CHAPTER 1

INTRODUCTION

1.1 MICRO- AND MINICHANNEL HEAT TRANSFER

Nowadays the need for energy increases with developing technologies. The
careful use of energy sources and efficiency issues in the transport of energy
become more important issues. Heat transfer, being one of the major subjects in
the area of energy, appears in our daily life and industrial applications frequently.
One of the most common areas, in which heat transfer takes place, is cooling; in
both industrial applications and household devices, such as refrigerators and air
conditioners. For example, it is estimated that the energy consumption by
refrigerators was approximately 13.7% in 2001 of the total domestic energy
consumption in the USA [1]. In cooling systems and especially in refrigerators,
evaporators with pipes are used. Evaporators in conventional refrigerators are
produced by wrapping around a shell, which has a rectangular cross-section and
formed by bending metal plates, with pipes. Heat transfer occurs with the help of

natural convection.

Microtube and microchannel applications have started being used in many
industries because of their compactness and the higher heat transfer coefficients
they provide. Developments in manufacturing techniques cause microchannel
applications to be applied in different sectors. In recent years, especially in heat
exchangers used in automotive and air conditioner technology, microchannel
applications appear more frequently. In automotive and air conditioner systems,
mass flow rates are quite high. As a result, distributors and collectors are needed
for a uniform distribution of the fluid used. In literature there are many studies on

the design of distributors and collectors for microchannel applications. In



refrigerators, on the other hand, mass flow rates are much less than those in
industrial cooling and air conditioning systems. Therefore, to prepare
microchannel heat exchangers for refrigerators, there is no need to design a
distributor or a collector; microchannels can be used in conventional and no-frost

refrigerators, and evaporators with increased efficiencies can be designed.

Increase in performance of refrigerator cooling cycle provided by means of
microchannel application in refrigerators decreases energy consumption of
refrigerator. If it is thought that 2 million refrigerators are sold domestically, in the
case of decrease in energy consumption about 10% with the help of
microchannel application in aforementioned refrigerators annual average energy
saving would be about 100 million kWh. This provides a saving about 0.63% of
energy production of Keban Dam which generated 6.3 billion kWh [2]. Due to
microchannel applications decrease in sizes of evaporators used provides an
important increase in volume in refrigerators. Volume increase which is provided
in refrigerators is an indicator increasing rivalry for refrigerator producer firms.
Other than this, works done in this study serve to produce more compact and
economic evaporators. Thus usage of cheaper evaporators having same

efficiencies would be possible.

1.2 LITERATURE REVIEW

The issue of heat transfer in small scales is a relatively new area which attracts
attention of researchers. When sizes are getting smaller, some different
classification methods are suggested for tubes and channels. The most common
method is the one suggested by Kandlikar [3]. In his definition, which classifies
small tubes and channels according to their hydraulic diameters (D)), the
channels having hydraulic diameters larger than 3 mm are conventional (macro)
channels, the ones with hydraulic diameters between 3 mm and 200 em are
called as minichannels, and if their hydraulic diameters are between 200 em and
10 em, they are called as microchannel
the most common definition used to classify tubes and channels, it is known that
there are also different definitions used for the same purpose and in some

studies in literature and especially in industry there is a tendency to call the
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channels in small sizes as microchannels. In this study, channel classification is
made according to the Kandl i k ar 6 s Whiiefmeniidning the rstudies which
information is given about here, the channel categorizations made by the authors

were not changed for the channels.

In the last 30 years many researches have been carried about the heat transfer
in micro- and minichannels. The studies started with the purpose of CPU cooling
in computers. The results of these studies led to many researches on this issue
and heat transfer subject in micro- and minichannel has become quite
widespread. Many studies were made on this issue by investigating micro- and
minichannels for different flow conditions, fluid types, channel geometries and
boundary conditions applied on them in terms of heat transfer coefficient and
pressure drop. The study on cooling a chip exposed to high heat fluxes, up to
790 W/cm? with silicon wafer microchannel including laminar water flow, made by
Tuckerman and Pease [4] in 1981 became the pioneer of the next studies on this
area. In this study despite so high heat flux, the temperature of the chip could be
kept under 110eC. Wi t h smhah scale channeldfor heetmp or t anc
removal applications was showed up clearly. The article published by Kew and
Cornwell [5] in 1997 showed that the correlations proposed until that year for the
prediction of boiling heat transfer in the channels did not estimate the results in
the channels having smaller diameters well by making flow boiling experiments
with R141b in 500 mm long tubes whose diameters were 1.39 and 3.69 mm.
Their study exhibited the need of more research on flow boiling heat transfer in
narrow channels. Recently many important studies made with small scale
channels are in the literature. Some of the investigated studies are presented in

this section.

In 1998, Yan and Lin [6] conducted some experiments with R134a in a circular
pipe whose diameter is 2 mm by using constant heat flux approach on the pipe.
They investigated evaporation heat transfer and pressure drop. The results of the
experiments showed that compared to the results obtained for the pipes with
larger diameters, the pipe having smaller diameter caused 30-80% higher
evaporation heat transfer coefficients and also it was observed that in the small

pipe higher pressure drop occurs for the same amount of mass flux and heat flux
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increases. As a result of their experiments they proposed evaporation heat

transfer and friction factor correlations.

Yang and Shieh [7] studied experimentally on two-phase flow patterns for
refrigerant R134a and air-water in the horizontally placed tubes having inner
diameters of 1.0, 2.0 and 3.0 mm. Flow regime transitions were very sharp and
clear in the experiments for R134a while not for water-air mixture. The results of
the experiments with air-water were consistent with the correlations in the
literature and transition slug to annular flow occurs depending on air mass
velocity but not water mass velocity as stated in the literature. On the other hand
the experiments made with R134a showed that in the smaller tube the transition
from bubble to slug flow is affected by the refrigerant properties. Additionally,
R134a flow caused bubble flow later than air-water flow due to its lower surface
tension property. None of the flow patterns examined for comparison in the
literature was not in a good consistency with the flows occurring in small tubes for
both fluids.

For the purpose of investigation of thermohydrodynamic properties of two-phase
capillary flow at the meniscus, two-phase laminar flow was examined for a
heated microchannel by Yarin et al. [8]. Formulation of flow in a heated
microchannel was carried out by using mass, momentum and energy equations
for both phases and also balance conditions at the interphase. The flow problem
in a heated microchannel was solved numerically by them. The authors proposed
the classification of the flow regimes. They exhibited two stable states occurring
because of dominancy of gravity and friction forces for meniscus. Also they
proposed optimum microchannel diameter and length for the specified

paramaters.

Agostini and Bontemps [9] made flow boiling experiments in mini-channels with
refrigerant R134a. The mini-channel used in the experiments was made up of
aluminum and had 11 parallel rectangular channels whose dimensions are 3.28
mm X 1.47 mm. Its hydraulic diameter was 2.01 mm. During the experiments
mass fluxes changed in the range of 90-295 kg/m?s, heat fluxes varied between
6.0 and 31.6 kwW/m? while the working pressures were 405 and 608 kPa. Higher
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heat transfer coefficients were obtained than the recorded ones for the
conventional channels in the literature. Dry-out occurring at higher qualities than
0.4 caused decrease performance. This situation is compatible with the
information about dry-out forming at medium qualities in mini-channels in the
literature. Nucleate boiling was the dominant heat transfer mechanism for the

heat fluxes higher than 14 kW/m? as stated in the study of Tran et al in 1997.

Harirchian and Garimella [10] investigated the effects of channel size, mass flux
and heat flux on microchannel flow boiling regimes by conducting experiments
with Flurinert FC-77. During mass fluxes varied between 225 and 1420 kg/m®s.
The flow boiling regimes (bubbly, slug, churn, wispy-annular, and annular flow)
were observed with the help of high-speed photography. The widths of the six
tested minichannels were between 100 and 5850 >m. Their depths were 400 >m.
Instantaneous heat transfer coefficients could be found by means of visualization.
The dominant heat transfer mechanism was nucleate boiling in the minichannels
having width 400 >m and higher up to very high heat fluxes. In the channels
having width less than 400 >m, lower heat fluxes made bubble nucleation at the
walls suppress. Increase in the channel width caused replacement of bubbly flow
with  slug flow, intermittent churn/wispy-annular flow with intermittent
churn/annular flow. As mass flux increases, the smaller and more elongated
bubbles in the bubbly region, thinner liquid layer thickness in wispy-annular and
annular regimes occurred. Comparison of the flow regimes observed in the
experiments with those the literature showed that the flow regimes developing in
microchannels cannot be estimated well by using the boiling regime predictions

developed for large channels.

Cavalini et al. [11] set up a test apparatus to investigate heat transfer and fluid
flow in single minichannels. In the single phase and flow boiling experiments
R134a and R32 were used in the minitube having an inner diameter of 0.96 mm
and rough surface. All experiments showed the surface roughness affect
pressure losses in the case of turbulent single-phase flow and the two-phase flow
in the minitube. The modals for predicting pressure losses in the single phase

flow through channels gave satisfactory results and pressure drops in two-phase



flow in the minitube were estimated well by using the correlation proposed by

Cavallini et al. with a simple modification.

Consolini and Thome [12] investigated flow boiling heat transfer in the micro-
channels having diameters of 510 and 790 >m for R-134a, R-236fa and R-245fa.
In the experiments mass velocities changed in the range of 300-2000 kg/m?s,
maximum heat flux was 200 kW/m?. The experimental results showed that the
heat transfer coefficients obtained for R-134a and R-236fa were dependent on
heat flux and fluid properties in whole qualities. However the heat transfer
coefficients in the experiments made for R-245fa were independent on heat flux
in high qualities.

In et al. [13] carried out flow boiling experiments in a single circular stainless steel
(Stainless steel 316) micro-channel with an inner diameter of 0.19 mm by using
R123 and R134a. During the experiments heat fluxes were 10, 15 and 20 kW/m?
and mass velocities were 314, 392 and 470 kg/m?s. The vapor qualities occurred
between 0.2 and 0.85. 158 and 208 kPa for R123, 900 and 1100 kPa for R134a
were the saturation pressures. The experiments showed that the heat transfer
coefficients of R123 were depended on mass velocity, heat flux and quality while
the ones of R134a were dependent heat flux and saturation pressure except at
high qualities. These results obtained for R134a is similar with the results of
macro-channels in the literature. Therefore it was concluded that in the heat
transfer for R123 evaporation of thin liquid film around bubbles played a
significant role because of early suppression of nucleate boiling at low qualities,
on the contrary in the heat transfer of R134a, nucleate boiling was the dominant
mechanism till it was suppressed at high qualities then two-phase forced
convection took its place. The correlations used for comparison were not

consistent with the experimental results.

Ong and Thome [14] conducted flow boiling experiments by using R134a, R236fa
and R245fa. The experiments were made in a 1.030 mm stainless steel (AISI
304) channel. In the experiments mass flux were in the range of 200-1600
kg/m?s, heat fluxes were in the range of 2.3-250 kW/m’s while saturation

temperatur e was Th& expdrimemtal resdilts eslibwed that heat

6



transfer coefficients were dependent on heat flux at low qualities while at higher
gualities convective boiling was dominant heat transfer mechanism for all tested
fluids. Among the tested fluids, the highest heat transfer coefficients were
observed for R134a. Heat transfer was dependent on mass flux in the
experiments with R134a and R236fa so it was said that increase in mass flux

causes early inception of annular flow at lower qualities.

Li and Wu [15] proposed a general criterion by evaluating experimental results of
saturated-flow boiling heat transfer in micro/mini-channels for both multi- and
single-channel configurations in the literature. They investigated the respective
accuracies of seven correlations by using the database including 4228 data
points. It was concluded that none of the seven correlations satisfy the
experimental data in wide ranges. The conventional to micro/mini criterion
suggested by the authors were designated in terms of Bond and Reynolds

number.

Kaew-on et al. [16] studied experimentally in a very similar way with the current
study. Two different multiport minichannels were used in two-phase flow
experiments. Firstly a counter flow-in-tube heat exchanger was designed to make
these experiments using R134a flow through inner channel. The material of the
minichannels was aluminum and the shell was constructed from a circular acrylic
tube having a hydraulic diameter of 25.4 mm. One of the minichannels had a
hydraulic diameter of 1.1 mm adiametérqvasport s.
1.2 mm and it had 8 ports. During the experiments mass flux varied between 300
and 800 kg/m?s, heat fluxes which are between 15 and 65 kW/m? occurred in the
saturation pressures changing between 4 and 6 bars. The boiling curves
obtained by using the experimental data showed that nucleate boiling occurs
along the minichannels, so increase in heat flux causes increase in the average
heat transfer coefficients as being independent of mass flux. Also decrease in
channel numbers from 14 to 8 resulted in an increase in the heat transfer
coefficients by 50-70%. The authors showed consistency of the experimental
results by comparing the results with the nine correlations proposed in the
literature. The same authors published another article [17] investigating the

pressure drop properties of the same minichannels. The experiments made for



pressure drop investigation were conducted at mass fluxes between 350 and 980
kg/m?s, heat fluxes between 18 and 80 kW/m?. During the experiments saturation
pressure kept at 4, 5 and 6 bar. Also the inlet quality was 0.05 in the
experiments. According to the results of the experiments, mass flux affects
frictional pressure drop significantly. But compared with mass flux, increase in
pressure drop with increasing heat flux was very slight. Also saturation pressure
increase had a decreasing effect on the frictional pressure drop. The
experimental results were again compared with the nine correlations proposed in
the literature, and three correlations gave the satisfactorily close results to the

experimental results.

Dal | 6 Ol [iL8 coresttucteal la test device providing making flow visualization
of R134a while flowing through the glass tube having a diameter of 4 mm and
placed horizontally. The outer surface of the glass tube was covered by eight
heaters which provided heat fluxes between 200 and 45000 W/m? along 320 mm
length of the tube during the experiments. The experiments were conducted with
mass fluxes between 20 and 122 kg/m?s and saturation temperatures between
20 and 25eC. The experiments were carried o
inside the tube. The experimental results showed that other than the mass flux
and the quality, also bubble coalescence and gravity affect the flow pattern

appearance.

Ali et al. [19] investigated dryout characteristics of two-phase flow with R134a in
vertical circular minichannels. They used minichannels having diameters of 1.22
and 1.70 mm with a length of 220 mm. The fluid flowing through the miichannels
were R134a and during the experiments mass fluxes between 50 and 600 kg/m?s
and saturation temperatures between 27 and
experiments showed that there is a directly proportional relation between dryout
heat flux and mass flux while increase in tube diameter causes decrease in
dryout heat flux. Dryout started in the range of quality of 0.55-0.7 while quality
fully dryout occurred changed with mass flux. Also any effect of system pressure
was not observed. Finally when the experimental results were compared with
some correlations in the literature, except one of the correlations used for

comparison all showed good consistency with the experimental results.

8



Mahmoud et al. [20] made experiments to observe the surface effects on flow
boiling heat transfer characteristics by using R134a in two microtubes. One of the
microtubes was seamless cold drawn stainless steel with an inner diameter of 1.1
mm, another one was welded stainless steel with an inner diameter of 1.16 mm.
Their heated lengths are same and 150 mm. and both of them were placed
vertically. The experiments were made in a system pressure of 8 bars with mass
flux of 300 kg/m®s. At the inlet of the microtubes the fluid was in a sub-cooled
state about 5 K and at the exit it reached up to a quality of 0.9. The experiments
showed that nucleate boiling was the dominant mechanism for heat transfer in
the seamless tube while a clear dominant mechanism was not observed in the
welded tube. It had nucleate boiling only along some short lengths so it was
understood that heat transfer coefficient is not uniform along the welded minitube
although its inner surface seemed too smooth.

Costa-Patry et al. [21] studied on investigation of pressure drop characteristics of
a silicon multi-microchannel evaporator. The evaporator consisted of 135
microchannels having width of 85 >m, height of 560 >m and length of 12.7 mm.
The hydraulic diameter of it was 148 >m. The microchannels were separated by
46 >m wide fins. As working fluids, R236fa and R245fa were used. During the
experiments mass flux varied between 499 and 1100 kg/m?s, variation of heat
flux was from 130 to 1400 kW/m?. 30% of the total pressure drop occurred at the
outlet of the minichannels so they were not neglected. The pressure drop
measurements matched the predicted results by using Cioncolini et al. Pressure
drop measurements showed almost linearly increase with increasing quality
along the microchannels. R245fa had a larger pressure drops because of its
higher density. In the second part of their study Costa-Patry et al. made
experiments on the same evaporator to investigate its heat transfer
specifications. This time there were 35 local heaters and temperatures were
measured in a 5 x 7 array. Heat transfer coefficients occurred in the range of
5000-20000 W/m?K for both fluids. At low heat fluxes heat transfer coefficients
were not dependent on quality. For the heat fluxes higher than 45 kW/m?, the
heat transfer coefficients obtained in the experiments firstly decreased until

bubbles were coalesced, then increased after annular flow region occurred.



Padovan et al. [22] made experiments with a 1400 mm long microfin copper tube

by using R134a and R410A as refrigerant. The microfin tube having inner

diameter of 7.69 mm had 0.23 mm high 60 fins. For the experiments the microfin

tube was placed in a counter flow heat exchanger. During experiments saturation
temperatures were between 30 and 40e¢C, mas s
kg/m?s. Also reduced pressures were measured as between 0.19 and 0.49.

Experimental results showed that when saturation temperatu r e was 30eC
nucleate boiling and convective evaporation had an effect on heat transfer
coefficient but when it was 40eC, nucl eat e
transfer coefficient only at low quality. Heat transfer coefficient increased up to

200 kg/m’s mass flux then showed a decrease. Heat transfer coefficients

obtained for the microfin tube are higher than that in plain tube and dry-out starts

at higher qualities. Also the results showed that mss flux increases cause shifting

dry-out inception to higher qualities. Additionally comparison of the experimental

results showed good compatibility with the results obtained by the correlations in

the literature.

Magqgbool et al. [23] investigated flow boiling heat transfer of ammonia in circular
vertical mini channels which were made up of stainless steel (AISI 316)
experimentally. The 245 mm long mini channels had internal diameters of 1.70
mm and 1.224 mm. Along their total length they were heated. In the experiments
mass fluxes were changed between 100 and 500 kg/m?®s, heat fluxes were
between 15 and 355 kW/m? while saturation temperatures were 23, 33 and 43
e C. The heat transfer coefficients obtained
diameter and in the lower qualities of the mini tube having 1.224 mm diameter
showed independency with mass flux and quality while they were dependent on
heat flux. On the contrary the heat transfer coefficients were dependent on mass
flux and quality and independent on heat flux at the higher qualities of 1.224 mm
mini tube. The heat transfer coefficients were obtained in the experiments of the
mini tube with lower diameter. Also higher heat transfer coefficients were
obtained at higher saturation pressures at lower qualities while saturation
pressure had no effect at higher qualities. In the comparison of the results with
the correlations in the |literature it was o

the most compatible correlation with the experimental results.
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Copetti et al. [24] examined flow boiling of R134a in a horizontal tube having a
inner diameter 2.6 mm experimentally. During the experiments heat flux varied
between 10 and 100 kW/m?, mass flux changed in the range of 240-930 kg/m?s
while saturation temper at obseved theesigndicark
heat flux effect in the heat transfer coefficient in the low qualities and the effect of
mass velocity in the pressure drop. Also the mass flux had an effect in the heat
transfer coefficient at low heat fluxes. The frictional pressure drop increased
together with mass velocity and quality. When the experimental results were
compared with the results obtained from the correlations in the literature, the
correlations of Kandlikar and Balasubramanian were the best fitted ones but the
statistical deviations were very large with respect to the desired accuracy value.

The studies investigated above lead to the conclusions below:

Saturation pressure has a very slight effect on heat transfer in flow boiling.
Although some studies showed some increase in heat transfer coefficient with
increasing saturation pressure, the general opinion on saturation pressure effect
is that it has a negligible effect on heat transfer coefficient in flow boiling.
Moreover in several studies it is mentioned that saturation pressure has an effect

on heat transfer coefficient only at low qualities.

In many studies in the literature it is explained that for microchannels two phase
flows with low qualities has an advantage in terms of heat transfer. But for high
gualities, an increase in quality causes either a continuous increase or an
increase up to a maximum (around a quality in the range of 20-50%), then a
decrease in heat transfer coefficient. It should be considered that the
experimental studies which concluded with this result may have experimental

errors.

Some researchers propose some correlations at the end of their experimental or
numerical studies. These correlations have a big significance in terms of
constituting a database, making comparisons, and leading new researches. The

correlations proposed are valid for their own experimental conditions.
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Some studies emphasize the difficulty of obtaining high qualities.

When compared with liquid flows, it is observed that two-phase flows have higher

pressure drops.

Especially in experimental studies constant heat flux boundary condition is mostly
preferred rather than constant wall temperature boundary condition due to its
easy applicability.

For all the fluids investigated, two-phase flow heat transfer coefficients are higher
than those in single phase flow.

Some other points faced in the literature related to the current study are dry-out
problems, horizontal or vertical placement of the channels, and need of high heat
flux for obtaining high qualities.

1.3 MOTIVATION AND OBJECTIVES

Single phase laminar flow through a circular pipe is well known because it can be
solved analytically. But this situation is not valid for two-phase flow. The studies
in literature show that two-phase flow analyses are focused on numerical and
experimental studies to build up a database and form an infrastructure in this

area.

The main purpose of this study is to determine the most suitable minichannel for
refrigerator applications among the three minichannels with different geometries,
by comparing them experimentally for their two-phase flow heat transfer and
pressure drop performance [25]. This study is a part of the TUBITAK 107M504
Project supported technically by Arcelik Inc. At the end of the project,
determination and suggestion of the most suitable one among the three
minichannels investigated for Argelik Inc. are aimed. The technical drawings of
the cross sectional views of these minichannels drawn in the same scale are
given in Figure 1. The dimensions stated in Figure 1 are millimeters (mm). As it is

seen the second minichannel is the larger channel with respect to the others and
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the third minichannel has a rough inner surface. Respectively, 1%, 2" and 3™

minichannels have 7, 5 and 7 ports.
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Figure 1: Technical drawings of the tested minichannels

In scope of the project, firstly an experimental setup was constructed and two-
phase flow experiments were conducted with a 1.65 mm diameter copper
minitube to verify the experimental setup by comparing its results with ones in
literature before two-phase flow experiments with the minichannels. Construction
of the experimental setup and verification of the setup by two-phase flow

experiments with the minitube were realized by another graduate student,
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Bilgehan Tekin [26]. Some brief information about his study is given in the

following sections.

Literature review given in the previous section shows that the subject of forced
convective heat transfer in two-phase refrigerant flow in micro and minichannels
attract very much attention. However the contradictory and inadequate results
which were come across frequently in these studies bring up the need for more
research in this area. Therefore nowadays experimental, numerical and
theoretical studies in this area are carried on and especially experimental studies
lead numerical and theoretical studies; so for this study experimental studies are

very valuable.

There are two approaches in modeling boundary conditions in experimental
studies on microchannel heat transfer: Constant wall temperature and constant
wall heat flux. Literature analysis shows that especially experimental studies
head towards constant wall heat flux boundary condition predominantly. The
main reason of this is the easiness of providing the constant wall heat flux
boundary condition. On the other hand, the case faced in refrigerators
(evaporators) is closer to a constant wall temperature boundary condition; so

making experimental studies with this boundary condition is needed.

The investigations show that two-phase flow experimental studies were
conducted generally at high refrigerant saturation pressures. The reason of this is
that at room temperature, most refrigerants have high saturation pressures (6-7
bars) and experiments are made at room temperature. On the other hand
refrigerants in refrigerators work at smaller saturation temperatures and

pressures.

Lastly, a big part of the studies made so far were realized with higher flow rates
than the ones used in refrigerators. Thus the results are not able to be used in
the researches intended for refrigerator efficiently. However, in domestic
refrigerators, refrigerant flow rates are about 1 g/s. Thus, making experiments at

low flow rates are also important and necessary.
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The factors summarized above constitute the motivation of the current study and
form its purpose. If it is summarized one more time, the purpose of the current
study is to compare three minichannels having different geometries by making
two-phase flow experiments with the refrigerant (R134a) on the experimental
setup verified by the experiments conducted with the circular minitube before this
study and to determine the most suitable minichannel for use in the evaporators
of the refrigerators by investigating the experimental results in terms of heat

transfer and pressure drop performances.

In the following chapter, the experimental setup which was constructed for two-
phase refrigerant flow tests by Tekin [26], and the modifications and calibrations
made on the set-up for minichannel experiments are explained under the title
AExXper i meumptChdpterSetitted Twohase FIl ow Experi mentso
the procedure followed, conditions, analyses and calculations related with the
two-phase flow experiments conducted with the three minichannels. The
experimental data collected during the two-phase flow experiments for the three
minichannels, the results obtained with the help of the experimental data and
discussions related with the experimental results are examined in Chapter 4.
Finally in Chapter 5, titted A Summar vy , Concl usi ontsethasisd Fut ur e
is concluded by giving a summary, comments on the conclusions and

suggestions for possible future work.
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CHAPTER 2

EXPERIMENTAL SET-UP

Towards the aim of this study two-phase flow experiments with the minichannels
produced by Arcelik Inc. were conducted on the experimental set-up which was
also used in two-phase flow experiments with the minitube before this study.
Before the experiments with minichannels started, the experimental set-up was
modified for the minichannel experiments and some calibrations for some
devices of the set-up were carried out. In this section the previous work made
before this study by Tekin [26] is introduced briefly. Also the modifications and

calibrations which were made after his study are explained.

2.1 PREVIOUS WORK

2.1.1 Experimental Set-up Used in Minitube Experiments

As mentioned in the Introduction part, before two-phase flow experiments with
the minichannels which are wanted to be investigated, an experimental set-up
has been constructed and verification of the set-up has been realized using a
1.65 mm copper minitube by Bilgehan Tekin [26]. In this section the experimental
set-up used for two-phase flow experiments in the copper minitube is explained
briefly. This experimental set-up was used in two-phase flow experiments with

the three minichannels by making some modifications on it.
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2.1.1.1 Equipment

In this study to investigate the minichannels for use in evaporators of
refrigerators, the condition which the evaporators have, constant wall
temperature boundary condition, was tried to apply on the minichannels.
Constant wall boundary condition was provided by using a concentric counter
flow heat exchanger in the test section. Therefore two cycles were used in the
set-up. These cycles are refrigerant (R134a) and water (water + ethylene glycol

mixture) cycles.

To collect data in different experiment conditions, the states of the fluid used in
the cycles are needed to be determined and arranged. So, two refrigerated
circulating baths were used in these two cycles to condition the fluids by setting
their temperatures. The refrigerated cooling bath used in the refrigeration cycle in
the experimental setup is shown in Figure 2. Also in the water cycle the cooling

bath having the same properties were used.

Figure 2: The refrigerated cooling bath used in the refrigerated cycle
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For circulating the fluids in both cycles pumps were used in the set-up. These
pumps provide the constant pressure and almost constant flow rates with very
low oscillations at steady-state conditions. The water pump has a power of 373
Watts and can work with higher flow rates with respect to the refrigerant gear
pump. The micro gear pump in the refrigerant cycle can work with low flow rates
and its working speed can be controlled manually. The pumps used in the

refrigerant and water cycle can be seen in Figure 3 and 4.

/

jeanta

Figure 4: The pump used in the water cycle
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For data analyses and calculations some parameters are needed to be measured
on the system. One of these parameters is flow rate. To determine the flow rate
of the refrigerant, a micro flowmeter was used in the refrigerant cycle. In the
water cycle, two rotameters were used instead of flowmeters because of liquid
flow to arrange and measure the flow rates of the water and ethylene glycol
mixture in the water cycle. The micro flowmeter in the refrigerant cycle is able to
measure relatively low flow rates. The reason of use of this micro flowmeter in
the refrigerant cycle is that to create conditions similar with those in evaporators,
low flow rates are provided during the experiments in the refrigerant cycle. On the
other hand, in water cycle low flow rates are not desirable property to approach
constant wall temperature on the outer surface of the tested channels.

The test section is between the R134a cooling bath and the pre-heater. In the
test section the refrigerant flows through the copper minitube. The test section
includes a counter flow heat exchanger. The copper minitube was placed at the
center of an aluminum shell designed for letting the water and ethylene glycol
mixture flow around the minitube in the counter direction with respect to
refrigerant flow inside the minitube. Around the shell to prevent the heat losses
from the water side to the ambient there was an insulation material. There are
two RTDs at the inlet and the outlet of the test section to know the temperature of
the refrigerant at these points. For investigation of the pressure drop performance
of the copper minitube a differential pressure transducer which measures the
pressure drop between the inlet and exit of the test section was used. In Figure 5

the test section without the insulation material around the shell can be observed.

Just before the test section to determine the quality of the refrigerant, an
electrical resistance heater with a maximum power of 150W was used by
wrapping it around the copper tube before the test section as a pre-heater. Also a
control box was used to control the pre-heater power. This control box was
designed to control the power of the pre-heater manually or automatically. But
due to not having a multiplexer card providing automatic control, during two-
phase flow experiments with the copper minitube the pre-heater was used only
manually. Also, a power transducer was used to take the power inputs from the

pre-heater and to show the power value supplied by the pre-heater on the
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computer. The pre-heater wrapped around the copper tube before the test

section, the pre-heater and the power transducer can be seen in Figure 6.

Figure 5: The test section with the copper minitube without the insulation around
the shell

Figure 6: The pre-heater without the insulation, the control box and the power

transducer
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To determine the properties of the fluids in both cycles in the different sections of
the experimental set-up, temperatures were measured by using RTD (Resistance
Temperature Detector) probes and thermocouples. There were two types of RTD
probes; thinner probe RTDs (having a diameter of 1.8 mm) and thicker probe
RTDs (having a diameter of 2.36 mm). Thinner ones are more sensitive and take
more accurate measurements so they were used in more critical locations on the
set-up. These critical locations are inlet and outlet of the test section in the
refrigerant side and the point near the flowmeter where obtaining fully liquid state
is necessary. Thicker probe RTDs were used at the inlet and outlet of the test
section in the water side and also at the exit of the cooling bath in the refrigerant
cycle. Besides RTD probes, to measure the temperatures from the surfaces at
different locations thermocouples were used. The most critical location which
thermocouples were used on the set-up is the surface of the minitube tested in
the test section. Totally 7 thermocouples were placed on the outer surface of the
minitube to measure the outer surface temperature of the minitube. Moreover
connector plugs were used to prevent shortening the length of the thermocouples

when they were needed to cut to change their location.

Another parameter needed to determine in the system is pressure. Measurement
of the system pressure was made by an identical pressure transducer in the each
cycle. Additionally to determine the pressure drop in the refrigerant side along the

minitube in the test section, a differential pressure transducer was used.

The voltage input needed by the pressure transducers was provided by a DC

Power Supply.

Along the refrigerant cycle, copper tubes having an outside diameter of 1/4
inches (6.35 mm) were used for connecting the devices. The material of these
tubes is copper because it is suitable for use in high pressure and low
temperatures and it is a material not reacting with the refrigerant. Also many
connecting parts were used to provide the transition between the devices and
copper tubes. For water cycle to connect the devices a pneumatic hose being
suitable for working temperature and pressure conditions in water cycle, not

reacting with the fluid passing through it and providing an easy connection
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