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Abstract The present paper describes results of experimental investiga-
tions of pressure drop during the condensation of R134a, R404a and R407C
refrigerants in pipe minichannels with internal diameter 0.31-3.30 mm. The
results concern investigations of the mean and local pressure drop in sin-
gle minichannels. The results of experimental investigations were compared
with the calculations according to the correlations proposed by other au-
thors. A pressure drop during the condensation of refrigerants is described
in a satisfactory manner with Friedel and Garimella correlations. On the
basis of the experimental investigations, the authors proposed their own cor-
relation for calculation of local pressure drop during condensation in single
minichannels.

Keywords: Compact condenser; Condensation in minichannels; Pressure drop during

flow in condensation

Nomenclature
d — minichannel inner diameter, m
drn — hydraulic diameter, m
f — friction coefficient
G~ mass flux density, kg/m?s
jg — dimensionless vapour velocity
L - length, m
P —  pressure, kPa
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Ap — pressure drop, kPa
T —  temperature, °C
T — quality
q —  heat flux density, W/m?
We - We= %j Weber number
Re — Reynolds number

Greek symbols

®7 —  correction factor
p —  density, kg/m®
I — dynamic viscosity, kg/ms
xtt — dimensionless two-phase flow multiplier Martinelli
o — surface tension, N/m
Subscripts
a — averaging conditions
A — acceleration
cr —  critical value
exp — experimental value
f —  flow of one of the phases
g ~  gas
Jo — gas only
H —  hydrostatic
i —  following section ¢ (i = 1,2,....... 9)
l —  liquid
lo —  liquid only

—  reduced pressure
— saturation value

th — theoretical value
TP —  two phase

TPF — frictional

T — local value

1 Introduction

These days, many world centers deal with the construction and operation
of compact refrigerating devices. This is in line with the expecitations
of the 21st century, i.e. aiming at the application of energy-saving and
environmentally friendly devices. In the case of compressor refrigerating
devices, the problem concerns above all the construction of compressors
and heat exchangers. Heat exchangers (condensers and evaporators) should
be designed in such a manner that with a small consumption of refrigerant
medium, a large heat flux density could be transferred with a high energy
efficiency. This means that the demand for refrigerant and driving energy to
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move the refrigerant should be small, which is connected with the guarantee
of small flow resistances in the system of exchanger channels [3].

This study presents the data for the assessment of the pressure drop in
a two-phase flow of refrigerants R134a, R404A and R407C during conden-
sation in pipe minichannels of compact condensers.

2 Review of literature

In the paper by Mehendale et al. [15], heat exchangers are classified accord-
ing to the criterion of the hydraulic diameter: micro-exchangers (dj = 1-
100 pm), meso-exchangers (100 pm < dj, < 1 mm), compact exchangers
(dp, = 1-6 mm) and conventional exchangers (dj > 6 mm). Kandlikar [12]
proposed a different classification of channels that are used in exchangers:
microchannels (d < 200 pm), minichannels (200 ym < d; < 3 mm) and
conventional channels (d;, > 3 mm). Regardless of the discrepancies in the
criteria given, it is to be found that channels with a small diameter are
found in the range 3 mm< dp < 6 mm. This problem is important as
the correlations recommended for calculations and which describe flow re-
sistances concern conventional channels in particular. It is proven in many
publications that one cannot unanimously use those correlations which have
been verified for conventional channels in relation to channels with small
diameters, especially for those refrigerants which undergo phase changes
(boiling or condensation) [6, 17].

It was demonstrated on the basis of theoretical and experimental anal-
yses that the total local or average pressure drop in a two-phase flow can
be presented in the following form:

(%), = (%), (%), (%), o

where:

A

(_p) — frictional pressure drop, (2)
L )rprp
A
Tp — hydrostatic pressure drop, (3)

H

A
= — acceleration pressure drop. (4)

L )4
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In the case of boiling and condensation of refrigerants in pipe minichannels,
hydrostatic and acceleration pressure drops can be neglected, as their values
are small (they are accepted to be equal to zero). Therefore, it is the fric-
tional pressure drop which has the essential impact. Calculation methods
based on homogenous and separated models are most frequently used for the
purpose of its calculation. The homogenous model is very rarely used in the
analysis of condensation in minichannels. Both for conventional channels
and minichannels, the separated model is usually used with two calculation
methods, i.e. Lockhardt-Martinelli method [14] or Friedel method [9]. It
is assumed in the separated model that the total resistance of a two-phase
flow is caused by an equivalent frictional resistance of the flow of one of the
phases (a liquid or gaseous phase), which is expressed with the following

B, @) o

where (Ap/L); is the pressure drop being the result of the flow of one of

dependence:

the phases (f), while @% denotes the correction factor of a two-phase flow.
In most cases, an analytical pressure drop is used in the liquid phase flow;
then in Eq. (2) f = [,lo, and the correction factor accepts the following
denotation: QD% = <I>120 .

Two-phase flow resistances of a refrigerant during condensation in chan-
nels with a small diameter depend from very many parameters. The most
important of these parameters are as follows: hydraulic diameter dp, re-
frigerant’s mass flux density G, quality « and the refrigerant type. In the
dependences which take into account the type of the refrigerant, the im-
portance of the following properties is emphasized: reduced pressure p;
(pr = ps/Per), where: ps — saturation pressure; condensation pressure, pe, —
critical pressure of the refrigerant), dynamic viscosity coefficient p, density
p and surface tension o. The set of parameters given absolutely needs to be
supplemented with information concerning the structure of the two-phase
flow, which is described in particular with the following quantities:
Lockhardt-Martinelli parameter:

1— 2\09 P 0.5 0 0.1
Xtt = ( > <—g) <—) ) (6)
T Pl Hg
and the apparent velocity of one of the phases (e.g. j; — gaseous phase):

Gz (7

Jg = ;
7 vV gdpg (pl - pg)
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where g denotes gravitational acceleration. In the paper by the Coleman
and Garimella [8] the values were given of Lockhardt-Martinelli parameters
and velocity of the gaseus phase, which allow for an initial identification of
the two-phase flow structures limits (for R134a in particular), Tab. 1.

Table 1. Criteria of the identification of the flow regimes by Coleman and Garimella [8].

Two-phase flow structure | Jg

[ x|

Annular film flow >25 —
Annular-stratified flow <25 | <16
Stratified wavy flow <925 | >16
Plug flow

In the literature, there are no generalised maps of two-phase flow struc-
tures at present. Maps of this type are most frequently published for R134a
refrigerant, while there is hardly any information for other new refrigerants.
Figure 1 presents examples of maps of flow structures for R134a. In the
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Figure 1. Maps of two-phase flow structures in the condensation process of R134a refrig-

erant in minichannels according to: a) Colemann and Garimella [8], b) Cavallini
et al. [5].

thematic studies by Kandlikar et al. [13] and Ghiaasiaan [14], an analysis
was performed of a dozen or so of correlations (proposed by various authors)
for calculation of the R134a refrigerant flow resistance in the condensation
process in pipe minichannels. There were significant differences between the
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values obtained. The study by Sun and Mishima [16] also gives different
versions of correlations, while there is no clear indication of a correlation
being particularly recommended for R134a and all the more for other new
refrigerants. For this reason, the authors conducted their own experimental
tests in this area.

3 Testing facility

The tests were conducted on the experimental set-up whose schematic di-
agram is presented in Fig. 2. Two refrigerating installations need to be
distinguished in the schematic diagram of the testing facility, which work
in parallel, i.e.: an installation of a single-stage refrigeration system which
is fed from the compressor condensing unit, and a refrigeration installation
which feeds the measuring section of the pipe minichannel [2.4].

3.1 Installation of a single-stage compressor refrigeration
system

The superheated vapor of the refrigerant which is obtained after compres-
sion in the piston compressor 3 of the unit manufactured by Danfoss was
fed to the lamella condenser 4 that was chilled with air, and then to the
container 5 of liquid. From the container 5 the liquid flew through the filter-
dryer unit 6 and the electromagnetic valve 7, and reached the lamella air
cooler 8 that was thermostatically fed with the aid of the expansion valve
9. The vapor of the refrigerant, which was partly superheated in the flow
through the block of the pipe coil of the cooler 8 and on the suction part of
the installation was sucked in by the piston compressor 3, and the working
cycle of the system was repeated.

3.2 Refrigeration system that operates the measuring
section of the minichannel

The condensation process of the refrigerant occurred in a flow inside the
pipe minichannel 1 (Figs. 2 and 3). The superheated vapor of the refriger-
ant after compression in the piston compressor 3 was directed with the aid
of the flow regulating valve to the system that feeds the measuring section 1,
after the flow through the filter F. Before the inflow of the refrigerant to
the inlet cross-section of the measuring section, a heat exchanger 10 chilled
with water was installed. Its purpose was to remove the superheat of the
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Figure 2. Schematic diagram of the experimental facility: 1 — measuring section of the
pipe minichannel, 2 — water channel, 3 — refrigeration compressor installation,
4 — condenser chilled with air, 5 — container of refrigerant liquid, 6 — filter-
dryer of refrigerant, 7 — electromagnetic valve, 8 — lamelled air cooler, 9 —
expansion valve that feeds the cooler, 10 — heat exchanger to collect refriger-
ant’s superheat, 11 — subcooler of refrigerant’s liquid, 12 — electronic flowmeter
of refrigerant, 13 — refrigerant’s pressure pickup on the inlet to the measuring
section, 14 — refrigerant’s pressure pickup on the outlet to the measuring sec-
tion, 15 — refrigerant’s differential pressure transducer, 16 — water electronic
flowmeter, 17 — computer, 18 — data processing system, F — filter.

refrigerant. The intensity of collection of the superheat was regulated with
a change of the flow rate (16) of the water that chilled the exchanger 10. In
this manner, the setting was obtained of the required parameters of the state
of the vapor of the refrigerant that was supplied to the measuring section.
The pressure of the refrigerant on the inflow to the measuring section was
measured by means of a piezoresistant sensor 13 with a production converter
manufactured by FEndress+ Hauser; the measuring range of the sensor was
0-2.5 MPa (the voltage signal of the pressure was obtained on the output
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from the converter that was supplied to the data processing system). A
pressure sensor 14 of the same type was installed on the outflow from the
measuring section. A drop of pressure of refrigerant along the length of the
pipe minichannel was measured by means of a differential pressure sensor
15 with a transducer. The liquid refrigerant that was leaving the measur-
ing section was subcooled in the heat exchanger 11. The flow rate of the
refrigerant’s liquid was measured by means of the flowmeter 12. The liquid
of the refrigerant, once it left the measuring section, was supplied to the
installation that fed the cooler 8 (Fig. 2). Any additional cut-off valves that
occurred in the refrigeration system served the purpose of an adjustment
of the refrigerant’s parameters in both refrigeration systems that worked in
parallel.

3.3 Measuring section

Figure 3 presents a schematic diagram of a pipe minichannel section includ-
ing control and measuring instrumentation. The pipe minichannel section
with internal diameter d and a total length of 1.000 mm constituted the
basic element of the measuring system. The pipe minichannel section was
placed in a water channel 21. A water channel was used from an aluminum
section with a rectangular cross-section (dimensions: 28x24 mm) and an
internal length of 950 mm (this was an active length of the measuring sec-
tion). The method of how the pipe minichannel was placed in water channel
21 is presented in sectional view A— A in Fig. 3. In nine cross-sections along
the active length of the minichannel, the temperature was measured of its
external surface by means of thermocouples of K that were placed at a dis-
tance of 100 mm frm each other. In the same cross-sections, thermocouples
were installed to measure the chilling water temperature that flew through
the water channel. The junctions of these thermocouples were placed at
a distance of 19 mm from the bottom of the water channel on its vertical
axis.
Figures 2 and 3 present an overall view of the testing facility and the mea-
suring section.

The heat and flow investigations were carried out for R134a, R404A
and R407C environmentally friendly refrigerants in relation to the following
parameters:

e pipe minichannel internal diameter: d = 0.31-3.3 mm,

e mass flux density: G = 0-1300 kg/(m?s),
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Figure 3. Schematic diagram (sectional view) of the measuring section of the pipe
minichannel; 19¢ copper pipe 8/ 10 mm, 20 — pipe connector, 21 — pipe
minichannel refrigeration system, 22 — connector of thermocouple wires of
water temperature thermocouples, 23 — connector of thermocouple wires of
minichannel surface thermocouples, 24 — isolation, K — termocouples (the re-
maining denotations as in Fig. 2).

e heat flux density: ¢ = 0-100 kW /m?,
e condensation temperature: T, = 20-50 °C,

e quality level: x = 0-1.

4 Results of experimental investigations

Experimental investigations of condensation of a refrigerant in pipe minichan-
nels were carried out in two ranges, i.e. in the range of an average and local
pressure drop. The average values were determined for the whole proper
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condensation area (in the range x = 0—1). The local pressure drop values
were measured in nine cross-sections that were distant from one another
by 100 mm on the minichannel length. In accordance with the accepted
methodology of experimental investigations, the parameters that were di-
rectly measured and the quantities that are identified by means of indirect
(computational) methods were identified. The experimental investigations
were carried out with the use of pipe minichannels with internal diameter
d = 0.31, 0.45, 0.64, 0.98, 1.40, 1.60, 1.94, 2.30 and 3.30 mm.

4.1 Results of investigations of flow resistances in averaging
conditions

The results of experimental investigations of the dependence of average flow
resistance (Ap/L)4) from the mass flux density, G, of refrigerants R134a,
R404A and R407C were graphically interpreted in the system of Ap/L)4
versus G for d = const. Figure 4 presents the experimental characteristics
that were obtained as an example for minichannels with internal diameters
2.30 and 3.30 mm. A graphical setting up of the results of experimental in-
vestigations of an average flow resistance during the condensation of R404A
refrigerant in pipe minichannels is included in Fig. 5.

Figures 6 and 7 present a comparative setting-up of the results of ex-
perimental investigations of an average flow resistance in relation to mass
flux density during condensation of refrigerant R134a in pipe minichannels
with internal diameter 0.98-30 mm. It is clearly evident from presented
diagrams that the increase of density of the mass flux of refrigerant flow
results in increase of the flow resistance. The nature of the diagram of de-
pendence (Ap/L), as a function of G is close to a parabolic curve, which
is in compliance with the laws of hydrodynamics. With a change of the
mass flux density in the range G' = 200-1000 kg/(m?s), there occurred an
increase of the flow resistance:

o for d = 3.30 mm, (Ap/L), = 10-70 kPa/m;
e for d =0.98 mm, (Ap/L), = 20-350 kPa/m.

Figure 8 includes a comparative setting-up of the results of the average
flow resistance of the refrigerant in relation to its mass flux density for
minichannels with diameters d = 0.31, 0.45 and 0.64 mm. It is evident
from the analysis of the diagrams that with a change of mass flux density
of R134a from G = 600 kg/(m?s) to G = 1000 kg/(m?s), there occurs an
increase of flow resistance in minichannels d = 0.31-0.64 mm:
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Figure 4. Graphical interpretation of an experimental dependence of flow resistance,
(Ap/L)a, from the mass flux density, G, during condensation in a pipe
minichannel: a) R134a, d = 1.40 mm, b) R134a, d = 3.30 m, c¢) R407C,
d = 0.31 mm; d) R407C, d = 0.98 mm.

e for d = 0.64 mm: an increase by 204%,
e for d = 0.45 mm: an increase by 161%,
e for d = 0.31 mm: an increase by 112%.

4.2 Results of investigations of flow resistances in local con-
ditions

The knowledge of the distribution of the values of local resistances on the
path L of the flow of the refrigerant is significant from the perspective of an
analysis of the condensation process in a pipe minichannel. Figure 9 presents
as an example the results of experimental investigations of the dependence
of the local pressure drop (Ap/L), from the quality, x, during condensation
of refrigerants R134a and R404A for the constant values of mass flux den-
sity G = const in range G = 234-866 kg/(m?s) in a pipe minichannel with
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Figure 5. Setting-up of the experimental results of the condensation of R404A refrigerant

in pipe minichannels with internal diameters d = 1.4-3.3 mm.
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Figure 6. Comparative setting-up of the results of experimental investigations of the
condensation of R134a refrigerant in pipe minichannels with internal diameters
d=14-3.3 mm.

internal diameter d = 0.98-3.30 mm in range G = 64-162 kg/(m?s). Similar
dependencies were obtained for other external diameters of minichannels. It
is evident from the investigations that were conducted that the diagram of
dependence (Ap/L), as a function of the quality level, z, for G = const pos-
sesses a characteristic course concerning the change of quality level z = 1-0.
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Figure 7. Cumulative setting-up of experimental dependence (Ap/L), upon the mass flux
density, G, for refrigerant R134a during its condensation in pipe minichannels
with internal diameters d = 0.98-3.30 mm: 1—d = 0.98 mm, 2 —d = 1.40 mm,
3—d=160mm,4—-d=194 mm, 5—d =230 mm, 6 —d=3.30 mm.
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Figure 8. Comparative setting-up of the results of experimental investigations of depen-
dence (Ap/L), upon the mass flux density, G, during the condensation of
refrigerant R134a in pipe minichannelswith diameters d = 0.31-0.64 mm.

Together with a drop of x value, there occurs initially a small increase of
the local value of the resistance, and then it drops. An increase of mass flux
density G results in a growth of the local flow resistance of the condensing

refrigerants.
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Figure 9. Results of experimental investigations concerning dependence (Ap/L), upon
the quality level during the condensation of R134a and R404A in pipe minichan-

nels with the following example internal diameters: a) d

0.98 mm, b)

d =1.40 mm, c¢) d =1.60 mm, and d) d = 3.30 mm.
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5 Comparative analysis concerning flow
resistance during condensation in minichannels

The results of experimental investigations concerning the flow resistance of
refrigerants during its condensation in pipe minichannels are presented in
the form of a dependence of average or local flow resistance from mass flux
density and quality level. In both versions, the experimental results were
compared with the results according to the following correlations formula:
Friedel [9], Chen et al. [7], Cavallini et al. [9], Garimella [10]. Figure 10
presents the results of this comparison. It follows from this that the results
of experimental investigations are the closest to the results of calculations
(for the same flow parameters) to the calculations according to the corre-
lations of Friedel [9] and Garimella [10]. The results of the experimental
investigations of dependence (Ap/L) as a function of G for z, = const are
located the closest to the diagram of this dependence:

e for d < 1.6 mm: carried out according to Friedel’s correlation [9],

o for d > 1.6 mm: according to Garimella’s correlation [10].

Figure 11 includes a comparative analysis of the results of experimental
investigations of flow resistance (Ap/L), versus quality level, z, for G =
const and d = const of R134a refrigerant in minichannels and calculations
in accordance with correlations proposed by other authors.

The authors developed their own experimental correlation to describe
the local frictional pressure drop for R134a refrigerant during their conden-
sation in a flow in minichannels with internal diameter d = 0.31-3.3 mm:

A A F0.671H—0.019
(_p) - <_p) [0.00317;4'72215_0'992 + 143.74 (—0 o )] ,
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Figure 10.

Comparison the results of experimental investigations concerning dependence

(Ap/L); upon the mass flux density, G with the results of calculations ac-
cording to the following correlations: Friedel [9], Chen et al. [7], Cavallini et
al. [6], and Garimella et al. [10] for condensation of R134a and R404A in pipe
minichannels with the following example internal diameters: a) d = 0.98 mm,
x =0.45, b) d = 1.94 mm, x = 0.55, ¢) d = 3.30 mm, = = 0.55.
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Figure 11. Comparison of experimental investigations of dependence (Ap/L), upon the
quality, z, with the results of calculations according to correlations proposed
by other authors during condensation of R134a and R404A refrigerant in
minichannels with the following diameters: a) R134a, d = 2.3 mm, G =
321 kg/m?s, Ts = 30°C; b) R404A, d = 2.3 mm, G = 321 kg/m?s, T =
43°C; ¢) R134a, d = 1.94 mm, G = 376 kg/m?s, Ts = 40 °C; d) R404A,
d = 1.94 mm,, G = 376 kg/m?s, Ts = 33°C; e¢) R134a, d = 1.4 mm, G =
541 kg/m?s, Ts = 45 °C; f) R404A, d = 1.4 mm, G = 866 kg/m?s, T, = 40 °C.
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The friction coefficients fj, and fg, for Eq. (9) are determined for a single-
phase flow for the liquid and gaseous phases respectively, from the Baroczy
dependence [1] of the following form:

—1.54 1/12

16
Re, \*? 37530\ 6
2.4571
() () ’

] 12
fx=8 <Re$> +
(13)

where the lower index z=go is applied in the case of the calculation of fg,
and z = lo for f;,. The same denotations apply to Reynolds’ numbers:
Rey, and Rego.

The verifying calculations of the results of experimental investigations
demonstrated that in the range covered by an analysis of correlation (8)
there occurred the following two-phase flow structures for both refrigerants:
annular and annular-stratified structures. It was found that the results of
the experimental tests and calculations from Eq. (8) fall within the com-
patibility range of + 25%, which is illustrated in Fig. 12.
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Figure 12. Comparison of the results of experimental investigations and the results of
calculations from the correlation (1) concerning the local pressure drop in the
flow of R134a, R404A and R407C refrigerants during condensation in pipe
minichannels with internal diameters d = 0.31-3.3 mm.
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Conclusions

1. The pressure drop in a two-phase flow during condensation of refrig-

erants R134a, R404A and R407C depends of the refrigerant type, the
process parameters and the structure of two-phase flow. In the liter-
ature, there are no generalised maps of two-phase flow structures for
these refrigerant, which makes it very difficult to select an adequate
correlation when designing compact condensers.

. A comparative setting-up of the results of the experimental investi-
gations and calculations from correlations proposed by many authors
did not allow for a selection of the most useful correlation.

. On the basis of the experimental results into the condensation of re-
frigerants R134a, R404A and R407C in smooth pipe minichannels
(made from stainless steel) with internal diameters d = 0.31-3.3 mm,
a new correlation, Eq. (8) was developed for the calculation of the
local value of the frictional pressure drop in the range of two-phase
flow structures: annular and annular-stratified for the following pa-
rameters: Ty = 20-50 °C, x = 0-1, G = 0-1300 kg/(m?s).
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