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Abstract

Experiments were conducted to measure the heat transfer characteristics of non
boiling two-phase segmented flow in al@mothermal collector. The solar thermal
collector was manufactured to have a serpentine flow path (residential serpentine deign)
and thediameter otcollector pipe wa$.0109 m

The working fluids used in the experiments were water, ethylermolgynd air.
Single phase water was examined first, and the results were used as a basis for
comparison for the watetir two-phase flow results. Twphase experiments using
ethylene glycchir and single phase ethylene glycol were then conducted. The flow
rates of the wateair and ethylene glycadir phases were varied between a range of
values during each experiment and the system pressure and temperatures were recorded

at each combination of flow rates.

The experimental data was used to cateuthe number of variables, such as the

heat transferate Q, temperature difference between the entrance and exit of the solar
thermal collectorDT , average bulk temperatufie, thetime required for raising the

temperature inside the tank franu 20X 1 3and the energy gained from the tafik
. It has been shown that theat transfer enhancement of tploase flow system was

better than the single phase floystem.

Several experiments were conducted to study the effects of liquidraottna, .

The effect of liquid voidraction showed that the heat transfatewas highest in all
experiments when the liquid voidafition was0.5, while the heat transfeatewas at

its lowest value when the liquid voitactionwas 079. The effect of voidractionwas
found to be a controlling factor due to its impact on liquid slug length, which in turn
affects the heat transfeate Finally, the four twephase experiments were compared
with single phas#ow experiment. The result illustrated that the {pltase flow system

was better than the single phase flow system.



Acknowledgement

| am deeply indebted to my thesis supenssand research adviser Dr. Yuri
Muzychka, Professor iDepartment oMechincalEngineeringat Memorial University

of Newfoundland, an®r. Kiven Pope Assistant Professor dechincalEngineering
Grateful acknowledgment is due for their sincere supportatéuguidance, fruitful
discussions, and comments throughout the courses of this study. | would like to thank
them for giving me thisgreat opportunity; it was a rewarding experience, both

professionally and personally.

| would like to thank the staff aflechincalDepartment Laboratory who have helped

me a lot, made my work easier, and added pleasant moments to myraarike.

| wish to acknowledge the support and cooperation of my colleagues, and classmates
during my study aMemorial University | would also like to thank mparentsmy
brothers, and mysisters. Thesgeople supported me throughout my studies and

encouraged me when | need it



Table of Conterts
Abstract
Acknowledgements
List of Table
List of Figures
Nomenclature
Chapter 1 - Introduction
1.1 General
1.2 TwoPhase Flow
1.3 FlowPattern Defintions and Classifications
1.3.1 Horizontal and Nedtlorizotal Flow
1.3.1.1 Stratified Flow (ST)
1.3.1.2 Intermittent Flow (1)
1.3.1.3 Annular Flow (A)
1.3.1.4 Disperse@ubble Flow (DB)
1.3.2 Vertical and Sharply Inclined Flow
1.3.2.1 Bubble Flow
1.3.2.2 Slug Flow
1.3.2.3 Churn Flow
1.3.2.4 Annular Flow
1.3.2.5 Disperse@ubble Flow
1.4 Segmented Flow
1.5SolarWater Heating Systems
1.5.1 Types ofolar Water Heating Systems
1.5.1.1 Open and Closed Systems
1.5.1.2 Direct and Indirect Systems
1.5.1.3 Integrated Collector Stora8gstem (Passive)
1.6 Solar Energy Collectors
1.6.1 Flat Plate Collectors
1.6.2 Collector Performance
1.7 Research Objective
1.8 Outline

S s =T

N e
P R O



Chapter 2 - Literature Review

2.1 Introduction
2.2 Literature Review

Chapter 3 - Methodology

3.1 Introduction
3.2 Mechanism of Heat Transfer Enhancement

3.3 Heat Transfer Coefficients in Internal Flow

3.3.1 Constant Wall TemperatureYy 6 € €1 0 @WE O

3.3.2ConstantHeatFluxy 0 & &1 0 ®We O
3.4 BasicRelations inTwo-Phase Flows
3.4.1 Mass Flow Rate
3.4.2 Mass Flux
3.4.3Mass Fraction
3.4.4Void Fraction
3.4.5 Volumetric Flux
3.5 Pressure Drop
3.6 Dimensionless Parameters
3.6.1 Reynolds Number
3.6.2 Capillary Number
3.6.3Etévé Number
3.6.4 Bond Number
3.6.5 Laplace Number
3.6.6 Weber Number
3.6.7 Froue Number
3.6.8 Prandtl Number
3.7 System Configuration

3.7.1 Flat Plat Collector (Residential Serpentine
and Light Table
3.7.2 Turbine Flow Meter and Pripde of Operation

3.7.3 Centrifugal Pump
3.7.4 Fluid Reservoir

12
12
12
29
29
29
30

33
34
34
34
35
35
37
37
39
39
40
40
40
40
41
41
41
41

42

44
45



3.7.5 Intermediate Tubing
3.7.6 Air Injection System
3.7.6.1 Corpressor and Air Hose
3.7.6.2 Injection Manifold
3.7.6.3 Solenoid Valve
3.7.6.4PIC Controller
3.7.7 Data Collection
3.7.8 Setup and Operation of Experiment
3.7.9 Fluids
Chapter 4 - Experimental Results
4.1 Introduction
4.2 Data Analysis
4.3 Singleand TwePhase Flow in a Solar Collector with Water
4.4 Singleand TwePhase Flow in a Solar Collector with Glycol
4.5Experiments at Variable Liquid Void Fraction
Chapter 5 - Conclusion and Recommendations
5.1 Conclusion of Present Study
5.2 Recommendations for Future Work
References
Appendix A - Solar Themal Collector Specification
Appendix B - Compressor Specification
Appendix C - Solenoid Valve Specification
Appendix D - PIC Microcontroller Code
Appendix F - Measurement Devices Specifications
Appendix G T Turbine Flow Meter Specifications

45
45
46
46
47
48
48
48
50
51
51
51
52
60
79
89
89
90
51
91
94
100
103
105
118



List of Table

Table 2.1 Values of Chisholm Co 15
Table 3.1
Table 3.2: Componenéeéééeécehbeéédeol 47
Tabl e 3.3

Table 4.1:Summay of results for singlghase (water)
and twephase flow (watea i r) experi ment s €60

Components of the inj 47

The properties of wat 50

Table 4.2:Summary of singkphase glycol) and twephase

flow(glycol-ai r) experi mentsééeéeéeéeé 78
Table 4.3 Experimental heat transfer

enhancement aftwo-phase floms ol ar col | ect o 78
Table 4.4:Summary of gperiments avariabe | i qui d voi d 79

Vi



List of Figures

Figure1.1:Gat i qui d fl ow regi mes in ho 3
Figure1.2:Gas i qui d fl ow regimes in veb5
Figure 1.3: Schematic diagram of natural circulation

system (Goswani et al, 7
Figure 1. 4: FIl at plate coll ector?9
Figure 1. 5: FIl at plate coll ector 10
Figure 3.1: Internal liquid plyicirculation (a) hydrophobic surface

(b) hydrophilic surfac29
Figure 3.2: Gasiquid slug flows for different slug

length (Muzychka 2 011) éé éééééc€30
Figure 3.3: Geomggof voi d fractionéééeéeéeé36
Figure 3. 4: System Configurati ond42
Figure 3.5: Serpentine design of 43

/////////

Figure 3. 6: Light tableééééééeéécédas

Figure 3.7: Configurationfo ai r i njection syst ed46
Figure 3.8: Injection manifol déeéd4a6
Figure 3.9: Solenoid valve compcd47

Figure 4.1Thermal effectiveness at 1.552 (L/min)
for (@) inlet and outletemperatug,(b)

Figure 4.2Thermal effectiveness at 2.062 (L/min)

for (a)inlet and outletemperatire,(b) 57

Figure 4.3Thermal effectiveness at516 (L/min)

for (a) Inlet and outletemperatre,(b) 59

Figure 4.4Transient thermal eftgiveness ab.653(L/min)
for (a)inlet and outlet temperature, f@mperature
difference, (c) heat transfeate (d) temperature
difference inthe tank, ande) average bulk

,,,,,,,,,,,,

64

vii



Figure 4.5Transient thermal efictiveness at 1.7011L/min)
for (a)inlet and outlet temperature,@niperature
difference, (c) heat transfer rat@l) temperatue
difference in the tank, an@) average bulk
and tank t e mp e réaétéuéréecccétééecece.

Figure 4.6Transient thermal effectiveness at 2.148nin)
for (a)inlet and outlet temperature,(l@mperéure
difference, (c) heat transfer rat@l) temperature
difference in theéank, ande) average bulk
and tank t e mp e réaétéueréeéececééécece..

Figure 4.7 Transient thermal effectiveness at&/9L/min)
for (a)inlet and outlet temperature,(l@mperature
difference, (c) heat transfer rat@l) temperatire
difference in the tank, an@) average bulk

/////////////////

Figure 4.8Transient thermal effectiveness for tphase
flow at 1.368 (L/min) and liquid void friction
of 0.79 for (a)inlet andoutlet emperature, (b)
heattransferrate and(c) average bulk

/////////////////

Figure 4.9Transient thermal effectiveness for tphase
flow at 1.306 (L/min) and liquid void friction
of 0.51 for (a) inleand outlet temperature, (b)
heat transfer rate, and (c) average bulk
and tank t e mp e réaétéuéréetecécééécéce.

Figure 4.10Transient thermal effectiveness for tpbase
flow at 1.369 (L/mn) and liquid void friction
of 0.66 for (a) inlet and outlet temperature, (b)
heat transfer rate, and (c) average bulk
and tank t e mp e réaétéucréecécécécécééé

Figure 4.11Transient therral effectiveness for twphase
flow at 1.331 (L/min) and liquid void friction
of 0.5 for (a) inlet and outlet temperature, (b)
heat transfer rate, and (c) average bulk

rrrrrrrrrrrrrrrrr

rrrrrrrrrrrrrrrrr

,,,,,,,,,,,,,,

viii

69

73

77

" 81

- 83

85

87

88

88



Nomenclature:

A Area,&

(@}

Crosssectional area of aig

Crosssectional area of liquidy

Bond number

Chisholm constant

Model constant Eq.(2.31)

Capillary number

Concentration, mofl 1 Eq.(2.11), (2.12), (2.13)
Capacitance, F Eq.(2.25), (2.26), (2.27)
Specific heat, J/kg.K

(@] (@] o O O ©: o

Diameter, m
Hydraulic diameter, m
Internal diameter, m
Tubediameter, m

nQa Pressure gradient, Pa/m

Gained energy from tank, W

O 0O KO O O O 0 g~

E£tvés number

-+

Fanning friction factor

o

Froude number
Gravitaty force, mi
Mass flux, kgé d
Graetz number

Heat tranfer coefficient, Wt 8)

c ® <

Average heat transfer coefficient, §v/8Q
Height of channel, m

Vertical height, ni Eq.(3.43)

Rate of transfer, mol/ Eq.(3.43)
Volumetric flux, m/si Eq.(3.38)

;tc_.c_.IIij

Thermal conductivity, W/m.k
IX



00
00
00
00

00

YQ
YQ

Chamel length, m

Laplace number

Gas length, m

Liquid length, m
Dimensionless length
Dimensionless plug length
Mass flowrate, kg/s

Nusselt number

Average Nusselt number
Single-phase Nusselt number
Two-phase Nusselt number
Nusselt number for fully developed flow
Droplet ratioi Eq.(2.26), (2.27)
Blending parameter Eq.(2.43)
Pressure, PAEQ.(3.42)
Differential pressure, Pa
Frictional pressure drop, Pa
Momentum pressure drop, Pa
Static pressure drop, Pa
Fitting paraneter

Peclet number

Prandtl number

Flow rate,a 7i

Heat transferate, W
Dimensionless heat transfer
Radius m

Coiled aspect ratio

Liquid holdup

Reynolds number

Two-phase of Reynolds number

Temperature, K

Dimensionless average temperature of fluid, K

Inlet temperaturek



SN

Bulk temperature, K

Outlet temperature, K

Time required to heat tank, hr

Wall temperature, K

Average bulk temperature in solar thermal collecor,

Mean wall temperaturek

<

Log mean of temperature difference
Slope tank temperaturg, F'Q

Slip ratio

B R I AP RS RP .

Slope tank temperaturg, FQ
Velocity, m/s

Bubble velovity, m/s

Average bulk velocity, m/s

Voltage, Vi EQq.(2.25)

Amount of working fluid in the tankg
Channel width, m

Weber number

mass quality or mass fractiom

Inlet of mass fraction

Outlet of mass fraction

><8,8‘><8.2<<O~O~C

LockhartMartinelli parameter

N

Q-

Dimensionaless postion for thermally developing flow

Greek Symbobk

Na Liquid two-phase flow multiplier
%0 Gas twephase flow multiplier

| Liquid void fraction

| Gas void fraction

- Aspect ratio

I Shape factor

- Arbitrary length scale

Density, kg

Xi



Subscripts
a

b

C

drop

Dev

Ent

SP

TP

upper

Dynamic viscosity, N.sf

Angle with respect to horizontal position
Dimensionless mean temperature of bulk
Void fraction (length)

Void fraction (crosssectional ara)

Void fraction (volume)

Volumetric quality

Mean density of both phases, &g/

Surface tension, N/

Average

Bubble

Coil

Droplet
Developed flow region
Entrance region
Gas plase

Inlet

Liquid phase
Lower bound
Log mean
Liquid slug
Outlet

Graetz plug flow
Singlephase
Slug flow
Two-phase
Tube

Upper bound
Wall

Xii



Chapter 1

Introduction
1.1 General

This thesis uses a solar collectand aims to design a twahase solar heater by
employing the theoretical principle$ gasliquid segmented slug flow with a constant
heat flux. Various experimentsiudies reveayas bubbles in the flow stream increases
the quantity of heat transfed¢o the experimenting fluid. If heat transfer is increased,
less time is required to heat the fluid. No current devices exist that udiggds
segmented plug flow for solar water heaters; and this thesis aims to prove the
applicability of this concepExperimens areconductedy the developing single phase
flow as a base and compared with {pltase flow. The main aim of this thesis is to
improve the performance and heat transfer rate. The system also shows additional
improvement in the performance ¢aent of the base, suggesting a potential for
various commercial applications. Some of the benefits for consumers include a
reduction in energy consumption, and heating time, as well as availability for a limited
guantity of sunlight. Increasing costsida environmentaldegradationincreasein
concerns of typical energy generation. Hot water consumption denaanthg
residential applications. If we efficiently harness saaergy to provide a more
effective method tosupplement either electrical gasfired water heating, it will
provide significant economind environmentadrotection The system can also reduce

fossil fuel consumption, and reduce public demands on electrical grids.
1.2 Two-Phase Flow

Two-phase flow mainly occurs in a system that cdasi$ two phases (typically gas
liquid) with a meniscus that separates the phases-phase flow is not only restricted
to gasliquid flows but can also refer to solghs, solidiquid, and liquidliquid flows.

The twaephase flows possess numerous applms that mainly occur in different

chemical, petroleum, bimedical, refrigeration and agonditioning systemsamong



others. The fluid system might be either maecale, miniscale, or micrescale
depending upon the application. Recently,-phase lbws have been reported to have
many uses in microfluidic systems including MEMS (micro electromechanical
systems), LOC (lalon-chip) devices anlanofluidic systems. Numerous reseagsh
have also been conducted over the last sixty years, ofptvese flav. Initially research
typically focused on macrscale flowshowever, recent researches has focused on both

micro-scale and minscale flows.

A wide range of different models have been established both analytcally
theoretically for predicing pressure drop in twphase frictional and transport
characteristics. These parameters are importance to many engineers who are working
with such twephase flow systems. Furthermore, the models used fophase flow
can be further categorized into twmique classes: homogenous flow models and
separated flow models. The homogenous flow model firstly employs effective fluid
properties determined from the important properties of both phases currently in the
flow. Major properties such as viscosity anasiey are mainly determined via effective
property models, followed by frictional pressure drop, and then the transport
characteristics are calculated by using equations for calculating single phase flow.
Typically, a homogenous flow model can be referedis a zerslip flow model.
Whereas, a separated flow model mainly tries to show that both phases possess unique

therma@hysical properties and have different velocities.
1.3 Flow-Pattern Definitions and Classifications

The most fundamental difference betwethe singlephase flows and gdmuid
two-phase is the presence of flow patterns and flow regimes in the case pifids®
flow. Flow pattern basically refers to the overall geometrical configuration of both gas
and the liquid phases in the pip&hen gas and liquid simultaneously flows in a pipe,
the two phases can actively distribute themselves in a variety of different flow
configurations. The flow configurations are significantly different from each other in
interface spatial distribution due different flow characteristics, velocity and the
holdup distributions.

All existing patterns of flow in any twphase flow system are highly dependent on

the following variables:



1 Operational parameters that include gas and liquid flow rates.
1 Physical poperties associated with the two phases, including gas and liquid
densities, surface tension and viscosities.
1 Geometrical variables, such as pipe diameter and inclination angle.
Flow pattern determination is an important problem, specificallgnialysisof two-
phase flow Major design variables associated with the flow strongly depend on the
existing flow pattern. The design variables include gradient, pressure, heat, mass

transfer coefficients, liquid holdup, residefteee distribution, and chemicalaetion.

1.3.1 Horizontal and Near-Horizontal Flow

Flow patterns that are horizontal and Rearizontal can be classified as stratified flow
(for both stratifiedsmooth and stratifiedavy), annular flow, dispersdaubble flow
and intermittent flow (including dith the slug flow and elongatduaibble flow). Gas

liquid flow regimes in horizontal pipes are illustrated in Fig. 1.1.

iii) Elongated bubble flow iv)Siug flow
v) Stratified flow vi)Stratified wavy flow

Figurel.1l: GasLiquid Flow Regimes in Horizontal Pip€sveBratiand, 2010

1.3.1.1 Stratified Flow (ST)

This flow pattern mainly occurs at relatively lower gas and liglod rates. The two
phases get separated from the force of gravity, where the-|paise typically flows



at the pipeods Iplasetilovmat thevibp. A Stratifiéldve pattea $s
also subclassified as stratifiedmooth or stratifiegvavy.

1.3.1.2Intermittent Flow (1)

Intermittent flow is mainly characterized by the alternative flow of liquid and gas. Either
plugs or slugs filling the entire crosgctional area of the pipe, areparated byas
pockets containing highly stratified liquid layer that flows along the entire bottom of
the pipe. The mechanism of its flow follows that of a fast moving liquid slug that

overrides the much more slowly moving liquithfithat is placed aad of it.

1.3.1.3Annular Flow (A)

Annular flow occurs at a relatively high gisw rate. The gagphase flows at the center
and might contain entrained droplets of liquid. The liquid flows specifically in the form

of a very thin film present aroundetlipipe wall.

1.3.1.4DispersedBubble Flow (DB)

At considerably high liquidlow rates, the liquiebhase typically occurs in nearly a
continuousphase which the entire gabase is dispersed in the form of discrete
bubbles. The transition to this flowtpern can be defined with the help of a condition

in which the bubbles are suspended first in the liquid or gas pockets, which typically
touches the very top of the pipes, and are eventually destroyed.

1.3.2Vertical and Sharply Inclined Flow

For a range of idmation angles, the stratified regime disappears and is replaced
churnflow. The flow patterns are usually more symmetric around the pipe and less
affected by the force of gravity. Glégquid flow regimes in vertical pipes are illustrated

in Fig. 1.2.
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Figurel.2: GasLiquid Flow Regimes in Vertical pipg®veBratland, 2010

1.3.2.1Bubble Flow

In bubble flow, the gaphase is dispersed into much smaller discrete bubbles that move
upward in a zigzag motion as well as in astant liquidphase. The distribution of

bubbles is nearly homogeneous via the pipe cross section.

1.3.2.2Slug Flow

Slug flow in vertical pipes is very symmetric around the pipe axis. The majority of the
gasphase is located in a much larger buflbaipel pocket, known as the Taylbubble
and has a diameter approximately equal to the pipe diameter. The flow consists of

successive Taylelb ubbl es as well as |l iquid slugs

1.3.2.3Churn Flow

Churn flow is characterized byhaghly oscillatory motion of the liquigghase. Churn
flow is similar to slug flow, with no clear or strict boundaries between the two phases.
Typically, this occurs at much higher gid@w rates, where the liquid slugs fill the entire

pipe andare much Borter and frothier.

1.3.2.4Annular Flow

Similar to horizontal flow, this type of flow is characterized by afagving gasenter
having entrained liquid droplets and a much slemewring liquid that flows around the

entire pipe wall.



1.3.2.5 Dispersed-Bubble Flow

Similar to horizontal flow, dispersdaubble flow in vertical and highly inclined pipes
occurs at a relatively higher liquitbw rate. The overall gaghase is dispersed as

discrete bubbles in the continuous ligyidase.
1.4 Segmented Flav

Two-phase segmented flow has been extensively examined over the last ten years. It is
characterized by splitting the entire fluid stream into a consecutive series of shorter
plugs. One phase is the carrier or base fluid, while the second phase gntleatsey

media or dispersed phase. Additionally, many previous researchers referred segmented
gasliquid flow as Taylor plug flow. The main reason is the work of Taylor (1961) who
examined plug flows from an understanding of both the film thickness awnditep

at the wall. Plug flow (Taylor flow) is the earliest form of segmented flow patterns;
however, because surface tension is asamminant factor in macrscale studies, it is
almost impossible to create a steady train for the plugs with a thid fitjai

Within liquid plugs of any segmented flow, the internal circulations will rise due to
solid-liquid, gasliquid, or liquid-liquid interfaces. These thermal enhancements mainly
occur in segmented flows because of two mechanisms. One of mechahisimnternal
circulations present within the liquid plugs and the other mechanism typically resulted
from an increased velocity that was experienced by the liquid plugs, due to reduced
liquid fraction, usually for a constant flow rate of mass. Furthernibee)atter was
determined to be impossible by Muzychka et al. (2009), who used heat transfer theory.
This leaves just the internal circulation mechanism for explaining the thermal

enhancement that result from segmented flow.

1.5 Solar Water Heating Systems

Solar water heaters have been used since the 1800s. However, the main difference
between early solar water heaters and modern versions is in the configuration modern
systems, where the solar heaters are placed on a roof. Solar water heaters are
environmenthy friendly and help reduce energy bills (Staff abampbel] 1978). Solar

heaters come in different configurations and variations in terms of cost, design,



performance. Many systems also have auxiliary systems such as electricity or gas
heaters.

1.5.1 Typesof Solar Water Heating Systems

Currently, there are two major types of solar heating system configurations available,
including natural and forced circulation. Natural circulation systems are simple and the
overall cost of manufacturing is quite low. Hoveemhese systems are suitable only for
warm climates since freezing occurs in colder climates. Forced circulation systems are
more suitable for climates that are below freezing temperatures (Goswani et al, 2000).
Natural circulation systems are also aallbermosyphon systems. A typical schematic

for this type of system is illustrated in Fig. 1.3

|-
S Storay Ton
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(a) Schematic diagram (b) Photograph

Figurel.3: Schematic Diagram of Natural Circulation System (Goswani et al, 2000)

There is a wide range of disadvantagesoamted with thermosyphon solar heating
systems since they are relatively taller units which makes them visiblysive on
buildings and they are prone to damage in windy conditions. The overall design

typically incorporates a cold water storage tarstatied on the top.

1.5.1.10pen and Closed Systems

Natural and forced circulation can be further categorized. In an open system, an open
container is installed at the highest point to absorb volumetric expansion of the liquid
that is caused by changegemperature. The pressure in open systems is maintained at
the static pressure associated with the liquid column. Closed (sealed) systems are

typically designed for operating at a higher pressureX@.bar), which affects physical



properties, includig t h e l i qui dos evaporation temp
additional safety devices (Geam Solar Energy Society, 2007).

1.5.1.2 Direct and Indirect systems

Direct systems typically operate with water that continuously circulates from the solar
heathg storage tank to the main collector. Direct solar systems can be installed in
different configurations. The system is typically connected to a separategter or

can be linked to a combined cylinder having dedicated solar water storage unit.
Additionally, this system can be connected to an already existing hot water vessel
having a traditional heat source (German Solar Energy Society, 2007). An indirect
system possesses two entirely separate circuits: the solar and the cold mains water
circuits. Thistype of system is most commonly used in the UK. The system typically
involves transferring heat from the fluid that passes through the main solar collector.
This system also has the advantage of preventing contaminants from entering via

incoming cold mainsan diminish the efficiency of the solar collector (CIBSE, 2007).

1.5.1.3Integrated Collector Storage Systems (Passive)

Integrated collectostorage ICS) systemsemploy hot water storage as a part of the

solar collector, with the surface of the satorage tank employed as an absorber. To

i mprove stratification the hot water is d
the tankdéds bottom on the opposite side.
systems is related to high thermal losses @ the high surface area of the solar storage

tank that cannot be insulated thermally since it is used for absorption. In ICS systems,

the water temperature substantially drops during the night, particularly during the winter
(Soteris A. Kalogirou, 2003

1.6 Solar Energy Collectors

Solar energy collectors have similaritiesheat exchangers and can transform energy
from one form to another, i.e. solar radiation into thermal energy. The main component
allowing the exchange or transfer of energy is thersm#ector. The solar collector
absorbs radiation and converts it into heat. The heat is transferred to a fluid, either water
or a glycol mixture, and flows through the collector (Kalogirou, 2004). The energy

collected from the process is transferred ftomfluid or to a solar water heating storage



tank. Two ways that solar collectors can be mounted are stationary or tracking. For
mounting the collector in a stationary positianalysisareneeded at the design stage

for the optimum inclination of theotar panels for both location and usage. The solar
collectors remain fixed to this tilt angle throughout the year. In a tracking system, the
solar collectordéds inclination wild/l change

amount of solar radiation (Kk@girou, 2004).

1.6.1 Flat Plate Collectors

Flat plate collectors are typically manufactured in two different forms. Solar collectors
using liquids with no glazing are manufactured with a black absorbent polymer coating
in the absence of any insulated backimbe manufacturingost for theseare low,
however, one major disadvantage is they have high heat losses, making them highly

inefficient and are not suitable for low temperature installations (Sabonnadiere, 2009).

Glazing (glass)

. e

o - .
\>_:>>_ /)

Shexing. Seip o Lo e Aluminium Frame:
Aluminium Alloy Strip Selective Absorber
Frame Insulation Back Absorber
Manifold

Figurel.4: Flat Plat Collector (Solar Server, 2011)



Glazing

Riser tube
Absorber plate:
Insulation
Casing

Figurel.5: Flat Plate Collector Exploded View (Sabonnadiere, 2009)

Another type of flat plate solar collectors employs glazing (Fig. 1.4 & 1.5) and uses an
absorber plate to absorb sotadiation and heats copper tubes containing a transfer
liquid (Sabonnadiere, 2009). The entire side of the casing and underside of the absorber
plate remains heavily insulated to reduce conduction losses during operation. The liquid
tubes are welded to theain absorbing plate and can also be manufactured as part of
the plate. These tubes are later connected at the ends large diameter header tubes
(Kalogirou, 2004).

In order to receive the maximum amount of solar radiation per unit area, a tracking
collecta should be used. Ftnoth maximumefficiency and energy extraction, a solar

collector should be aligned perpendicular to solar radiation.

1.6.2 Collector Performance

Collector performance can be characterized tivo experimentally determined
constants:
A conwersion factor: the solar collector efficiency when the ambient air
temperature is equal to the collector temperature.
A heatloss coefficient: the mean heat loss of the solar collector per aperture area
for any measured temperature difference between tlectmys and ambient
air temperature.
These solar collector constants are mainly determined in referenpsedefined
conditions (such as angle of incidence, global radiation intensity, wind velocity, air
temperature, etc.) (Fanniger, 2012). Furtherntbieeheat balance of a collector should

also possess three different components, absorbed hesitheat = removed heat by

10



the transferring fluid. A heat loss coefficient for solar collect¢Ben, 2008heat loss
coefficient = (absorbed heialost hed) / incident solar radiation.

1.7 Research Objectives

The main aim of this thesis is to examine the potential and applicability of heat transfer
enhancemenbf uniformly segmented fluid streams. This requires a highly and
controllable twephase segmented pléigw to the solar thermal water heating system,
that isoptimized the researclalso comparethe thermal water heating system with a
benchmark, singiphase system. Twphase flow at different sizes of liquid length and

sizes of air plug length are alswaenined.

1.8 Outline

The remainder of thesis is organized as follows. Chapter 1 givagr@tuctiononthe
concept of using nehoiling two-phase segmented flow as a working fluid. The flow
pattern definitions and classifications are presented. Solar heaggrs and the types

of solar water heaters are illustrated as well. The descriptions of research objectives are
introduced Chapter 2 provides a literature review of works addressing related topics.
Chapter 3 shows the mechanism of heat transfer enimantesystem configuration,

and components of the experiments. Chapter 4 illustrates the experimental results for
the segmented flow used in the solar thermal colleCioapter 5 provideaconclusion

of the current studgnd recommendations for futureidtes
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Chapter 2
Literature Review

2.1 Introduction

This chapter presents experimental and numerical research ghase flows as well
as on the twgphase, with a focus on twghase segmented flow. Improvements needed
to implement frictional pressure drapd a transport correlation are developed through

extensive research and are organized chronologically.
2.2 Literature Review

In 1949, Lockhart and Matrtinlli studied twahase flow with air and liquids that flowed
inside pipes having different diameters. Ti@meters of the pipes ranged from 0.0586
inches to 1.017 inches, and the liquids included kerosene, benzene, water and oils. Four
different types of isothermal twphase and twwomponent flow were identified,
namely the turbulertquid-turbulent gas,urbulent liquidlaminar gas, laminar liquid
turbulent gas, as well as laminar ligt@inar gas. Lockhart and Martinelli (1949)
correlated both the twphase pressure drop that resulted from all four flow mechanisms
into the following Martinelli parametex

Opﬁmo
)
%

[-O:Ot

X2 =

5 2.1)

vO?jQJo
%
Clo:on

Equation (2.1) is related % by the ratio of both single pressure drops, similar to both

individually flowing in the pipe. Lockhart and Martinelli (1949) presented their

graphical correlation for each of the flow rheoisms that were identified. The

LockhartMartinelli plots can be used for determining the {@ase flow

characteristics for liquid, as well as gaseous phases with Eq. (2.2) and (2.3):
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When the flow multiplier for the phase is determined, the frictional pressure of two

phase eventually drops and can also be calculated by using Eq. (2.2) or (2.3). Lockhart

and Martinelli (1949) additionally demonstrated that the liquid fractioralong with
the void fraction| can also be correlated to the Martinelli parametefowever, the
overall design of the equations was done to predict a drop Hplase pressure and
that only a graphical correlation was given.

Additionally, Taylor (1961) conducted experiments to examine plug flow,
primarily film thickness or fluid deposition at the tube wall. The fluids that were used
consisted of glycerin with a strong sucrose solution (i.e. golden syrup) which was
further diluted with dstilled water to make the viscosity 28 poise a 2@Glass tubes
having a 2nmand 3mminternal diameters and lengths of approximaieB2 m were
used for the testing section& gas bubble was then released into the test section and

the total amount of film that was left after the bubble was then meshsu

The results of Taylorés (1961) experi ment

parameterm (liquid that was left in the tube) against the capillary number. The
experiments were conducted over a much broader range of the capillary numbar, 0 < C
< 2.0. It was concluded that when the capillary number gradually increases the liquid
film also increases. This relationship is not linear. At relatively higher values of the
capillary number (i.e. Ca > 0.56) the parametewould eventually reach a lining
valuefmn 0. 5). After Taylorés (1961) study,
segmented gaguid flow as Taylor plug flow. One of the most important
characteristics identified by Taylor (1961) was the presence of circulation pair zones,
within the liquid plugs. Additionally, these zonesre caused bihe presence of either
liquid/gas or liquid/liquid interfaces. These circulations affected the overall flow in a
manner that promotes the radial transport of both heat and mass, as beelhdary

layer renewal, mainly due to the fresh fluid that was being transported to the liquid

plugbés | eading edge.

13
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Oliver and Wright (1964) studied a series of different measurements for investigating
the overall effect of plug flow on both heat transdad friction in laminar flow. They
concluded that the internal circulation significantly increases the heat transfer
coefficient and, therefore, Gradteveque theory and Shah and London (1978) cannot
be applied to plug flow. Furthermore, the experimentssisted of both single and two
phase flow in 0.25 inch test sections of varying lengths (3 to 4 feet). Additionally, the
liquids that wee used in this experiment webé.3% glycerol, 8846 glycerol, 0.75%6
sodium carboxymethylcellulose (SCMC), %= CMC, and 0.9% polyox, in water and

2% of celacol solution. The gas was air.

The experimental results were represented graphically with Nusselt number and Graetz
number, as well as the ratio of typbase flow to single phase flow Mtisselt number

and void fradbn. Lastly, Oliver and Wright (1964) stated that the ovexfédict of void
fraction was independent of the plug length, however, circulation effects are highest
with plugs. A simplified model for a twphase plug flow heat transfer coefficient was
basedn the experimental data. A modification of the Grdetzeque model was later

developed:

Nup, = thpél'ig =2
cR>® R
Where0 6 is two-phase Nusselt numbaro is singlephase Nusselt number and
'Y is Liquid holdup.

(2.4)

Hughmark {(965) established a correlation mainly for estimating -‘upd(void
fraction) in the horizontal slug flow. He based this correlation on a relationship of
bubble velocity and the liquid slug Reynolds number. Additionally, the bubble velocity
during slug flav was reported by Hughmark (1965):

aQ +
b= K (2.5)
¢

Where0 is flow rate for liquid phase) is flow rate for gas phase, A is cross section
area and) denotes a function dahe liquid Reynolds number that remains constant at
0.22 when the Reynolds number is greater than 400,000,which is withuriodent
regime for the liquid phase. Additionally, Hughmark (1965) presented the liquid

Reynolds number as:
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_aQ+Q 5
Re _8ET %I (2.6)

Where'Y Qs Reynolds number for liquid phase,is density for liquid phasand'

is dynamc viscosity for liquid phase.

Hughmark (1965) also developed a msahpler model for slug flow heat transfer
that was dependent on the momerdusat transfer analogy for turbulent flow. The
GraetzLeveque equation used for laminar flow. The simplified etast

nDJRS ) ,AQC 4" .
KR O &0

Where D is diameter,Q is heat transfer coefficient for twghase,0 is thermal
conductivity,0 is specific heat and is channel length.

Hughmark (1965) also compared (Eq. (2.7) with experimeatdtd from Oliver and
Wright (1964). The average absolute déwvia the experimental data model is
approximetly 8.4%.

Chisholm (1967) established an equation to predict drop inptvese frictional

pressure:

C 1
fP=1 +— —+ 2.8
| X X2 ( )

Wheren is liquid two-phase flow multiplier,X is LockhartMartinelli and C is
Chisholm constant.

Equation (2.8) relates the twahase multiplier for liquid to the Martinelli parameter
along, as well as mass quality. The Const@nis based on different types of flow,
summarized in Table 2.1.

Table2.1: Values of Chisholm Constant

Turbulenti Turbulent Flow C=20
Laminari Turbulent Flow C=12
Turbulenti Laminar Flow C=10

Laminari Laminar Flow C=5

Oliver Hoon (1968) tested isothermal flow of both Newtonian andN@wmtonian
pseudoplatic fluids in slug flow and concluded that the circulation or streamline

deflection is present within the liquid slugs, and is dependent on the thickness of the
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liquid film. Both slug flow and annular flow were studied in a 0.25 in@sglesting

section. To measure the void fraction, quotése valves were adjusted both before and

after the test section. The quiclose valves were closed simultaneously and the trapped

liquid was drained and then measured. A camera was mounted orablenplatform

to photograph the slugs. Graphite particles were introduced as tracer particles. Oliver
and Hoon (1968) also determined that the entire streamline pattern in Newtonian slug
flow was characterized by circulation and streamline deflections wieserved only

with nonNewtonian slug flow. The experimental data was compared to Lockhart and
Martinelli &s (1968) pl ot s and agreed we
Newtonian were far below the calculated values. Oliver and Hoon (1968) plogted th

results of the experiments by Graetz number against the Nusselt number:

D
Gzz’%RerP Prt (2.9)
aQ + br
Rep =72 B (2.10)
o =l

Where Gz is Graetz numbery Q is two-phase of Reynolds numbd?y is Prandtl
number and is dersity for liquid phase.

Horvath et al. (1973) conducted experiments to measure the radial transport in
homogenous flow, as well as twphase slug flow. They used an opened tubular,
heterogeneous enzyme reactor, with 60 cm length and 2.32 mm internal didinete
substrate solution was working fluid. The length to diameter raji® of this entire

setup was 260. Experiments for homogenous flow were conducted for measuring the
radial mass transport ratio to substrate solution. An average Nusselt number for single
phase flow was calculated with Eq. (2.11). The logarithmic meacentratiord was
calculated with Eq. (2.12)

J=Nu Dp Lg, (2.11)

— (Ci -QN,O) -( Co -QN,O)
é'ci G, 0

I .s
§ c aEEo “Cuo @

Horvath et al. (1973) then experimented with{@ase plug flow and again measured

G (2.12)

n

the entire radial mass transport. The averdgsselt number for twphase plug flow

was calculated by using an altered version of Eq. (2.11) :
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J=NuD" (L)1, (2.13)
The new variable, introduced in Eqg. (2.13) represents the void fraction (typically
expressed a& in atwo-phase)lt was determined that when radial transport in plug
flow is compared to single phase flow, the Nusselt number increases significantly.
Horvath et al. (1973) also conducted experiments on homogenous afghaseslug
flow in case of a coiled reactor. Thate of reaction and average Nusselt number was
calculated. The Nusselt number is dependent on the ratio of tube diameter to coiled
diameter:

D

c
WheréD ;0 and"Y represent the tube diameter, coil diameter, and coiled aspect ratio,
respectively.

Horvath et al. (1973) determined for low Reynolds numbers and low void fractions, the
coiling could produce8 to 100 increasethe average Nusgehumber. The
experimental data was presented in a plot of average Nusselt number and dimensionless
plug length, for both coiled and naoiled experiments.

Vrentas et al. (1978) studied characteristics associated with a plug flow field with solid
spheresn a liquid tube. The experimental study was one of the first published studies
on solidliquid slug flow. Furthermore, Vrentas et al. (1978) showed that an increase in
pressure drop across the entire tube in liquid slugs of every size also resuheghiy a
elevated power requirement. Hence, both liquid film thickness and slug length should
be selected to optimize the entire system of daiigid slug flow. Provisions for
recycling and maintenance of the spheres is not factor thqyad systems.

Different theoretical assumptions were made by Vrentas et al (1978) to ensure the
analysis of solidiquid slug flow was comparable to calculations on velocity and
temperature fields for cylindrical cavities with a uniform translating wall. The Nusselt

numbe was defined for an ideal heat exchanger as:

_(h,), D _ PeTr
Nu= ” _L(2-Ta) (2.15)

WhereJis the overall rate of reactiod, 6is average Nusselt numbey, is logarithmic
mean concentratiofiY represents the dimensionless average teriyeraf the fluid.

Vrentas et al. (1978) employed a horizontal heat exchanger with a gear pump for
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different experiments. The ratio of length to diametg§rO was 128. Dow corning
silicone oil was the working fluid. Two grades, 100 cSt and 1000 ¢St gelected.
Stainless steel spheres were introduced on consistent intervals. The spheres and fluid
flowed in a 0.95 cm ID tube and less than a 0.0025 cm clearance was present between
the spheres and tube wall. A reciprocating piston was transferedhbeespetween

the exit and entrance of the heat exchanger. Freon TF vap@HCCI'O) maintained

a steady wall temperature while inot conde
reliablewhen the experimental data was collected; thus, the heat transfer coefficient
that was reported by Vrentas et al. (1978) was basee@amflows that were deduced

from measured condensation rates.

Vrentas et al. (1978) represented their experimental data graphically by plotting the
Peclet number versus Nusselt number for a range of different dimensionless plug

lengths, in the form:

dA-AE

Nu:1.62gePe[Lz (2.16)
¢

Muzychka and Yovanovich (2004) established a generalized model to the heat transfer
coefficient in the combined region of entry of various 4eowular ducts. The model

was created by a combination of the solution with a moeletloped initially for Graetz

flow. The model developed for Graetz flow was developed by a combination of a model
that was designed for fully developed flow with Leveque approximation. The flow

model is:
afRe
Nu —= VA o (217)
R N
Where Qs fanning friction factor; is aspect ratio and is shape factor.
Where® = 3.24 for uniform wall temperature (UWT) add  o® gfor uniform wall
flux. Thel parameter is based on channel geometry, with the upper and lower bounds
are fixed at 1/10and 3/10, respectively. A Leveque approximation for a thermal
boundary layer was developed near wall and the velocity profile is linear:
af Re,

Nu,=c £ gz——

* (2.18)
C VA

A AR
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Where® is one for various local conditions and is 3/2 for average conditidimes—

variable represents the dimensionless parameters that are dependent on specific
arbitrary length scales, anlis approximately 0.427 for different UWT conditions and
0.517 for UWF conditions. Muzychka and Yovanovich (2004) combined Eqgg) (2.1

and (2.18) by employing an asymptotic correlation method introduced by Churchill and

Usagi (1972). The model represents the Graetz flow:

1
2 &R }56°°fR 55 &
2 afRe. ¥ 5a afRe_- 00

NU =T, Cae—2 § Hgnae—2 68 ¢ (2.19)
i R T
- L

Values for various constants in Eq. (2.19) are summarized a table presented by
Muzychka and Yovanovich (2004). The generalized model to predict a heat transfer
coefficient for a combined entry region was later established by combining Eq. (2.19)
with a flat plate solution. Hence, by applying an asymptotic correlation a general model

was developed:

1
) . L
é m 98 i%l .o D u
ac,f(Pe) 0 [eo afRe; B € jafRe & q &
Nu eagei‘l 6@ G Gae—2 6ut G rrs 6 8 5 (2.20)
f()ec\/z_—aé ¢ 7 Ip 1 o U s
6 c y - N
The parametemin Eq. (2.20) is a function of the Prandtl number:
1
m=2.27+1.65F (2.21)

The generalized model is valid for 0.1 < Px0 <& < Hhuniform wall temperature

and uniformwall flux, as well as for local and average Nusselt numbers. Muzychka and
Yovanovich (2004) made a comparison of the model to available data found that the
model clearly agreed within15% for the majority of noircular ducts.

Kreutzer et al. (2005) weied to established a pressure drop model for segmented flow
that could be used in capillaries, with considering both the plug and bubble length. The
plug length is determined with data from experimental pressure drop data. Experiments
were conducted witthe capillary tube having an internal diameter of 2.3 mm. An inlet
was constructed a tapered channel as well as a hypodermic needle, allowing both the
liquid plug and bubble length to vary. The segmented flows consisteddgane, air

water, and aitetradecane were examined. Gas and liquid superficial velocities varied
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from 0.04 m/s to 0.3 m/s. Kreutzer et al. (2005) also found experimentally and
numerically that for plug flow with Re >> 1, extra pressure terms can use the capillary

number to Reynoldsumber ratio (Ca/Re). The model is represented as:

14Ca 083

f— — (2.22)

Kreutze et al. (2005) numerlcally modeled plug flow by employing the CFD code
FIDAP. Comparing numerical and experimental data, a correlation was developed by
replacingthe value 0.17 in Eq. (2.22) by 0.07. The difference between experimental and
numerical data was not attributed to experimental error and was explained in terms of
the Marangoni effect caused by impurities in the experimental fluids. When Eq. (2.22)
is usad for modeling single phase flow,” approaches infinity. The model reduces to
HagenPoiseuille flow for laminar flow:

16
f=— 2.23
Re ( )

Lakehal et al. (2006) studied flow simulations of computational microfluidics to
examineheat transfer in smaller tubes. The simulations were used the CMFD code
TransAY that was developed at ASCOMP. Three flow patterns were studied, at
different flow rates, in a 1 mm internal diameter pipe and included: slug flow, bubbly
flow and bubblytrain slug. A uniform wall temperature was maintained and the effects
of flow pattern on heat transfer were analyzed. The wall temperature was maintained at
340 K and the inflow temperature at 300 K.

The results obtained from Lokehal et al. (2006) show ttherate of heat removal in
two-phase flow is much higher than single phase flow. A model for heat transfer in the

two-phase slug flow is:

Nu® Nu, +CPf* Ré (2.24)
Where0 6 represents the single phase Nusselt number, which is 3.67 for a uniform
wall temperature and 4.36 for uniform wall flagndition. The variable C iGg. (2.24)
is the model constant with a value of 0.022. The model is valid for segmented flow in
micro-scale devices with L 0 mm and Pr > 1. Lakehal et al. (2006) described the

model (Eq. (2.24)) as being a guideline for engineers for different designing purposes.
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Yu et al. (2007) used experimental and numerical methods to examine a bubble shape,
size formation mechanisms during segmented flow in reti@NNels. Mechanisms
were investigated for varied flow rates, mixer geometries, and capillary numbers. Yu et
al. (2007) also examined two mixer geometries. Among these, one was typically a cross
shapedni x er wi th a channel that was perpendi
was a converging mixer and the liquid inl
had a square cros®ction, with a 125 dand 250 dside length. The fluids included

air, sucrose solution (viscosity of 30 cP), glucose solution (viscosity of 60 cP), and a
mineral oil (viscosity of around 75 cP). The simulations were conducted with the Lattice
Boltzmann method (LBM). One of the biggest advantages of this method fphiass

flows is the main phase separation spontaneously took place in either tidealdtuid

or between two specific immiscible fluid components and did not require interface
tracking. The simulations were conducted 600 grid points, but to reduce tsimula
time, 300 grid points were used for the short channels. Yu et al. (2007) also presented
experimental and LBM simulation results that were visually depicted as pictures for
different combinations of flow rate and capillary number. The main combinations
included Ca = 0.007 anal @ pdphCa =0.035and ¢ pdrhand Ca = 0.017

with 0 @@  pd8The differences observed between the two mixer geometries were
visually depicted. It was reported that the ratio of larger gas to liquid flow rate
eventually €ads to much longer gas bubbles. Maintaining the same ratio of flow rate
while decreasing the capillary number implies that by changing fluids it could
eventually yield a much longer gas bubble. The mixer geometry possessed effects on
both bubble length @ahthe spacing between bubbles. Converging channel geometry
creates much longer liquid plugs between gas bubbles at Ca = 0.036 gjith pdrh
however, the oval bubble size was reported to be very similar in both the cases.
Mohseni and Baird (2007) later studied elestretting on dielectric (EWOD) as a
driving force that can be used for a relatively new method to coolzidihieat transfer
(DHT) micro devices. The EWOD is used to transport droplets of highly electrically
and thermally conductive liquid metal alloys by applying an electric field normal to the
entire direction of flow. The EWOD force is generated by linirgrtticrechannel both

with the electrodes and sequentially firing to slug the leading edge continuously

between the grounded electrodes. Mohseni and Baird (2007) also stated that this is one
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of the best ways of generating tpbase segment flow of differelruid metal alloys

and can lead to orders of higher magnitudes of thermal conductivities when compared
to nonmetallic liquids, including water and oils. The liquid metal alloy for the Galinstan
was suggested to be the best candidate for a EWOD “wodliog device as it was
inexpensive, notoxic, readily available, and is 65 times less thermal resistant than
water. Mohseni and Baird (2007) derived simplified equations for various EWOD

applications:
- _cV*H
Udrop= — 2.25
T2 L (2.23)
Whered is average bulk velocity of the experimented droplet, c is capacitance per

unit area, V is voltage, H is for height of the channel and L is channel length. The simple
expressions for different characteristics of heat transfer for both unifeath
temperature and uniform wall flux conditions were also presented. For UWT conditions,

the expression for heat transfer is:
q=4, nV H W) (2.26)
Where n denotes the droplet ratio, W is channel width} arsddensity for liquid metl

alloys. In UWF conditions, an additional expression for the outlet temperature is:

S L 2.27
5, n VHWt (227)

Awad and Muzychka (2007) established a simpler expression for both the upper and
lower bounds for the frictional pressure gradiertio-phase in both the mighannels
as well as the microhannels. For the lower bounds, which were typically based on the

Ali et al. (1993) correlation derived for laminkminar flow, the following Eq was
developed (2.28):

adp 8 _32G(1Xe € & & 58, ¢
5 =—————€l+ 5 y (2.28)
éﬁd_l f,'l%)wer D2;|-| é ?—Eé;gg E

The upper bound was based on the Chisholm correlation derived for ldarmaar

flow:

édp g Mé’+ )é‘ 0I5é’,| 0.6.55-8
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Awad and Muzychka (2007) also developed an average or mean bound that was based
on the arithmetic mean of both the lower apger bounds

adp & _326(1-9e, & 4 85 0a, B x ap B
€1+2.5 - + 2 ae? o&  (2.30)
E;E(E fgve DZJ'I 8 ?4- X% $_I 28 (; gg

The mean model (Eq. (2.30)) is equivalent to the Chisholm correlation, with C = 2.5.
Fries et al. (2008) studied segmented flow in a rectangular 1ti@aonel with laser
induced fluorescence (LIF) as well @anfocal lasescanningmicrocopy (LSM). The
microfluidic channel was 2 m in length and had a height and width of 200 &8

The fluids included water, ethanol, and glycerol in their respective aqueous solutions at
various concentrations, troagen was also used. Fries et al. (2008) changed the flow
rates from around 2060°‘ ¥& "Qa liquid phase to 30100° ¥& "Qénainly for the
gaseous phase. The superficial velocities for all these flow rates weré¢ Q@25 m/s

in the liquid hase and 0.0130.042 m/s for the gaseous phase. The liquid plug length,
pressure drop, gas bubble length, and film thickness over the range of superficial
velocities were comprehensively examined.

Fries et al. (2008) lastly reported that during analgsige liquid plug lengths, a full
channel length was observed as having a constant plug length, excluding ethanol. It was
also found that the plug length increases with an increasing superficial liquid velocity
at a continuous gas flow rate. When the tangf the gas bubble was examined, the
bubbles elongated because of the pressure drop. The length of the gas bubble was
graphically plotted versus the length of the reactor for ethaitroigen. It was found

that the length of the gas bubble was dependanthe pressure arfdr a constant
superficial gas velocity of 0.042 m/s, an increase was seen in the overall liquid flow
rate, which resulted in a decrease in the length of the gas bubble.

The Kreutzer et al. (2005) model initially ung@edicted the dlained data. The main
reason was Kreutzer et al. (2005) initially examined circular channels, but Fries et al.
(2008) worked on rectangular channels. Fries et al. (2008) compared the pressure drop
data to three already existing models that were basedeothelory of Lockhart and
Martinelli (1949). The three models were the Chisholm (1967) model, Lee and Lee
(2001) model, and Mishima (1996) model. It was found that good agreements were
made with models that were based on minannels, but models that weteveloped

for a macrescale oveipredicted the pressure drop measurements.
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Fries et al. (2008) then measured the film thickness with LSM. The results for these
film thickness measurements were graphically compared with correlations that were
derived frompast literature and included those proposed by Kreutzer et al (2005),
Bretherton (1961) and Kolb and Cerro (1991). It was reported that for a higher capillary
number, the gas bubbles would elongate and the related measurements became more
comparable to paditerature. For much smaller capillary numbers (Ca < 0.001), the
corner film thickness was almost independent from the Capillary number. It was
confirmed that if Ca < 0.01, no significant changes could be observed in the film
thickness that reduced theapillary number. This also agreed with the initial
measurements of Kolb and Cerro (1991).

Narayanon and Lakehal (2008) analyzed both the Nusselt number and pressure drop for
bubble and plug flow via simulations that were conducted with a CMFD code
TransA'Y hwhich was established at the ASCOMP. The simulations were performed
under axisymmetric conditions for single and {pltase flows with zergravity down

flow and upflow configurations. Furthermore, the simulations were compared to
experimental dataf Chen et al. (2002).

Narayanan and Lakehal (2008) reported that for overall bubbly flow, an average Nusselt
number of 10.7 was obtained for all three cases with different orientations with respect
to gravity. For plug flows, an average Nusselt numberlaf was obtained, but a
discernible trend was present with respect to gravity orientation. In addition, the down
flow case had 46 higheraverage Nusselt number when compared to the case ef zero
gravity. The results were graphically presented by plottireglocal Nusselt number

with the dimensionless channel length. For overall bubbly flow, the local Nusselt
number changed smoothly with a maximum at the gas bubble center, where the liquid
layer was squeezed. For overall plug flow, the local Nusselt nédndber ma x i mum v al
occurred at the rear end, where the gap between the interfaces and wall was very small.
Orientation with respect to gravity is also played an important role in shifting the
location of breakup upstream for -fipw and resulted in a muchriger breakup
frequency. Nusselt numbers were obtained of similar magnitudes as those from Monde
and Mitsutake (1995) and trayaporn et al. (2005). The average Nusselt numbers
from the experiments of Narayanan3®nd Lak
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4 times more heat than single phase flows. Narayanan and Lakehal (2008) also proposed
a simplified model for Nusselt number that can be used for practical applications:

Nu° NLgNCPtD"‘PéS (2.31)
Wherel 6 is the Nusselt number for completely developed single phase flow, with a
value of 3.67 for uniform wall temperature and 4.36 for uniform wall flux.cmstant
Cis0.022.
Muzychka and Awad (2008) presented three different methods foplaseflow
modeling in both mirchannels and microhannels. The first method was a series of
effective property models that were used for homogenous flows and consisted of
various models for density, viscosity, fanning friction factor and Reynolds number. The
second method was a new asymptotic model that was used fqghtge frictional
multipliers. It was developed by using an initial asymptotic analysis method introduced

by Churchill and Usagi (1972). The asymptotic model is:

1
e a1 %
fFP=gl+ 30 (2.22)
é gex_ ¢
1
A P
f;:gu(xz) FE (2.33)

Where P has a value minimizing the root mean square (RMS) error between the model
predictions and the published data. The third method presented by Muzychka and Awad
(2008) to model twgphase flow in minichannels andnicro-channels, was a rational
bounds model used for the twphase frictional pressure gradient. The model was
established by Awad and Muzychka (2007) and was previously detailed in this literature
review. The effective and efficient property models facusity were compared to
published data of Ungar and Cornwell (1992), Tran et al. (2000), Cavallini et al. (2005),
and Field andHrujak (2007). The effective viscosity model that best predicted the
experimental data was the Maxwglicken 1l model, whiclmad the lowest RMS error

of only (16.7% ):

€

m
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Both the asymptotic models and the mean bounds model developed by Muzychka and
Awad (2008) (Egs. (2.32), (2.33) and (2.30)) were compared to published data by
plotting two-pha® flow multipliers against the MartinefiarameteiX.

Muzychka et al. (2009) in the following years reviewed the problems of classic Graetz
flow, as well as heat transfer characteristics. Two different models were developed
using the asymptotic charaasgics associated with plug and Poiseulle flows that could

be used for constant wall boundary conditions. The models were created using the
asymptotic correlation method of ChurcHilkagi for developing thermal Graetz flow.

For the slug flow, a dimensiagds heat transfer model was given by Eqg. (2.35). The

Poiseulle flow model mainly for dimensionless heat transfer was given by Eq. (2.36):

1

11280 & 1 5%
== o oL (2.35)

gLtk 5y
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& 614 5 8 1 ¢ :
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In both Egs. (2.35) and (2.36); represats dimensionless heat transfer aiidthe
dimensionless length. Muzychka et al. (2009) used Egs. (2.35) and (2.36), as well as
heat transfer theory to prove that the best and only way in which thermal enhancement
could be achieved is if a desired charis made in the local velocity profile through
segmentation. It showed that the circulations in liquid plugs were the only mechanism

that causes heat transfer enhancement:

q = T (2.37)
L'= (L/D) (2.38)
Pe,

Muzychka ¢ al. (2009) compared the Egs. (2.37) and (2.38) to the already published
data. A comparison was graphically developed by plotting dimensionless heat transfer
against the dimensionless length. The data was initially produced by Oliver and Young
Hoom (1968) Horvath (1973), Narayanan and Lakehal (2008) and Prothero and Burton

(1961). The plots indicated that a much better scaling of the dimensionless data was
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obtained whenever the true wetted surface area and plug lengths were considered.
Muzychka et al. (209) proposed a definite model to predict heat transfer for segmented

flow of laminar gadiquid on wetted surface areas:

2

hY 3 A

@ s g

._@461406 & 1 8
q=% Gt o U (2.39)
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Whered “ denotes the dimensionless plug length:

L= M.L (2.40)

- 4m g,

Walsh et al. (2009) investigated segmented flow under uniform wall heat flux
conditions. They conducted several experiments to test segmented flow, in a heated
section ofa different stainless steel tube (2 m in length and 1.5 mm internal diameter).
The temperature measurements were taken with foypekthermocouples and a FLIR
systems (IR) camera. Walsh et al. (2009) also presented a plot of time that averaged the
meanva |l | temperature rise with the overall
phase flow and three segmented flows with ratios of slug length to a diameter of 1.6,
5.7, and 14.3. The generalized trends for shorter slugs provided augmented heat transf
over the entire testing section. Moderate length slugs could also result in the degradation
of overall heat transfer rates within entrance regions, and improve heat transfer in fully
developed regions. Longer length slugs could result in degradingrheater rates
throughout the entire system. The study saeatransfer rates for segmented flows

with entrance region details.

Walsh et al. (2009) presented a plot for the local Nusselt number that was normalized
by the liquid wetted region againstetinverse of th&raetz parameté®d The final

plot showed the slug flow could eventually degrade heat transfer within the entire
entrance region, however, it would typically augment heat transfer within the
completely developed region. Walsh et al.q2Pestablished a model for predicting the
local Nusselt number in segmented flows that already consisted of various deriving
expressions for the developing and completely developed regions. The entrance region
asymptote was derived by taking exact mednesbetween both plug and Poiseulle

flow limits:
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Nux(s,Em) :Nu>( P,En} +|__ SNU( pl,Ent -NL{ p.ENt (241)

A completely developed flow limit was derived by adding the enhancement because of
slug flow to the Poiseulle flow limit:

- A D
NUX( pey =NUX |, oy +31.%

pLAAE

(2.42)

Walsh et al (2009) combined two different asymptotic limits in Eqg. (2.41) and (2.42)

by utilizing the asymptotic correlation method of Churecbifagi. The model
developed is:

g 1 1
NU, g :]f(Nux(s.En))n +( | )n (2.43)

Where the parameterhad a value of 10 and the modeds in excellent agreement
experi ment al dat a. Wal sh et al

.0s (20009)
understanding of the overall physics associated with segmented flow.
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Chapter 3
Methodology

3.1 Introduction

This chapter presentse mechanism of heat transfer enhancement and heat transfer
coefficients in internal flow. The pressure drop that occurs in the pipe and basic relations
in two-phase flow are illustrated. The system configuration and apparatus is used to set

up the expement are presented as well.

3.2 Mechanism of Heat Transfer Enhancement

The factors that enhance heat transfer rate in thephase flows of notboiling are:

internal circulations present in the slugs that increase radial heat transfer rate, and an
increagd slug velocity. Muzychka et al. (2011) demonstrated the first one to be valid,
and argued that by increasing the main convective heat transfer coefficient, (denoted as
h), greater heat transfer cannot be achieved due to the segmented flow having a
consicerably smaller contact area than the single phase flow. Fig. 3.1 illustrates the

internal circulations that are caused by the shear forces in moving plugs.

(a)

(b)

Figure3.1 Internal Liquid Plug Circulation (a) Hydrophobic Surface (b) Hydrophilic
Surface (Mugchka,2011)

The internal circulations caused inside liquid slugs circulate liquid from the center to
the upper wall, where heat transfer can occur. This provides an efficient renewal
mechanism to the thermal boundary layer and causes an increasedusfat nate.

Diffusion, however, is not important to the entire process; hence, the boundary layer
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continues to grow until and unless the circulation eye receives the generated heat.
Examples of uniformly segmented typbase flows are shown in Fig. 3.2

@ ] (@ ] ) () ud=e
( B ) { > Ld=10

Figure3.2 GasLiquid Slug Flows for Different Slug Lengths (Muzychk011)

3.3 Heat Transfer Coefficients in Internal Flow

Similar to both externally forced and natural convection, the coefficient of heat transfer
can also be defined for internal flow. like various external flows in which the
temperature of free stream remains constan),(the main temperature difference
between both the moving stream and wall does not stay constant over the entire length
of either the duct or channel. In duct or channel flow, the temperature difference
between walls and fluid can be characterizeseweral ways, such as

1 Wall to Bulk Mean,’Y "Y

1 Walltoinlet,”Y “Y

1 Mean wall to inletyY Y
The most accurate characterization should depend on the application. In single fluid
system like heat sinks, one of the best sintplest approaches is using the temperature
difference of wall to inlet. However, in two fluid systems, such as heat exchangers, one
of the better choices is employing the temperature difference of wall to bulk. The most
commonly used reference temperatfor defining the coefficient of heat transfer in
internal flow can traditionally be explained in the context of bulk temperature:

A pw
NIFE P W

Tm (3.1)
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However, for both constant specific heat as well as density, the equation takes the

following form:

1
Tm==——RN dA 3.2
m WAn“ﬁ (3-2)

Total heat fluxfy , can be directly related to the coefficient of local heat transfer
(denoted byQ) by of a definite characteristic temperature difference existing in the
overall local flow:
a,=h,(T,-T,) (33)
WhereY Y is used for the temperature difference between the local wall and bulk.
In cases where a duct has a prescribed wall has a constant temperature, the overall heat
flux differs because of the changes occurimghe entire bulk temperature. In cases
where the duct has a prescribed wall flux remaining constant, the overall wall
temperature also varies. Hence, in these different applications, the following equation
applies:
q,=hz(T,,-T.) (3.4)

In integrated analysis, employing the mean wall temperature irrdlated problems
and mean flux for specified temperature. One can also define a dimensionless local and
mean heat transfer coefficient or Nusselt number for constant wall temperature and the
constant heat flux of wall. The overall heat transfer rate isdimensionalized with
the Nusselt number and can be defined as:

Nu, S U (3.5)

K(T,T,) K

Where/Bs used to represent a length scale that is related to the entire duct geometry
The heat transfer coefficient is an important variable for heat transfer. Furthermore, it
is also unfortunate that many overuse and misuse this highly significant parameter. The
above equation shows a highly unnatural approach tedimoensionalizing the
asso@ted heat flux, since the temperature scale of wall to bulk fails in naturally
appearing in the main solution for either the temperature field or the heat flux. Both the
local as well as averaged heat fluxes can be simply obtained in this particular.manne
The temperature difference of wall to bulk undoubtedly holds a strong place in those

problems that are involved with the heat exchangers; however, single fluid devices
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including heat sinks and many other microfluidic devices where heat transfer gypicall
occurs from a single fluid are not necessary.
3.3.1Constnt Wall Temperature {., F= = V9= <

When the entire wall of the duct is uniformly maintained to have a constant wall
temperatur€Y, the following equations can be derived based on the mean fluid

temperature of wall to bulk:

q,(l
Nu,=———— .
e K (TW-Tm) (3.6)
__qt
Nu, = z 3.7
e K (TW-Ti) 3.7

This definition is useful in the entire boundary layer region, for developing asymptotic

solutions. To calculate the Nusselt number, we integrate along the duct length:
— 1t

Nu, =E fNu, dz (3.8)
0

It is often easier to employ heat exchanger theory for an isothermal wall to obtain the

mean Nusselt number, defined in terms of temperature difference of wall to bulk:

T -T, a hPL
—n_1=1-ex 3.9
TT, Eme, &)

The left side of th equation can further be written in terms of significant dimensionless

mean temperature of bulk:

d =m_ 3.10
" T, 310
Or
5 -
1d =1 - hPL (3.11)
3 mC,
By introducing the thermal duct length, , that is dimasionless anftbeing
an arbitrary length scale, we get:
— 1 ai
Nu;=———1In 3.12
(R/AL T, G2

If his defined on the basis of temperature difference of wall to bulk fluid, then this

requires the log mean of temperature difference:
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(_Tw_Ti )_(TW_ )
T S (3.19

I
& T,
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Where “Y represents the outlet bulk temperature:
Q=hAmTI (3.14)
The mean Nusselt number becomes equivalent to:
mc = QK
KopT I

(3.15)

Wherel)= — represents the average heat flux. For a Nussglisthiafined on the basis

of the temperature difference of wall to inlet, we still is¢ Y, i.e.,

NP 4
NU(—m (316)

Equation (3.6) can be expressed dimensionlessly:

S
and
AK r)e an ¢
e1 A/(Pf) E (3.18)

Equation (3.18) can be used in different applications to calculate the overall heat
transfer rate on the basis of wall to inlet temperature differences.

3.3.2ConstantHeatFlux A, k= = v <=

In many applications, especially whewolving electric resistance heating, it might be
more practical to employ a constant boundary condition for heat flux. By maintaining a

constant flux at the walfj hthe Nusselt number can be defined as:

__ qwe
NW_K(N;TQ (3.19)
Or
L
NUW_K(TW{TJ (3.20)
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In the thermal boundary region, using a uniform and constant heat flux, the local Nusselt
number can be used to assume the wall to bulk fluid temperature increase and the entire

wall temperature distribution:

T =Tt qw (3.21)
’ KNu,
Where"Y is found by a enthalpy balance:
_—-.q,Pz__ .aq/K
T =T+ =T +Z 3.22
" mC, ' cA/P? (3:22)

Where, by considering the overall expression mainly for the relationshipiwatine
local wall or the wall to bulk temperature difference can be determined. In case of single

fluid heat exchanger, the dimensionless wall temperature:

T .-T.)K
®T, ——L W;W[',) (3.23)

3.4 Basic Relations in TwePhase Flows

In this section, common equations to analyses the experimental data of two phase flows
are presented:
3.4.1 Mass Flow Rate

Mass flowrate ¢ is the mass of a substance passing per unit of time. In the
experiment, the two phases flow are water, glycol, and air. The mass flow of two phases
is:

My = My + 1) (3.24)
Whered is the total mass flow rate for water and gasis the mass flow rate of liquid,
anda is for gas. The mass flow rate can also be defined as:

M= QAUA (3.25)

Where is the volume flow raté, is the mass density of the flowing fluit¥jis denotes
the flow velocityof various mass elements, and a denotes the-sez$®nal vector
area.

3.4.2 Mass Flux

The mass flux (G) is the rate of mass flow per unit areasMax can be defined as:
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m_j UA

G=—= = L 3.26
AT A 3 (3.26)

The combined mass flux of twghase flow can now be defined as:
Gtotal = G\ *Gg (327)

3.4.3 Mass Fraction

The masdraction ) is the ratio of one fluidsiass flow rate to the total & flow rate
of the entire mixture & ). The mass fraction can be defined as:
i .
x=—_-_M (3.28)
mtotal ml +rng
Thus, wherx is 0, onlya is present. However, whenequals 1@ is present.

3.4.4Void Fraction

The void fractio (| is parameter for characterizing typbase flow. It is important
to determine several important parameters, includingpiaase density and twghase
viscosity. It is also used in several models to predict flow pattern transitions, heat
transfer, ad pressure drop. There are three different expressions used for determing

void fraction, shown below:

L
=—3 3.29
achordal I—g + L| ( )
Where 0 is the length of air phase, afidis length of liquid phase. Also,
a A (3.30)

C-s % _ A
Where0 the crosssectional area of the air hase and is the crosssectional area
of the channeh liquid phase. Also,
\Y/

Uo 58 (3:31)
VY,

Where w is the volume of the channel with air asods the chanel volume with liquid.

Three cases for void fraction are presented in Fig. 3.3
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1. Chordal Void Fraction

2. Cross- Sectional Void Fraction

i 4;
AS
— Ag
Be o= A —-A
g [

o =
chordal L_q I LI
3. Volumetric Void Fraction
[ A Ve
ve Vg +V;

Figure3.3 Geom

The volume of fractions for each of ph

_U, _Q/A_ G

ety of Void Fraction

ase is employed for finding the phase velocities:

=—== < 3.32
P10 1- 0. y) (3:32)
uz—U—f —% =G (3.33)
U U |
The definition for the slip ratio can be represented by:
J,(1U
U, (1Y) (3.34)
u, QU
The slip ratio considering both mass fluxes and mass quality is:
1
U g X D) (3.35)
u, 4,(1}
The expressions for the volume fractias a function of slip ratio is:
- 1
1+5Q/ Q)
J=——--— (3.37)

1
Egl-x B,
Ex B
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3.4.5Volumetric Flux

The volumetric flux (represented by j) is the total rate of volume flowing across a unit

area and the volumetric flux is:

=Q-UA_y (3.38)

The total volumetric flux of both liquid and air becomes is:

Q ZQQ_:U|+UQ (3.39)

J total =

The volumetric qualityf() is defined in a similar manner to that of the mass quality,

however, it uses the specific component of volumetric flow rates instead of mass flow

rates and can be represented numerically by:
& (3.40)
QI +Qg

3.5 Pressure Drop

The pressuw drop for any fluid is caused by variation in potential energy and kinetic
energy, as well as friction present on the walls of the flow channekphase pressure

drops for flows inside tubes are the sum of three different contributions including the

static pressure drop3 , frictional pressure dropz0 , and momentum
pressure drogg qd
PBa =ME i PP momefur (3.41)
or
Ly P e (3.42)
dz A dzcl

Static pressure drop for a homogenous-phase fluid is:

PRuc b 9 (M (3.43)
WhereH shows vertical height—is angle with respect thorizontal positiong is
gravitational force, anti is mean density of both phases. The mean density for both
phases can be calculated by either voidtioa, solid fraction or liquid fraction of the

dispersed phase. The mean density of theghases (both liquid and air) is:
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In € -0y (3.44)

The mean density for liquid and air depends on the mass fraction:

&/

X (3.45)

rTL
e L

X
dm -
}

(LY
Y—

Where” is for density of liquid and’ is density of air. The momentum pressure

gradient per unit length of tube is:

ail
P Romentum = § x (346)
ZQJ

3

The problematic term is the frictional pressure drop, which is expressed as an function
two-phasgliquid and air) friction factor'Q) and for steady flow a channel with a cross
sectional area expressed as:
PL 2f
chr?ction T w Lﬁ-—[;]_u] (347)

WhereL represents the length of the channel, @nepresents the internal diameter of

the tube. Theriction factor can be expressed as:

0.079
Where
Retm W F (3.49)
e

m

Where * represents the total mixture viscosity for both phases. It has different
formulas which are dependent on the applicationljgeid-liquid, gasliquid and solid

liquid mixtures. Common formulas in ghquid are the Cicchitti, McAdams and the
Dukler models.

1 McAdams Model:

< -1
- [
g, T 4 ( (3.50)
en § ¢
9 Cicchitti Model:
Emn % 1)-1x ¢ (3.51)
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91 Dukler Model:

e €
Em é(l_x)_“F X9 (3.52)
Im 6 } o}
For horizont al tube, no change i s obser ve
o) is equal to zero. For adiabatic flow, if x = constant, tHém, is equal

to zero. The twegphase pressure drop for a horizontblktean be defined as:

PL 2f}
oB. =R =, Hnl (3.53)

I
Where O E-4-is equal to 1, suggesting the tube is present in a vertical position; hence,
the drop in momentum pressure is the change in kinetic energy of flow and can be

expressed as:

€3 (1- 2 0 (8x)? 2
Cpﬁomentum zztglé&(li) X 0 (@XI) Xi + (354)

§|(15)0904§a%f)4 AN

Where'O s the total mass flux, both andw represent the outlet and inlet of mass

friction, and and represent the outlet and inlet of volume friction.

3.6 Dimensionless Parameters

Dimersionless numbers are commonly employed for placingpiase flow data into
efficient and convenient forms. These include Laplace, Reynolds, CapH&amgEs,

Bond, Weber, Nusselt, Froude and Prandtl numbers.

3.6.1Reynolds Number

Reynolds number (Re) msically a dimensionless quantity for predicting similar flow
patterns but in different fluid flow conditions. The Reynolds number is the total ratio of
inertial forces to viscous forces and, is useful for quantifying the relative significance
of thesewo forces. Reynolds number can be expressed as:

Re=t Y! (3.55)
€

Where Yrepresents the velocity of the object relative to flowing fluid, D is diameter of

the tube; is dynamic viscosity and is fluid density.
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3.6.2 Capillary Number

The capillary number (Ca) represents the relative effect of various viscous forces and
the surface tension that acts across an interface between a liquid and gas, or between
two immiscible liquids:

e L

(o]

u

Ca= (3.56)

Where * represents the dynamic viscosity of flowing liquid, represents the
characteristic velocity andrepresents either surface or interfacial tension between two

different phases.

3.6.3Ec tve s Number

E¢tvés number E0) is a dimensionless number used for characterizing the overall

shape of bubbles and drops moving in a fluid. Th& number cabe expressed as:

L -
EO _Cp:'; é I_-g (J | g)l (357)
u }

WhereY” is the difference in density of twphase flow ” , L represents the

characteristic length, is the surface tension and g is gravity.
3.6.4Bond Number

The Bond number is a measuifesarface tension forces compared to body forces. A
higher Bond number shows that the entire system is unaffected by surface tension
effects and a lower number shows that surface tension greatly dominates. The Bond

number can be expressed as:
al’(y, - *lg,L,).
BOZCpJ; é:L (J'| g)l_ (g| g)- (358)

- (o]

U d d

3.6.5Laplace Number
The Laplace number (La) represents a ratio of surface tension to morrteatsport
inside a fluid and can be represented by:

a

La= |——
] gLZ(JI '9)1

(3.59)
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WhereY” represents the difference in density of fplmse flow ” , g represents

gravitational force, L is the characteristic length, ansl the surface tension.

3.6.6 Weber Number

The Weber number can be expressed as:
;} 8

We=2—
u

(3.60)

Where” is fluid density; is fluide velocity, L represents the characteristic length, and

» represents surface tension.

3.6.7 Froude Number

The Froude number (Fr) represents the ratio of velocity to the gravitational wave

velocity. The Froude numbean be used to determine the resistance of a submerged

object (partially) that moves through water, and also permits the comparison of various
other objects of various sizes. The Froude number can be expressed as:

Fr=2 — =~ (3.61)

3.6.8 Prandtl Number

The Prandtl number (Pr) is the ratio of momentum diffusivity to thermal diffusivity:

€
pr=’ £ & (3.62)
U K
Where
U=~ (3.63)
} G

Where] represents the kinematic viscosityjs dynamic viscosity, is thermal

diffusivity, k is thermal conductivityp is specific heat, antl is density.

3.7 System Configuration

The system contains several different types of subsystems usedsioimapbsegmented
two-phase plug flow. The system configuration is illustrated in Fig 3.4.
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Figure3.4: System Configuration
3.7.1Flat Plate Collector (Residential Serpentine) and Light Table

A flat plate collectoabsorbs heat simply by absorbing solar réaliia The components
of a flat plate collector include solar glass, powdeated aluminum frame, Adbsorber
sheet, mineral wool insulation, collector pipe, highglective absorber coating, secure
glass fixing, meander tube (series type), and revolgnogve for assemblyThe flat
plate collector specifications can be found in Appergix

The flat plate collector used in this thesis had a specific cross sectionahdrasorber
area of 2.1% and 2 hrespectively. The Fig3.4illustrates the solar collector that

used in research
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Figure3.5: Serpentine Design of Flat Plate

A halogen light (2500 Yvis attached at the top of the flat plate collector, with a table,
to supply a constant heat flux. The components of the light table include
1 A wooden frame structure, with dimensions of 1.8t w T @t and nine
legs. The dimensions of each of table leg are 0.281 T 181 1 .
1 A reflectix is placed inside the wooden frame to reflect the light that reflects
from the flat plate collector surface.
1 Eight halogen lights simulate the sun in the laborafng. total supplied power
is 2500 watts. The light table is illustrated in Fig.3.6

Figure3.6: Light Table
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3.7.2 Turbine Flow Meter and Principle of Operation

Turbine flow meters measure the specific velocity of liquids, gases and vapors in the
pipes,including chemicals, hydrocarbons, cryogenic liquids, water, air, and industrial
gases. The sensor consists of rotor assembly supported on a shaft that is held in place
by triple tube clusters and by locking nuts within the flowmeter housing. The rater sp

on a ceramic ball bearing that is seibricated. A magnetic pickup coil is attached to

the outside of flow meter housing.

A lower mass rotor design allows a highly rapid dynamic response. The deflector cones
are used for eliminating the downstreamugit on the rotor. It also allows the dynamic
positioning and orientation of the rotor to be between the deflector cones. The dynamic
positioning of the lower mass rotor helps in providing a wide range of capabilities, as
well as long bearing life compargaltraditional turbine flowmeters. Straightening tubes

of integral flow aim to minimize the overall effects of the upstream flow turbulence.
Every rotor blade that passes the pickup coil actively generates a strong electrical pulse.
The overall frequencyf these electrical pulses is directly proportional to the overall
flow rate. Summation of the pulses measures the total liquid volume that passes the
meter. The total number of electric pulses per unit of the volume is known as the
calibration factor. Thealibration factor is used to calculate the flow rate and the total

amount of flow.

3.7.3 Centrifugal Pump

Major applications of centrifugal pumps include booster service, water circulation,
general purpose pumping, spraying systems, and liquid tra@sfierifugal pumps are

used for transporting fluids by converting rotational kinetic energy into hydrodynamic
energy. Rotational energy typically is from an engine or electric motor. The fluid enters
the pump impeller along or near the built in rotating ari ia then accelerated by an
impeller and flows radically into a diffuserqlute chamber).

Both the inlet and outlet of the pump is reduced with 0.5 inch barbed hose connections.
The barbed hose connections connect the ooflggump with the inlet of 4vay
connectionsand to connect the outlet of the flow mater with the inlet of the pump. A

XFC20020B Micro-Inverter is used to control the pump speed.
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3.7.4Fluid Reservoir

The reservoir is a domestic water tank. The reservoir has three connections @n the to
and one on the bottom side. One of the three top connections is used for filling the tank,
the second connection is used for the return line from the solar heating system. A
temperature sensor and pressure relief valve is also installed at the topalVéais

used to protect the tank from explosions that can be caused by reductions in the
temperature and pressure in the tank. The bottom connection is used for joining the
main line feeding the pump. The main outlet of the quick connection is connetied t

flowmeter inlet and the outlet of the flowmeter is connected to pump inlet.

3.7.5 Intermediate Tubing

PVC tubing is providing the required flexibility and clarity. The dense bore helps to
maximize the flow rate and reduce sediment bupd There werewo types of
intermediate tubing used in this experiment, black plastic tubing and clear PVC tubing.
Black plastic tubing (0.0127 m) is used to connect the reservoir inlet to the pump inlet.
Clear PVC tubing (0.0127 m) is used to connect the outlet giuhe to the 4vay
connection inlet (i), the-dvay connection outlet (i) is connected to ball valve inlet (i),
ball valve outlet (i) is connected to the flowmater inlet, the flowmater outlet is connect
to the air injection manifold inlet. Clear PVC tubin@.0097 m) connects the air
injection manifold outlet to the solar collector inlet, the solar collector outlet is
connected to thel-way connection inlet (ii), the -&ay connection outlet (ii) is
connected to the ball valve inlet (ignd theball valve aitlet (ii) is connected to the

reservoir outlet.

3.7.6 Air Injection System

The air injection system used in the experiment includes that a compressor,
microcontroller and air injection manifold. Component configuration of the air injection

system is illustreed in Fig.3.7.
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Figure3.7: Configuration of Air Injection System

3.7.61 Compressor and Air Hose

The compressor used in air injection system is a Camplaeitfeld 8 Gallon
compressor, and has a 125 psi maximum rating with a power of TAéair lose has

two universal quick connections to join the compressor and air injection manifold. The
diameter of the air hose is 0.0095 m. The compressor specifications are presented in
AppendixB.

3.7.6.2Injection Manifold

The air injection manifold used ihé experiment consists of several components. The

component configuration is illustrated in Fig. 3.8

Figure3.8: Injection Manifold
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Table3.1: Components of the injection manifold

Item No. [The name of the item (Unijinch)

2" Pneumatic QuickConnect

%" NPT Check Valve

14" Male-1/4" Femalelnch - BSP-Bushing length 15mm Brass Pipe Fitti
¥4 NPT Solenoid Valve

Y4" Brass Male and Male CouplilgPT

o /' Hose Barb

¥4 NPT-T-Junction

2" Female PipeThread/Z " Male Pipe Thread Bxss Coupling

2" NPT Check Valve

7" Hose Barb

O[NP |W|IN|F-

[EEN
o

3.7.6.3Solenoid valve

The solenoid valve used in this thesis is an Ontdga2-Way General Purpose

Solenoid. The basic components of seéenoid valve are presented in Fig. 3.9.

Figure3.9: Soknoid Valve Components

Table 3.2Components of th8olenoid Valve

Number of ltem Name of Item

Valve Body
Inlet Port
Outlet Port
Coil/solenoid
Coil Windings
Lead Wires
Plunger
Spring
Orifice

OO INO|UIRIWIN|F
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3.7.6.4PIC Controller

A PIC Microcontroller controls the solenoid valve in the air injection manifold. The
PIC Microcontroller is considered the most important and most efficient component
since it can control the total amount of air entering ineoRlow-conducted. The PIC
Microcontroller was connected with two potentiometsratrol the liquid length, and

length of air bubbles.

3.7.7 Data Collection Subsystem

A Keithley 2700 Multimeter is used for data acquisition of pressure, temperature and
flow ratesat several locations in systemitylpe probes for temperature are installed in
three positions throughout the system. One of Hiygp€ probes is installed close to the
entrance of the solar collector to measure inlet temperature, one is installedxt the

of the solar collector to measure outlet temperature, and one is installed inside of tank
to measure liquid temperature inside the tank. Two Amplified Voltage Output Pressure
transducers (PX176) measure the inlet and outlet liquid pressure. A EXT&Z20(B

series power supply was used for providing excitation to Keithley 2700 Multimeter .

3.7.8 Setup and Operation of Experiment

The domestic water tank has three connections on the top and one on the bottom side.
One of the three top connections was usedilfmg the tank, the second connection is

used for the return line from the solar heating system. A temperature sensor and pressure
relief valve was also installed at the top. This valve was used to protect the tank from
explosions that can be causedéguctions in the temperature and pressure in the tank.
The bottom connection is used for joining the main line feeding the centrifugal pump.
The main outlet of domestic water tank was connect@deb of thecentrifugalpump

by using black plastic hing (0.0127 m) and outlet of theentrifugal pump was
connected to inlet of ball valve (i) by using clear PVC tubing (0.0127 m). The outlet of
ball valve (i) wasconnected tonlet of the flowrate by using PVC tubing (0.0127 m).

The two4-way connectionsvere used to install twd-type probes for temperature for
measuring inlet and outlet temperature from solar thermal coll@atbtwoAmplified

Voltage Output Pressure transducers (PX1it@)measuring inlet and outlet pressure

from solar thermal colléor. These sensors were connectedatd<eithley 2700
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Multimeter. The outlet of flowrate was connecttxlthe inlet of 4way connections (i)

by using PVC tubing (0.0127 m). The outledefvay connections (i) was connectéal

inlet of ball valve (ii) by usg PVC tubing (0.0127 m) and outlet of vale (ii) was
connected to inlet of-Juctution by using PVC tubing (0.0127m). The outlet-pfdtion
connected to entrance of solar thermal collecter by using PVC tubing (0.0097 m). The
purpose of usingjuction was that connecting the air injection system \hign Flow
conductedThe air injection system used in the experiment includes that a compressor,
microcontroller and air injection manifol@he type of compressor used in air injection
system is a CampbeHausfeld 8 Gallon compressor, and had a 125 psi maximum rating
with a power of 120v. The compressor used to provide the system witlhaiair hose

had two universal quick connections to join the compressor and air injection manifold.
The diameter of thair hose was 0.0095 nThe air injection manifold used in the
experiment consists of several components. The component configuration is illustrated
in Fig. 3.8.The type of solenoid valve used in air injection manifold was an O1flega
2-Way General Purge Solenoid. This valve was controlled by using a PIC
Microcontroller.The PIC Microcontroller is considered the most important and most
efficient component since it can control the total amount of air entering into the Flow
conducted. The PIC Microconttet was connected to two potentiometeositrol the

liquid length, and length of air bubbleBuring the singlgphase experiments, the
solenoid valve remained close while the experiment was running. However, for the two
phase flow, the solenoid valve wgseming and closing at certain time intervals during
the experimentWater and glycol have been used in these experiments for both single
and twephase flow. Each experiment ran for 30 minutes, the mass flow rate, inlet and
outlet pressure and temperatueadings were recorded in specified time intervals.

In the SinglePhase experiment, the liquid (water or Glycol) was pumped to the system
using thecentrifugalpump from thedomestic water tankhe liquid then transferred to

the Ball Valve that was used switch the liquid on and off. After that, the liquid
transferred through Flowmeter that recorded the readings of the mass flow rate. In the
next step, the liquid reached Femay connection (i) that included two sensors, pressure
sensor and temperaturenser. These sensors are used to measure and record the
readings of the Inlet pressure and temperature of the liquid and transfer it to the Data

Acquisition system. The liquid then passed through the solar thermal collector that was
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used to heat the liquidsing Light Lamps, after that, the liquid outlet from the solar
thermal collector and went through feways connections (ii) that is used to measure

and record the readings of the outlet pressure and temperature and transfer it to the Data
Acquisition sysem. The liquid then return to tlil®mestic water tanto start new cycle

in the system.

In the TwePhase, the liquid was (water or Glycol) pumped to the system using the
centrifugalpump from thedomestic water tankhe liquid then transferred to thelBa

Valve that was used to switch the liquid on and off. After that, the liquid transferred
through Flowmeter that recorded the readings of the liquid velocity. In the next step,
the liquid reached Fowway connection (i) that included two sensors, pressensor

and temperature sensor. These sensors are used to measure and record the readings of
the Inlet pressure and temperature of the liquid and transfer it to the Data Acquisition
system. In the next step the liquid reachgdriction that is used to mike liquid with

the air that is generated from Air Injection System. Then, the segmented flow passed
through the solar thermal collector that was used to heat the liquid using Light Lamps,
after that, the liquid outlet from the thermal collector and wbrugh fourways
connections (ii) that is used to measure and record the readings of the outlet pressure
and temperature and transfer it to the Data Acquisition system. The liquid then return
to thedomestic water tanto start new cycle in the system.

3.7.9 Fluids

The working fluidsused in all experiments weweater,glycol, and air.
Table 3.3The properties for water, glycol and air

Parameter (Unit) Value Parameter (Unit) Value
# 7TAOA{E & 4130 # ' 1 UAJEHG 2428.46
+7AO0AMGI 8 0.59 +' 1 UATJI 8 0.258
m7 A O AOEI 1000 m' 1 UAIE 1115

A7 AOA QI 0.073 £ 1T UAIjI 0.048

t 7 AOASD 0.001 t' 1 UAD & 0.0169

m! EQ ¢l 1.18 t! EQ & 1.81A
$ #1 11 AIAOT|0.010922 , #1 11 AIAOT|18.88
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Chapter 4

4.1 Introduction

In this chapter, the experimental data for single andpiase flow is presented.
There are two sets of data for single and-phase flow. For singiphase flow, the
working fluid used forthefirst set was water and glycol fthe second set. For two
phase flow, the working fluid was watarr for the firstset and glycehir forthesecond
set. h the firstset of data, three experiments are conducted for single anghase
flow with a constant flow rate. The experiments conducted in the second set are four
experiments for single and twahase flow with a constant flow rate as well and six

experiments conducted with different types of liquid vioadtion (

4.2. Dat analysis

After the experimental setup was completed several experiments were conducted at
different flow rates and experimental datavas collected at each flow rate. The
experimental datavas used to calculated several variables, sastthe rate ohea
transfer 0), tank temperaturslope average bulk temperature, time required#ising

the tanktemperature fromyY to"Y , energy gained by the tanl® , and
enhancemengtio.

The rate of heat transfer in the collector ikckated by Eq. (4.1):

Q=g (T-T) (4.1)

Whered is the masflow rate of the working fluid¢ is the specific heat of the working
fluid, "Y is the outlet temperature of the working fluid freine solathermal collector,
and“Yis the inlet temperature of the working fluid to the solar collector.
The slope of the tank temperature is calculated by using Eq. (4.2):

DT Tf - TS

=— = 4.2
Srank Dt tf 'ts ( )

Where"Y is the tank temperature at the final point in the expental data;Y is the
tank temperaturat the starting point of the experimeéjs time at the final point in

the experimental data, addis time at the starting point of the experiment.
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The average bulk temperaturetoé solar thermactollector is given as Eq. (4.3):

T,+T

Teuk =2

(4.3)

Where"Y is the outlet temperature of the working fliidm the solathermal collector,
and4 is the inlet temperature tbesolar thermal collector.
The time required for héiag the temperature of the tank frovi to”Y can be

calculated by using Eq. (4.4):
TR — “max "~ "min (44)

The average heat transfer rate into the tank during each experiment is calculated by
using Eq. (4.5):

. DT

E=r C"VE (4.5)

Wher” is the density ofheworking fluid, @ is the specific heat of the working flyid
6 is the volume othe working fluid inside the tank, an%l— is the slope othe tank
temperature rise.

Also, the enhancement ratof two-phase flow is defined a@beratio between the rate
of heat transfer for twphase flow and the rate of heat transfersfogle phasdlow at

a constant flow rat@.he enhancement ratio of twahase flow is calculated by Ed..6):

Enhancemeny, oiase Do ose (4.6)
QSingIe»Phase

4.3Single and Two-Phase Flow in a Solar Collector with Water

The first experiment is conducted with a flow rate of 1.562 L/min. As illustrateid).
4.1-a, theoutlet temperature increaseonsiderably from 26 to 3 between 0 s to
101 s and between 101 s to 1152 s the outlet temperseseslowlyfrom 3B to 323

for two-phase flow. For singiphase flow, the outlet temperature increases suddenly
from 19.3 to 21.3 between O s and 8Q and from 80 s to 152 s the outlet
temperature increaselightly from 21.8 to 24.®8 . The sudden increase in outlet

temperature that occain both cases, single and typbase flow, at théeginning of
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the experiment was due to the experimgabilization The inlet tempeture n both
cases remains constaithe difference between outlet and inlet temperatdf& in
both caseslsoremairs constant during the experiment, except at the beginning when
the experimenis not stable. The reasontlsatthe amount of heat tnamitted from the
surface of absorption tihe fluid during the flat plate collector is constakig 4.1-b
shows that théemperature difference for twghase flow ¥°Y is higher tharthe
temperature difference for singfghase Y'Y , with anaverage value of 8.38 and
8.3&@ for two and singlephase flow, respectivelf¥he difference between temperature
in both single and two phasew Y'Y is approximately 0.02 . Fig. 4.1-c
illustrates thathe heat transferate 0 increass dramatically from 126.0W to
786.8W between 0 s to 129 and from 121s to 1152 s thbeat transferateincreases
from 786.8W to 9242 W for two-phase flow. For singiphase flow, there is a
substantial increase in the heat transfte 0 from 521.9W to 753.2W between

0 sto 80 s, while ieveen 80 s to 1152 s theat transferaterises slightly, from 753.2
W to 896.7 W.As illustrated inFig 4.%c, the heatransferrate 0 for two-phase
flow is higher than the heatansferrate 0  for singlephaseflow, with an average
value of 920.02V and 883.1AV for two-phaseand singlephase, respectivelylhe
difference between the heat transfete Y0 in both single and twphase flow is

approximately 36.88V. The heat transfer enhancement of pl@ase flow isapproxia
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The flow rate used irthe secondexperimentis 2.062 L/min.Fig. 4.2a shows the
relationship between the inlet and outlet temperaiihie outlet temperatunacreases
gently from 28 to 28.B between O s to 1173.0 s for typhase flow. Fosingle
phasdlow, there is a sudden increase in outlet temperatithee startthe experiment
from 19.8 to 20.8 , between O s to 40.4 $¥rom 40.4 s to 1173.0 s the outlet
temperaturencreass gradually from 20.8 to 24.8 . Between O s to 1173.s,the
inlet temperature is relatively stable during the experiment forptwase flow, with a
value of 20.8 , while there is a gradual increase in inlet temperatwen 15.8 to
18.% , between 0 sat 1173.0 sfor singlephase flow.Part(a) also shows that the
difference betwen inlet and outlet temperaturemains approximately unchanged in
both cases of single and typhiase flow during the experiment, with average values of
7.18 and 6.31% for two andsinglephaseflow, respectively. The cause is the heat
transferred from the flat plate collector to the fluid tisggassing through the collector
at a constant rat&he relationshifbetween the temperature differenaesingle and
two-phase flowwith the time when the flow rafe 2.062 L/minis shownin Fig. 4.2

b. During the period between 0 s to 1173.0 s there is a gradual increasgpardtire
differencefrom 63 to 7.2 for two-phase flow. For singiphase, theemperature
differenceincreass considerably, from 331 to 5.3 , between Os and 121s while
there is a small increase in the temperature difference froen @76.48 over the
period between 121 s and73.0 s. Furthermore, the temperaturdedénce for twe
phase flowis higher than the teperature difference for singfghase flow, withan
average value of 7.39 and 6.33% for two and singlgophase flowand the difference
between temperatutifferencein both casesY"Y is approximately 0.88 . As can
be noted from the relationshwgth the heat transfaite there is a gradual increase in
the heat transferate from 854W to 1030W between 0 s to 1173.0 s for typhase
flow. Forsinglepha® flow, there is a significant increase in the heat transterfrom
546 W to 807.3W between 0 s and 121 s and from 121 s to 1]1#3esheat transfer
raterises slightly from 807.3V to 903.4W, although the heat transfeate for twe
phase flowis higher than irsinglephaseflow, with an average value of 1020/0 and
898.24W for two andsinglephaseflow, respectively. AlsoFig. 4.2c showsthat the
difference between theeat transfer ratéY0 in both casesingle and twephase flowy

is approximatelyl21.8 W. The heat transfer enhancemertvofphaseflow is 1.14.
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Fig. 4.3ain the third experimenwhen the flow rates 2.516 (L/min) illustrates the
transientrelationslip between inlet and outlet temperattdioe single and twephase
flow. The outlet temperature increaséowly from 27.3 to 28.3 for two-phase flow
between 0 s and 890 s and the inlet temperaginelatively stable during the
experiment, with an averagf 23.13 . The outlet temperature femglephaseshows

the same behavior for twghase flow, and there is a small increase in outlet
temperaturgfrom 23.48 to 25.23 betweerD s to 890 s, while the inlet temperature for
single-phase flow remamapproxmately unchanged during the experiment, with a
value of 19.9 . Furthermore, as can be seen fi@art(a), the difference between inlet
and outlet temperatur&’Y in single and twephase flowis relatively constant during
the experiment, with a value d&.4 and 8 for two-phaseand singlephase,
respectivelyThe heat transferred from absorber to fluid with a constant rate during the
solar colleadr and the differencéetween temperaturdifferencein single and twe
phase flow Y'Y Is apprximately 0.4 . Fig. 4.3b showsthatfrom 0 s to 890 s
there is a gradual increase in the temperature different@degyhase flow from 4.%

to 5.8 . There is a sudden increase in thagerature difference for singfghase from

3.8 to 4.3 hbetween Os and 101 s, while from 101 s to 889.7 s the temperature
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difference rises gradually from 45to 5.13 8Also, Part (b) illustrates that the
temperature differencef two-phase flows higher than that the temperature difference
for singlephaseflow, with a value of 5.4 and 5.8 for two-phase and singlphase

flow, respectivelyFig. 4.3c shows theelationship between the heat transtaein

both cases, single and typhase flow, and time when the floate is2.516 L/min.

From Os to 890s, the heatrainsferrateincreass from 791.8W to 949.5W for two-

phase flow For singlephase flow, there is a significant increase in the heat tranaséer

from 662.4W to 798.6W between 0 s to 121 s and from 121 s to 889.7 s the heat
transferraterises slightlyfrom 798.6W to 889.4W. Part(c) also shows that the heat
transferrate for two-phase flow is higher than the heat transéde for singlephase

flow, with an average value of 937.¥6and 881.63V for two-phase flow and single
phase flow, respectivehAlso, the difference between the heat transéein both
casesY0 , single and two-phase flow, is approximately constant during the
experiment, withavalue of 55.52V. The heat transfer enhancement of-ptase flow

is 1.06.

As illustrated inFigs.4.1-4.3 the twephase flow system is better than the sirgllase

flow system. This is because of the two major effects in the further enhancement of the
heat transfer rate in the twahase flows of nooiling: the internal circulations present

in the slgs that eventually lead towards a much greater radial rate of heat transfer, as

well as an increased slug velocity.
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Table 4.1:Summary of results for singlphaseg(waten andtwo-phase flow(waterair)

experiments

Type of |k O

]
Test|  pxperiment | (Umin) | (kgis) | 23 NN AN ST L S

1a SinglePhase 1.527 | 0.0255| 8.36 | 883.17

1.04 4.2
1 Two-Phase 1.595 | 0.0266| 8.38 | 920.02
2a SinglePhase 2.068 | 0.0344| 6.31 | 898.24

1.14 13.6
2b Two-Phase 2.057 | 0.0343| 7.19 | 1020.01
3a SinglePhase 2559 | 0.0426| 5.01 881.63

1.06 6.3

3 Two-Phase 2.473 0.0411 5.41 937.16

4.4 Singleand Two-phase Flow in a Solar Collector with Glycol

Fourexperimentareconducted by using glycol feinglephag and glycotair for two-

phase flow with a constant flow rate in each case, single anghase flow, with an
average flow rate of 0.6, 1.7, 2.1, and 3 L/min.

The first experiment is conducted when the flow rate is 0.653 (L/minfFandi.4a
illustrates the relationship between the inlet and outlet temperature in both cases with
time. The outlet temperature increases considerably frons 44849.3 for single
phaseflow between 0 s and 152 s and from 152 s to 1763 s the outlet temperature rises
slighty, from 49.83 to 5@ . For twephase flow, the outlet temperature increases
suddenly from 30% to 33.8 between O s to 121.3 s and there is a gradual increase
in outlet temperature from 336 to 48 , between 121 s to 1760 shéd inlet
temperature fosinge-phaseremairs constant between 0 s to 395.3 s, with a value of
40.8 and there is a small increase in the inlet temperature froms 4@®

48.%8 betweer395.3 s and 1763 Bor two-phase flow, the inlet temperature rengin
approximately constant from & 395.3 s, with a value of &3 3, while from 395.3 s

to 1760 s there is a slight increase in inlet temperature from 2@.B5.8 . Part(a)

shows that the difference between inlet and outlet temperature in both cases, single and
two-phase, is approximally constantwith a value of 10.06 and 9.22 for two-phase
andsinglephase respectivelyThereforethe heats transferred from the absorber to

the fluid with a constant rate when the flisgassing through the solar collectbrg.

4.4billustrates the relationship between the temperature differeé¥idein single and
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two-phase flow and time when the flow regd®.653 L/min. Therarethree regions that
can be seen iRart(b). The first region shows that from 0 s to 394 s the temperature
difference increaseconsiderably from 7% to 11.8 for two-phase flow and from
4.13 to 9.8 for singlephase flow The temperature difference is at its highest level,
with a value of 11.95 at424 s for twephase flow and 9.%4 at 395 s fosinglephase
flow. From 455 s to 1760 s, there is a gradual decrease in the temperature difference
from 11.83 to 9.8® for two-phase flow and from 425 s to 1763 s, the temperature
difference decreaseslowly from 9.88 to 9.0& for singlephaseflow. The decline
that occured in the third region is due to the loss that occurred in thensohated
pipe.Part(b) shows that the temperatudifference for twephase flowis higher than

the temperature difference feingle phasdlow, with a value of 10.06 and 9.22 for
two-phase andsinglephase flow, respectively. Also, the difference between
temperature difference for two and singlease flow Y'Y is approximately
1.0% 8The relationship between the heat transdggin single and twephase with time
can beseen irFig. 4.4c. It shows that there is a sudden increase in the heat treatsfer
from 225.2W to 348.1W between 0 s and 394.5 s for tpbase flow The same
behavior can beeen in the case of singphase flow, a sudden increase in the heat
transer ratefrom 121.80W to 290.4W, between 0 s and 364 s due to the fact that the
experiment is taking time to become stable. The heat trarsgfereaches a peak of
350.5W at424 s for twephase flow and 29% at 359 s for singlphase flow. After

this point, the heat transfarate decreasegradually in both casefrom 346.6W to
290.0W between 455 s and 1760 s for tpbase flow and from 289/ to 265.7W
between 425 s and 1763 s feinglephaseflow. The reasorior thisis the loss that
occurredm the norinsulated pipefFig. 4.4cillustratesthat the heat transfeatefor the
two-phase fbw is higher than for the singfghase flow, with an average of 29504

and 270.25W for two-phase and singlphase flow respectively.The difference
betweenthe heat transferate in single and twephase flowis approximately 24.79
watts. Also, the heat transfer enhancement ofghase flow is 1.10The temperature

of the tank Y increass gently with time in both cases, but the temperatutbef

tank is increased more quicKigr two-phase flow than singlphase flow, which leads

to the tank temperature slope for tpbase flow ?— being higher than the tank
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, with a walue of 34.7- and 23.

<<| K

temperature slope for tlengle phaseflow

for two-phase flow and singlphase flow, respectively. Thus, the number of hours
required for raising the tank temperature frons 2 73 for two-phase flow is
approximately one hour and eighteen minated for singk-phase flowit is two hours.
The energygained from the tank for twphase flow ‘O s higher than fosingle

phaseflow 'O , with a value of 782.9V and 512.24W for two-phase and single

phase flow and the difference in energy beevesingle and twphase flowYO is
approximately 261.66 watts:ig. 4.4d shows that théwo-phasdlow system is better
thanthe singlephaseflow system.Fig. 4.4e illustrates the relationship between the
average bulk temperaturéy and talk temperaturevith time in single and twqphase

flow. In this experiment, it can be seerAart(e) that the amount of change in average
bulk temperature is close to the amount of change in temperature inside the tank in both

cases, single and twahase bw, except at thbeginning periodwhen the experiment
is not stable.
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Fig.4.4. Transient thermal effectiveness at 0.653 (L/min) for (a) inlet and ¢
temperature, (blemperature difference, (c) heat transfer rate, (d) temper:
difference in the tank, and (e) average bulk and tank temperature.
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Fig. 4.5ashows the results of the inlet and outlet temperature in single anphage
flow for theexperiment conducted when the flow rate is approxiipat&071 (L/min).
The oulet temperature for the singfghase flow increasesuddenly from 456 to
47.8 between 0 s to 90 s and between 90 s and 1698 s the outlet temperaturesincrease
gradually from 47.3 to 568 . For twophase flow, from 0 s to 1705 #e outlet
temperature rises slowly from 23.6to 43 . The inlet temperature for both cases
increases gradually from 42.1to 50.8 beween 0 s and 1698 s for singlbase flow
and from 23.9 to 37.83 between 0 s to 1705 s. As can be noted fRart(a) the
difference between the inlet and outlet in both cases renwainstant over the
experiment, with an average value of 2.18nd 5.13 for two-phase and singlghase
flow, respectively. As can be noted froRlg. 4.5b, between 0 s and 121 s, the
temperatre differance increases from 337 to 4.8 for the two-phase flow and
between 121 s and 761 s the temperature difference increases gradually srota 4.9
5.43 . Also,the temperature difference reaches a peak af athapproximately 79%.
After that, from791s to 1705s, there is a drop of &3in the temperature difference,
due to the loss that occurs in theinsulated pipe. For singlghase flowthere is also
anincrease in temperature differerfoem 3.53 to 4.3 between 0 s and 91 s and there
is aslight increase in the temperature difference froms 4.t 5.13 between 91 s to
1674.8 s. Furthermore, the temperature difference foptvase flow is higher than the
temperature difference for singfghase flow, with an average value of 21%nd
5.13 for two-phase and singlphase, respectivelfPart (b)shows that the difference
between temperatudifferencein single and twephase flow is approximately 0.25
Illustratedin Fig. 4.5cis the relationship betwegheheat transferatewith time wren
the flow rate is 1.7071 (L/minBetween 0 s and 121 s there is a significant increase in
the heat transferatefrom 283.7W to 361.6W for two-phase flow and gradually from
361.6W to 412W between 121 s and 761 s. Altloe heat transferateis at ts highest
levelatapproximately 791s, with a value of 40k After that, between 791s and 1705s,
there is a slight decreasethe heat transfer rateom 415.1W to 399.4W, with a value

of 21 W. For singlephase flow, there is also a sudden increasledheat transferate
from 270.3W to 361.6W between 0 s and 91 s and between 91 s and 1674.8 s the heat
transferrateincreass slowly, from 361W to 397.4W. Thus, Part(c) shows that the

heat transferatefor two-phase flows higher than the heatinsferrate for singlephase
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flow, with an average value of 401.W6and 394.48N for two-phase and singlphase,
respectivelyThe difference between the heat transiégein single and twephase flow
is approximately 6.58V. The heat transfer enhancemh of twephase flow is 1.01
Therelationship between the tank temperatlii®e  andtime when the flow rate was
1.7071 L/min for both cases, single and {plase flow, can be seanFig. 4.4d. The
temperature inside the tank increases griéguath time in both cases. Furthermore,
the tanktemperature for twphase flowis higher than the tank temjaéure for single

phase flowand the tank temperatuséope for twephase flowis higher than the tank
temperatureslope for singlephase flow with a value of 37.6- and 19.2> for two-

phase flowand singlephase flow, respectively. Thus, the time required for raising the
tank temperature from 25to 788 when using twephase flow is approximately one
hour and eleven minuteshile the time required for raisg the tank temperature from
253 to 7 when using singkphase flow is two hours and twerftyur minutes. Also,

the gained energiyom the tankis 848.42W for two-phase flow 430.98V for single
phase flow. The difference betwetthre gained energy in Hottasess approximately
417.44W. This shows that twphase flow is better than singidhase flowFig. 4.5e
illustrates the relationship betweere thverage bulk temperature and tank temperature
with timefor single and twephase flow. Fosinglephaseflow, Part(e) shows that the
temperature inside the tank is very close to the average bulk temperature.-pbas&o
flow, between 0 s to 1705 s, the average bulk temperature inregeadaally with time
from 25.3 to 40.4 hwhile the tank temperatumdso increasegradually with time
from 22.%8 to 40.8 , between 0 s to 1674.8 s.
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Fig.4.5. Transient thermal effectiveness at 1.7071 (L/min) for (a) inlet
outlet temperature, (b) reperature difference, (c) heat transfer rate,
temperature difference in the tank, and (e) average bulk and tank tempet

The third experiment is also conducted watlconstant flow ratewhich is at2.148
L/min. As can be notefrom Fig. 4.6a, theoutlet temperature increasgradually from
48.13 to 57.8 for singlephase flow between 0 s and 1759 s and from Os to 1759s
the outlet temperature increases gradually with tinoen 43.33 to 54.3 , for two-
phase flow. Also, fron® s to 1759 s the inlet temperature rises gradually frons43.3
to 52.8 for singlephase flow and there is a slight increase in inlet temperature from
39.73 to 49.3 for two-phase flow between 0 s to 1759 s. Furthermore, it should be
noted that the difience between the inlet and outlet temperatdf¥ in both cases,
single and twephase, is fairly constant during the experiment, with an average value of
5.2& and 4.85 for two-phase anginglephaseflow, respectively Also, there is a
significant incease in temperature difference froms3.60 4.8 for two-phase flow
between 0 s to 546 Between 546 s and 1759 s the temperature difference ingrease
with time andthe temperature difference for tvphase flowfluctuateswidely during

the experimen For singlephase flow, from 0 s to 181 s there is a sudderease in
temperature differencekom 3.3 to 4.18 and the temperature difference increase

gradually with time from 42 to 4.8 between 181s and 1759Bhus, Fig. 4.6b
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shows that the tempeuaé difference for twephase flows higher than the teperature
difference for singlgohase flow, with an average value of 228nd 4.85 for two-
phase and singlphase flow, respectively. Alsohe difference betweetemperature
difference for both case Y'Y is approximately 1.09. Fig. 4.6c shows the
relationship between the heat transégewith timefor single and twephase flow, and
thatthere is a significant increasetime heat transferatefrom 341.3W and 457.5N

for two-phasdlow between 0 s and 455From 455 s to 1759 s, the rate of heat transfer
rises gradually with time arttie heat transfeatewent up and down widely ding the
experiment. For singiphase flow, there are dramatic increases in the heat traatser
from 351.2W to 406.72W between 0 s and 15&hile there is a gradual increasedtie
heat transferatefrom 406.72W to 465.3W between 151s and 1759s. ThBsart(c)
illustratesthatthe heat transfelatefor two-phase flowis higher than the heat trser
rate for singlephase flow, with an average value of 523V and459.09W for two-
phase and singlghase flow, respectivelyhe difference between the heat transhte

for two and singlgphase flowis approximately 64.18 watts. The heat transfer
enhancement of twphase flow is 1.14. Alsdrig. 4.6d illustrates the relationship
betweenthe tank temperatures in both cases when the flowisa2e148 L/min.The
tank temperature increases gradually with tioresingle and twephase flow. The tank
temperature for twegphase flowis higher than the tank temperature &mglephase

flow, which causes th@ank temperaturslopefor two-phase flow tdegreater than the
tank temperaturslopefor singlephasdlow, with a value of 22% and 17.8- for two-

phase and singlghase flow, respectively. Furthermore, the time required for heating
the tank temperature from 25to 78 for two-phase flow is approximately one hour
and fifty-four minuteswhile the time required for raising the temperatuoat 23 to

703 for singlephase flow is also approximately two hours and thirty minutes. Thus,
the obtained energydm the tank for twegphase flowms approximately 512.2% and

for singlephase flowis approximately 401.6%/. The difference between thetalmed
energy in both cases is 1106 This shows that the twphase system is better than
thesinglephasesystemFig. 4.6eillustrates the relationship betese the average bulk
temperatureand tank temperature with tinfer single and twephase flow.In this

experiment, it can be seen Rart (e) that the amount of change in average bulk
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temperature is close to the amount of change in the temperature inside thesargte
and twephase flow.

60
X2 24
0000000000000
55 0000““
000“““‘ Ads ::l
..000,.00“’ AAAAﬁAAAA==.. pmEE
— 50 “‘.00‘ N ,‘A‘Aééé---.
T ¢ "N‘,‘wmwm'!é—" esee®®®’
5 I -llll!!'A"A“A"‘"m“ ° ceoee®®
b5 mEREL, A4 e00®®
g 45 !===AAAA‘ e00® e00®®
o o000°®
GE) |: ....ooooooo
1 e0000®
= 40 eee = Single-Phase Inlet
+ Single-Phase Outlet
35 e Two-Phase Inlet
1 Two-Phase Outlet
30 } 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1
0 500 1000 1500 2000
Time (s)
()
5.50
[ . . “" os® 0000“
I ot e,
5.00 + %o .
[ *e te [Stee ““‘ Agmul "
| PN A4 M u .l-..... -
| . u_nimy®
.. n | |
450 + o ....I..
> S a®
H * [ ]
S~ - ¢ L™ T
4.00 t,u"" "
[o"
.
. = Single-Phase
3.50
+ Two-Phase
300 | 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1
0 500 1000 1500 2000
Time (s)

(b)

71



Heat Tranfer Rate (W)

T;(t) - T(0)

550
500 4 * o0t eene,

I oo

*

5 ° * 0‘ ° *
450 I ‘.0“““‘0‘ tee tee Aaaphansd “

[ L0 A A k4,

. A

[ 0‘ AAAAAAAAAAAAA
400 + Lo, aadt

[ Tiaa Aadaa

[ o4
350 3 1 Single-Phase

+ Two-Phase

300 } } }

0 500 1000 1500 2000

Time (s)
(c)
12
e Single-Phase
10 + Two-Phase
8
6
4
2
0 =
0 500 1000 1500 2000
Time (s)

(d)

72



(2]
o

AAAAASL
> AAAA55553555550“”
AAA X X4
L 1548408088857 ..agaain
~ 50 sas0480888%° __=zaaann"
o JUVUPTYE ST Ao Saaamannt
ol A . gl
% i’ttéé““ .-lllll-....
=) d | |
S 45 L
3] ‘t lllll.-....
o ...-
£ pue®=0
() T .
[t 40 1 Single-Phase (Tank)
+ Single-Phase (Average)
35 e Two-Phase (Tank)
= Two-Phase (Average)
D+ —
0 500 1000 1500 2000
Time (s)
(e)

Fig.4.6. Transient thermal effectiveness at 1.7071 (L/min) for (a) inlet
outlet temperature, (b)emperature difference, (c) heat transfer rate,
temperature difference in the tank, and (e) average bulk and tank tempet

The flow rate in the fourtbxperiment is 2.987 L/mirrig. 4. aillustrates that there is

a sudden increase intloutlet temperature for singtase flow from 57% to 60.8
between 0 s and 60 §rom 60 s to 1759 s there is a gradual increase in outlet
temperature from 6031 to 67.3 . Between O s and 121 s the inlet temperature rises
significantly from 54.2 to 56.8 and between 121 s and 1759 s the inlet temperature
increases gradually from 58.7t0 62.3 8For twophase flow, there is a gradual
increase in the outlet tempeared from 57.2 to 67.3 between 0 s and 1759 s and
from O s to 1759.5 s there is a significant increase in inlet temperature frosn 4.2
62.% . Part(a) shows that the difference between inlet and outlet temperatifés
relatively stable over thexperiment, with a value of 4.45 and 4.23 for two-phase

and singlephase flow, respectively. Furthermoi@g. 4.7b shows that there is a
strange relationshipetween temperature differenaad time at the beginmg of the
experiment for singkphase fbw because the experimeobk time tostabilize This
period is identified between 0 s and 333 s and after the periodrtperaure difference

for singlephase flow increasggradually from 3.8 to 4.3 between 333 s and 1758

s. For twaphase flow, fronD s to 1759 s there is also a gradual increase in temperature
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difference from 3.6 to 4.4 for two-phase flow. Thus, the temperatutifference for
two-phase flowis higher than the teperature difference for singfghase flowwith an
average value of 453 and 4.23 for two-phase flow and singlphase flow,
respectively. The difference betweentemperaturedifference in both cases is
approximately 1.0# . Fig.4.7-c shows the relationship tveeen the rate of heat transfer
with the timefor single and twephase flow. Between 0 s and 30t heat transfeate
for singlephase flowincreasesvith time and from 30 s to 333 s there is a drop oiN72
in the heat transfeatedue toa stabilization periodBetween 333 s and 175&lsere is
a gradual increasea ithe heat transfeate from 503.8W to 575.3W. For twephase
flow, the heat transfeateincreases gradually from 478/ to 592.1W between O s to
1759 s.Thus,Part(c) illustrates that the heat transfeatefor two-phase flav is higher
than the hearansferate for singlephase flow, with an average value of 60w4nd
571.19W for two-phase and singlphase flow, respectivelfthe difference between
the heat transferate for single and twephaseis approximately 33.2W. The heat
transfer enhatement of twephase flow is 1.06Fig. 4.7d shows the relationgh
between the tank temperatugth time for single and twephase flow. In the period
between 0 s and 1759 s thes@a gradual increase in tank temperature with tinferin

single and twephase flow. The tank temperature slope for-ptase flowis greater

than the tank temperature slope $orglephaseflow, with a value of 20.5- and 14.3

2 for two-phase anginglephase flow, respectively. The likely causetiatthe tank

tempeature for twephase flow is higher than the tank temperaturesioglephase
flow. Thus,the time required for raising the tank temperature from 28 7 for
two-phase flow is approximately two hours and eleven minutes ansingie phase
flow it is dso approximately three hours and six minutes. APaot(b) shows that the
obtained energy from the tank for typbhase flow O is higher than the obtained
energy from the tank fainglephasdlow, with a value of 462.5W and 322.6%V for
two-phase and singlphase flow respectively.This shows that the twphase flow
system is better than tlsengle phasdlow system Fig. 4. Zeillustratesthe relationship
between the average bulk temperature and tank temperature witfotisiagle and
two-phase flow. For singiphase flow, the temperature inside the tank increases

gradually from 56.8 t0 66.@ from 0 sto 1758.9 s, while the average bulk temperature
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also rises gradually from 5&3to 65.3 between 0 s to 1758.9 s. The temperature
inside the tank is higher than the average bulk temperature, with an average value of
63.13 and 61.8 for the tank and average bulk temperature, respectively. Far two
phase flow, there is a gradual increase in the temperature inside the tank framdb6.6
66.38 between 0 s and 1759.4 s, while the average temperature also increases gradually
from 55.8 to 65.8 between 0 s to 1759.4 s. The tank temperature is higher than the
average bulk temperature, with an average value o86ar& 60.5 for the tank and

average bulk temperature, respectively.

As illustrated in Figs. 4.4, 4.5, 4.6, and 4.7 the heat trarsferenhancement of two
phase flow is better than singbbase flow due to thearious internal circulations
present in the slugs that eventually led towards a much greater radial rate of heat

transfer, as well as an increased slug velocity.
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