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Abstract. The paper presents an experimental analysis of the influence of dynamic disturbances on the size
of the condensation zone of the appropriate new R1234yf environment-friendly refrigerant in circular mini-
channels. Experimental tests were conducted for single minichanells placed horizontally, with an inner
diameter d = {1.44; 2.30; 3.30} mm. A range of frequencies from f = 0.2 - 5 Hz of periodically generated
disturbances showed an explicit and unfavourable influence on the decrease of the length of the proper
condensation region. This influence reduced the efficiency of the process. A computational model was
developed to calculate the length of the two-phase region under disturbance conditions. The model proposed
was verified by the results of the experiment, and compliance was obtained in the range of +25%.

1 Introduction

A heat exchanger known as the condenser is one of
the basic components of a power system that performs a
reversed thermodynamic cycle. This component is
crucial in terms of the overall efficiency of refrigeration
systems or heat pumps. The basic input criteria for
optimisation of the operation of such systems is the
available heat transfer area of the condenser. This
applies both to the heat rejection by the working fluid
(main medium) and heat absorption by the coolant
(auxiliary medium). The hydraulic losses also play an
essential role in the process. Both heat transfer processes
(heat rejection and heat absorption by the working fluid)
affect the heat transfer rate in a different way. Therefore,
it is very important to provide proper conditions that
intensify the overall heat transfer coefficient of the
condenser [1 - 7]. Modern trends in the design of power
machinery are focused on the energy efficiency. As a
consequence, the power systems are becoming smaller
and smaller owing to the employment of mini and
microchannels as well as new pro-ecological refrigerants
[8]. According to the 2020 forecast, the share of
miniaturized devices should reach up to 25% of all
refrigeration, power, medical, IT, aviation and aerospace
equipment produced [8].

The manufacturing process of the above-mentioned
systems require the employment of heat exchangers
(condensers and evaporators) based on channels with a
hydraulic diameter significantly smaller than the so-
called conventional ones. The classification of those
systems has already been developed. This classification
is based on the size of the internal diameter of the
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channel —channels with internal diameter below the
range 3 — 6 mm are known as minichannels [9].

Such systems, as well as those conventional ones,
require properly selected working fluid. So far, one of
the most commonly used refrigerants were the so-called
fluorinated greenhouse gases, especially:
hydrofluorohydrocarbons, perfluorohydrocarbons,
sulphur hexafluoride and other fluids that contain
fluorine. The fluorinated greenhouse gases group
includes the R134a refrigerant. Although this refrigerant
is commonly used in currently operated systems, it has
been phased-out since 01.01.2017 and the process should
be completed by 31.12.2020. The scope of the
applications of this refrigerant covers air conditioning
systems in mobile applications and heat pumps. The
suggested substitute for the R134a refrigerant is the
chemical compound labelled R1234yf. Its GWP index
(Global Warming Potential) is very small, just 4,
comparing to 1430 in case of its predecessor R134a
[10,11].

During the condensation phase change in
minichannel based systems, as well as in conventional
systems, there are plenty of thermal-hydraulic, structural
and operational problems. Those problems include the
possibility of the occurrence of unsteady working
conditions induced by instabilities of internal (static) and
dynamic (external) origin. This paper pays special
attention on phenomena connected with the onset and
propagation of disturbances in the systems that perform
condensation phase change of refrigerants [12 - 16].

The static instabilities are inherently connected with
the change of the state parameters of the system. Basing
on the record of state parameters evolution in time, it is
possible to predict when the static instability will occur

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).


mailto:author@e-mail.org

E3S Web of Conferences 70, 02011 (2018)
HTRSE-2018

https://doi.org/10.1051/e3sconf/20187002011

(the system is considered deterministic). As a result, the
system will reach an another steady state or will oscillate
around this state. A perfect example of static instabilities
is the flow excursion (also known as the Ledinegg
instability) [17,18]. It involves pressure drop due to
hydraulic losses during phase change. This instability
may occur in a specific state of the system when the total
pressure drop decreases due to increase of flow rate.

When the system is under influence of thermal or
hydraulic forces that introduce inertia, the flow becomes
unstable and the dynamic instabilities occur. The exact
state of the system becomes probabilistic or stochastic.
The flow instabilities in two-phase media (liquid-gas)
propagate in a form of two phenomena: a pressure wave
(acoustic wave travelling with the speed of sound), flow
rate fluctuations (due to the oscillations of void fraction)
and temperature instability also known as the
evaporation front (for the evaporation phase change) or
condensation front (for the condensation phase change)
[12-16, 19-23].

Those phenomena have a wave character described
with different propagation velocities. The acoustic waves
are characterized by high frequency, while flow rate and
temperature oscillations are characterized by much
smaller frequency.

Previous experimental research on influence of
instabilities on flow phase change of refrigerants in
minichannels allowed partial recognition of those
phenomena [1-6, 12-16]. However, there are no
publications that concern those phenomena regarding
new pro-ecological refrigerants that are meant as a
substitutes for those being phased out.

2 Computational model

During the condensation process in tubular minichannels
and conventional condensers of compressor based
refrigeration systems, it is possible to distinguish three
characteristic sub-zones inside the condenser: pre-
cooling of superheat vapour, proper condensation (two-
phase) and sub-cooling of the liquid. Figure 1 shows the
temperature distribution of the refrigerant and the
coolant along the condenser, including the above-
mentioned sub-zones.

In the first sub-zone, the superheated vapour is being
cooled-down until it reaches the condensation
temperature (saturated steam with quality x=1.0). From
this point on, provided that there is a temperature
gradient at the wall, the two-phase proper condensation
sub-zone begins. The flow condensation process is
determined by process parameters and takes place until
the saturated liquid state (x=0.0) is reached. From this
point on, the third sub-zone begins. It is responsible for
the cool-down of the liquid. The most intense heat
transfer mode is the two-phase flow condensation that
takes place inside the proper condensation sub-zone.
Single phase cool-down and sub-cooling sub-zones are
characterized by much lower heat transfer coefficients.
The onset of instabilities, both static and dynamic, may
cause the disturbance of distribution of sub-zones inside
the condenser, including a shrinkage of the active area of

proper condensation characterized by the highest heat
transfer coefficient [12].
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Fig. 1. Diagram of the distribution of the temperature of
refrigerant and cooling medium during condensation inside the
horizontal pipe of condenser; 7, — superheated vapour
temperature, T, — temperature of condensation (saturation), Ty —
final temperature of the process, Tj,., Ty, - temperature of
cooling medium, at the beginning and end of process
respectively, PPS — starting point of condensation [12].

The author of the paper [7] suggested a theoretical
model that allows one to determine the size of each of
the sub-zones of the condenser under steady-state
operation. However, in order to determine the size of the
proper condensation sub-zone for the RI1234yf
refrigerant for flow condensation inside minichannels
under periodic dynamic instabilities, a novel model
developed for the R134a and R404A refrigerants was
used [12].

2.1 Apparatus

The experimental research is aimed at a verification the
presented mathematical model. At the same time, it
allowed the Authors to determine the influence of
periodically generated hydrodynamic disturbances on the
size of each of the heat transfer sub-zones during flow
condensation of the R1234yf refrigerant inside tubular
minichannels.

During  experimental research, the tubular
minichannels made of stainless steel with internal
diameters d={1.44; 2.30; 3.30 mm} were used. The
research was conducted using an apparatus that was
specially designed for this experiment. The same
apparatus was previously used for the investigation of
the R134a refrigerant. Minor changes were introduced in
order to adjust the installation to the new pro-ecological
refrigerant R1234yf. The Diagramdiagram of the
apparatus in presented in Figure 2. Figure 3 shows the
test section in details.

The instrumentation of the apparatus allowed the

Authors to measure the following parameters:

* pressure p, of the refrigerant during flow along the
tubular minichannel

* wall temperature along the tubular minichannel

* pressure of the refrigerants at the inlet and outlet of
the test section p s, Pins
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* temperature of the refrigerant at the inlet and outlet
of the test section Ty, Ty

* mass flow rates of the refrigerant rig;»;4, and the
cooling water m
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Fig. 2. Diagram of the apparatus.

Pressure signals Temperature signals

........................................... E AD 2|

Water
Fig. 3. Diagram of the test section.

The measurements were done for the following intervals
of the parameters:

* mass flux of the refrigerant G = 100 = 4100
kg/(m®-s),

* saturation temperature of the refrigerant 7, = 20 +
55°C,

* frequency of the instabilities /= 0,20 + 5 Hz.

The research was done for a constant value of mass flow
rate of the refrigerant during the steady state that preced-
ed the onset of the instabilities. The test section with
channel length L = 880 mm was armed with piezoelec-
tric pressure sensors and K-type thermocouples main-
taining a constant distance between the sensors. The
voltage based signals collected from the pressure and
temperature sensors, and the flow meter were measured
using:

* thermoelectric temperature sensors made of NiCr-Ni
(each sensor was individually calibrated prior to the
research) coupled with A/D adapter USB Person-
alDaq/3000 with PDQ30 extension module,

* piezoresistive pressure sensor (Cerabar TPMPI131
type) coupled with A/D adapter,

* flow meter Coriolisa Promass 80A.

All the equipment was connected to a PC with data
acquisition and processing software.

2.2 Mathematical model

According to the temperature distribution of the
refrigerant flowing along the horizontal minichannel,
shown in Figure 1, during the condensation of the
R1234yf refrigerant, it is clearly visible that the proper
condensation sub-zone onsets for both steady and
unsteady conditions. If at the inlet that supplies
superheated vapour 7, to the minichannel, there is an
electromagnetic regulation valve, then it is possible to
generate periodic hydrodynamic instabilities simply by
alternating opening and closure of this valve. The
frequency of those instabilities can be calculated using
the following formula [24]:

fe— 1)

T,+7T,

where: 7, is the opening time and a 7, is the closure time
of the valve that supplies the refrigerant to the test
section.

The possibility of determining the length of the two-
phase sub-zone L for the R1234yf under previously
stated conditions was also taken into account. During the
modelling process, the following assumptions were
made:

e inside the straight, axisymmetric tubular minichannel
with the length L and constant internal diameter d, there
is a mass flow rate of refrigerant my;

e the refrigerant condenses during the flow along the
tubular minichannel until it reaches the saturated liquid
state (quality x=0.0) and then it is being sub-cooled;

e periodic instabilities with constant frequency are
generated by the opening and closure of the cut-valve at
the inlet of the refrigerant to the tubular minichannel;

o the mass flow rate m of the refrigerant is under
oscillatory fluctuations;

e the instabilities propagate along the axis of the
horizontal channel of the length L in a form of pressure
wave with velocity v, that is a functions of the amplitude
and frequency.

From the condensation heat balance for elementary
length of tubular minichannel in the two-phase sub-zone,
it results:

in =q, 7 D- dLTI’P > (2)
where:
d — internal diameter of the minichannel,
q; — local heat flux,

dL7rp — elementary length of the minichannel.

The heat flux removed along within the two-phase sub-
zone of the minichannel is described by the following
formula:

O=m-(h,—h)=rm-r,, 3)
where:
i — average mass flow rate wunder steady
conditions,
hg — specific enthalpy of the refrigerant at the inlet

to the two-phase sub-zone (saturated vapour
with quality x = 1),
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hy — specific enthalpy of the refrigerant at the outlet
of the two-phase sub-zone (saturated liquid
with quality x = 0).

Combining Equations (2) and (3), it can be written as
follow:

dQ =m-dh. “)

By introducing a constant C = 7 - D into Equation (2),
Equation (4) can be rewritten:

C-q,-dL,,=rm-dh . (5)

The heat flux qi from Equation (5) should be regarded as
a local parameter that depends both on time and the
distance from the channel’s inlet up to the beginning of
the two-phase sub-zone: ¢; = ¢i(L, t), d, however is
stands for the local elementary drop of the specific
enthalpy in this cross-section.

The change (oscillations) of the mass flow rate of
refrigerant caused by the periodically generated
hydrodynamic instabilities can be treated as a
propagation of a small amplitude and frequency
monochromatic wave along the axis of the horizontal
channel. Based on the following studies [25,26], the
oscillatory variation of the mass flow rate at the
minichannel’s inlet can be determined using the
following formula:

My =1 - [1 + A - sin(2-w-f7) (6)

where m, A, fand 7 are mass flow rate before the onset
of oscillations, amplitude of the oscillations, frequency
and time, respectively. The maximum amplitude of the
oscillations of mass flow rate Aequals to the
undisturbed radius of internal surface of the condensate
film. This amplitude can be calculated using the
following formula:

A=A, -exp”™. @)
The minimal thickness of the undisturbed condensate

7, . . .
film equals to: & = EO’ where r, is the internal diameter

of the minichannel [12,19]. The 4, parameter stands for
the initial amplitude of the instabilities. Its value depends
on the vapour inlet pressure and equals 4y = -ps. The
parameter stands for an increase of the amplitude 4, and
k stands for the wave number [19]:

2
=2 ®)

A v,
where:
A — wave length,

. . . o /
v, — propagation velocity of the instability, v, = v
T

[ —distance between the pressure sensors,

At — delay of the pressure signal,

o — pulsation (angular frequency) of the base
2
parameter, wz?ﬁ [21, 23],

T —waveperiod(T=t=t,+1t.).

By combing Equations (5) and (6), the following is
obtained:

Mg, - dh=C - q; - dL1ep, )

and after integration:

i L
J.mmsr.'dh:J.C'q'dLrFP P (10)
h 0

1

and further:

L
oM = C- [ Ly, (11)
0

Equation (11) was employed to determine the length of
the proper condensation sub-zone of the tubular
minichannel. It can be solved using numerical methods,
provided that the distribution of heat flux ¢; = ¢;(L,?) is
known. Assuming that the length of the two-phase sub-
zone depends on the frequency of periodically generated
instabilities f, the problem is simplified.

Calculations of the average heat flux g along the

length of the proper condensation sub-zone Lyzp inside
the minichannel were made following the method
presented in [7]. According to the authors of this paper,
the average heat flux ¢ along the length of the proper

condensation sub-zone L equals to:

_ 1 L —
7= z'[)q(L)dLm thus [ (LML= L,, (12)
and finally:

m,, -AM=C-g-L,,, (13)

where:
1/hinst = (Ginsl. : F) (14)

Assuming that the internal cross-section of the channel is
constant dA/dz = 0, the length of the two-phase proper
condensation sub-zone Lzpr can be calculated using the
following formula:

G, -Ah
TPF:F.27 (15)

L

For the minichannel with a constant internal cross-
2

section area F = and the perimeter C = 7 - d,

Equation (15) takes the following form:

A
L:d.Gmw-—_h, (16)
4.q

or
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-(1—x) 17

where 7 is the latent heat of condensation, and X is the
average quality of the refrigerant.

Based on Formula (17), the length of the two-phase
condensation sub-zone can be calculated, provided that
all the assumptions of the model are satisfied.

Taking into account the fact that the external
instabilities are induced by the valve, the model included
the wvalve’s characteristics — relative valve flow
coefficient k,. This coefficient determines the relation
between the valve position and the flow rate. Depending
on pressure drop at the valve, there are two main
characteristics: internal and operational. The value of £,
is determined as follow [27]:

k, = K, , (18)
K00
where:
K, — computational valve flow coefficient
according to [27] - this is the characteristic
factory size of the valve, m’/h,
K90 — nominal (catalogue) value of valve flow

coefficient according to the manufacturer,
m*/h[27].
The coefficient K, is presented, according to [27], in
the following form:

K,, =10 i |2 (19)
Ap
Provided that: p, = %,
where:
. —mass flow rate of the refrigerant,
Ap  — pressure drop at the valve,
v,  —specific volume of vapour for p, and 77,
p;  — pressure at the inlet,
p>  — pressure at the outlet,
T; —temperature of the refrigerant before the valve,

Equation (17), after substitution of Equation (18), takes
the following form:

(19)

3 Experimental results

The dynamic external instabilities during condensation
of the R1234yf refrigerant inside tubular minichannel
manifested themselves in the form of fluctuations of the
mass flow rate and, consequently, the fluctuations of the
pressure and p, and the saturation temperature 7.
Figures 4 - 6 show the examples of oscillations of the
mass flow rate, pressure p,; and wall temperature 7,
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Fig. 4. Sample of flow oscillations.
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Fig. 5. Sample of pressure oscillations for multiple sensors.
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Fig. 6. Sample of temperature oscillations for multiple sensors.

Based on the obtained experimental results, the
temperature distribution of the refrigerants along the
investigated minichannel was obtained. Figure 7 shows a
summary that includes the distribution of sub-zones
depending on the frequency of the periodic instabilities
for minichannel with internal diameter d = 1.44 mm.

The summary presented in Figure 7 allows one to
visualize the influence of hydrodynamic instabilities on
condensation inside the tubular minichannels. The
external instabilities were generated through a periodic
sudden closure of the inflowing refrigerant. As a result,
the length of both superheat removal and proper
condensation zones contracted, while the sub-cooling
section expanded. The higher the closure time is, the
smaller superheat removal and proper condensation
zones are. The change in sub-zones distribution is
significant, thus the thermal performance of the
condenser drops. An increase of the valve closure time



E3S Web of Conferences 70, 02011 (2018)
HTRSE-2018

https://doi.org/10.1051/e3sconf/20187002011

translates into a lower frequency of the instabilities f, see
Equation (1).

R1234yf ID=1.44 mm

Precooling area of
Apahed vapor

Proper condsnsation area
subcoolin area
J=10[Hd]
f=20H4

F=05MHg
f=0.2[H7]
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1
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Fig. 7. Results of the experimental investigations concerning
the influence of periodically generated instabilities on the
length of the of the superheat removal, proper condensation
and sub-cooling sub-zones for the RI1234yf refrigerant
depending of the frequency f of the generated disturbances in
mini-channels with internal diameter d = 1.44 mm.

4 Computational results

The computational results of the length of the two-phase
condensation sub-zone L., were compared with the
experimental results for the R1234yf refrigerant for
minichannels with internal diameters d = {1.44; 2.30;
3.30} mm.

Within the scope of the statistical analysis that aimed to
compare numerical results obtained using the presented
model and the experimental results, the relative mean
absolute error (RMAE) criterion was used [24]:

RMAE:LZMJOO%, (22)
o= Vi

where:

¥; — simulated value (numerical value obtained using a
verified model),

y; — empirical value (experimental),

n —number of measurement points.

Based on the calculations, it was found that the relative

mean absolute error in the case of the two-phase proper

condensation sub-zone does not exceed +25%. It was

confirmed by comparing the experimental results with

calculations using Formula (19). The results are shown

in Figure 8. The value or error is higher than in the case

of an estimation of the proper condensation sub-zone size

for the R134a refrigerant (+15%). This may be due to the

properties of the R1234yf refrigerant and requires further

investigations.

04
d=144mm /

d=230mm

+25%
d=330mm

0 0,05 0,1 0,15 0.2 0,25 03 035
Loy [m]
Fig. 8. Comparison of numerically obtained length of the two-
phase proper condensation sub-zone Lcal according to Formula
(19) with experimental results L,,,.

5 Conclusions

1) Periodically  generated  external  dynamic
instabilities during condensation of the RI1234yf
refrigerant in minichannels with internal diameter d =
1.44; 2.30 and 3.30 mm, just like in the case R134a
refrigerant, cause fluctuations of the mass flow rate of the
working fluid that leads to further wave changes of the
pressure and wall temperature.

2) Periodically generated dynamic instabilities within
the frequency range f = 0,25 - 5 Hz have an influence on
the size of the sub-zones inside the minichannel based
condenser, especially, the size of the proper
condensation sub-zone. Due to the highest heat transfer
coefficient, the size of this zone determines the thermal
performance of the condenser. The frequency of the
generated instabilities f has a negative influence on the
thermal performance of the condenser.

3) The model presented in this paper was compared
with the experimental results. The difference between
experimental and numerical results did not exceed +25%
range. The value of this error is significantly higher than
in the case of the estimation of the proper condensation
sub-zone for the R134a refrigerant (£15%).

4) Nevertheless, despite the higher error of the model
for the R1234yf refrigerant, Formula (19) is still appli-
cable.
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Modelling of a two-phase zone during condensation of R1234yf refrigerant in tubular minichannels under periodic dynamic disturbances
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Abstract. The paper presents an experimental analysis of the influence of dynamic disturbances on the size of the condensation zone of the appropriate new R1234yf environment-friendly refrigerant in circular mini-channels. Experimental tests were conducted for single minichanells placed horizontally, with an inner diameter d = {1.44; 2.30; 3.30} mm. A range of frequencies from f = 0.2 - 5 Hz of periodically generated disturbances showed an explicit and unfavourable influence on the decrease of the length of the proper condensation region. This influence reduced the efficiency of the process. A computational model was developed to calculate the length of the two-phase region under disturbance conditions. The model proposed was verified by the results of the experiment, and compliance was obtained in the range of ±25%.
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1 Introduction

A heat exchanger known as the condenser is one of the basic components of a power system that performs a reversed thermodynamic cycle. This component is crucial in terms of the overall efficiency of refrigeration systems or heat pumps. The basic input criteria for optimisation of the operation of such systems is the available heat transfer area of the condenser. This applies both to the heat rejection by the working fluid (main medium) and heat absorption by the coolant (auxiliary medium). The hydraulic losses also play an essential role in the process. Both heat transfer processes (heat rejection and heat absorption by the working fluid) affect the heat transfer rate in a different way. Therefore, it is very important to provide proper conditions that intensify the overall heat transfer coefficient of the condenser [1 - 7]. Modern trends in the design of power machinery are focused on the energy efficiency. As a consequence, the power systems are becoming smaller and smaller owing to the employment of mini and microchannels as well as new pro-ecological refrigerants [8]. According to the 2020 forecast, the share of miniaturized devices should reach up to 25% of all refrigeration, power, medical, IT, aviation and aerospace equipment produced [8]. 

The manufacturing process of the above-mentioned systems require the employment of heat exchangers (condensers and evaporators) based on channels with a hydraulic diameter significantly smaller than the so-called conventional ones. The classification of those systems has already been developed. This classification is based on the size of the internal diameter of the channel –channels with internal diameter below the range 3 – 6 mm are known as minichannels [9].

Such systems, as well as those conventional ones, require properly selected working fluid. So far, one of the most commonly used refrigerants were the so-called fluorinated greenhouse gases, especially: hydrofluorohydrocarbons, perfluorohydrocarbons, sulphur hexafluoride and other fluids that contain fluorine. The fluorinated greenhouse gases group includes the R134a refrigerant. Although this refrigerant is commonly used in currently operated systems, it has been phased-out since 01.01.2017 and the process should be completed by 31.12.2020. The scope of the applications of this refrigerant covers air conditioning systems in mobile applications and heat pumps. The suggested substitute for the R134a refrigerant  is the chemical compound labelled R1234yf. Its GWP index (Global Warming Potential) is very small, just 4, comparing to 1430 in case of its predecessor  R134a [10,11].

During the condensation phase change in minichannel based systems, as well as in conventional systems, there are plenty of thermal-hydraulic, structural and operational problems. Those problems include the possibility of the occurrence of unsteady working conditions induced by instabilities of internal (static) and dynamic (external) origin. This paper pays special attention on phenomena connected with the onset and propagation of disturbances in the systems that perform condensation phase change of refrigerants [12 - 16]. 

The static instabilities are inherently connected with the change of the state parameters of the system. Basing on the record of state parameters evolution in time, it is possible to predict when the static instability will occur (the system is considered deterministic). As a result, the system will reach an another steady state or will oscillate around this state. A perfect example of static instabilities is the flow excursion (also known as the Ledinegg instability) [17,18]. It involves pressure drop due to hydraulic losses during phase change. This instability may occur in a specific state of the system when the total pressure drop decreases due to increase of flow rate. 

When the system is under influence of thermal or hydraulic forces that introduce inertia, the flow becomes unstable and the dynamic instabilities occur. The exact state of the system becomes probabilistic or stochastic. The flow instabilities in two-phase media (liquid-gas) propagate in a form of two phenomena: a pressure wave (acoustic wave travelling with the speed of sound), flow rate fluctuations (due to the oscillations of void fraction) and temperature instability also known as the evaporation front (for the evaporation phase change) or condensation front (for the condensation phase change) [12-16, 19-23].

Those phenomena have a wave character described with different propagation velocities. The acoustic waves are characterized by high frequency, while flow rate and temperature oscillations are characterized by much smaller frequency. 

Previous experimental research on influence of instabilities on flow phase change of refrigerants in minichannels allowed partial recognition of those phenomena [1-6, 12-16]. However, there are no publications that concern those phenomena regarding new pro-ecological refrigerants that are meant as a substitutes for those being phased out. 

2 Computational model  

During the condensation process in tubular minichannels and conventional condensers of compressor based refrigeration systems, it is possible to distinguish three characteristic sub-zones inside the condenser: pre-cooling of superheat vapour, proper condensation (two-phase) and sub-cooling of the liquid. Figure 1 shows the temperature distribution of the refrigerant and the coolant along the condenser, including the above-mentioned sub-zones. 

In the first sub-zone, the superheated vapour is being cooled-down until it reaches the condensation temperature (saturated steam with quality x=1.0). From this point on, provided that there is a temperature gradient at the wall, the two-phase proper condensation sub-zone begins. The flow condensation process is determined by process parameters and takes place until the saturated liquid state (x=0.0) is reached. From this point on, the third sub-zone begins. It is responsible for the cool-down of the liquid. The most intense heat transfer mode is the two-phase flow condensation that takes place inside the proper condensation sub-zone. Single phase cool-down and sub-cooling sub-zones are characterized by much lower heat transfer coefficients. The onset of instabilities, both static and dynamic, may cause the disturbance of distribution of sub-zones inside the condenser, including a shrinkage of the active area of proper condensation characterized by the highest heat transfer coefficient [12].

[image: ]

Fig. 1. Diagram of the distribution of the temperature of refrigerant and cooling medium during condensation inside the horizontal pipe of condenser; Tp – superheated vapour temperature, Ts – temperature of condensation (saturation), Tf – final temperature of the process, Tin., Tout. - temperature of cooling medium, at the beginning and end of process respectively, PPS – starting point of condensation [12].

The author of the paper [7] suggested a theoretical model that allows one to determine the size of each of the sub-zones of the condenser under steady-state operation. However, in order to determine the size of the proper condensation sub-zone for the R1234yf refrigerant for flow condensation inside minichannels under periodic dynamic instabilities, a novel model developed for the R134a and R404A refrigerants was used [12].

2.1 Apparatus



The experimental research is aimed at a verification the presented mathematical model. At the same time, it allowed the Authors to determine the influence of periodically generated hydrodynamic disturbances on the size of each of the heat transfer sub-zones during flow condensation of the R1234yf refrigerant inside tubular minichannels.

During experimental research, the tubular minichannels made of stainless steel with internal diameters d={1.44; 2.30; 3.30 mm} were used. The research was conducted using an apparatus that was specially designed for this experiment. The same apparatus was previously used for the investigation of the R134a refrigerant. Minor changes were introduced in order to adjust the installation to the new pro-ecological refrigerant R1234yf. The Diagramdiagram of the apparatus in presented in Figure 2. Figure 3 shows the test section in details. 

The instrumentation of the apparatus allowed the Authors to measure the following parameters:

· pressure ps of the refrigerant during flow along the tubular minichannel,

· wall temperature along the tubular minichannel,

· pressure of the refrigerants at the inlet and outlet of the test section pout, pin,

· temperature of the refrigerant at the inlet and outlet of the test section Twej, Twyj,

· 

mass flow rates of the refrigerant ṁR1234a and the cooling water .



[image: ]



Fig. 2. Diagram of the apparatus.
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Fig. 3. Diagram of the test section.

The measurements were done for the following intervals of the parameters:

· mass flux of the refrigerant G = 100 ÷ 4100 kg/(m2s),

· saturation temperature of the refrigerant Ts = 20 ÷ 55oC,

· frequency of the instabilities f = 0,20 ÷ 5 Hz.

The research was done for a constant value of mass flow rate of the refrigerant during the steady state that preceded the onset of the instabilities. The test section with channel length L = 880 mm was armed with piezoelectric pressure sensors and K-type thermocouples maintaining a constant distance between the sensors. The voltage based signals collected from the pressure and temperature sensors, and the flow meter were measured using:

· thermoelectric temperature sensors made of NiCr-Ni (each sensor was individually calibrated prior to the research) coupled with A/D adapter USB PersonalDaq/3000 with PDQ30 extension module,  

· piezoresistive pressure sensor (Cerabar TPMP131 type) coupled with A/D adapter,

· flow meter Coriolisa Promass 80A.

All the equipment was connected to a PC with data acquisition and processing software.



2.2 Mathematical model



According to the temperature distribution of the refrigerant flowing along the horizontal minichannel, shown in Figure 1, during the condensation of the R1234yf refrigerant, it is clearly visible that the proper condensation sub-zone onsets for both steady and unsteady conditions. If at the inlet that supplies superheated vapour Tp to the minichannel, there is an electromagnetic regulation valve, then it is possible to generate periodic hydrodynamic instabilities simply by alternating opening and closure of this valve. The frequency of those instabilities can be calculated using the following formula [24]:



                               	(1)

where: τo is the opening time and a τc is the closure time of the valve that supplies the refrigerant to the test section.

The possibility of determining the length of the two-phase sub-zone L for the R1234yf under previously stated conditions was also taken into account. During the modelling process, the following assumptions were made:

· inside the straight, axisymmetric tubular minichannel with the length L and constant internal diameter d, there is a mass flow  rate of refrigerant ṁ;

· the refrigerant condenses during the flow along the tubular minichannel until it reaches the saturated liquid state (quality x=0.0) and then it is being sub-cooled;

· periodic instabilities with constant frequency are generated by the opening and closure of the cut-valve at the inlet of the refrigerant to the tubular minichannel;

· the mass flow rate ṁ of the refrigerant is under oscillatory fluctuations;

· the instabilities propagate along the axis of the horizontal channel of the length L in a form of pressure wave with velocity vp that is a functions of the amplitude and frequency.

From the condensation heat balance for elementary length of tubular minichannel in the two-phase sub-zone, it results: 



                       ,	(2)

where:

d	 internal diameter of the minichannel,

qi	 local heat flux,

dLTFP 	 elementary length of the minichannel.

The heat flux removed along within the two-phase sub-zone of the minichannel is described by the following formula:



	,	(3)

where:

ṁ		average mass flow rate under steady conditions,

hG		specific enthalpy of the refrigerant at the inlet to the two-phase sub-zone (saturated vapour with quality x = 1),

hL		specific enthalpy of the refrigerant at the outlet of the two-phase sub-zone (saturated liquid with quality x = 0).



Combining Equations (2) and (3), it can be written as follow:



	.	(4)

By introducing a constant C =  D into Equation (2), Equation (4) can be rewritten:



	 .	(5)

The heat flux qi from Equation (5) should be regarded as a local parameter that depends both on time and the distance from the channel’s inlet up to the beginning of the two-phase sub-zone: qi = qi(L,t), dh however is stands for the local elementary drop of the specific enthalpy in this cross-section.

The change (oscillations) of the mass flow rate of refrigerant caused by the periodically generated hydrodynamic instabilities can be treated as a propagation of a small amplitude and frequency monochromatic wave along the axis of the horizontal channel. Based on the following studies [25,26], the oscillatory variation of the mass flow rate at the minichannel’s inlet can be determined using the following formula:

	 ṁinst. = ṁ ∙ [1 + A ∙ sin(2∙π∙f∙)	(6)

where ṁ, A f and  are mass flow rate before the onset of oscillations, amplitude of the oscillations, frequency and time, respectively. The maximum amplitude of the oscillations of mass flow rate equals to the undisturbed radius of internal surface of the condensate film. This amplitude can be calculated using the following formula:



	.	(7)



The minimal thickness of the undisturbed condensate film equals to:, where r0 is the internal diameter of the minichannel [12,19]. The A0 parameter stands for the initial amplitude of the instabilities. Its value depends on the vapour inlet pressure and equals A0 = -pG. The ω  parameter stands for an increase of the amplitude A, and k stands for the wave number [19]:



	,	(8)

where:

	 wave length, 



vp	 propagation velocity of the instability, ,

l 	 distance between the pressure sensors,

Δ	 delay of the pressure signal,



	 pulsation (angular frequency) of the base parameter,  [21, 23],

T		 wave period (T = t = to + tc).



By combing Equations (5) and (6), the following is obtained:

	ṁinst. · dh = C · qi · dLTFP,	(9)

and after integration:



	,	(10)

and further:



	.	(11)

Equation (11) was employed to determine the length of the proper condensation sub-zone of the tubular minichannel. It can be solved using numerical methods, provided that the distribution of heat flux qi = qi(L,t) is known. Assuming that the length of the two-phase sub-zone depends on the frequency of periodically generated instabilities f, the problem is simplified. 





Calculations of the average heat flux  along the length of the proper condensation sub-zone LTFP inside the minichannel were made following the method presented in [7]. According to the authors of this paper, the average heat flux  along the length of the proper condensation sub-zone L equals to:





	 thus	(12)

and finally:



	,	(13)

where:

	ṁinst. = (Ginst.  F).	(14)

Assuming that the internal cross-section of the channel is constant dA/dz = 0, the length of the two-phase proper condensation sub-zone LTPF can be calculated using the following formula:



		(15)



For the minichannel with a constant internal cross-section area  and the perimeter C =  · d, Equation (15) takes the following form:



	,	(16)

or



	,	(17)



where r is the latent heat of condensation, and is the average quality of the refrigerant. 

Based on Formula (17), the length of the two-phase condensation sub-zone can be calculated, provided that all the assumptions of the model are satisfied. 

Taking into account the fact that the external instabilities are induced by the valve, the model included the valve’s characteristics – relative valve flow coefficient kv. This coefficient determines the relation between the valve position and the flow rate. Depending on pressure drop at the valve, there are two main characteristics: internal and operational. The value of kv is determined as follow [27]:



	,	(18)

where:

		Kv

		

		computational valve flow coefficient according to [27] - this is the characteristic factory size of the valve, m3/h,



		Kv100

		

		nominal (catalogue) value of valve flow coefficient according to the manufacturer, m3/h[27].





The coefficient  Kvw is presented, according to [27], in the following form:



	,	(19)



Provided that:  ,

where:

ṁ	 mass flow rate of the refrigerant,

Δp	 pressure drop at the valve,

v2	 specific volume of vapour for p2 and T1,

p1	 pressure at the inlet,

p2	 pressure at the outlet, 

T1	 temperature of the refrigerant before the valve, 

Equation (17), after substitution of Equation (18), takes the following form:



	.	(19)

3 Experimental results

The dynamic external instabilities during condensation of the R1234yf refrigerant inside tubular minichannel manifested themselves in the  form of fluctuations of the mass flow rate and, consequently, the fluctuations of the pressure and ps and the saturation temperature Ts. Figures 4 - 6 show the examples of oscillations of the mass flow rate, pressure ps and wall temperature Twall.



[image: ]

Fig. 4. Sample of flow oscillations.

[image: ]

Fig. 5. Sample of pressure oscillations for multiple sensors.
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Fig. 6. Sample of temperature oscillations for multiple sensors.



Based on the obtained experimental results, the temperature distribution of the refrigerants along the investigated minichannel was obtained. Figure 7 shows a summary that includes the distribution of sub-zones depending on the frequency of the periodic instabilities for minichannel with internal diameter d = 1.44 mm.

The summary presented in Figure 7 allows one to visualize the influence of hydrodynamic instabilities on condensation inside the tubular minichannels. The external instabilities were generated through a periodic sudden closure of the inflowing refrigerant. As a result, the length of both superheat removal and proper condensation zones contracted, while the sub-cooling section expanded. The higher the closure time is, the smaller superheat removal and proper condensation zones are. The change in sub-zones distribution is significant, thus the thermal performance of the condenser drops. An increase of the valve closure time translates into a lower frequency of the instabilities f, see Equation (1).



[image: ]



[bookmark: _GoBack]Fig. 7. Results of the experimental investigations concerning the influence of periodically generated instabilities on the length of the of the superheat removal, proper condensation and sub-cooling sub-zones for the R1234yf refrigerant depending of the frequency f of the generated disturbances in mini-channels with internal diameter d = 1.44 mm.

4 Computational results

The computational results of the length of the two-phase condensation sub-zone Lcal. were compared with the experimental results for the R1234yf refrigerant for minichannels with internal diameters d = {1.44; 2.30; 3.30} mm. 

Within the scope of the statistical analysis that aimed to compare numerical results obtained using the presented model and the experimental results, the relative mean absolute error (RMAE) criterion was used [24]:



	,	(22)

where:

ŷi – simulated value (numerical value obtained using a verified model),

yi – empirical value (experimental),

n – number of measurement points.

Based on the calculations, it was found that the relative mean absolute error in the case of the two-phase proper condensation sub-zone does not exceed ±25%. It was confirmed by comparing the experimental results with calculations using Formula (19). The results are shown in Figure 8. The value or error is higher than in the case of an estimation of the proper condensation sub-zone size for the R134a refrigerant (±15%). This may be due to the properties of the R1234yf refrigerant and requires further investigations.



[image: ]

Fig. 8. Comparison of numerically obtained length of the two-phase proper condensation sub-zone Lcal according to Formula (19) with experimental results Lexp.

5 Conclusions 

1) Periodically generated external dynamic instabilities during condensation of the R1234yf refrigerant in minichannels with internal diameter d  = 1.44; 2.30 and 3.30 mm, just like in the case R134a refrigerant, cause fluctuations of the mass flow rate of the working fluid that leads to further wave changes of the pressure and wall temperature.

2) Periodically generated dynamic instabilities within the frequency range f = 0,25 - 5 Hz have an influence on the size of the sub-zones inside the minichannel based condenser, especially, the size of the proper condensation sub-zone. Due to the highest heat transfer coefficient, the size of this zone determines the thermal performance of the condenser. The frequency of the generated instabilities f has a negative influence on the thermal performance of the condenser.

3) The model presented in this paper was compared with the experimental results. The difference between experimental and numerical results did not exceed ±25% range. The value of this error is significantly higher than in the case of the estimation of the proper condensation sub-zone for the R134a refrigerant (±15%).

4) Nevertheless, despite the higher error of the model for the R1234yf refrigerant, Formula (19) is still applicable.
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