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CHAPTER 1: INTRODUCTION

1.1 Background

Many technologies, including the oil and gas, HVAC, energy generation, and
chemical processes rely on innovative techniques to improve system perfoandnce
to reduce or eliminate harm to the environment. One significant area of innovation in
these industries has been the introduction of micro-fluidics and micro-baged hea
exchangers, which can introduce substantial savings in weight and volume of the
devices, leading to saving the high cost of materials and shipping costs as well a
reducing the carbon foot print. The benefits of micro-based heat exchangers and
energy devices have driven researcher to develop a foundation of understanding of
micro-scale transport phenomena, particularly in micro-scale floveadResers have
been studying flows inside micro-channels for over 100 years and they haxaeck
the advantages over conventional tubes and channels; however, microfabrication
technologies at the commercial scale have appeared only in the last couple of
decades. The need for microfabrication technologies was driven by the need for
miniaturization of system components while enhancing the system perforrttaace;
need has increased substantially especially in electronics, mictorsgand micro-
fuel cell and space/aerospace applications. The drive to miniaturizatipsterhs is
redirecting research and development from the macro-scale to thesoateo
Researchers in this field have been reporting some significant outcomeisibspe

multi-phase processes (Bergles, et al. 2003). However, the fundamental



understanding of fluid flow and heat transfer in complex two-phase flow systems is
still far from being well understood.

Existing empirical results of two-phase flows in micro channels aga oft
limited to out dated refrigerants and/or highly uncertain data. To desigrateccur
micro-devices, it is necessary to know the behavior of the fluid flow and values of the
transport parameters as precisely as possible (Bontemps 2005). A considerable
amount of research has been performed on the evaporation phenomena in micro-
channels, but relatively research has been directed on condensation in micro-
channels. One might argue that these two phenomenon are based on similar physics.
However, the fact that in condensation nucleation sites are not present, taisrfact
can cause substantial changes in the physics.

In recent years the phenomenon of condensation in micro-channels has been
investigated by several researchers: J. Thome (2003), S. Garemilla (2003, 2004 and
2005), R. Cavallini (2002), Cohlmen, R. L. Webb (1998), M. Zhang (1999 and 2001),
and Wang et al. (1999 and 2002) to name a few. Some of these researchers have
focused only on the heat transfer aspect of the condensation, while others have
reviewed the pressure drop part of the phenomena, while still others have looked at
both. They have also evaluated different channel sizes and shapes using ageide ran
of fluids. However, only a few have examined condensation in high aspect ratio
micro-channels. In addition, the majority of the studies have been done on multiple

channels where flow mal distributions can occur.



1.2 Objectives of the Present Study

Condenser design using micro-channels requires a great understanding of both

heat transfer coefficient and pressure drop for condensation in micro-channel

Therefore, this study was carried to fulfill these needs. In-litie tivis need, the

current study of the phenomenon in micro-channels was guided by the following

objectives:

1)

2)

3)

4)

5)

Utilizing an innovative fabrication technique the single high-asmpeicto
channel needs to be fabricated such that it meets the requiretvelsjdor
accuracy of the energy balance and heat transfer and pressaype d
coefficients.

Generate experimental comparisons of heat transfer rates and pressure drops
of two-phase flow for two selected refrigerants in a flat plate)esimgcro-

channel condenser with macro-scale correlations of heat transteanate
pressure drop.

Develop correlations of heat transfer and pressure drop coefficients using the
experimental data obtained in this study together with the data obtained in the
literature.

Use two different refrigerants that are commercially availabtbes/orking

fluid to conduct experiments.

Determine whether or not there is any deviation in heat transfer and pressur
drop trends when compared to macro-scale, conventional tubes, and if there is,

quantify it.



6) Through flow visualization experiments provide a better understanding of the
condensation phenomena in the current high-aspect ratio micro channel. This
represented a major undertaking and was the first study of its kind based on

available literature.

1.3 Organization of Dissertation

The thesis is organized into seven chapters. Chapter 1 is a general
introduction. Chapter 2 gives a literature review of single-phase and two-phase
condensation in micro-channels. The experimental setup, fabrication, measarement
and instrumentation, data reduction, experimental procedures, and uncertainty
analysis are the subject matters of Chapter 3. The choice and comparison of the
refrigerants used in this study are also included in Chapter 3, as well acatmhi$
made to the test setup throughout the duration of the investigation to improve the
accuracy of the results.

The results of condensation heat transfer coefficient and pressure drops for
both refrigerants are presented in Chapter 4. Among other findings the results
guantify the effects of mass flux, saturation temperature, and inlet supenhsst
transfer coefficient and pressure drops.

Chapter 5 incorporates the correlations obtained from the literature and
explains the physical phenomenon and methodology employed in each correlation. A
comparison of the data obtained from experiments with the predictions from the
correlations is shown in this chapter.

The classification of visualization results of two-phase flow and two-phase

flow regime mapping are discussed in Chapter 6.



The conclusion of this work and suggestions for future work are given in

Chapter 7, which is then followed by the references cited in the present work.



CHAPTER 2: LITERATURE REVIEW

2.1 Condensation in Mini and Micro-Channels

There is considerable research on the evaporation phenomenon in micro-
channels, but there is little on condensation in micro-channels. One might atgue tha
these two phenomena are based upon the same physics. This might be true; however,
in condensation nucleation sites are not present and this fact alone can cause
substantial changes in the physics of the phenomenon. To design accurate micro
devices, it is necessary to know the behavior of the fluid flow and values of certain
key transport parameters as precisely as possible (Bontemps 2005). Therefore
researchers have touched on the issue of condensation for years to accurai@y quant
the heat transfer coefficient and pressure drop. This section will presemb$timose
investigations, which all seem to agree that heat transfer and presgueravery
much dependent on the flow regime inside the channel. The objective of this chapter
is to document selected relevant previous work and the contributions they have
offered, and from there establish the need for the present study and the contributions
it offers to the advancement of knowledge for condensation heat transfer andepress

drops in high-aspect ratio micro-channels.

2.1.1 Heat Transfer

Heat transfer in condensing flows in large channels has been evaluated for a
long time, but only recently efforts have been made to understand condensation in

micro-channels. The existing empirical results of two-phase filowsicro-channels



are limited to out dated refrigerants and, are often subjected to highlyainckata
collection, thus lacking conclusive findings on the basic physics of the phenomena.

Riehl et al. (1998) preformed a literature survey of single-phase and two-
phase flow heat transfer coefficients of experimental data obtaineddm-afiannels
and compared them to the available analytical models. The comparisons showed larg
discrepancies; the models were not able to predict the experimental data.
Furthermore, the correlations for micro-channel convective flow alsoeshaxde
discrepancies. Riehl et al. (2002) presented experimental results of condemsation f
miniature systems with restricted heat dissipation areas and usingnoleds the
working fluid. The experiments were conducted for two different saturation
temperatures, a range of heat dissipation rate from 20 to 350 W and four micro-
channel condensers with channel diameters between 0.5 to 1.5 mm. All the channels
had aspect ratios of 1. They also developed an empirical Nusselt numbexticorrel
that was able to predict 95% of their data within a 25% error band.

Garimella et al. (2003 and 2005) experimentally evaluated different shapes
and sizes of micro and mini-channels for pressure drop and heart transfer of a
condensing flow. The channels hydraulic diameters ranged from 0.4 to 5 mm for
qualities ranging from 0% to 100% and mass fluxes between 156kgfd 750
kg/mPs. They developed a model for pressure drop that was able to predict 90% of the
measured data within 28% error band; however, as the model depends on flow
visualization information, which is not often practical for use as a germralation

for condenser design.



El Hajal et al. (2003) studied condensation of 15 different fluids amongst
which were pure refrigerants and refrigerant blends. The tests were @ahdtidD
°C saturation temperature and mass fluxes ranging from 16 to 153%lkaiththe
tube diameter ranging from 3.14 to 21 mm. They used the studies of evaporating
refrigerants of Kattan et al. (1998-1; 1998-I1; 1998-IIl) to develop a flowmegnap
and a heat transfer model. They defined several regimes, namely bubbly flow,
intermittent, annular, stratified wavy, fully stratified and mist. Theynoéd that heat
transfer occurred due to two types of mechanisms: film condensation and canvecti
condensation. Their correlation for heat transfer coefficient was gal/bynihe
interfacial friction factor, the Prandtl number and the Reynolds number.

Baird et al. (2003) experimentally investigated local heat transfeficent
of condensation inside 0.92 mm and 1.95 tube diameters. Then developed a model
that agreed with their experimental data more than other models by usingla si
shear-driven annular flow model to predict the condensation heat transfecieaéeffi

Other researchers (Kim et al. (2003) and Wang et al. (2002)) suggested that
the condensation phenomenon in mini-channels may differ from that in macro-
channels. Kim et al. (2003) found that the existing heat transfer correlatiosisoie:|
in predicting their experimental investigation data of R134a condensing inside a
single round tube with an inner diameter of 0.691 mm. At low mass fluxes the
disagreement was more obvious. The existing correlations that Wang et al. (2002)
tested over-predicted the heat transfer in a horizontal rectangulacharnnel

condenser of 1.46 mm hydraulic diameter.



2.1.2 Pressure Drop

The correlations of condensation pressure drop developed by Lcokhart and
Martinelli (1949), Chisholm (1973), and Friedel (1979) are being used to this day.
The majority of the newly developed pressure drop correlations in conderesation
based on these models or compared against them. However, these correlations do not
represent the actual phenomena due to the assumptions that were made to develop
these correlations in the first place; these assumptions lead to largerawes in
estimating the actual pressure drop inside the channel. For example, Lacichart
Martinelli (1949) developed the Martinelli multiplier, which relates the presdrop
of only liquid flowing inside the channel to the pressure drop of only vapor flowing
inside the channel. This assumption does not take into account the pressure drop due
to the interaction of the two-phases; nor does it take into account the pressure drop
due to deceleration caused by the change in density of the liquid.

Cavallini et al (2002) and Mitra (2005) have improved on the Friedel
correlation, which uses liquid only two-phase multiplier, by modifying the ecapiri
constants and the exponents. Cavallini et al. (2002) investigated condensation of
R123a, R125, R410a, R32, R236ea and R22 inside a round tube with 8 mm inner
diameter while varying mass flux from 100 to 750 kg/m2s. The study was intended to
improve Friedel’s (1979) correlation in the annular regime. They also used the
dimensionless vapor velocity to distinguish between the different flow-redgimaes
exist in condensation. New constant were fitted to Friedel’s correlationtfrestudy
of the annular regime and due to the insignificant effect of gravitationa&sfanahe

annular flow regime, the Froude number was not accounted for in the two-phase



multiplier correlation. However, these predictions cannot be applied at flow
transitions.

Chen et al(2001) conducted experiment of pressure drop using air-water in
1.02, 3.17, 5.05 and 7.02 mm tube diameter and using R410a in 3.17, 5.05, 7.02 and 9
mm diameters. In an attempt to fit their data, they modified the Friedslupeedrop
correlation by adding a two-phase multiplier. They also modified the expohent
both the Webber number, which account for surface tension, and the Bond number,
which accounts for mass flux. Their correlation predicts the data with argavera
deviation of 87%.

Zhang and Webb (2001) conducted pressure drop studies on circular channels
of diameter 3.25 mm and 6.25 mm and a multi-port heat exchanger of hydraulic
diameter of 2.13 mm. They concluded that the dependent of Friedel (1979)
correlation on Webber and Froude number is weak; therefore, they modified the
Friedel (1979) correlation by using the reduced pressure definition rathehtha
ratios of density and viscosity, then they were able to predict the data.

Wheeler et al. (1993) compared two-phase and single-phase flows for space
applications. Their experiments were carried out on a reduced gragitgfailhe
scope of their test was to record the annular flow pressure drops at dimrelexels
close to 0.05 g, in a tube with an inner diameter of 10.41mm and a length of 1.251m.
The data they collected for 0.05 g acceleration could not be predicted by the 1.0 g
acceleration models.

In their study of pressure drop, Wilson et(@2003) recommended the use of a

circular tube liquid only two-phase multiplier correlation of Jung and Radermacher
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(1989). They studied the effect of aspect ratio by flattening an 8.91 mm diameter
circular tube. Their correlation uses the definition of the turbulent Maitinell
parameter, which cannot be used in this study because the flow inside the channel is
laminar in all the testing conditions. Wilson et(@003) concluded that pressure drop
increases as the channel approaches a rectangular shape.

Based on experimental adiabatic data of air-water of an upward flow in
vertical tubes with diameter ranging from 1 to 4 mm, Mishima and Hibiki (1996)
developed a modified Lockhart and Martinelli-Chisholm constant C as a function of
inner diameter. The correlation was in a good agreement with the transiioia af
Mishima and Ishii (1984).

Lee and Lee’s (2001) study of pressure drop of air-water flows in redéaing
tubes showed the dominant effect of surface tension. They modified the Chisholm
parameter to include the effects of the ratio of viscous and surface tensionptbé rat
liquid viscosity to density effect, and the effect of the slug Reynolds number.
Garimella et al(2005) used Lee and Lee’s (2001) non-dimensional surface tension
parameter to develop a pressure drop model for dispersed/mist/annular flows. The
model also included an interfacial friction factor correlation and the liquidepha
Reynolds number. The predicted results were in a good agreement with Garimella e
al. (2005) experimental results.

Souza et al(1993) developed a correlation for two-phase pressure drop by
conducting experimental investigation on a horizontal tube with 10.9 mm diameter

using R123a and R12 as the working fluids. The two-phase multiplier that was used
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was based on the mixture quality, the Martinelli parameter (the turbulerdt fibmi
and turbulent vapor core definition of Martinelli parameter), and the Froude number

Zhang and Kwon (1999) developed a pressure drop correlation using the two-
phase liquid-only multiplier. Their model was developed based on Friedelatammel
where they modified the Friedel correlation to fit their data, and then ¢péced
the property groupings with the reduced pressure and applied theoreticabfithies
mixture.

Tran et al. (2000) investigated flow boiling of R134a, R12 and R113 inside
circular tubes with diameters of 2.46 and 2.92 mm and inside a rectangular tube (4.06
mm x 1.7 mm) with mass fluxes ranging from 69 to 704 Kg/ffihey compared their
experimental results of the annular region with large tube correlations nohey
that most of the correlation under-predicted their results. They related tbaseof
pressure drop in small channels to the additional friction related to the bubbles that
were confined, elongated, and that slide over a thin liquid due to the size of the
channel. They further noted bubble movements in the large tubes were less confined.
They used the two-phase Martinelli parameter to correlatedkparimental pressure
drop. Then they introduced the confinement nunihetr (the ratio of surface
tension to buoyancy forces) that was defined by Cornwell and Kew (1993), in their
correlation. Only then they were able to fit their data well with the letioa.

Garimella et al. (2005) presented a multiple flow-regime model for pressure
drop during the condensation of refrigerant R134a in horizontal micro-channels. They
measured two-phase pressure drops in five circular channels ranginganlicydr

diameter from 0.5 mm to 4.91 mm. In each test, pressure drop measurements were
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first taken over the entire range of qualities from 100% vapor to 0% vapor for five
different refrigerant mass fluxes between 150 Kg/amd 750 kg/As. With the data
available, they were able to develop a comprehensive model that addressesethe enti
progression of the condensation process from the vapor phase to the liquid phase. The
correlation even included the overlap and transition regions between the respective
regimes using interpolation technique. The model over-predicts their data by 35% on

average.

2.1.3 Flow Visualization

It is known that both heat transfer and pressure drop are dependent on the flow
regime that exists inside the channels. Therefore, many investigat@ studied the
flow inside the channels using visualization techniques to help improve their models
and also to understand this complicated phenomenon better. The majority of these
investigations have resulted in flow regime maps. Some of the earlypdedel
theoretical models to determine flow regime transition in two-phase flolarige
tubes are those developed by Baker (1954) and Mandhane (1974), Taitel and Dukler
(1976), and Weisman et al. (1979). Baker (1954) used air-water and air-oil data to
develop the first two-phase flow regime maps for large tubes. He used saperfic
liquid mass flux times a fluid property scaling factor on the horizontal ateseas
for the vertical axes he used the vapor superficial mass flux times aroitier f
property scaling factor. Mandhane et al. (1974) also developed a map using more than
5900 air-water data points in horizontal large tubes. Instead of the superfssl m
fluxes used by Baker (1954), they used superficial liquid velocity in the veatieal

and superficial vapor velocity in the horizontal axes.
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Suo and Griffith (1964) investigated flow regimes in small diameter tubes and
capillaries. They used air-water, helium-heptane, nitrogen-water andeamtheptane
fluid pairs to study elongated bubble flow in small tubes with diameters ramgmg f
1 to 1.6 mm. By using a dimensionless bubble velocity and the ratio of average liquid
volume flow rate to the total volume flow rate, they were able to define th&itans
from slug flow to annular flow and bubbly slug flow.

Griffith and Lee (1964) investigated the transition from annular to slug flow in
a capillary tube with 1 mm diameter. They proposed that surface tension fatfoes at
liquid-vapor interface pull the interfacial liquid waves in the annulus towardsilbee t
center that eventually block the vapor passage, and hence form slugs.

Taitel and Dukler (1976) used the Lockhart-Martinelli parameter in the
horizontal axis and a modified Froude rate times a transition criteria ertineal
axes to develop a theoretical flow regime map for gas-liquid mixtures fizohtal
and near-horizontal pipe flow. They were able to define five basic flow regimes
smooth-stratified, wavy stratified, intermittent (slug and plug), annutardispersed
liquid and dispersed bubble.

Breber et al. (1980) conducted experimental investigation of condensing flow
of R11, R12, R113, steam and n-Pentane inside circular tubes with diameters ranging
from 4.8 to 50.8 mm. They developed a flow regime map based on the condensation
data and defined four different regimes: annular and annular mist, bubble, wavy and
stratified and slug and plug flow in their flow regime map. They used the Mhrtine

parameter and the superficial gas velocity to determine the transition froragme r
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to another. They compared their experimental results with Taitel and DulI8re6)(
work showing a good agreement, except at small diameters.

Troniewski and Ulbrich (1984) investigated two-phase flow patterns of air and
sugar-water mixtures in rectangular channels with hydraulic diamaatging from
7.4 to 13.3 mm in vertical and horizontal orientations. In vertical channels, they
observed bubble, plug-slug, annular, and mist flow patterns. In horizontal channels,
bubble, plug-slug, stratified, wavy, semi-annular, annular, and mist flow patterns
were observed. They proposed geometry correction factors based on the single phase
velocity profiles in rectangular channels to the co-ordinate axes on tiee @&K54)
map.

Steiner (1993) used quality on the horizontal axis and mass flux on the
vertical axis to develop his flow regime map. This type of flow regime mapisiedy
used by researchers now a day (Thome et al. (2003), El Hajal et al. (2003)el@ar
et al. (2003) and Garimella (2004)). However, some of these researchers noted that
more than one flow regimes seem to exist near the boundaries when usingetiof ty
flow regime maps.

Coleman and Garimella (1999) and Triplett e{H299) conducted studies on
tube diameter and shape effects on flow patterns and flow regime tran&tiairs
water flow in small diameter channels with diameters ranging from 1.3 to 5.5 mm
They noted regimes such as bubble, dispersed, elongated bubble, slug, stratified, slug-
annular, wavy, annular wavy, and annular. They concluded that tube diameter and
surface tension are important parameters that should be considered when degermini

flow patterns and transitions but their study did not consider fluid properties.
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Yang and Shieh (2001) study of flow patterns for the refrigerant R134a and
air-water mixtures at adiabatic conditions in horizontal tube with diametaging
from 1 to 3 mm and concluded that the transition from slug to annular flow occurs
earlier in the air-water case and that flow regime transitions feeed by surface
tension.

Coleman and Garimella (2000-1, 2000-II and 2003) identified wavy,
intermittent and dispersed flow regimes in their study of condensation inside round
and square tubes channels with hydraulic diameter ranging from 1 to 5 mm, using
R134a as the condensing fluid. They extracted equation for transition aitdria
concluded that the intermittent and annular flow regime areas in their flonveegi
map increases as the tube diameter decreases, while the wavy flow desgippears
gradually.

El Hajal et al(2003) and Thome et al. (2003) developed a flow pattern map
for condensation based on a prior map developed for evaporation by &tatlan
(1998-1; 1998-II; 1998-IIl). The flow regimes they identified were: fullsastied,
stratified-wavy, intermittent, annular, mist and bubbly flow. The flow map
incorporates a new definition of the logarithmic mean void fraction: for high reduced
pressures, the homogeneous void fraction model is proposed; at low reduced
pressures, the model by Rouhani and Axelsson (1970) is used. For intermediate
pressures, both models were combined to obtain a logarithmic mean void fraction.
The flow map was built on a data bank of twenty different fluids (including R410A

and R404A), with reduced pressures ranging from 0.6&<0.8 and tube diameters
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ranging from 3.14 to 21.4 mm. This study was also used to develop a new heat
transfer model.

Recently, Jassim and Newell (2006) developed a unique flow map based on
probabilistic void fraction model for R410A, R134a, and air water in 6-port micro-
channels at 18C saturation temperatures, qualities from 0 to 100%, and mass fluxes
varying from 50 to 300 kg/fs. In their probabilistic model they defined time
fractions models and pressure drop models for each existing regime, and then they
multiplied the corresponding time fraction to the pressure drop model of each regime
to obtain the predicted overall pressure drop. Then they developed a flow regime ma
with the vapor quality on the x-axes and the time fraction on the y-axes. The
probabilistic flow map models developed were found to accurately predict void

fraction and pressure drop for the entire quality range and for all thrds. fl

2.1.4 Summary

In summary the literature review above, presents a wide range of studies of
flow condensation in macro, mini and micro-scale channels. From the above reviews
it is clear that some of the researchers focused only on the heat tessps&fetr of the
condensation, while others reviewed the pressure drop part of the phenomena, while
some looked at both. They also evaluated different channel sizes and shapes using a
wide range of fluids. However, few or even none have examined condensation in high
aspect ratio micro-channels. In addition, the majority of the heat tranws#icient
and pressure drop measurement studies were done on multiple channels (bank of
channels) where flow mal distributions can occur, which introduces flow instabil

This present work, therefore, provides a comparison of condensing R134a and
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R245fa heat transfer and pressure drop coefficients in a micro-channel/dnéulic
diameter of 0.7 mm and an aspect ratio of 7:1. Additionally the present work
conducted flow visualization experiments that are vitally important to the better
understanding of the flow fluid and heat transfer mechanisms in the channelt A brie
summary of the literature review presented in this chapter is given ia Zdbllt is
obvious from the comparison in the table that so far no study of heat transfer
coefficient and pressure drop including flow visualization and flow mapping for a

micro-channel with aspect ratio 7:1 has been carried.
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Table 2-1 Summary of reviewed literature

Channel : G
Researcher i Fluid Dh (mm) | Tsa(°C) (kg/fs)
Breber et al Steam, n-Pentane,
' Circular R-11, R-12and R- | 4.81t0 22 - 17 to 99(
(1980)
113

- R-123a, R-125, R-
acla‘(’g‘gg‘z')a Circular | 410a, R32, R-236e3 8 i 1op e

' and R22
Coleman ang Rectangular
Garimella and cir(?ular Air-water 1.3t055 52 50 to 750
(1999)

Coleman and
Garimella Rectangular, 150 to
(2000-1; square and | R-134a 1t04.91 - 750
2000-11 and circular
2003)
Near-azeotropic
Dobson and , belnds of R-32/R- 3.14 to
Chato (1998) U™ | 155 R.12 R-22and 7.04 | 321060 2510800
R-134a
El Hajal et , . .
al. (2003) Circular 15 different fluids 3.14t0 2 40 16-153
Garimella et Micro &
al. (2003 & mini R-134a 0.4to5 52 150-700
2005) channels
Kim et al. , 200 to
(2003) Circular R-134a 0.691 - 600
Lee and Lee . .
(2001) Rectangular| Air/water mixture 0.4to4 - -

. : 6.22 and 200 to
Mitra (2005) Circular R410a 94 - 300
Riehl et al. Micro-

(1998) & channel Methanol 0.5t015 - -
(2002)
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Channel , G
Researcher Type Fluid Dh (mm) | Tsa(°C) (kg/n?s)
R11, R12, R22,
R113, Methanaol,
Shah (1979) Circular | ethanol, benzene, 7 to 40 11 to 211 7 to 40
toluene and
tricholoroethylene
Suo and Air-water, helium-
Griffith Circular Eeptane, nlt(;ogen- 1t01.6 25 -
(1964) eptane an
nitrogen-water
Tandon et a|' . Steam, R-113 and
Circular 4.81t015.9 - -
(1982) R-12
Tranetal. | Circularand| R113 R12and | 249 292) 1349
(2000) ar | R134a and 127 |09t 704
rectangular (4.06x1.7)
Circular,
Triplettetal. | rectangular | ,. i
(1999) and semi- Air-water 1t05.5 50 to 750
triangular
Troniewski
and Ulbrich | Rectangular| Air/Sugar water 7.4t013.25t035 | 200-1600
(1984)
Yang and : . )
Shieh (2001) Circular Air-water and R134a 1to 3 25-30 300-1600
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CHAPTER 3: EXPERIMENTAL APPARATUS AND

PROCEDURE

The present work expands upon the recent studies in our Smart and Small
Thermal System (S2TS) laboratory involving design, fabrication, instrutr@ntand
characterization testing of novel micro-channel heat exchangers incluairgg m
channel evaporators, gas coolers and condensers with applications in
refrigeration/HAVC and related industries. Experiments for the curnedy stere
carried out in an experimental loop consisting of the test section module, a coolant
loop with accessories, and a data acquisition system. The experiments were
conducted for the parametric ranges listed in Table 3-1 for two differiigerants
to investigate the effect of superheating, saturation temperature antiunass

average heat transfer coefficient and overall pressure drop.
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Table 3-1 Experimental parametric study table

Test Tret.sat Mass Flux kg/mfs Superheating Remarks
1 0C Study effects of
2 200 5C superheating
3 10C
4 15C
5 0C
6 300 5C
7 S0C 10C
8 15C
9 50 Study effects of
10 100 mass fluxes
11 200 ocC
12 300
13 400
14 500
15 50
16 100
17 200 10c
18 300
19 400
20 500
21 30C Study effects of
22 40 C 0C saturation
23 50 C temperature
24 60 C
25 70 C 200
26 30C
27 40 C
28 50 C 10c
29 60 C
30 70C
31 30C
32 40 C
33 50 C
34 60 C 0C
35 70 C 300
36 30C
37 40 C 10C
38 50 C
39 60 C
40 70C

3.1 Test Section Design and Fabrication

3.1.1 Refrigerant loop

The experimental set-up along with associated instruments was assenaled
way that heat losses were minimal as per requirement of the project. A schemat

diagram of the test facility is shown in Figure 3-1. The testing appam@issstof
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two loops: (1) the refrigerant loop and; (2) the water-chilling loop. The refrigerant
loop consists of a high precision Coriolis flow meter, variable-speed gear pump, a
pre-heater, a heater (evaporator), a test section (condenser), a reardvaisub-
cooler. The refrigerant is circulated by the gear pump with precise ftevcoatrol

and then is passed through a flow meter where the refrigerant flow ragassirad.

The use of a gear pump instead of a compressor allows testing a pure refrigerant
without the influence of the oil leakage from the compressor. This is especially
important in order to accurately quantify the heat transfer coefficientrasdyse

drop in the micro condenser. It is also convenient to set and adjust small mass flow

rates of the refrigerant across a broad range.
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Figure 3-1 Schematic of experimental test setup



Figure 3-2 depicts segmental pictures of the experimental loop set-up before
assembling. The insulation of Dewar cylinders shells consist of two conceass gl
cylinders with diameters of 1 in. (25.4 mm) and 2 in (50.8 mm) with a high vacuum
between the walls. The condenser and evaporator Dewars span to the length of the
condenser channel and evaporator tube, respectively. In addition, the inner cylinder of
the condenser Dewar acts as a water jacket. The vacuum is expected to provide good
insulation from the heat loss or gain. Figure 3-3 shows the details of the Dewar
insulations used. A copper elbow connects the Dewar cylinders; the elbow has
Kapton ® heater patches controlled by a PID temperature controller, whinokains
the surface temperature of the elbow equal to that of the inlet refrigerant, thus
minimizing heat losses from the inlet T-connection acting as an adidetnel

shield.

b ol ]
Figure 3-2 Details of test section: (a) detailshaf joint between condenser section and sight-glgss
details of the joint between evaporator Dewar amttlenser Dewar (c) view of the arrangement of
various parts in the refrigeration loop.
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Figure 3-3 Details of test section: (a) detailshaf joint between condenser section and sight-glgss
details of the joint between evaporator Dewar amttlenser Dewar (c) view of the arrangement of
various parts in the refrigeration loop.

Since the inlet temperature to the evaporator is very sensitive to room
temperature, change is room temperature throughout the day causes the inlet
temperature to change. To control the inlet temperature, a pre-heaiestadsd
prior to the evaporator inlet. The pre-heater controls the evaporator inlet &meer
from fluctuating, where the refrigerant coming from the gear pump is subdcoole

The evaporator consists of a copper tube with a resistance wire wound around
the tube from the outside. By adding the desired amount of heat, the desired inlet
quality can be achieved.

When vapor refrigerant enters the test section, the heat exchange between the
refrigerant and the cooling water takes place resulting in condensation of the

refrigerant. A Data Acquisition System (DAS) collects the expertaialata. The
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state of refrigerant at the outlet of the test section is controlled to achev
thermodynamic zero quality state.

A reservoir is located between the condenser outlet and the sub-cooler. When
the refrigerant enters the liquid reservoir/separator, vapor (if it igstsllected and
only liquid is allowed to leave the pump. Two electrical heaters are attached on the
outer surface of the liquid reservoir. The heaters, along with proper setting of the
water loop, help to set and adjust the operating pressure of the test loop. A Watlow ®
PID controller is installed in the system as a means of pressure stainlizZl he
controller receives a 0-5 Volt output signal from the absolute pressurdiucansthis
determines the corresponding system pressure and controls the power input to the
heaters on the reservoir, thereby controlling the system pressure byngdjlisti
reservoir temperature.

After saturated liquid refrigerant passes through the sub-cooler to become sub
cooled liquid, it is pumped by the gear pump and another round of circulation starts.

Pressure transducers and thermocouples were installed in the test loop to
determine the conditions of the refrigerant at each section. The readirgtherer

collected and stored by the DAS.

3.1.2 Water loop

The water loop was used to cool both the micro condenser and the sub-cooler.
It consisted of a refrigerated bath/circulator with a pump that suppdedd the
condenser water jacket and the sub-cooler. The bath/circulator was used to provide
constant water flow at the designated test conditions. For water flew rat

measurements, a highly accurate capillary water flow meter was usezmtdasiethe
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overall error of the data. Two such flow meters—one for the low flow range and the
other for the high flow range—were constructed and used in the system. Figure 3-7
and Figure 3-8 are the experimentally derived calibration charts for botNatee

flow meters. The low-flow water flow meter was calibrated usinglérated gear-
micro-pump, and the high-flow meter was calibrated by the timed mass-e@asur
technique. Accurate RTDs were installed at the beginning of this investidati
measure water temperatures at the inlet and outlet of each watdr jdokever,

some inconsistencies were found using the RTDs. (See Section 3.4.1.4)

3.2 Micro-channel Design and Fabrication

Three different micro-channels were designed and fabricated for thys stud
one of which was used to conduct a study of heat transfer coefficient and pressure
drop of a fully condensed flow, and also for a study of pressure drop of constant
quality flow. The other two channels were used for visualization purposes.

The micro-channel test section that was used to study the heat transfer
coefficient and pressure drop was fabricated from a pure, long copper block. Copper
was chosen as the channel material because of its high thermal condugtivitigh
could minimize axel conduction. This was then verified by using the resultstedllec
in this study and found out that the axel conduction was less than 1% of the heat
transferred from the four other surfaces of the micro-channel. In additionp#®e cr
sectional area of the micro-channel tube was very small compared to thahsfat tr
surface that was used to calculate the heat transfer coefficient.

A slitting hacksaw in a milling machine was used to construct a 190 mm long

micro-channel, 2.8 mm height and 0.4 mm width on the long copper block. The
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channel was constrained with 1.0 mm thick walls from all four sides, whiakedre

the cross-sectional area 11.52 fnmhere as the heat transfer area was 1064 mm

This machining technique provided an accurate geometry and minimum surface
roughness along the length of the channel. The channel roughness was measured and
found to be less than 3 micron. For the inlet and outlet of the condenser, two 1/8" (3.2
mm) holes were drilled at each. Two short stainless steel tubes wetedneehe

holes. In addition, a 1/16" (1.6 mm) holes was constructed at each end of the channel,
for pressure drop measurements. Then, the channel was filled with jewelesgvax

the top surface was scraped flat and chemically cleaned as a prepamation f
electroplating the of channel. Next, the three inactive faces were puairtteal
nonconductive paint to resist deposition during electroplating. Then the top of the
wax-filled portion was painted with a thin strip of silver solution to make it

electrically conductive. The channel was then submerged into a copper-sulfate
solution to be plated to the desired thickness on the remaining open surface of the
channel. After electro-plating, the wax in the channel was melted and drained by
heating the channel. The channel was then chemically cleaned to remove traces of
wax or silver paint. On the outer surface of the channel, five single constantan wires
and one copper wire were braised to act as T-type thermocouples. The fdbricate
copper micro-channel is shown Figure 3-4 below. For a more detailedpdiescaf

the fabrication process of this micro-channel see Sourav et al. (2008).
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(b)

Figure 3-4 (a) A drawing of the fabricated micraaohel (b) Electroplated micro-channel

The other two micro-channels that were used in visualizations were also made
from copper. These channels were relatively shorter than the channel showrpabove t
allow the camera to view the entire length of the channel from a close diskamoe
the channel had a high aspect ratio (7:1), it was interesting to view the twefloivas
from each side of the channel cross-sections. Therefore, the two channels had
different viewing windows. One of the channels was fabricated on a coppebyplat
using a milling machine. With very precise measurements a channel with 25.4 mm

length, 0.4 mm height and 2.8 mm width was constructed on the copper plate, Figure
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3-5. The 2.8 mm width was the open side of the channel, which was used as the
viewing window. Then 1/8” holes were drilled on the back side of the copper plate to
provide the inlet and outlet ports. Also a grove was machined around the channel to
house the gasket to seal the channel. A rubber gasket was then positioned in the grove
where a glass plate was placed on top of the channel, which was followed by an
aluminum plate that acted as a clamp to sandwich the parts together to form the
channel. A 1/8” copper tube was then soldered on the back of the copper plate which

acted as the coolant side

Water
Inlet

Water (¥ :

.-

k.

T hEt'l?lﬁEEruples

Figure 3-5 Visualization test section with viewiwgndow of 2.8 mm

The second visualization channel was constructed on a copper-rod with 1/8”
diameter using EDM (wire machining). First two parallel-Batfaces were machined
on the outer surface of the copper-rod using a milling machine, shown in Figure 3-9.
Then two holes at each end of the copper-rod were drilled to provide the inlet and

outlet orifices of the channel. Next, two 1/8” diameter copper tubesauete the
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desired length and bent into a U-shape form. The bottoms of the U-shaped tubes were
flattened using a milling machine. Subsequently, the flattened surfaceslbf the

shaped copper tubes were aligned with the flat-surfaces on the copper-rod one copper
tube on each side of the copper-rod. In other words, the copper-rod was placed in the
middle and the U-shaped copper tubes were placed one on each side of the rod. The
U-shaped copper tubes and the copper-rod were then soldered to the condenser where
the U-shaped tubes acted as the coolant sides. Then the top and bottom of the bundled
U-shaped tubes and rod were flattened as well. A 1/32” hole was then drilled %"

away from one of the copper-rod ends. The hole was constructed to allow the

insertion of the EMD wire. Using the EMD wire machining, a channel withgtte

of 19.05 mm, a height of 2.8 mm and a width of 0.4 mm was constructed through the
copper rod. The 0.4 mm width was the opening of the channel which was used as the
viewing window. Then, two groves were made around the channel one on each side
(top and bottom) to house the gasket. After the gaskets were put in place two glass
plates were attached to the condenser from each side (top and bottom) and then using
two aluminum clips the micro-channel, the two gaskets and the two plate glesses

sandwiched together to form the second visualization channel.
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Inlet

Figure 3-6 Visualization test section with viewiwgndow of 0.4 mm

3.3 Testing Refrigerants

Initially, this work was supported by the American Society of Heating,
Refrigeration and Air-Conditioning Engineering (ASHRAE). The work statement
suggested to use two different refrigerants in this investigation where R&34a w
chosen by ASHRAE to be one of the refrigerants and the second refrigeranttohoice
be made was left for the Project Investigator. R245fa was chosen by eancres
group to be the second refrigerant. R245fa was chosen because it is a reglateme
outdated refrigerants and because it has a slightly better heat ticoedfezient than
R134a, as shown in Table 3-2. R245fa has a different density and surface tension
than that of R134a, which provides a wide enough band of difference in parametric
ranges explored in this investigation and their respective effects on bothahs#drtr

and pressure drop coefficients.
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Table 3-2 Comparison of refrig

erants properties

Conductivity Viscosity Density Enthalpy ?::;gﬁ
Te(°C) | P kPa) (mW/m.K) ( Pa.s) (kg/m®) (kJ/kg) (mN/m)
liquid | vapor| liquid| vapor| liquid| vapof liquid vapqr
R134a 30 770 79.0 | 14.33| 185.8| 12.04 | 1187.5| 37.53 | 241.7 | 4148 7.42
70 2116 61.7| 20.48 1064 14.65 9962 11p.6 304.38.742 2.61
R245fa 30 179 79.2 | 12.52 | 376.4| 10.51 | 1325.1| 10.11| 239.6 | 427.5( 13.41
70 610 70.2( 1478 2268 120 12047 33|43 295.7 .64p6 8.35

3.4 Measurements and Instrumentation

To assure that the results are within a maximum error band of 15%, highly

accurate instruments were purchased, such as a: gear pump with accurate flow ra

reader, absolute and differential pressure transducers, highly accuratomater

meters, PID controllers, and other accessories that collectively could@sh

accuracy. In addition, prior to installing all these instrumentations, eachnofithe

carefully calibrated. Figure 3-7 through Figure 3-13 show the cabhsaof all the

instruments installed in the system. In addition, Table 3-3 provides the mmjes

accuracies of various instruments used in the experimental apparatus.
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Table 3-3 Range and accuracy of instruments

Measurement
/Operation Range(s) Instrument Accuracy
RN A WLOSIE Coriolis Flow Meter 3% of rate
Rate gm/sec
Water Flow 0— 1.0 /min Calibrated Capillary <1% of ES
Measurement Flow Meter
Absolute Pressure | 40 — 320 psi 0.11% of FS
Transducer & 0-100 psi SRl AL MRl (FS: 0 — 500 psi)
Differential Pressure | 0 - 14 kPa , 0
Transducer (0 =2 psi) Validyne DP15-32 0.25% FS
Temperature 0-100°C T-type & K-Type 0.1°C
measurement Thermocouples
Pressure , Watlow Series SD 0
Stabilization 0 -5 Vinput PID Controller 0.1% of FS
: Neslab o
Water Cooling 0-300Watty oo ciculator | StapIity: +/-0.02C

3.4.1 Instruments Calibrations

To assure the accuracy of the data collections, all the instruments,

measurement devices and thermocouples were carefully calibrated.

3.4.1.1Water flow rate measurement

For measurement of water flow rate, which is critical to reduce errbein t
energy balance, two graduated capillary flow meters with short, stagtteds
capillaries were constructed and calibrated repeatedly by measweingatds of
steadily flowing water with an accurate electronic balance. Two fletera were
needed to cover the entire range of coolant water flow needed. Figure 3-Qared Fi
3-8 show the calibration curves for the low- and the high-flow water flow meter,

respectively. The nonlinear trends can be expected due to the entrance effects
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Figure 3-7 Calibration chart for low-flow meter
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Figure 3-8 Calibration chart for high-flow meter
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3.4.1.2Refrigerant flow rate measurement

In the beginning of this investigation, a micro-pump with an accurate digital
read out of flow rate values was used as a flow rate measurement devievekrow
after completing the full set of test of refrigerant R134a and part of R24%favee
discovered that the gears of the pump were worn out. The reason for the wear-out
and the time that the wear started are unknown. This issue affected the flow rate
measurement and, thus, the data results, significantly. Therefore, antigkgooanp
was combined with a rotameter. The rotameter was calibrated with the pump by
measuring the mass of water and time. Then the calibration was converted by a
density correction factor relation (Wojtkowiak & Popiel, 1996) to accommodate for

the testing fluids used in this study, Eq. (3.1)

(3.1)

Flow rate measurement was still not as accurate as anticipated. Hence, a
highly accurate measurement was needed to complete the study, a Coniotisetier
was purchased from Bronkhorst. The device provided a very precise measurement
and control of flow. To minimize the flow rate measurement error, the Coriohs fl
meter was chosen to have a maximum flow rate close to our operating maxowum fl
rate, about 2 kg/hr. The Coriolis flow meter had a maximum flow rate of 5 kg/hr and
an accuracy of 1.0% of the reading rate. The Coriolis flow meter was tedilwih
water, R134a and R245fa as shown in, Figure 3-9, and then the set of experimental

tests was repeated for both refrigerant (R134a and R245fa).
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Figure 3-9 Calibration of the Coriolis flow meteitivwater, R134a and R245fa

3.4.1.3Pressure measurement

The differential pressure transducer is a bi-directional membraee-typ
transducer that was calibrated by a graduated U-tube manometer withaater
transducer was attached to one end of the U-tube, and the other end was open to the
atmosphere. Water was poured into the U-tube to exert a stable static presistime
voltage output was measured by a multi-meter. The transducer port was alsedrevers

to calibrate for negative pressure. The calibration chart is shown in RBdlie
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Figure 3-10 Calibration of the differential presstransducer used for pressure drop measurements

To calibrate the absolute pressure transducer, it was connected to a
pressurized air tank and the pressure was slightly increased at each oéaditage
and pressure. Figure 3-11 shows the calibration curve for the absolute pressure

transducer.

38



350

300 A .

250 o

=
o
o
I
*
*

50

!
*

0 1 2 3

4
Voltage

Figure 3-11 Calibration of absolute pressure traosd

3.4.1.4Temperature measurement

Normally for all temperature measurements, T-type thermocouples are
fabricated and calibrated using a high accuracy RTD device (reported gcturac
0.003C) and are believed to be within + #Claccurate. The energy balance was
found to be highly sensitive to the accuracy of temperature measurements, lgspecial
the water-side. Therefore, four platinum RTDs each with +°G.@8curacy were
tested for cooling water temperature measurement. However the amuaifer
temperature measurement by RTD was significantly higher than listealso varied
with the fluid temperature, shown is Figure 3-12. Therefore carefuilyratdd K-
Type thermocouples, shown in Figure 3-13, were finally selected for tetugera

measurements.
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Figure 3-12 Water side RTDs temperature measurencalibration
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3.4.2 Data Reduction

Normally, the process described above took about Y2 ~ 1 for atypical
experiment. Once the steady state conditions were reached, the DASduEgdimg
signals of temperatures, pressure drops, heating powers, and flow ratethél ata
were taken through the following data deduction process to correct some of the
measured values.

The heat transfer coefficient of condensation was calculated by:

Lo LE (3.2)

Where, is the total heat transfer surface area of refrigerant
side. The water-chilled length was chosen to be the nominal length for ttee micr
condenser to calculate the area, . Therefore, a length of 190 mm was
used instead of total micro-channel length of 200 mm. The difference between using
these two different lengths is within 2%.- refers to the saturation temperature
of the refrigerant corresponding to a predetermined system pressure. Consiasring
the saturation temperature may change slightly due to the possible high preggure dr
in the micro channel, this factor was also taken into account by corrécting
based on the practical pressure drop of refrigerant during the! tests.
represents the average temperature of the micro-channel walls. The avaltage
temperature was calculated based on the readings of five single-aliested, T-
type thermocouples, embedded in the outer wall of the micro-channel condenser.
Since the is the measurement of average temperature of the outer surface of

the channel, then it is corrected as:
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! ! 5 (3.3)

Q is the total heat transfer from the refrigerant to the cold water. This wa

determined from an energy balance on the waterside:

* 4+ * 4, +01 (34)

where

|
3 453! $ 637 (3.5

The pressure drop on the water side was not measured during experiments;
however, when calculated the result was in fractions of Pascal. In addition, the
specific volume of water was relatively small, 0.00%km, which makes the second

term in the right side of equation (3.5) negligible. This reduce®theg: to:

458' o# ! 92 - (36)

refers to the mass flow rate of water entering the test section.
I gy and! o represent temperatures of water at the outlet and inlet of the
water jacket, respectively.

The heat transfer coefficient was calculated based on average eaftiger

saturation temperature, average wall temperature and water-gaetextheat.

3.4.3 Uncertainty Analysis

Based on all the possible measurements and instrumentation errors, an error
propagation scheme was adopted to estimate the uncertainties in the erargy bal

e, average heat transfer coefficiémly and total pressure drog?. A numerical
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program, Engineering Equation Solver (EES®) was used to perform error

propagation, the results of which are summarized below, in Table 3-4:

Table 3-4 Summary of uncertainty

Parameter Uncertainty/Error
e +12 %

h (W/nK) +11 %
P (kPa) +5%

The main sources contributing to th&2% uncertainty in energy balance and
11% uncertainty in heat transfer coefficient were the flow rate measoteiof
water and refrigerant sides, and the thermocouples errors of measurententdset
of differential pressure measurement, the uncertaintysdt is essentially the

instrumental error and is a direct measurement of pressure fluctuation

3.5 Experimental Procedure

3.5.1 Fully Condensed Flow Tests

Thermodynamic state of condensation — The calculated vapor quality at the
condenser outlet was 0% i.e. the calculated enthalpy at the condenser aidguala
to enthalpy of saturated liquid. In this case, at the condenser outlet, vapor bubbles
existed along with sub-cooled liquid, and, if an adiabatic section was provided afte
the condenser, eventually the bubbles collapsed to form complete liquid, without
further heat extraction. However, the refrigerant leaving the condensesuya
cooled due to pressure drop in the channel. The amount of sub-cooling depended on
the pressure drop on the refrigerant used and flow rate. For example, when R134a is
used as the refrigerant and if mass flux is varied from 300 to 50F%gHe sub-

cooling ranges from 0.2 to 1°C. On the other hand, using R245fa as the refrigerant
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sub-cooling could reach up td8 at 500 kg/rfs mass flux. This is mainly due to the
surface tension of the refrigerants.

The inlet conditions for all the tests presented in this study were conducted
with 100% saturated vapor and based on heat extracted from the water-side: the outle
quality was kept at a calculated value of 0%. Although the vapor quality at thie outle
was 0%, bubbles still passed with the flow through the sight section of the test setup.

To start the experimental tests, the refrigerated bath/circulatohand t
reservoir heaters were first turned on while the cold water was passechttreugst
section and the sub-cooler cooled down the refrigerant to a desired sub-cooling
temperature. The reservoir heaters heated the liquid in the reservoiritdaheac
desired saturation temperature/pressure of the system. Once the preetermi
temperature and system pressure were reached, the gear pump was switalded on a
the refrigerant was circulated in the test loop. Subsequently, the pre-hehtee a
evaporator heater were turned on. By adjusting the heaters and the hd#tezirthe
system conditions could be set to predetermined values.

The experimental parameters that were controlled during a test were:
refrigerant flow rate, water flow rate, refrigerant-side heat input, atdninlet
temperature. Each test began with determining the desired inlet conditobnass
the saturation temperature and mass flux. Subsequently the following procedures
were followed for an adequate final result:

1. Determine the desired inlet condition to the condenser (i.e. vapor
guality or degree of superheat, as may be the case) and desired

refrigerant mass flux.
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2. Determine prevailing refrigerant saturation temperatugg) @d sub-
cooled evaporator inlet temperature.&p,in-

3. Based on 1 and 2 (above), determine the electrical heat input in the
evaporator.

4. In order to achieve condensation, the amount of heat that needs to be
extracted and also the corresponding flow rate of water required are
calculated, keeping a fixed inlet-outlet water temperature differahc
2.5°C for all test cases. Keeping a fixed water temperature difference
ensures uniformity of data or the error thereof.

5. Apply the heat input and water flow rate obtained from steps 3 and 4
respectively. The only remaining parameter to control thereafter is the
water inlet temperature.

6. Increase or decrease the chiller water temperature to achieve
condensation (i.e. when water-inlet-outlet temperature difference is
monitored to be very close to 2G).

7. At steady state, monitorsgand Tevap,ing0 to step 2 and revise the
inputs as necessary. By this iterative approach conditions close to
desired values can be achieved. Then, at steady state, data is recorded
for approximately 20 minutes.

The reason for keeping water-sid€ at 2.5°C is that there is a possibility of
alteration in the heat transfer behavior due to variation of water-tempeeidng the
flow direction. Any T below 2°C would adversely affect the uncertainty in

calculations.
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The average heat transfer coefficient was calculated based on the average
refrigerant saturation temperature, average wall temperature andttresrde
extracted heat. It was found that the calculated values of the heat traesherent
for repeated tests were within% variation. The energy balance analysis (which
includes consideration for instrumental uncertainty) indicates a valuglé for
low heat-flux cases which are especially vulnerable to heat losses. Theimtger
analysis taking into consideration all errors in individual instrumental and channel
dimensions, results in an error df2% on the heat transfer coefficient. The main
contributing sources to thel2% uncertainty in heat transfer coefficient were water
and refrigerant side flow rate measurements. The measurement of @cheguwas
measured by a Validyne DP-15 transducer with 0-34 kPa diaphragm having an
accuracy of 0.25% of full scale. However, pressure drop was dependent on the
existing flow conditions, the regulation of which has an uncertainty. Hence the
observed fluctuation in pressures, which wa#o, typical in two-phase flows could

in turn introduce variation in pressure drop.

3.5.2 Constant Quality Tests

The procedures for the tests that studied the constant quality pressure drop
were similar to the test procedures explained above; however, the tests sbudyi
were run under adiabatic conditions. Once heat was applied to the evaporator to
obtain the desired quality, the system was kept to run until steady stateasiasd.

Then the data were collected for 20 minutes by the DAS. The data were then
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averaged to obtain a single pressure drop point. The tests conditions for this study are

characterized in Table 3-5.

Table 3-5 Local pressure drop test matrix

Test Set | Mass flux (kg/ms) | Saturation Temp £C) | Quality Study
1 0.1
2 30 0.2
3 0.3
4 0.4 Effect of
5 300 40 0.5 Saturation
6 0.6 Temperature
7 0.7
8 50 0.8
9 0.9
10 0.1
11 200 0.2
12 0.3
13 0.4 Effect of Mass
14 300 50 0.5 Flux
15 0.6
16 0.7
17 400 0.8
18 0.9

3.5.3 Visualization Tests

The tests for this part of the study were carried out in a similar fashtbe to
tests described in section 3.5.2 and for the same testing conditions. However, two
different channels were used in the flow visualization study, see se@tiohsand
6.1.2 for detailed description .High-resolutions, high-quality videos werareapfor

each of the testing conditions shown in Table.

3.5.4 Summary

This chapter presents the design and fabrication of the test sections and the

testing facility as well as the calibration curves for all the instrusnesed in the
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testing facility. The chapter also includes a step by step methodology of) tist

was use to obtain the data. Data reduction results are also present in this chapter.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Heat Transfer and Pressure Drop Results for Fulbn@ensed Flows

Experimental tests were conducted in accordance with the parameges ran
listed in Table 3-1. This chapter presents the effects of mass fluxatgatur
temperature, and inlet superheat on average heat transfer coefficientealt o
pressure drop coefficients for the two refrigerants selected as theftegrants in
this study, R143a and R245fa.

In addition, to assess the impact of various parameters studied on heat transfer
and pressure drop coefficients a statistical analysis of the colle¢ted/as carried
out. An ANOVA® regression analysis was used for the statistical study. Regression
analysis illustrates the relationship between a single variable dong Y
(dependent variable) and one or more independent variahles,%,. When p =1, it
is called simple regression but when p >1 it is called multiple regressions In thi
investigation a multiple linear regression model was applied to the data. Thalgener
form of this model is:

, <8'=,@= S E @)

wheref is some unknown function aiis the error in this representation
which is stabilizer in this instance, Faraway J. (2082)=, @ = are the
independent parameters, such that.

;7 C$C=8$C=3DSC=a$E (4.2)
WhereC is called the intercept terr@," G" @ € are unknown parameters.

The sign (plus or minus) of the regressiorCaroefficients interpret the direction of
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the relationship between the dependent and independent variabl€scdeéicient is
positive, then the relationship of this independent variable with the dependent
variable is positive; if th€ coefficient is negative then the relationship is negative.
Of course, if theC coefficient is equal to O then there is no relationship between the
variables.

Another valuable coefficient to observe when performing such a statistical
analysis is R, which is called the correlation coefficient, where R is donexpress
the degree to which two or more predictors (independent variables X) are related t
the dependent (YY) variable.

In this chapter, it is presented how heat transfer coefficient and presspre
are affected by several operating parameters and fluid prop@itieefore, the
statistical analysis presented in this section will show the magnitudelofoé those
effects. Then, a general statistical linear equation that representk&atioas@ip
between the independent variables (parameters and fluid properties) versus the
dependent variables (heat transfer coefficient and the pressure drop) will be

presented.

4.1.1 Heat Transfer

4.1.1.1Effect of Superheat

Figure 4-1 and Figure 4-2 illustrate that as the inlet superheatsesrdahe
average heat transfer for refrigerants R134a and R245fa modestly iscrease
respectively. This could be because at high degree superheat the length of the annular
flow region increases, which would cause more heat to be transferred thantthe hea

transferred at the lower inlet superheat. The heat transfer differencebeivand 15
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°C superheat is insignificant (10-15% of total heat transfer in the channeljieand t
local heat transfer coefficient at the inlet is significantly high; hethee“extra” heat
due to inlet superheat is quickly absorbed in the initial part of the channel. Since the

figure shows average heat transfer, the inlet superheat is not obvious.
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Average Heat Transfer Coefficient (W/m  2K)

A havg @ Mass Flux = 200 kg/m2s

1000 A
O havg @ Mass Flux = 300 kg/m2s
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Inlet Superheat ( °C)

Figure 4-1 Effect of inlet superheat on average traasfer coefficient atJ;= 50°C for R134a
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Figure 4-2 Effect inlet superheat on average hraasfer coefficient at Jf;= 50°C for R245fa

To verify the above analogy, a simple calculation to find the effective length
of the super heated region was preformed. This was achieved by first finding
Qsuperheat Which is the amount of heat due to super healefined as follow:

5 2 5 5# (4'3)
“The remaining amount of heat after the superheated region can be calculaged usi

the enthalpy of saturated vapor and saturated liquid as follow:

5 2 5# 2E 2 (4.4)
Then the total amount of heat equals the amount of heat transferred to the water
(equation (3.4)).
# 5 $ 5 (4.5)
Then the heat transfer coefficient due tg , 5 and can

be obtained from the following equations, respectively.
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5 (4.6)

5 4.7)

(4.8)

By iteration, the surface areas of the superheated region and the remegng
after superheat can be obtained and then the length of the superheated region can be
calculated.

As an example, at mass flux of 300 k&grsaturation temperature %D and
superheated temperature of°Gothe longest superheated region occurs and equals 10
mm only, where the total length of the channel is 190 mm. This means that at the
highest inlet superheat investigated in the present work only 5% of the lenigéh of t
inter channel length is used for heat transfer that is due to superheat. Thisgonfirm

that the effect of superheat is insignificant as the data presents.

4.1.1.2Effect of Mass Flux

Figure 4-3 and Figure 4-4 show the effect of mass flux on average heat
transfer for the two refrigerants at a fixed saturation temperature®Gf. Sthis
saturation temperature is chosen as the midpoint of the experimental rargéd(30
°C). As seen in the figures, the heat transfer coefficient is positivielsted by the
mass flux for the range of mass flux studied 50 — 500 {gy/fthis is because as the
velocity is increased, the convection effects are enhanced, thus higheahsat

coefficient. Moreover, the heat transfer coefficient is dominated by thiltini
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condensation process, and when the velocity is increased, the annular flow regime
becomes longer, therefore contributing a thinner liquid film which then causes an
increase in heat transfer.

When comparing the performance of the two refrigerants in terms of average
heat transfer coefficient, it is clear that R245fa has on average 15% batter he
transfer than that of R134a. For example, at mass flux of 30F«¢fe average heat

transfer coefficient of R134a is 5051 WHn compared with 6018 W/, for

R245fa.
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Figure 4-3 Effect of mass flux on average heatsfiemcoefficient for R134a at.}= 50°C
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Figure 4-4 Effect of mass flux on average heatsfiemncoefficient for R245fa at;J;= 50°C

4.1.1.3Effect of Saturation Temperature
The average heat transfer coefficient is negatively affected saisiag the
saturation temperature, as shown in Figure 4-5 and Figure 4-6. Thiglg thee to
the fact that increase in system pressure when increasing the saterapenature,
leads to reduced specific volume, thus higher vapor density. A higher vapor density in

turns results in reduced vapor velocity, this lower hear transfer coeféicient
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4.1.1.4Statistical Analysis

Considering the average heat transfer coefficieng)(as the dependent
variable andFzA,7 2/, JKLL flux, saturation temperature, and super heat as the
independent variables, we obtained the results tabulated in Table 4-1 from the
ANOVAP® linear regression analysis tool. The table shows the statistical refsults
each refrigerant evaluated separately. Consisted with the results desartier, the
analysis confirms that the effects of degree spear heat and vaportyiacesi

minimum when compared to the effect of other parameters involved.

Table 4-1 Regression statistics for heat trangefficient of R134a & R245fa separately

R134a R245fa
Multiple R 0.986 0.984
R Square 0.972 0.968
Adjusted R Square 0.859 0.852
Standard Error &N 382.05 533.11
CoefficientsC | CoefficientsC
Intercept 247390.69 582455.19
Super Heat (SH)°C 0 0
Mass Flux (G) (kg/nfs) 14.20 19.09
Tsat°C 487.32 1755.01
F (kg/m®) -448.74 -2952.65
F. (kg/m®) -293.80 -597.56
/ (mPa.s) 0 0
/ .(mPa.s) 584.28 500.66

From the statistical results general linear equations can be obtainedhfor bot
R134a and R245fa and presented as follows, respectively:

STUVWYVS ZTS[ $ TWWVE]A - TT\ U SW

NOP(RR

$ a\T S\b ¢ V\S Xa (4.9)
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a\STaa ZV$ ZVXV[ $ ZUaeXZ].- SWaYa awlay (4.10)

NdQefR

$ aX>*YYb c av\zZ

Equations (4.3) and (4.4) give the values of average heat transfer coefficient
of R134a and R245fa, respectively, within the standard error given from the
regression analysis results in the table above. The R value for both refisgera
evaluated individually shows how well equations (4.3) and (4.4) relate the heat
transfer coefficient with to the parameters and fluid properties. Thisoredhip is
graphically presented in Figure 4-7 and Figure 4-8 for R134a and R245fa,
respectively. The error band in the figures represents the standard error calculated

by the regression analysis.
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Figure 4-7 Comparison of experimental HTC vs HT@aoted from equation (4.3) for R134a

58



10000 oL
xS
g /,/D,/ ¢ 7
= §
~ 8000
O
|_
T
© 6000
2
=
(]
[}
@ 4000 .
IS
L a]
T 2000 o
n
R245fa
0
0 2000 4000 6000 8000 10000
Experimental HTC (W/m 2K)

Figure 4-8 Comparison of experimental HTC vs HT@aoted from equation (4.4) for R245fa
To obtain a general equation that takes into account both refrigerants, a

regression analysis was performed on both refrigerants at once, which nieesitee

the results in Table 4-2.

Table 4-2 Regression statistics for heat trangdefficient for all the data of both refriegerants

R134a & R245fa

Multiple R 0.975
R Square 0.950
Adjusted R Square 0.938
Standard Error &N 501.86

CoefficientsC

Intercept 37257.84
Super Heat (SH)°C 1.63
Mass Flux (G) (kg/nfs) -6.11
Tsat°C 16.64
F (kg/m®) 124.11
F. (kg/m®) 14.71

/ (mPa.s) -4433.13
/ ((mPa.s) -16.53
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Then the general heat transfer coefficient for both refrigerants cothinine

one regression analysis can be presented as follow:
VUSal\T $ ZY\gh  YZZ[ $ ZYYT].-$2S122 $
ZTUZz  TTWZ\Wb ZYaVb ¢ V\S Xa (4.11)

A comparison of equation (4.5) and heat transfer coefficient data obtained

from experiments for both refrigerants is shown in Figure 4-9.
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Figure 4-9 Comparison of experimental HTC for R184R245fa vs HTC obtained from equation
(4.5)

4.1.2 Pressure Drop
4.1.2.1Effect of Superheat

The variation of pressure drop as a function of degree superheat at a given
mass flux (200 & 300 kg/fsec) and at 58C saturation temperature is shown in
Figure 4-10 and Figure 4-11. As seen in the figures, the effect of degredsapen

pressure drop is negligible. Moreover, they are within the uncertainty of the
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experimental results. It is known that pressure drop of two-phase flows dirfien

one flow regime to another which mean that pressure drop is very much dependant on
flow regime. Thus, it is believed that the flow pattern in the significant rengai

length of the channel (after the annular flow zone that may be created due to the
degree super heat) is more or less the same in higher superheats as in the zero

superheat case.
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Figure 4-10 Effect of inlet superheat on pressuop dt ;= 50°C for R134a
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Figure 4-11 Effect of inlet superheat on pressuop dt ;.= 50°C for R245fa

4.1.2.2Effect of Mass Flux

Figure 4-12 and Figure 4-13, show that pressure drop is significantlyeaffect
by increase in the mass flux. This is due to the increase in vapor and liquid @slociti
at higher mass flow rates. Figure 4-14, shows how vapor and liquid velocities change
with changing mass flux and vapor quality. There is an average 30% increase in
vapor and liquid velocities as mass flux is increased from 300 to 408dtris
obvious from Figure 4-14 that the vapor velocity, for a constant mass flux and
saturation temperature, increases more than six times when vapor quatitgased
from 10% to 90% whereas liquid velocity increases three times for the same
conditions. This analogy was verified by the visualization test resultsvas itlear
that vapor bubbles at low vapor qualities, 10 % and lower, traveled at velocities close

to the liquid velocity but a bit higher. Whereas at high vapor qualities, it was cle
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that the vapor core traveled at much higher velocity than that of the liquid. The vapor
and liquid velocities are calculated using a void fraction, which represeramthent
of vapor and liquid at each vapor quality, X. The void fraction used in the calculations

is similar to that used by El Hajal (2003) which is expressed as follow:

Jk9J IR
Ok .
MR (4.12)

Wherei is the homogenous void fraction and is the Rouhani and Axelsson

(1970) void fraction and are defined as, respectively.

9>

1 >r s Uy

| pzS At b (4.13)
. s . S >9s >>| 89s:} e EUVQUV:{’ de 9>
i th pYZ$ XZSEZ z_{q;$ u_Wt $ — . @10

The vapor and liquid velocities are defied as follow, respectively.

[ & z:
" & i: (4.15)
[ z (4.16)

In addition, it is noteworthy that R245fa has almost three times the pressure
drop as R134a. This is mainly due to the higher surface tension, liquid viscosity and
vapor density values of R245fa (refer to Table 3-2). However, from these properties
vapor density contributes the most to the increase in pressure drop because vapor is
dominant in the channel. This can be sensed when comparing the vapor density of the
two testing refrigerants, where the vapor density of R245fa is more thartithese
lower than that of R134a (Table 3-2); therefore, the magnitude of pressure drop

R245fa compared with R134a at the same mass flux is three times higher.
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Figure 4-14 Vapor & liquid velocities of R134a atbf 30°C at different vapor qualities

4.1.2.3Effect of Saturation Temperature

As for the pressure drop, increasing the saturation temperature has a
significant effect on decreasing the pressure drop, as seen in Figurad-Bigare
4-16. This is due to the sensitivity of pressure drop to liquid viscosity and vapor
density; because liquid viscosity is higher and vapor density is lower’at tB@an at
70°C, as can be seen in Table 3-2, when the saturation temperature increases, the
volumetric flow rate decreases therefore the velocity is lower. In oibets, vapor
is dominant in the channel and as saturation temperature increases, vapor density
increases; thus decreasing the velocity and as a result, decrbasimgdsure drop.
The magnitudes of the effect of each of these properties are illustr&tiegiia 4-17
and Figure 4-18. It is obvious that more than one fluid property is affected by
changing saturation temperature, and then these properties have an effectuoe pres
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drop. However, only the two properties that most significantly affect gsspre

drop may be: liquid viscosity and vapor density. On average the liquid viscosity of
R245fa is twice that of R134a and decreases about 40% when the saturation
temperature is changed from 30 to°@0 On the other hand, vapor density of R134a

on average is three times higher than that of R245fa and the lower vapor density, the
higher volumetric flow, thus the higher the pressure drop. In addition, it is believed
that vapor is dominant in the channel; therefore, the effect of liquid viscosity s smal
compared to the effect of vapor density on pressure drop. This should explain why

the pressure drop of R245fa is three times larger than that of R134a.
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Figure 4-15 Effect of saturation temperature orrage heat transfer coefficient for R134a
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4.1.2 4Statistical Analysis

A similar analysis to that of heat transfer coefficient is applied hereraNhe
the pressure dropP is considered the dependent variable 886,757, JKLL flux,
saturation temperature and super heat as the independent variables. Thedjyenera

results from the statistical analysis for refrigerants R134a and R245a@wvn in

Table 4-3.
Table 4-3 Regression statistics for pressure dfdtil84a & R245fa separately

R134a R245fa

Multiple R 0.976 0.962

R Square 0.953 0.925

Adjusted R Square 0.829 0.788

Standard Error &N 1.389 3.764
CoefficientsC | CoefficientsC

Intercept 1827.43 -5324.18

Super Heat (SH)°C 0 0

Mass Flux (G) (kg/nfs) 0.04 0.09

Tsat 'C -2.11 10.7

F (kg/m®) -1.81 2.26

F. (kg/m®) -1.61 3.65

/ (mPa.s) 0 0

/ ((mPa.s) 1.22 0.36

From Table 4-3 a linear equation of the pressure drop value for R134a and
R245fa can be generated in the following form:

37 54 Z\SUTV$ XXT[ Z\z

SZZ] - ZYZ $7ZSSb c ZV\W

(4.17)

37 2 (4.18)

avsS1Z\ $ XXV[ $ ZxL]~-$ SSY $VYa $ XV c VUY
Figure 4-19 and Figure 4-20 show the comparison of the experimentally
obtained pressure drop for R134a and R245fa versus the pressure drop obtained from

Equations (4.11) and (4.12), respectively. From the figures Figure 4-11 amd Fig
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4-12 the R value in Table 4-3 for both refrigerants evaluated individually how well
Equations (4.11) and (4.12) relate the pressure drop with the parameters and fluid

properties.
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A regression analysis for all the pressure drop data collected for both R134a
and R245fa was also preformed, which generated the results in Table 4-4.

Table 4-4 Regression statistics for pressure dvoplf the data of both refriegerants

R134a & R245fa
Multiple R 0.916
R Square 0.840
Adjusted R Square 0.801
Standard Error &N. 4.052

CoefficientsC
Intercept 9.77
Super Heat (SH)°C 0
Mass Flux (G) (kg/nfs) 0.04
Tsat°C 0.066
F (kg/m°) 0.646
F. (kg/m®) 0.142
/ (mPa.s) -15.74
/ ((mPa.s) -0.086

Equation (4.13) represents the pressure drop of both refrigerants.

37 VUL XXT[ $ XXYYA - $ XYTY $ XZTE ZaUTb (4.19)

XX\Yb ¢ TXas

The goodness of the fit of the pressure drop data and the pressure drop

obtained from equation (4.13) are graphically shown in Figure 4-21.
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4.2 Pressure Drop Results for Constant Quality Flows

This section provides a detailed description of experimental results of pressure
drop for phase change flows for the conditions shown in Table 3-5. The results are

also compared with the literature and existing models.

4.2.1 Effect of Mass Flux

Figure 4-22 and Figure 4-23 show the variation of pressure drop for three
different mass fluxes (200, 300 and 400 Kgnand the same saturation temperature
(50°C). The pressure drop results show similar trends as the results shown in the
previous section. That is, the mass flux increases, pressure drop inatemagesen

guality and saturation temperature.
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In addition, the pressure drop increases as the quality increasgise a
mass flux. This is due to the change in volumetric flow rate. As the liquid eveporat
the vapor/liquid density ratio increases, therefore, the volumetric floinatases
which then cause an increase in the pressure drops. Moreover, as the vapor/liquid
ratio increases the interfacial sheer between the vapor and the liquidé@scvaach
also has an effect on increasing the pressure drop. It should be noted when comparing
between pressure drop results due to mass flux or quality changes of the two
refrigerants (R134a and R245fa) that the pressure drop of R245fa is three times that

of R134a for the same operation conditions.
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Figure 4-22 Effect of mass flux on local pressumgpdor R134a
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Figure 4-23 Effect of mass flux on local pressumgpdior R245fa

4.2.2 Effect of Saturation Temperature

Figure 4-24 and Figure 4-25 illustrate the effect of saturation teraper@o,
40, and 50C) on pressure drop for a given mass flux (300 kgfnf\s in the figures,
with an increase in the saturation temperature, pressure drop decreasesduorehe
mass flux and the same quality. This is due to the decrease in vapor density as
saturation temperature decreases. For instance, the density of vapor RAB42 at
saturation temperature is 37.53 kg/amd when the saturation temperature is
increased to 78C the density of vapor increases three times to be 115.6 Kgim
worth mentioning that liquid viscosity decreases 40% from its value @@ 8then
the saturation temperature is increased from 30 fi€7thus decrease the velocity of

the liquid which in turn should reduce the pressure drop. However, the effect of
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increasing vapor density is more dominant than the effect of decreagirmt li

viscosity on pressure drop as saturation temperature is increased.
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Figure 4-24 Effect of saturation temperature oralgressure drop for R134a
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Figure 4-25 Effect of saturation temperature oralgeessure drop for R245fa

Figure 4-26 and Figure 4-27 depict all the test condition shown in Table 3-5
for R134a and R245fa, respectively. When comparing between the tests results at 50
°C and 400 kg/fs mass flux versus the test results at@@nd 300 kg/fs, it is

obvious from the figures that the results are very comparable.
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Figure 4-26 All the test results of local pressiirep for R134a
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Figure 4-27 All the test results of local pressiirep for R245fa

76




4.3 Comparison with the Literature

This section presents a comparison of the present work results with some of
the results available in the open literature. Most of the results in the opatutigesre
for local values of heat transfer and pressure drop. For the present wottk, sésul
heat transfer coefficients are presented as averaged values, wheprassbee drop
results are presented as both averaged values, as well as local valusferd har
order to compare the results of this study with the results in the literdattheresults
must be in the same arrangements. Thus, local heat transfer coefficientof#hees
results of the current study were back calculated then compared withule ireghe
literature.

As an example, Garimella et al. (2004) has evaluated a square multi-channel
(17 channels) condenser with a channel hydraulic diameter of 0.76 mm using R134a
as the working fluid. The testing conditions of his study that is to be compared with
one of the current study results are presented in Table 4-5. The local values of heat
transfer coefficient obtained from Garimella et al. (2004) are comparkdheitback
calculated local heat transfer coefficients in the present workrd=@8 shows the

comparison.

Table 4-5 Comparison of average heat transfer iotafits with data from Garimella et al. (2004)
Dh (mm) | Tea °C) | G (kg/nfs)
Measured 0.70 50 300
S. Garimella 0.76 52 300
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Figure 4-28 Average condensation heat transfefficagfts as a function of mass flux and quality dor
square channel with,3= 0.76 mm.

As seen in the figure, the back calculated local heat transfer coeficient
average are about 30% higher than the local heat transfer coefficient obtamed fr
Garimella et al. (2004). This comparison reveals a very important fact of lpgbtas
ratio channels that is micro-channels with high aspect ratios outperfaaresq
channels in terms of heat transfer. Figure 4-28 also shows that as quatisascthe
difference between the two compared results somewhat increases iainly due
to the channel shape effect. In a rectangular channel with high aspectvhen
vapor volume increases, liquid is bushed to the sides of the channel. Since one side of
the rectangular channel is 7 times larger than the other side (in thisheabquid
has more room to distribute in the two longer side of the channel, thus, causing the

liquid to form a very thin layer, which leads to improving the heat transfeficeat.
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In the contrary, the liquid layer is evenly formed in the four sides of the square
channel, which is assumed to be relatively thicker than that of a high aspect ratio
rectangular channel for similar test conditions.

Shin and Kim (2004) have studied condensation in single rectangular micro-
channels with hydraulic diameters of 0.494, 0.658 and 0.972 mm. the tests were
conducted at 48C saturation temperature, mass fluxes ranged from 100 — 600
kg/m’s, heat fluxes between 5 — 20 kW/amd qualities varying from 0.15 to 0.85.
Figure 4-29 shows a comparison of some of Shins’ and Kims’ results of heatrtransfe
coefficient with results from the current study. It is obvious from the figumbe
that there is some agreement in the results especially at low rangesgjuiditwvever,
at middle range and high range qualities, the difference in the results tends to
increase. This confirms the reasoning mentioned earlier, that at highegu@hore
than 70% quality) rectangular micro-channel with high aspect ratio tias beat

transfer performance than rectangular and square micro-channels.
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Figure 4-29 Comparison of heat transfer data frloencurrent study and results from Shin and Kim
(2004)

Shin and Kims’ (2004) collected pressure drop results of the tests they
conducted in all the micro-channels that they have tested in their investigation.
addition, Shin and Kim (2004) also investigated the pressure drop using a micro-
channel with a hydraulic diameter of 0.691 mm at the same testing conditions
presented above. Their results are compared with the current study of pressure drop
results, Figure 4-30. Although the mass flux of the tests results shown inute fig
from this study is 100 kg/fe less than what was used in Shin and Kims'’ tests, the
pressure drop values are relatively similar. Since the hydraulic a¢iesyadtthe
micro-channels compared here are quite similar, it was expected thatdberere
drop gradient at 300 kg/mto be lower than the pressure drop gradient at 400°&g/m

whereas, in the figure below the results for Kim (2003) seem a bit lower that the
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results of the present study, confirming that the pressure drop in higherrasipect

channels are higher than those of square channels.
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Figure 4-30 Comparison of pressured drop data ff@current study and results from Kim (2003)
Shin and Kim (2004)

4.3.1 Summary

In this chapter, averaged heat transfer coefficient and the overall presspr
data were presented in terms of the effect of inlet superheat, mass fliataatien
temperature. The results of this study show that the effect of inlet supexhds c
neglected when compared with the effect of mass flux and saturation termgehatur
for the effect of mass flux, there is an increase in both heat transfaciemefand
pressure drop with increase in mass flux. Whereas for the effect of saturati

temperature, there is a decrease in heat transfer coefficient and@ep as
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saturation temperature is increased. The remains of these reseltslsgeexplained.
A regression analysis study on both heat transfer coefficient and the ovessilirpre
drop data of both fluids were also presented in this chapter. Results of local pressure

drop study were shown and compared with results available in the open literature
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CHAPTER 5: EMPIRICAL CORRELATIONS

5.1 Heat Transfer Correlations

One of the main objectives of this study was to develop correlations for heat
transfer and pressure drop coefficients of condensation in micro-channels &mbe us
in designing micro-channel heat exchangers. As a starting point, seicbl wsed
and well-defined correlations for both heat transfer and pressure drop coefficient
were obtained from the literature. The vast majority of the correlatdios iocal
heat transfer and pressure drop; however, the data collected in this investigadon w
average values of heat transfer coefficient and the overall pressure dnep of t
channel.

Since the data collected in this study for heat transfer coefficieetaverage
values, a comparison between the data and correlation of local heat transfer
coefficients would not be useful. Therefore, a technique was developed to compare
the average local values obtained from experiments with the average values
calculated from the correlations. To achieve these averages from thealoea
correlations, the channel was divided into nine segments as shown in Figure 5-1. Both
the pressure and the temperature of the condenser inlet were measured using an
absolute pressure transducer and T-type thermocouple, respectively. Also, the
temperature of the condenser outlet, five temperature measurements along the
channel wall, and the differential pressure were obtained experimentally. On the
water side, inlet and outlet water temperatures and the water flowesdelso

obtained from the experiments. All this information was then used in the correlations
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to calculate by iterative means the local heat transfer coeffi@eme the local HTCs
were attained from the calculations, the mean average of the local HTCs was
compared with the average heat transfer coefficient obtained from thensems.

lwatert  Twat Twatler? Twatlerﬁ Twatlerﬁ

er2 Twat|er3 Twatlerxi Twatlerﬁ TwallerE Twatlerm

“Water

—* Condenser

;;gljre 5)(12 Schzar‘natic):;f the :icro-z;anne)l(;iviote;ihe s:;m:;:t:u

The correlations presented in this investigation are of macro- and micro scale-
channels, such as those developed by Dobson and Chato (1998), Shah (1978), and the
void fraction model correlation by El Hajal et al. (2003). The Dobson-Chato
correlation is a recent correlation based on R12 and R134a as the working fluids; it
uses the Martinelli parameter (Dobson & Chato, 1998). D. Jung, Song, Cho, and Kim
(2003) modified the Dobson-Chato correlation, and their modified correlation was
also compared to the experimental data of this investigation. Shah’s (1978)
correlation used nine different fluids, three different orientations, and a widéyva
of tube diameter sizes. It was useful to compare Shah’s macro-chamettcon
with our micro-channel results to quantify any difference between theofread
micro-channel results. The void fraction model correlation was also edinatas
study due to the physics that this model employs and the different approach that this

model takes from the previous two models.
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5.1.1 Dobson-Chato Correlation

The Dobson-Chato correlation takes into account Martinelli’s parameter,
which is the ratio of the two-phase heat transfer coefficient to the {jphade heat

transfer coefficient and it expresses the liquid fraction of a flowing:fluid

v >?
& 9—& %<

0,
% = b = (5.1)

This parameter is also used in convective evaporation in boiling, (Chen,

1966). The heat transfer coefficient is defined as the liquid heat transfacieoéff

o | Ze ¥ __
XXS\Qe ' Ze - (5.2)

multiplied by the inverse of the Martinelli's parameter, as shown in Equation (5.3)

SSE
wH o 9 # PZ$ —x (5.3)

D. Jung, Song, Cho, and Kim (2003) have also evaluated this correlation using
Martinelli’'s data. They found that Dobson and Chato’s correlation under-predicted
his data in the low quality and mass flux regimes, while it over-predictddghe
mass flux data. Therefore, they modified the correlation to fit Dobson and Chato’s
data. The following heat transfer coefficient is Dobson-Chato camelatodified by
Jung, et al (2003):

SYa
422  w# 9 # PZ$ —X (5.4)

A comparison of the data with both the Dobson-Chato and the modified
correlations is shown in Figure 5-2 and Figure 5-3 for R134a and R245fa,

respectively. Both correlations were able to capture the majority of tag@dats;
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however, they failed to accurately predict the low mass flux, and low and high
saturation temperature regimes, as shown for the casesS©fa#3@ 70°C saturation
temperatures. In Jung et al.’s findings, there is a slight differencedretive
Dobson-Chato correlation and the modified correlation. This was evident after
applying the correlations to our data, especially when using R134a, as shown in
Figure 5-2. Both correlations were able to predict the R134a data. However, the
Dobson-Chato and the modified Dobson-Chato correlations were not quite similar for
the R245fa data (Figure 5-3), especially at high flow rates, for whicmtlaeyy

under-predicted the data.
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Figure 5-2 Comparison of the Dobson & Chato HT Ge&lation against the present data of R134a
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In order to fit the data, Dobson and Chato’s approach was modified by

changing the power of the Martinelli parameter as follows:

SSE
e - w22 #w# 9( # PZS$ —x (5.5)

Since the two refrigerants, R134a and R245fa, gave different outcomes when
compared with the correlation, it was evident that fluid properties were a cause
Given the fact that the Martinelli parameter is a relation of fluid propentikguid
and vapor states, we assumed a modification to this parameter would give &tbetter
to our data. Thus, the Martinelli parameter was modified to fit the data of both
refrigerants well. This simple modification resulted in a better fit ofitita for both

refrigerants, as illustrated in Figure 5-4.
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It is obvious from equation (5.1) that at a certain saturation temperature, the
second term and the third term in the right hand side remain constant and only the
first term in the right hand side changes when quality of vapor is changed. l&g qua
of vapor is increased, the Martinelli parameter decreases as shown inF-lgure
From the figure, it is obvious that the Martinelli parameter becomes siialled
after 20% vapor quality; therefore, mathematically by increasingdier of the
Martinelli parameteB™: , the parameter becomes even smaller. Moreover, the
denominator in equation (5.5) becomes smaller than what it is in equation (5.3) which
causes an increase in heat transfer coefficient. What happens physitiadly i
channel was verified by visualization tests. In section 6.1.2 it is clearTathe 6-3
that after 20% vapor quality, the regime changes to annular flow regimenaedtse
channel width is 0.4 mm, then the average liquid layer thickness is less than 0.2 mm;
therefore, an increase in heat transfer is depicted at that stage. loraduditice the
Martinelli parameter expresses the liquid fraction of a flowing fluid, thereasing
or decreasing the power of the Martinelli parameter adjusts the amount of liquid

flowing inside the channel.
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5.1.2 Shah’s Correlation

Shah generated his correlation (1978) by eliminating bubble nucleation from
his former correlation for saturated boiling (Shah, 1976). To find the heat transfer
coefficient for condensation, Shah adopted two approaches to reach the best-fitting
correlation for his data. In the first approach, a vapor-liquid density ratio was used,
Equation (5.6):

z
4 % 78 %=E (5.6)

Then the two-phase heat transfer coefficient was defined as the saperfici
heat transfer coefficient of the liquid-phase divided by the conStaliquation
(5.7):

Z\ & z: |
4, (5.7)

whereh, is the heat transfer coefficient, assuming all the flowing mass is liquid:

o | Ze ¥ __
XXS\Qe ' Ze - (5.8)

Shah developed the second approach to replace the vapor-to-liquid density

ratiol:—V by the reduced pressure, which is the ratio of saturation pressure to critical
w

pressure,

(5.9)

A new parameter was also defined to fit his data to the correlation, which is

defined as:
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z .o
Tox & - (5.10)

Then the two-phase heat transfer coefficient yields:

Z$ V\
5 — & z:|
Viz > 8 z:*# (5.11)
s&z z: 1 $p = e

Shah (1978) also defined a mean heat transfer coefficient, assumingoheglig
change in transport properties of the liquid phase and pressure drop along thé channe
He did this first by finding the relation of the vapor quality distribution to lengith, a
then, integrating the later two-phase heat transfer coefficient, defioeee, over the

length of the channel. This led to Equation (5.12) for the case of x =1 to x = O:

SXV

59+ SXaa$ pP—xa (5.12)

All three of the above heat transfer coefficient correlations that Shah (1978)
developed for two-phase heat transfer coefficient were compared widhatthe
collected in the present study. The comparisons are shown in Figure 5-6 amed Figu
5-7.

The reduced pressure and the mean methods were able to predict the R134a
data fairly well; however, the density method under-predicted all the datawas s

in Figure 5-6.
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Figure 5-6 Comparison of Shah HTC correlation vetbe current data of R134a

Figure 5-7 shows the comparison between the R245fa data and the correlation.
It is obvious from the figure that the correlation under-estimated the majothg of

data.
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To fit the data from the current study to this correlation, since the reduced
pressure model predicted the R134a data well, Shah’s model was modified. In
addition, since the refrigerants have different critical pressures, itleasticat the
disagreement between the R245fa results and the correlation was mostueédy
its fluid properties. It has been shown previously that vapor density has a dominant
effect when saturation temperature is changed and that reduced pressure i
proportional to the saturation pressure; thus increasing saturation pressursesicrea
the vapor density, which then decreases the velocity and therefore decrdwees the
transfer. This can also be seen from Equation 5.11, where increasing the saturation
temperature increases the reduced pressure, and since the reduced preasure has
inverse relationship with heat transfer coefficient in the Shah correlationeshe

transfer coefficient decreases. Consequently, when modifying the power of the
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reduced pressure in the Shah two-phase heat transfer coefficient worretah 0.38
to 0.53, the data for both refrigerants were in good agreement with the correlation, as
seen in Figure 5-8.
The reduced pressure facté¥() for both of the testing fluids are always
positive numbers that are lower than 1, because the critical preggusea{ways
larger than the saturated pressirgy). Therefore, increasing the powerRpy
produces a smaller value Btq, mathematically, and siné&eq is in the denominator;

therefore, increasing the powerRfq causesy, increase in equation (5.11).
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Figure 5-8 Comparison of the newly modified ShatieC correlation against the present data of
R134a & R245fa
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5.1.3 Void Fraction Model

The void fraction is defined as the cross-sectional area occupied by the vapor
with respect to the total cross-sectional area of the channel. El Hala(2203) have
reported several prediction methods of void fractions. Amongst those methods is the
homogenous model, which assumes that the two phases travel at same vglocity,
and the drift flux model, which takes into account the effect of surface tension and the
mass velocity, ;o. The drift flux model was developed by Rouhani and Axelsson

(2970) for flow boiling. These models are defined as

9>
i S$Z$ %N;ZE‘%—EG
z = = (5.13)
and
. Z .. z Z z.
i %—S8VZ$ X252 z:{%—$ g
2 > 514
Z2\& 7 :}» 38 €7 ° (-14)

[

The homogenous model is mostly applicable at very high reduced pressures
because the density of the vapor approaches that of the liquid (El Hajal et al. 2003),
whereas the drift flux model is mainly effective at low to medium pressise
pressure approaches the critical point, the drift flux model does not work towards t
homogenous void fraction limit (El Hajal et al. 2003). Both models are sensitive to
saturation pressures; however, they produce reversed trends, as the investigators
found. Therefore, a more general void fraction model was developed by Al Hajal et
al. to correct the effect of pressure on the models, which involved interpolation

between the values of the models, the homogenous and the drift flux. The model was
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developed by taking the logarithmic mean void fraction between the valuganof

ra, Which is defined as

G &—: (5.15)

This method gave the best fit to the data used in their investigation (El Hajal
et al. 2003). Since this correlation comprises different physics from thieysewo
correlations by Dobson-Chato and Shah, it was considered in this study.

The heat transfer coefficient (Equation 5.16) that was used in El Hajal et al
(2003) is for the convective evaporation of Kattan, Thome, and Favrat (1998) that

includes two empirical constantsandn:

s & 2 = (5.16)

wherec andn are the empirical constants and are 0.0039 and 0.734, respeckvely.
and;j are the liquid film Reynolds number and the liquid film thickness for annular
flow, respectively, and they are defined as, (assumiqg Dy),

[6Z z:
b (5.17)

and

T (5.18)
Figure 5-9 and Figure 5-10 show how the data from this investigation fit the

correlation. In the case of R134a, it is obvious from the figure that the majority of the

data points falls into the 20% error lines and that the correlation under-predicts the

data results. As for R245fa, it seems like the correlation was very poor intjpigedic
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the data. The correlation did not generate as much discrepancy as the other two
correlations when compared with the current data of R134a, which motivated us to

modify the correlation to fit these data as well.
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Figure 5-10 Comparison of the void fraction modgdiast the current data of R245fa

In order to improve the correlation to fit the data, the constaamsin were
changed to 0.0045 and 0.75, respectively; thereafter, the modified correlation was
compared with the data to generate Figure 5-11. It is apparent from thetfigutiee
modification to the empirical constant has improved the correlation to fit the current
data well. Increasing mathematically means that the interception of the data curve
with thehy, axis is shifted up and the increasen@idjusts the Reynolds number of the

liquid film which then increases the heat transfer coefficient of equatib@)(5
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Figure 5-11 Comparison of the newly modified vaigiction model against the current data of R134a

5.2 Pressure Drop Correlations

Similar to the heat transfer coefficient case, the overall pressure doep va
was obtained from experiments. As explained earlier in the experimental setup
section, an accurate differential pressure transducer was used to meapressine
difference from the inlet and the outlet of the micro-channel. It is acknoadettigt
in two-phase flows different regimes have different pressure drops, and, stuthys
only the overall pressure drop was measured as required by the project work
statement.

The correlations introduced in this section are for local pressure drops. Again,
using these correlations directly to correlate our data was not adeques lochl

information was obtained using the same technique used to obtain the local heat
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transfer coefficient in Section 5.1. Given the saturation pressure at the ithet of
condenser, the temperatures of the condenser walls, and the pressure drop across the
condenser, local pressure drops were obtained where the channel was divided into
nine segments by using the correlations. The local pressure drops wereaedhge
compared with the overall pressure drop acquired from experimentation.

Most of the descriptive two-phase pressure drop correlations that take into
account the effect of different flow regimes make use of flow mapping iatoom It
is important to obtain and study the flow regime pattern to develop an accurate two
phase flow model (Thome et al. 2003), (El Hajal et al. 2003), (Garimella et al, 2003)
(Baker, 1954) and (Coleman and Garimella, 2003). This investigation did not develop
a flow map due to the work statement requirements and also to the fact that khis wor
only considered the condensation case where 100% quality enters the condenser and
0% quality leaves from the condenser. One data poigtH0 °C, mass flux = 300
kg/mPs and a rectangular channel shape With 0.7 mm) of the current study was
compared with one data point of Garimella, Agarwell, & Killion (2005) that was
obtained at similar testing conditions and channel sizg=50°C, mass flux = 300
kg/mPs and a square channel shape Witk 0.76 mm). The comparison was done in
order to determine whether Garimella, Agarwell, and Killion’s (2005) flow ma
could be used in the current work to find a more accurate pressure drop model.
However, the heat transfer of the current study was 25% higher than that of
Garimella, et al. Thus, no flow map was used in this study to develop pressure drop
correlation. However, the pressure drop correlations presented in this section are

derived from physical and classical approaches.
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5.2.1 Lockhart-Martinelli Model

This model considers different velocities for each phase and assumes that the
velocity of each phase is uniform at any axial cross section. For one-domansi

adiabatic flow in a constant cross sectional area channel, the total pereguie

defined as
¢7 5 C7
F ¥wgS &oiosi (5.19)

where8¢78¢£: indicates the pressure gradient of only liquid flowing in the channel,
and ¥ ? is the Lockhart and Martinelli key multiplier, which was defined by
Martinelli and Nelson (1948) and Lockhart and Martinelli (1949), and which
compares the two-phase frictional pressure gradieng¢£: 5 with a single-phase

frictional pressure gradieBt7 8¢£: assuming only one phase in the tube:

o7 gt ST
2 5
" ¢t

where” is a parameter that Lockhart and Martinelli (1949) developed and is the

square root of the ratio of liquid frictional pressure drop to the vapor frictional

pressure drop:

> |u
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~ __ O 9—¢&

o (5.21)

where the frictional gradient for a separated two-phase flow model cagfibeddas

87 . [%8z z:7?
ES T . (5.22)
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gS S (5.23)

wheref; andf, are the fanning friction factor, assuming that only liquid or only vapor

is flowing alone at the same superficial velocity of the phase. They aenped as

(&2 zie °7
[z 9 ?
< XVZ\‘%b—é (5.25)

Although this model assumes adiabatic condition, the physics of each flow
regime in condensation is captured using the proper quality and void fraction to find
the corresponding local pressure drop. The void fraction is obtained from the quality
and the density of both liquid and vapor, which is defined as

i
& i: $i (5.26)

A comparison of the correlation and the experimental results is shown in
Figure 5-12 and Figure 5-13. As seen in these graphs, it is obvious that the Lockhart
and Martinelli model was very poor in predicting the pressure drop for the-micro

channel condensation for both refrigerants.
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5.2.2 Classical Pressure Drop Model

This model consists of several effects, such as friction, acceleration or
deceleration due to momentum changes, and gravitational components (Shao &
Granryd, 2000). The total pressure drop for two-phase flow is presented as follows:

¢7 . ¢7 . ¢7 . ¢7 .
%—S %—S $ %—S $ %—S

¢£-  ¢f CE © T¢E (5.27)

Since the experiments were conducted on a horizontal plane, the gravitational

component can be neglected. Thus the total pressure drop is reduced to

o$Te ofTe o ofe
ee- Tegm Y e (5.28)

The subscript§ andm indicate the pressure drop due to friction and
momentum, respectively.

The friction term uses the Lockhart-Martinelli correlation to find the-two
phase pressure gradient due to friction by using the Lockhart and Matteelli

phase pressure drop key parameter:

¢7
Ueg!

A (5.29)

Ueg!

where the vapor pressure drop is defined as:

¢7 . &[ :7?
%—S S<

CE . (5.30)

fo is the friction factor for the adiabatic two-phase flow and is estimated here

by Colburn’s equation as follows:
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¥ G ? (5.31)

b (5.32)

Lockhart and Martinelli (1949) analyzed pressure drop data of adiabatic flows

of different fluids and obtained the following key multiplier and parameter:

~ ot
« Z% S\a (5.33)

Azer, Abis, and Soliman (1972) and Shao and Granryd (2000) correlated key
multipliers for two-phase condensation data instead of adiabatic flow daté Azer

correlation was as follows:

~ te
« Z$ ZXV (5.34)

whereas Shao’s correlation was as follows:

~ >
« ZsX\ (5.35)

The contribution of momentum transfer to the total pressure drop is negligible
in adiabatic two-phase flows (Shao & Granryd, 2000). However, the momentum
transfer contribution becomes more noticeable in condensation heat transfer due to
the mass transfer present at the vapor-liquid interface and also due to the change in

kinetic energy, which is defined as
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Here the void fraction was developed by Smith (1971) as
L . Z Z.
| SZ$ 0/(—So/(TS XT
9> (5.37)
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After obtaining the frictional and momentum terms, the total pressure drop
was calculated and then compared with the current data. Figure 5-14 and Figure 5-15
show the comparison of classical pressure drop correlation with the thexertiff
key multipliers,« , which were introduced above, against the current data. The key
multiplier developed by Lockhart-Martinelli shows more agreement and temsys
with the current data for both refrigerants than the key multipliers develgpgham,

and Azer.
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Figure 5-14 Comparison of the classical pressunp drodel using three different key multipliers
against the present data of R134a
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Figure 5-15 Comparison of the classical pressusp drodel using three different key multipliers
against the present data of R245fa
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To reach a better agreement between the correlation and the data for this

study, the key multiplier was modified. The newly modified key multiplier isdef

as follows:
~9 > ¢
« VZ$ XSa { (5.38)

Figure 5-16 shows the comparison between the current data and the

correlation using the newly developed key multiplier, where a better fit iseagpar
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Figure 5-16 Comparison of the classical pressunp drodel using the newly modified key multiplier
with the current data of R134a & R245fa

By changing the power 6f and the whole power of the right hand side of
equation (5.38), the effect of pressure drop due to friction to the pressure drop due to
vapor flow inside the channel changes, which is the definition of the two-phase

pressure drop key multiplier. Although Figure 5-16 shows a good fit; however, when
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comparing the values of new key multipler, equation (5.38), with the other three
key multipliers presented previously, Figure 5-17, shows that the values of the new
key multiplier from equation (5.38) are lower than that the values of the other ke
multiplier for similar conditions. And since is the ratio of pressure drop due to
friction to pressure drop due to vapor flow in the channel, then this means that the
pressure drop due to friction is smaller in this high aspect ratio micro-chthaneh

the macro-channels. This statement contradicts a wide range of stupiessafre

drop in micro-channels that have concluded that surface tension and frictional
pressure drop are large contributors to the total pressure drop inside the channel. |
order to verify the results, | decided to conduct further studies on pressure drop by
measuring the local pressure drop and then comparing the results with tablavail

pressure drop correlations. The study is presented in details in section 5.3.
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Figure 5-17 Comparison of the new key multipliethithe other three key multiplier used in this stud
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The empirical correlations developed in this report introduce higher accuracy
than the original correlation. The accuracy of the correlations is dependent on the
accuracy of the data collected from experiments and since the data in this
investigation were within 12% for heat transfer coefficient and 5% forymessisop,

these new empirical correlations are more accurate.

5.3 Local Pressure Drop Correlation

The analysis presented above of average pressure drop correlation for
condensing refrigerants inside a micro-channel, did not results in a modeduttht ¢
be depended upon to include a high percentage of the data collected. Therefore, as a
step towards verifying and improving on the models presented above, local pressure
drop tests were conducted to evaluate the models as well as other new locat press
drop models. Table 3-5 shows the test matrix for the local pressure drop study. This
section will evaluate some of the models available in the literature ihcadth the
models presented in the previous section. Some of these models are: the homogenous
flow model, the Lockhart and Martinelli models, the Friedel model, the Giaime

pressure drop model, the Kosky and Staub model, and the Chisholm model.

5.3.1 Homogenous Flow Model

The homogenous flow model was developed by Bo Pierre in 1964 to predict
the evaporation pressure drop of R12 in 12 mm and 18 mm diameter smooth tubes. It
is often used to validate test results because of its simplicity. The modelessthat

liquid and vapor travel at the same velocity, which could be true in some regimes tha
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others, like intermittent flow, where the vapor phase and liquid phase do travel at
close velocities.
Equation (5.20) is used to obtain the two-phase frictional pressure drop. The

liquid-phase frictional pressure drop uses the Blasius friction factor, deBned a

< XVZ\Qe? 7

(5.39)
where the liquid-phase frictional pressure drop is defined as:
9¢7E S<[?
CES (5.40)

In this model the Lockhart and Martinelli key multiplier is expressed in tefms
average density and viscosity of liquid and vapor. The Lockhart and Matrtinelli key
multiplier in this case is defined as:

bs
? .2
¥ Pb'

7€ (5.41)

wherebs and 5 are the two-phase viscosity and density, respectively. They are

expressed as follow:

Z
bs b b (5.42)

. (5.43)

Using the Lockhart and Matrtinelli multiplier the total two-phase fitdil pressure

drop can be evaluated by using the following equation:

?
°/(—S %—S ¥

CE . ¢E (5.44)
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It is evident from Figure 5-18 and Figure 5-19 for refrigerant R134a and
R245fa, respectively, that the homogenous pressure drop model over predicted the

two-phase pressure drop data collected in this investigation by about 20%.

5.3.2 Friedel Correlation

The pressure drop correlation presented below was developed by Friedel in
1979. The correlation consists of a two-phase multiplier and takes into account the
Froude number, the gravity effect, the Weber number and the surface tensibpasffec
well. He used 25,000 data points of horizontal and upward flows and fit them in his
correlation. The smallest tube diameter was 4 mm. Therefore, his dorrétaqjuite

poor in predicting two-phase pressure drop in micro-channels. The cometads

follows:
. VST h
¥ H
# ° I 4o T (5.45)
[ ?
ece ? (5.46)
<
— .2 B
& z:°%z » (5.47)
" 7%
z & z (5.48)
. <> b . >< b .
%—S  %—S %Z —S
h % /b % 5 (5.49)
where the Weber numbes is defined as:
2 ™3
te [ 72 (5.50)
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is the homogenous density and is defined as:

z z.%
<

o Z
’—$ (5.51)

where the two-phase frictional pressure drop and the friction factor avkoagst

O/EE "/ﬂf ¥?
CEs .. TeES, (5.52)
Go ) 9?
< 23 g <l
X SaX\Y\aw ZWY = €@ ,:  V\SZa' (5.53)

It is shown in Figure 5-18 that this model under-predicted the data for R134a
especially at high mass fluxes and low saturation temperatures where theggres
drop is larger for both. Whereas for R245fa the model over predicted the data at low
mass fluxes and high saturation temperatures and low qualities as well asrshown i
Figure 5-19. The model was able to predict some points and under predict other
points that were taken at low saturation temperature and high mass fluxes and

qualities.

5.3.3 Chisholm Correlation

The Chisholm correlation is a well known two-phase pressure drop correlation
that is used as a basis for developing pressure drop correlations for twolplvase f
Chisholm developed this correlation in 1973 using conventional tubes. He modified
the Lockhart-Matrtinelli two-phase multiplier to include a coefficienin@ich takes
into account whether the flow of each phase is laminar or turbulent flow. The
correlation also includes the influence of the tube surface roughness on two-phase

frictional pressure drop. Chisholm modified the two-phase multiplier defined as:
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where C is:

z
4 5 %9~ (5.55)

where S is the slip ratio, which is the ratio of vapor-phase velocity to liquicgtphas

velocity.

B
9 U (5.56)

Chisholm also introduced a property coefficient as:

| i G | c%b_é 7
7. b~ (5.57)

This makes Chisholm’s two-phase multiplier look like the following:

? ? ‘0 ?9 §? .79 §? ?9
¥ Z$ &7 Z%z & z: $z7 % (5.58)

For rough tubes n=0 and for smooth tubes n=0.25, and where B is defined as:

49 S°9?°¢% S
> ﬂ? Z (5.59)

This correlation over-predicted all our R134a data by a large margin as $egara
5-18. The pressure drop calculated using this correlation was more than twice the
values of the pressure drop data from this study. Figure 5-19 also shows that the

model over predicted the data by about 30%.
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5.3.4 Garimella’s Correlation

As mentioned in the literature review section, Garimella et al. (2005)
developed a comprehensive two-phase pressure drop correlation that addrédsses al
flow regimes as well as the overlap and transition regimes. The comakatlefined
in terms of the interfacial friction factor between the vapor core and thd hituias

follows:

¢7 Z [ ?z”

GE S 7. (5.60)

wherelzis the void fraction developed by Baroczy (1965).

9>

v zs 928 ”ify ¢ ale a
‘ z 7 Tt (5.61)

The interfacial friction factor was expressed as a function of the Miéirpaeameter,
the Reynolds number, a dimensionless surface tension parémetet,the Darcy
friction factor computed using the Churchill equation. The ratio of the interfacial
friction factor is defined as:

2 ¢ oay
<

(5.62)
where the empirical constants (d, a, b and c) were obtained by performiessiegr
analysis on data grouped into two regions, whether the flow is laminar or turbulent,
by the liquid phase Reynolds number defined as:

Laminar region e ¢, SZXX: d = 1.308x1%; a = 0.427; b = 0.930; ¢ = -

0.121

Turbulent region@-e A VTXX: d = 25.64; a = 0.532; b =-0.327; ¢ = 0.021
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The Martinelli parameter, the Reynolds number, and the dimensionless surface

tension parameter are given as:

¢7, >
. YeE
¢7, (5.63)
Geg!
[+ & z:
&Z$ A%b (5.64)
[z
b AV (5.65)
[€&Z z:b
Z% -
& z:7 (5.66)

Garemilla’s model also over predicted the data of R134a for this investigation
as shown in Figure 5-18. It did poorly to predict the data at high mass fluxes (400
kg/m?s). In addition, this model tends to have a large change in value (11%) of
pressure drop when changing the flow quality from 80% to 90%. This model also
over predicted the majority of the R245fa data, where it also did predict some points,

as shown in Figure 5-19.

5.3.5 Cavallini Model

Cavallini (2005) developed a frictional pressure drop model for two-phase
flow in which he used the liquid-entrained fraction, E, that was developed by Paleev
and Filippovich (1966) to calculate the two-phase multiplier. The Cavallini model is

defined as follow:

ole w2 ofle o ST
CE” *7eET, # e (5.67)
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where
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(5.68)
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Although some data points fall in the 20% error margin, this model over
predicted the majority of the data for R134a as can be seen in Figure 5-b81ties f
data of R245fa, the model was very poor in predicting the data as it is obvious in

Figure 5-19.

5.3.6 Lockhart-Martinelli Model

Refer to section 5.2.1 of this thesis.
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At low mass fluxes, this model under predicted our results; however, at mass
fluxes 300 kg/rfs and 400 kg/As the model was able to predict the majority of the
data within that mass flux range for both refrigerants. Figure 5-18 anceFH¢lL®
show a comparison of the data of both R134a and R245fa versus this model,

respectively.

5.3.7 Classical Pressure drop Model

Refer to section 5.2.1 of this thesis.

This model was the only model evaluated in this study that accurately
predicted the majority of the data for both refrigerants using the Lockidhart a
Martinelli (1949) two-phase key multiplier (Equation 5.33). It under predicted data at
high qualities such as: 80% and 90% vapor qualities.

Figure 5-18 and Figure 5-19 show comparisons of the data versus all the
pressure drop correlations considered in this study for refrigerants R134a and R245fa

respectively.
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Figure 5-18 Comparison of experimental data withilable pressure drop correlations for R134a
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Figure 5-19 Comparison of experimental data withilable pressure drop correlations for R245fa
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Due to the good agreement between the data and the predicted results of the
classical pressure drop correlation, the correlation was modified to tfesldata
more accurately. In order to fit the data, the two-phase key multiplier wasiedcah

follows:

~ T o>
« &% 727S¢ : (5.76)

Figure 5-20 shows a comparison of the data with the original classical
pressure drop correlation and with the modified classical pressure droptamrata
well. The modification generated a 17% improvement. The modified model was able
to predict 85% of the data points, where the original model only predicted 68% of the

data points.
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Figure 5-20 Comparison of experimental data withdlassical pressure drop model and the modified
classical pressure drop model

The modified two-phase key multiplier, equation 5.76, is again compared with
Lockhart-Martenilli, Azer and Shao two-phase key multipliers in Figuzé .3t is
obvious from the figure that the values of the new key multiplier modified by Al
Hajri, equation (5.76) are higher than the values of the other key multiplier fdersimi
conditions. And since is the ratio of pressure drop due to friction to pressure drop
due to vapor flow in the channel, then this means that the pressure drop due to friction
is higher in this high aspect ratio micro-channel than in the macro-chadnkke
the statement drawn in section (5.2.2) page 113, which was based on values of
average pressure drops, the results of local pressure drop with the new key multiplie
(equation (5.76)) show better agreement and make more sense when compared with

the classical pressure drop correlation.
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Figure 5-21 Comparison of the two-phase key mudtiphodified by Al Hajri with several others key
multipliers

It is apparent that the classical pressure drop model to a greatisxiapable
of predicting pressure drop of two-phase refrigerant flow inside a high aapect r
rectangular macro-channel. The modified model above is a general model that
includes two different refrigerants with different physical propertideereas the

original model did not include R245fa data.

5.3.8 Summary

This chapter presented comparisons of averaged heat transfer coefficient,
overall pressure drop and local pressure drop results with the existing tcamesetd
mini and micro-channels available in the open literature and of relevance to the
present study. It was shown that, utilizing the experimental data of trenpsdsdy

some existing correlations were successfully modified to fit the dake giresent
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study for preliminary design and prediction purposes. Additional physical
understanding of the phenomena, supported by experimental and
analytical/computational work is necessary to further verify the validitiie

proposed empirical correlations.

123



CHAPTER 6: FLOW VISUALIZATION

This chapter presents visual results for two-phase flow inside a high aspec
ratio micro-channel. Two channels with similar cross-sectional &¢asnm x 0.4
mm) but different viewing windows were used to collect the visual results. One
channel had a viewing window of 2.8 mm (Figure 6-1) and the other had a viewing
window of 0.4 mm (Figure 6-2), so that the two-phase flow could be studied from
both sides of the cross-sectional area of the channel. The two-phase flowtaas tes
for the conditions shown in Table 6-1. The visualization results presented in this
chapter are for R245fa only. R134a was not used in visualization experiments due to
its high pressure which may cause the glass cover to break or damage ¢ketien.

It is well understood that both pressure drop and heat transfer coefficents ar
dependent on the flow regime types that exist in the channel. The visual expgriment
conducted in this study allowed us to identify the different types of flow regime
the channel, and then relate their effects on pressure drop. The study hasl rinatal
the majority of the flow regimes (dispersed, intermittent, wavy and amnwaet
observed in both channels, except the wavy-film flow, which was only seen in the
channel with a 2.8 mm viewing window. The results obtained from the visualization
were then used to develop flow regime maps, which were compared with the flow

regime maps available in the literature as applicable.
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Figure 6-1 Visualization tests section with 2.8 wiswing window and 0.4 mm depth

Figure 6-2 Visualization tests section with 0.4 wiewing window and 2.8 mm depth

6.1 Flow Regime Mapping

This section presents the flow visualization experiments for the two different
channels in two different subsections. In each case compares the rethdts of
visualization collected for each channel are compared with applicabledtpme
maps available in the open literature. As stated in the literature revigansec
researchers have developed different ways to present their flow regimelmtes
present work only three types of flow regimes will be taken under consideraton: t
superficial vapor velocity,j versus the Lockhart-Martinelli parameter, the superficial

vapor velocity versus the ratio of liquid and vapor volumes (1- and the mass flux
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versus vapor quality. The test matrix considered for this part of the investigation i

presented in Table 6-1.

Table 6-1 Visualization test matrix

Test Set | Mass flux (kg/ms) | Saturation Temp C) | Quality Study
1 0.1
2 30 0.2
3 0.3
4 0.4 Effect of
5 300 40 0.5 Saturation
6 0.6 Temperature
7 0.7
8 50 0.8
9 0.9
10 0.1
11 200 0.2
12 0.3
13 0.4 Effect of
14 300 50 0.5 Mass Flux
15 0.6
16 0.7
17 400 0.8
18 0.9

6.1.1 The 2.8 mm x 0.4 mm channel

Figure 6-3 shows the channel with the viewing window of 2.8 mm, used for
light access and visualization, which was positioned in the horizontal plane (e)}-pla
with channel depth of 0.4 mm in the (z) axis direction as shown in the figure. This
channel was intentionally designed with & 86trance to the channel to simulate a
practical heat exchanger where in most of the times heat exchangees9tive
entrance. The high-speed camera was placed such that it was looking from the t
down to the channel as demonstrated in the figure. It is worth clarifying thaipthe
of the channel was covered with glass and the channel was made out of a copper

block.
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Figure 6-3 Diag:lram of the visualization channehwt8 mm viewing window and 0.4 mm depth
The digital visualization videos collected for each test were used to identif

the different flow regimes present in each test. The flow regimes Vessafied into
two major categories: plug/slug and wavy film. These major flow regiwere then
classified further as follows: within the plug/slug flow regimes watified plug
flow, elongated bubble/slug flow and elongated bubble/bubbly/slug flow; within the
wavy film flow regime we identified discrete wavy and disperse whkowyd. The
bubbly flow is identified here as small bubbles that are smaller than the @averag
bubble size that flow in the slug between two large bubbles. The flow regimesdhang
from plug to gated bubble/slug flow to elongated bubble/bubbly/slug flow to discrete
wavy film flow to disperse wavy film flow. It is worth noting here that atd@rate
qualities (10%-30%) it was difficult to identify whether there was liquidithg on
the surface of the glass; however, it seemed that there was a buoyaoty ef
particularly in the channel with viewing window of 2.8 mm. In other words, after the
elongated bubble/bubbly/slug flow, the vapor would flow on top on a liquid film. The
film thickness would decrease as the quality of vapor increased. In addition, as the

vapor quality increased, the velocity of the vapor increased; therefore, the vapor
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flowed faster at high vapor qualities than at low vapor qualities, creating-a

uniform wavy pattern on the liquid film, which is classified as the dispersg fiian
flow regime in the present work. Table 6-2 depicts some of the digital ino&¢fes
flow regimes that were observed at mass flux of 200 fgyand at 56C saturation

temperature.

Table 6-2 Digital Images of two-phase flow insitie 2.8 mm viewing window micro-channel at mass
flux of 200 kg/nfs and Tsat = 56C

X Flow Regime Image of the regime
0.02 Plug
0.05 Plug
Elongated
0.08| Bubble/Bubbly/Slug
0.1 Elongated
' Bubble/Bubbly/Slug

0.2 | Discrete Wavy Film

0.3 | Discrete Wavy Film

0.4 | Disperse Wavy Film

0.5 | Disperse Wavy Film

0.6 | Disperse Wavy Film

0.7 | Disperse Wavy Film

0.8 | Disperse Wavy Film g

It was observed in this channel that as soon as the two-phase flow enters the

channel, vapor starts traveling on top of the liquid due to the buoyancy affect
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combined with the 90entrance. The reason is that as the two-phase flow enters the
channel and collides with the glass, the flow separates and due to bouncy the vapor
flows on top of the liquid. The observation was not as obvious at flows with vapor
quality lower than 10% where the plug/slug regime was present. After vapibiegua
higher than 10%, the observation became more obvious, where vapor travels over a
liquid layer.

All the visualization results from all the testing conditions in Table 6-1 are
shown in the test matrix table are presented in the flow regime map bé&jowe F
6-4. Each flow regime is presented in the figure by a different mark in arder t
identify flow regimes and transition regimes easily. The flow mdfigure 6-4 uses
the superficial vapor velocity in the vertical axis and the Lockhartiivlit
parameter in the horizontal axis. The solid and dashed lines in the figure shav wher
the transition occurred from one flow regime to another. It was observed that the
transition from the plug/slug regime to the wavy film regime occurred@v
qualities ranging from 10% to 20% while the transition from discrete whmwyd

disperse wavy film occurred between vapor qualities of 30% to 40%.
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Figure 6-4 Visualization results of the 2.8 mm viegvwindow micro-channel plotted in a flow regime
map

Figure 6-5 shows the visualization data from this study on a flow regime map
developed by Wang et al. (1999). They developed this flow regime map using R134a
as the working fluid flowing in 10 micro-channels with a hydraulic dian&ftér46
mm. They conducted tests with mass flux ranging from 75 to 750°&ginal inlet
temperatures ranging from 64 to 80 It is clear from the figure that there is some
agreement between the Wang et al. (1999) flow regime map and the curaent dat
Particularly, the plug/slug flow of our observation agrees with theywchurn flow
and the discrete wavy film agrees with their stratified wavy flow.oksHe dispersed
wavy flow points, they fall into the transition region from stratified wavaroular
flow regions. Similar results are also seen in the comparison of our data poamts w
plotted on the Breber et al. (1980) flow regime map, Figure 6-6.
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Figure 6-5 Visualization results of the 2.8 mm viegvwindow micro-channel plotted in a flow regime
map developed Wang et al. (1999)
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Figure 6-6 Visualization results of the 2.8 mm viegvwindow micro-channel plotted in a flow regime
map developed Breber et al. (1980)
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It is worth mentioning that the transition from plug/slug regime to the wavy
film regime in this channel (Figure 6-4) occurs earlier than the trangiom
plug/slug regime to the stratified wavy regime in Wang et al. (1999u(&i6-5) map
and Breber et al. (1980) map (Figure 6-6). This is again due to the fact thabthe tw
phase flow in the present study enters the channef @n@fe which cause the vapor
to travel above the liquid due to the bouncy affect. Therefore, the regime occurs
earlier in this channel compared to the work done by Wang et al. (1999) and &reber
al. (1980)

The second type of flow regime maps was developed by Tandon et al. (1982),
which uses the superficial vapor velocity,gn the vertical axis and the ratio of liquid
and vapor volumes (1-/ on the horizontal axis, whereis the void fraction. The
void fraction that Tandon et al. (1982) used was the Smith (1969) void fraction,

which is defined as:

z 9>
0 Co QI
V4 CZ $ - /(T\_ /(_"'I (61)

where Ay is defined as:

Z z. Z z.
- | |
2 XTS XY t—$ )<T°/(—Z SICcZ$ )<T°/(—Z S (6.2)

When comparing the data of this work to the Tandon et al. (1982) flow regime
map, the comparison resulted in some agreement for some regimes and poor
prediction for other regimes. Figure 6-7 shows all the visualizatiorntsesfuthe
present study plotted on the Tandon et al. (1982) flow regime map. It is obvious from
the figure that the plug/slug regime from the present study fallsnattlei slug regime

indicated in the Tandon et al. (1982) flow regime map. However, the discrete wavy
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film data points also fall within the slug flow regime of the map. As for the isde
wavy film regime data points, they are scattered between the wavy,

annular/semiannular and spray flow regime.
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Figure 6-7 Visualization results of the 2.8 mm vilegvwindow micro-channel plotted in a flow regime
map developed Tandon et al. (1982)

The third type of flow regime map with which we compared our data is that
which uses the mass flux on the vertical axis and the quality on the horizontal axis.
Figure 6-8 shows the visual data from this investigation on a flow regirpe ma
developed by Coleman and Garimella (2000, 2003). The flow map was developed
using R134a as the working fluid flowing in a circular tube of hydraulic diameter
0.76 mm at mass fluxes ranging from 150 to 750 k/fiis clear from the figure
that there is fair agreement between the data and the map in the plug/shey Adb

the discrete wavy film data points fall within the plug/slug and annular fdm fl
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regime of the map, while the rest of the data points fall in the annular film fidw a

the annular film and mist flow regime of the map.
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Figure 6-8 Visualization results of the 2.8 mm viegvwindow micro-channel plotted in a flow regime
map developed Coleman and Garimella (2000, 2003)

Cavallini et al. (2002) also developed a flow regime map after an intensive
analysis on flow regimes found in the literature. His flow map consists ofriraje
regimes: slug, transition and wavy stratified flow, and annular flow. When sultge
were plotted on the Cavallini et al. (2002) flow regime map, all the plug/stacgadd
two point of the discrete wavy film fell in the slug flow regime on the map, \akere

the rest of the data fell in the annular flow regime on the map, as shown ia &§ur
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Figure 6-9 Visualization results of the 2.8 mm vilegvwindow micro-channel plotted in a flow regime
map developed Cavallini et al. (2002)

Amongst the noticeable differences the above comparison reveals, one
significant difference is that none of the maps included regimes in whighié film
flows on the tube surface and the vapor flows on top of the liquid film, as was the
case here. This could be due to th&@ftrance angle of the mixture to the channel in
the present work, Figure 6-1. A liquid and vapor mixture flows from the evaporator
inside a 1/8” diameter circular tube where liquid flows on the surface of thamube
the vapor flows in the middle of the tube forming a vapor core. When this mixture
enters the channel, it hits the cover glass and due to buoyancy forces, theovespor fl
on the top of the liquid. This creates a regime of liquid film with waves cregtdetb
vapor flowing on top of it, instead of an annular flow. This shows the importance of

the entrance effect and how it can change the flow dynamics, which infectsahe
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pressure drop and the heat transfer. Due to the difference in flow patterns dgéthe da
studied in this section from other flow regimes, it was necessary to devidop a
regime map that included the regimes observed in this work, such as the discrete
wavy film and the disperse wavy film flows. Figure 6-10 shows the newly dewklope
flow regime map for a channel with a hydraulic diameter of 0.7 mm using RZ15fa a
the working fluid at saturation temperatures ranging from 30 f€4hd mass fluxes
between 200 and 400 kgfsa It is obvious when comparing Figure 6-9 and Figure
6-10 the transition from plug/slug flow regime to the wavy film occursezanith

the data obtained from the present work than those of Cavallini et al. (2002).
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Figure 6-10 Newly developed flow regime map foradetllected from the 2.8 mm viewing window
micro-channel
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6.1.2 The 0.4 mm x 2.8 mm channel

This channel had two viewing windows of 0.4 mm, one from the top for flow
visualization and the other from the bottom for the light access. The windows were
positioned in the horizontal plane (xy-plane) as shown in the Figure 6-11 below,
where the channel depth was 2.8 mm in the (z) axis direction. The high-speed camera
was placed in a position such that it was looking from the top, down to the channel, as
demonstrated in the graph below, Figure 6-11. Glass was used to cover the open side

of the channel, whereas the channel was made out of copper.

!

Figure 6-11 Diagram of the visualization channdhvl.4 mm viewing window and 2.8 mm depth

Table 6-3 shows the flow regimes observed during a test with mass flux of
300 kg/nfs and saturation temperature®80 At low vapor qualities up to 10%, the
regimes are similar to those seen in the previous channel; however, after the vapor
quality increases beyond 10%, the flow becomes annular wavy flow. The major
regimes that were identified using this micro-channel were the plggiad the
annular flow regimes. The plug/slug flow regime was also classiftedhree

different flow regimes: plug flow, elongated bubble/slug flow and elodgate
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bubble/bubbly/ slug flow. As the vapor quality was increased, the flow regime
changed from plug flow to elongated bubble/slug flow to elongated

bubble/bubbly/slug flow and then finally to annular flow.

Table 6-3 Digital Images of two-phase flow insitie ©.4 mm viewing window micro-channel at mass
flux of 300 kg/nfs and Tsat = 36C

X Regime Image of the regime
0.02 Plug/Slug
0.05 Plug/Slug
Elongated
0.08| Bubble/Bubbly/Slug
0.1 Elongated
' Bubble/Bubbly/Slug

0.2 Annular Wavy

0.3 Annular Wavy

0.4 Annular Wavy

0.5 Annular Wavy

0.6 Annular Wavy

0.7 Annular Wavy

0.8 Annular Wavy

It is worth mentioning that wavy film flow was not observed in this channel as
it was in the previous channel presented in this chapter. This is possibly due to the
way the two-phase flow enters to this channel compared to the other channel
presented previously in this chapter. As it can be seen in Figure 6-11 the emtrance t
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the channel is aligned with the channel. The two-phase flow prior to the channel
entrance takes a shape of a thin film on the inter surface of the channel and a vapor
core formed in the middle of the channel and traveling at a higher velocityhina

liquid layer. Since the entrance is aligned with the channel, then the liquid layer
remains flowing on the inter surface of the channel and the vapor core in the middle
of the channel forming an annular flow.

The visual data collected from testing the two-phase flow using this channel
are plotted in a flow regime map below, Figure 6-12. The flow regime map below
uses the superficial vapor velocity, pn the vertical axis and Lockhart-Martinelli
parameter on the horizontal axis. The transition from plug/slug regime to annular

wavy regime occurs at vapor qualities ranging from 10% to 20%.

S
o =
0. % :
. F X ><><>< -
-Z‘ ><>< X
—_ X ><><
o X%
o XX
(< 1 X
z Annular Wavy XX %
5 X%
Q. X Xy
g Transition
T 0.1 T B RS
5 F
£ °a0
8_ I a
&
2  o0.01 { °Plug 008
()] | HElongated Bubble/Slug DS
Elongate Bubble/Bubbly/Slug Plug/Slug FLow
X Annular Wavy
0.001 e
0.01 0.1 1 10
tt

Figure 6-12 Visualization results of the 0.4 mmwiiey window micro-channel plotted in a flow
regime map
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Figure 6-13 shows the visual data of this work plotted on a flow regime map
developed by Wang et al. (1999). It is obvious from the figure that about 30% of the
plug/slug regime data fell in the transition regime of the map. As fomttaa flow
data points, they fell in the stratified wavy regime and the annulaneegf the map.
Similar results to the Wang et al. (1999) flow regime map are shown in¢berBat

al. (1980) flow regime map, Figure 6-14.
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Figure 6-13 Visualization results of the 0.4 mmwiigy window micro-channel plotted in a flow
regime map developed Wang et al. (1999)

140



Annular/Spry _5
2| Bubble
(o] ><><>< g
—_ 10 ¢ X
g X XX
Z” X % X Transition
o XX
= ><--><>§<--->-< ------------------------------------------
< 1 XN
X AKX

5 ><><><§ Slug/Plug
=3 I Stratified Wavy XXu&
> X
g Ot
&
= °ag
() O
2 o001 { °Plug 003
N | D Elongated Bubble/Slug P

Elongate Bubble/Bubbly/Slug

| X Annular Wavy
0.001 e
0.01 0.1 1 10
tt

Figure 6-14 Visualization results of the 0.4 mmwiigy window micro-channel plotted in a flow
regime map developed Breber et al. (1980)

It is obvious when comparing the newly developed flow regime map of the
present channel (Figure 6-12) to the flow regime maps presented ie Bid3rand
Figure 6-14 that the transition from the plug/slug flow regime to the annovar fl
regime in Figure 6-12 occurs later than the transition from slug to stdaiiavy in
Figure 6-13 and Figure 6-14. This can be explained by the diagram (Figure 6-15)
below. In addition to the fact that surface tension forces at the liquid-vapdadeter
pull the interfacial liquid waves in the annulus towards the tube center that ewentuall
block the vapor passage, and hence form slugs. In other words, in high aspect ratio
channel such as the one used in this study, the liquid layers in the larger sufrfaces
the channel are very close to each other (Figure 6-15 (c)); therefare, \zpor
gualities (in this case between 10% and 20% vapor qualities) any occurrernge of la

waves can cause the liquid layers to collapses; thus, forming a bubble or @longate
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bubble in this case. On the other hand, this effect can occur in circular anduksetang
channels at even lower vapor qualities (qualities lower than 10%) for the same
operating conditions. This conclusion agrees with that reached by Griffith &nd Le

(1964) investigation.

(@) (b)
(©)

Figure 6-15 Demonstration of liquid layer distrilautinside (a) Circular tube, (b) high aspect ratio
rectangular channnel

Figure 6-16 shows the visual data plotted on the Tandon et al. (1982) flow
regime map; it is clear from Figure 6-16 that there is good agreentemdethe
data and the map at the slug regime; however, there are some annular flowrdata poi
in the slug flow regime of the map where the rest of the data of the annular flow

regime fall in the wavy and annular flow regimes of the map.
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Figure 6-16 Visualization results of the 0.4 mmwiigy window micro-channel plotted in a flow
regime map developed Tandon et al. (1982)

All of the above three comparisons have a wavy flow regime before the
annular flow regime, whereas for the particular channel studied here eglicie was
not observed in the visual tests. This is possibly due to the difference in channel
diameters. In the case of Wang et al. (1999), the channel hydraulic diaraster w
twice as large as the channel tested in this work. In addition, the Wang et al. (1999)
study was conducted on a multi-port (10 channels) test segment where flow mal-
distribution can occur, which may promotes a wavy flow.

When the data is compared to a micro-channel type of flow regime maps, as
represented in the case shown in Figure 6-17 below, it is clear that teenagtes
very good. Figure 6-17 presents the visual data points of this study on Coleman and
Garimella’s (2000, 2003) flow regime map. Their flow regime was gertehaten
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two-phase flow tests conducted on a 0.76 mm circular micro-channel using R134a as
the working fluid and for mass fluxes ranging from 150 to 750 kganhreduced

pressure lower than 0.35. The size of the channel used to generate their flowsegime i
comparable to the channel size used in this study and some testing conditalas are
similar; thus, the flow map and the data agree to a great extent. It is atko wor
mentioning that Coleman and Garimella were able to observe the annular film and
mist flow because the channel they used was glass where as in this study the
narrowness of the viewing window made it difficult to see the vapor core and to

determine whether there was a mist flow with the annular flow.
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Figure 6-17 Visualization results of the 0.4 mmwiiey window micro-channel plotted in a flow
regime map developed Coleman and Garimella (200032

The visual data of this tested channel showed a great agreement with the flow

regime map developed by Cavallini et al. (2002). Figure 6-18 shows this ceampari
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in which the plug/slug data points fell in the slug flow regime of the map and all

except one data point of the annular flow data fell in the annular flow regime of the

map.
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Figure 6-18 Visualization results of the 0.4 mmwiigy window micro-channel plotted in a flow
regime map developed Cavallini et al. (2002)

From the visualization results and the flow regime maps evaluated in this
study, we observed that the annular flow occurs at lower vapor qualities when the
mass flux increases causing the plug/slug flow regime to become nartdvigin a
mass fluxes, whereas the opposite happens when mass flux is decreazauy tidi
visualization data of the present study, a new flow regime map was developed. In this
study, only three mass fluxes were considered (200, 300 and 40&Xxgrtus, when
developing a flow regime map using the data collected the transition linedacam

straight vertical line, as shown in Figure 6-19.
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Figure 6-19 Newly developed flow regime map foradetllected from the 0.4 mm viewing window
micro-channel

6.1.3 Summary

This chapter shows the results of the visualization channels used to study the
two-phase flow inside the channel. The results of the tests are presentecbimtbé f
pictures of the different flows and flow regime maps. A flow regime map was
developed for each of the two visualization channel used in this study. The results
were also compared with three different flow regime map types obtainedHeom
literature. Comparison of the flow visualization maps with previous data and against
the two channels studied here revealed improved understanding of the role of high

aspect ratio micro-channels in condensation process.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

7.1 Conclusions

To characterize condensation heat transfer and pressure drop coefficients in
micro channels with a small hydraulic diameter and high aspect raiimgla siicro-
channel made of copper with the dimensions of 190 mm x 2.8 mm x 0.4 mm was
fabricated. The study began with detailed survey of the open literature. Next, a
testing apparatus was designed, built and equipped with all the necessary
instrumentations to obtain accurate data. Then, parametric tests were edrashatt
analyzed for two selected refrigerants, R134a and R245fa. Utilizing a linea
regression analysis, the effect of various operation parameters on bothieoep
and heat transfer coefficients was studied. Correlations of average hsfrtran
coefficients, average pressure drops and local pressure drops were delvgloped
modifying the available correlations utilizing the experimental resilise present
study. Finally, visualization tests of two-phase flow were conducted in fiepeit
channels. From the obtained visual data several flow regimes were chaedchad
the corresponding flow maps were developed.

From the analysis of the results the following conclusions can be drawn:

The present research represents the first study of its kind to investigate
condensation heat transfer in a single high-aspect ratio micro channel,

combined with flow visualization experiments.
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Two refrigerants were selected for this study, on ehigh pressure (R-
134a) and one new low pressure refrigerant (R-245fa). While, there are
some previous study on condensation of R-134a, there has been no
previous work on condensation of R-245fa in micro channels

For both refrigerants, the heat transfer and pressure drop coefficients
decreased with an increase in the saturation temperature.

As expected, with increase in the mass flow, both heat transfer and
pressure drop coefficients increased.

The effect of inlet superheat on heat transfer and pressure drop
coefficients was insignificant and for the most part within the
experimental uncertainties. That is because for the range of inlet super
heat studied the the fully developed condensation flow regime was
hardly affected, thus negligible effect on heat transfer and pressure
drops.

Refrigerant R245fa on average demonstrated a 15%-better heat
transfer performance than that of R134a, whereas the pressure drop for
R245fa on average is almost three times higher than that of R134a for
the same operating conditions. The reasons for this trend were
documented in the thesis.

The obtained heat transfer coefficients as well as pressure drop in high
aspect ratio micro-channel studied are considerably higher than those
in the corresponding macro and mini-channels. The main reasons for

the better performance are documented in the thesis.
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Among the correlations available for micro and mini-channels, the best
match model for heat transfer is the void fraction model and the
classical pressure model for the average and local pressure drops. The
said correlations were modified to better match the experimental data
of the present work.

The visualization test sections are unique and very innovative in terms
of design and fabrication. Also the visualization results obtained in this
present work are one of its kinds. They open wide doors for
researchers to further investigate the two-phase flow in high aspect
ratio micro-channels.

Several flow regimes were identified in the flow visualization
experiments, including plug/slug, wavy film and annular flow regimes.
The various flow regime maps identified in the present study were
compared with those available in the literature. While the flow maps

for studies in micro-channels were for the most part in good agreement
with the present experiments. It is difficult to draw definitive
conclusions on any deviations in the fundamental physics between the
high aspect ratio micro-channel tested in this study and those of the
mini-channels. In particular, effect of aspect ratio on condensation in

micro-channels needs to be further studied.
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7.2 Recommendations for Future Work

Design and test a multi-channel heat exchanger with channels of
similar size to the ones tested in this study for further verification and
improvement of the correlations to include multi-passage channels.
Potential flow misdistribution for condensation in a practical heat
exchanger of this nature might be a serious problem and should be
studied.

Conduct experiments in channels with hydraulic diameter similar to
that of the present study, but with different shapes to characterize the
effect of channel shape.

Evaluate a channel with aspect ratio higher than that of the current
channel and another with lower aspect ratio to further quantify the
effect of aspect ratio for condensation in the current micro-channel
geometry.

Accompany each of the above recommended tests with visualization
tests and combine the results with the current study to develop a more
general flow regime map.

The results of the above additional recommended tests and the
associated visualization results can be used to develop more reliable

correlations for condensation in high aspect ratio micro-channels.
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