 freon R22
has been completely removed from the newly designed refrigeration plants).
These restrictions affected the increased search of substitutes, withdrawn
CFCs. The substitutes of these freons should meet a number of criteria,
including: the relevant chemical, physical and thermodynamic criteria and
also further criteria concerning environmental performance, economy and
security.

Removed refrigerants are successively controlled and replaced with eco-
logical refrigerants having similar physicochemical properties, including
agents of natural origin and synthetic origin, mainly homogeneous agents
and their mixtures. For example, as a replacement of R22 there are usually
proposed such zeotropic mixtures as R404A, R407C, and R410A [5].

In recent years R134a has been the most popular substitute for R12.
Despite its obvious thermodynamic advantages, this refrigerant has a very
high global warming potential (GWP p134, = 1430) [7]. This fact affected
the decision about its withdrawal. According to the Directive of the Eu-
ropean Parliament and the Council of Europe No. 2006/40/EC the use
of fluorinated greenhouse gases for which GWP value is greater than 150
is limited in all newly manufactured refrigeration and MAC (mobile air
conditioning) systems. It was suggested that since 1 Jan. 2011, R134a
should be withdrawn from vehicle air conditioning systems in all new mod-
els and next since 1 Jan. 2017 the use of R134a will be prohibited in all
newly manufactured vehicles [1,27,31]. Ultimately, this refrigerant is to be
replaced with a new, environment — friendly refrigerant from hydrofluo-
roolefin (HFO-1234yf) group [1,31].

Accordingly, zeotropic mixture (ZEO) and nearly azeotropic refrigerant
mixtures (NEARM or MBA) are becoming more and more popular in re-
frigeration. These are the refrigerants, which are a mixture of two or more
one-component refrigerants with a determined percentage mass concentra-
tion in the mixture. The characteristic of zeotropic mixtures is the so-called
‘temperature glide’, T}, of boiling phase changes and condensation, which
means that phase transitions are not isothermal and they are accompanied
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with changes of the concentration of mixture components. The tempera-
ture glide of such a mixture is sometimes even approx. 10 K. In contrast,
NEARMs (Nearly Azeotropic Refrigerant Mixtures) have a small tempera-
ture glide and during the process of a phase transition they act as azeotropic
(AZEO) mixtures. Another common feature of zeotropic mixtures is a non-
linear dependency course concerning temperature—enthalpy chart [18,31].
This may affect the intensity reduction of the heat flux density and the
efficiency of the heat exchanger. The group of zeotropic mixtures include,
among others R407C, however, R404A and R410A refrigerants belong to
MBAs (nearly azeotropic refrigerant mixtures) mixtures. These mixtures
represent high pressure refrigerants and share the following values of tem-
perature glide: R404A — approx. 0.5 K; R407C — approx. 7.2 K; R410A
— approx. 0.1 K [7]. The interaction of these characteristics of zeotropic
mixtures with single-component refrigerants affects the diversity of con-
densation mechanism. In the process of condensation and boiling of these
mixtures, there is a percentage change of components and also the phase
transition temperature changes (for a homogeneous refrigerant phase tran-
sition temperature is constant, it depends on pressure p = const.) It is a
very complex phenomenon due to the dynamic mechanism of the percent-
age change depending on the saturation temperature and pressure in the
refrigeration cycle, which cannot be predicted. The process of condensing
of homogeneous agents theoretically is in a stable saturation temperature
Ts = f(p), which is a function of absolute pressure of the process. Due to
these differences in the mechanisms of condensation, the appropriate cal-
culation method must be chosen to determine the thermal and flow char-
acteristics of such a mixture.

In the following part of the paper we present the results of the analysis
of literature data and our own experimental studies on pressure drop and
heat transfer during condensation of zeotropic mixtures in comparison to
the uniform R134a refrigerant.

The authors of [25] presented the test results during the condensation
of R22, R134a, and R410A refrigerants in a countercurrent heat exchanger
type ‘tube in tube’. The heat exchanger was made of copper minichan-
nels with an internal diameter of 1.77, 3.36, and 5.35 mm, while in these
minichannels the refrigerant flows inside and water is in the space between
tubes. The length of the test section was as follows: 1220, 2660, and
3620 mm. The study was conducted with the mass flux density of 200-
400 kg/(m?s) in the saturation temperature of 40°C. The results showed
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that in the case of a mixture of R410A, with the comparable process param-
eters, the heat transfer coefficient was higher than that of R22 and R134a.
The study also confirmed the influence of the internal diameter and the
mass flow density on the intensity of heat transfer. The reduction of the
internal diameter of a minichannel clearly influenced the intensification of
the condensation process in the flow.

Rajan [23] in his paper on the basis of experimental boiling tests in
the flow states that the heat transfer coefficient of R410A is approx. 30%
higher than the R22. The big disadvantage of refrigerant R410A is a high
pressure of this refrigerant in the system, higher by approx. 60% of R22.

The authors of publications [20,21] proposed their own, generalized
mathematical model for description of heat transfer and pressure drop dur-
ing condensation and boiling of refrigerants in the small diameter channels.
The analysis covered such refrigerants, as R134a, R404a, R600a, R290,
R32, and R1234yf. Based on the available research results the authors of
the paper compared own mathematical models with correlations of other
authors. In articles [20,21] to evaluate the value of heat transfer coeffi-
cient and pressure drop during condensation were used correlations due to
Thome et al., Cavallini et al., Matkovic et al., and Bohdal et. al., which
they next compared to their own calculation model and test results. The
comparison was made for R32, R404A and R134a refrigerants. The scope
of minichannel internal diameter changes was 0.45-3.30 mm. In all cases
authors obtained satisfactory results of comparison with their own model.

Thome [28] presented the calculation model of heat transfer during the
condensation of zeotropic mixtures in horizontal channels. He draws at-
tention to three important issues concerning the condensation of mixtures,
namely: 1) construction of new two-phase flow maps, 2) difference of heat
transfer models of zeotropic mixtures and homogeneous refrigerants, 3)
original heat transfer model concerning these mixtures. The author pro-
posed a model which gives the possibility to calculate the heat transfer
coefficient for single-component refrigerants and after applying the mod-
ification, it also refers to zeotropic mixtures. Two different mechanisms
of heat transfer during the condensation in the flow were taken into con-
sideration in this model, i.e., heat exchange by convection and by film
condensation. In the first case the heat transfer process takes place along
the channel under the influence of pressure gradient, and the second cor-
rection of the model refers to the upper part of the circumference of the
tube which remains dry during the flow.
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The authors of [9] conducted the study of condensation of R134a and
R407C refrigerants in minichannels. On the basis of obtained results they
confirmed that the condensation process of the zeotropic mixture R407C
proceeds differently than the condensation process of R134a. Therefore,
the calculations concerning zeotropic refrigerant mixtures should take into
account both heat associated with the cooling of the vapor and liquid phase,
as well.

Condensation tests of binary mixtures R125/R32, R134a/R32, and ternary
R32/R125/R134a, and R125/R143a/R134a in a smooth copper tube diam-
eter of 9.52 mm and a length of 3.67 m are shown in the paper by Doerr et
al. [15]. The study was conducted in terms of changing the mass flux 125—
375 kg/(m?s) and the saturation temperature 30-40°C. It was shown that
when the pressure drop is higher, we obtain lower heat transfer coefficient
in comparison to R22 for all the mixtures.

In paper [11] there are discussed the results of frictional pressure drop
of R236ae, R134a, and R410A during the adiabatic two-phase flow in the
multiports, composed of channels with a hydraulic diameter of 1.40 mm.
The test results showed that pressure drop is correspondingly lower for the
mixture R410A compared to R134a and R236ae while keeping the same
performance parameters and the saturation temperature. The experimen-
tal test results were compared to the calculation results according to the
correlation of other authors. They confirmed a small usefulness of tested
models in the description of the condensation process of mixture R410A,
due to too large discrepancy with the experiment.

The author [19] presented the experimental test results during boiling
of R134a and R407C in the horizontal smooth channels with an inner di-
ameter of d = 0.835 and 2.00 mm. The range of measured parameters was:
mass flux — G = 200-400 kg/(m?s), saturation temperature — Ty = 5-15°C,
vapor quality — = 0.2-0.8, and heat flux — ¢ = 5-15 kW /m?. The analysis
of test results showed that in the case of zeotropic mixture, the lower pres-
sure drop was received in relation to a single-component R134a refrigerant.

In the paper by Zhang et al. [33] there are presented the test re-
sults of condensation of R22, R410A, and R407C refrigerants in individual
minichannels with a circular inner diameter of 1.088 and 1.289 mm, in the
range of the following parameters: T, = 30-40°C, G = 300-600 kg/(m?s),
x = 0.1-0.9. As it was expected, there was an increase of pressure drop
with increasing flux density of the mass, GG, and the mass quality x, but in a
range in which = > 0.8, the effect is much less pronounced. It showed that
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there is a dependence between the pressure drop and the type of two-phase
flow structure.

In order to expand the database, experimental research on heat transfer
was conducted during the condensation of certain types of zeotropic mix-
tures. The experimental test results were used to prepare thermal char-
acteristics of local relations and averaged heat transfer coefficient on the
parameters of the process. Then the results were compared with other
relations of other authors previously tested of the homogenous refrigerant
R134a.

2 Experiment and testing facility

Thermal and flow characteristics made on a dedicated test bench, which is
at the Laboratory of Heat Engineering and Refrigeration of the Department
of Koszalin University of Technology. The measurement station was instru-
mented with a control-measurement device with the elements of the cooling
system and the drive, which enabled calculation of the heat transfer coeffi-
cient and pressure drop during condensation of a single-component R134a
refrigerant and zeotropic mixtures R404A, R407C and R410A. In all cases,
the same research methodology was applied, which enabled us to compare
the test results. The detailed description along with a discussion of each
element is given in [12].

The essential element of the test bench was a part of a minichannel 1
(Fig. 1) with a circular diameter and a total length L = 1000 mm, in
which the process of heat transfer took place during condensation. In the
schematic diagram of the experimental set-up, shown in Fig. 1, can be dis-
tinguished two cooperating parallel refrigeration systems, namely: single-
stage cooling system charged by the compressing and condensing generator
and the cooling system that works with a measurement section of a tube
minichannel. The refrigerant with a preset and fixed in time thermal and
flow parameters was connected to this section.

Control-measuring instrumentation of the test bench allowed to set the
process parameters such as temperature of the refrigerant, cooling water
temperature, temperature of the outer wall of a minichannel, mass flow
density of the refrigerant and water, pressure of the refrigerant, pressure
drop of a refrigerant on the length of a measurement section.
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Figure 1: Schematic diagram of the test stand: 1 — measuring section of pipe minichannel,
2 — water channel, 3 — refrigeration compressor unit, 4 — air cooled condenser,
5 — tank of liquid refrigerant, 6 — filter-dryer of refrigerant, 7 — electromagnetic
valve, 8 — thermostatic expansion valve, 9 — air cooler, 10 — heat exchanger
for removal of superheating, 11 — liquid refrigerant subcooler, 12 — electronic
flowmeter, 13 — pressure sensor of refrigerant on inlet to the test section, 14 —
pressure sensor of refrigerant at the outlet of the test section, 15 — differential
pressure sensor, 16 — water flowmeter, 17 — computer, 18 — data acquisition
system, 19 — temperature sensors (thermocouple type K).

Applying the heat balance method the heat flux, ¢, was determined indi-
rectly. That enabled subsequent determination of the mass quality, z, and

the heat transfer coefficient, o [13].
The thermal and flow research of refrigerants was made in the range of the

following parameters:
e inner diameter of the tubular minichannel: d = 0.31-3.30 mm,

« mass flux: G = 0-3500 kg/(m?s),
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e heat flux: ¢ = 0-100 kW /m?,
e saturation temperature: Ty = 20-40°C,

e vapor quality: x = 1-0.

The aim of the experimental, thermal and flow study, was to determine
mean and local values of the heat transfer coefficient and pressure drop
during condensation.

3 Experimental test results

The results of experimental studies led to the preparation of thermal and
flow characteristics during the condensation in flow of R134A, R404A,
R407C, and R410A refrigerants in minichannels. Experimental studies of
condensation were conducted in averaged and local conditions for tube
minichannels having an inner diameter of 0.31, 0.45, 0.64, 1.40, 1.92, 2.00,
2.30, and 3.30 mm, made of stainless steel. The conducted study aimed to
determine the effect of parameter changes of the process and the properties
of the refrigerant on heat transfer coefficient and pressure drop.

It is interesting to compare the characteristics of the condensation, de-
pending on the type of the refrigerant. Figure 2 shows the example of com-
parative characteristics of the average heat transfer coefficient, «,, for such
refrigerants as: R134A, R404A, R407C, and R410A. The test results indi-
cate that for the internal diameter of a minichannel of 0.31 and 1.40 mm,
the maximum value of average heat transfer coefficient was obtained by
one-component R134a refrigerant, but in the case of zeotropic mixtures
the higher values of o, were obtained by R407C, compared to R404A and
R410A. Meanwhile this increase is in the range of 10 to 15%, and for chan-
nels less than 1 mm it is approx. 30-40%.

Figure 3 illustrates an exemplary experimental thermal characteristics
in the form of the dependence of local heat transfer coefficient on the va-
por quality, oy, during condensation of zeotropic mixtures such as R404A,
R407C and R410A and homogeneous refrigerant R134a in pipe minichan-
nels pipes with a diameter 0.31-0.90 mm and 2.30 mm. The test results
confirmed that the local heat transfer coefficient depends on both the inter-
nal diameter of the tubular minichannel, as well as the local vapor quality
and mass flux. The decrease in a diameter of a minichannel influences the
growth of o, value significantly.
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Figure 2: Example of experimental heat characteristics during condensation of R134A,
R404A, R407C, and R410A refrigerants in averaged conditions for the depen-
dence of heat transfer coefficient on the mass flux density, aq, for minichannels
with an inner diameter of 0.31 mm (a), and 1.40 mm (b) for z, = 0.8.

By analyzing the characteristics in Fig. 3 it is noticed that there is a sig-
nificant influence of the change of the local vapor quality (with G = const)
on the course of characteristics. The decrease in the vapor quality is ini-
tially followed by a slight increase in the local heat transfer coefficient (in
some cases), and after reaching the maximum value at z =~ 0.8, there is a
substantial decline. This especially refers to minichannels with the internal
diameter of less than 1 mm.

The analyzed thermal characteristics (Fig. 4) concerning condensing
of the homogeneous refrigerant (R134a) and zeotropic mixtures (R404A,
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Figure 3: Comparison of experimental thermal characteristics concerning condensation
of refrigerants in local conditions; dependence of local heat transfer coefficient
on vapor quality, az = f(z), for minichannels with a diameter of 0.31-0.90 mm
and 2.30 mm, when G = const, for refrigerants: a) R134a.

R407C and R410A) have a similar course. The lowest obtained values were
achieved by R410A.

For all tested refrigerants we have made the characteristics describing the
local and the average pressure drop value, (Ap/L), of the vapor quality, z,
the mass flux, G, and the inner diameter of a minichannel, d, (Figs. 5-7 the
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Fig. 3 continued: b) R404A. For caption see p.51.

average values were calculated for proper condensing zone (in the range of
x = 0-1), while the local pressure drop was measured at nine cross-sections
separated from one another every 100 mm.

The reduction of the minichannel inner diameter significantly affects
the increase in pressure drop during condensation. It can be seen that the
increase of pressure drop is related to the decrease of the inner diameter.
However, the pressure drop grows very rapidly when the diameter decreases
below 1 mm. This is the effect of increasing influence of surface tension



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

POLSKA AKADEMIA NAUK

The analysis of thermal and flow characteristics of the condensation. . . 53
c)
d =0.31-0.90 mm
60000 T
@d=0.31 mm
@d=0.
50000 £ ° d=0.64 mm
Ad=0.90 mm
40000 -
Z
£ 30000 -
2
3 20000 A
10000 -
0 t t t t
1 0.8 0.6 0.4 0.2 0
X
d =2.30 mm
7000
©®G=294 kg/(m2s)
] ©G=234 kg/(in2s)
6000 AG=160 ke/(m2s)
BG=113 kg/(m2s)
5000 A
1%
K 4000 A
£
E 3000
g
2000 A
1000 -
0 . ¢
1 08 06 04 0.2 0
X

Fig. 3 continued: c¢) R407C. For caption see p.51.

and viscosity forces on friction. The increase in pressure drop is unfor-
tunately connected with the increase of driving energy demand. It is an
undesirable effect.
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Fig. 3 continued: d) R410A. For caption see p.51.

4 Analysis of experimental results

The results of our study of local pressure drop, (Ap/L),, and heat coeffi-
cient, a,, were compared with the calculation results according to the cor-
relation of other authors, for four tested refrigerants R134a, R404A, R407C,
and R410A in minichannels of a diameter d = 0.31-3.30 mm. In the case of
heat transfer coefficient, we used the correlation of Akers [2], and Shah [24],
Tang [26], Thome [29], Mikielewicz [21], and Cavallini [8]. The dependency
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Figure 4: Comparison of the dependence of heat transfer coefficient on vapor quality
of condensation in local conditions for a homogenous refrigerant R134a and
zeotropic mixtures R404A, R407C, and R410A in minichannels with an inner
diameter of 1.40 mm, when GG = const.
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Figure 5: Experimental flow characteristics of the condensation of R134a, R404A, R407C,
and R410A refrigerants in averaged conditions; dependence of average pressure
drop on the mass flux, (Ap/L)q, for minichannels with an inner diameter of
0.31 mm and 1.40 mm, for z, = 0.8.



I

www.czasopisma.pan.pl E)Q www.journals.pan.pl

POLSKA AKADEMIA NAUK

56 T. Bohdal, K. Widomska, K. Sikora
a)
450
x=0.9
400 1 ——==x=05
350 - = ax=02
— 300 4
g
S 250 -
1=}
3 200 A
=
2 150 |
100
50 A
0 ‘ .
0 3 3:5
d [mm]
b)
200
x=09
180 A e o4
160 e x= 0.2
140
E
= 120 A
Ay
£ 100 A
= 80 -
)
60
40 -
20 A
0 , .
0 3 3.5
d [mm]

Figure 6: Comparison of the dependence of local pressure drop values, (Ap/L)., on the
innernal diameter of a minichannel with G' = 300 kg/(m?s) and = const for
tested refrigerants: a) R134a, b) R404A.

of experimental results with the calculation results depends on both the
internal diameter of a minichannel and the mass flux. The analysis showed
that the experimental results of the coefficient heat transfer correspond well
with the calculated results by the correlation of Shah [24] and Akers et al.
[2]. As for the mass flux G < 600 kg/(m?2s) the better approximation is
achieved by the usage of Akers correlation, and at G' > 600 kg/(m?s) the
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Fig. 6 continued: c¢) R407C, d) R410A. For caption see p. 56.

results of experiments are better described by Shah correlation, especially

for minichannels with higher values of diameter. It should be emphasized
that in whole range of mass flux of condensed refrigerant the best accuracy
was observed with Mikielewicz correlation. This equation is recommended
for calculations of compact heat exchangers. Figure 8 shows a comparative

summary of the test results with the calculation results by correlations of:
a) Shah [24], b) Akers [2], ¢) Tang [26], d) Thome [29] Mikielewicz [21] and
Cavallini [8], for the four tested refrigerants R134a, R404A, R407C, and

R410A.
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Figure 7: Summary of experimental flow characteristics of the refrigerants condensation
in local conditions for the dependence of the pressure drop on the vapor quality,
(Ap/L)s, for minichannels with a diameter of 0.31 mm and 1.40 mm, with
G = const for: a) R134a.
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Fig. 7 continued: b) R404A. For caption see p. 58.
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Fig. 7 continued: ¢) R407C. For caption see p .58.
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Fig. 7 continued: d) R410A. For caption see p. 58.
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Figure 9 summarizes the results of experimental studies in comparison
to the calculation results obtained using the correlation developed by other
authors for the local pressure drop. These were the comparative models
due to Friedel [16], Garimella [17], Cavallini [10], Chen [14], Mikielewicz
[20], and Zhang and Webb [32]. Discrepancies between own investigation
results and the calculation results using mentioned above correlations, were
found in the range of 50%. In Fig. 9 is shown that experimental results
are most closely following the calculation results (in the same parameters
range) obtained using Friedel, Garimella, and Mikielewicz correlations. It
is a satisfactory result. The most of points is found in the discrepancy of
+50%, which confirms that these equations can be recommended for the
design calculations of pressure drops. In the case of heat transfer coefficient
the usefulness of described correlations is limited.

Relatively large divergences between experimental tests and the calcu-
lations using correlation of other authors made it necessary to develop own
universal experimental model based on own data analysis and literature
describing the local process of heat and pressure drop during condensation
of zeotropic mixtures in tube minichannels. On the basis of the dimensional
analysis and the theory of similarity, with the application of the nonlinear
regression model, we have calculated the correlation equations describing
the local Nusselt number Nu, and the local flow resistance pressure drop
(Ap/L); as in [5,6]

T 0.266
Nu, = 25.084Re}-258Pr; 0-495 ~0-288 (1—> , (1)
— X

Ds
Pr=—, 2
" per @)

where: p, — reduced pressure, p; — saturation pressure, p.. — critical pres-
sure. The dimensional form of Eq. (2) can be written as:

Nu,\;
O === (3)

where: \; — thermal conductivity of liquid refrigerant [W/mK].

In the Eq. (2) there appears reduced pressure, p,, which enable to ex-
tend application of Eq. (1) for average and high refrigerants, including such
refrigerants as R404A, R407C and R410A.

The described correlation by the formula (1) has been previously tested
for tube minichannels with a diameter from the range 0.9-3.30 mm, mass



The analysis of thermal and flow characteristics of the condensation. . .

I

POLSKA

AKADEMIA NAUK

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

63

10000

100000
Oy [W/(PK)]

100

1000

100000 = 100000 =
g% +50% |+7 ||
1 -7 - 1
R, %’.
10000 n 0000 re
- WY 4 _ ! I
9 ¥ Ly
-3 E e
= %
£ 1000 + —_— £ 1000
g ORI34a g ORI
AR404A AR404A
o BR407C aRr407C
r OR410A OR410A
100 + — 100 - - |
100 1000 10000 100000 100 1000 10000 100000
Ol [WIK)) Ol [WIK)]
a) b)
— B} 100000 - pr
+50% et ] 0% L1
PECS
Py 0
gjsu%
10000 5 Y 10000
= W =
% “8 & o %‘ E °
E £ °
s H o Suh
3 MEEER £ 1000 4
F 1000 prTEn 3 ‘é* o ORI34a
ARI0IA I 'S AR404A
BR407C g N BR407C
OR410A »7 OR410A
100 - - — 100 - :
100 1000 10000 100000 100 1000 10000 100000
ey [WAMK)] ey [WAMK)]
c) d)
100000 100000
°
10000 10000 45—
= = L
»*E ¥ o % a
g a A
£ : bt
= = cmt e Pl
F 1000 F 1000 2 .7 4
g 2 x7 a0" S
a_of o .
& -7 AR404A
-3 o5 | o
P20t BRI0IC
s ? OR410A
100 100 + L
100 1000

10000

100000

Ol [WAMK)]

Figure 8:

e)

f)

Comparison of experimental thermal characteristics of the condensation of re-

frigerants in minichannels and the calculation results from the correlations:
a) Shah [24], b) Akers [2], ¢) Tang [26], d) Thome [29], e) Mikielewicz [21],

f) Cavallini [8].

flux 100-1300 kg/(m2s) and saturation temperature 20-40°C, and during
the condensation of the zeotropic mixture R404A and refrigerant R134a [4].

To describe the local pressure drop values we have proposed the follow-
ing correlation [13]:
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Figure 9: Comparison of experimental flow characteristics of the refrigerants condensa-
tion in minichannels and the calculation results from the correlations: a) Friedel
[16], b) Garimella [17], ¢) Cavallini [10], d) Chen [14], e) Mikielewicz [20],
f) Zhang and Webb [32].

22) (2P {g.003p; 2 B0 4 143,74
L Jrpr L Jio

0.671 ry—0.019
F H
WeO.308 ’

(4)

where
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E=(1-2)?%4+2? <£—;> (%) : (5)

F— xo.gs(l B x)0'24, (6)
0.91 0.91 0.7
R
Pg 2 2
2
We = ¢d (8)

opg
wherein fj, and fy, friction coefficients are determined for a single-phase
flow for the liquid and gaseous phases respectively, from the dependence of
Baroczy [3] with the following form:
1

8 \12 Re,\ 091 /375300 16) |
fo=8 <Re> +{ 2.457ln< ;) ] +<Re ) } , (9)

where the subscript z stand for lo for the liquid phase and go for the vapor
phase.

In Fig. 10 comparison of investigation and calculation results are shown.
It has been found that there is a compatibility of the results of experimen-
tal studies of heat transfer and pressure drop during the condensation of
zeotropic mixtures R404A, R407C, and R410A and homogeneous refriger-
ant R134a with the calculations according to the correlation (3) and (4)
in terms of discrepancies = 25%, which is considered to be a satisfactory
result.

5 Conclusions

1. The thermal and flow experimental investigations of zeotropic mix-
tures — R404A, R407C and R410A — condensation in pipe minichan-
nels in terms of the channel internal diameter changes 0.31-3.30 mm.

2. The thermal characteristics condensing of refrigerants describing the
dependencies of a heat transfer coefficient local and averaged value
depending on the mass quality and mass flow density. On this ba-
sis, it has been shown that the heat transfer coefficient depends on
thermal parameters of the condensation process (including saturation



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

POLSKA AKADEMIA NAUK

66 T. Bohdal, K. Widomska, K. Sikora

100000 -
- e & 13
-
-
-25%
£
g
= 10000 -
Z
s
ORI34a
AR404A
BR407C
OR410A
1000
1000 100000
ey, [W/(MZK)]
a)
000 R 134a -]
AR404A +25% s ‘/:i »”
BR407C a e 4 o
OR410A n He © o
100
_ 25%
g
£
£ #
=~
2 to
. 1
< 5]
= A
g
>
P
of1 -’ 10 100 1000
e - ’0,¢’
e
r - = a1
ot
(Ap/L)ey, [kPa/m]
b)

Figure 10: Comparison of experimental investigation results with calculation results from
authors own correlation: a) for Egs. (1) and (3), b) for Eq. (4).

temperature), inner diameter of the tubular minichannel, mass flux
and the vapor quality.

3. The characteristics describing the local values of pressure drop have
confirmed that when there is a decline in the value of mass quality,
there is an increase in local value of pressure drop and next there
is a decrease. Local pressure drop also depends on the diameter of
a minichannel. The increase in mass flux density results in the in-
crease of the local pressure drop of condensable zeotropic mixtures.

4. The thermal and flow characteristics of the tested zeotropic mixtures
were compared with the calculation results according to the correla-
tion of other authors. As a result of calculations, the divergences of
experimental results exceed the range of +50%.



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

N

The analysis of thermal and flow characteristics of the condensation. . . 67

5. The experimental correlation which allows us to calculate the value of

the local heat coefficient and pressure drop during the condensation
has been developed. The compiled model in the model accurately
describes the process of condensation of both homogenous refriger-
ants (R134a) and zeotropic mixtures R404A, R407C, and R410A in
tube minichannels. The proposed correlation is consistent with ex-
perimental results in the range of +25% and can be recommended for
thermal design of compact minicondensers.

. The investigated refrigerants were zeotropic mixtures with tempera-

ture glide.

Received 22 September 2015
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