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Abstract

Heat exchanger developments are driven by energetic efficiency increase and emission
reduction. To reach the standards new system are required based on mini-channels.

Mini-channels can be described as tubes with one or more ports extruded in aluminium
with hydraulic diameter are in the range of 0.2 to 3 mm. Its use in refrigeration systems
for some years ago is a reality thanks to the human ability to made micro-scale systems.
Some heat exchanger enterprises have some models developed specially for their use in
automotive sector, cooling sector, and industrial refrigeration without having a deep
knowledge of how these reduced geometries affect the most important parameters such
as pressure drop and the heat transfer coefficient.

To respond to this objective, an exhaustive literature review of the last two decades has
been performed to determinate the state of the research. Between all the publications,
several models have been selected to check the predicting capacities of them because
most of them were developed for single port mini-channel tubes. Experimental
measurements of heat transfer coefficient and frictional pressure drop were recorded in
an experimental installation built on purpose at the Technical University of Cartagena.
Multiple variables are recorded in this installation in order to calculate local heat
transfer coefficient in two-phase condensing flow within mini-channels.

Both pressure drop and heat transfer coefficient experimental measurements are
compared to the previously mentioned models. Most of them capture the trend correctly
but others fail predicting experimental data. These differences can be explained by the
experimental parameters considered during the models development. In some cases the
models found in the literature were developed specific conditions, consequently their
predicting capacities are restricted.

As main contributions, this thesis provides new modelling tools for mini-channels
condensing pressure drop and heat transfer coefficient calculation. A comparison of a
recently developed refrigerant is also given in this thesis.
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Chapter 1: Introduction

CHAPTER 1: Introduction

1.1. STATUS

Nowadays, micro and mini-channels are present in many applications ranging from
different heat exchangers in process industry to automotive, electronics and domestic
applications. Two-phase flow has been applied to a growing number of fields in recent
years because of its higher energy efficiency in comparison with single-phase flow.
Compactness is a synonym of charge reduction and this is very important in present day
refrigeration systems and heat pumps because of the great contribution of HCFC and
HFC refrigerants to the direct greenhouse effect. This reduction is also important for
natural refrigerants such as hydrocarbons and ammonia for safety reasons [1].

One of the pioneers authors who studied the influence of reducing diameter in heat
transfer coefficient were Kays and London [2]. From then on, the investigation on heat
transfer in mini-channels has been one of the most researched topics in this field.

Condensers utilising mini/micro-channels are especially suited for applications
demanding high heat dissipation in a limited volume as the more the tube diameter
decreases, the more the ratio of area to volume increases, and the heat transfer increases.

These condensers maintain mostly annular or intermittent flow to take advantage of the
large condensation heat transfer coefficients associated with these flow patterns.
Decreasing channel diameter increases vapour velocity and the interfacial shear stress,
which causes a thinning of the annular film and increases the condensation heat transfer
coefficient. Unfortunately, while the heat transfer is empowered by reducing the tube
diameter, a higher pressure drop is obtained, which may degrade the overall efficiency
of the two-phase system. Therefore, the design of high performance mini-channel
condensers requires accurate predictive tools for both pressure drop and condensation
heat transfer coefticient.

1.2. OBJECTIVE

The main goal of this PhD thesis is to experimentally measure pressure drop and heat
transfer coefficient in condensation processes inside mini-channel tubes with different
refrigerants flowing inside to get a better knowledge of how heat transfer coefficient is
affected by the design variables of commercial equipment such as saturation
temperature, mass velocity, free flow area and tube diameter.

This investigation uses natural and new refrigerants in this reduced geometry kind of
tubes and other non-ozone depleting refrigerants. There is few investigations working



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

with these kinds of refrigerants and the use of mini-channels allows reducing equipment
charge so it is an appealing combination.

Commercial software like IMST-Art or EVAP-COND, widely used for refrigerating
systems, makes use of the available correlations in the literature in their calculations.
So, accurate correlations must be developed to assist engineers in the designing process
of industrial equipment.

1.3. METHODOLOGY

The main goal to achieve is to take accurate measurements of heat transfer coefficient
and frictional pressure drop during condensation processes within mini-channel tubes.
First of all, a large state of art was made and updated during this PhD thesis
development in order to know the situation of the investigations on that subject. No
publications were found dealing with heat transfer coefficient or pressure drop of
propane or R32 in mini-channel multi-port tubes and only a few dealing with R1234yf.

To develop this experimental PhD thesis an installation built on purpose to work with
flammable fluids was constructed at the Technical University of Cartagena. In this
installation the refrigerant in two-phase flow conditions circulate inside the multi-port
mini-channel tube that composes the test section. In this test section, the refrigerant
condensates and pressure drop, local heat flux and wall temperature are measured to be
able to perform frictional pressure drop and local heat transfer coefficient of the
refrigerant.

As the correlations available in the literature were developed mostly for R134a, firstly
some measurements were made with this refrigerant to validate the measuring
technique. Steady state conditions were maintained during 1200 seconds for each
measuring value with minimal variations of the measuring variables.

Several models were found to be able to predict the experimental measurements
recorded in our experimental installation. After that, other fluids were experimentally
tested under similar conditions and compared between them and against the available
models in the literature. Some of these models are able to predict experimental data
correctly and some others fail with some fluids. The data recorded during the
experimental campaign will be used to develop predictive models for HTC and pressure
drop.

The block diagram of the methodology followed can be seen in Fig. 1.1.
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1.4. PhD THESIS SCHEMA

This PhD thesis is composed of several chapters and a short summarise of all of them is
given in the following lines.

In the first chapter objectives and the methodology followed in this PhD thesis are
presented.

In Chapter 2, the state of the art of the investigations dealing with mini-channels with
heat transfer coefficient or pressure drop measurements is presented. A huge amount of
publications can be found about that subject but only a few working with natural
refrigerants. The author did not find publications dealing with R290 in multiport mini-
channel tubes. According to the state of the art, only one reference of R32 inside multi-
port mini-channel tubes was found.

In Chapter 3, a review of some of the models available in the open literature is
presented. These models are sorted by tube size, divided into two groups: models
developed for macro-channels and specifically developed for mini-channels. This part
deals with the models developed for heat transfer coefficient and pressure drop
prediction.

Chapter 4 presents the experimental installation constructed on purpose to this PhD
development. A complete description of the installation, control system, test section
geometry and experimental campaign can be found in this chapter.

In Chapter 5 the experimental data analysis is reported. In this section the calculation
process of the local heat transfer coefficient is presented. The expressions considered to
calculate sudden expansion and contraction pressure drops are provided to understand
the calculation process of frictional pressure gradient.

In Chapter 6 the experimental results are presented for both heat transfer coefficient and
pressure drop. The graphical results are sorted by fluid and some comparisons between
experimental measurements are commented.

The Chapter 7 shows the results presented in Chapter 6 compared with the models
included in Chapter 3 sorted by author’s correlation and separated by working fluid.
This analysis is made for heat transfer coefficient and pressure drop separately for all
the fluid experimentally tested.

In Chapter 8 two models to pressure drop and heat transfer coefficient calculations are
provided. These models are developed thanks to the great quantity of frictional pressure
drop and heat transfer coefficient measurements recorded during the realisation of this
thesis.

Finally, in Chapter 9 some conclusions partially mentioned in previous chapters are
summarised. Also a future work section is written in this chapter.
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2.1. INTRODUCTION

Mini-channels can be described as tubes with one or more ports extruded in aluminium.
They are mini-channels if its hydraulic diameter is in the range of 0.2 to 3 mm. Its use
in refrigeration systems for some years ago is a reality thanks to the human ability to
made micro-scale systems. Some heat exchanger enterprises have some models
developed specially for their use in automotive sector, cooling sector, and industrial
refrigeration.

Many profits can be obtained using this technology. In many cases, these heat
exchangers have been used without having a wide knowledge of how the small
geometriy affects physical processes. The augmentation of transport processes due to
micro-scale dimensions has lots of profits and it is widely used in biolgical systems. The
main advantages of these tubes are higher thermal efficiency; higher compactness and
lower weigth compared with same thermal capacity finned tube heat exchangers.

In engineering systems, the main goal is to understand and cuantify how the use of this
technology affects flow patterns and so heat transfer coefficient and mass transfer. In
that way performance is maximised and cost, size and energy requirements are
minimised.

Boiling and condensation phenomena inside mini-channels have lots of applications: in
heat sinks or power electronics, temperature control in aerospace industry, refrigeration
of fuel injection systems, boilers components in fuel cells, cooling the sections in
contact with plasma in fusion reactors, condensing units of air conditioning equipments
in cars, and so on.

The aim of using mini-channels in the design of compact heat exchangers in air
conditioning and refrigeration is reducing refrigerant charge. This charge reduction is
empowering the use of natural refrigerants and contributing to more efficient and
greener equipments. At the present time, a quite big portion of the electricity produced
is consumed in air conditioning equipments and so on the comsumption of fuel and their
CO, emmisions associated. Refrigeration and Air Conditioning (RAC) are responsible
for approximately 40 % of total energy consumption in the European Union [1] and
related CO, emissions.

The use of these devices in air conditioning and refrigeration systems have been
empowered in last years to get addecuate to new energy efficiency standars. The
mixtures of refrigerants and use of additional heat exchange surfaces have been
empowered as an alternative to hydrofluorocarbons that deplete the ozone layer.



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

In fact, it is a reality the incorporation of this technology to domestic air conditioning
equipments in order to develop compact, cheaper and lower power equipments.

As mentioned above, a great number of international research equipments are foccused
on the study of heat transfer and pressure losses in these systems. This research is
focused on the condensation studies performed in the research group “Modelling of
Thermal and Energy Systems”.

Momentum and heat transfer processes are strongly influenced by flow patterns so any
prediction of two-phase heat transfer coefficient must be based on existing flow patterns
for that size. Flow patterns strongly affect flow and heat transfer laws. In addition, the
correct desings of heat transfer exchangers with mini-channels should be based on
proven calculion methods for heat transfer coefficient and pressure drop. These two
parameters are influenced by gravity effects, inertial forces, viscous shear, and surface
tensions which are affected with reducing size. So, it is dangerous to extrapolate
calculus methods of macro-channles to mini-channles without an experimental
validation of the models.

Pressure drop and heat transfer coefficient researches show that the validity of
correlations is linked to tube diameter and mass velocity. As previously mentioned,
attention must be paid to flow pattern structures in these tubes.

Single-phase flow in mini-channels is limited by the small temperature rise the fluid can
experiment. Two-phase flow is much more interesting due to the exploitation of latent
heat (phase change). Therefore, higher heat transfer coefficients are reached with two-
phase flow with also higher pressure drop values.

The main reason why normal tubes should be distinguished from mini-channels is
because of great differences between the fluid forces that take into account the
following non-dimension numbers: Bond, Weber, Froude and Reynolds numbers.

Channel size compared with bubble size can be expresed in terms of Bond number.
Bond number relates the importance of body forces (almost always gravitational forces)
to surface tension forces.
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A high value of Bond number shows that surface tension effects are negligible. A low
value of this number shows that surface tension effects dominate.

Weber number is commonly used to analise flows with an interfase between two
different fluids, specially for multi-phase flows or with highly curved surfaces.
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It can be considered as a measure of the relative inportance of inertial forces versus
surface tension forces.

Froude number is defined as the relation of a charateristic velocity versus the speed of
gravitational waves. An equivalent definition could be the ratio between inercia to
gravitational forces.

Fr=" 23
r=> (23)

Reynolds number provides a measurement ratio of inertial forces to viscous forces. This
number quantifies the relative importance of these forces for a given flow conditions.
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This dimensonless number plays an important role in flow pattern characterisation such
as, turbulent or laminar. Laminar flows present Reynolds number with dominating
viscous forces. On the other hand, turbulent flows take place at high Reynolds number
values and inertial forces dominate.

In small diameter tubes, lower than 3 mm, vapour surface and shear tension dominate
the flow pattern. Even being the mass velocity and vapour quality the main factors that
affect flow pattern, thermophysical properties of fluid and tube diameter play a
secondary role. Its influence is much more evident at intermediate mass velocities, 150
to 300 kg m™s™', where mass velocities are not high or low enough to let a regime
prevail over the rest. The fluid properties that affect the most are: liquid and vapour
densities, viscosity and surface tension. Much of the variations of fluid properties are
related to reduced pressure.

Tube diameter also affects flow pattern transitions. As the diameter is being reduced,
with a constant mass velocity, the flow transtition from to anular flow to wavy-anular
and from wavy-annular to wavy flow, is being displaced to lower vapour quality values.
At high mass velocities, most of vapour quality range is linked to anular flow and
diameter effects are less pronounced.

In this research, heat exchangers are made of aluminium tubes that may have different
geometries with rectangular, triangular or circular sections and hydraulic diameters of
around 1 mm.

In view of this and considering that it is an emerging technology whose progress will
make air conditioning systems manufacturing more efficient, an experimental
installation for researching on condensation heat transfer coefficents and pressure drop
was built at the Technical University of Cartagena.

This document contains a wide bibliographic review providing the actual situation of
international research group publications about this subject. The installation for
condensation processes, the tube geometries and process followed for the heat transfer
coefficent and pressure drop calculationis described in Chapters 3 and 4.
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2.2. STATE OF THE ART

2.2.1. Heat Transfer Coefficient

The state of the art of the actual researching situation about condensation heat transfer
coefficient and pressure drop inside mini-channels is presented in the following section.
Much of them are briefly commented and a summarising table is presented with the
most important information. A first table collects the transition diameter from macro to
mini-channels proposed by several authors. Author names, publication year, geometries
tested, experimental defining parameters, mass fluxes, tube diameters and saturation
temperatures are summarised in the Table 2.2.

Heat transfer characterisation and pressure drop inside mini-channels during
condensation have been strongly researched for the last years. In macro-channels the
process is dominated by vapour shear tension or gravitational forces. When shear
tensions prevail in the condensation process over the gravitational forces, the prevailing
flow pattern is annular flow. If the opposite happens, then, stratified, wavy and slug
flow patterns prevail. Heat transfer correlations for pure or near azeotropic mixtures
take that into account. If annular flow prevails, the heat transfer coefficient depends on
mass flux, vapour quality, and saturation temperature.

If gravitational forces prevail, the heat transfer coefficient depends on the difference
between tube wall and saturation temperature. Flow pattern influence is very strong in
heat transfer processes and momentum. So pressure drop and heat transfer predictions
must be based on existing pattern maps [2]. Therefore, special attention mus be paid to
these correlations, in micro and mini-channels gravitational forces are negligible.
Instead of them, surface tensions play the main role.

Most of researching articles present and compare experimental data of mini-channels
with correlations developed for macro-tubes. Only in a few cases, a precise heat transfer
correlation is proposed to fit experimental data. This state of the art investigation is
focused on researches with tubes with hydraulic diameter about 1 to 3mm. A good
revision of recent condensation heat transfer coefficient and pressure drop in tubes of
small and large diameter can be found in English and Kandlikar [4].

Yang and Webb [4] studied R12 condensation in plain micro-finned multi-port struded
tubes with hydraulic diameters of 2.637 and 1.564 mm. They compared against the
correlations developed by Akers et al. [5] and Shah and London [6].They found that
Akers et al. [5] correlation predicted well their experimental data for plain tubes. The
authors also showed that high velocity data are over estimated.

Yang and Webb [7] proposed a correlation for heat transfer coefficient prediction in
finned mini-channels. This correlation takes into account vapour shear tension and
surface tension effects. They proved that at high mass velocities, heat transfer coefficient
is controlled by vapour shear tension and the contribution of surface tension is quite
small (it 1s much affected by fin geometry). These authors also proposed a separated
asymptotic model for these two effects. Yang and Webb [7] validated the previous
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model analysing five different geometries (a single port tube and several multi-port
tubes with and without fins) and two refrigerants, R12 and R134a.

Webb et al. [8] studied a circular copper tube with a hydraulic diameter of 3.55 mm and
an aluminium multi-port tube of 2.13 mm. They checked their experimental results for
R134a with those provided by Shah [6] and Moser et al. [9] correlations under similar
conditions. They found good concordance between their data and both correlation
predictions, at 65 °C saturation temperature, they showed that Shah [6] correlation over-
estimates their data. The authors attributed this difference to the reduced pressures. In
their data, it was preq = 0.47 while Shah [6] correlation was developed for 0.011 <p,<
0.44. Accordingly, round single port tubes and multi-port tubes are going to reach the
same condensation performance.

Webb andKemal [10] studied the effect of hydraulic diameter size over heat transfer
coefficient and pressure drop during R134a condensation. They used four different
hydraulic diameter aluminium tubes of 0.44, 0.611, 1.33 and 1.564 mm. Webb and
Kemal [10] showed a good agreement between experimental data and the correlations of
Akers et al. [5] and Moser et al [9] correlation. They showed that Moser [9] correlation
provides satisfactory results for big and small diameters. It is valid for condensation
driven by shear stress. The authors recommend Yang and Webb [7] correlation to
consider surface tension effects.

Yan and Lin. [11] studied R134a condensation in a matrix of small circulat tubes with a
hydraulic diameter of 2 mm. They proposed correlations for heat transfer coefficient
and pressure drop calculation. They observed higher heat transfer coefficient values at
lower heat fluxes, lower saturation temperatures and mass fluxes.

Wang et al. [12] investigated the R134a condensation in an aluminium rectangular
multi-port tube of 1.46 mm of hydraulic diameter. They showed that at low mass fluxes
or vapour quality values, stratified flow and Nusselt film condensation phenomena
dominate. They demonstrated the dependency of heat transfer coefficient with
temperature difference. Since the mass flux or vapour quality grow, a annular film is
created that provokes convection to dominate. A high dependency with mass flux,
especially at high mass fluxes, and vapour quality values was observed. They viewed
annular, wavy and slug flows.

Kim et al. [13] studied condensation of R22 and R410A in two rectangular multi-port
tubes with and without micro-fins and with hydraulic diameters of 1.56 and 1.41 mm
respectively. They compared their experimental data with the correlations developed by
Webbet al. [8], Koyama [14], Shah [6], Akers et al. [S] and Yang and Webb [7]. The
data showed the same effect as Webb et al. [8] regarding to Akers et al. [5] and Shah [6]
correlations. According to Koyama et al. [14] and Kim et al. [13] correlations, they
obtained under-estimation of their experimental data. They recommend the use of Webb
et al. [8] and Moser et al. [9] correlations for smooth tubes and a modified version of
Yang and Webb [4] correlation in the case of micro-finned tubes.They also showed a
slightly higher heat transfer coefficient values of R410A compared with R22 under the
same saturation conditions in smooth tubes.

Koyama et al. [15] studied R134a condensation in two rectangular multi-port tubes with
hydraulic diameters of 0.8 and 1.11 mm. They showed that some correlations based on
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forced convection models such as [9], Dobson and Chato [16] under-estimate their
values at low mass fluxes because these models neglect free convection effect.
Haraguchi et al. [17] correlation prediction also disagrees with Koyama et al. [14], and
in that case the authors claimed that this could be explained due to the use of
homogeneous model for momentum pressure drop calculation. They proposed an
asympthotic model that takes into account convetion forces, free convection and also
the effects of surface tension effects. This is based on the correlation of Haraguchiet al.
[17] and Mishima and Hibiki [18]. In opposition to the above mentioned investigations,
Koyama et al. [15] correlated their data to develop a new correlation for two-phase flow
pressure drop multiplier. To do that, they considered another two multi-port micro-
finned tubes in addition to the two considered in the previous investigation. These
correlations with the proposed by Wang et al. [12], consider heat transfer coefficient at
low vapour quality values. Baird et al. [19] uses Seebeck effect to produce R123 and
R11 condensation in passages with hydraulic diameters of 0.92 and 1.95 mm. The
correlation proposed is valid for annular flow in which shear tension effects dominate.
They showed a significant influence of heat flux at high vapour quality values. An
increase in saturation pressure at a fixed mass flux leads to a decrease of heat transfer
coefficient. Also, an increase of mass flux leads to an increase of heat transfer
coefficient.

Cavallini et al. [2, 20, 21] studied the heat transfer coefficient during condensation of
R236ea, R134a and R410A inside multi-port mini-channel tubes with thirteen parallel
rectangular ports and a hydraulic diameter of 1.4 mm. They tested a huge range of
reduced pressures. They also compared experimental results with some of the
correlations available in the literature: Moser et al. [9], Cavallini et al. [22], Akers et al.
[5], Koyama et al. [15] and Wang et al [12]. They showed that Moser et al. [9] and
Cavallini et al. [23] under-estimate heat transfer coefficient at values of dimensionless
gas velocity higher than ten. They claimed that for dimensionless gas velocity lower
than 2.5, a deeper investigation in mini-channels with different diameters should be
made in order to determine if heat transfer coefficients depends on the difference
between saturation temperature and wall temperature. For the regime of free convection,
Wang et al. [12] and Koyama et al. [15] correlation try to predict free convection.They
also contributed with the analysis of Moser et al. [9] and Zhang and Webb [24]
correlation for pressure drop prediction. These correlations correctly predict pressure
drop and heat transfer coefficient in shear dominated regime if there are no droplets
entraintment from the liquid film.

Bandhauer et al. [25] studied three multi-port tubes with circular geometry and different
hydraulic diameters. Their model is assesed on a multi-region model that explains the
mechanisms in each regimen found in condensation in the tubes with hydraulic
diameters in the range 0.4 to 5 mm. Acordigly, the predominant regimes are
intermittent, annular and mist flows. Garimella et al. [26] claimed that shear driven
models for condensation are close and linked to pressure drop models which,
sometimes, explain that some models fails on its heat transfer coefficient prediction
when using a non accurate pressure drop model. The correlation proposed by the
authors is based on the analysis of the boundary layer of Traviss et al. [27] andMoser et
al. [9] but with a pressure drop model especially developed for mini-channles by
Garimella et al. [26].

12



Chapter 2: State of the art

Wen et al. [28] studied local heat transfer coefficient during condensation inside a three
step coil of 2.46 mm diameter working with R600, R290 and a mixture at 50% in
weight of R600 and R290. Heat transfer coefficients are a 155 %, 124 % and 89 %
higher for R600, R600/R290 and R290 than R134a under the same conditions. Dobson
and Chato [16] correlation predicts the best heat transfer coefficient values for tested
refrigerants with a standard deviation of 12.8 %.

Médéric et al. [29] analysed condensing R134a heat transfer coefficients based on flow
patterns inside the mini-channel tube. As temperature difference was almost zero in the
glass condenser, they used an image technique to calculate void fraction, assisted by an
energy balance, they obtained global heat transfer coefficient. Heat transfer is almost
constant in annular regime and is degraded in bubbly flows. These two flow patterns
were the only observed in the test section.

Cavallini et al. [30] and Matkovic et al. [31] studied R32 and showed that Cavallini et
al. [32] provides good results when it is compared with their data but over-estimate heat
transfer coefficient in some cases. In contrast, the macro-tubes correlation developed by
Cavallini et al. [2] provides better results.

Cheng et al. [33] made a bibliographic revision about supercritic CO; cooling in macro
and micro-channels. He observed that the heat transfer coefficient in supercritical zone
is quite different from the region of constant fluid properties. This is explained by the
fact that in supercritical zone, fluid properties are quite different from those in the
undercritical zone. To summarise experimental results, heat transfer coefficient grows
up to near its maximum value with decreasing refrigerant temperature. The maximum
value is reached near pseudo-critic zone due to the high variation of CO, properties.
There is no correlation valid for all experimental data due to the high variation
mentioned above. The authors suggested higher effort about that subject.

Cavallini et al. [34] studied condensation processes in a single-port mini-channel for
R134a and R32. Heat transfer coefficient was obtained by wall and saturation
temperature measurements. They compared the results with Moser et al. [9], Koyama et
al. [15] and Cavallini et al. [2] correlations. They used Moser et al. correlation [9] for
heat transfer coefficient calculation and Zhang and Webb [24] correlation for frictional
pressure gradient in small channels. In that way the tendency of experimental data was
captured but is also under-estimated. The under-estimation is much higher as the mass
flux is reduced. This effect can be explained because the correlation was developed for
annular flow conditions. Koyama et al. et al. [15] correlation predictions are not precisse
because its predictions do not reflect experimental tendency related to mass flux. Thome
et al. [35] correlation over-estimates heat transfer coefficient values but experimental
data fit correctly. The last model, Cavallini et al. [2], predicts better results even having
been developed for tubes with higher hydraulic diameters.

Park and Hrnjak [36] studied R744 condensation inside a mini-channel tube of 0.89 mm
at saturation temperatures of -15 and -25 °C for heat transfer coefficient and pressure
drop measurements. The measurements of heat transfer coefficents were augmented
with higher values of mass fluxes and vapour quialities. Heat transfer coefficient was
not affected with changes with wall subcooling temperature. They remark that the
condensation mechanism in the mini-channel is similar to a higher diameter tube and
that several existing correlations predict correctly the pressure drop behaviour.
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Wen and Ho [37] investigated the condensation of R290 and R600 with oil inside coils
of 2.46 mm of inner diameter. They remarked that heat transfer coefficient increases
with higher values of mass flux, vapour quality, and the number of coil elbows; and
decreases with the oil concentration increase. Pressure drop measurements increases
with higher mass fluxes, increasing number of elbows and oil concentration.

Agarwal et al. [38] studied condensation phenomena in six mini-channels with different
geometry and non-circular section working with R134a. They used the thermic
amplification technique for heat transfer coefficient calculation. The authors took into
account tube transversal section to apply flow regime. Data was correlated with a
modified version of annular flow model using the pressure drop model for non-circular
mini-channels in the square, rectangular and barrel sections. There was good agreement.
For the rest of geometries with sharp corners, the model used was based on mist flow
for higher diameter tubes.

Cascales et al. [39] presented a model for compact heat exchanger analysis working as
evaporators and condensers with mini-channel geometry and R134a and R410A as
refrigerants.

Del Col et al. [40] investigated pressure drop and heat transfer coefficient during
condensation of R1234yf inside a mini-channel circular single port tube with a diameter
of 0.96 mm. They compared the data with the results obtained for R134a. This
experiment was made in a special apparatus built to measure the cooling fluid profile.
R1234yf has lower heat transfer coefficient values than R134a under the same opeating
conditions. Cavallini et al. [2] predicts experimental data with an error of 15 %.
Pressure drop meassurements with R1234yf are between 10 and 12 % lower than R134a
values.

Bohdal et al. [41] experimentally studied heat transfer coefficient and pressure drop of
R134a and R404A during condensation inside mini-channels. Experimental data was
compared against correlations developed by other authors with good agreement by
Akers et al. [5] and Shah et al. [6] correlation for heat transfer coefficient. The model
that best fitted to pressure drop values were Friedel [42] and Garimella et al. [43]
models. At the end, they proposed their own correlation for local heat transfer
coefficient.

Oh and Son [44] studied the heat transfer coefficient of R22, R134a and R410Ain a
single port circular mini-channel of 1.77 mm hydraulic diameter without oil. They
obtained that heat transfer coefficient value in single-phase flow was greater than that
obtained by using Gnielinski correlation. In two-phase flow, the heat transfer coefficient
of R410A is higher than those given by R22 or R134a at the same value of mass flux.
The measurements obtained for R22 and R134a show similar values.According to them,
most of the correlations developed for bigger dimension tubes do not predict local heat
transfer coefficient correctly. In addition, the correlation developed by Yan and Lin [11]
for single port micro-tubes is not appropriate for the mini-channel studied so the authors
claim for more investigation on that way.

Park et al. [45] compared the heat transfer coefficient of the new refrigerant R1234ze

with R134a and R236fa in a mini-channel tube of 1.45 mm of hydraulic diameter
vertically aligned. Heat transfer coefficient was not affected by flow pattern or by
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entrance conditions in the range studied. It was found that R1234ze heat transfer
coefficient is lower than that provided by R134a in 15 and 25 % but it is similar to
R236fa values. The comparisons with Bandhauer et al. [25], Cavallini et al. [2], Moser
et al. [9], Koyama et al. [14], Thome et al. [35] correlations and Nusselt film theory
gave them poor results. This is, high Nusselt numbers are over-estimated and under-
estimated the lower values of it. A new correlation for the three fluid tested was
developed with a good fitting over the conditions tested. The authors re-adjusted the
existing model of Koyama et al. [14].

De Col et al. [46] measured the heat transfer coefficient in a square shape mini-channel.
Its measurements were compared with previous data of a single mini-channel with
circular section working with R134a, both of them with the same hydraulic diameter. In
the square shape mini-channel, heat transfer coefficient augmented at low mass fluxes
due to surface tension. At higher mass fluxes there is no increase because condensation
i1s dominated by shear stress.

Zhao et al. [47] studied heat transfer coefficient and pressure drop of CO, mixed with
oil at supercritical pressures inside horizontal tubes with inner diameters of 1.98 and
4.14 mm. In the tests without oil, the correlation proposed by Dang and Hihara [48]
predicted the heat transfer coefficient and Petukhov [49] correlation for pressure drop,
both correctly. Oil entrance decreases heat transfer coefficient values and increases
pressure drop values. Heat transfer coefficient is strongly related with density and
viscosity ratios of oil to CO,. In addition, a new correlation was developed with
experimental data recorded. The new correlation fits most of the data with a deviation
lower than 20 %.

Cavallini et al. [50] studied local heat transfer coefficient during condensation of R32
and R245fa inside a circular mini-channel with a 0.96 mm hydraulic diameter at 40 °C.
At equal values of vapour quality and mass flow rate, almost the same values of heat
transfer coefficient were measured. The R32 values are slightly higher.

Del Col et al. [46] measured the heat transfer coefficient inside a square shape mini-
channel of 1.23 mm of hydraulic diameter. They compared the measurements with the
data of a 0.96 mm diameter round mini-channel. They used R134a as working fluid at a
saturation temperature of 40 °C. Square shape tube has higher heat transfer coefficient at
low mass flow rates mostly due to surface tension effects. At high value of mass flow
rates, condensation phenomena are dominated by shear stress, no difference was found.

Kim and Mudawar [51] studied the heat transfer coefficient of FC-72 flowing through
rectangular multi-port mini-channels with a hydraulic diameter of 1 mm. Heat transfer
coefficient is higher at the entrance of the tube where liquid film thickness is lower. The
heat transfer coefficient value decreases along the tube due to the increase of liquid film
and the collapse of annular flow. The authors compare their data with the correlations
for annular flow. Their results are better explained by the correlations developed for
macro-tubes than those specifically developed for mini-channels. They propose a
correlation that perfectly fits their data and other database for mini-channels.

Jige et al. [52] studied the condensation process of pure refrigerants R134a and R32 in a

horizontal multi-port tube. The test tube is made of aluminium alloy with 0.85 mm in
hydraulic diameter. The experiments were carried out in the mass velocity range of 100
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to 400 kg m™s™ at saturation temperatures of 40 and 60 °C. Then, the sectional average
heat transfer coefficients were measured in eight subsections. In cases of high mass
velocity, the heat transfer coefficient decreases monotonically with decrease of vapour
quality; this corresponds to the decrease of vapour shear stress. On the other hand, in
case of low mass velocity, the heat transfer coefficient is kept almost constant in a wide
vapour quality range; it is inferred that the surface tension effect is dominant in this
range. Based on these results, they developed a new heat transfer correlation
considering both effects of vapour shear stress and surface tension.

Derby et al. [53] analised the heat transfer coefficient during condensation in mini-
channels with triangular, square and semi-circular shape made on copper with R134a.
Data were reported for R134a in 1 mm square, triangular, and semicircular multiple
parallel minichannels cooled on three sides. A parametric study was conducted over a
range of conditions for mass flux, average quality, saturation pressure, and heat flux.
Mass flux and quality were determined to have significant effects on the condensation
process, even at lower mass fluxes, while saturation pressure, heat flux, and channel
shape had no significant effects. The lack of shape effects was attributed to the three-
sided cooling boundary conditions as there was no significant surface tension
enhancement. A strange effect over heat transfer coefficient was discovered due to non-
uniform cooling boundary, only three faces were cooled. As the effect of surface tension
is negligible, Shah et al. [53] correlation for macro-tubes predicts the best the data.

Charun [54] presented the results of his investigation with R404A condensing inside
round and small diameter tubes in the range of 1.4 to 3.3 mm. Pressure drop results are
reasonably well predicted by Friedel [42] and Garimella et al. [26,43] correlations. As
final result, he proposed a new correlation to calculate heat transfer coefficient in
condensation processes.

Zhang et al. [55] studied the heat transfer coefficient during condensation of three
refrigerants; R22, R410A and R407C; inside two round tubes of 1.088 and 1.289 mm of
hydraulic diameter at saturation temperatures of 30 and 40 °C. The range of mass fluxes
is between 300 and 600 kg m™s™. The experimental measurements were compared with
correlations developed for tubes with diameter higher than 3 mm.

Goss Jr and Passos [56] published a study about local heat transfer coefficient in a
multi-port tube with a hydraulic diameter of 0.77 mm working with R134a. Unlike most
experimental installations, this makes the cooling process by means of thermo-electric
Peltier modules. As conclussions they claim that there is no clear influence of saturation
temperature and heat dissipated over the heat transfer coefficient value but it is affected
by increasing mass flow rate.At intermediate vapour quality values, heat transfer
coefficient tendency is to remain constant. Their data is best predicted by Cavallini et al.
[2] correlation.

Zhang et al. [57] investigated two-phase flow heat transfer coefficient during CO,
condensation inside a mini-channel condenser with a hydraulic diameter of 0.9 mm. The
experiemtal measurements were made at saturation temperatrues from -5 °C to 15 °C
and mass velocities of 180, 360 and 540 kg m?s”. Thome et al. [35] correlation
presented the lower deviation, less than 30 %.
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Al-Hajri et al. [58] experimentally studied two-phase condensing flows of R134a and
R245fa in a single mini-channel of 0.7 mm diameter with high aspect ratio. Pressure
drop is accurately predicted by Lockhart-Martinelli with deviation lower than 20 %.
Heat transfer coefficient is predicted with errors lower to 20 % by Dobson and Chato
correlation with a modified power of the Martinelli parameter.

Heo et al. [59] reported a study about in-tube condensation heat transfer characteristics
of CO; in different mini-channels. Multi-port minichannels had hydraulic diameters of
1.5, 0.78 and 0.68 mm and they were tested from -5 to 5 °C of saturation temperature.
The model by Thome et al. [35] showed the lowest deviations.

Heo et al. [60] published a study about condensation heat transfer coefficient and
pressure drop of CO; in a multiport mini-channel with a hydraulic diameter of 1.5 mm.
Mas flux variation was from 400 to 100 kg m™s™ and saturation temperatures from -5 to
5 °C. Heat transfer coefficient increases with decreasing saturation temperature and
increasing mass flux. There was no model able to predict the experimental data
correctly.

Liu et al. [61] experimentally investigated heat transfer and pressure drop during
condensation of R152a in circular and square mini-channels with hydrauulic diameters
of 1.152 and 0.952 mm, respectively. Heat transfer is correctly predicted by several
author correlations. Channel geometry has much effect on heat transfer at low mass
fluxes.

Sakamatapan et al. [62] published a study on condensation heat transfer with R134a
flowing inside a multiport mini-channel tube of 1.1 mm of hydraulic diameter. The
experiment was performed with mass fluxes of refrigerant between 340 and 680
kg m?s, with 15, 20, and 25 kWm™ heat fluxes, and saturation temperatures of 35— 45
°C. It could be noted that the annular flow pattern existed for most of the experimental
data. Results showed that the average heat transfer coefficient increased with the
increase of vapour quality, mass flux, and heat flux, but decreased as saturation
temperature rose. When compared with Koyama et al. [15] and Webb et al. [8]
correlations obtained from condensation inside the multiport minichannels, the heat
transfer coefficient could be predicted within an acceptable range.

Wang et al. [63] presented a short overwiew of the heat transfer performance of
R1234yf versus R134a with previous published data. For in-tube condensation, it was
found that the condensation heat transfer coefficients for R1234yf are inferior to those
of R134a. These differences increase with the rise of vapour quality.

Table 2.2 summarises the different investigations related with heat transfer coefficient
calculation in mini-channels considered in this document.Most of them use R134a as
working fluid but there are some of them with R12, R22, R410A, R123 and R11. Only a
few tests are available for R407C and R1234yf what sujects that a higher effort must be
made with different refrigerants.

If Table 2.2 is carefully observed, it can be appreciated that most of the documents
preferred to use R134a because is has been a widely used refrigerant from end 80s until
now. After Montreal protocol, the air conditioning refrigerants in car AC, (old CFC
clorofluorocarbons) were mostly substituted by R134a. This latter one is a HFC
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(hidrofluorocarbon); much less harmfull with ozone layer but it must be substituted in
the near future too. As opposite, the global warming power (GWP) of R134a is 1300
instead of 3 of natural hydrocarbon R290 (propane) or 0 in the case of CO..

Table 2.1. Transition geometries by some authors.

(Mehendal et al. 2000) (Kandlikar 2002)
Micro-channel 1-100 um Micro-channels 50-600 pm
Meso-channels 100 pm — 1 mm Mini-channels 600 um — 3 mm
Macro-channels 1-6 mm Normal channels >3 mm
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2.2.2 Pressure Drop

Pressure drop characterisation is as important as heat transfer coefficient
characterisation in compact heat exchanger design. Boiling and condensing pressure
drop is given by:

(@)=-G) - - -
dz dz f dz grav dz) mom dz/ qce

Where the left side term is the addition of: frictional component (f), gravitational
component (grav), which is null in horizontal tubes, momentum component (mom) and
pressure drop in accessories (acc).

For the last decades, many research studies have been developed to measure fluid
pressure drop inside mini-channels with different refrigerants and geometries. Many
authors relate two-phase pressure gradient with single-phase pressure gradient and an
added multiplier. Different correlations are obtained by the authors if they try to include
the refrigerant effects, thermodynamic conditions, the tube geometry, surface tension,
and so on.

In the existing literature, the following researches maybe highlighted. Lazarek and
Black [64] studied R113 pressure drop in a horizontal tube with a hydraulic diameter of
0.31 mm. The authors proposed an expression based on the Chisholm multiplier with a
value of the “C” parameter. A value for C=30 was obtained after correlating their data.
Mishima and Hibiki [18] studied two-phase pressure drop of water and air in an
adiabatic flow through capilar tubes of glass or aluminium with hydraulic diameters in
the range of 1 to 4 mm. They used the Chilsholm multiplier equation to characterise
pressure drop and they obtained a modified Chisholm parameter as a function of tube
diameter. They also compared it with other author’s data and claimed that the
correlation is valid to be used in capillary vertical or horizontal tubes. They included to
the correlated data the previous test made with rectangular tubes, increasing the range of
geometries which the correlation is valid for.

Tong et al. [65] studied the pressure drop in vertical circular tubes with a diameter range
of 1.05 to 2.44 mm working with boiling water and reaching critical heat transfer
coefficient values. They studied the effects of mass flow rate, entrance temperature,
outlet pressure, tube diameter and the ratio diameter to tube length on pressure drop.
They obtained that the pressure drop is proportional to mass flow rate and the relation of
diameter to tube length ratio. In addition, they developed two correlations for single and
two-phase pressure drop.

Yan and Lin [11] studied condensation pressure drop and heat transfer coefficient in a
circular tube of 2 mm of diameter working with R134a. They investigated how pressure
drop is affected by heat fluxes, mass flow rate, saturation temperature, and vapour
quality. In condensation test, they obtained that pressure drop increases with higher
values of mass flow rate and decreasing heat fluxes. They also developed a pressure
drop correlation.
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Triplett et al. [66] studied two-phase pressure drop with air and water in circular mini-
channles of 1.1 and 1.5 mm and also in semi-triangular mini-channels with one rounded
corner of 1.09 and 1.49 mm of hydraulic diameter. Bubbly and slug flow patterns,
friction factor based on homogeneous mixture model with Friedel correlation [49]
provided the best results. For annular flow, homogeneous model and widely used
correlation under-estimate frictional pressure drop.

Tran et al. [67] proposed a pressure drop correlation based on the “B” coefficient
developedby Chisholm; they developed a two-phase flow multiplier correlation. In a
similar way, Ju Lee and Yong Lee [68] studied adiabatic pressure drop with air and
water in a rectangular horizontal mini-channel. They proposed a Lochart-Martinelli
form correlation for two-phase pressure drop with a “C” parameter including mass
velocity and channel shape effects. The range of superficial velocity covered is in the
range of 0.03 to 2.39 ms™ for water and from 0.05 to 18.7 ms™ for air.

Pettersen et al. [69] studied R744 (CO,) boiling pressure drop inside multi-port mini-
channel tubes with circular geometry and a hydraulic diameter of 0.79 mm. The test
section had twenty five parallel ports and they varied mass flux in the range from 200 to
600 kg m?s’1 with heat fluxes between 5 and 20 kWm™. Friedel correlation [49] fitted
the best with an average deviation of 22 %. Premoli correlation was used for void
fraction calculation as recommended by Thome et al. [70]. Experimental measurements
do not fit quite well with correlations, especially at low void fraction values where
deviations are much higher.

Zhang and Webb [24] measured two-phase flow pressure drop of R134a, R22, and
R404A in adiabatic conditions. The authors studied two circular copper tubes with
diameters of 3.25 and 6.2 mm and a circular multi-port tube with a hydraulic diameter
of 2.13 mm. They showed that Friedel [49] correlation did not fit correctly to
experimental data. They modified it and provided a two-phase flow multiplier
expression based on reduced pressure. The authors recommend this correlation for tube
diameters in the range between 1 to 7 mm and a reduced pressure higher than 0.2. They
recommended the use of Blasius correlation for single-phase flows. The authors also
compared their correlation with Tran et al. [67] one and the results for reduced
pressured in the range between 0.04 and 0.2 are quite similar if vapour quality is lower
than 0.5. For higher values of vapour quality, Tran et al. [67] correlation provides
higher pressure gradient values.

Webb and Kemal [10] analised condensation pressure drop in a 0.44 mm diameter tube.
The authors were pioneers in measuring in such a small diameter tube. They obtained
that for a fixed value of mass flow rate, pressure drop gradient increases with a
decreasing diameter values.

Agostini et al. [71] studied boiling pressure drop of R134a in a vertical eleven parallel
ports mini-channel tube of 2.01 mm hydraulic diameter. They observed that frictional
pressure drop is quite similar to those produced in normal tubes with higher diameters.

Kawahara et al. [72] investigated the pressure drop in a 0.1 mm diameter mini-channel
with a mixture of water and nitrogen.The two-phase flow multiplier was over-estimated
with homogeneous model with their experimental data but it was correctly predicted
with separated flow model by Lockhart and Martinelli [73].
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Koyama et al. [14] studied heat transfer coefficient and pressure drop with R134a.
Pressure drop values were correctly predicted by Mishima and Hibiki correlation.
Koyama et al. [15] included new experiments to their previous database. They included
two new multi-port tubes and developed a pressure drop correlation for the
aforementioned tubes. This correlation is also based on the calculation of a two-phase
flow multiplier with R134a condensation. They showed that Friedel correlation worked
correctly at higher velocities but it was not able to predict pressure drop at low
velocities where free convection is important.

Garimella et al. [26, 43, 74, 75] researched in condensation pressure drop of R134a in
horizontal tubes with circular and non-circular shape in finned and non-finned multi-
port tubes. They considered the different flow regimes that take places during
condensation; they provided an expression for annular regime and another for
slug/intermittent flow taking into account a three zones model. In this latter case,
pressure drop is divided into two parts: the first one assumes that the film flow is
modelled by a combination of film/bubble zone pressure gradient and the shear effect of
the interfase film/bubble; the second part considers the pressure drop that takes place in
the liquid flow between the film and the slug. In these articles, the authors studied
circular tubes: two tubes of 3.05 mm and one of 4.91 mm of hydraulic diameter and
three multi-port tubes with hydraulic diameters of 0.506, 0.761 and 1.52 mm. They also
experimented with non circular section tubes; they used rectangular and triangular
section tubes with hydraulic diameters of 0.424, 0.536, 0.732, 0.762, 0.799 and 0.839
mm.

Yu et al. [76] studied the pressure drop of boiling water and ethylene glycol in circular
tubes of 2.98 mm hydraulic diameter. The authors proposed a correlation for two-phase
flow multiplier.They detected that the exponential parameter of Martinelli correlated
well with their data. They showed that Lockhart and Martinelli [73] correlation over-
estimates their data.

Choi et al. [77] studied the pressure drop of boiling R410A, R407C, and CO; in
horizontal mini-channles with hydraulic diameters of 1.5 and 3 mm. They proposed a
correlation for liquid only two-phase flow multiplier that considers gravitational and
surface tension effects with Froude and Weber non-dimensionless numbers. They
observed an increase in pressure gradient at low vapour quality values and a decrease at
vapour quality values higher than 0.6. They claimed that it could be due to initial dry
out zone. The authors compared with typical correlations developed for higher diameter
values. They also showed that Tran et al. [67] correlation developed for small diameter
tubes predicted their data with lower deviation values than the average of the rest. After
that, the same authors in Choi et al. [78] developed a correlation for R410A using the
same tubes. In that case, the Chisholm parameter in the Lockhart and Martinelli
correlation was fitted as a function of dimensionless numbers of Reynolds and Weber.
The fit was made taking into account the effect of mass flow rate and surface tension on
two-phase pressure.

Cavallini et al. [79] researched in two-phase flow pressure drop inside a rectangular
multi-port mini-channel tube of 1.4 mm hydraulic diameter in adiabtatic conditions with
R134a and R410A. Pressure drop measurement was made by saturation temperature
measurement. The results showed that R134a pressure drop was correctly predicted
with the available models. R410A pressure drop was not correctly predicted by existing
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models, all of them trended to over-estimate pressure drop values presenting Zhang and
Webb correlation the lowest deviation values.

Garimella et al. [43] studied R134a condensation pressure drop in circular and multi-
port tubes in the range of hydraulic diamters from 0.5 to 4.91 mm. He developed an
experimentally validated multi-regime model for pressure drop prediction in circular
horizontal tubes working with R134a.

Yue et al. [80] presented pressure drop characteristics of two-phase flows through two
T-type rectangular microchannel mixers with hydraulic diameters of 528 and 333um,
respectively. The obtained pressure drop data of N,—water two-phase flow in
micromixers are analysed and compared with existing flow pattern-independent models.
The Lockhart-Martinelli method was found to generally underpredict the frictional
pressuredrop. Thereafter, a modified correlation of “C” value in the Chisholm’s
equation based on linear regression of experimental data is proposed to provide a better
prediction of the two-phase frictional pressure drop. Also among the homogeneous flow
models investigated, the viscosity correlation of McAdams indicates the best
performance in correlating the frictional pressure drop data (mean deviations within £20
% for two micromixers both). Finally, it is suggested that systematic studies are still
required to accurately predict two-phase frictional performance in microchannels.

Cavallini et al. [20] studied the adiabatic pressure gradient of R236ea, R134a and
R410A inside multi-port mini-channel tubes with thirteen parallel rectangular ports and
a hydraulic diameter of 1.4 mm. They found out that Friedel [42], Zhang and Webb
[24], Mishima and Hibiki [18] and Miiller-Steinhagen and Heck [81] correlations fitted
well with their R134a experimental data. They also showed that only Miiller-Steinhagen
and Heck [81] correlation deviation was the lowest when the data included R236¢a
experiments. They concluded that most of the correlations were not accurate when
comparing R410A experimental data because they over-estimate experimental data.
They provided that Zhang and Webb [24] correlation, previously mentioned, had the
lowest average deviation 32 %.

Yun et al. [82] studied single circular shape and multi-port tubes with CO, and R410A
respectively. They considered single-port tubes with hydraulic diameters of 0.98 and 2
mm and multi-port tubes with hydraulic diamters from 1.08 to 1.54 mm. They based
their investigation in Lochart and Martinelli liquid two-phase flow multiplier. They
derived expressions of “C” Chisholm parameter as functions of hydraulic diameter and
provided different expressions for round and multi-port tubes. The models developed
for higher diameter tubes under-estimate their experimental data. Only Tran et al. [67]
correlation provides good results. Mishima and Hibiki model [18] under-estimate their
data. In Yun et al. [82], the authors checked out that the correlations developed for CO,
predicts quite well the experimental results of R410A.

Pehlivan et al. [83] studied two-phase flow pressure drop in horizontal circular mini-
channels of 0.8, 1 and 3 mm diameter with a mixture of air and water. They compared
experimental pressure drop with theorical, homogeneous, Friedel [42] and Chisholm
models [84]. They found that homogeneous and Chisholm models [84] predictions were
quite similar to experimental test for 1 and 0.8 mm diameter tubes. Therefore, the error
standard deviation increased as diameter decreased pointing out that homogeneous
model is not as accurate as it is in the range of macro-channels. Friedel model [42]
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trends to over-estimate experimental pressure drop data meanwhile Chisholm model
[84] trends to under-estimate them.

Wen et al. [28] studied condensation pressure drop in a 2.46 mm diameter coil of three
steps working with R600, R290 and a mixture at 50 % in weight of both of them.
Pressure drops are a 59 %, 58 % and 36 % higher for R600, R600/R290 and R290 than
R134a working under the same conditions. Experimental data are correctly predicted by
Friedel correlation with an average deviation of 15.3 %.

English and Kandlikar [3] obtained a new model for two-phase flow pressure drop in a
square tube of 1.018 mm hydraulic diameter in adiabatic conditions. Their
investigations were made with mixtures of air and water in the range of 0.5-21.6 kg
m?s” and 4.0 - 12.0 kg m™s respectively. The tests were repeated adding a surfactant
that modifies water surface tension and claimed for the importance of this effect in two-
phase flow pressure drop.

Ribatski et al. [85] analysed the pressure drop in mini and micro-channels from
published data. The database covers adiabatic and diabatic flows with eight different
fluids. The overall mass velocity range goes from 23 up to 6000 kg m?s™”. They
checked out twelve pressure drop models, also some for macro-channels. Miiller-
Steinhagen and Heck [81], Mishima and Hibiki [18] and the homogeneous models with
Cicchitti definition of two-phase flow viscosity provide the most acqurate presults.

Médéric et al. [29] studied condensation pressure drop inside a 100 mm length and 0.56
mm diameter tube made of borosilicate. They concluded that the two-phase flow
pressure drop depends only on mass flow rate.

Jassim and Newell [86] developed a pressure drop model and void fraction map for 6-
port micro-channels in order to provide a more accurate and common means of
predicting void fraction and pressure drop. The models were developed for R134a,
R410A, and air—water in six ports micro-channel at 10 °C saturation temperature,
qualities from 0 to 1, and mass fluxes varying from 50 to 300 kg m™s’'. The
probabilistic flow map models are found to accurately predict void fraction and pressure
drop for the entire quality range and for all three fluids.

Revellin and Thome [87] experimentally investigated the pressure drop in mini-
channels of 0.509 and 0.790 mm diameter under adiabatic conditions with R134a and
R245fa. According to them, laminar to turbulent transitions is not predicted correctly by
any model. Turbulent zone is better predicted by Miiller-Steinhagen and Heck model
[81]. In addition, a new two-phase homogeneous pressure drop correlation with a
limited applicability range is proposed.

Field and Hrnjak [88] studied adiabatic pressure drop inside a rectangular shape mini-
channel with a hydraulic diameter of 0.148 mm with several refrigerants. They proposed
a new correlation for “C” Chisholm parameter based on vapour Reynolds number that
relates viscous forces to surface tension effects. This correlation takes into account
variable fluid properties of different refrigerants. Flow pattern effect is taken into
account with Weber number based on the criteria of flow pattern map transition of
Akbar et al. [89].
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Qi et al. [90] analised liquid nitrogen boiling in mini-channels with diamters of 0.531,
0.834, 1.042 and 1.931 mm in diabatic and adiabatic conditions. Opposite to normal
channels, the homogeneous model predicts two-phase flow pressure drop correctly
meanwhile Lockhart and Martinelli, Friedel and the “B” Chisholm coefficient models
diverge. This may be explained because the rate liquid to vapour density for nitrogen is
very low and are well mixed at high mass velocities inside mini-channels due to the low
liquid viscosity, so the behaviour is more similar to a homogeneous model.

Wen and Ho [37] researched on R290 and R600a condensation mixed with lubricating
oil inside a 2.46 mm diameter coil. Inlet oil condentration was varied from 0 to 5 %.
They observed that pressure drop increases with increasing mass flow rate, number of
coil elbows and oil concentration.

Rosato et al. [91] studied adiabatic pressure gradient of R422D, substitute of R22 with a
null ozone depletion power. R422D is a mixture of R125, R134a and R600a (65.1 %
/31.5 % /3.4 % in weight). The investigations were made with a 3 mm diameter tube
under usual working conditions of dry boilers. The model was developed for other
refrigerants so the experimental data were compared with the phenomelogic method of
Moreno-Quiben and Thome [92] and the empirical models of Friedel [42], Gronnerud
[93], Miiller-Steinaghen and Heck [81] and Jung and Rademacher [94]. The conclusion
was that Moreno-Quibén and Thome method showed the best results.

Cavallini et al. [30] presented an adiabatic and condensing pressure drop model based
on their own and other authors’ experimental data.

Cheng et al. [95] presented a new flow pattern map and a new pressure drop correlation
inside mini-channels with diameters in the range from 0.6 to 10 mm in the case of CO,
boiling. The experimental conditions range for mass flux vary between 50 and 1500 kg
m?s™, heat fluxes from 1.8 to 46 kWm™and saturation temperatures from -28 to 25 °C.
The authors compared their database of CO, boiling with multiple pressure drop
correlations with poor predicting behaviours. So, they developed a new two-phase
pressure drop model by modifying Moreno-Quiben and Thome model [92] and using an
updated flow pattern map. A good predicition was obtained.

Cheng et al. [96] made a bibliographic revision about supercritical CO, cooling in micro
and macro-channels. Blasius correlation predicts correctly frictional pressure drop,
however it is recommended further research on that field because results differ so much.
Oil concentration negatively affects pressure drop values increasing this value with
higher oil concentrations.

Choi et al [78] investigated convective boiling pressure drop experiments in horizontal
minichannels with a binary mixture refrigerant, R-410A. The test section was made of
stainless steel tubes with inner diameters of 1.5 mm and 3.0 mm and uniformly heated
by applying electric current directly to the tubes. Experiments were performed at inlet
saturation temperature of 10 °C, mass flux ranges from 300 to 600 kgm™s" and heat
flux ranges from 10 to 40 kWm™ The homogeneous model predicted well the
experimental pressure drop, generally. A new pressure drop prediction method based on

the Lockhart—Martinelli method was developed with 4.02 % mean deviation.
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Pamitran et al. [97] used the same installation as Choi et al. [78] to study R744 (CO,)
under similar conditions. Experiments were performed at inlet saturation temperatures
of -10, -5 and 10 °C, mass flux ranges from 200 to 600 kg m™s™ and heat flux ranges
from 10 to 30 kWm™. Finally, a new pressure drop prediction method based on the
Lockhart-Martinelli method was developed with 9.41 % mean deviation.

Choi et al. [98] examined the two-phase flow boiling pressure drop and heat transfer for
propane in horizontal minichannels. The pressure drop and local heat transfer
coefficients were obtained for heat fluxes ranging from 520 kWm™, mass fluxes
ranging from 50 - 400 kg m™s™', saturation temperatures of 10, 5 and 0 °C, and vapour
quality up to 1.0. The test section was the same as in Pamitran et al. [97] and Choi et al.
[78]. This study showed the effect of mass flux, heat flux, inner tube diameter and
saturation temperature on pressure drop and heat transfer coefficient. New correlations
of pressure drop and boiling heat transfer coefficient were developed.

Jang et al. [99] studied the heat transfer and pressure drop characteristics of FC72 in
small channel heat sinks, which were designed for liquid cooling of electronic
components, by varying the mass flux, saturation temperature, and vapour quality. The
small channels had circular cross-sections with diameters of 2 and 4 mm and length of
100 mm. The heat flux provided by the heaters in the copper block ranged from 0.5 to
3.0 Wem™. Based on data comparisons, the existing pressure drop correlations were
modified by introducing the effective viscosity including wall effects of the fluid in the
small channel. The modified homogeneous pressure drop model yielded the best
predictions in average. The measured heat transfer coefficient was also compared with
the predictions obtained by using existing heat transfer correlations.

Saisorn and Wongwises [100] investigated adiabatic two-phase air—water flow
characteristics, including the two-phase flow pattern as well as the void fraction and
two-phase frictional pressure drop, in a circular micro-channel A fused silica channel,
with an inside diameter of 0.53 mm is used as the test section. The test runs are done at
superficial velocity of gas and liquid ranging between 0.37 — 16 and 0.005 — 3.04 ms™,
respectively. The two-phase pressure drops are also used to calculate the frictional
multiplier. The multiplier data show a dependence on flow pattern as well as mass flux.
Finally a new correlation of two-phase frictional multiplier is also proposed for practical
application.

Agarwal and Garimella [101] published a multi-flow model for pressure drop
calculation with R134a condensation in horizontal mini-channels. They measured in
two circular and six non circular tubes with diameters in the range from 0.41 to 0.8 mm.
Mass flow rate studied are in the range from 150 to 750 kg m™s™ with vapour quality
over the whole range from 0 to 1.The combined model presented predicts the 80 % of
the data over whole range of flow conditions and tube geometries with a +25 %.

Cavallini et al. [34] presented a pressure drop calculus model in single port mini-
channels considering surface rougness. They observed that surface rougness affects
single phase pressure drop in turbulent flow. The single phase measurements are
correctly predicted by the existing models for macro-channles and their model correctly
predicts two-phase flow pressure drop with a parameter of surface roughness.

28



Chapter 2: State of the art

Sun and Mishima [102] proposed a modification of Chisholm correlation [84] after
studying two thousand and ninety two experiments from eighteen different publications.
They checked that their last update works better than the correlations studied with an
average relative error of only 29 % in the turbulent zone. The new correlation and
Miiller-Steinhagen and Heck correlation [81] present similar values and better
prediction for refrigerants only.

Park and Hrnjak [36] analised adiabatic pressure drop of R744 inside multi-port circular
mini-channels. The two-phase flow pressure drop of R744 increases with increasing
values of mass flow rate, vapour quality, and decreasing values of saturation
temperature. McAdams et al. correlation, based on a homogeneous model flow predicts
pressure drop very accurate. On their investigation, the correlations which are based on
homogeneous models for high diameter tubes values are very sharp and provide better
predictions than those based on separated flow models. Mishima and Hibiki [18]
provides the best results.

Cioncolini et al. [103] studied frictional pressure drop in adiabatic annular flows over
the range macro to micro-scale. They compared twenty four experimental correlations
against the database made from the investigation of twenty two tubes with three
thousand nine hundred and eight tests for eigth gases. The diameter range covers from
0.517 to 31.7 mm. The models that fit the best are Lombardi [104], Friedel [42] and
Barozcy [105] for macro-tubes; Lombardi [104], Miiller-Steinhagen and Heck [81] for
micro-tubes and the homogeneous model for two-phase flow viscosity calculation
defined by Cicchitti. The authors also proposed a new correlation for macro-channels
and the extension to micro-channels that provides the best results.

Hamdar et al. [106] investigated boiling pressure drop of HFC-152a in a horizontal
square mini-channel of 1 mm in diameter. Tests were performed at a nearly constant
system pressure of 600 kPa for mass flux ranging from 200 to 600 kg m™s™ and for heat
flux ranging from 10 to 60 kWm™. The correlation of Miiller-Steinhagen and Heck [81]
was found to give a good agreement for prediction of mini-channel frictional pressure
losses.

Pamitran et al. [107] presented a new publication with an experimental investigation on
the characteristics of two-phase flow pattern transitions and pressure drop of R22,
R134a, R410A, R290 and R744 in horizontal small stainless steel tubes of 0.5, 1.5, and
3.0 mm inner diameters. Experimental data were obtained over a heat flux range of 5 —
40 kWm™, mass flux range of 50 — 600 kg m™s™', saturation temperature range of 0 — 15
°C, and quality up to 1.0. The experimental pressure drop was compared with the
predictions from some existing correlations. A new two-phase pressure drop model
based on a superposition model for two-phase flow boiling of refrigerants in small tubes
is presented.

Del Col et al. [40] studied adiabatic pressure drop with R1234yf and compared the
results with R134a [34]. They obtained the R1234yf pressure drop was between a 10 to
12 % lower compared with R134a under the same conditions. The authors explain this
behaviour by the fact that R1234yf reduced pressure is about a 20 % higher than R134a
in the tested conditions. From that point of view, R1234yf behaviour is better than
R134a.
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Ma et al. [108] researched on two-phase flow pressure drop with water, ethanol, n-
propanol, and air flowing inside. The authors observed that pressure drop was severely
affected by capillarity number that takes into account the ratio of viscous forces and
liquid-gas interface tension. They obtained a modified “C” Chisholm parameter to
correctly predict experimental data. They included aspect ratio and surface tension to
the new “C” correlation as no correlation predicted correctly the whole database.

Li and Wu [209] developed a new correlation for pressure drop in mini and micro-
channel with a database from open literature and diverse conditions and fluids. A
particular trend was observed with the Bond number that distinguished the data in three
ranges, indicating the relative importance of surface tension.

Saisorn et al. [110] investigated R134a pressure drop in a circular steel tube of 1.75 mm
diameter with heat fluxes from 1 to 83 kWm™. Mass flow rate range was from 200 to
1000 kg m™s™ Pressure drop is obtained substracting momentum pressure drop to the
measurement read by the differential pressure transmitter.

Ducoulombier et al. [111] investigated two-phase pressure drops in a single horizontal
stainless steel micro-tube having a 0.529 mm inner diameter. Experiments were carried
out in adiabatic conditions at four saturation temperatures of -10; -5; 0; 5 °C and mass
fluxes ranging from 200 to 1400 kg m™s™, for inlet qualities up to unity. Measurements
have been compared to the predictions of well-known methods. The Miiller-Steinhagen
and Heck correlation [81] and the Friedel correlation [42] gave the best fit as well as the
homogeneous model when the liquid viscosity is used to represent the apparent two-
phase viscosity. The apparent viscosity of the two-phase mixture was found larger than
the liquid viscosity at low vapour qualities, namely at the lowest temperatures. Hence, a
new expression to determine the equivalent viscosity was suggested as a function of the
reduced pressure. Lastly, the Chisholm parameter from the Lockhart—Martinelli
correlation was found lower than expected and mainly dependent on the saturation
temperature.

Bohdal et al. [41] analised condensing R134a and R404A pressure drop in mini-
channels. They concluded that the pressure drop of these refrigerants was correctly
predicted with Friedel [42] and Garimella correlations [26]. In addition, they proposed a
new pressure drop correlation. The range of validity is described in the publication.

Zhao et al. [47] studied CO; pressure drop mixed with lubricating oil at super-critical
pressures inside horizontal tubes with inner diameters of 1.98 and 4.14 mm. The authors
observed that Petukhov [49] correlation predicted reasonably well the data without oil.
The entrance of lubricating oil increases pressure drop values.

Phan et al. [112] investigated water boiling pressure drop inside mini-channels with
different contact angles between liquid and walls. They concluded that the influence of
contact angle affects severely the two-phase flow pressure drop value reaching
differences up to 170 % between wet and dry surfaces. The Lockhart and Martinelli [73]
method gives out the best predictions of experimental values, the second position is the
Bankoff [113] method and thirdly the Miiller-Steinhagen and Heck [81] model. The
authors proposed a new procedure to calculate pressure drop by means of a “wet
pressure drop”. The “wet pressure drop” can be calculated as the difference between
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two-phase flow experimental, frictional and momentum pressure drops obtained with
Lockhart and Martinelli [73] model.

Donaldson et al. [114] analised the two-phase flow pressure drop of a mixture of air and
water flowing inside a straight tube and a coil, both with inner diameter of 1 mm. They
investigated the influence of bubble/slug length, curve radius and flow pattern transition
over pressure gradient in the coil. The pressure drop model proposed by Kreutzer et al.
[115] for straight channels predicted the coil data with the use of a multiplier as
happened with the straight channel. In addition, they obtained empirical correlations for
friction factor for each flow region.

Choi et al. [116] experimented with water and nitrogen flowing in a rectangular mini-
channel. Decreasing values of hydraulic diameter makes “C” value of Lockhart and
Martinelly to decrease. This behaviour represents that the weak interaction between the
two phases. Zhang and Webb [24] correlation correctly predicts the pressure drop in
rectangular mini-channels. The value of “C” parameter in bubbly flow is higher than in
annular flow, which means that bubly flow is much more important than annular flow in
pressure drop value.

Cavallini et al. [50] studied R32 and R245fa pressure drop in a 0.96 mm mini-channel.
The tested refrigerants are quite different to the classic R134a; in addition the R32 is
classified as high pressure refrigerant and R245fa as low pressure fluid. The authors
used these two fluids by their different thermodynamic properties and in that way to be
able to check the useness of the existing models. As expected, the pressure drop values
of R245fa are quite higher.

Choi and Kim [117] analised the two-phase flow pressure drop in mini-channels with a
mixture of water and nitrogen under adiabatic conditions. They proposed new
correlations for homogeneous and separated flow models.

Foroughi and Kawaji [118] published an investigation about pressure drop of a mixture
of water and silicon oil in a mini-channel of 0.25 mm diameter.At the beginning of the
investigation, the mini-channel was filled with oil, a little film of this oils remained on
the walls with dispersed water flowing in the core. The total pressure drop is a linear
contribution of water and oil pressure drop.

Wu et al. [119] studied CO; boiling pressure drop inside a stainless steel mini-channel.
The test section has a hydraulic diameter of 1.42 mm and 300 mm lenght. The range of
mass fluxes from 300 to 600 kg m™s” with heat fluxes from 7.5 to 29.8 kWm™.
Experimental tests were performed at saturation temperatures from -40°C to 0°C. The
authors compared the results with Cheng et al. [33] model with good prediction
behaviour. In adittion, they proposed a modification of friction factor for mist flow.
They claimed that pressure drop increases with increasing mass fluxes and decreasing
saturation temperature due to thermodynamic properties change.

Jige et al. [52] studied the condensation process of pure refrigerants R134a and R32 in a
horizontal multi-port tube. The test tube is made of aluminium alloy with 0.85 mm in
hydraulic diameter. The experiments were carried out in the mass velocity range of 100
to 400 kg m™s” at saturation temperatures of 40 and 60 °C. They experimentally
measured heat transfer coefficient and pressure drop.
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Fang et al. [120] analised frictional pressure drop inside mini-channel tubes at super-
critical pressures. Their analysis showed that none of the correlations is able to predict
pressure drop satisfactorily. They proposed a new correlation for frictional pressure
drop based on other author’s experimental data available in the literature. They obtained
an improvement of 10 % from the best fitting correlation published by then.

Zhao et al. [47] described the heat transfer and the pressure drop characteristics of CO;
mixed with small amounts of compatible lubricating oil at super-critical pressures inside
horizontal tubes with inner diameters of 1.98 mm and 4.14 mm during cooling. The heat
transfer coefficients and pressure drops were measured. The results show that for the
oil-free cases, the correlation proposed by Dang and Hihara accurately predicted the
heat transfer coefficients and Petukhov’s correlation was found to predict the frictional
pressure drops reasonably. Entrainment of the lubricating oil reduced the heat transfer
coefficients and increased the pressure drops. Their analysis showed that the heat
transfer coefficients of the CO,/oil mixture are strongly related to the density and
viscosity ratios of the oil to the CO,. An empirical correlation was developed based on
the measured data, which predicts most of the experimental data within a deviation of
20%.

Park et al. [121] analised boiling pressure drop of FC72 in micro-channels of 0.061 and
0.278 mm with the following range of mass fluxes, from 188 to 1539 kg m™s"and heat
fluxes from 0.6 to 45.1 kWm™. This refrigerant is only used in power electronic
components because it is not corrosive, very stable, not toxic and has not high saturation
pressures.The authors compared their experimental results with those provided by
models available for usual refrigerants in mini-channels reaching a good prediction of
experimental data. Macro-tube correlations can not be used for pressure drop
predictions.

Kaew-on et al [122] investigated boiling pressure drop in multi-port mini-channel tubes
with R134a with hydraulic diameters of 1.1 and 1.2 mm. In their inverstigation,
experimental measurements were compared against nine widely accepted pressure drop
correlations for mini and macro-channels. The authors performed the vaporisation of the
refrigerants thanks to a hot water external chase. The range of mass fluxes tested was
from 350 to 980 kg m™s™, heat fluxes from 18 to 80 kWm™ and the studied saturation
pressures that correspond to 4, 5 and 6 bars. The inlet vapour quality value is constant
along the tests with a value of 0.05. Finally, they presented a comparison with some
existing correlations. Friedel correlation [42] fitted the best with their experimental data.

Kim et al. [51] studied multi-port mini-channel pressure drop working with FC2. They
provided a detailed model for pressure drop calculation. They also analised the
experimental frictional pressure drop measurements with the existing correlations
available in the open literature for homogeneous and separated flow.

Sur and Liu [123] studied adiabatic frictional pressure drop of mixtures of air and water
inside mini-channels of 0.1, 0.18 and 0.324 mm hydraulic diameters. The authors
analysed the influence of channel dimensions and superficial velocities over pressure
drop. The results showed that frictional two-phase pressure drop is predicted more
accurately by the models based on flow patterns than those based on homogeneous or
separated flow models.
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Kim and Mudawar [124] published an approach for two-phase pressure drop under
adiabatic and condensing conditions in mini and micro-channels. They collected 7115
data for pressure drop from thirty six publications with seenteen different fluids. The
diameter ranges tested go from 0.0695 to 6.22 mm, mass velocities from 4 to 8528 kg
m?s™. The model proposed provides excellent predictions for the entire database with
uniform accuracy being able to predict pressure drop for single and multi-port tubes.

Son and Oh [125] investigated condensation pressure drop of R22, R134a, and R410A
in a single tube of 1.22 m length and an inner diameter of 1.77 mm. The measurements
were made with mass fluxes from 450 to 1050 kg m™s'and a saturation temperature of
40 °C. The authors analised the behaviour of the three different refrigerants and they
also compared experimental values with fourteen two-phase flow pressure drop
correlations. Finally, they provided a new pressure drop model based on the
superposition of several models of pressure drop.

Bohdal et al. [126] analised the condensing R134a, R404a and R407C pressure drop in
mini-channel tubes with hydraulic diameter in the range, 0.31 to 3.30mm. Experimental
data are correctly predicted by Garimella and Friedel correlations. In adittion, the
authors porposed a new correlation for pressure drop calculation.

Xu et al. [127] reviewed twenty nine correlations for two-phase flow pressure drop with
three thousand, four hundred and eighty experimental data with hydraulic diameters
from 0.0695 to 14 mm and mass fluxes from 8 to 6000 kg m™s™". The authors compared
the correlations and experimental data and discussed the effects of channel shape, mass
flux, and fluid properties.

Zhang et al. [55] studied R22, R410A and R407C condensation pressure drop inside
two circular tubes of 1.088 and 1.289 mm diameter at saturation temperatures of 30 and
40 °C. The mass fluxes studied went from 300 to 600 kg m™s™'. The experimental data
were compared with correlations developed for tubes with diameter higher than 3 mm.

Kim and Mudawar [128] developed a method to predict boiling flow pressure drop in
mini-channel heat sinks. Their model captures the tendencies of pressure drop with
different fluids, HFE7100, water, and R134a, independently of single or two phase
flow. The hydraulic diameter corresponds to values between 0.1757 mm and 0.4159
mm with a test lenght of 10 mm.

Harirchian and Garimella [129] investigated local heat transfer coefficients and pressure
drops during boiling of the dielectric liquid fluorinert FC-77 in parallel microchannels.
A regime-based prediction of pressure drop in microchannels is presented by computing
the pressure drop during each flow regime that occurs along the microchannel length.
The results of this study reveal the promise of flow regime-based modelling efforts for
predicting heat transfer and pressure drop in microchannel boiling.

Saraceno et al. [130] performed different tests for a fluorinert fluid FC-72 as coolant.
The test section consists of a horizontal 1 mm inner diameter stainless steel tube having
a heated length (Joule effect) of approximately 60 mm. The mass flux range is between
1000 and 2000 kg m™s™ while the applied heat flux is between 10 and 150 kWm™. By
means of a preheater, the coolant inlet temperature is changed setting the operating
pressure in a range between 3 and 7 bars, a broad spectrum of subcooling degree at inlet
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test section was achieved. The local heat transfer coefficients were evaluated for both
subcooled and saturated flow boiling regimes. The experimental data show an increase
of local heat transfer coefficient for increasing values of heat flux, with a weak
dependence on the vapour quality. The experimental values obtained were compared
with those from the adoption of one of the main heat transfer correlations in the
literature. A substantial independence of heat transfer coefficient from vapour quality is
highlighted in the saturated boiling region. The Liu and Winterton [131] correlation
seems to predict the experimental datawell.

Kim et al. [51] performed experimental investigation on condensation of FC72 in a
square mini-channel of 1 mm hydraulic dyameter. A detailed pressure model is
presented which includes all components of pressure drop across the micro-channel.
Different sub-models for the frictional and accelerational pressure gradients are
examined using the homogeneous equilibrium model (with different two-phase friction
factor relations) as well as previous macro-channel and mini/micro-channel separated
flow correlations. Unexpectedly, the homogenous flow model provided far more
accurate predictions of pressure drop than the separated flow models. Among the
separated flow models, better predictions were achieved with those for adiabatic and
mini/micro-channels than those for flow boiling and macro-channels.

Xu and Fang [132] developed a new correlation of two-phase frictional pressure drop
for evaporating flow in pipes. They used a database for mini and macro-channels with
hydraulic diameters from 0.81 to 19.1 mm and mass flux from 25.4 to 1150 kg m™s™".
The new correlation has lower mean absolute relative deviation than the best correlation

studied.

Zhang et al. [57] investigated two-phase pressure drop during CO, condensation inside
a mini-channel condenser with a hydraulic diameter of 0.9 mm. The experimental
measurements were made at saturation temperatures from -5°C to 15 °C and mass
velocities of 180, 360 and 540 kg m™s". Friedel's correlation [42] could be applied
within relative errors of 30 %.

Zhu et al. [133] experimentally measured the flow frictional resistance characteristics of
kerosene RP-3 in a horizontal isothermal tube with an inner diameter of 1.78 mm al
supercritical pressures. Frictional pressure drop and friction factor were investigated
under the pressures of 3-6 MPa, temperatures from 329 to 810 K and mass velocities of
803.71 to 1607.4 kg m™s™”. The experimental friction factors were compared with the
calculated results via the Blasius and Filonenko correlations. Based on the experiment
data, a new friction factor correlation was proposed, which showed much less deviation
of friction factor for sub- and super-critical kerosene RP-3.

Al-Hajri et al. [58] experimentally studied two-phase condensing flows of R134a and
R245fa in a single mini-channel of 0.7 mm diameter with high aspect ratio. Pressure
drop is accurately predicted by Lockhart-Martinelli with deviation lower than 20 %.

Copetti et al. [134] experimentally measured R600a pressure drop in a 2.6 mm tube. In

comparison with R134a, R600a has higher pressure drops. For frictional pressure drops,
deviations from results obtained by usual correlations were quite large.
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Dang et al. [135] experimentally investigated pressure drop of R744 with different oil
concentrations in tubes with hydraulic diameter of 2, 4 and 6 mm at mass fluxes of 360
to 1440 kg m™s™ at 15 °C. The effect of oil is negative due to larger measured pressure
drops.

Del Col et al. [136] investigated frictional pressure drop during adiabatic liquid-vapour
flow inside mini-channels with hydraulic diameter ranging from 0.96 to 2 mm. They
updated the friction pressure drop model presented by Cavallini et al. [34, 137] and
compared with other correlations.

Vakili-Farahani et al. [138]experimentally tested upward flow boiling pressure drop in a
multipor mini-channel tuve of 1.4 mm of hydraulic diameter with R1234ze and R245fa.

Heo et al. [59] reported a study about in-tube condensation heat transfer characteristics
and pressure drop of CO, in different mini-channels. Multi-port minichannels had
hydraulic diameters of 1.5, 0.78 and 0.68 mm and they were tested from -5 to 5 °C of
saturation temperatures. The model of Mishima and Hibiki [18] showed the lowest
deviations.

Heo et al. [60] published a study about condensation heat transfer coefficient and
pressure drop of CO; in a multiport mini-channel with a hydraulic diameter of 1.5 mm.
Mass flux variation was from 400 to 100 kg m™s™ and saturation temperatures from -5
to 5 °C. The Mishima and Hibiki [18] model showed mean deviation of 29.1 %.

Li et al. [139] experimentally measured flow boiling pressure drop of R1234yf, R32 and
their mixtures with different mass fractions (80/20 and 50/50) in a smooth horizontal
tube of 2 mm of inner diameter. Several models for pressure drop were compared with
experimental measurements but Miiller-Steinhagen and Heck [81] outperformed the rest
of models.

Liu et al. [61] experimentally investigated heat transfer and pressure drop during
condensation of R152a in circular and square mini-channels with hydraulic diameters of
1.152 and 0.952 mm, respectively. They analysed their data with those provided by
other correlations. In particular, Koyama et al. [15] underestimated the data for both
micro-channels while Agarwal and Garimella [101] overestimated the data for the
square microchannel. Predictions of Cavallini et al. [137] showed large root-mean-
square errors for data in both circular and square micro-channels.

Magbool et al. [140] reported the flow boiling heat transfer and pressure drop results of
propane in a vertical circular stainless steel minichannel having an internal diameter of
1.70 mm and a heated length of 245 mm. Two phase heat transfer and pressure drop
experiments were performed at saturation temperaturesof 23, 33 and 43 °C. Heat flux
was varied from 5 to 280 kWm™ and mass flux wasvaried from 100 to 500 kg m™s™.
The results showed that the two phase frictional pressure drops, as expected, increase
with the increase of mass flux, vapour qualities, and with the decrease of saturation
temperature. After incipient dryout, the authors observed a decrease in heat transfer
coefficient and pressure drop, especially at higher mass fluxes. The two-phase frictional
pressure drop correlations of Miiller-Steinhagen and Heck [81], Friedel [42] and two
phase flow heat transfer correlations of Cooper and Liu and Winterton [131] predicted

the experimental results well.
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Xu and Fang [141] published a new correlation of two-phase frictional pressure drop for
condensing flow in pipes. In this paper, an overall survey of correlations and
experimental investigations of two-phasefrictional pressure drop was carried out. The
525 experimental data points of 9 refrigerants were gathered from literature, with
hydraulic diameter from 0.1 to 10.07 mm, mass flux from 20 to 800 kg m™s™, and heat
flux from 2 to 55.3 kWm™. The 29 correlations considered were evaluated against the
experimental database, among which the best one has a mean absolute relative deviation
(MARD) of 25.2%. Based on all theexperimental data, a new correlation which has an
MARD of 19.4% was proposed, improving significantlythe prediction of two-phase
frictional pressure drop for pipe condensing flow.

Table 2.3 summarises the different research studies of frictional pressure drop
considered in previos paragraphs. Many of them are related with heat transfer
coefficients publications because in the same experiment both measurements can be
recorded.
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2.3. CONCLUSIONS

In this chapter the state of the art is reviewed. Most of the publications found deal with
circular single port tubes and little investigation have been reported about R1234yf
inside multi-port tubes. According to the state of the art made, no article was found
dealing with R290 inside multiport mini-channel tubes and only one published paper in
the case of R32.

A high percentage of the publications summarised in the previous state of art are
focussed on refrigeration of electronic equipments and the use of carbon dioxide as
working fluid. Most of the articled revised deals with HTC and pressure drop at the
same time, little of them deal only with one subject because they are both highly related.

All the articled reviewed in this section come from the las fifteen years and some
classical articles have also been included due to their good predicting behaviour.

At present days the industry is manufacturing more equipment with multiport mini-
channel tube but using general correlations developed mostly with R134a to predict
HTC and pressure drop. The numerical models used in commercial software such as
IMSTATt or CoolPack are highly dependant of the correlations programmed.
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CHAPTER 3: Models review

A bibliography research was made to get the models available to calculate heat transfer
coefficients and frictional pressure drop values in two-phase flow conditions.

First of all, several correlations widely used for void fraction calculation are presented
because of the importance of this parameter to characterise two-phase flow pattern and
its use in heat transfer coefficient and pressure drop calculation. Heat transfer
coefficient and pressure drop correlations research is divided into classical correlations
developed for macro-channels and new correlations developed for reduced flow area
channels.

The models described below can be found in detail in the articles cited in the
bibliography at the end of this chapter.

3.1. VOID FRACTION

Void fraction "¢" is one of most important parameters used to characterise two-phase
flow pattern. This physical parameter is the key to get other important parameters such
as biphasic density and viscosity in order to calculate relative average flow velocity
between the two phases. This velocity is basic to use in the models developed to predict
flow patterns, heat transfer coefficient and pressure drop in two-phase flows.

Many authors developed correlations for void fraction calculation; between them the
following stand out:

Homogeneous 1
E = —_—
model 1+ 12%Pg (3.1)
x pr
_ 1
Zivi [1] €= s 1__x(p_g)2/3 (3.2)
x \py
€= Pg 1 ’
P g (1) 42201 — o (t—p) 2o Y
Smith [2] 1+ Pl K (x 1) t Pl (1-K) (x 1) 1+K(%—1) (33)
K =04
1
E =
Baroczy [3] 1=\ 074 19\ 065 (1,\013 (3.4)
1+ () () (@)
holm [4 L 5= 1- 35
Chi E=—7—5—,5= |[1—x— ,
isholm [4] FE=UT o (3.5)
l
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£ =
h 5 _.\0.6 0.33 0.07 3.6
Chen [5] 14018 (1 x) (p_g) (ﬂ) (3.6)
x Pl Hg
L kh rt— _ _ 0.64 0.36 0.07
ockiar 1 028 (1 x) (p—g> Lad) (3.7)
Martinelli [6] £ x o1 Hy

3.2. TWO-PHASE PRESSURE DROP

Two-phase flow pressure drop inside tubes is a very important variable to take into
account in the designing process of a heat exchanger. Pressure gradient has been widely
studied because of its importance and many models and correlations have been
proposed to calculate it. In the following sections several models and correlations for its
calculation are summarised. First, a few for common tubes are presented and after some
of the correlations introduced above are described.

3.2.1 Common Channel Correlations
3.2.1.1 Lockhart and Martinelli [6]

This correlation is based in a separated flow model. These authors were the first of all to
perform this analysis and then followed by many others. The authors provide the
following equation for two-phase frictional pressure gradient calculation based on a
liquid phase multiplier, ¢.

%),, = (Z_Z)l (3.8)

Where Chisholm provided the following correlation to calculate the two-phase
multiplier based on liquid phase pressure drop:

c 1
¢pr=1+y+73 (3.9)

“C” value depends of liquid and vapour flow regime and the Martinelli parameter; “X”
is given by:

(3.10)

with

60



Chapter 3: Models review

d G%(1 —x)?

(_p) _ 04— (3.11)
dZ l ZDpl

and

(dp) B G%x? 3 12
dzg_ngng (3-12)

where f, p, x, G and D are the friction factor, density, vapour quality value, mass
velocity and hydraulic diameter of the tube. The subscripts g and /denote gas and liquid
phases respectively.

The value of “C” in Eq. 3.9 depends on the regimes of the liquid and vapour. The
appropriate values to use are listed in Table 3.1. The correlation of Lockhart and

Martinelli is applicable to the vapour quality range of 0 < x < 1.

Table 3.1. C values of Lockhart and Martinelli correlation.

Liquid Gas C
Turbulent Turbulent 20
Laminar Turbulent 12
Turbulent Laminar 10
Laminar Laminar 5
3.2.1.2 Homogeneous model

There is no author information about the homogeneous model described below. This
model uses a pseudo-fluid that obeys the conventional design equations for single-phase
fluids and is characterised by suitably averaged properties of the liquid and vapour
phase.

d 2frpG?
< _p> _2fw (3.13)
dz tp Dptp
fop = if Rey, < 2000 (3.14)
Req,
fep = 0.079Re;02° if Rey, > 2000 (3.15)

where the subscript “fp” denotes two-phase. Two-phase density comes from the
equation:

Po =5 1= (3.16)
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3.2.1.3 Friedel [7]

The correlation method of Friedel utilises a two-phase multiplier. This model is a
separate flow model

dp , (4P
(E)w = ®io (a)w 3-17)
, 3.24FX
bio =E + F.00%5 7 g 0.035 (3.18)
T
where
G? G%D
E. = JF = x%78(1 — x)0224 We, = (3.19)
gDptp ap1
0.91 0.19 0.7
X = <ﬂ> (“—g) (1 - “—g) (3.20)
Pg Hi Hy
E=(1-x)?+x2Pdee 3.21)

Pgfio

This method is typically recommended when the ratio of (ul / ,ug) is lower than 1000
and is applicable to vapour qualities from 0 < x < 1.

3.2.1.4 Miiller-Steinhagen and Heck [8]

The authors proposed a new correlation for two-phase flow calculation based on an
interpolation of single gas and liquid phase pressure drop values related with vapour
quality values.

dp\  _ 1/3 (dp) 3

<dZ)tp =F(1-x)"°>+ 17 lox (3.22)
where

_(dp dp dp

F—(E),o”[(a)go (E)J" (3-23)

3.2.2 Micro- and Mini-Channels Correlations

There exist many correlations specially developed for micro- and mini-channels. The
following correlations are generally used to calculate frictional pressure drop in micro
and mini-channels.
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3.2.2.1 Mishima and Hibiki [9]

The model proposed by these authors utilises a single-phase flow multiplier based on
liquid phase. The model was adjusted with data of water and air mixtures. This model
uses Lockhart and Martinelli parameter with “C” parameter of Eq. (3.9) modified as a
dependable function of tube diameter:

C = 21(1 — e~319P) with D in mm (3.24)

3.2.2.2 Zhang and Webb [10]

The authors developed this model with single-phase and adiabatic two-phase flow
measurements for R134a, R22 and R404A flowing in a multi-port extruded aluminium
tube with hydraulic diameter of 2.13 mm and in two copper tubes having inside
diameters of 6.25 and 3.25 mm. This new model is a modification of Friedel correlation
[7] because the original model was not able to predict two-phase data accurately. The
multi-port tube data considered was recorded by an external author with circular ports
shape.

This model utilises a liquid only multiplier function of reduced pressure and vapour
quality value only.

<Z_Z)tp N (%)m Dio (3.25)

1 ~1.64
P ) +1.68x0'25(1—x)2( P )

Pcrit Pcrit

¢t = (1 —x)* + 2.87x° ( (3.26)

3.2.2.3 Garimella et al. [11]

The authors presented this multiple flow-regime model for pressure drop during the
condensation of the refrigerant R134a in horizontal mini-channels. Two-phase pressure
drops were measured in five circular channels ranging in hydraulic diameter from 0.5
mm to 4.91 mm. The range of vapour qualities studies was from 0 to 1. The authors
used previous work information on flow mechanism to assign the applicable flow
regime to the data points.

For Annular/Mist and disperse flow:

<dp 1 1 G6G*x%1

1
—_ — . 2 — T — § —— .2
dz)tp 2fiPsta zf‘pgeZ-S D (3-27)

The Martinelli parameter “X”” comes from:

(dp/dz),
= |t 7" 3.28
X ,/<dp/dz>g (3.28)
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and void fraction is calculated by means of Baroczy [3], Eq (3.4).

In this model, liquid phase Reynolds number used in the two preceding equations is
defined in terms of occupied area of the liquid phase in annular flow:

_ GD(1—x)
B (1 + \/E)Iil

Re, (3.29)

In a similar way, Reynolds number required in Martinelli parameter for pressure drop
calculation due to gas core can be calculated as:

GDx
Vel

Re; = (3.30)

The non-dimensional parameter that takes into account the effect of surface tension by
Ju Lee and Yong Lee [12]:

_ i
Y = - (3.31)
where
. G(1-x)
1= m (3.32)

is the liquid superficial velocity. The interface frictional ratio and liquid phase friction
factor ratio is correlated by the Martinelli parameter, liquid phase Reynolds number and
surface tension parameter:

% = A X%Refy° (3.33)

The friction factor required for single phase pressure drop calculation is the one
proposed by Churchill [13]

- if Re < 2100
f =z if Re

f = 0.316Re™°25 if Re > 3400

(3.34)

Table 3.2. Garimella et al. correlation coefficients.

A=1.308-107; a=0.427; b=0.930;
c=-0.121
Turbulent region(Re>3400) A=25.64; a=0.532; b=-0.327; ¢=0.021
Transition region
(2100<Re<3400)

Laminar region (Re<2100)

Interpolation based on “G” and “x”
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3.2.2.4 Cavallini et al. [14, 15]

The authors presented a frictional pressure drop model with data of R410A, R134a and
R136ea in mini-channels of different cross-section geometries and with hydraulic
diameters ranging from 0.4 to 3 mm. The authors attempt to take into account the effect
of the entrainment rate of droplets from the liquid film with Paleev and Filippovich
equation. This latter equation was experimentally obtained with macro-channels
flowing in vertical with R113 but can be applied to horizontal mini-channels, as the
gravitational settling of the drops can be neglected in annular flow in horizontal mini-
channels.

The model proposed is an interpolated model of Coleman [16], Zhang [17] and
Cavallini et al. [18] models.

For adiabatic flow conditions and Jg > 2.5

%), = () B
) = —) =22 3.35
(22),, = 9% (), = 290’5 5 (339)
GDy 02
fio = 0.046Re;,~%% = 0.046 <.U_) for any value of Rey, (3.36)
l
¢% =Z +3.595FH(1 — E)W (3.37)
W = 1.398p, (3.38)
F = x0.9525(1 _ x)0.414- (339)
P (Ug 0.2
Z=(1-x)?%+x2 —(—) (3.40)
pg Hy
1132 0.44 3.542
= (2) () (1t B4
pg H H

i3

The Paleev y Fillippovich [19] entrainment ratio “E”:

.2
E = 0.015 + 0.44 log l(%) (%) 1o4l (3.42)
l
..(E = 0.95then E = 0.95
if{ E<O0 thenE =0 (343)
where gas core density is defined by:
x+ (1—x)E
Pgc =\ —5aor (3.44)
—_ + -7
Pg Pl
(1-x)E
Pgc = pg| 1 +T for py > pgy (3.45)

This model for frictional pressure gradient can be extended to lower vapour quality
values and mass velocities (J; < 2.5), under the restriction of considering the highest
value of (dp/dz); of the previous equations and liquid only frictional pressure

drop(dp/dz)y,, for the channel geometry considered.
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dp G*?

—) =2f,— 3.46
<dZ)lo flO plD oo ( )
i¢ |Reip > 2000 then f,-0.046(GD /w;q)

(3.47)
Rey, < 2000 then fi, = C/(GD/wq)

with C = 16 for circular section and C = 14.3 for square shape section.

Taking on that gas core and liquid entrainment have the same velocity as suggested by
Hewitt and Hall-Taylor [20], the density of the mixture of liquid and vapour in the core
has a density value p;¢ and a velocity value, ugc

_ G[x+ (1 -x)E]
ugc B (1 - E)ch

(3.48)

The differential pressure gain due to momentum variation is the addition of the terms
due to film liquid on the tube wall the quantity due to the mixture of liquid-vapour in
the core. It can be expressed as:

2 2 2
(=dP)mom = G* l(l x)g /()ll 2 zrl(_l S)Zg)f] (3.49)
(—dp)mom = G2 [(1 - xin)z(l - Ein)2 [xin + (1 - xin)Ein]Z]
€in Pliq (1 - Ein)pgc,in (3.50)
—G? l(l - xout)z(l - Eout)2 n [xout + (1 - xout)Eout]zl
€out Pliq (1 - gout)pgc,out

3.2.2.5 Cavallini et al. [21]

This correlation is an improvement of previous Cavallini et al. correlation. This update
includes the effect of tube roughness which modifies friction factor when film thickness
is lower than roughness profile.

£ = 0045 Re;:%2 + 0.7 RR para RR < 0.0027 (3.51)
RR = Ta (3.52)

with"Ra" the roughness profile mean arithmetic deviation measured following ISO
4287:1997.
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3.2.2.6 Sun and Mishima [22]

This model is based on 2092 experimental data points of R123, R134a, R22, R236ea,
R245fa, R404A, R407C, R410A, R507, CO,, water and air in 0.506 — 12 mm tubes. The
authors proposed a modified Chisholm correlation [4] with better behaviour in turbulent
region.

dp
(), =#(5) (.53)
For viscous flow:
~0.153
¢ =26 (1 + 1000) [1 B (0 8+ 0. 27La>] (3.54)

For turbulent flow:

=14+ — Y11 ﬁ (3.55)
=179 <Re’> 1 (3.56)
Reg X
G(1—x)D
Rej = ——— (3.57)
H
GxD
Re, = — (3.58)
Hg

3.2.2.7 Kim and Mudawar [23]

The authors proposed a universal approach based on an adjustment of 7115 data
collected from thirty six sources with different fluids, diameters and tube geometries.
The model presented is a Lockhart and Martinelli [6] type correlation based on liquid
phase multiplier. Different “C”" Chisholm parameter were adjusted based on liquid and
gas phase conditions according to the following equations.

dp\ dp
(az),, = (&), (3.59)
where
Pt =1 +; ¥z (3.60)
(dp/dz),
2 = —
X (dp/dD), (3.61)
201 _ +)2
(dp) 2f1G°(1 —x) (3.62)
dz pD
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d 2f,G*x?
dz/ pgD
fx = 16Re; ! for Re, < 2000
fie = 0.079Re;; %2> for 2000 < Re,, < 20000 (3.64)
fx = 0.046Re;;*% for 20000 < Rey,
subscripts £ denotes /ig or gas for liquid and vapour phases respectively.
G(1—-x)D
Re = ——— (3.65)
Hy
GxD
Rey = — (3.66)
Hyg
R “b (3.67)
e, = — .
fo Hy D
op
Sug, = 92 (3.68)
Hg
Table 3.3. Kim and Mudawar correlation coefficients.
Liquid Vapour C
035
Turbulen Turbulent 0.39Rel%3 Sug-olO <ﬂ>
Pg
0.14
Turbulent Laminar 8.7 - 10~*RelY” Sug-OSO <&>
Pg (3.69)
0.36
Laminar Turbulent 0.0015Re>>? 5u239 (ﬂ)
Pg
0.48
Laminar  Laminar 3.5-1075Re)** 5“3'050 <ﬂ>
Pg

3.3 HEAT TRANSFER COEFFICIENT“HTC”

The second most important parameter is the heat transfer coefficient (HTC). There are
many correlations for its calculation. In the following paragraphs the more important
correlations are briefly described. This description goes from normal channel to mini-
channels

3.3.1 Common Channel Correlations

Heat transfer calculation has been widely studied in macro-channels for a long time.
There are several discrepancies with mini-channels in terms of dimensions, shear
stresses and so on. The most relevant models for HTC calculation in macro-channels are
described below.
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3.3.1.1 Haraguchi et al. [24]

These authors measured condensation HTC of R22, R134a and R123 in a horizontal
smooth tube. Based on the turbulent liquid film theory and Nusselt’s theory, they
proposed an empirical equation for HTC in terms of the vapour shear stress (Nuy) and
gravity force (Nug).

This model takes into account Galilei and Prandtl dimensionless numbers. Galilei
number relates gravity and viscous forces. This number is used in viscous flow and
thermal expansion calculations. Prandtl dimensionless number relates momentum
diffusivity to thermal diffusivity. It must point out that Prandtl number contains no
length scale in its definition and is dependent only on the fluid and the fluid state.

. ‘;’h (3.70)
Nu = (Nu? + Nu2)'/? (3.71)
Nup = 0.0152(1 + 0.6Pr2%) %Re{"” (3.72)
Nug = 0.725H(e) (Gilljrl)ozs (3.73)
0.75
Py =1+ 0.5[ ¢ ]l X035 (3.74)
[Jgdpg(pz —pg) |
H(e) = e+ {10[(1 — €)' — 1] + 1.7 - 10~*Re}e(1 — e) (3.75)

The void fraction is calculated by means of the Smith expression [2], Eq. (3.3).

3.3.1.2 Dobson and Chato [24]

These authors developed a two-phase HTC correlation based on Martinelli parameter.
They correlated the two-phase HTC to liquid phase HTC. This correlation was
developed for macro-tubes.

a 2.22

7= 1+ 50w (3.76)
A

a = 0.023Rel°'8Prl°'4El (3.77)

3.3.1.3 Akers and Rosson [25]
These authors developed a two-phase multiplier-based correlation that became known

as the “equivalent Reynolds number” model. This model defines the all-liquid mass
flow rate that provides the same heat transfer coefficient as an annular condensing flow:
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1/4
Nu = ClPr1/3< g ) Re’?
! Cp l(Tsat - Twall) g

1/2
Re, = (Geq b x> (ﬂ) /
g 1 Pg

P 1/2
Goq = G, + G, <p—l>
g

1000 < Reyqq < 20000 then C; = 13.8 and C, = 0.2
{20000 < Regqs < 30000 then C; = 0.1 and C, = 2/3

(3.78)

(3.79)

(3.80)

(3.81)

Thus, there is nothing in this criterion about the flow instability when passing from an

annular flow to a stratified-wavy flow.

3.3.2 Correlations For Mini-Channels

In recent years, several authors have investigated and developed new correlations for
HTC calculation in reduced flow area tubes. Some of the most important correlations

are presented below.

3.3.2.1 Webb et al. [26]

The authors presented a model applicable for a wide range of tube geometries including
copper tubes and multi-port extruded aluminium tubes. The heat transfer coefficient

proposed by this author has the following form:
a = q;[1.31 Pry %815 (RT)ARef]

where

7

R* =0.0994Re? , A = 0.126Pr;%**8, B = —0.113Pr; 063

eq’
and
D? p, (dp r's
Re,, = 0.5 —<—> and f; .o = 0.079Re;0-?°
e fl,eq .ulz dz lig bed e

a; comes from Mosser et al.[27] expression.

B a’lD B 0.0994C1R€lcz Reeq1+0.875C1PrIO.815

Nu = =
A (1581nRe — 3.28) (2.581n Regq + 137 Pr/® = 19.1)

with
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C, = 0.126 Pr 048

3.86
C, = —0.113 Pr;7 %% (-86)

3.3.2.2 Wang et al. [28]

Wang et al. proposed an expression for heat transfer coefficient that is a combination of
annular and stratified flow contribution.

A
Nu = EI (leuannul +(1- fl)Nustrat) (3.87)
where
fl = (xin - xtran)/(xin - xout) (3.88)

takes into account the proportional part of the test section which is under annular flow
regime. The stratified flow part contribution is calculated with:

Nugtrgr = gNufilm + (1 — &)Nuconvection (3.89)

and void fraction, ¢ is calculated with Zivi's equation [1], Eq. (3.2):

pi(p1 = pg)g Mg\ "

I\M1 g l-g

Nusj,,, = 0.555 (3.90)
rim (Al.ul(Tsat - wall))

NUconvection = 0-023R610'8Pr10'4 (3.91)

That is the Dittus-Boelter correlation [29] and,

(3.92)

1.376 + 8x1655\°°
XZ

Nugnnu = 0-0274PrlRel()-6792x0-2208 <

where the Martinelli parameter, X, is given by:

. (5_;>o.1 (1 ; x)o.g (%’)0'5 (3.93)

and finally:
NuD
o = (3.94)
A
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3.3.2.3 Koyama et al. [30]

The authors proposed an asymptotic expression with the form:

A

a= EI Nu = El Nuz + Nu2 (3.95)

where
— 1.37 ¢g 0.7 3.06
Nup = 0.0112Pr*7 (37 ) Re; (3.96)
G(1—-x)D
Rej = ————— (3.97)
Ky s
Ga;Pr
Nup = 0.725(1 — e 085VB0) i () (#) (3.98)
l

with

H(e) = ¢ +[10(1 — £)°' — 8.9]Ve(1 - Ve) (3.99)
The Galilei number is,

2D3
Ga =92 (3.100)
Hy
Cpi(Trer — T,
Phl — pl( ref Wall) (3'101)
hi_g
and Bond number is,
2 -
5o = 229(p— pg) (3.102)

o

The void fraction value is calculated with Smith’s correlation [2], Eq. (3.3).

And the two-phase gas flow multiplier, 4)5 is calculated with the equation introduced by
Koyama et al. [31]

¢ =1+21(1 — e 031P)X + X2 (3.103)

3.3.2.4 Cavallini et al. [32-36]

The authors proposed the following expression for heat transfer coefficient in shear
dominated regime.

p1Cp; (T )0'5
a= —

3.104
T+ \p, ( )
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where
6tPr; for Re; < 1145
*= : 77;8 : (3.105)
0.0504Re;"’® for Re; > 1145
D
Re, = G(1—x)(1— E)!T (3.106)
l
and
= <dp> D 3.107
t= dZ f4 ( ’ )

(%)f is calculated with the correlation introduced by Cavallini et al. [32] and the liquid

entrainment ratio “£” comes from Paleev and Filipovich equation [19]:

_ Pgc) (M)’
E = 0.015 + 0.44 In l( 2 )( . ) l (3.108)
Pgc = Pg (1 + @) (3.109)

under the restriction:

E =095 if E > 0.95 (3.110)

) xG

Jg = oF (3.111)
[9Dpg(p1 — pg)]

The heat transfer coefficient in free convection can be obtained using the correlations of
Koyama et al. [30] or Wang et al. [28].

3.3.2.5 Garimella et al. [37]

During condensation process, the flow pattern changes from mist flow (where
applicable) to annular flow and after that to intermittent flow pattern with high overlaps.
Since the border between flow patterns is not clear, there exits transition flows
(intermittent/annular, intermittent/annular/mist and annular/mist).

The following turbulent parameters are defined:

u
t=— 3.112
e (3.112)
u
y+ =22 (3.113)
Rllz i}
u
Rt =~ (3.114)
7]
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Where frictional velocity is given by:

ut = /Ti/pl (3.115)

In the previous equation, commonly used wall shear stress has been replaced by
interfase shear stress. The last one models improve the two-phase situation introduced
by Garimella et al. [37]

piCpu”
T = q" (Ti - Twall) (3.116)

Shear stress and heat flux written in commonly used expressions:

du
T=(U+ pOmom) E (3.117)

"= —(A+ C)dT 3.118
q" = wp PGS (3.118)

Assuming that the interface temperature is equal to the saturation temperature.

q" piCpu”
— - 3.119
* Tsat - Twall ZH- ( )
T+ 1 -
ar” _ (1 pion (3.120)
dy* Pr 23}

The liquid film thickness is obtained with Baroczy [3] void fraction model as suggested
below:

5= (1—\/5)2 (3.121)

The non-dimensional turbulent liquid film thickness is defined as:

o pu”
5+ =2~ (3.122)
Hy .
1- /R"‘
P1®mom — -1 (3.123)
+
U du /dy+
+
Tt =5Pr,+5In IPrl <? — 1) + 1] if Re; < 2100 (3.124)
+ 5t dyt ,
T* =5Pn +5In[5Pn + 1] + [, if Re; > 2100 (3.125)

ERR WL
(Prl 1)+ 5 (1 R+)

Using Agarwal et al. [39], pressure drop can be calculated and then:
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_(dp)D
t= dZ f4

(3.126)

In order to get the heat transfer coefficient, the interfacial shear stress is calculated using
the pressure drop model and the previous equation. With that result, frictional velocity

can be calculated u*, 6%, T*and finally a.

3.3.2.6 Bandhauer et al. [410]

The authors presented a model for predicting heat transfer during condensation of
R134a in horizontal mini-channels. The model was developed for the entire vapour-
liquid dome. The measurements were carried out with three different circular multi-port

tubes.

The heat transfer coefficient in the refrigerant side is given by:

*
_ Pitpiu
=—F

a

Xtran = G_-I-b

where

a = 60.57 + 22.60e%259
b = 59.99 + 176.8¢0-383D

+

)
T* =5Pr+5In [Prl <? — 1) + 1] if Re;q <2100

st +

d
T+ = 5Pr, + 5 In[5Pr; + 1] +f Y

o 020D

if Re, > 2100

where
R _ (dp) D
v = o "=\ I
GD,(1 —x)
Rel =
(1 + \/E),UL

(3.127)

(3.128)

(3.129)
(3.130)
(3.131)

(3.132)

(3.133)

(3.134)

With (%)f being evaluated with the expression proposed by Agarwal et al. [39].
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3.4. CONCLUSIONS

In this chapter several of the most widely used models used are summarised. Some
classical models and other specially developed to be used with mini-channels are
presented.

To correctly predict HTC an accurate correlation for pressure drop prediction must be
used in order to calculate saturation condition of the refrigerant. Several models use the
void fraction parameter to predict pressure drop so the order chosen to present this
chapter was void fraction, pressure drop models and finally HTC models.
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CHAPTER 4: Experimental Installation Description

The following paragraphs describe the installation in which experimental data were
registered. The installation is placed in the Thermal and Fluid Engineering Department
at the Technical University of Cartagena, Spain.

The main purpose of this installation is to measure heat transfer coefficient and pressure
drop in condensation tests in a mini-channel multiport tube. This installation was
upgraded along the development of this PhD and it has allowed us to record an
important amount of experimental measurements of heat transfer coefficient and
pressure drop of condensing refrigerants inside mini-channel multi-port tubes. New and
traditional fluids were tested, during condensation process.

4.1 EXPERIMENTAL INSTALLATION DESCRIPTION

The experimental installation used for the tests developed is shown in Fig. 4.1. The test
rig consists of the primary (refrigerant) loop and three auxiliary loops: two cooling
water loops and one heating water loop.

The test section is the main component of the primary loop. It is made with a multiport
mini-channel tube with a condensation measuring section of 259 mm length. The
multiport tube studied in this thesis has a hydraulic diameter of 1.16 mm.

In order to control the vapour quality at the inlet of the test section, the refrigerant is
previously pumped to an evaporator where it is total or partially evaporated up to a
predetermined value of the vapour quality. The temperature of the refrigerant at the inlet
of the evaporator is measured by a resistive temperature detector (RTD). After passing
through the evaporator, the two-phase mixture flows through a ten centimetre copper
tube to the inlet header. Uniform two-phase flow is assumed to be developed in the
copper section before entering to the measuring section through the inlet header. This is
an approximation but it is a common practice (e.g.: [1-4]). These references show
experimental test sections similar to the section tested.

Then, the refrigerant flows through the test section where it is partially condensed. The
measuring section has an external casing so it is shaped as a counter-current heat
exchanger. The cold water provided by the first cooling water loop flows through the
external casing whereas the condensing fluid flows inside the mini-channel. The
temperature of the water at the inlet and the outlet of the test section is measured by two
RTDs. Mass flow rate is also measured. Wall temperature of the test section is
measured in nine equally separated points by means of thermocouples soldered to the
tube wall. The temperature of the refrigerant at the inlet and the outlet of the test section
are measured by RTDs. No flow disturbance on water case was detected due to the
reduced diameter of the wires employed. Another flow meter is used to measure the
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refrigerant mass flow rate in the primary loop. The pressure measurements are obtained
through two pressure transducers, connected to the inlet and the outlet of the test
section.

Finally, the two phase mixture that leaves the test section is completely condensed in
another heat exchanger thanks to the cold water provided by the second cooling water
loop. The sub cooled refrigerant from the condenser is then returned to a small vessel
from which the cycle will be repeated again. There is a controlled gear pump connected
to this vessel, magnetically coupled to its variable speed electric motor. A control
system guarantees steady state conditions and ensures that measurements are properly
made.

Cold water

Test section

Refrigerant
Loop

Evaporator

Refrigerant

Condenser

Tank ; Flow meter
(MFM)

Fig. 4.1. Experimental test rig.
The tube studied is soldered to two headers that have two main roles. Firstly they are
used to hydraulically connect the measuring section to the test rig. Secondly they have

machined two ports each one to connect measuring instruments.

The presence of both temperature and pressure sensors at the inlet of the measuring
sector allows a double check of the saturation temperature.
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4.2 CONTROL SYSTEM DESCRIPTION

The control system of the above described installation is made with an acquisition card
connected in a personal computer. The control software was developed in Matlab®.

Three different PID controllers are used in this installation. All of them vary frequency
converter signals to modify actuator state. The first one controls the mass flow rate of
the test section with the volumetric displacement pump and Coriolis effect measuring
sensor. The second one regulates the thermal power exchanged in the evaporator in
order to increase refrigerant vapour quality up to a desired value. The last control loop
regulates the thermal power exchanged in the condenser in order to keep the system
pressure controlled.

Setpoint ——>»  —>» Controller —>» Process ~—>» Actuator

.

Sensor <

Figure 4.2. Block diagram of programmed controllers.

There are three commercial controllers to regulate secondary loops in addition to the
previous controllers. These secondary loops controls the two mixing valves, placed at
the inlet of the test section and condenser, and the hot water temperature.

4.3 TEST SECTION

The test section is made from a multiport mini-channel tube with a condensation
measuring section of 259 mm length and two adiabatic sectors of 23.5 mm inside the
headers. The multiport tube considered in this study has a hydraulic diameter of 1.16
mm. Its main characteristics are summarised in Table 4.1. Cross section and water chase
is illustrated in Figure 4.3. The multi-port extruded aluminium tube was provided by
Modine Manufacturing Company .

The measuring section has an external casing so it is shaped as a counter-current heat
exchanger with the cooling water flowing outside and the condensing fluid inside the
mini-channel. Wall temperature of the test section is measured in nine equally separated
points by means of thermocouples soldered to the tube. The locations of thermocouples
can be seen in Figure 4.4. The geometry of the test section was measured with an
optical microscope getting accurate values of inner, outer areas and perimeters. Surface
roughness was measured with a Scanning Electron Microscope (SEM) at the Research
Technology Support Service of the Technical University of Cartagena.
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The presence of both temperature and pressure sensors at the inlet of the measuring
sector allows a double check of the saturation temperature.

P 28 mm >
g
£ o E
—t — £
- !
19 mm »

<
<

Figure 4.3. Tested geometry, thermocouple location and water chase geometry.

Figure 4.4. Thermocouple location and tube lengths.

Table 4.1. Tube characteristics.

Outer Inner RR
Tube model Flow area perimeter perimeter Port Dy, Ra
PEEE ety om)@mm) T o) )

Square ports 12.54 40.17 43.22 10 1.16 0226 3.89-10"

4.4 MEASUREMENT INSTRUMENTS AND ACTUATORS

4.4.1 Temperature sensors

There are two different types of temperature sensors in this experimental installation. T-
type thermocouples and RTD100 sensors. T-type thermocouples are soldered to tube
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wall to measure tube wall temperature and RTD100 sensors are used to measure bulk
temperature of the two different fluids, see Figure 4.1.

The base accuracy provided by the manufacturer of RTD sensors is 0.03 K and 0.5 K
for T-type thermocouples.

4.4.2 Mass flow meters

There are two Coriolis Effect mass flow meters in the installation to measure refrigerant
and cooling test section water mass flows. The electronic transmitter coupled with
measuring element, both of them have a base accuracy of 0.05 % of measurement.

4.4.3 Electromagnetic volumetric flow meter

There are two electromagnetic flow meters placed on the condenser and hot water loop.
The one placed on the condenser loop allows checking the whole energy balance of the
experimental installation. The flow meter installed in the hot water loop is used to
calculate the thermal input to the installation. Both of them have a base accuracy of 0.25
%.

4.4.4 Pressure transmitters

There are three sensors in the experimental installation, two absolute and one
differential pressure transmitters. The absolute transmitters are connected to the vessel
and to the inlet of the test section to get the pressure measurement on these places. The
differential pressure transmitter gets the differential pressure across the test section as
the refrigerant condensates. The range of the two absolute transmitters goes up to 58
bars and the differential up to 1 bar. The base accuracy is lower than 0.009 % for the
differential one and 0.008 % for the both absolute.

4.4.5 Actuators

The control system acts on three different frequency converters that regulate the rotating
speed of three pumps installed and on a three way mixing valve.

e The refrigerant gears pump to achieve the desired mass flow rate.

e The hot water pump to regulate the thermal input to the installation and the
pump that feeds the condenser after the test section which controls the pressure
of the system.

e The test section water temperature is varied with a recirculating valve for each
refrigerant saturation pressure to get small vapour quality variations.

4.5 ACQUISITION SYSTEM

The signals provided by sensor elements and measurement equipment are connected to
an Agilent Technologies multimeter, model 34970A with three 20 channel armature
multiplexer model 34901A because of its accuracy. The software used to register the
signal values is Benchlink Data Logger v3 provided by the manufacturer.
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The control was specially programed with Matlab and it uses a National Instruments
card installed on a personal computer that controls the installation. The Graphical User
Interface was also developed with Matlab Guide Tool. The appearance is depicted in
Figure 4.5.
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Figure 4.5. Installation Graphical User Interface.

4.6 INSTRUMENT CALIBRATION

All the sensor elements connected in this installation were calibrated by the
manufacturer over the entire ranges and all of them were acquired with calibration
certificate.

Thermocouples measurements were checked after soldering process in special tests
against thermo-resistor measurements.

4.7 WORKING FLUIDS

The fluids tested were R134a, R1234yf, R290 and R32. The refrigerant R134a is a
widely tested refrigerant and it has no interest except for installation validation. Several
tests were made over a wide range of conditions of mass flux, vapour quality and
saturation pressures. A good agreement was found between measured and modelled data
by several author models.
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Also the main substitute of R134a, the R1234yf was experimentally tested in the
installation. Other refrigerants such as R290 (propane) and R32 were considered due to
its naturally and none ozone depleting power.

The charge/discharge process of highly flammable refrigerants is a delicate process.
Doubled checked processes were used in order not to provoke fire.

4.8 FLUIDS CHEMICAL COMPOSITION

All testing fluids were acquired to prestigious companies with fluid purity composition
certificate. No leaks were discovered in the installation so fluid volume was conserved
and no chemical composition variation was expected.

4.9 TESTING CONDITIONS

The different conditions tested for each refrigerant can be seen in Table 4.2. A total
quantity of 582 tests were made for all refrigerants.

Table 4.2. Measurements made with refrigerants

Refrigerant teﬁ;‘;ﬁﬁis Sl‘)itel;rsellltrig: hEE Ve_lf Ci_t ies Heat ﬂl_l;( IO
C) (kPa) (kgm==s™") (kW m™=) oftests
R134a 40 1016.8 350 - 945 5285;5‘ 46
R1234yf 30 to 55 O 350945 . 189
R290 30 to 55 oo 150 - 350 oo 189
R32 30 to 55 o 350845 A, 158

The highest values of heat fluxes correspond with some pressure drop experiments done
to check the accuracy of the predicting correlation for momentum pressure gradient.

4.10 CONCLUSIONS

In this chapter the experimental installation constructed on purpose is described. It is a
particular installation because it was designed to test flammable refrigerants so ATEX
equipment and safety barriers were installed in order to prevent a possible risk of fire.

The experimental testing conditions used try to cover the highest range of conditions
that can be present in refrigeration systems. The classical refrigerant R134a was used to
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validate the experimental installation and the measurement process. Other refrigerants
such the new R1234yf, R32 potential substitute of R410A and natural hydrocarbon
R290 were also experimentally tested.
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CHAPTER 5: Experimental Data Analysis

In this chapter the experimental data analysis made of experimental measurements is
explained. The analysis procedure is the same for the four refrigerants tested.

To make a full analysis of the experimental data, a program written in Fortran
programming language was made. Heat transfer coefficients and frictional pressure drop
values were automatically obtained with experimental data. The variation profile of heat
transfer coefficient along the tube versus local properties such as vapour quality,
saturation pressure and so on was also obtained.

The program was developed for any fluid and any test section. As cited in previous
chapters, wall temperature is measured with nine thermocouples so the tube is divided
into nine equal cells where heat transfer coefficient is calculated. Pressure drop is
assumed linear due to the small saturation temperature variation in the tests and fluid
properties are calculated with Refprop™ v6 [1].

5.1 SINGLE-PHASE NUSSELT NUMBER

In order to validate the experimental setup and to obtain the HTC value in water side, a
series of single-phase tests were developed following the method developed by Park et
al. [2]. Average single-phase Nusselt number for the refrigerant flow can be obtained as:

N qD 5.1)
Uyper = = = 5.
kref (Tref - Twall inner)
where:
_ mepw (Tw out — Tw in) _ mreprref (Tref out — Tref in) _ Twall outer — Twall inner 5 2
_ _ Y (52
A A t
_ _ q-t
Twau inner = Twait outer — T (5.3)
Al
9
_ 1
Twai outer = az Twau outer; (5.4)

j=1

If refrigerant Nusselt number is calculated as explained above and compared with
classical correlations such as Gnielinski, the results depicted in Fig. 5.1. are obtained.
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Since during single-phase tests the fluid properties do not change appreciably along the
tube, Reynolds number was considered practically constant and the local Nusselt
number of the refrigerant flow is also expected to follow the Gnielinski correlation for
turbulent flow:

o f/8(Re—1000)Pr
T 1+ 127 /8 (Pre/3— 1) (5:3)

The friction factor in turbulent region is obtained by means of eq. (5.7), that was
verified to be the most accurate single-phase friction factor equation flow in smooth
tubes by Fang et al [3,4] and Brkic [5].

64
f= Re for Re < 2000 (5.6)
150.39  152.66\1 2 5.7)
f =0.25 [log (Re°-98865 " Re )] for Re = 3000 .
f = (1.1525Re + 895) - 1073 for 2000 < Re < 3000 (5.8)

The equation for the transition zone (eq. 5.8) was obtained by linear interpolation in Xu
and Fang [6].

Taking into consideration the previous explanation, the local heat flux in each position

" was calculated from wall temperature measurements and refrigerant temperature
calculation using eq. (5.9):

. Aref,j
Qref,j = Nuref,j D—h Tref,j — Twau inner,j) (5.9)

Refrigerant temperature in each position “j” was obtained from the temperature in the
position ‘-1 using eq. (5.10):

C'Iref,j—l + C'Iref,j
Treri = i1 — 5.10
ref,j ref,j—1 ( Zmrefcpref ) ( )
For the first position eq. (5.10) becomes:
C.Iref 1
ref,1 ref,in mrefcpref (5 11)

Since fluid properties depend on fluid temperature, the process is iterative and starts
assuming linear evolution of refrigerant temperature, converging quickly to differences
between two successive iterations lower than 0.5 %.

Fig.5.2. shows local heat flux and water side heat transfer coefficient profiles computed
from single-phase experiments using Egs. (5.7 to 5.11).
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Figure 5.1. Liquid Nusselt number of R134a.

Once the local heat flux was calculated, a similar procedure was followed to obtain
local HTC profile for the cooling water. Since all tests were carried out under steady-
state conditions, there were no effects of energy accumulation in the tube walls and
therefore the amount of heat flowing from the refrigerant to the inner wall must equals
the heat flowing from the outer wall to the cooling water:

Arefj = dwj . (5.12)
_ qw,j—l + qw,j
Tw,j=Twj-1+ (—me Cry ) (5.13)

Since water properties depend on its temperature, water temperature profile was
obtained from eq. (5.13) using an iterative process that begins assuming linear evolution
of water temperature and quickly converges to differences between two successive
iterations lower than 0.5 %.
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Figure 5.2. Single-phase test local parameters obtained.

Once the water temperature profile was obtained, the HTC profile of the cooling water
was easily obtained applying eq. (5.14):

C.IW, j

HTC,,; (5.14)

- (Twall outer,j — Tw,j)

Fig. 5.2.shows the results obtained for the local HTC of the water following this
procedure. According to this figure, a clear increase in the local heat flux was recorded
at the inlet and the outlet of the test section. As test section is configured as a counter
current heat exchanger, according to X axis, refrigerant enters by 0 coordinate while
water flow exits in that position.

From the refrigerant side point of view, the HTC remains nearly constant and the
increase in heat flow can be explained by the increase in the temperature difference
between refrigerant and tube wall recorded at the inlet and the outlet of the test section.
From the water side point of view, the temperature difference between water and tube
wall is lower at the inlet and the outlet sections of the water jacket, but this effect is
compensated by the increase in water HTC recorded. This can be explained by the
impinging effects at the inlet and the acceleration effects at the outlet sections of the
water casing.

Several tests were made at different temperature levels with similar results and therefore
it can be concluded that: the local Nusselt number of the water at each location is the
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same regardless of the Reynolds number of the refrigerant flow or its saturation
temperature when the water maintains the same flow condition or Reynolds number.
Fig. 5.3. shows several water HTC profiles obtained at different refrigerant saturation
temperatures and mass flow rates.

Only at low refrigerant Reynolds number the profiles obtained show a slightly different
behaviour and have not been plotted in this figure. The blue line shows its averaged
value.
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Figure 5.3. Water heat transfer coefficient profile at different refrigerant flow
conditions.

5.2 LOCAL TWO-PHASE HEAT TRANSFER COEFFICIENT

Since single-phase tests were designed so that the total heat flow would be quite similar
to the value of the total heat flow in two-phase flow. Single-phase test results have
proved that the water HTC is almost independent of refrigerant conditions; it was
assumed that the HTC of water side in refrigerant two-phase flow tests is similar to the
HTC registered in turbulent single-phase tests.

The refrigerant local heat transfer coefficient HTC,.. ; of each thermocouple location
was determined by calculating the ratio of the heat flux g; to the temperature difference
between saturation temperature T..¢ ; and inner wall temperature T,,q; inner as follows:

q
Tref,j - (Twall inner)j

HTCpop; = (5.15)
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The heat flux q; and water temperature at each thermocouple location were determined
from the imposed water HTC profile obtained in single-phase tests, solving the two
equations system formed by Eq. (5.13) and Eq. (5.16):

QW,j = HTCw,j (Tw,j - Twall outer,j) (5.16)

Where, similarly to the procedure followed in single-phase tests, since water properties
depend on its temperature, the water temperature at each point location, T, ;, was
calculated by an iterative process that begins assuming linear evolution of water
temperature and quickly converges to differences between two successive iterations
lower than 0.5 %.

The inner wall temperature T,,4;1 inner Of the multi-port tube was derived from the
measured outer wall temperature Ty, 4;; ourer and the heat flux:

q. -t
(Twall inner)j = (Twall outer)j - /]1—Al (5.17)

The refrigerant temperature at each thermocouple location, T.f j, was calculated from
the corresponding saturation pressure, assuming saturated state. Small pressure drop
values were recorded between the inlet and the outlet of the test section. A new
correlation for frictional pressure drop prediction was developed in order to calculate
saturation conditions on each thermocouple location. The local process is schematically
depicted in Fig. 5.4.
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Figure 5.4. Schematic view of local heat transfer coefficient calculation.
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5.3 FRICTIONAL PRESSURE DROP EVALUATION

Two-phase pressure gradient is composed by momentum, accessories, gravitational and
frictional pressure gradient. Momentum pressure gradient is estimated by Egs. (5.18 to
5.20); gravitational pressure gradient is zero due to horizontal flow. Two-phase
frictional pressure gradient is calculated subtracting momentum pressure gradient and
the pressure drop due to accessories to the experimental pressure gradient.

(), ).,

Momentum pressure gradient for condensing flows is calculated as

_(d_p) :GZ.i x? 1-2°
dz/)mom dz

+
ap, (1—a) p
where «a is void fraction. Many correlations have been used to calculate void fraction,
one of the most widely used is Zivi [7] correlation:

o[ (59"

Other expressions may be found in the existing literature, extensive reviews of void
fraction correlations were reported by Dalkilic and Wongwises [8] and Winkler et al.

[9].

(5.19)

Pressure gradient in accessories is evaluated as explained below.

5.3.1 Pressure drop in tube expansion and contractions

During the calculation procedure the pressure drop in the headers should be taken into
account, in addition to the tube pressure drop. For its calculation, both the expansion
and the contraction processes which take place in the headers should be considered. The
fluid state encountered in the header may be: vapour, liquid (single-phase) or a mixture
(two-phase flow). The correlations studied in this work to calculate this pressure drop
are described below. The nomenclature used in what follows is included in Figure 5.5.

_,*—/1<E 2 33—7_,

Expansion Contraction

Figure 5.5. Expansion and contraction nomenclature
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dPchannel = APmeas — (dpc + dpe) (5.21)

5.3.1.1 Single-phase flow

Kays and London [10] characterised the pressure drop through an abrupt change of
section by introducing expansion and contraction coefficients for the pressure drop
which can be calculated by means of the curves they provided in their book (Figure 5.6
and 5.7)

Thus, the pressure drop in the case of expansion is given by

1 1
dp, = Eu%plke —5 uf - p; - (1—v?) (5.22)

vy = A;/A, and subscript 1 and 2 refers to the inlet and outlet section

The pressure drop in the case of a contraction is given by

1 1
dp. = §u§p3kc - §u§p3(1 -y?) (5.23)

where us , is the velocity at the outlet, p; is the density of the fluid at the inlet, y =
A,/A; in this case, andk, andk.are the expansion and contraction coefficients
respectively.
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Figure 5.6. Expansion coefficient by Kays and London.
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Figure 5.7. Contraction coefficients by Kays and London.
The equations of these coefficients depending on the Re number are:

(0.009y2 — 0.288y + 1.269 iflaminar

= 0.009y2% — 0.227y + 1.202 ifRe = 2000 (5.24)
¢ 10.009y% — 0.224y + 1.203 ifRe = 3000 '

0.009y2 — 0.224y + 1.198 ifRe = 5000

([ —0.004y2 + 0.012y + 1.172 iflaminar

—0.004y2 + 0.014y + 0.559 ifRe = 2000

—0.004y2 + 0.013y + 0.541 ifRe = 3000

(—0.004y% + 0.010y + 0.529 ifRe = 5000

(5.25)

In our implementation, the value of k, or k. is obtained by a linear interpolation as
function of the Reynolds number.

Abdelall et al. [11] performed single-phase experiments studying the pressure drop
caused by abrupt flow area changes; they proposed a general equation for flow area
expansion:

1 1
dp, = SuZpike =5 uf - pr - (1= ¥?) (5.26)

Where the expansion coefficient is given by k, = (1 — y)?, the area ratio is y =
Ai/A, and u is the inlet velocity. Subscripts 1 and 2 stand for inlet and outlet
respectively.

For a flow area contraction they suggested
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2 1 2
dpe == ps [(1—6—) +(1—y2)l (5.27)

Where u; is the outlet velocity, the vena contracta coefficient, C, is given by

1-y
2.08(1 —y) + 0.5371

C. =1 (5.28)

andy = A,/As. Subscripts 2 and 3 stand for the inlet and outlet respectively.

5.3.1.2 Two-phase flow

Different models may be found in the existing literature. Among them, we can standout
several.

Hewitt et al. [12] correlation stated that the homogeneous model predicts the
experimental data for sudden contractions better than the separated-flow model does.
The opposite happens for sudden expansions.

Thus, for sudden expansions they proposed:

_Gva-n

d
Pe P

bs (5.29)

where the separated multiplier ¢p5 is given by

1 —x)? x?
( ) +Pz

¢s = (5.30)
(1—ag) Py

And for sudden contractions:

ip, =& (1 1)2+ 12 (5.31)
pC - Zpl CC ( ,yz) d)H °

where y = A;/A,, C,. is the coefficient of contraction given by Chisholm as

C. = ! 5.32
€ 0639[1—y]Y2+1 (5-32)

and the homogeneous multiplier, ¢;; given by

én = [1 +x (ﬂ - 1>l (5.33)

Pg

Kandlikar proposed same expression for the contraction model but for the expansion he
proposed dp, = G?y(1 — y)¢'s with the following multiplier
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s =1+ (ﬂ - 1) [0.25x(1 — x)+x2] (5.34)

Pg
An alternative expression for ¢ was also proposed by Chisholm on Hewitt [12].

Coleman and Krause [13] showed, that these expressions commonly used for estimating
two-phase pressure losses, under-predict the pressure losses found in micro-channel
tube headers. Furthermore, they point out that the recovery of pressure after the
expansion is less than 5% of the total pressure variation and it was neglected. They say
that this is typical for area ratios lower than 0.1. In the case of sudden contraction, they
modified the correlation proposed by Schmidt and Friedel [14] so that the pressure drop
is given by

GZ
dpe = 5o [(1 = ¥2C3) = 2C,(1 = C,)] (5.35)
Ptp

Wherey = A,/A; and the vena contracta coefficient is given by

1-vy
C.=1- 5.36
¢ 2.08(1 —vy) +0.5371 ( )
The two-phase density Ptp May be evaluated by using Eq. 5.37.
1 1-—
1 _x,a-9 (5.37)
Ptp Pg P

And the mass velocity, G, is given by an expression adjusted by Coleman and Krause
[13] Gye = CGeype With € = 2.08. The values of the different thermodynamic variables
have been calculated at inlet conditions.

In our case, the Schmidt and Friedel correlation [14] is used for sudden expansion in
two-phase flow.

2
Vi2 V12,2 _ x 1-x _ 2
p G Peffi  Peffa JexpPersa <pg,1n1 pz,l(l—m)) (1 =yri2) l (5.38)
p =
¢ 1- 1—‘Exp(l - )/1,2)
where
1 x? 1—x)? a x 1—-x T
- Do ()| (539)
Perr  Pg  pi(1—a) 1—ag/|pgn p(1—1)
2(1 —x)?
n=1-
pL (5.40)
1-2x+ [1+4x(1—x) p——l
g
1—x
ng=1/S[1 (5.41)

T (1-x(1- O.OSWe0'27Re°~05)]]
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x 1-—
= ——hh (5.42)
1-x n pg
D —
We = Gx2 D (p=py) (5.43)
Pgo  Pg
G(1—x)d
Re=——""" (5.44)
2]
I‘Exp =1- Y(Z)és (5.45)
0.7
foxp = 4.9 X 1073x%(1 — x)? <ﬂ> (5.46)
.ug,l

A review of other expressions for the evaluation of pressure recovery in sudden
expansions can be found in Ahmed et al. [15]. They compared different models. Zhang
and Webb [16] recommended the use of the equations proposed by Collier and Thome
[17].

5.4. CALCULATION PROCEDURE

The liquid enthalpy of the refrigerant is calculated with its bulk temperature and liquid
density. The density is provided by the Coriolis-effect mass flow meter installed in the
refrigerant loop. An RTD sensor gives fluid temperature reading prior entering the
evaporator. In the evaporator, the heat transferred from water to the refrigerant is
calculated with secondary fluid measurements. Hot water volumetric flow rate and inlet
and outlet temperatures are used to calculate exchanged heat power. The entire
installation has several layers of insulating foam so heat losses are negligible.

h:ref lig = href evap in = h[Tref lig» Pref liq] (5-47)
Qevap = mref (href evap out ~ href evap in) (5.48)
Qevap = 1.7hwphw [Thw out, Thw in]cp hw [Thw out» Thw in] (Thw out — Thw in)
(5.49)
and therefore
Q
href evap out — href evap in + ﬂ (5'50)

mref
htube in = href evap out — Xtube inhgas [ptube in] + (1 — Xtube in)hliq [ptube in] (5‘5 1)

and re-arranging
htube in hliq [ptube in]

i (5.52)
tube in hliq_gas [ptube lTl]

with enthalpy values evaluated at inlet section saturation pressure.

Since the refrigerant is condensed with water in the test section, cooling water
measurements are used for heat transfer calculation. Inlet and outlet water temperatures
in the condensation test, as well as mass flow meter are recorded. With the power
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transferred from refrigerant to the cooling water, exit refrigerant vapour quality can be
calculated as follows.

Qts = mwcpw [Tw out, Tw in] (Tw out — Tw in) (5-53)
As
Qis = mref(htube in — Ntube out) (5.54)
outlet enthalpy is
Q:
Rtube out = Peuve in — = = (5.55)
mref
HTC calculation is performed locally so
9 .
Qts,j
htube,j = Reupe in — . = A4; (5.56)
= Mref
And finally,
htube out = Xtube out * hgas [ptube out] + (1 — Xtube out) ' hliq [ptube out] (5-57)

The vapour quality at any location can be obtained as:

h e .
xtube,i — tube,j liq [ptube,j] (5.58)

hliq—gas [ptube,j]

_ Xtube,i + Xtube,o (5.59)
Xave = 2

5.5 UNCERTAINTY ANALYSIS

The experiments were made over a wide range of test conditions. The influence of
different parameters on the pressure drop was investigated. The mass flow rate, the
vapour quality, the saturation temperature, and the condensing heat flux parameters
were varied.

Following the rules reported in [18] for the expression of uncertainty in measurements,
the “Type A” and “Type B” uncertainties were calculated for each parameter. The
resulting u of each parameter x is obtained as:

u(x) = \/(uA(x))z + (uB(x))z (5.60)

The standard uncertainty of the result of a measurement, when this is obtained from the
values of a number of other quantities is called combined standard uncertainty, u., and
it is calculated by combining the standard uncertainties of the measured quantities
X1, .-, Xy, through a functional relationship f.

y =[xy, xy) (5.61)
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Uc = ﬁ: (aa—i)z u?(x;) (5.62)

j=1

The expanded uncertainty ugis calculated by multiplying the combined uncertainty by a
coverage factor of k£ = 2 with a level of confidence about 95 %.

The uncertainty analysis of frictional pressure drop can be carried out from the basic
equation of frictional pressure drop calculation as presented in Eq. 5.18. The procedure
to calculate average vapour quality value is explained in the paragraphs above, the basic
equation to calculate its uncertainty is presented in Eq. 5.65. A similar procedure can be
followed to get the uncertainty expression of heat transfer coefficient presented in Eq.
5.66.

Uap f
2 2 2 2 5 64
_ adpf uz + adpf uz + adpf uz + adpf uz ( . )
adpmeas dp meas adpexp dp exp adpcont dp cont dapmom dp mom
2 2
w = |(Mave\" o L (OXave" , (5.65)
X ave axin Xin axout Xout
2 2 2
— OHT Cpe,; o OHTCyef P OHTCyef 2 (5.66)
HTC,i aqi qi aTref,i Tref,i aTwall inner; Twaul inner;

Each term represents the contribution of each variable to the whole uncertainty value.
The uncertainty of expansion and contraction expressions has conservatively been
estimated to be lower than 5%.

The uncertainty ranges for the variables of interest of this study can be seen in Table
5.1.

Table 5.1. Summary of total uncertainty analysis for the experimental results.

Parameter Total uncertainty (%)
Heat Flux 34-45
Vapour quality 22-12.5
Heat transfer coefficient 5.6-21.7
Inlet saturation pressure 1.6-3.3
Frictional pressure drop 22-11.9

102



Chapter 5: Experimental Data Analysis

5.6 CONCLUSIONS

This chapter presents the calculation procedure followed to determine the heat transfer
coefficient and frictional pressure drop experimentally measured. The expressions used
in sudden area expansions and contractions are included in this chapter.

Firstly single phase HTC measurements are presented and these are used to calculate
water HTC profile used later in two-phase flow tests. Single-phase flow test correlates
very well with several classical correlations widely accepted by the scientific
community.

The procedure to calculate the uncertainty of measurements is also reported. The
highest uncertainty in HTC comes from the measurement of the temperature difference
between the bulk refrigerant and tube wall temperature.
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CHAPTER 6: Experimental Results

In this chapter the experimental results obtained in the framework of this PhD. thesis are
presented. The fluids and the conditions studied were also mentioned in Chapter 4. Heat
transfer coefficients and frictional pressure drop values were calculated following the
process described in Chapter 5. The data are plotted sorted by refrigerant and results are
also commented.

6.1 TWO-PHASE FLOW HEAT TRANSFER COEFFICIENT

The experiments were made over a wide range of test conditions. The influence of
different parameters on the heat transfer coefficient was investigated. The mass
velocity, the inlet vapour quality, the inlet saturation temperature, and the condensing
heat flux parameters were varied. Only two-phase flow data with vapour quality values
higher than 0.1 are considered.

The uncertainty of measurements is also provided on each figure presenting
experimental data.

6.1.1 HTC measurements of R134a

This refrigerant was the first one tested. As shown in the literature review, this has been
intensively studied by other authors for many mini-channel geometries and these
experimental results were used for the validation of the installation.

The mass velocity values studied correspond with values of 945, 810, 710, 590, 475,
355 kg m™s™ at one saturation temperature of 40 °C. These analyses have covered
values of heat flux ranging from 5.08 to 20.75 kWm™. In Fig 6.1, HTC is depicted
versus vapour quality at two different mass velocities and one saturation temperature.

The reader can observe the effect of varying mass velocity, HTC increases with
increasing mass velocity. This effect is important at low qualities. The range of vapour
quality tested goes from 0.1 up to 0.9. High vapour quality values were not reached for
all mass velocities. From general theory, it is expected that HTC values fall after higher
vapour quality values than 0.9, in that situation the liquid film almost disappears and the
flow is more similar to single vapour flow with a decrease in HTC.
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Figure 6.1. R134a HTC sorted by mass velocity at one saturation temperature.

6.1.2 HTC measurements of R1234yf

This refrigerant is one of the potential substitutes of R134a. It is being used in new
mobile air conditioning equipment. Some car manufacturers claims that R1234yf is not
safe because of its high flammability compared with R134a [1]. Their lower and upper
flammability limits, in standard conditions of temperature and pressure, are 6.2 and 12.3
%.

The mass velocity values studied correspond with values of 945, 810, 710, 590, 475 and
355 kg m?s! at the saturation temperatures of 30, 35, 40, 45, 50 and 55 °C. These
analyses have covered values of heat flux ranging from 4.37 to 20.52 kWm™.

In Fig. 6.2 the reader can observe the HTC behaviour of this refrigerant depicted versus
vapour quality values. The data is sorted by saturation temperature and mass velocity.
The same values of mass velocities as plotted in Fig 6.1 are kept. HTC increases with

decreasing saturation temperature and increasing mass velocity.

The range of vapour quality values experimentally tested goes from nearly 0.1 to 0.9.
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Figure 6.2. R1234yf HTC sorted by mass velocity at two different saturation
temperatures.

6.1.3 HTC measurements of R290

This refrigerant is one of the potential substitutes of R22. It is a natural refrigerant with
none Ozone Depleting Power (ODP). Their lower and upper flammability limits, in
standard conditions of temperature and pressure, are 2.37 and 9.5 %.

So far, only a few research groups have studied the behaviour of this fluid in mini-
channels. The liquid density of this refrigerant is mostly a half of R134a so mass
velocities in commercial equipment are also lowers. Bearing this in mind, the values
proposed to study are 175, 240, 300 and 350 kg m™s". The saturation temperatures
studies correspond with values of 30, 35, 40, 45, 50 and 55 °C. The heat flux range
covered goes from 4.98 to 21.52 kWm™.

Fig. 6.3 shows HTC of propane versus vapour quality values at two different saturation
temperatures and mass velocities. The mass velocities shown in this figure are lower
than for the aforementioned. There is a difference of 20 °C between the two saturation
temperatures depicted so the reader can appreciate the effect of this variable in HTC
measurements. As in previous figures, the increase of saturation temperature causes a
decrease in HTC. An increase of mass velocity causes an increase in HTC values.
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Figure 6.3. R290 HTC sorted by mass velocity at two different saturation temperatures.

6.1.4 HTC measurements of R32

This refrigerant is one of the potential substitutes of R410A and it is actually used by
one of the main manufacturers of air conditioning equipment. Their lower and upper
flammability limits, in standard conditions of temperature and pressure, are 14 and 31
%.

This refrigerant has null ODP. In this case, the mass velocity values studied are 350,
475, 600, 710, 795 and 825 kg m™2s™ at the saturation temperature of 30, 35, 40, 45, 50
and 55 °C. The analyses have covered values of heat flux ranging from 6.69 to 27.05
kWm™,

HTC is depicted versus vapour quality for two mass velocities and saturation
temperatures. The reader can observe how an increase of mass velocity or decreases of
saturation temperature yield to higher values of HTC.
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Figure 6.4. R32 HTC sorted by mass velocity at two different saturation temperatures.

6.1.5 HTC Fluid behaviour discussion

A comparison of HTC values at a fixed value of saturation temperature and mass
velocity is shown in Fig. 6.5. In Fig. 6.5 HTC is plotted vs. vapour quality for a given
mass flux of 810 kg m™s™ at a saturation temperature of 40 °C for R32, R134a and
R1234yf. Data of R134a, R1234yf, and R32 are only plotted because the mass velocity
of 810 kg/m’s was not experimentally tested for R290. Experimental measurements of
three fluids are compared. The uncertainties of measurements do not allow being
assertive but under similar conditions, experimental measurements points out that R32
has the highest values of HTC. From the two remaining fluids, R134a present higher
HTC values than R1234yf. This behaviour may be explained by liquid thermal
conductivity. Since the flow pattern in mini-channels is almost annular or intermittent,
the liquid film around the gas core in the mini-channel increases the heat transfer in
comparison with other flow patterns. So, higher liquid conductivities lead to higher
HTC values.

In Table 6.1 the reader can see the most important thermo-physical properties for the
plotted conditions included in Fig. 6.5.
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Comparison of R134a, R1234yf and R32 at 40 °C
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Figure 6.5.HTC comparison of R134a and R1234yf.

Table 6.1. Fluid properties at 40°C.

Properties R134a R1234yf R290 R32
Temperature [°C] 40 40 40 40
Critical pressure [kPa] 4059.28 3382.20 4251.20 5782.10
Saturation pressure [kPa] 1016.86 1018.65 1369.73 2478.91
Reduced pressure 0.25 0.30 0.32 0.43
Liquid density [kg m™] 1446.69 1033.73 467.44 892.99
Vapour density [kg m™] 50.10 57.77 30.17 73.28
Liquid density/Vapour 28.87 17.89 15.49 12.18
density
Liquid tﬁ“&,ﬁﬁgﬂ?‘l"ﬁm 74.71 58.99 86.91 114.56
Liquid viscosity [uPa s] 161.42 129.98 82.83 94.97
Vapour viscosity [uPa s] 12.37 13.15 8.89 13.83
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6.2 TWO-PHASE FRICTIONAL PRESSURE GRADIENT

Frictional two-phase flow pressure gradient is depicted in the following paragraphs
sorted by refrigerant and mass velocity. On each Figure, frictional pressure gradient is
plotted versus reduced pressure. The colour intensity of each marker corresponds to the
colour scale on the right side of each picture.

Also a classical graph of vapour quality vs. frictional pressure drop is depicted under the
same conditions of saturation temperature for all refrigerants tested. Each point is
plotted with its uncertainty values on Fig. 6.10.

Frictional pressure drop of the fluids tested is plotted vs. average vapour quality values.

Frictional pressure drop increases with increasing values of vapour quality and mass
velocities.

6.2.1 Pressure drop measurements of R134a

In this paragraph, experimental pressure drop measurements are presented for R134a.
The mass velocities studied correspond with 235, 475, 710 and 945 kg m™s™ at
saturation temperature values of 30, 35, 40, 45, 50, and 55 °C.
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Figure 6.6. R134a frictional pressure gradient.
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6.2.2 Pressure drop measurements of R1234yf

In this section R1234yf experimental pressure drop measurements are presented. The
mass velocities studied correspond with 350, 475, 590, 710, 810 and 945 kg m?Zs! at
saturation temperature values of 30, 35, 40, 45, 50, and 55 °C.
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Figure 6.7. R1234yf frictional pressure gradient.

6.2.3 Pressure drop measurements of R290

In the following lines R290 experimental pressure drop measurements are presented.
The mass velocities studied correspond with 175, 240, 300 and 350 kg m™s™ at
saturation temperature values of 30, 35, 40, 45, 50, and 55 °C.
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Figure 6.8. R290 frictional pressure gradient.

6.2.4 Pressure drop measurements of R32

In this last section R32 experimental pressure drop measurements are presented. The
mass velocities studied correspond with 350, 475, 600, 710, 795 and 825 kg m?s! at
saturation temperature values of 30, 35, 40, 45, 50, and 55 °C.

113



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

x 10° R32
14 - ; . - : - Vapour
?& A G=350kgm 25
. O G=475kgm 2" 0
In _ -2 -1
* O G=600kgm “s
* -2_~1 08
. 2 O G=710kgm “s
E 101 * % G=795kgm 2" | 0.7
E g = gm ‘s .
% : * * G=825kgm %
S L * | 0.6
gore 43
5 % “ E 105
2 & g % § *
3 I -
9 o ¥ = 104
] o
5 g % * 0
g 47 % g é ¢ * | '
L E %
- 10.2
2t A - § é y 0
% 2 % £ 0 b L 0.1
P s -

1 1 1 1 1 LiqUId
035 04 045 05 055 06 065 0.7
Reduced pressure [-]

Figure 6.9. R32 frictional pressure gradient.

6.2.5 Pressure drop fluid comparison

In this section the fluid behaviour of each one of the four fluids tested is discussed
based on frictional pressure drop measurements.

Firstly, R134a, R1234yf and R32 are plotted for a same value of mass velocity at the
saturation temperature of 40 °C on Fig. 6.10. Propane data is not depicted in this latter
figure because the maximum mass velocity tested was 350 kg m™s™". Frictional pressure
drop is depicted for each fluid. Under similar conditions, R134a has higher frictional
pressure drop than R1234yf and this latter higher than R32. These differences became
smaller as vapour quality decreases.

Because of the limitation of the installation, mass velocities lower than 350 kg m™s™
was not performed. So Fig. 6.11 plots the comparison of all tested fluids at this reduced
value of mass velocity. On Fig. 6.11 the reader can observe that the previous tendency
captured at higher mass velocities on Fig. 6.10 is kept. Interesting information must be
pointed out; under similar conditions the frictional pressure drop of propane is much
higher than the rest of refrigerants. This is a quite impressive behaviour because some
authors explain these differences in their tendencies by the values of the fluid reduced
pressure [2] but Fig. 6.11 is not explained by looking at reduced pressure vales of Table
6.1. This explanation may be valid if fluids have similar thermo physical properties. In
this case, propane is a bit strange because it density is less than half of R134a and there
are also big differences in dynamic viscosity.
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Figure 6.10. Frictional pressure gradient comparison at G = 810 kg m™s™.

A valid explanation can be reached observing Fig. 6.12 and 6.13. On Fig. 6.12 the
reader can observe liquid and vapour pressure drop plotted versus vapour quality.
Liquid phase pressure drop is depicted with squares and vapour phase with diamonds.
The fluid conditions are the same as shown in Fig. 6.11. The four fluids liquid and
vapour pressure drops are plotted at mass velocity of 350 kg m™s™'. On that figure the
reader can see how liquid and vapour frictional pressure drop of propane are the highest
compared with the rest of fluids. It must be pointed that liquid pressure drop is about
one tenth of vapour phase pressure drop.

Fig. 6.13 plots Zivi's void fraction versus vapour quality. Looking at this figure, the
reader can observe that at vapour quality values higher than 0.4 around 80% of the tube
is occupied by vapour phase. At this value of vapour quality, liquid and vapour
frictional pressure drops of Fig. 6.11 reach approximately the same value. At higher
values of this crossing value of vapour quality, vapour pressure drop is dominant and
rules over frictional pressure drop being rejected liquid pressure drop to a second place.

At null values of vapour quality, propane liquid pressure drop is also highest. This
effect may be explained because of it low value of fluid density and viscosity that leads

to higher values of Reynolds number and thus to frictional pressure drops.

The ranges of uncertainty values of the experimentally measured values and the
proceeding followed to their calculation are provided in Chapter 4.
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Figure 6.11. Frictional pressure gradient comparison at G = 350 kg m™s™
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Figure 6.12. Frictional pressure gradient comparison at G = 350 kg m™s™
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Figure 6.13. Void fraction comparison.

Measurements of frictional pressure drop during two-phase flow in condensation have
been performed at 350 kg m™s” to compare the behaviour of the four fluids. R32
performs the best followed by R1234yf, R134a and R290. This order is imposed by
fluid properties such as density and viscosity both included in Reynolds number. So
lower vapour viscosities lead higher Reynolds number and thus higher frictional
pressure drop.

6.3 CONCLUSIONS

Several condensation experiments have been carried out in a horizontal mini-channel
multi-port tube with an inner hydraulic diameter of 1.16 mm at mass velocities ranging
of 150 to 945 kg m?s” and saturation temperatures of 30, 35, 40, 45 and 50 °C using
different refrigerants such as R134a, R1234y, R32 and R290. Experimental
measurements of two-phase flow pressure drop and heat transfer coefficient were
recorded during the experimental campaign.

Experimental measurements have been compared between them although not all the
refrigerants can be compared with the others. Only R134a and R1234yf can be
compared directly, in addition R1234yf is one of the potential substitutes of R134a. R22
and R290 can be compared but no experimental data of R22 in multiport tubes was
found in the literature. Also, R32 and R410A can directly being compared but this latter
refrigerant has not been tested experimentally yet.

117



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

Experimental data analysis suggests that R134a has higher heat transfer coefficient than
its potential substitute R1234yf. R1234yf displays lower heat transfer coefficients than
R134a at the same operating conditions, with heat transfer penalisation from 5 % at low
mass flux and vapour quality values up to 25% at high values of both variables. R290
presents good heat transfer coefficient values even at low mass velocities; R32 heat
transfer coefficient values are similar to those recorded with R134a.

The heat transfer coefficient behaviour recorded is similar to the theoretical expected.
Heat transfer coefficient increase with increasing mass velocity and vapour quality
values and decreasing values of saturation pressure.

Regarding to frictional pressure drop measurements, R32 performs the best. After that,
R1234yf performs slightly better than R134a, since the pressure drop is by 5-7 % lower.
Similar conclusion can be found in [2]. Lastly, R290 has the highest frictional pressure
drop of all fluids tested.

Frictional pressure drop differences are explained in [3] by reduced pressure differences
but this explanation is not valid in the case of R290 because of the high differences of
density and viscosity. The frictional pressure drop of the four fluids is correctly
explained by density and viscosity values of them.

In all cases, frictional pressure drop values increase with increasing values of mass
velocity and vapour quality and decreasing values of reduced pressure. Frictional
pressure drop under similar conditions have also been discussed.

The experimental heat transfer coefficient has been compared with several heat transfer
coefficient correlations (Chapter 7).
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CHAPTER 7: Correlations comparison

In the following chapter the experimental data is compared against available models in
the open literature. The comparison section is divided into two parts. The first part
compares the frictional pressure drop data versus different author models. In the second
part, the same procedure is used to compare heat transfer coefficient data.

The quantity of HTC experimental data is nine times higher than pressure drop
measurements because HTC is measured locally at nine positions along the test section
while pressure drop measurements consider the average value over the entire tube.

7.1 HEAT TRANSFER COEFFICIENT

In this section experimental values of heat transfer coefficient are predicted by means of
the correlations presented in Chapter 3. The experimental data are plotted sorted by
author models and also by model type (macro or mini-channels). In each Figure, the
prediction of local heat transfer coefficient for each model for the four different fluids is
plotted. These figures are also plotted in double-logarithmic axes so the reader can
appreciate better small differences in heat transfer coefficient tendencies. Table 7.1
summarises mean absolute relative deviations “MARD” and mean relative deviations
“MRD” at the end of this section.

7.1.1 Models developed for macro-channels

The following models were developed specifically for macro-channels heat transfer
coefficient prediction.

7.1.1.1. Dobson & Chato. [1]

Dobson and Chato model is the first one analysed. This model was developed by the
authors to predict HTC values. Dobson and Chato proposed a vast improvement of the
Chato [2] correlation that includes both a stratified-wavy flow method with film
condensation from the top towards the bottom of the tube and an annular flow
correlation. The model clearly overestimates HTC over the whole range studied (Figure
7.1).
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Figure 7.1. Dobson & Chato prediction

7.1.1.2. Haraguchi et al. [3]

Haraguchi et al. model was developed for condensation heat transfer coefficient
prediction in smooth tubes. The model obtained a good agreement with many
experimental results. The author studied the heat transfer coefficient and pressure drop
during condensation using R22, R134a and R123 in an 8.4 mm hydraulic diameter
horizontal smooth tube. On the basis of the turbulent liquid film theory (Travis et al,
[4]) and Nusselt's theory; they proposed an empirical asymptotic equation with the
power of 2 for predicting the local Nusselt number. This model takes into account free
and forced convection. The discrepancy between predicted and experimental data may
be explained by the important differences between the diameter studied by the authors
and that studied in the present study. Other, fluids/refrigerants different from those
mentioned above with also different thermo-physical properties may be responsible for
differences shown in Figure 7.2.

120



Chapter 7: Correlations comparison

Log,,(Mod. HTC) (W m? K"}

Log, ((Mod. HTC) W m2 K}

4.6

44f

4.2

3.8F

3.6F

3.4

3.2

4.6

44f

4.2

B Ri134a

. J
+20% / /
ey

m B /
[ ]
ol vd
:. 2 / 20%
/
/ /
/ /
VA
3 32 32 36 38 s 22
Log, o(Exp. HTC) W m2 K]
w R290‘
/
/
o
3 32 32 36 38 p 22

Log, ,(Exp. HTC) [W m2K"]

Log, o(Mod. HTC) [W m2 K]

Log, o(Mod. HTC) W mZ K]

461

4.4t

421

3.81

3.6

3.4+

3.2+

461

44t

421

3.8

3.6

3.4r

3.2¢

¢ R32

. . . . . . . .
32 34 36 38 4 42 44 46
Log, ((Exp. HTC) [W m2 K™}
& R1234yf /
. . . . . . . .
3 32 34 36 38 4 42 44 46

Log,,(Exp. HTC) [W m2K"

Figure 7.2. Haraguchi et al. prediction.

7.1.1.3. Akers et al. [5]

Akers et al. developed a two-phase multiplier-based correlation that became known as
the “equivalent Reynolds number” model. This model defines the all-liquid mass flow
rate that provides the same heat transfer coefficient as an annular condensing flow. The
refrigerants tested were R12, propane and methanol in annular flow.

Figure 7.3 shows that Akers et al. model tendency does not fit to experimental data.
This model underestimates HTC at low mass velocities and overestimates measured
data at high mass velocities.
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Figure 7.3. Akers et al. prediction.

7.1.2 Models developed for mini-channels

The following models were especially developed for mini-channels because of the
increase of importance of shear stress.

7.1.2.1 Koyama et al. [6]

Koyama et al. model was developed in 2003 with multi-port mini-channel tubes of
around 1 mm diameter and R134a. Their condensation heat transfer coefficient in terms
of Nusselt number is expressed as a combination of forced convection condensation and
gravity controlled convection condensation terms. Since the tube is in horizontal
configuration the term that represents gravity controlled convection is null.

For the data obtained in this work, the model correctly estimates experimental HTC

values with low deviation values as shown in Figure 7.4. Differences are more
noticeable at low vapour quality values and mass velocities.
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Figure 7.4. Koyama et al. prediction.

7.1.2.2. Webb et al. [7]

The model published by Webb et al. was developed with experimental measurements of
R134a in multi-port mini-channel tubes with hydraulic diameters in the range 0.44 to
1.53 mm. Figure 7.4 shows a clear overestimation of experimental data at high mass
velocities and vapour quality values which may be explained by the differences between
the tubes. These authors also used tubes with micro-fins at the refrigerants side which
may affect HTC.
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Figure 7.5. Webb et al. prediction.

7.1.2.3. Cavallini et al. [8]

4.4

The results presented in Figure 7.6 show that HTC model developed by Cavallini et al.
overestimates the experimental measurements of HTC obtained for R32 and R290. The
prediction of R134a and R1234yf are more accurate instead. As was presented in
Chapter 3, this model depends on frictional pressure drop calculation. The frictional
pressure drop model that this HTC model uses agrees quite well with the experimental
results as is presented in the following section after HTC models discussion. A
discrepancy of pressure drop evaluation would surely affect fluid thermo-physical
properties, so the HTC predictions could not be as accurate as desired.
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Figure 7.6. Cavallini et al. prediction.

7.1.2.4. Wang et al. [9]

Figure 7.7 shows that Wang et al. model slightly underestimates the experimental
values of HTC at low mass velocities and vapour qualities and overestimates high heat
transfer coefficients which correspond to higher values of mass velocities and vapour
qualities. This model was developed with R134a as working fluid and for similar tubes

to the tubes experimentally tested.
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Figure 7.7. Wang et al. prediction.

7.1.2.5. Bandhauer et al. [10]

Bandhauer and Garimella model uses the correlation of Garimella et al. [11] for
frictional pressure drop calculation. The underestimation of pressure drop at high values
of frictional pressure gradient shown below may lead this model to overestimate HTC at
high mass velocities. As commented previously, the discrepancies of pressure drop
evaluation surely affects fluid thermo-physical properties, so the HTC predictions are
not as accurate as desired (Figure 7.8).

The prediction for R32 is not as good as in the rest of fluids. This can be explained by
the high different fluid properties of this fluid compared to those used for the model
development.
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Figure 7.8. Bandhauer et al. prediction.

Table 7.1 shows the MARD and MRD values corresponding to the model considered

above. They are provided for fluid separately and for the entire collection of
experimental measurements.

The results show that there is no model able to predict experimental measurements for
all the fluids, most of the models fail predicting one or two of them. Therefore a new
adjustment proposal to a widely used HTC model is proposed in the following Chapter.

127



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

e

6'S¢€ L€l T8l L$'89 6'0C €'€T A 901 9%°89 €1 o 1onEYpUE
9°0C €0C 681 980T 8°LT 8- SEl- 66" S'S L'L- e Suep
. . . . . . . . . . Te
9L Tyl 33 6'€8 1'sT VLT 1€ L8'9 ¥$9 101 o runEAT)
9'LE 8TS1 T 0.9 9T 1€ 'L 4 699 €01 e QM
79l cu L'Ll 191 681 Tol- ¢ Syl 011~ 60- 18210 ewekoy]
L1¢g '€ T T6C ¥'9¢ 651" 35 1€ 6511 ¢ e R SIY
. . . . . . . . . . T
€57 8°LLI 1'191 TLTE 6191 €57 8°LLI 1'191 TLTE 6L91 5 onSerey
. ) ) ) . . ) . . . )
'8 616 $'sS L'8¥1 S'6 188 616 6%S L'8¥1 99°Lt 2 10540
SpII IV JApecid 06Cd < epeld SpMANY  JApecid 062d d BEL oo noqny
QIVIN @IN

‘S[opow uondIpaId JUdIOFO00 IoJsue) Jeay 10J sanjeA (YN PUe QIVIA "T°L3IqeL

128



Chapter 7: Correlations comparison

7.2 FRICTIONAL PRESSURE DROP

In this section the experimental frictional pressure drop measurements are compared
with the results provided by some correlations presented in Chapter 3 under the same
tested conditions. The correlations studied in this section are widely used to predict
frictional pressure drop in macro and mini-channels. The correlations used in this
section are the following: the Homogeneous model, Fridel [12], Miiller-Steinhagen and
Heck [13], Souza and Pimenta [14], Sun and Mishima [15], Zhang and Webb [16],
Garimella et al. [17], Mishima and Hibiki [18], Cavallini et al. [19] and Kim and
Mudawar [20] models.

Some of these correlations were developed to be used in macro-channels but can also be
used to predict frictional pressure drop in reduced section tubes, other correlations cited
in the following lines were developed specifically to be used in mini-channels. The
experimental data are plotted sorted by author models and also by model type (macro or
mini-channels). In each Figure, the prediction of each model for the four different fluids
is depicted. The model comparisons are depicted in double logarithmic axis with
measured values in X axis and predicted values in Y axis. A summarising table (Table
7.2) with mean absolute relative deviations “MARD” and mean relative deviations
“MRD” is included after model comparison figures.

7.2.1 Models developed for macro-channels

In the following lines experimental frictional pressure drop is compared with several
models developed for macro-channels. These models were originally developed to be
used with macro-channels but several authors have reported the ability of these models
to be used in mini-channel pressure drop prediction accurately. Some classical
correlations are discussed below.

7.2.1.1 Homogeneous model

The homogeneous model considers the two-phase flow mixture as a single phase with
mixture fluid properties in the tube. The behaviour of this model changes depending on
the mixture fluid properties model considered. Quite high differences can be obtained
with the different models proposed for two-phase flow viscosity. The model used for
the evaluation of viscosity in the data represented in Fig. 7.9 corresponds to McAdams
model. The homogeneous model captures the right tendency of all data but
underestimates the measured values.
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Figure 7.9. Homogeneous model prediction.

7.2.1.2 Friedel [12]

Friedel is the second model developed for macro-channels considered on this study.
This model was adjusted from a database of 25000 experiments. The model takes into
account the effects of gravity and surface tension. Friedel takes into account for this
model different effects such as: surface tension to consider the forces relationship
between bulk and surface of the liquid; Reynolds numbers of vapour and liquid phase to
include the inertial to viscous forces of the fluid in relative motion to the surface; the
ratios of viscous and density of both phases are also taken into account in order to
capture how different vapour and liquid phases are. Other variables are also considered
such as vapour quality, mass velocity and tube diameter.

As the previous model, Friedel model also captures the tendency of the data but
overestimates pressure gradient measurements (Figure 7.10). It may overestimate the
experimental measurements because the diameter range it was developed for tubes
higher than 4 mm and the behaviour of fluid dynamics in much lower diameter is not
sharply predicted.
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Figure 7.10. Friedel model prediction

7.2.1.3 Miiller-Steinhagen and Heck [13]

Miiller-Steinhagen and Heck model is essentially an empirical two-phase interpolation
between all liquid and all vapour flow pressure drop. This model is able to predict with
high accuracy the lowest values of frictional pressure drop. The authors observed that
two-phase frictional pressure drop increases linearly until a value of quality around 0.7
then pressure drop decreases. This model does not consider the influence of the most
common dimensionless groups used in other models to calculate two-phase frictional
pressure drop. This latter point is very interesting if it is necessary to compare different
refrigerants but it is possible to lose the refrigerant’s properties effect on the pressure
drop.

As is shown in Figure 7.11, this model tends to overestimate experimental
measurements at high pressure gradient values. This is more accurate than Friedel's one
and this may be explained by the higher variety of fluids tested to obtain the correlation,
much of them refrigerants.
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Figure 7.11. Miiller-Steinhagen & Heck model prediction.

7.2.1.4 Souza and Pimenta [14]

The model of Souza and Pimienta correlates the Lockhart-Martinelli parameter and
fluid physical properties to the liquid only two-phase flow multiplier. This model
considers the ratios of liquid to vapour viscosities and densities to capture how different
vapour and liquid phases are.

The model was derived by adjusting data from pure refrigerants (R-12, R22, and R134a)
and mixtures (MP-39, R-32/125) and tube diameters of 7.75 and 10.92 mm in the range
of saturation temperatures from -20 to 15°C.

Experimental data prediction is accurate enough and tendency is correctly captured but

the prediction given by this model is a bit more dispersed than previous models (Figure
7.12).
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Figure 7.12. Souza and Pimenta model prediction.

7.2.2 Models developed for mini-channels

Several models have been developed to be used in mini-channels in the last decade due
to the incorporation of mini-channels to industrial equipment. The different conditions
for each model development are briefly described below. The prediction of each plotted
model is also commented.

7.2.2.1. Sun and Mishima. [15]

Sun and Mishima model is based on 2092 experimental data points of R123, R134a,
R22, R236ea, R245fa, R404A, R407C, R410A, R507, CO,, water and air in 0.506-12
mm tubes. The model is enough accurate to predict experimental data. This behaviour
may be explained thanks to the huge variety of refrigerants and conditions tested and the
big range of diameters considered. The results represented in Figure 7.13 show that the
predictions of this model are quite sharp and very small deviations can be observed.

133



Characterisation of heat transfer and pressure drop in condensation processes within mini-channel tubes with last generation of refrigerant fluids

Logm(Mod. pressure gradient) [Pa m'1]

Log, (Mod. pressure gradient) [Pa m]

5.4

5.2

o

4.8

4.6

44

4.2

3.8

3.6

4 3.6 3.8
Logm(Exp. pressure gradient) [Pa m'1]
54 T T T T
m  R290
5.2 +20% / / ]
5+ / / 4
48} / /
46 / 20%
44}
/

4.2

r =
3.8 Q/ D/
3.6 /6

B Ri134a

o
7, |

-20%

Logw(Exp. pressure gradient) [Pa m'1]

4 42 44 46 48 5 52 5.

4 42 44 46 48 5 52 54

Logm(Mod. pressure gradient) [Pa m'1]

Log1O(M0d. pressure gradient) [Pa m'1]

5.4

5.2

4.8

4.6

44

4.2

3.8

3.6

5.4

5.2

4.8

4.6

44

4.2

3.8

3.6

¢ R32 ‘ ‘ ‘
+20% / / i
/ |
%% 20%
o
° < / '
/ /
-

. . . .
36 38 4 42 44 46 48 5 52 54
Log, o(Exp. pressure gradient) [Pa m™

& R1234yf

+20%/ /
7 |

-20%

. . . .
3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4
Logw(Exp. pressure gradient) [Pa m'1]

Figure 7.13. Sun & Mishima prediction.

7.2.2.2. Zhang and Webb. [16]

Zhang and Webb model was developed for adiabatic two-phase flows of R134a, R22
and R404A in a multiport tube of 2.13 mm and two copper tubes of 6.25 and 3.25 mm.
The results displayed in Figure 7.14 show that this model is also quite accurate with
little overestimations, lower than 30%, at high mass velocities ad vapour qualities. This
model has been widely tested and validated by international researchers.
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Figure 7.14. Zhang & Webb prediction.

7.2.2.3. Garimella et al. [17]

Garimella’s model was developed by means of R134a pressure drop measurements for
intermittent flow. The model is based on flow pattern behaviour and different
contributions by bubble size. It is a very accepted model to predict pressure drop. As
shown in Figure 7.15, it overestimates frictional pressure drop at low pressure drop
values and underestimates them at higher values. The predictions of R32 are not very
sharp maybe because of very different fluid properties with its validation fluid. This
model was developed with multi-port mini-channel tubes similar to the tube
experimentally tested on this PhD.
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Figure 7.15. Garimella prediction.

7.2.2.4. Mishima and Hibiki. [18]

Mishima and Hibiki model is based on air-water flows in capillary tubes with inner
diameter in the range from 1 to 4 mm. The model of pressure drop is performed by a
new “C” Chisholm’s parameter as a function of inner diameter. This model is not able
to predict experimental frictional pressure drop data correctly (Figure 7.16). This may
be explained because the “Chisholm” two-phase flow multiplier depends only on the
tube diameter, so no fluid properties can be taken into account. In that way as only one
tube was experimentally tested, similar results were obtained for all refrigerants.
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Figure 7.16. Mishima & Hibiki prediction.

7.2.2.5. Cavallini et al. [19]

Cavallini et al. model was developed for shear dominated flow regimes inside pipes,
thus, annular, annular-mist and mist flow are well predicted with inner diameter from
0.5 to 3.2 mm for halogenated refrigerants. The results included in Figure 7.17 indicate
that this is very accurate at high frictional pressure drop gradients but as mass velocity
or vapour quality decreases, this model trends to overestimate pressure drop values. The
maximum underestimation is around 20 %. The underestimation is a bit higher for the
high pressure refrigerant, R32.

This model is based on liquid only two-phase flow multiplier models. The authors
presented a new correlation for a two-phase flow multiplier for dimensionless gas
velocities higher than 2.35. This multiplier uses the entrainment ratio of Paleev and
Filipovic to consider the liquid bubbles that can be introduced in the tube. Since the
dimensionless gas velocity higher than 2.35 usually correspond with annular or
intermittent flow, this model also considers the gas core density in calculations. Other
common relations such as gas to liquid density and viscosity ratios are introduced to
evaluate the differences of liquid and vapour phase. Reduced pressure considers the
variation of fluid properties with saturation temperature. Surface tension and all liquid
friction factors are also introduced.
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Figure 7.17. Cavallini et al.

7.2.2.6. Kim and Mudawar. [20]
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(2009) prediction.

Kim and Mudawar model is based on 7115 frictional pressure gradient data from 36
sources with 17 different fluids and diameters in the range from 0.0695 to 6.22 mm.
Their model is accurate enough but trends to overestimate predictions at low frictional
pressure drop values which correspond to low mass velocities and vapour qualities
(Figure 7.18). At higher values the prediction matches with experimental values with
differences lower than 20%.
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Figure 7.18. Kim & Mudawar prediction.

In Table 7.2, the MARD and MRD values for each model depending on the fluid and
for the entire collection of experimental measurements are shown.
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7.3 CONCLUSIONS

In this chapter the prediction of the experimental measured values is presented with
several models available in the literature. Several models correctly predict experimental
values of HTC, most of them developed to be used in mini-channels. The experimental
pressure drop is predicted accurately by more authors compared with HTC data. Some
classical models do not fail in excess predicting experimental measurements of pressure

drop.

Looking at the tables of deviations presented in this chapter, the best predicting models
for our experimental data are Koyama et al for heat transfer coefficient and Sun and
Mishima for pressure drop.
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CHAPTER 8: Experimental Correlation and Correction Factor

In this chapter the experimental results are correlated to develop two models able to
predict heat transfer coefficient and frictional pressure drop. The experimental data used
in this task was obtained in the experimental installation built to do this PhD. thesis.
Two different adjustments were made. The model for heat transfer coefficient was
developed based on a previous existing model developed by Koyama et al. Updated
coefficients were proposed to the previous model [1] developed by the author of this
PhD thesis to predict frictional pressure drop inside mini-channel tubes in condensation
tests.

8.1 TWO-PHASE FLOW HEAT TRANSFER COEFFICIENT
MODEL ADJUSTMENT

As mentioned above, Koyama et al. correlation for condensation for heat transfer was
derived in terms of Nusselt number. This is expressed as acombination of forced
convection condensation and gravity controlled convection condensation terms. In what
follows, the empirical constants of this model are optimised considering the new data
obtained in the framework on this thesis:

Nu = /NulzF + NuZ (8.1

where

D
Nu = % (8.2)

The original forced condensation term is expressed as:
— 1.37 & 0.7 83
Nug = 0.0112Pr; ¥ Re; (3.3)

Here, the two-phase multiplier factor is that of Mishima and Hibiki modified by
Koyama et al.:

0.17
Pg = \/1 +13.17 <%> (1 — e 06VBo)X + X2 (8.4)
g

where Bo 1s defined as:
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_ D%g(p— py)
- o

Bo (8.5)

and the Lockhart-Martinelli parameter as:

(57w

The liquid Reynolds number is given by:

Re, = W (8.7)

The gravity controlled convection, Nug is equal to zero because of horizontal
configuration of the tube tested.

The forced condensation terms considered for optimisation is expressed in eq. 8.8.

Cc

Nugp = a Prp (%) Ref (8.8)

where a, b, ¢ and d are the constants considered in the process of best fitting.

The new model adjustment is presented in eq. 8.9.

¢ 0.8121
Nugp = 0.05997Pr!2235 (79) Re 8684 (8.9)

Finally, in Fig. 8.1 experimental vs. Predicted HTC data graph is plotted for each
refrigerant with the new adjustment. The model adjustment is able to predict the HTC
data of R1234yf with a MARD of 11.7 % and MRD of -6.5 %. The MARD value for
R134a is 14.7 % and MRD equal to -3.3 %. The model adjustment parameters show
better prediction values and lower deviation than others compared with. The graphical
results of the present database to this modified method for the horizontal multi-port
mini-channel tube can be seen in Fig. 8.1.
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H R290 +2 & R1234yf +2

41t /0% A 41t /0% A

ul / / | Al / / |
- = .
& 39y z/u e 20% ] X 397 d" "3 20%
§ 3.8 b § 3.8} & X 4
= o @ =
t,f’ 3.7t = L,f’ 3.7 R & ‘.‘
é 3.6 = é 3.6 66 ¢ b *
3 as et 5 Saslt ¢ {3 AL
S S

3.4 / A@E] 0 o # 341 / ‘X

N
3.3/ 3.3/
(5]
32 / . . . . . . . . 32 / . . . . . . . .
32 33 34 35 36 37 38 39 4 41 42 32 33 34 35 36 37 38 39 4 41 42
Log, o(Exp. HTC) W m2 K] Log, ((Exp. HTC) [W m2 K™}

Figure 8.1. Koyama et al. HTC model readjustment.

Table 8.1. HTC MARD and MRD values of HTC model adjustment.

R134a R1234yf R290 R32
MARD 14.7 11.7 12.8 11.1
MRD -3.3 -6.5 -6.9 -1.93

8.2 TWO-PHASE FRICTIONAL PRESSURE GRADIENT MODEL
DEVELOPMENT

A new pressure drop model was also developed during the realisation of this thesis.

As analysed in Chapter 7, all existing correlations show a slight over or under
estimation of frictional pressure drop for condensing flows through mini-channels over
the whole range of reduced pressures.

A correlation for “C” calculation is proposed. It is based on several dimensionless
parameters that take into account the properties of the fluids and the differences
between liquid and vapour phases. The ratio between inertial and viscous forces of the
liquid phase and Martinelli parameter are also considered.

The correlation chosen is of the form

(32),, =91 (), 10

with liquid flow multiplier defined by:
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C
P2 =1+t — (8.11)

dp) G%(1 - x)?

—) =— 8.12
(dZ 1 2Dpliq fl ( )
(dp) . G%x? 013
dz), Zngang .13)

and fiand fjare the single-phase frictional factors calculated by applying the liquid or
gas phase properties and liquid or gas phase mass fluxes respectively to the following
equations.

64

f= 2 for Re < 2000 (8.14)
150.39  152.66\1 2 ®.15)

f =0.25 [log (Re°-98865 " Re )] for Re = 3000 .

f = (1.1525Re + 895) - 1075 for 2000 < Re < 3000 (8.16)

The previous equation for the friction factor in turbulent region (Eq. 8.15) was
confirmed by Fang et al. [2,3] and Brkic [4] to be the very accurate single-phase friction
factor equation flow in smooth tubes.

The equation for the transition zone (Eq. 8.16) was obtained by linear interpolation in
Xu and Fang [5].

The Martinelli parameter, X, can be obtained as:

- @)/,

Equations (8.14 to 8.16) were used for vapour and liquid phase in order to calculate
vapour phase pressure gradient and afterwards the Martinelli parameter.

“C” was adjusted for best fitting experimental data by applying non-linear regression
method to all the data points.

p \~0-984 p 0.0485
C = 0.05947 (p ) Re,*377 (p—’) X 0368 (8.18)
crit g

which makes it valid for the experimental tests developed that cover the following
ranges of variables

Vapour quality: x = 0.083 — 0.8936

Martinelli parameter: X =0.05-2.53
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Liquid Reynolds number:  Re; = 528 — 8200
Reduced pressure: Preqd = 0.183 — 0.603

Density ratio: p1/pg = 7.03 —32.92

in a multi-port mini-channel tube with square ports and a hydraulic diameter of
1.16mm.

This equation was developed to minimise the error between the measured values and the
prediction model. It takes into account the following terms: the reduced pressure was
introduced to consider the variation of fluid properties with saturation temperature. The
density ratio evaluates how different liquid and vapour phases are. Liquid Reynolds
number considers the relative importance of inertial to viscous forces in the liquid flow
condition. Finally the dimensionless Martinelli parameter includes the liquid fraction of
the two-phase mixture flow.

Fig. 8.2 depicts the results obtained with new adjustment model. Modelled pressure
gradient is plotted in X axis and experimental pressure gradient is plotted in Y axis. The
new adjustment predicts the 94.20 % of the data in the range of +20% and the 86.00 %
in the range +10%.
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Figure 8.2. New frictional pressure drop model adjustment.
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Table 8.2 shows the MARD and MRD values of the model proposed with the different
fluids experimentally tested.

Table 8.2. HTC MARD and MRD values of frictional pressure drop model

development.
R134a R1234yf R290 R32
MARD 12.3 6.3 9.2 9.4
MRD 2.93 1.2 -3.2 7.1

8.3

CONCLUSIONS

In this chapter two new models have been proposed in order to try to improve the
predicting accuracy of the models analysed in the previous chapter. The frictional
pressure drop model is an update of the model described in [1] trying to improve its
predicting accuracy including a new refrigerant to the database, R290.

Rather than developing an HTC model, a modification of the best predicting model
found was made improving its accuracy to our data. Further investigation must be made
in order to include new refrigerants and geometries to the frictional pressure drop model

and

[1]

[2]

[3]

[4]

[5]
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to develop an HTC model.
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9.1 CONCLUSIONS

At present days the industry is manufacturing more equipment with multiport mini-
channel tubes but using general correlations developed mostly with R134a to predict
HTC and pressure gradient. The numerical models used in commercial software such as
IMSTATrt or EVAP-COND are highly dependent of the correlations programmed. Only
a few publications were found dealing with natural flammable refrigerants such as R290
and R32. According to the state of the art presented, no publication of R290 or R32 was
found in mini-channels multiport tubes, the vast majority of experimental investigation
was made with R134a.

The author of this PhD thesis, aware of that, has measured experimentally two-phase
condensing flows within a mini-channel multi-port tube with several fluids. These fluids
were R134a firstly used to validate the system measurement; R1234yf, a recently
developed refrigerant and potential substitute of R134a; R32, a medium Global
Warming Potential (GWP) flammable refrigerant considered as potential substitute of
R410A, was also experimentally tested. Finally, R290 was tested in the experimental
installation. This latter fluid is a natural hydrocarbon with almost null GWP. This latter
fluid was experimentally measured because its use can be widely extended in
commercial systems due to the charge reduction obtained with compact systems using
mini-channels.

Several condensation experiments have been carried out in a horizontal mini-channel
multi-port tube with an inner hydraulic diameter of 1.16 mm at mass velocities ranging
from 150 to 945 kg m™s™ and saturation temperatures of 30, 35, 40, 45 and 50 °C using
the previously mentioned fluids. Experimental measurements of two-phase flow
pressure gradient and heat transfer coefficient were recorded during the experimental
campaign.

Regarding to what exposed in Chapter 4, it is primal to measure external tube wall
temperature to be able to calculate refrigerant heat transfer coefficient. In that way, with
local heat flux and wall temperatures, local heat transfer coefficients can be calculated
along the test section. Assuming uniform heat flux in condensation test is not realistic
because as the refrigerant condensates, the heat transfer coefficient of the fluid vary and
so water heat transfer coefficient vary too.

The uncertainty of the measurements of interest such as HTC and pressure gradient is a
bit higher because these variables are derived from multiple direct measured variables;
the mathematical calculation process increases the combined uncertainty of them.
Upgrading sensor elements with higher accuracies do not reduce final uncertainties
significantly. The highest HTC uncertainty percentage comes from the uncertainty in
the refrigerant to wall temperature difference measurement.
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Concerning to experimental results, as R1234yf is a potential substitute of R134a, the
fluid characteristics of both fluids are quite similar and these similarities allow
comparing both fluid measurements directly. R410A should be compared with R32 but
no experimental measurements of R410A in mini-channels have been already taken.
R290 is a potential substitute of R22 but, in this case, there are no experimental
measurements of R22 in multi-port mini-channel tubes in the specialised literature.

R134a, R1234yf and R32 densities are quite higher than R290 density. Since in a
positive displacement pump the mass velocity is directly related to the fluid density and
this parameter is substantially lower in the case of R290, mass velocities experimentally
tested in the case of R134a, R1234yf and R32 are noticeably higher than in the case of
R290. Only one value of mass velocity of 350 kg m™s™ was experimentally compared
for all the four fluids. This value corresponds with the higher mass velocity tested for
R290 and the lowest value tested for the rest of fluids. Therefore, the comparison of all
fluids was made at this value of mass velocity.

According to what recorded at 350 kg m™s™, the heat transfer coefficient of all fluids is
similar but there are relatively high differences with respect to frictional pressure
gradient values. Regarding to frictional pressure gradient, the worst refrigerant is R290,
followed by R134a, R1234yf and finally R32. This behaviour is completely explained
by looking at the density and viscosity values of the fluids and consequently to
Reynolds number. Higher Reynolds number lead to higher friction factors and frictional
pressure gradients. The comparison of experimental measurements of R290 at mass
velocities higher than 350 kg m™s’ is impossible due to the limitation of the
installation.

For all the fluids tested, frictional pressure gradient values increase with increasing
values of mass velocity, vapour quality and decreasing values of saturation temperature.

Since R32, R134a and R1234yf have similar density values, all the three fluids have
been tested under a similar mass velocity range. R1234yf is the substitute of R134a in
mobile systems, so they have been directly compared. According to the results obtained,
R1234yf performs slightly better than R134a, since the pressure gradient is by 5-7 %
lower in the whole range of mass velocities tested. These differences are explained by
the differences of density and viscosity. Although R32 is not a substitute of R134a, the
experimental measurements of R410A have not already been developed, so R32 results
have been compared to R134a as reference fluid. As shown in previous Chapters,
frictional pressure gradient of R32 is lower than that obtained for R134a and even lower
than for R1234yf.

About heat transfer coefficient, R134a, R1234yf and R32 were compared at similar
conditions under some restrictions due to uncertainty of measurements. Everything
points that R32 has the highest values of HTC followed by R134a and R1234yf. This
behaviour may be explained by the differences in liquid thermal conductivity between
these three fluids. HTC differences between R134a and R1234yf go from 5 % at low
mass flux and vapour quality values up to 25% at high values of both variables. A
similar analysis is made with R290 at the mass velocity value of 350 kg m™s™'; under
these conditions R290 HTC is similar to R32 HTC. Not high differences were recorded
due to the sensitive variation of HTC at low values of mass velocity.
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The heat transfer coefficient behaviour recorded is similar to the theoretically expected.
HTC increase with increasing mass velocity and vapour quality values and decreasing
values of saturation pressure

Since the flow pattern in mini-channels is almost annular or intermittent, the liquid film
around the gas core in the mini-channel increases the heat transfer in comparison with
other flow patterns. So, higher liquid conductivities lead to higher HTC values in
annular flows.

Regarding to what exposed in Chapter 7, most of the models developed for macro-
channels fail predicting heat transfer coefficient in mini-channel tubes with deviations
higher than 20 % in most cases. The models for macro-channels used to predict
frictional pressure gradient in mini-channels perform better than the macro-channel
models used for heat transfer coefficient prediction. Some classical models do not fail
excessively predicting experimental measurements of pressure drop.

About the models specifically derived to be used in mini-channels, their ability to
predict fluid behaviour depends on the process analysed. On one hand, these models
usually capture the heat transfer coefficient correctly but some of them fail with the
predictions of some very different fluids such as R32 and R290 compared with R134a.
These fluids are pretty different to the most widely used refrigerant, R134a, and since
most of the models for mini-channels were developed for this fluid, the very different
fluid properties may make these models fail. R1234yf fluid properties are quite similar
to R134a so the models predictions are similar in both cases. On the other hand, most of
the models developed for mini-channels that consider fluid properties are able to
correctly predict the experimental values of frictional pressure drop.

The best predicting models for the experimental data presented in this PhD. thesis are
Koyama et al. for heat transfer coefficient and Sun and Mishima for frictional pressure
drop.

Two new models have been proposed to predict frictional pressure drop and heat
transfer coefficient. The frictional pressure drop model is an update of a previously
developed model by the author of this PhD. thesis and co-workers. The update
presented increases the database and includes a new refrigerant, R290.

Rather than developing a new HTC model, a modification of the best predicting model
found was made improving its accuracy to our data. Further investigation must be made
in order to include new refrigerants and geometries to the frictional pressure drop model
and to develop an HTC model.

An important result of the effort made during this PhD can be observed as the

publications and congress to which different communications were sent and accepted
[1-8] and some of them under review process [9].
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9.2 FUTURE WORK

As future work several recommendations must be made to continue researching in this
area. First of all, refrigerants such as R410A and L41, Honeywell substitute for R410A
should be experimentally tested and compared with the already tested R32. The
comparison of L41 and R32 should be an interesting comparison because R32 is another
potential substitute of R410A. Secondly, different tube geometries must be
experimentally tested with the refrigerants already tested in this PhD thesis and the
recommended L41 or R410A.

Further research must be done in that field because only with the effort of the whole
community of researching groups and companies, the humanity can lead to a greener
future with lower energy consumption systems and environmentally neutral to the ozone
layer.
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