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Chapter 1: |l ntroducti on

The last several decades have witnessed a dramatic incrdzsease of electronics
on avariety oftransportatiorsystems. This &nd continues todag hybrid electric vehicle
(HEV), electric vehicle (EV), and pluig hybrid electric vehicle (PHEV) technologies for
commercial and military applications. Military use can include both direct vehicle
applications, such as propulsiomdaindirect applications such as electrically operated
arms or interfacing the vehicle electrical system to create a military base mi¢idgrid

There are several motivations for replacing the traditional internal comb(§tjon
motors and mechanical drives with HEV equivalents on military platforms. One of the
most important reasons is the high cost of fuel. Transporting fuel to the theater through
dangerous routes and over long distances to geographically dispersed taop
significanty increasehe cost of fuel. The cost can rise frorcenmercial pumpprice of
several dollars per gallon to about $4f# in the battlefield. If an airlift is needed, the
cost can reach $1000 per gall@h. As such, even a modest saving in fuel efficiency can
lead to huge cost savings for the Department of Defense.

HEV platforms also promise reduced operation noise and, as a result, improve
stealth capabilities and personnel safety in dangerous enwaraam Furthermore, HEVs
can be designed with one motor per axle or even hub motors in each of the wheels for
propulsion. This provides system redundasoghatif one of the motors fails the vehicle
can operate in a degraded mode to rea&dfe@or seviceable location An indirect benefit
of HEVs for military applications is the ability to interconnect multiple HEVs to provide

utility-level power to bases and other infrastructures in combat zones. With appropriate
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control electronics, several HEVa@m f or m-ga i ddmi evi ® h a r obust
power[1]. This use of HEVs can reduce the need for ancillary generators and power units,
therefore leading to savings stemming from acquisition and transportation costs.
1.1  Power Conversion Electronis - Thermal Issue

Figure 1 illustrates the continuous power needs for current commercial midsize
HEVs, full EVs, and PHEVs. As shown, continuous power demands increase through the
transition from comrarcial HEVs to PHEVs and adllectric drive applications such as fuel
cells or EVs. In the case of HEVs and PHEVs, electrical power requirements approach 30

to 60kW while the alkelectric platformseachl00kW for short durations.

100 -

/AII -Electric

50 - \/ Blended

Motoring

PHEV

Electric Power Requirement (kW)

0 50 100 150 200

Power Duration (s)

Figure 1. Midsize hybrid electric power requirements(adapted from[1])

Power conversion electronics are a ubiquitous and enabling technology for the

success of current and future electric vehicle architegtuhgs is due to the disparate
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el ectrical systems common to these prograr
singlevoltage electrical bus. This mainly involves the use of power semiconductor
switches such as power diodes, metal oxide field effectsistors (MOSFETSs), and
insulated gate bipolar transistors (IGBTs). Unfortunatelych electronic energy
conversiondevicescamot be 100% efficient and vehicle systems requiring 100kW of
electrical power would have thermal losses of 2 to 4 kW, evem patver electronic
conversion efficiencies of 988%. Larger systems or systems with multiple powertrain
motors, highpower bidirectional DEDC converters, and power electronics modules could
have significantly higher waste heat challendégs

Aligned efforts aimed towards increasing total power while simultaneously
decreasing the component size and weghtave led to improvements in cost and power
density. However, increased power denséyg mevitably increased power electronic heat
flux and is presenting thermal management challenges for current and future sfagems;
compact, IGBT devicesan be expectetd dissipate heat fluxes in upwards of 250 W/cm?
[1]. Theprimary targefor thermal management of Silicon power electronics is sustained
operation bel ow the ma x i mu m sadellover aib | e t e
temperature resultin lower losses and better electrical performance. As such, efficient
thermal management of power electronics modules is critical to maintaining dgsteim
operational specifications without undermining efforts to improve power electronic size,
cost, weight, and power density.
1.2  Power Electronic Thermal Management

Traditionally, power electronics have relied on aiooled heat sinks or liquid

cooled cold plates to manageatenic waste heat, howeveew powerdense electronic
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systems are further increasing waste heat and presenting challenges to the capabilities of
conventiorl cooling systems.The effect of higher heat flux electronifte air-cooled
systemsis larger, heavier, costlier heat sinks and fans to compensate for insufficient
convective performance. The effect is equally dramatic with spiggese liquid cooling,
with higher heat fluxes requiring larger coolant flow rates to sufficiently cool the system
deviceq4]. These largdow rates and subsequent pumping powers result in increasingly
bulky, heavysystems that consume more f{fg] and undermine the current and future
efforts to reduce system cost and improve efficien@us, there is a drive to develop
improved cooling components that are smaller and lighter, and have increased performance
relativeto conventional liquid cold plates.

Cooling schemes using liquihpor phase change (tvphase cooling) have been
examined as a practical and coshscious next step beyond singlease cooling. A two
phase cooling system has several potential bermfegs a standard singjghase liquid
cooling approach. First, the latent heat of vaporization for a particular fluid, reflecting the
heat absorbed to evaporate a unit mass, can be two orders of magnitude larger than the
specific (sensible) heat used ingmphase liquid cooling6]. Thereforeevaporative
coolingprovides the possibility of increased heat absorption per unit mass and volume of
fluid and improved heat acquisition effectiveness. The siplgése heat dissipati
relationship for water can be expressed as:

N T#A4 1 tpypep 1t Yie (1)

whereNis the heat dissipatioh, is the mass flow rate is the specific heat of the fluid
(4186 kJ/kgK for water), an#4 is the temprature rise of the fluid. Equati¢h) assumes

an allowable fluid temperature rise 1C, such that the heat dissipation can be expressed
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as the product of mass flow rate and a constant. Similarly, thela® latent heat
dissipation relationship for water can be expressed as:

N TE@ | <clmuolgnnp ¢l vigmin 2
whereNis the heat dissipatioffis the quality (fraction of the mass flow rate that has been
vaporized)] is the mass flow rate, ar#l is the latent heat of vaporization of the fluid
(2,257 kJ/kg for water). Assuminfyll vaporization of the fluid (x=1.Q)this heat
dissipation can also be expressed as the product of the flow rate and a constant.

As shown symbolically irEquation(1) and Equatior§2), and graphicallyn Figure
2, the increased heat acquisition effectiveness ofitiaase flow @nslates into lowdtow
rates compared to singlghase flow for comparable heat dissipation. The potential benefit
of lower flow rates includes: smaller fluid reservoirs; smaller onboard fluid volume;
reduction in pumping power; smaller pumps; and acgdn in system weight and volume.
Additionally, two-phase cooling has the potential benefit of a relatively isothermal cold
plate surface, due to the use of latent heat absorption which occurs at nearly isothermal
conditions[7], and ordefwof-magnitude larger heat transfer coefficients than equivalent
singlephase forced convection methd@$. Based on these benefits, cooling schemes
utilizing liquid-vapor phase change are an attractive-sagtbeyond singlghase cooling

to manage escalating power electronic thermal concerns.
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Figure 2. Dissipated heat vs flow rate for water using latent heat and sensible heat

1.3 Two-Phase Surface Enhancements and Internalrooved Tubes
As shown by Sharar et dB] and Saumg7], performance improvement can be

accomplished by simply taking an existing singlease systenfor example, an IGBT cold
plate for cooling pwer electronics,and operating it in twgphase. However, by
understanding the mechanisms that makephase advantageous, surface enhancements
have been developed to further improwe-phase coolingperformanceSpecific to flow
boiling heat transfer,heseenhancementechniques can be classifi into two distinct
categoriesl) nucleate boiling techniques and 2) convective vaporization techniques. A
summary of these techniques can be fountiaibble 1 and are discussed moretexsively

by Bergles[9] [10], Thome[11], Webb[12], and Kandlikaf13]. Furthermore, a closer
look a specific topics including, microporous coatinfs}], reentrant cavitiegl5],
nanoparticle fluid additived 6], twisted tape inser{d7] [18], corrugated tubd4.7] [19],

and internallygrooved tubes can be found in a presentation by Sharaf2@]al.



Table 1: Classification of flow boiling enhancement techniques

Nucleate Boiling Convective Vaporization
Acoustic pulsation
Mechanical and ultrasonic vibration Fins
Porous surfaces Twisted tape inserts
Structured surfaces (reentrant cavities) Helical wire inserts
Screens Corrugated or fluted tubes
Fins Internally-grooved tubes

Electrohydrodynamic field effect

Among the available enhancement techniquesymallygrooved tubesiave been
identified asamostpromising technology for integration inkehiclepower electronic cold
plates Helical internallygrooved tubes, also known as inner grooved tubes and-fimcro
tubes, are perhaps the most prevalent passivgphase enhancemetgchnique in use
today andare widely usedor refrigerantubesand for fin-tube heat exchangees well as
shell and tube heat exchangers. Interngtlyoved tubes were originally developed in
Japan and gained wi des|if. Seadless idternqaligioaved i n t |
tubes are tgically manufactured by running a mandrel through a smooth bore copper tube
but can also be made by embossing fin geometries on a metal strip, rolling, and seam
welding. The latter manufacturing methprbvides a wider range of groove geometries,
including 3-D geometries and herringbone tubes, however most commercial vendors
continue to manufacture seamless tyBés Figure3a shows the characteristic internally
grooved tube geometry which is definled the internal diameter, number of fins, helix
angle b (or ax,apekanglat c a)n,d ftihre h eHiggda3m a l ar
shows a photograph of a commerc®ab2 mm diameteWieland Cuprofin internally

groovedtube[22].
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Figure 3: a) Schemdic of internally-grooved tube (adapted from[23]) and b) photograph of a 9.52
mm Wieland internally-grooved tube @dapted from[22])
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Depending on the process, tube size, and manufacturer, the surface enhancement
typically consists of 4@0 gnall, approximately 0.1 to 0.4 mm wide and 0.1 to 0.4 mm tall,
fins with hel i x,yialding tygcal artarenhmemeéng factors of 2.3 t®
1.8. These tubes generally range in diameter from 5 to 15 mm, although recently internally
grooved tlhes as small as 1.95 mm have been fabricated and [24jedhe majority of
internally-grooved tubes have fins with approximately trapezoidal esessonal shapes
but triangular and rectangular fihave also been manufaced Table?2 lists geometric

parameters for three commercially availaiblernally-groovedtubes from Wieland.

Table 2: Geometric parameters and fin efficiencies for three Wieland coppeinternally -grooved

tubes
i 0, 0,
Name Di(anrqnn?)ter thi\é\{frl]ltlass Fiﬁ:s heFiIgr;ht ﬁAang)SXein(ﬁtri) r?:];LOOO( * hc=12f0,00(0 * enr?:r:t:&:acﬁent
(mm) (mm) W/m2 W/m2 (A/Ap)
S2AD-5 5 0.23 40 0.15 0.20 99 98 1.52
S2AD-952 9.52 0.34 60 0.2 0.25 99 97.5 1.52
S2AD-15 15 0.4 75 0.3 0.31 99 96.7 1.53

As tabulated inTable 2, the resulting fin efficiencies are greater than 95% for all
three tubes with heat transfer coefficients ranging fro@0d to 20,000 W/mz2K.

Furthermore, the curves for triangular, rectangulad aarabolic fins converge at
0! EX® values lesshan 0.3[25] which suggests thdor a fixedfin profile area, the
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fin geometrydoes not significantly affect fin efficiency in standangernally-grooved
tubes

In horizontal oréntations, internalkgrooved tubes typically show heat transfer
enhancement ratios as high ag ttmes that of smooth tubes at low mass velocities and
improvement equal to alightly greater than the internal area ratio at high mass velocities
[26] [17]. The pressure dropf internallygrooved tubes is often equal to that of an
equivalentsmooth tubeat low mass fluxes and rises & times the smooth tubet high
massfluxes The reported rarggof heat transfer improvement and pressure drop increase

for internally-grooved tubes compared to smooth tubes are compilEabiie 3.

Table 3: Performance comparison ofinternally -groovedtubes to smooth tubes

Metric Internally -Grooved Tube
Area ratio 1.3-1.8x that of a plain tube
Heat transfer augmentation at low mass fl 3-7x that of a plain tube
Heat transfer augmentation at high mass fl ~internal area ratio
Pressure drop peity 1-1.5x that of a plain tube

Researchers have speculated thafsthrificantheat transfer improvemeabove
thearea enhancement at low mass flux is a result of several factors: thinttedjaqdid
film in Annular flow due to the larger surfacarea26], redistribution ofthe liquid in
Annular flow due to the helical groov§®7], and increased turbulen{28]. However,
generalized models that attempt to tcap these effects have proven unreliablehas
recently been suggest#tht flow regime transition from an undesirable flow regisueh
as Stratified flow (where only the bottom portion of the tube is wetted) desirable flow

regime such as Annar flow (where thin film evaporation around the periphery leads to



high heat transfer rateshay well explain the observed enhancement in intergathpved

tubes at low mass flup29].

1.4 Goals and Outline

1.4.1 Goals
Despite the dcumented performance improvemaninternally-grooved tubeshe

flow mechanisms thateliver performancenhancemenare not fully understood. The
absence of phenomenological insights and physical models makes it difficult to transition
internally-grooved tube technology from conventional refrigeration equipment to compact
cold plates for vehicle power electronics. Therefore, a stronger experimental and
theoretical knowledge base needs to be established for this enhancement mode, focusing
on a more comrehensive understanding of the physical mechanisms responsible for
improved performance in internalyrooved tubes. To this end, this Dissertation focuses
on the analytical development and experimental validation of a pHyasexflow regime
map andheat transfer coefficient model that recognizes the role playedubface
structures in enhancing twmhase thermal transpowtithin internallygrooved tubes.
These new models mark a significant contribution to the scientific community, allowing
better tlermofluid prediction and enabling more reliable design and optimization ef two
phase cooling systems. In addition to the intellectual merits, the research is directly
impactful to ongoing efforts in the Army and is more broadly applicable to ubiquitous
refrigeration equipment.

Since the flow regime is a key parameter in analytically defining thermal
performance, an additional target is to develop a newimtamsive optical film thickness

measurement technique fpoovide a quantitative characterization tbe flow regime
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Using temporallyarying film thickness profiles produced by this technique, quantitative
identification measures were developed for the primary flow regimes, including the ability
to explain and quantify the more subtle transitions ¢ixédt between dominant regimes.
This quantitativanethodology assists establising the effectof flow regimeon thermal
and momentum transpart internally-grooved tubes
1.4.2 Outline

In Chapter 2a description ofwo-phase flow boiling fundamentals isgmided.
Heat transfer mechanisms and the interrelationship betweephase flow regime and
local heat and mass transfer are discussed. A brief review of smooth tube flow regime
maps and heat transfer coefficient correlations, with a focus on flow edgaged heat
transfer modelds provided The Wojtan et al. flow regime m&p0] and associated heat
transfer coefficient correlatiof31] arecompared to data in the literature to demonstrate
the validity of this regiméased approach to defining thermal transport.

Fundamental studies of thermoflugkrformance in internallgrooved tubes are
reviewed and analyzedo demonstrate the relationship between flow regime and
evaporative heat transfeates, inChapter 3 Through reinterpretation of data in the
literature it is shown that performance improvement in interngligoved tubes at low
mass flux is a result of early transition to Annular flow. Finally, the current state of two
phase flow rgime maps and heat transfer correlations for intertalbpved tubes is
summarized and motivation for the current research effort is established.

Chapter 4outlines the original Wojtan et dI31] formulation and describeseh
current modification to the existing flow regime map and heat transfer coefficient

correlation to better reflect the trends discusse@hapter 3 The original and newly
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proposed model are simulated through a range of operating conditions to demdrstrat
the model works antb verify that the model casuccessfullypredict 6 to 7 times higher
heat transfer coefficients at low mass flux amehancement approaching the area
enhancement at high mass flux (refefl &ble 3).

Chapter 5describes the design and fabrication of the singihel twoephase test
facility used to experimentally validate the model developé&hepter 4 The tube heating
method, fluid selection, parametric space tested, tube paramet@sacdaisition and
reduction, andexperimentaluncertainty are describedAppendix A describes lessons
learned from amttempt to heat the tubes with Atomic Layer Deposition (ALD) thin film
heaters.

Common experimental flow geme definitions are based on visual and verbal
descriptions, which can be subjective and unreliadBhapter 6describes the theory,
development, and validation of an objective {mmnusive optical flow regime
characterization methodology based on Tdtdérnal Reflection (TIR). Results are
compared to several flow regime maps availablée literature for validationAppendix
B provides additional details on the Matlab code developed to process the TIR data.

Chapter hows singlephase heat transfer coefficient and energy balance results.
Theoretical predictions were compared to the experimental results to demonstrate the
accuracy of thexperimental apparatus and test metho@®od agreement with several
turbulent fow models was shown.

Flow regime data, obtained with dynamic teitaernatreflection measurements,
and heat transfer coefficient data, obtained with infrared thermography, are presented and

analyzedin Chapter 8for two-phase HFE/100 flow in horizontaR.62mm- 8.84mm
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diameter smath and internallygrooved tubesvith mass fluxes from 2800 kg/m?2s, heat
fluxes from4-56 kW/mz2, and vapor qualities approachihg This data, along with data
from the literature, is then compared to the new flow regime madpaasociated heat
transfer coefficient correlatioand additional models from the literature. Furthermore,
suggestions for future expmental and modeling research @jigen based onnsights
from the current studyAppendix C- Appendix Fprovide additional experimental results,
as well as a more detailed statistical analysis of the data.

Finally, conclusionsand recommendation for future research are provided
Chapter 9

The reader is remded thathis Dissertation has a focus on exploring an internally

grooved tube cold plate Ounit cell 6 (singl
future applications. Lessons | earned from
of future internallygrooved tule power electronic cold plateAdditionally,it 6 s | mpor t a

to note thawhile the primary applicationfor this workis vehicle power electroni¢cshe
concepts and ideas presented herein for intergatigpved tubes are brogdhpplicable to
refrigeration, aiconditioning, and other power electronic platforms such as solar, wind

turbines, and dédsmart gridsbo.
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Chapter 2: Twé haseBbli oFfumgla ment al s

During two-phase flow, the vapor and liquid phases are in simultaneous motion
inside the channel or pipe. The physics involved are typically more complicated than
singlephase flow. In addition to the viscous, pressure, and inertial effects existing in
singlephase flow, twephase flows are also affected ttwe wetting charactestics of the
liquid on the channel wall, momentum exchange between the liquid and vapor phases,
interfacial tension forces, afxy gravity (due to the large density differences between the
phases) The particular flow regime resulting from these intetardiplays a critical role
in the local heat and mass transfer. Understanding these distinct effects in plain tubes
provides a baseline for understanding the behavior and performance of enhanced.channels

The remainder of thishapterprovidesa brief owerview d the dominant flow
regimesflow regime maps for smooth tubes under adiabatic and diabatic condéiuhs
the regimebased heat transfer modeRlease refer to the reviews by Cheng €t3&] and
Thome, BaiCohen, Revellin, and Zu83] for a more comprehensive discussion oftwo
phase flow pattern and flow pattern maps in smooth maoi microscale channels.

2.1 Diabatic Two-Phase Flow Patterns and Dependence on Heat Transfer

During diabatic twephase flowas the quality and void fraction change in the flow
direction, the flow pattern mayundergo asequence of transitions altering both the
magnitude and character of the local heat trangfagure4 is aschematic representation
of a typical diabatic flow boiling process in a horizorgalooth channelwith saturated
inletliquid and a uniform heat flux, and the associated haaster regimesAs the process

proceeds down the length of the tube, the@atage of the flow that has been vaporized
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increases. Conservation of mass dictates that as the mean density of the flow decreases,
due to the formation of vapor, the mean flow velocity must increase. The accompanied
acceleration of the flow results warying liquid and vapor velocitieshich together with

the increasing mass fraction of the flowing vamanises @rogressiveseries of changes

in the flow regime.
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Figure 4. a) Schematic of flow patterns and b) the correspaling heat transfer mechanisms and
qualitative variation of the heat transfer coefficients for flow boiling in a horizontal tube (adapted
from [34])

During Bubble flow, nucleate boiling is the dominant vaporizationhaeism. The
added turbulence and mixing resulting from the bubble formation resuis MO nu c | e at e
boiling dominatedd region and an increase |

the red line orFigure4. As thequality downstream increases, bubbles begin to coalesce
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and Intermitent flow develops In the Intermittent regime, the tube wall is intermittently
cooled by liquidblugs and vapor slugs, often (but not always) resulting in a decrease in the
heat transfer coB€ient prior to transition to Annular flow. This leads to the characteristic
M-shaped curve, as identified by Baohen and Rahif85]and shown by t he
in Figure4. This effect was alschewn byCortinaDiaz and Schmidi36] and Yang and

Fujita [37] for flow boiling in minichannels and microgap channels, respectivély.

shown by the black profile ifrigure 4, the effect of nucleate boiling can also be less
dramatic¢ this effect was shown by Filho and Jabdi@R)] and will be shown later in this
chapter.l t 6s i mportant to note that fadransferot h
coefficient is expected to be higher than for a comparable siiglse flow. At very low

flow rates, Stratified flow may occur where the upper portion of the tube is completely
occupied by vapor and the bottom by liquid. Stratified flow erkad by drastically
reduced heat transfer coefficients due to the dry upper surface.

In the Annular flow regime, evaporation from the liqwapor interface is the
dominant heat transfer mechanism. Annular flow is considered a desirable flow regime
beause it can provide relatively high heat transfer coefficients, as shown schematically in
Figure4. As with adiabatic flow, gravity effects may result in a thicker film at the bottom,
however, at appropriately high vapor velagstistrong shear forces serve to redistribute the
fluid more evenly around the perimeter of the tube. Entrained droplets, as a result of strong
shear forces, along with continual downstream vaporization tefudtherthin the liquid
film and increase thdneat transfer coefficient. Eventually, however, the film may
completely disappear from portions of the tube wall. Such local dryout cadsastia

decrease in the average heat transfer coefficient and expands to cover wider and wider
16



areas for longerand longer periods, as the flow quality increases towards complete
vaporization. It is important to note thaigure4 represents general trends for fluids at
standard temperature and pressure. As described by Thome and R8&takd Cheng
et al.[40] [41] flow boiling of high reduced pressure fluids, such as,&@n significantly
affect the progression of these flow regimes, the domimeat transfer mechanisms, and
the resulting heat transfer coefficients.
2.2  Two-Phase Flow Pattern Maps

The observeddependence of heat transfer performance on flow regime led
researchers to analytically describe and map the dominant flow regimes in ch8akels.
[42] provided the earliest empirical flow regime map and other generalized flow regime
maps followed: Mandhane et §3], Taitel and Duklef44], and Weismanteal. [45].
Most notable among tke was the phenomenological map Taitel and Dukler which
used underlying physical mechanisms to define and map the four primary adiabatic flow
regimes using superficial velocity coordinatesStratified, Intermittent, Bubbly, and
Annular. In 1990 the Unified Model was developed to predict the adiabatic flow regime
in a variety of channel sizes and orientations based orplaee nosdimensional
groupings[46]. The TaitelDukler physicsbased models contain little empirical fitting
andhave been successfully applied to many fluids and channel sizes, including evaporating
refrigerant flows in microchannef35]. A TaitelDukler flow regme map[46], converted
to coordinates of mass flux and vapor quality for ease of interpretation, for R134a flowing
in a 9 mm smooth channel at a saturation temperatu&®€ is shown ifrigureba. The
extent of the flow regimes wepalculated through an iterative process and the solid lines

represent the general loci of predicted regime transition.
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Adiabatic models do not account faxial variation in quality northermal
interactions inside thehannel andheir use in diabatic channels is based on an assumed
dominance of local conditions Consequently, these models are not strictly valid for
diabatic heating and cooling applications in which heat is added to or removed from the
two-phase mixtureand, in which, acceleration terms and entry length effects may
dominate. As aesult, diabatic flow regime maps have been developed to accountder the
interactions Beginning in 1998 Kattan, Thome, and Fay&( empiricdly-modified the
Steiner map, a modification of the Tai@ukler map[46], and introduced a method for
determining the onset of dryout during Annular flow. Since then, other empirically
modified diabatic flow regime maps hat@lowed: Zurcher, Thome, and Favris8],
Zurcher, Favrat, and Thon#9], Thome and El Hajgb0], and Wojtan, Ursenbacher, and
Thome[30]. These modifications provide a meaecurate prediction of flow regimes and
dryout in realworld diabatic systems with halogenated refrigerants at standard temperature
and pressure (reduced pressure typically less than 0.1), but have not yet gained the
generality of the TaiteDukler adiabatic mapA Wojtan et al[30] flow regime map for
R134a in a smooth 9 mm diameter tube is showkigarebb. The Wojtan et a[30] map
defines 8 distinct flow regimes: Stratified, Stratifthvy, Slug and Stratifietivavy,

Slug, Intermittent, Annular, Dryout, and Mist in coordinates of mass flux (G) and vapor

quality (x).
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Figure 5. a) Taitel-Dukler [46] adiabatic flow regime map and b) Wojtan et al[30] diabatic flow
regime map for evaporation of R134a at15°C in a 9mm smooth tube with a heat flux of 4 kW/m2

Recently, there has been a rendweerest in the use GfO;, as an environmentally
friendly alternative refrigerant, and halogenated refrigerants at high reduced pfessure
clothes dryer§1], solar assisted heat pusip2], and electronic cooling applicatiofs3].
Thome and RibatskB9] published a comprehensive review of smooth tube flow boiling
of CO, andfound that thehigh reduced pressur@nd associated high vapdensity, bw
surface tensigrhigh vapor viscosity, and low liquid viscositgsulted insignificantflow
regime and heat transfer variations congplao traditional refrigerant€Consequently, the
available diabatic flow regime mapmkescribed abovelid not adequately predict flow
regimes foiICOz. In response, Mastrullo et §4] collected heat transfer and flow regime
measurements fa€O, and R410A at reduced pressures from 0.19 to 0.64 and developed

new Oeasy i-empirical magldis tesimpnove predictive accuracy at high reduced

pressure.

l'tds interest i nBukler[d6]amdWogan et h[30jflontrédgene Tai t e |

maps inFigure5 share distinct similarities, such as the general locations of the dominant
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flow regimes, but the transitions from one flow regime to the next occur at significantly
different mass fluxes and vapor qualities. In additooeatingthe TaitelDukler map[46]
requirescomplex calculationsand an iterative process tietermine the extent of each
regime, while rathesimple calculations are required to impleméhé Wojtan et al[30]

and Mastullo et al.[54] maps, to describe the loci of flow regime transsioifherefore,

the Wojtan et al[30] and Mastrullo eal. [54] maps will be used hereas diagnasc tools

and to provide a baseline for the evaluation of flow regime transition in integralbyved
tubes with refrigerants at standard and reduced pressure, respectively.

Regarding applicability to a range of working fluids and channel sizes, tieadat
used to create the masicent Wojtan et a[30] flow regime map covers data from three
commorrefrigerants, namely R134a, R22, and R4104 only a limited range of internal
diameters, from 12 to 14 mm. The Mastrudtoal.[54] flow regime map was validated
using one @mm diameter smooth tube, reduced pressure from 0.57 to 0.6€2fcand
0.19 to 0.52 for R410A, mass fluxes from 150 to 500 kg/m2s, and heat fluxes between 5
and 20 kW/mz2.Since these models originated with the phybiased transition criteria of
TaitelDukler [46], it is expecedthat they will apply to a wider range of tube diameters
and fluids than that presented in the validating data set.

It is to be noted that unlike the eight unique flow regimes defined by the Wojtan et
al. [30] map, most twephase researchef§5] have limited their classification to the
previously described priary flow regimes. In the interest of uniformity and consistency,
and to avoid confusion that may derive from the diversity of names used by authors for
some of the observed subgimes, the present effort will follow the classification proposed

by Rahim ¢ al. [55], combining Slug, Plug, and Intermittent data points into Intermittent
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flow, combining SluggingAnnular flow, WavyAnnular flow, and SerrAnnulardatainto
Annular flow, and defining Stratifiedlvavy flow as a sulbegime of Stratified flow,
leading to the presence of just 4 primary regimes: Stratified, Bubiiermittent, and
Annular.
2.3  Smooth Tube RegimeBased Heat Transfer Models
As shown schematicallyiFigure4, the heat transfer coéffent during twephase
flow is generallydependent on the predominant flow regiamel, in diabatic flow, varies
axially as the quality changes from the inlet to the outlet of the chanhetefore, accurate
prediction of twephase heat transfer coefeais requires prediction and knowledge of the
prevailingflow regimeand its axial progressionDespite this fact, the most widely used
heat transfer coeffient correlations are empirical, failing itecorporate flow structure in
the prediction methqdr based on a physical representation of a specific flow regime but
used indiscriminately across all the prevailing regimes, as for example with the smooth
tube correlations of Chefp6], Shah[57], Kandlikar and Balasubramanig8], and
Gungor and Wintertofb9] [60]. Studies such abe one by BafCohen and Rahirf85]
suggest that ubstantially improved predictive agreement can be achieved when the
selection of a correlation includes consideration of its phenomenological underpinnings.
To more accurately capture the regidependent performance during diabatic
flow in tubes, Kattanteal.[61] [62] developed the first comprehensive flow pattern based
heat transfer model. Based on the predicted flow regime, the Annular film thickness,
turbulence, and dry perimeter during 8trad flows were determined and used to calculate
the local heat transfer coefficienThe Kattan, ThomeandFavrat flow regime and heat

transfer model§51] [62] have since been miigéd by oher researchers. aéh successive
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flow regime map as describedbove, had an accompanying regibesed heat transfer
coefficient correlation. The most recent version, as developed by Wojtan[8i]al.
includes the onset @iucleate boiling as defined by Zurcher af49], a Dryout and N&t
flow regime at high vapor quality, and a more detailed descriptioredbtiatifiedWavy
subregime of Stratified flow

As an example of the power of shregimebased approactiigure 6 shows a
comparison ofwo-phasedata fromFilho and Jabard[38] with the predicted heat transfer
coefficient and thélow regime maprom Wojtan et al[30] for flow boiling in an 8.92

mm ID tube with R134a at a saturation temperature of 5°C and mass fluxes of 100 and 300

kg/mss.
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Figure 6: Comparison of experimentalheat transfer data @dapted from Filho and Jabardo [38])
(hollow data points) for R134a at 5°C in an 8.92 mm smooth tube with a heat flux of 5 kW/m2 &)
the Wojtan et al. heat transfer model[31] and b) Wojtan et al. flow regimemap [30]

At a mass flux of 100 kg/m?2s, the locus of which is showigure6b, the model
correctly predicts a low heat transfer coefficient characteristic of Stratified flow and a large

dry perimeer. When the flow regime transitions from Intermittent to Annular flow at a
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mass flux of 300 kg/m2s, as may be seen from the locus shokigure 6b, the model
predicts an increase in heat transfer coefficient due to enhaneeectue cooling and a
thinning Annular film. Additionally, lte heat transfer coefficierorrelation correctly
predictsthe smooth transition between tiespective flow regimes and the sharp reduction

at high vapor qualities due to dryout.
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Chapter 3: Fundamental Studies of FI

Transfer i-Gr d ot ed nhadHd es

Two-phase flow boiling in internallgrooved tubes has been a subject of interest
since they were invented in 19A¥ith notable reviews byhomeof internally-grooved
tube studies prior to 199Q 1], a quality general review by Bergles and Man{#i8], and
an update oboiling heat transfer inside enhanced tubaslishedoy Thomein 2004[17].

Since early 2000, there V®mbeen a large number of studies in the literature exploring
evaporative heat transfer in internagjyooved tubes but few, if any, researchers have made
an effort to compile this data and analyze the relatign between flow regime and
evaporative heat transfeates.

Based on this apparent void in the literature and the demonstrated success of
regimebased analyses and correlations in providing improved predictive accuracy for heat
transfer coefficients ismooth tubes, as describedhapter 2this chapter aims to explore
the relationship between twghase flow regimes and heat transfer rates in internally
grooved tubes. First, fundamental studies of thermofluid performance in internally
grooved tubesra reviewed and compared to the Wojtan 88l and Mastrullo et a[54]
flow regime mapsThen, the current state of twahase flow regime maps and heat transfer
coefficient correlations forniernallygrooved tubess described. Finally, results and
general comments are summarized and research directions for the current effort are
developed. The majority of studjeseviewedherein deal with halogenated fluids in
conventionaisized tubes atandard temperature and pressure. However, studies of small
diamete tubes, as well as alternative refrigerants epdration areduced pressure, are
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also considered. The majority of this chapter was publiskeal papein the Journal of
Enhanced Hadl ransfer by Sharar and B&ohen[64].
3.1 Flow Regime Quantification

Although the commonldw regime definitions are typically based on visaat
verbal descriptionshe complex nature of twphase flowlimits the accuracy ahutility
of suchsubjective determinati@of flow modek [65]. Regrettably,ite majority of the
studies to be discussed in the followicttppterrelied solely on subjectivBow regime
determinatiormethods These studieprovide an adequate starting point for developing a
physical relationship between flow regime and heat transfer in integralbved tubes,
however, more subjective techniques will be needed to firmly establish the nature and
repeatability of the dependemof thermal and momentum transport on the prevdiling
regimein such tubes.The reader is referreid Chapter &or a more detailed description
of subjective determination techniques in the literature and the Total Internal Reflection
technique useth the current study.
3.2  Studies on Conventioal Internally -Grooved Tubes

The majority of the experiments focusing on flow regime and heat transfer in
internally-grooved tubes have been conductedanventionatubesranging in size from
5to 15 mm. Suchtubesare more widely available and haleen extensively tested,
whereas tubes smaller thanntm have only recently gained attentiof.able 4 is a
summary of relevant studies of flow pattern and heat transi@mme -sized internally
grooved tubes, focusing miudies that demonstrate heat transfer improvement through
early flow regime transitian Most of the studiesexamined used refrigerantefrigerant

vapor(of a single fluid)under diabatic conditions astindard temperature and pressure.
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Some studies explored halogenated fluids @@ at high reducedpressure while others

explored refrigerant/oil mixtures. Several studies used adiatkatés- air as the working

fluids.

Table 4: Summary of relevant studies on flow patterns and heat transfer in macroscale internaly

grooved tubes

Authors/References

Fluid and test section description

Main research content

Yu, Lin, and Tseng66]

Oh and Berglef57]

Shedd and Newe]R7]

Shedd, Newell, and Lgé8]

Shen and Groll69]

Kim Shin[26]

Schael and Kingi70]

Filho and Jabard{38]

Cho and Kinm[71]

Targanski and Cieslinsky 2]

R134a evaporatig 1.5m horizontal
smooth andnternally-groovedtube,
10.7mm ID

R134a evaporation, one smooth ant
internally-grooved tubes with helix
angles of 6°, 18°, and 44°, horizon
9.52mm ID tubes

Adiabatic watesair, 0.8m horizontal
smooth andnternally-groovedPVC
tubing, 15.2mm ID

Adiabatic waterair, 0.8m horizontal
smooth andnternally-groovedPVC
tubing, 15.2mm ID

A critical review of lubricant
influence on pool and flow boiling ir
smooth and enhanced tubes

R22 and R4QA evaporation, 0.92n

horizontal smooth, 5 internally

grooved and 1 herringbone tube
8.148.7mm ID

Reduced pressure G@vaporation,
0.2 m horizontalinternally-grooved
tube, 8.62nm ID

R134a evaporation, 1% horizontal
smooth, herringbone, arndternally
groovedtube, 8.768.92 mm ID

Reduced pressure G@vaporation,
0.2 m horizontalinternally-grooved
tube, 8.62nm ID

R407C and R407C/oil mixture
evaporation in two smooth tubes, ol
corrugated tube, and oneternally
groovedtube, 2m long, 88.92 mm
ID

Flow regime was mapped for boi
tubes, heat transfer coefficient wi
measured, new heat transfer coefficie
correlation was developed

Used a boroscope visualizatic
technique to relate fluid redistributio
to helix angle

Flow regime, pressure drop, ar
circumferential Annular film thicknes:
were measured

Flow regime, pressure drop, ar
circumferential Annular film thicknes:
were measured, influence of numb
and angle of microgrooves we
reported

Comprehensive summary of rece
work and technical recommendations

Heat transfer coefficient was measur
for all tubes, heat transferdata
compared to heat transfer coefficie
correlations available in the literature

Flow regime was mapped, heat trans
coefficient was measured ar
compared to previous smooth tube di

Flow visualization for smooth an
internally-groovedtubes, heat transfe
coefficient and pressurerop were
measured

Heat transfer coefficient and press
drop was measured and comgzarto
heat transfer coefficient dnpressure
drop correlations available in th
literature

Heat transfer coefficient and presst
drop was measured for all tubes
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Hu, Ding, and Wang73]

Spindler and Miller-Steinhagen
[74]

Filho and Barbier[75]

Padovan et a[76]

Hatamipour and Akhavan

Behabad[77]

Zhao and Bans#¥ 8]

Colombo et al[79]

Sharar and Ba€ohen[80]

R410A and R410Ail mixture
evaporation in a fm ODinternally
groovedtube

R134a and R404A evaporation, tw
0.5 m horizontalinternally-grooved
tubes, 8.95mm ID

R134a evapot@on, 1.5m horizontal
smooth and twainternally-grooved
tubes, 8.92nm ID

Reduced pressure (0-0949) R134a
and R410A evaporation, 0.3n

horizontal internally-grooved tube,

8.15mm ID

R134a evaporation, 1rh horizontal
smooth andnternally-groovedtube,
8.92mm ID

Reduced pressure G@vaporation, 1
m horizontalnternally-groovedtube,
7.3mm ID

R134a evaporation, 11 horizontal
smooth and twointernally-grooved
tubes, 8.68.92mm ID

HFE-7100 evaporation,
horizontal smooth and
grooved tubes, 8.84m ID

0.2 n
internally

Heat transfer coefficient was measur
for nomiral oil concentrations from-0
5%, new heat transfer coefficiel
correlation was developed

Flow regime was mapped for botl
fluids, heat transfer coefficient ws
measured and compared to correlagic
in the literature, modified constants ¢
existing heat transfer coefficier
correlation

Flow visualization for both tubes, he:
transfer coefficient and pressure dr
were measured

heat transfer coefficient and dryor
vapor quality were measured ar
compared to correlations available
the literature, new dryout inceptio
model was developed

Flow regime was mapped for boi
tubes, heat transfer coefficient wi
measured

Heat transfer coefficient was measur
and compared to heat transf
coefficient correlations available in th
literature

Flow regime was mapped on existir
maps, pressure drop and heat tran:
coefficient were measured ar
compared to correlations available
the literdure

Flow regime was mapped and he
transfer coefficient was measured f
both tubes. New heat transfi
coeffident was introduced based ¢
previous flow regime maj29]. Model
matched well with results and data fro
3 independent researchers.

3.2.1 Flow Regime Transition Mechanisms
The snooth tuberegimetransition from Stratified to Anrar flow is modeledn

the TaitelDukler flow regime map46] by the waves producedue tothe Kelvin-
Helmholtz instability otheimpingement of liquid dropen the upper surfaceshile the
Intermittent to Annular transitiois modeledy the rupture of the liquid plug by the vapor

flow. Annular flow in internallygrooved tubes appears to exist at lower mass flux and
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vapor qualitythan in smooth tubef9], suggestinghat the physics of flow reme
transitionin internally-grooved tubes isnore complex. In addition tthe inertial and
surface tension effects mentioned above eigevedhat fluid flow redirection from axial
to helical flow in the grooves (momentum change), as well asagpidirce in the groove
structuresand centrifugal force due to flow circulatigolay a role in early transition to
Annular flowin these tubes

Shedd and Newe[R7] [81] [82] [68] used a nosntrusive optical film thickness
measurement technique to observe the liquid distribution in horizontal adiabatieaawater
flow through 15.1 mm ID smooth and internagiyooved tubes with helix ateg of 9° and
18°. These studies demonstratbeé impact of grooves on liquid redistribution and early
transition to Annular flow in internalkgrooved tubes. Liquid film thickness profiles for
Stratified/Annular flow throughl5.1 mm smooth anghternaly-grooved tubes at mass
fluxes of 44 and 120 kg/m3s are shown schematicalygure?7. Additionally, these data
points are plotted on the Wojtan et [@0] flow regime map. The smooth tube filrase
represented by dotted lines and the grooved tube film thicknesses are shown with solid
lines.

At low mass flux, 44 kg/mz2s, the smooth tube profiles were symmetric from left to
right with thicker liquid films on the bottom and dry patches at the udipse; this can be
identified as Stratified flow and corresponds tteatifiedWavy regimeon the Wojtan et
al. map[30]. The grooved tube profiles appeared to be rotated counterclockwise (the same
direction as the groovegachieving wetting of nearly 94% of the periphery vs only 62% for
the smooth tube, and displaying behavior that loa identified as Annular flowShedd

and Newell[27] also reported that the liquid film profiles for the sntoand internally
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grooved tubes temdito converge at higher mass flias seen in the film profiles fdr20

kg/m?2s, corresponding to Annular flown the Wojtan et al[30] map inFigure7. The
preferetial redistribution of liquid in the direction of the helical grosyachieving greater
wetting at low mass fluxes, supports the existence of a secondary Sttatfiedular

flow regime transition mechanism in internafiyooved tubes and could be exygecto

lead to higher heat transfer coefficients. Moreover, the similarity in film profiles at the
higher mass fluxes would appear to be consistent with the decrease in enhancement at
higher mass flux, as reportedthre literature and outlined ihable3.

Based on heat transfer experiments with liquid capillary rise on grooved flat plates,
Kimura and 1to[83] and Ito and Kimurd84] hypothesized that capillary force in the
grooves is a dominant factor for enhanced heat transfamténnally-grooved tubes.
Essentially, the capillary foe works to redistribute fluid frortime bottom or sides of the
tube to the top. This mode of enhancement in intergatdpved tubes hadsa been

suggested by Yoshida et @85] [86] and Cui et al[87] .
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Figure 7. Film thickness profiles for smooth (dashed lines) and 18hiernally -grooved (solid red
lines) tubes with 15.1 mm ID and mass fluxes of a) G=44 kg/m2s and x=@&&d b) G=120 kg/m2s and
x=0.76[27], plotted on the simplified Wojtan et al.[30] flow regime map
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3.2.2 Halogenated Fluids at Standard Pressure and Temperature
Yu, Lin, and Tseng66] performed a flow visualizatioand heat transfer study with

R134aat 6°Cin a 10.7 mm ID smooth and an 11.1 mm ID interngligoved tube with an
18° helix angle. Mass fluxes from 163 to 408 kg/m?s, heat flux between 2.2 and 56 kW/mz2,
and a fixed heated length of 1.5 m were testemjure 8 shows the results of the flow
visualization, plotted in the coordinates of mdseg find vapor quality and superimposed
on the Wojtan et al[30] flow regime map;Figure 8a is the smooth tube experimental
results andrigure8b is the internallygrooved tule results. The transitions of flow pattern
visually observed were Stratified, Intermitteahd Annulain the direction of increasing
mass flux and vapor quality.

It was reported in the study, and also apparent ffayure8, that the transitions in
the internallygrooved tube occurred at lower mass flux and vapor quality compared with
the smooth tube. Thus, at a mass flux of 163 kg/m2s and a quality greater than 0.3, Annular
flow was encountered in the internaliyooved tubevhile the smooth tube was operating
in the Stratified regime Additionally, at a mass flux of 24kg/m23s and a quality greater
than 015, Annular flow was encountered in the internajlpoved tube while the smooth
tube was operating in thetermittentregime. The Wojtan et al.30] flow regime map was
shown to atisfactorily predict flow regime in the smooth tube, but due to the observed
early flow regime transition in the internaligrooved tube at lower mass flux and vapo
quality, the Wojtan et a]30] map did a poor job predicting flow regimegie internally

grooved tubg29].
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Figure 8: Experimental flow visualization results from Yu et al. [66] for R134a at 6°C with a heat
flux of 20 kW/m?2 plotted on a simplified Wojtan et al.[30] map for a) 10.7 mm ID smooth tube and
b) 11.1 mm ID internally-grooved tube

The dorementioned early flow regime transitions at low mass flux improved heat

transfer in the internaltgrooved tube relative to the smooth tuldegure 9a shows the

average heat transfer coefficient vs. vapor quality for a mas®fl163 kg/m2s anBigure

9b shows the internallgrooved enhancement factor. The enhancement factor is defined

as the ratio of the internaligrooved tube heat transfer coefficient to the smooth tube heat

transfer coefficient. The additional area provided by the internafjyooved tube oiru,

Lin, and Tsend66] wasaccounted for ifrigure9, resulting in a smooth tube equivalent

heat transfer coefficient

As can be seén Figure9a, the increase in the smooth tube heat transfer coefficient

was minimal due to the dominance of Stratified flow. Alternatively, when the flow pattern

was changing, the rise in the heat transfer coefficient was danféta mass flux of 163

kg/m2s and quality of 0.3 there was a sharp increase in the heat transfer coefficient, from
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approximately 4 to 5.5 kW/m2K (40% improvement), accompanying the flow regime
transition from Intermittent to Annular flow the internly -grooved tube Consequently,
the maximum heat transfer enhancement2s,as shown ifrigure9b, occurred at a flow
rate of 163 kg/m?3s and quiadis 0.3<x<0.7 where Stratifigtbw dominated in the smooth

tube and flow trangon to Annular was achieved in the internagjsooved tube.
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Figure 9: a) Heat transfer coefficient vs vapor quality and b) accompanying enhancement factor
from several researchers with low mass flux (1@ 163 kg/mz2s)

As may be seem Figure8a, atamass fluxes of 326 kg/m3s or above, the observed
flow regimes for the smooth and internajyooved tubes tended to converge to Annular
flow. Figure 10a andFigure 10b show the average heat transfer coefficient vs. vapor
quality for the smooth tube and internagiyooved tube and the enhancement factor at the
higher mass flux of 326 kg/m2s. Asrche seen irfrigure 10a, asignificant increase in
heat transfer coefficient is observed in the smooth tube at a mass flux of 326 kg/m3s and a

vapor quality of 0.2, coinciding withransition to Annular flovand yelding asmooth tube
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heat transfer coefficient profile that more closely resembles that of the integnatiyed

tube. Calculation of the internalyrooved tube enhancement factor reveals that the heat
transfer improvement approaches 1.3 at high mass dhd high vapor quality. The
marginal improvement beyond area enhancement at higher mass fluxes anasbk of

extra turbulencemixing, or nucleate boilinglue to the grooved structures. These trends
are consistent with trends discussedable3, and as described, adeectly related to the
observed flow regime. The experimental data were compared with existing smooth tube
correlations from Kattan et 462], Chen[56], Shah57], Gungor and Wintertof60], Liu

and Wintertor{88] and a newlyproposed heat transfer coefficient correlation by Yu, Lin,
and Tsend66]. Their experimental data was found to correlegd with themost recent

heat transfer coefficient correlation.
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BandarraFilho andco-workers[75] [38] reportedexperimental investigatienof
flow boiling of R134a in a smoothube and two internaltgrooved tubes with inside
diameters 08.76 t08.92mm, helix angles of 18§°fin heights of 0.2 mm, and between 60
and 80 grooves Tests were performed in 1n% long tubes with a saturation temperature
of 5°C, a heat flux of 5 kW/m3sapor qualities up to 90%, and mass fluxes from 100 to
500 kg/m?s. The area enhancement of the interngligoved tube was 1.91 times the
smooth tube in the Filho and Jabaf@8] study but was not reported in the Filho and
Barbieri [75] study. Filho and Barbieri[75] provided representative flow regime
photographs for several operating conditions and described the flow regime trends but did
not plot their flow visubzation data

Figurell shows the Filho and Barbidii5] flow regime data plotted on adjfan
et al.[30] flow regime map. For the smooth tubes they visually obsehadnnular flow
was the dominant regime at high vapor quality and mass flux greater than 150 kg/m3s. For
mass fluxes higher than 150 kg/m2s and low vapor quality, Intermittent flow was the
dominant regime. At mass velocities lower than 150 kg/m?sjfitdatiow was observed
for the entire range of vapor qualities tested. These trends are captured well by the Wojtan
et al.[30] flow regime map.

The trends were different theinternally-groovedtubes. Stratified flow wa never
observed in the internallgrooved tubes, even at mass fluxes as low as 100 kg/m3s.
Instead, eai#r transition to Inermittent and Annular flow wagported at lower mass flux
and vapor quality than observed in the smooth tube. One specifiplexantigurellis
at a mass flux of 300 kg/m23s and a vapor quality of 0.1 where the smootesibperating

in Stratifiedflow while the internallygrooved tube was operatingmn nul ar f | ow.
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also interesting to point othat at a mass flux of 500 kg/m2s and a vapor quality around
0.65, the smooth tube was operating in Annular flow and the intemgabtyed tube
prematurely transitioned to Mist flowSimilar flow regime trends were reported by Filho

and Jabard{B8] for similar test conditions.
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Figure 11: Experimental flow visualization results of Filho andBarbieri [75] for R134a at 5°C in an
8.92 mm smooth and internallygrooved tube with a heat flux of 5 kW/m? plotted on a simplified
Woijtan et al. [30] flow regime map

Figure 9a shows the average heat transfer coefficient vs. vapor quality for the
smooth tube anthreeinterndly-grooved tubes at a mass flux of 100 kg/fotd-ilho and
Barbieri[75] andFilho and Jabard[38]. 't 6s i mp oeinthesestudigstoe not e
increased internallgrooved tube surfacareavas not accounted fevhen calculating the
heat transfer coefficens o it 6s expected that thadoseheat t
to 1.3 to 1.91times larger than the smooth tube values for all test conditions. At a mass
flux of 100 kg/m2sthe heat transferoefficient in the smooth tube is low and appédars

slightly deteriorate over the whole range of vapor qualities; this is indicative of the
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observed Stratified flow regime at mass fluxes below 150 kg/m2?s. Under the same
conditions, théneat transdr coefficient increases in af theinternally-grooved tubes. As
described above, this is a result of the dominance of Intermittent and Annular flow in the
internally-grooved tube. As shown figure9b, the effecis heat transfer enhancement
close to 6 times that of the plain tube. However haglaermass fluxof 300 kg/m?3s, where
Intermittent and Annular flow were the dominant regimes in both the smooth and
internally-grooved tubes, the heat transfer trendgirbéo converge to the internal area
enhancementThis effect is clearly shown iRigurel10a and b.

Additionally, at a mass flux of 500 kg/m2s and vapor quality above 0.5, Filho and
Barbieri[75] and Filho and Jabard@®8] reported worse performance in the internally
grooved tubes compared to the smooth tube as a resh# mematurdransition toMist
flow. The results were not compared to existinggiinallygrooved tube heat transfer
coefficient correlationsl t 6 s i nteresting t d38rmodtFéhoanth at Fi
Barbieri[75] reported similar trends with respect to flow regamel thermal performance
however, subtle differences in performance between the two studies can befsgarein
9 andFigurel10, presumablyas a result of varying geomietparameters.

Colomboet al.[79] performed a flow visualization and evaporative/condensing
hed transfer study with B34a at a saturation temperature of 5°C in a horizontal 8.92 mm
ID smooth tube and two internalyrooved tbes with inside diameters of 8.62 and 8.92
mm. Both internallygrooved tubes had helix angles of 28U apex angles of 4@ut had
alternatingfin heights ranging from 0.16 to 0.23 mm ahé number of groovasnging
from 54 to 82. The resulting intaally-grooved tube area enhancement ranged from 1.55

to 1.82. Mass fluxes from 100 to 340 kg/m?2s, heat flux between 2.2 and 56 kW/m?2, vapor
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qualities from 0.1 to 0.9, and a fixed heated length of 1.3 m were.tdsgpde12 shavs

the results of the flow visualization, plotted in the coordinates of mass flux and vapor
quality and superimposed on the Wojtan e{20] flow regime mapFigure12a is the
smooth tube experimenteesults and=igure12b is the results for one of the internally
grooved tubs The transitions of flow patternisually observed were Stratified,

Intermittent, and Annulan the direction of increasing mass flux and vapor igyal
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Figure 12 Flow visualization results from Colombo etal. [79] for 8.92 mm ID a) smooth and b)
internally -grooved tubes with R134a at 5°C and a heat flux of 4.2 kW/m?2 plotted dhe Woijtan et al.
[30] flow regime map

Figure 12 makes it very clear that there are distinct differences in flow regimes
between the smooth and internadisooved tubes, with the latter shifting the onsgt
Annular flow to lower mass flux and vapor qualitpne example is at a mass flux of 100
kg/m2s and a quality greater than 0.4 where Annular flow was encounténednternally
grooved tube, whiléhe smooth tube waperating in the Stratifiecegime. Additionally,
at vapor qualities close to 0.3 and mass fluxes greater than 180 kg/m2s, the smooth tube

was operating in Intermittent flow and the internajlpoved tube was operating in
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Annular flow. Annular flow was observedoththe smooth anohternally-grooved tubes

at high mass flux and vapor quality. The Wojtan ef3fl] flow regime map accurately
predicted flow regime and flow regime transitions in the smooth tube, but due to the
observecearlyflow regime tansition in the internallgrooved tube at lower mass flux and
vapor quality, the Wojtan et gB80] mapwas unable to properly preditow regimes in

the internallygrooved tube.

Due to limitations irthe data of Colombo ai. [79], it could not be included in the
overall plot of the heat transfer coefficient vs vapor quakigure 9a andFigure 10a.
However, hey reported enhancement factors at an average vapor quality of 0.45 for mass
fluxes ranging from 90 to 320 kg/m?2s and these values were added to the enhancement
factor plots, Figure 9b and Figure 10b. As shown inFigure 9b, the heat transfer
enhancement at a mass flux of 90 kg/m2s and mean vapor quality of 0.45 was 2.4 to 2.7
times higher than the smooth tube. This correspondstmlar flow in the internally
grooved tube and Stratified flow in the smooth tube. As showngure 10b, at ahigher
mass flux of 320 kg/m3s and the same vapor quealitgre Annular flow is the dominant
regimein both the smooth and internallyooved tubs, the enhancement ratio reduces to
1.35for both internallygrooved tubes. It is to be noted that Colombo €78l did not
account for the increased internaglyooved tube stece area when calculating the heat
transfer coefficiat. S,1 ttd@beexpected that the heat transfer enhancement should be at
least 1.55 to 1.82 times larger than the smooth tube values for all test conditions. The
researchers did not comment on tiliscrepancy. Though not explicitlescribechere,

i t 6 s antimpoterthat the Colombo et [@9] resultsshowed performance differences
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betweenthe two internallygrooved tubeswhich reinforcesthat the specificgeometic
parametersnay dfect thermal performance.

The internallygrooved tube experimental data was compared with existing
internally-grooved correlations from Murata et f9], Yun et al.[90], ard Thome et al.
[91]. The measured heat transfer coefficients were not well correlated by any of the
existing correlationswith average percent errors ranging fre88% to +156%.

Spindler and MiulleiSteinhagerj74] performed an experimental investigation of
heat transfer and flow regime during evaporative cooling in anr@r@2ID internally
grooved tube with a 15° helix angle using two différeefrigerants, R134a and R404A
Experiments were condted in a Im long heated test section with mass fluxes ranging
from 25 to 150 kg/m?, fa& flux from 1 to 15 kW/m3nlet vapor qualities ranging from 0.1
to 0.7, and a saturation temperature-20°C. Stratified Intermittent,and Annular flow
were obsered Annular flow was the dominant regime for mass fluxes at or above 65
kg/m2s. Shown irFigure 13 is the experimental visual flow regime data of Spindied
Muller-Steinhageifi74] for R134aand R404A plotted on the Wojtan et[80] flow regime
map.

The Wojtan et al[30] map ovespredicts the mass flux at which transition from
Stratified to Annular flow occurs for bothuibls. They hypothesized that the spiral grooves
worked to redistribute the liquid, resulting in early transition to Annular flow.
Unfortunately they did not perform flow regime and heat transfer experiments for a
comparable smooth tube as a benchmarkdonparison. The experimental heat transfer
coefficients were compared to the correlagitom Koyama et al[92] andKandlikar[93]

andaveragealeviations of £15% and +30%espectively, were obsved
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Figure 13: Experimental flow visualization results from Spindler and Muller-Steinhagen[74] for a)
R134a and b) R404A at20°C with a heat flux of 7.5 kW/mz2 in one 8.92 mm ID intaally -grooved
tube plotted on a corresponding Wojtan et al[30] flow regime map

3.2.3 Refrigerant/Oil Mixtures
In operating refrigeration systems, it is not uncommon to encounter boiling of

refrigerant/oil mixtures. The amount @il in the mixture, which is dependent on system
wear and worker expertise, will increase pressure drop and may help or hinder cooling
performance. Therefore, it is essential to test flow boiling of refrigerant/oil mixtures for a
wide range of test coittbns anda wide range of refrigerants and oils. While not the main
intent of the current research effort, several representative reviews and afigs]
[69] onthe performance of refrigerant/oil mixtures in internahpoved tubes have been
included inTable4 for the sake of completeness.
3.2.4 Halogenated Fluids and CQ at Elevated Reduced Pressure

Most macrechannel interally-grooved tube flow boiling studies in the open
literature are concerned with halogenated fluids at standard pressures and temperatures

ranging from-15 to 20°C for refrigeration systems. However, some researchers have
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looked atCO, andhalogenated flids at higher saturation temperaturasd highereduced
pressures) for clothes drygfsl], solar assisted heat pusp2], and electronic cooling
applicationg53]. Asmentioneckarlierin Chapter 2reduced pressure has been shown to
play a significant role irpredictingthe flow regime and heat transfer coefficienthus,
there is a need to explore heat transtefficientsand flow regimsin internally-grooved
tubes with CO, and halogenated refrigerants laigh reduced pressuréo establish
performance trends. A brief descriptiorGf, and refrigerant flow boiling at high reduced
pressure are given below; please refeTable 4 for a more comprehensive list of high
reduced pressure studies in interngltpoved tubes.

Schael and Kind70] visually observed flow patterns and measured heat transfer
coefficients in an 8.981m ID interndly-grooved tube and a comparable smooth tube with
CO; at reduced pressures of 0.544F 5°C) and 0.36 (&:=-10°C). Shown inFigure 14
is the experimental flow regime data of Schael and Kt plotted on the Mastrullo et
al. [54] map for CQ and halogenated fluids at elevated reduced pressitiexlear from
the figure that for both reduced pressures, the experimental transition fratmfiesit to
Annularflow and Intermittent to Annuldfow occurs at lower mass flux and vapor quality
than predicted by the map. They showed a marked improvement in heat transfer coefficient
when increasing the mass flux from 75 to 250 kg/m2s in thenaltgrgrooved tube and
related this enhancement to early regime transition to Intermittent and Annular flow, as
shown inFigure 14.

Similarly, Zhao andBansal[78] comparedheir expeimental data for C®flow
boiling in a 7.3 mm ID internalkgrooved tube, at a reduced pressure of 0.38<730°C),

with comparable smooth tube data from Park and Hi8ik and deduced that early flow
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regime transitiorto Annular flow at low mass flux was an enhancement mechanism for

CO: flow boiling in internallygrooved tubes.
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Figure 14: Experimental flow visualization results from Schael and Kind[70] for CO: flow boiling in
an 8.92 mm ID internally-grooved tube with heat fluxes up to 120 kW/mz at reduced pressures of a)

0.54 (Tsat = 5°C) and b) 0.36 (Tsat =L0°C) plotted on the Mastrullo et al.[54] flow regime map

Schael and Kin@i70] and Padovan, Del Col, and Ross¢Tt#) showed performance

degradation at high mass flux during flow boiling at high reduced pressure. Unlike Filho

and Barbier[75] and Filho and Jabard88], who associated this reduction with premature

Mist flow, Schael and Kindi70], and Padovan, Del Col, and Ross¢®] hypothesized

that the heat transfer reduction wikely a result of nucleate boiling suppression. Along

the same lines, Zhoand Bansal[78] correlatedan observed heat flux dependence

according to the powemlw

( i .N8,.whidhn iddntifies nucleate boiling as a key

mechanism in high reduced pressure interpglly o o v e d

between 0.67 and 0.73 for the internajlpoved tube. This exponent is the same value as

tubes.

The

the exponent uskin the correlation by Cho and Kifil], 0.67, for flow boiling of CQin

internally-grooved tubes butigher than the exponent used in the model of Cheng et al.
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[40] for flow boiling of CG in snooth tubes. However, this is the opposite trend of Schael
and Kind[70], who showed a smaller exponent for the interngityoved tube, 0.4 to 0.5,
than the smooth tube, 0.5 to 0.55.
3.2.5 Geometric Considerations

Geometrt parameters have been shown to play a critical role in flow redistribution
and the thermal performance of internagipoved tubes.Oh and Bergle$67] used a
boroscope visualization technique to study the effect of helicabvg angle on
enhancement during flow boiling of R134a in internagtpoved tubes. The behavior of
the liquid was observed for four tubes including a smooth tube and three intgnoalyed
tubes with lelix angles of 6°, 18°, and 448peratingwith mass fluxes of 50, 100, and 200
kg/m2s and heat fluxes ranging from 5 to 20 kW/m?2. They found that the 18° helix angle
caused earlier transition to Annular flow and provided the most enhancement at a mass
flux of 50 kg/m2s while the 6° helix anglevas optmal for a mass flux o200 kg/m?3s.
These results are consistent with conclusions drawn earlier by Yoshid48&i.alThey
investigated heat transfer and flow pattern inirgernally-grooved tube wittR22 at a
pressure of ® bar (p=0.12) and found that the grooves worked to redistribute fluid to the
top of the channel, even at mass fluxes as low as 50 kg/m?s.

Kim and Shin[26] performed an extensive experimental flow boiling study with
R22 am R410A in one 8.70 mm ID smooth tube, f8/d6-8.68mm ID internally-grooved
tubes, and two 8.18.51 mm IDcross grooved tubes with mass fluxes of 136, 205, and
273 kg/m2s. Helix angles for the internafjyooved tubes varied from 15.5° to 30°, apex
argles varied from 25° to 53°, fin heights varied from 0.12 to th@&§ the number of fins

ranged from 54 to 65, and the resulting area enhancement ranged from 1.28 Ttd..85.
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heat transfeenhancement was 1.86 to 3.27 depending on the particular tuleebe$h
performing tubédnad the largest fin height to diameter ratio, largest area enhancement, most
fins, and the smallest apex and helix anglasaddition, Filho and Barbiefv5], Filho and
Jabardd38], and Colombo et a]79], independently identified relationships between heat
transfer and various geometric parameters such as fin profile, number of fins, apex angle,
helix angle, and fin height to diameter ratamd ratio of the fin height to the liquid film
thickness.
3.3  Studies on Small Internally-Grooved Tubes

Flow patterns and heat transfer mechanisms can be different in small smooth
channels from those in conventional channels. For example, the effect afechan
orientation tends to disappear, flow regimes tend to converge to Annular flow, and new
flow patterns such as wedge fl¢ab] and lump flon[96] have been observed. Reducing
the size of refrigation tubes offers the potential for more compact and efficient heat
exchanger$71], but before small diameter internallyooved tubes can be considered as
a viable replacemerfior conventional channetbe impact of channalize on thermofluid
performance needs to be revealed. Unfortunately, as sholabie5, the study of small
diameter internalhgrooved tubes has only been a topic of research since 2006 and, as
such, the literatre contains only a few studies foistiorm factor. All of the reported
studies used refrigerantefrigerant vapo(of a single fluidjunder diabatic conditions and
elevated reduced pressuta fact, none of the studiesTrable5 are at an elevated reduced
pressure less than 0.12. Fortunately, many of the studies considered the effect of

refrigerant/oil mixtures to simulate more realistic operating conditions.
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Table 5: Summary of relevant studies on flow patterns and heat transfer in small and microscale

internally -grooved tubes

Authors/References

Fluid and test section description

Main research content

Gao et al[97][98] [99]

Cho and Kim71]

Kim, Cho, and Kim[100]

Ono, Gao, Hond§101]

Gao et al[24]

Dang, Haraguchi, and Hihaf23]

Wu, Wu, Sunden, and [103]

Mancin, Diani, and Rosset{d04]

Diani et al.[53]

Reduced pressu@O; and COz-oll
evaporation,1 m long horizontal
and smooth internally-grooved
tubes, 3.04nmID

Rediced pressure CQevaporation,
0.2 m horizontal smooth and
internally-grooved tube, 4.4hm ID

Reduced pressuf@Oz evaporation,
one vertical smooth tube and or
vertical internallygrooved tube, 4
4.4 mm ID

Reduced pressui@0; and COz-oll
evaporation,1 m long horizontal
and smooth internally-grooved
tubes, 3.75nmID

Reduced prssureCO; and COz-oll
evaporation,1 m long horizontal
and smooth internally-grooved
tubes, 1.95nmID

Reduced pressui@O; evaporation,
1.435.72m horizontal smooth anc
internally-groovedtubes, 2 mmID

Redu@d pressurdk22 and R410A
evaporation, one horizontamooth
tube and five internalbgrooved
tubes, 4.44.6 mm ID

Reduced pressure R134a
evaporation, 0.3 m horizontal
internally-groovedtube, 3.4mmID

Reduced pressure R1234ze(E)
evaporation, 0.3 m horizonte
internally-grooved tube, 3.4 mm ID

Measuredheat transfer coefficien
and pressure drop

Measured heat transfer coefficie
and pressure drop, compared
experimental database to existit
pressure drop and heat trans
coefficient correlations

Measured heat transfer coefficie
and pressure drop, compared
experimental database to stig
pressure drop and heat trans
coefficient correlations

Observed flow regime, meaed
heat transfer coefficiernd pressure
drop, reportedhigher dryout quality
in the internally-grooved tube

compared results to Cheng et
flow regime mag102]

Observed flow regime, measure
heat transfer coefficientreported
delayed dryout and sustaine
performance in the internally
grooved tubes, compared stdts
with Cheng et al[102] flow regime
map and heat transfer coefficie
correlation

Observed flow regime, measure
heat transfer coefficiemind pressure
drop, reported delayed dryout an
sustained performance in tt
internally-grooved tubes

Measuredheat transfer coefficien
and pressure drop, developed a n
semiempirical heat transfer mode
based on past and present data

Measired heat transfer coefficien
pressure drop, and vapor quality
onset of dryout

Measired heat transfer coefficien
pressurarop, and dryout, compare
data to that of Mancin et dlL04]
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Considering flow boiling o€0, and refrigerants at elevated reduced pressure, few
studies have beasonducted at mass fluxes low enough to demonstrate early flow regime
transition in internallygrooved tubes. For example, Gao ef24], Dang et al[23], Cho
and Kim[71], Diani et al.[53], and Mancin et a[104] all tested mass fluxes above 190
kg/m2s,where one would expect Intermittent and Annular flow to be the dominant flow
regimes for both smooth and internagjsooved tubes. For these high mass fluxes, the
researchers generally reported enhancement factors close to the area enhancerhent, whic
is consistent with trends iffable 3. Regrettably, flow regime visualization (let alone
guantification) was not typically performed in these studies. To reiterate a sentiment
expressed by Wu et 4lL03], future research should pay closer attention to flow boiling in
internally-grooved tubes at low mass flux.

One interesting trend reported by Gao efz] and Dang et a[23], for COx flow
boiling in 1.952.65 mm ID tubes at a saturation temperature of 1@&S dryout in the
smooth tubes at vapor qualities ranging from 0.4 to 0.8 and sustained performance in the
internally-grooved tubes up to vapor qualities approaching 1. These resulisdae t®
those reported by Padovan ef@6] for flow boiling of R134a and R404A in conventional
8.15mm ID tubes at reduced pressures ranging from 0.19 to 0.49.

3.3.1 Refrigerant/Oil Mixtures

For the sake of brevity, studies tdw boiling with refrigerant/oil mixtures in small
diameter internalhgrooved tubes will not be described in great detail. Please refer to
studies by Gao et d97] [98] [99] [24] and Ono et al[101]. They report varying, and
sometimes contradictory, pressure drop, heat transfer, and flow regime trends for smooth

and internallygrooved tubes with a strong demence on heat and mass flux. All of these
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studies use@€ O, at 10°C and polyalkylene glycol (PAG). Thus, there is a need to extend
the experimental database to other refrigerant and oil combinations.
3.3.2 Geometric Considerations

Geometric parameters play critical role in flow redistribution and the thermal
performance of conventional sized internallpoved tubes. As shown by Wu et[aD3],
who described a strong relationship between performance and the ratio of #igtiirtd
the liquid film thickness, this appears to be the case for small diameter inteyrwadiyed
tubes, as well. Additionally, Diani et #63] and Mancin et al[104] speculated that the
obseved maximum heat transfer coefficient at moderate mass fluxes may be a result of
tube geometric parameters. Despite this dependence, a systematic study of fin shape, fin
height, number of fins, helix and apex angle, and ratio of relevant parametecs heasm
performed to determine the relationship between geometric parameters and thermofluid

performance in small diameter internagjyooved tubes.

3.4 Flow Regime Maps and Regiménspired Heat Transfer Coefficient
Correlations for Internally -Grooved Tubes

As the previous discussion has made abundantly clear, thermal perfohoange
two-phase flowboiling in internallygrooved tubess dependent on the predominant flow
regime. Despite this fact, the most widely used heat transfer coefficient correfations
internally-grooved tubeare empirical andainot account for the prevailing flow regime.
Others assume a fixed flow regime, such as Annular flow, and are unable to universally
predict heat transfer. Furthermore, geometric parameters that havperbeen to affect
performance are often not considered. Although the eventual goal is to develop a physics

based heat transfer model that represents the impact gdhtase flow structures and is
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coupled to a reliable flow regime mp05], the literature suggests that we are still far
from having a universally accurate model to predict flow boiling heat transfer in internally
grooved tubes.

A number of researchers hakerognized the dependence of heat transfer on the
particubar flow regimein internallygrooved tubes. & such,flow regime maps for
internally-grooved tubes and reginmespired heat transfer coefficient correlations have
beendeveloped A summary of these studies can be foun@iahle6 and are discussed in

more detail below.

Table 6: Summary of relevant studies on new flow pattern maps for internallygrooved tubes and
regime-based heat transfer coefficient models
Authors/References Main researcttontent
Nozu and Hond§L06] Developed a model to predict condensation heat transfer for Annular
in internally-grooved tubes. Compared model to data for four refriger
and three tubes and found good agreement.

Honda, Wang, and NoZ107] Developed a model to predict condensation heat transfer for Stratifiec
in internallygrooved tubes. Model was compared to heat tran
coefficient correlations available in the literature anthdar five tubes
and five refrigerants. New model outperformed empirical models.

Wang, Honda, Noz[L08] Modified previouscondensatiormodels to account for effects of surfa
tension in Stratified flow and shear stressAnnular flow. Comparec
modified model to experimental data for six tubes and five refrigeazait:
showed good agreement

Mori et al.[109] Proposed a new Stratified flow internatiyooved tube model the
expresed the circumferential average heat transfer coefficient as the
of thin film evaporation between the grooves on the top surface
convective boiling of the stratified liquid at the bottom surface.

Honda and Wan{110] Modified Stratified flow condensation models to predict evaporation
transfer in internalhgrooved tubes. Good agreement was found with
available in the literature.

Makishi, Honda, and Wand 11] Proposed a new @iified and Annular flow model of evaporation he
transfer in horizontaihternally-groovedtubes. Used the Stratifie/avy
to Annular flow transition of Kattan et g¥7] to predict heat transfer it
the intermediate regionCompared new model to experimental data for
tubes and four refrigerants.

Wang, Wang, Wang, Hond412] Modified previous Annular and Stratified evaporation model to accour
local heat transfer enhancement dueligiurbance waves in internally
grooved tubes. Comparison of the model to data in the literature rev
good agreement.

48



Momoki et al.[113] Proposed a prediction method for evaporating heat transfer coefficie
refrigerants in a horizontahternally-groovedtube with consideration o
flow regime. Classified four flow regimes: Annular flow, Annular flc
with liquid meniscus, separated flow with liquid meniscus, and sepa
flow with dry surface. Experimental dataatohed the calculated value
well.

Liebenberg and Meydi 14] Observed flow regime, easured heat transfer coefficieabd pressre
drop, ceveloped semeémpirical equations for fae transfer and pressul
drop, nodified I/A transitionfor condensatioon pastflow regime maps

Doretti, Zilio, Mancin, Cavallin[115] Detailed literature review of twphase flow regime, heat transfer, a
pressure drop during condensation in interngliyoved tibes. Observec
flow regime, measured heat transfer coefficient and pressure
Developed new Annular flow transition model.

Sharar et al[29] Re-interpreted data in the literature to show that flow regime trans
from Stratified flow to Annular flow in internaligrooved tubes is a ke
enhancement mechanism. Modified the Wojtan et al. flow regime me
shifting the Intermittent to Annular transition to lower vapor quality ¢
the StratifiedWavy transition to lowemass flux. New model matche
well with data from the literature.

Rollman and Spindld16] Flow regime was mapped and heat transfer coefficient was measur
R134a in one 8.8mm ID internallyrooved tube. A new flow ggme map
was developed.

Sharar and Ba€ohen[64] Performed an extensive literature review of internghiyoved tube studie:
since 2004 with a focus on identifyingethrelationship between flov
regime transitiorand thermal enhancement.

Sharar and Ba€ohen[80] Flow regime was mapped and heat transfer coefficient was measueet
smooth and grooved tubeNew heat transfer coefficienbrrelationwas
introduced based on previous flow regimap[29]. Model matched well
with currentresults and data from 3 independent researchers.

Nozu andHonda [106] and Honda, Wang, and Noz{l07] recognized the
depenénce of heat transfer on the particular flow regime ansljels, developednnular
and Stratifiedlow models forcondensindpeat tranfer in internallygrooved tubes. Wang,
Honda, and Noz{108] later modified the previousondensation modets account for
interfacial sheastresses during Annular flow and curvature of the condensate film during
Stratified flow due to surface tension forces. Around the same time, Mori[&@0D€].
propcsed a Stratified flow model for evaporation in interngligoved tubes. The model
assumed a thin film on the upperpon of the tube and a thickr&tified liquid layer on

the bottom portion due to gravity. Mori et HI09] compared their heat transfer model to
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10 correlations available in the literature and experimental data for nine refrigerants and
26 tubes and found that their correlation had the best agreement with a mean absolute error
of 19% for the entire ataset. Momoki et a[113] later extended the Mori et glL09]

model and classified four heat transfer regimes: Annular flow, Annular flow with a liquid
meniscus, separated flow withiguid meniscus, and separated flow with a dry surface,

and proposed empirical correlations for flow regime transitions. They compared their
correlation to experimental data and showed that their remifoemed correlation
outperformed correlations availa in the literature.

Honda and Wan¢110] modified the condensation Stratified model of Honda,
Wang, and Nozy107] using the newhdeveloped Stratified evaporation flow model of
Mori et al.[109] and found reasonable agreement with data in the literature. The agreement
was good for low mass flux and vapor where Stratified flow would be expected but poorly
predicted heat transfer coefficients at high mass fhakvapor quality where Annular flow
would be expected. Additionally, the model did not account for the contribution of
nucleate boiling. In response, Makishi et[all1] developed a new theoretical model for
Stratified and Anular flow in internallygrooved tubes that considered the effect of
nucleate boiling and forced convection. A modified version of the Kattan §474l.
Stratified to Annular transition was used to predict the weighted gedraat transfer
coefficient in the intermediate regioffhe predictions of the new theoretical models and
previously proposed empirical models by Koyama efSdl], Murata[89], Thome et al.

[91], Cavallini et al[117], Yun et al[90], and Mori et al[109] were compared to available
experimental data for ten internaljyooved tubes and four refrigerantsThe model

developed to account ftine dependence of flow regirhad smalleRMS erra's than the
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empirical models. However, the RMS error of the theoretical modestvaiirly high,
at 22.4% to 25.7%.

Finally, Wanget al.[112] modified the previous Makishi et gil11] model to
account for local heat transfer enhancement due to disturbance waves in intgowaisd
tubes and compared the model to data filoerliterature. Reasonably good agreement was
found but improvement is needed if they are to be used as a general prediction and design
tool. Specifically, the Wang et gl112] model uses the dimensionless liquid Froude
nunmber to distinguish between Stratified and Annular flow. Unfortunately, the liquid
Froude number is not sufficient for determining the transition from Stratifieabte
stratified flow[105]. Additionally, the model does natcount for Dryout or the effect of
Intermittent flow. Thus, a comprehensive tool similar to the coupled flow regime map and
heat transfer coefficient correlation of Wojtan et[a0] [31] needsto be developed for
internally-grooved tubes.

In an attempt to answer this calliebenberg, Thome, and Meydrl18] observed
and described flow regimes and heat transfer during condensation in horizontal internally
grooved tubs. They modified the Intermittent #nnular transition on the Thome map
[119] and developed new semampirical flow regime based heat transfer and pressure drop
correlations The modification shifted tHatermittent to Anmlartransition to lower vapor
quality, a trend apparent frotine previous discussion, and greatly improved the predictive
accuracy of condensing flow in internatlyooved tubes. Unfortunately, flow boiling is
not fully analogous to condensatif?0] and the flow regime maps and associated heat
transfer models developed for condensation cannot be strictly used for flow boiling. For

example, Liebenberg et §L.14] did not report early transtth from Stratified to Annular
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flow during condensath in internallygrooved tubes. As shown in the preceding
discussion, this i® dominant trend during flow boilingIn addition, nucleate boiling,
Stratified flow with a completely dry upper surface, damiryout do not occur for
condensation.

Thus, research is progressing in the proper direction but, as of yet, a coupled flow
regime map and heat transfer coefficient correlation for flow boiling in intergedigved
tubes have not been developetl strorger experimental and theoretical knowledge base
needs to be established, focusing on a more comprehensive understanding of the physical
mechanisms responsilfler improved performance in internaltyrooved tubes
3.5 Summary

The preceding has presented a eynof two-phase flow boilig studies in
internally-grooved tubes The vast majority of the discussion dealt with halogenated fluids
in conventional sized tubes at standard temperature and pressure. Studies of small diameter
tubes, alternative refrigeratrefrigerant/oil mixtures, and elevated reduced pressure were
also considered. Additionallyexisting flow regime maps and regifrdormed heat
transfer coefficient correlatiorisr internally-grooved tubes were discussethrough this
processparametic trends have beedentified and goals for the current research effort
have been developed.

In meses c al ed (i . e. A ¢ o-grooved tubes, nhadt aransfei nt er
enhancement generally exceeded the area enhancement at low mass flux by f&:trs of
times a plain tube, but decreased to the area enhancement at high mass flux, yielding
improvement of just 1-3.8 times a plain tube. This trend is summarize@ahle3 and

displayed inFigure9 andFigure10. It was shown thathis performance enhancement at
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low mass flux can be correlated to early transition to Annular flow in intergatigved

tubes, fo conditions in whicksmooth tubes @ere operating in Stratified flow. However,

at high mass flux where the smooth and interrgityoved tubes are both operating in
Annular flow, the enhancement decreased towards the area enhancement. It is argued that
this early transition in internallgrooved tubes is primarily a result of fluid flow redirection

from axial to helical flow (momentum change), augmented by favorable capillary force in
the groove structures. Minor deviations from these parametric trends were observed, such
as enhancement faes larger or smaller than the area ratio at high mass flux, and may be
a result of the particular geometric parameters for the various integrathyed tubes
tested, turbulence, or nucleate boiling. The trends are less clear for refrigera®@@ and

high reduced pressure.

The study of small internallgrooved tubes is still in its infancy and the
experimental studies available are not sufficient to draw clear trends or conclusions
regarding the impact of flow regime on heat transfer performancescifigplly, the
available studies generally tested mass fluxes above 190 kg/m2s where the hypothesized
benefit of early transition from Stratified to Annular flow, with significant enhancement in
the heat transfer coefficient, at low mass flux is not aelike. However, in a fashion
similar to larger diameter tubes, small diameter interrgiboved tubes demonstrated
enhancement close to the internal area ratio at high mass fluxes due to the prevalence of
Intermittent and Annular flow.

The Wojtan et al[30] flow regime map proved useful for predicting flow regimes
in the smooth channel studies reported above. However, due to observed early transition

to Annular flow at lower mass flux and vapor quality, the Wojtan ef38@l map, and
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Mastrullo et al[54] map, had diminished predictive accuracy for the interrgiboved
tube experimental data. Furthermore, many researchers reported poor agreentbat with
most widey used heat transfer coefficient correlatioranternally-grooved tubes because
they are either: agmpirical and d not account for flow regime or b) assume a fixed flow
regime, such as Annular flow, and are unable to universally predict heat transfer
Based on these findings, research objectives and guidelines have been identified
that will provide amore comprehensive understanding of the physical mechanisms
responsibldor improved performance in internalprooved tubes
a. Concurrent heat transfandquantitativeflow regime datavill becollected
over a wide range of operating conditippsirticularly low mass fluxto
establish the intrinsic relationship between the domifiawtstructure and
thermofluid performancein internallygrooved tubes Additionally,
compari®n to existing correlationslow regime mapsand smooth tube
data as a means to normalize the resultsaccompany all experiments
determine the current state of internajipoved tube predictive methods.
b. The majority of thestudiesin the literatureelied solely on subjective flow
regime data collection, which calls into question the accuracy of the results.
The current study willocus onanobjectiveTotal Internal Reflection (TIR)
flow regime determingon methodo obtan more accurate data.
c. The study of small diameter internatjyooved tubes has only been a topic
of research since 2006 and, as suloh,available experimental data set is

incomplete Thereforethe current effort aimso test both conventional

54



tubes ad extend thesmall diametedata to a wider range of refrigerants
and operating conditions.

The eventual goal of theurrent researckeffort is to develop a physies
based heat transfer model that represents the impact gbhmse flow
structures and is apled to a reliable flow regime m§p05]. Based on the
above research initiatives, atronger experimental and theadcat
knowledge base will bestablished, focusing on a more comprehensive
understanding of the physical nfmisms responsible to improved

performance in internaltgrooved tubes

Though outside the scope of the current effort, several additional conclusions and

recommendations for future internaljlyooved tube research have been identified based

on the precadg literature review and analysis:

a.

It is not entirely clear what impact operation of refrigerants@@glat high
reduced pressure has on flow regimes and heat transfer in internally
grooved tubes. Future studies should be conducted with a focusrnsn ite
6ad and Obd above.

Researchers have observed performance discrepancies for identical test
conditions but variable tube groove parameters. Thereformoie
systematic study of the effect of tube diameter, fin shape, fin height, number
of fins, helix aml apex angle, and ratio of relevant parameters needs to be
undertaken to determine the relationship between these pargnileter

regime, and thermofluigerformanceand what constitutes a geometrically

optimum tube for given operating conditions
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Greate detail on the analytical and experimental research plan, including specifics
on the breadth of work necessary to achiev

the following chapters.
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Chapter 4. New FIl ow Regi me Ma p and
Coefent Correl atiGomofverd ITonbers

Heat transfer enhancement in internajlpoved tubes is related to early transition
to Annular flow at relatively low mass flux and vapor quakthere a comparable smooth
tube is expected to operate in Sfradl or Intermittent flow As such, the capability to
accurately predict this early transition to Annular flow for a range of tube diameters is
critical to predicting the improved performance in interngligoved tubes. As shown in
the previous chaptethe original formulations by Wojtan et §B0] for transition from
Intermittent to Annular and Stratified to Annular flow are adequate for predicting flow
regime in smooth channels for a range of fluids and operating corgjithowever, they
are not sufficient for predicting flow regimes in internagiyooved tubes. Therefore, this
chapter gives a description of the original Wojtan €fi38l] [31] formulation and atlines
current modifications to the existing flow regime map and redgased heat transfer
coefficient correlation to better reflect the trends describéghispter 3 Lastly, the new
model is simulated through a range of operating conditions to Wtfyit accurately
captures the trends previously describeamely 37x improvement at lovio-moderate
mass flux
4.1  Taitel-Dukler [46] Annular Transition Criteria

The Wojtan et al. flow regime m&p0] is a modification of the TaitdDukler[46]
flow regime map. Thus, understanding the Annular flow transition mechanisms outlined
by TaitetDukler [46] is a logical starting point for understandi the Wojtan et a[30]
flow regime map. TaiteDukler[46] expressed the Stratified to Annular transition in terms
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of inertial effects using twphase nofdimensional groupings. As shownkigurel5, the

transition to Annular flow can be described using the modified Froude nu&heo(
dimensional Z parameter); and nordimensional liquid heightd 7$), whereE is the

Stratified liquid heighand$ is the channel diameter. The Froude number and Z parameter
represent transit i bigurelbfespeatively transition 0Z
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Figure 15: Generalized transition boundariesin Taitel-Dukler model (adapted from [46])

The first inertial effect to consider, as described by the Froude number, is the
stability of the Stratified flow due to the Kelvidelmholtz instability. Assuming a
stationary waven the Stratified liquid interface, two forces can be identified: gravity force
tends to flatten the wave and stabilize the Stratified configuration while the Bernoulli force,
due to the increased gas velocity and associated pressure decrease aboedabe, int
tends to increase the wave amplitude. If the Bernoulli force is large enough to overcome
the gravity force, the wave will wet the dry upper surface of the chaAnitce balance
results in a dimensionless Froude number modified by the demgsity as shown in

Equation(3):
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wherem is the vapor densitya is the liquid densityQ is the superficial gas velocit$,

is the channel diameteCis the acceleration of gravity, apds the tube inclination.

The second transition criterion is attributed to the impingement of ldyaiglets
on the top surfagevhich are torn away from tHgtratified liquid-vaporinterface. In this
casefransition to Annular flow will occur when liquid droplets have enough kinetic energy
to reach the top of the channel. Calculation of the liquid droplet trajectory is related to the
maximum turbulent velocity fluctuations as estimatged@harnea et a[121]. The criterion

for Annular flow becomes:

E ..
5 S%p g AlrO 4)
E

whereQ is the liquid velocity andEis the liquid friction factor. This transition criterion

can be represented in dimensionless form as the Z parameter

AT ®
where A @A @ is the pressure drop when the tube is completely filled with liquid. The
nortdimensional transition criterigan also be expressed in terms of superficial liquid and
vapor velocites.

The full description of th sequence of tests for iteratively calculating flow regime

for the TaitelDukler maps is not included here, for the sake of brevity, but please refer to

[46] for a more comprehensive explanation.
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4.2  Traditional Wojtan et al. [30] Flow Regime Map for Smooth Tubes
The TaitelDukler [46] map requires complex calculations &nd an iterative

proces$and is not coupled to a reliable flow regime based heat transfer modelimitss |
its practical applicability. fie Wojtan et al[30] flow regimemap on the other handan

be implemented with simple calculations and has an accompatgngrehensive flow
patern based heat transfer model; more tletathe Wojtan et a[31] regime based heat
transfer model will be described in Sectibd. For these perceived benefitse Wojtan
et al.[30] mapfor smooth tubes (and heat transfer coefficient correl§sib}) will be used
asa starting point for analytically describing and mapping early ftegime transitiorio
Annular flowin internally-grooved tubesFor the sa of completeness, the entire Wojtan
et al.[30] flow regime transition criteria will be described beloReferto Figure16for a

graphical representation of the original smooth tmgtan et al[30] flow regime map.
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Figure 16: Traditional smooth tube Wojtan et al.[30] diabatic flow regime map for evaporation of
R134a at-15°C in a 9mm snooth tube with a heatflux of 4 kW/m?
As shown onFigure 16, the Wojtan et al[30] map consists of five governing

equations to represent the loci of flow regime transition; ,' , D, , and
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In order to calculate these transition curves the following three dimensionless

geometric variables must first be defined:

E m p Al st
< ©)
IR
s ™
I ' P R
. - ©)

As shown inFigure 17, hp is the dimensionless vertidaeight of the liquid] is
the total crossectional area of the tubey#é\is the dimensionless cressctional area
occupied by the vapor phase, is the dimensionless crasectional area occupied by the

liquid, and$ is the internal tube diameter

Vapor

Figure 17: Two-phaseStratified flow cross-section (adapted from[30])

O is the void fraction calcul debssbn usi ng
drift flux model for horizontal tub€d22]. This drift flux model, as opposed to the method

employed by TaiteDukler [46], is easy to implement and provides void fraction as a
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function of mass flux and vapor quality. The applicability of this model was proven by
Wojtan et al[123] by optically measuring dynamioid fractions inStratified types of
flow with R-22 and R410A as the working fluids | is an approximation of the
Stratified angle as described by Bibdig4] and[ is simply[ -2 . These terms

can be directly evaluated as:

2 1%}
RMPT@CP

@ p D pPUYp TEM m 8
Mmoo om "m8 9)

p
— RRp ¢P R P T P R R
cnk (10)

where @is the vapor quality; is the mass fluxA is the fluid surface tensiorg is
gravitational acceleratiom is the vapor density, angh is the liquid density.

After the geometric parameters have been calculated, the Stratified to
Intermittent/Annular transition curveapeled as on Figure 16) can be calculated

from the following equation:

ph CEm A 7 A
@n p GE p 8 CE &0 (11

where Giaw is the mass flux at which transition occursAis the liquid Weber number,
and&®s the | iquid Froude number . |t 6s i
measure of the rel at i v e itsisunface terisiamaacdeis useful a

for analyzing the formation of droplets in multiphase flows. Additionally, the Froude
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number is defined as the rati o -pHasedlowpodyds

is useful for describing wave formatioithus, the physical mechanisms described by the
Wojtan et al[30]" transition from Stratified to Annular flow are consistent with those
described by TaiteDukler and outlined in Sectich1above

The Stratified to StratifiedlVavy transition (labeled as on Figure 16) is

calculated from:

12
The Intermittent to Annulatransition (labeled a® on Figure16) is calculated

from:

13
The Annular to Dryout and Dryout to Mist (labeledas  and' on Figure
16, respectively) are empiricalyodified fom the dryout incepticoompletion model of

Mori et al.[125]:

o T Y $
®ou @ ™S mx
p & m 8 R 8 ° (14)
CMmm m m N
P TP $ 8
wmroy B XK
p 8 m 8 N 8 °
Cqm m m N (19

whereNis the applied heat flux (at the insigurface of the tube) amdl is the critical

heat flux as described by Kutateladz26]:
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N ™ o®E Cm  m A 8 (16)
whereE s the latent heat of vagaation.
Once the main transition lines are calculated, further subdivisions at low vapor
quality and high vapor quality, respectively, are made to better predict trends described by

Wojtan et al[30]. The subdivisions at lowapor quality are described below and shown

onFigurel6:
a. If* @ and @ , the flow regime becomes Slug.
b. If’ o @ andd @ ,the flowregime becomes Slug and

Stratfied-Wavy.

c. If’ o @ andd @ , the flow regime is the Stratified
Wavy zone.
d 1o @' ' %)

The subdivisions to describe dryout and mist conditions at high vapor quality are

as follows:
a. If' g a, then' g .
b. If’ g d, then' g a.
c. If' g ' @ (which is possible at low heat flux and high mass

velocity) then' g ' a.

4.3 Modified Sharar et al.[29] Flow Regime Map for Internally-Grooved Tubes
As described in great detail @hapter 2ZandChapter 3the Wojtan eal. [30] flow

regime methodology works particularly well f@redicting refrigerant evaporation in

conventionallysize smooth tubes. However, as evident by the early flow regime
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transitions in internalhgrooved tubes and the efforts to modify existing flow regime maps
to account for these variatiojd411] [118], smooth tube flow regime mapdo not
accurately predict flow regimes in internatiyooved tubes. In addition to the inertial and
surface tension effects discussed above, it is suggested in the literature thailldrg cap
force in the groove structur¢sl11] [110] [84], as well as fluid flow redirection from an
axial direction to a direction following the helix angle of the gropwementum change)
[27], play a favorable role in transitioning from Stratifemad Intermittent flovto Annular
flow.

In order to better capture these trefatsevaporative twegphase flow Sharar et al.
[29] recently modified theexistingWoijtan et al.[30] flow regime map by adopting the
Liebenberg et a[118] andLiebenberg and Meygi14] Intermittent to Ainular transition
criteria and modifying the existing Stratified to Annular transition. The modified

Intermittent to Annular transition is defined by:

8 8 78
1] # — — p
17

where sethe | i qguwisd twies vagiotsy ,¥ heec ¢ $ fgitstjed Hden s
vapor density, and C is the transition coefficient. For smooth tubes, C=0.3218 and for
internally-grooved tubes C=0.667R14]. The modified StratiedWavy to Annular

transition wa defined bySharar, Jankowski, and B&ohen[29]:

8
3 P pu (19

where Guavyic IS the mass flux at which transition occurspAs the dimensionless cress
sectional area occupied by the vapor phase, g is gravitational acceleration, D is the internal
tube diameter, x is the vapguality, ho is the dimensionless vertical height of the liquid,
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We is the liquid Weber number, aRdis the liquid Froude number. In practice, Equations
(17) and (18) replace Equations(11) and (13) in the original formulation; all other
equations remain the same.

Figure18 shows the original anshodified Sharar et aJ29] flow regime maps for
R134a at-15°C in a 9 mm diameter tubEijgure 18a is the original smooth tube map
proposed by Woijtan et 4B0] andFigurel8b is the modified Sharar et §9] flow regime
map for a comparable internalfyooved tube. Both npa define8 distinctflow regimes:
Stratified, StratifieeMVavy, Slug and StratifiedWavy, Slug, Intermient, Annular, Dryout,
and Mist in coordinates of mass flux (G) and quality (x). The modified map reflects early

transition to Annular flow at lower vapor quality and lower mass flux compared to a smooth

tube.
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Figure 18 a) Traditional smooth tube Wojtan et al.[30] and b) modified Sharar et al. [29]
internally -grooved tube diabatic flow regime map for gaporation of R134a at-15°C in 9mm tubes
with a heat flux of 4 kW/m?2

4.4  Traditional Wojtan et al. [31] Heat Transfer Coefficient Correlation
The Wojtan et al[31] heat tansfer coefficient correlan will be used as a starting

point for analytically describingenhanced heat transfer in internalipoved tubes
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associated with early transition Amnular flow. Wojtan et al[31] modified the regime
based heat transfenodel of Kattan, Thome, and Fav{é2] using the flow regime map
described in SectioA.2 and shown irFigure16 andFigure 18a. This model improved
heat transfer prediction duringr&tified-Wavy flow, and extendetthe applicability to high
vapor quality and heat flux where Dryout and Mist flow can occur. The model also
considers the effects of flow regime tre Annular film thickness, turbulence, nucleate
boiling, andthedry perimeter during Stratified flows smooth tube® calculate the local
heat transfer coefficient.

During Stratified, StratifiedVavy, and Annular flow with partial dryout, at least a
portion of the tube is cooled by vapor at the top surface. Therefore, they proposed the
following equation to calculate the heat transfer coefficient as the average of the dry and

wet surfaces:

E (19)
whereE is the twephase heat transfer coefficiefit, is the dry angle (from 0 tQ A,
andE is the heat transfer coefficient associated with vapor flow on the dry peririéte
dry perimeter heat transfer coefficient is expressed in terms of the vapor thermal
conductivity,E , vapor Reynolds numbe?, A, and vapor Prandtl numbér,O

E miquikod— (20)

E s the heat transfer coefficient for the wet perimeter. Wojtan gH8luse

an asymptotic model accounting for the effect of convective vaporization and nucleate
boiling:

E E - 21)
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The convective vaporization heat transfer coefficiént, is calculated based on
the predicted film thickness,, fluid thermal conductivity,E , liquid film Reynolds
number2 A and liquid Prandtl numbe®, O

E miped 06— (22)

The nucleate boiling heat transfer coefficidt, , is calculated from a slightly
modified version of the&Coopercorrelation[127] :

E 3 vuw0O® 1171¢Co0%0 ©8N® (23
where- is the fluid molar massNis the heat flux, an@ is a suppression factor of 0.8
proposed by Woijtan et gl31] to bette match theirexperimental data; the degree of
improvement obtained by applying the suppression factor was not quantified by Wojtan et
al. [31].

The parameter which takes into account the flow regime in Equat®rs the dry
angle,f , as shown schematically FFigure 17, The original formulation by Kattan,
Thome, and &vrat [62] assumed a linear variation in the wetted perimeter between
Stratified and Annar flow. However, Wojtan et a[31] found that the complexity
resulting from subdivisions of Stratifie@avy flow regimes requires a different approach
to calculating dry angle.

For Slug, Intermittent, and Annular flow wigethe entire perimeter of the channel
is covered with a continuous thick or thin layer of liquid, the dry angle is O:

I T (24)

For StratifiedWavy flow, Wojtan et al[31] proposed a modified version of the El

Hajal et al.[128] model which ued a quadratic interpolation wwalculte| . An

exponent of 0.61 showed best agreement with the data from Wojtafi3dfal.
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b (29
where | is an approximatin of the stratified angle as described by Bibji24],
shown in Figure 17, and expressed in Equatigfd0). Quantitative measures of
dmprovanen® obtained by adopting the new exponent of Owsdre not provided by
Wojtan et al[31].

In the Slug and StratifieWavy region, it is possible to have both low amplitude
waves with a dry upper surface and liquid Slugs taoenpletely wet all surfaces of the
tube. As vapor quality increases for a fixed mass flux, the frequency of Slugs decreases
and StratifieeWavy flow becomes the dominant regime. As the vapor quality approaches
@ , dugs disappear complete]l§0]. To capture this trend Wojtan et [@1] proposed the

following dry angle correlation whed @ :

8

.[ - I (26)
Based on the dry angle, the liquid film thickness is calculated using the equation by

El Hajal et al[128]:

(27
When/if Equation(27) gives a value larger tha®ifc, 1 is set to$¥¢ because a

symmetric film thickness larger than the tube radius is geomeyriogtlossible.
The model of Kattan et d62] did not cover Mist flow or Dryout due to a lack of
experimental data at the time. Wojtan e{2l] collected heat transfer data amddified

the Qoeneveld Mist flow correlatiojl129] which is a modification of the Dougall
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Rohsenow Mist flow correlatiofil30]. The DougaHRohsenow Mist flow correlation
[130] takes the form:
E 8t o0 & — (28)

where2 A is the homogeneous Reynolds number:

2A — % —p @ 29

Groeneveld129] determined that the homogeneous Reynolds number described
by DougaltRohsenow[130] was not consistent with homogenous theory because vapor
and liquid properties were used rather than homogeneous properties. Therefore,
Groeneveld[129] proposed a correction factod, to be used ircalculatingE  and

definedit as:

8
9 p ™ — p p O (30)

Groeneveld129] used data obtained froexperiments with water as the working
fluid at high mass fluxes, >700 kg/mz2s, high saturation pressures, >3s0drigh heat
fluxes, >120 kW/mzo modify Equation(28), using thgproposed correction factd, with
an exponenof -1.5, altering the exponents on the Reynolds and Pradtl numbers, and
introducing a vastly lowevalue of the empirical coeffient to yield:

E minoz A 039 8— (31)

Wojtan et al.[31] further modified the empirical coefficients in the Groeneveld
[129] correlation based on their experimental results to ¥ejaaton (32) below.

E mwip @ 0d9 ® — (32)

Wojtan et al[31] compared Mist flow heat transfer results feRRand R410A in
a 13.84mm test section with the correlations from Dotgalisenow130], Groeneveld
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[129], and the new Mist flow correlation Bquation(32). They reported that the values
predicted by the DougaRohsenow130] correlation were considerably higher than their
experimental resultsThe Groenevel{l29] correlation, which was empirically aptized
based on experimental results for high mass fluxes, saturation pressures, and heat fluxes
with water as the working fluid, had an average deviaRomeanabsolutedeviation, RS
and standard deviationf, of 13.6%, 9.0%, and 10.7%, respeelyv Much better
agreement was shown for theaptimized Groeneveld129] correlation described by
Wojtan et al.[31]; the average deviatio®, meanabsolutedeviation,|rRg and standard
dewation, A, for all experimentatiata points was onl¥0.04%, 6.31%, and 8.32%, using
the newre-optimized model, respectively. Additionally, the neéwist flow model
predicted 93% of the experimentalZ? and R410A resultdo within £15% error.

Wojtan etal. [31], based on the original formulation by Mori et [4R25], showed
that the heat transfer coefficient falls sharply from the-plvase heat transfer coefficient
at the dryout inception vapquality, @ , to the Mist flow heat transfer coefficient at the
dryout completion vapor qualit@y . Therefore, they proposed a Dryout flow correlation
based on linear interpolation between dryout inception and dryout completion as expressed
by:

E E@®@ —E®Q@ E @ 33

whereE @ is the twephase heat transfer coefficientt, as calculated from Equation
(19), andE @ is the Mist flow heat transfer coefficient @ , as calculated from

Equation(32). @ and@ can be calculated directly from the following equations:

8 8
8 8

g muwh ° 34)

71



o T@pﬁ 89 s s _ o _ 8 (35)

whereN s the critical heat flux calculated by Kutatelad26] in Equation(16).

The regimenformed heat transfer coefficient model described abows
statistically compared to413 experimental data points for-R2 flow boiling in the
13.84mm smooth tubat mass fluxes from 70 to 700 kg/m3s, h#taxes from 2 to 57.5
kW/m?2, and vapor qualities from O @8 . Additionally, 121 data points for Dryout and
Mist flow, x> , were ollectedto extendthe experimental database and heat transfer
methodology to higher vapor qualities and to serve as a basis for model comp@hson.
average deviationg, mean deviationR, and standard deviatior, of the datawere
calculated bagkon the original regimbased approach #&fattan, Thome, anddvrat[62]
and the O6neWBdnmdell t an et al

For vapor qualities from O t& , the original Kattan et a[62] heat transfer
coefficient had an average deviati@hmean deviationgRg and standard deviatioR, of
15.43%, 9.56%, and 14.26%, respectively. For the same conditions, the Wojtd&1dt al.
improved the average deviatighmean deviatiorgrg and standard deviah, A, to 2.48%,
6.83%, and 10.38, respectively. Fovapor qualitiesafter dryout, x®& , the original
Kattan et al[62] heat transfer coefficient had an average deviaRomean deviatiorgRs
and standard dewian, A, of 913.24%, 725.30%, and 886.80%, respectively. After dryout
(x>@ ), the Wojtan et al31] improved the average deviatiah,mean deviationgRs and
standard deviatior, t091.05%, 116.44%, and 155.59#éspectively.Wojtan et al[31]
correlated the relatively large, but still markedly improved, predictive error at high vapor

quality in the dryout region to error in experimentally predicting vapor quality. For
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example, amall error in predicting vapor quality can result in relative errors of 2000%
due to the sharp slope of the heat transfer coefficient in this r¢gign Additional
statistical analysis was providedthePhD Thesis by Wojta[131].

To enhance the credibilitpf the new model, Wojtan et aJ31] compared
independent data from Lallemand et[aB2] for flow boiling of R-22 and R407C ina
smooth tube at mass fluxes from 100 to 300 kg/mésstiowed equallgood agreement.
Statistical measures were not provided to quantify the agreement between the Lallemand
et al.[132] data and the Wojtan et §B1] model. Additionally, Chapter 2(Figure 6)
provides an dditional qualitativeexample of the validity of the Wojtan et §0] flow
regime map and associateah&ransfer coefficient correlatid81] with more recent data
from Filho and Jabard@8].

4.5 Modified Heat Transfer Coefficient Correlation

In the current studythe Wojtan et al[31] heat transfer coefficierdescribed in
Section4.4 is modified to represent improved performance in interpgityoved tubes,
particularly at low mass flux. A portioof this enhancement will originate frong&ation
(25 and Equation(26) whereby a modified (reduced) Stratifi#davy to Annular
transition,’ , and Intermittent to Annular transitiod, , will resut in a smaller
dry anglef , and a larger twphase heat transfer coefficienE , in Equation(19).
The remaining enhancement derives framinternallygrooved tube enhancement factor
for singlepha® turbulentflow, % , (developed by Ravigururajan and Berd28]) and
an empirically derived enhancement factor introduced by Thome §13).% , that
accounts for the effects of filmadilv and the Gagorig effect. Theaurbulentenhancement

factor,% , can be expressed as:
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whereA is the groove heigh#\ is the nominal inside diameter at the fin balds the
axial pitch from groovedo groove, and is the helix angle of the grooves. With this

modification,E  from Equation(21) and Equatiorf19) becomes:

E % % E E - 37
where% is an additional enhancement fagiooposed by Thome et 1] that accounts
for the effects of film flow and the @gorig effect. The Gagorig effect enhates
evaporation by drawing liquid from the microfin tips towards the lz@sdescribed by

Carey[34]. The enhancement facté6 , takes the form:

% pHO— O — 08¢ (38)
wherel is the maximum mass flux tested (500 kg/m3s). This was introduced 10 non
dimensionalize the expression.

Ravigururajan and Bergl¢28] developed the modelbased ora broad collection

of data from the literature The data covered a wide range of Reynolds numbers (from

6000 to 440000), Prandtl numbers (from 0.66 to 37.6), and tube variables. Speciically,

values from 0.01 to 218,— values from 0.1 to 181, and— yalues from 0.27 to 1 were

used. Semc i rcul ar, wire coils, rectangular, an
the model.TheRavigururajan and Bergl¢28] correlation was found to accurately predict
99% of he data from the literature to within @% accuracy.

Ravigururajan and Bergld28] performed independent experiments to further

determine the applicability of the correlation. Water or air were used as the heat transfer
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fluids for four commercially available tubes from General Atomic, Wolverine, and Turbo

Refrigeratingas well as four wireoil tubes fabricated by the researchéfhe normalized

roughness heights;, varied from 0.038 to 0.127, the normalizettipj—, ranged from

0.169 to 1.05, and the normalized helix angle,,Jranged from 0.33 to 0.91Reynolds

numbers from 150 to 20000 weretestédn e new corr el ati on was
with the heat transfer data for botlr and water, although quantitative measures of
statistical fit were not provided.

As shown in uation(36) and also reported bRavigururajan and Bergld28],
the increasén the augnentation was predominantly controlled by the tube design rather
than the cooling liquid and flow pararees. This i®evidenced by the very low powers of
Re and Pr. This suggests that this correlation should generally work well for fluids and
flowrates aitside the range experimentally validatedRawigururajan and Bergl¢28].

Thome et al.[91] validated theuse of the% correlation with a statistical
comparison of 362 local heat transfer fficeents for R134a and RL23 with vapor
qualities from 0.15 to 0.85. The standard deviation, mean deviation, and average deviation
for the R134a data was 18.5%, 12.8%, and 2.0%, respectively. The standard deviation,
mean deviation, and average dewatfor the R123 data was 12.9%, 11.8%, and 6.4%.
The authors indicated that future work should involve validation for a wider range of tube
geometries and fluids.

4.6  Model Simulation
As previously described, internalyrooved tubes have showmeat transfer

enhancement ratios as high a® @ times that of smooth tubes at low mass velocities and
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improvement equal tar slightly greater thanthe internal area ratid.31.8x that of a
smooth tubeat high mass velocitie26] [17]. The goal ofthis section is to perform
simulations of the above flow regime based heat transfer coefficient model with a range of
operating conditions to determine if the updated model is capable of capturing these trends
This also provides examples to demonstrate how the physical model works.

Figure 19 and Figure 20 show flow regime maps and heat transfer coefficient
modeling results for 8.84mm inside diameter smamtd internallygrooved tubes for
HFE-7100 at 61°C with mass fluxes of 25, 50, 100, 150, 200, 250, and 300 kg/m2s and a
heat flux of 4kW/m2Figure 19a andFigure 1% show the traditional Wojtan et §B0]
flow regime map and corresponding heat transfer coeffici@if, respectively,
superimposean the locus of mass fluxes described abo¥égure 20a andFigure 20b
show themodified Sharar eal. [29] flow regime map and corresponding heat transfer
coefficient described in Sectigh3 and Sectior®.5, respeately, superimposed with the
samemass fluxes.The internallygrooved tube parameters used for this simulation are for
theWielandCuprofin coppetube S2ADB952described inrable2; the simulated tube has
60-0.2mm tall fins witha helix angle of 18° and an area enhancement of 1.52.

As shown inFigure 19a andFigure 20a, the smooth and internalfgrooved tube
are predicted to operate in Slug, Intermittent, and Annular flovo(eeifryout occurs) for
mass fluxes of 20®50, and 300 kg/m3s. In these cases, the dry ahgle) (s zero and
the film thickness in Equatiof22) is decreasingsthe vapor quality increases. The result,
as shownin Figure 1% and Figure 20b, is a monotonically increasing heat transfer
coefficient with increasing vapor qualiand internallygrooved tube enhancement ratios,

(i.e. the internallygrooved tube heat transfer coefficient divided by the smooth tube heat
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transfer coefficientjhat approaches the area enhancement provided by the grobiges.

is clear at the highest mass flux 300 kg/m?s and a moderate vapor quality of 0.5 where the
internally-grooved tube has a heat transfer coefficient of 7428W/m2K and the smooth tube
hasahda transfer coefficient of 3,599W m|]K,;
that as the mass flux decreases from 300 to 200 kg/m2s and below, the convective
vaporization component of the twhase heat transfer coefficient decreases because the

Reynold number value ikquation(22) is decreasing.
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Figure 19: Modeling simulation results for a) original Woijtan et al. [30] flow regime map and b)
associaté heat transfer coefficient[31] in an 8.84mm smooth tubewith HFE-7100 & 61°C and a heat
flux of 4 kW/m2

At a mass flux of 15&g/m2sand below, the results for smooth tube and internally
grooved tube begin to divge. At a mass flux of 13@/m2son Figure19a, the smooth
tube is operating in the Slug and Stratif\tvy regime for vapogualities from 0 to 0.23.
For this case, the dry angle ranges from 0 to , as dictated by Equatigf26), and the

two-phase heat transfer coefficient, givenbyuation(19), decreases. Annular flow is
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reached after a vapor quality o2G8.and the dry angle is then zero. At this point, the
smooth tube is operating in Annular flow and the heat transfer coefficient profile begins
increasing monotonically. The internatlyooved tube shows a similar, yet slightly altered
profile. Similarto the smooth tube, the internatlyooved tube begins operating in the
Slug and StratifiedVavy flow regime, the dry angle is n@ero, and the heat transfer
coefficient remains low. However, because the Intermittent to Annular transition line is
shifted to a lower vapor qualityHquation (17)), the internallygrooved tube reaches
Annular flow at a lower vapor quality of 0.12 Fagure20a. After this point, it follows a

similar monotonically increasing Annular flow profile to that exhibited by the smooth tube.
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Figure 20: Modeling simulation results for a) Modified Sharar et al.[29] internally -grooved tube
flow regime map andb) associatecheat transfer coefficient inan 8.84mminternally -grooved tube
with HFE -7100 at 61°Cand a heat flux of 4 kW/m?

At a mass flux of 100 kg/m3s, the smooth tube is operating in the Slug and
StratifiedWavy or Sratified flow regime for all vapor qualities and the internajipoved
tube begins operating in the Slug and Stratiifédvy flow regime and transitions to

Annular flow at a vapor quality of 0.25. For the smooth tube, the dry angle range® from
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to | as dictated byequation(25) and (26) for all vapor qualities. The result is a
relatively poor, yet slightly increasing, heat transfer coefficient as the vamdityqu
increases. Under the same conditions, the intergatlgved tube transitions to Annular
flow and the heat transfer coefficient increases sharply with increasing vapor quality. Ata
moderate vapor quality of 0.5 where the interngllgoved tube i®perating in Annular
flow (h=4,968W/m2K) and the smooth tube is operating in Stratifdaly flow
(h=954W/m2K) the enhancement ratio is 5.2.

The simulation showed similar performance enhancement in the integnatlyed
tube at a mass flux of 50 kg/m?8s shown inFigure19a, the smooth tube is operating in
the Slug and StratifietWavy or Stratified flow regime. The internaiyooved tube
shown inFigure20a, begins operating in thelug and StratifiedVavy flow regime at low
vapor quality and approaches Annular flow at higher vapor qualities. The resulting smooth
tube heat transfer coefficient remains low due to Stratified, ffowl a large dry angle in
Equation(19), and reaches a value of 320W/m2K at a vapor quality of 0.5. However,
because the internatlyrooved tube flow regime is approaching Annular flow, the dry
angle decreases with increasing vapor quality and the heat transfeieogeificreases to
a value of I737W/m2K at the same vapor quality. This represents an enhancement ratio
of 5.4,

At the lowest vapor quality modeled, 2Zg/m3s, both the smooth tube and
internally-grooved tube are operating exclusively in the Stratiied StratifieedwWavy
flow regimes. In this case, the dry angle is always between the stratified angle, Equation

(10), and]  as described by Equatigg5). The comhied effect of a poor convective

vaporization term (Equatiof22)) and a large dry angle a poor heat transfer coefficient,
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as calculated by Equatiqf9). For a mass fkiof 25kg/mz2s, the smooth tube had a heat
transfer coefficient of 207W/mz2K and the internadisooved tube simulation showed a heat
transfer coefficient of 553W/m2K. The enhancement ratio in this case reducedagain
approaching the area enhancet@ovided by the grooves.

Figure21shows a graphical summary of the enhancement ratio vs mass flux based
on Figure 19, Figure 20, and the analysis above. The green dashedréipeesents the
predicted enhancement ratios for a vapor quality of 0.5 and plotted as a function of mass
flux; again, the enhancement ratio is defined as the intergadiyved tube heat transfer
coefficient divided by the smooth tube heat transfer aoefit. The solid red line is the

area enhancement of the internajlpoved tube.

Enhancement Ratio
o = N w SN (6)] (e)] ~ 0]
Il
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Figure 21: Simulated results comparing enhancement ratio vs mass flux for 8.84mm smooth and
internally -grooved tubes with HFE7100 at 61°C anda heat flux of 4 kW/m? as shown irFigure 19
and Figure 20

The figure shows heat transfer improvement approaching the area enhancement of

1.52 at sufficiently low mass flux, where both tubes were opgran Stratified or
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StratifiedWavy flow, and at high mass flux, where both tubes are predicted to operate in
the Slug, Intermittent, or Annular flow regimes. Large enhancement (6 to 7x) was
predicted at lowto-intermediate mass fluxes where the smoothetwas operating in
Stratified flow and the internaHgrooved tube is operating in Annular flow. The practical
benefit of operating at low mass fluxhere the enhancement is predicted to-{7&,6s the
reduction in pumping power associated with thigrafing condition. These trends are
consistent with those described earliarChapter landChapter 3and indicate that the

new flow regime map and associated heat transfer coefficient correlation likely capture the
physical mechanisms responsible énhancement in internaliyrooved tubes.

Figure 22 shows a more detailed summary of the enhancement mechanisms
responsible for improved performance in interngifgoved tubes. As shown, the
Ravigururajan and Bergl¢88] turbulent enhancement does not vary significantly over the
range of mass fluxes considered; the enhancement factor is 1.426 at a mass flux of 400
kg/m2s and 1.271 at a mass flux of 10 kg/m2s. Tim@me et al[91] enhancement factor
on the other handncreases from 1.269 at a mass flux of 400 kg/m3s to 2.947 at a mass
flux of 10 kg/m2s. As shown iRigure22, the enhancement ratio has the same slope as the
Thome et al.[91] enhancement factor for mass fluxes ranging from 400 kg/m3s to
approximately 150 kg/m2s where Slug, Intermittent, and Annular flow are the dominant
flow regimes for both the smooth and internajlpoved tubes; please referRmgure 19
and Figure 20. For this range of mass fluxes, enhancement is dominated by area
enhancement, turbulence (as describedRayigururajan and BergleR8]), and the

Gregoig effect/film flow (as described byhome et al[91]).

81



At mass fluxes below 150 kg/mz2s, the slope and value of the enhancement ratio
significantly increases due to sustained Annular flow in the intergatigved tube and
transition to StratifieeWavy flow in the smooth tube. In this case, enhancement is
dominated by the observed/predicted dominance of Annular flow in the grooved tube
Annular flowresults in a dry angle of zefor the internallygrooved tube an&tratified
flow resultsinadry angl e b eforwhe emoothOtubeagaid,please refer to
Figure 19 and Figure 20. At low mass flux, the total enhancement is less than the
component of th@home et al[91] enhancement because a large dry angle is predicted in
the internallygrooved tube during Stratified flow. Recall that tRavigururajan and
Bergles[28] andThome et al[91] enhancement factors only contribute to the wet angle

heat transfer coefficient, adown inEquation(37).
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Figure 22: Simulated results comparing enhancement ratioEmf, and Erb vs mass flux for 8.84mm
smooth and internally-grooved tubes with HFE7100 at 61°C and a hat flux of 4 kW/m?

4.7  Summary
In this chapter, a new flow regime map and heat transfer coefficient correlation

weredeveloped that consider the impacttioé intenal grooves on the flow regime and
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heat transfer enhancementhe existing Wojtan et di30] flow regime map was modified
usingtheLiebenberg et a[118] andLiebenberg and Meydfi14] Intermittent to Annular
transition and the&Sharar, Jankowski, and B&ohen[29] StratifiedWavy to Annular
transition. Additionally, theRavigururajan and Berglg28] turbulence factorand an
empirically derived enhancement factotroduced by Thome et 4P1], were adopted to
modify the associated heat transfer coefficient correlatibmese modifications resulted
in varyingthe calculatedlry perimeterangle | , and represent the physical mechanisms
responsible for enhancement in internajlpoved tubes.

Through analytical modeling simulations, it was shown that heat transfer
enhancement at high mass flux (>150 kg/m23s) is dominatedrés enhancement,
turbulence (as described Bavigururajan and Bergl¢28]), and the Gregorig effect/film
flow (as described byhome et al[91]). Enhancement of-Bx at lowto-intermediate
massflux is dominated by transition to Annular flow in the internallypoved tube.
Additionally, predictedheat transfer enhancements approach the area enhancement when
the smooth and internaligrooved tubes are oping in the same flow regime; this was
shown at sufficiently low mass flux, where Stratified flow is expected, as well as high mass
flux, where Annular flow is expected.

One motivation for the current research effort is to experimentally validate the peak
enhancement demonstrated kgure 21 and Figure 22.  Clearly, understanding
performance at and near this high enhancement operating space is critical to proper design

and optimization of twgohase systems.
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Chapter 5: Experi ment al Setup and

In the course of this studythe thermofluid characteristics & series of
experimental tests for single, uniformly heateatizontalinternally-grooved tubes and
smooth tubes witkiarious IDs were experimentally studie Focus wa given to collecting
and processing flow regime and heat transfer coefficttato validate flow regime
transition as a key enhancement mechanism in intergedigved tubesind validate the
new flow regime map and heat transfer model describe@himpter 4 This chapter
describes the test facility designed and fabricated to colleetrfiegime dataysing a new
Total Internal Reflection methodand heat transfer coefficient datasing infrared
thermography, for twgphase HFEZ100 flow in horizontaR.62mm- 8.84mm diameter
smodh and internallygrooved tubesvith mass fluxes from 2800 kg/m2s, heat fluxes
from 4-56 kW/m?2, ancexit vapor qualities approachirig

The following sectioa outline the experimental flow loop, tube heating method,
fluid selection, experimentalanges, tube parameters, data acquisition scheme, vapor
guality and heat transfer coefficient calculation, and uncertainty analykis.approach
is inspired bythe tags and goals set forth in previous chapter
5.1 Two-Phase TestingSetup

As shownschematally in Figure23, a test setupvas developed ttest singleand
two-phase performancea smooth and internallgroovedhorizontaltubes with water (for
calibration and system validation purposes) and HEB0 & the working fluids A
custom reservoir and degasser (a) and a fediech TMFR motor/pump system (hbje

used to store, degas, heat, and pump the fluid during testingydegasser is necessary to
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remove dissolved air in the fluibefore twephase egeriments commencédecause

dissolved gasses have been shown to affect perforrmasgeoth channeld33]. To the

aut hordés knowl edge, gasstyfuid enfhéattransfarminterndll-gas s ed
groovedtubes has rtdbeenexperimentallyexplored. The current sefuis a closed loop

systemto allow degassing of dielectric fluid and prolonged testimi¢hout the possibility

of noncondensible gas entering the system.

T T P T
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DP

(@
X @ > 0

P

@ (a)

N
N

I M

Figure 23: Schematic of twoephase flow test setup: a) reservoir and degasser b) Flu@Tech pump c)

Atrato or Kobold flow meter d) control valves e) inline heatef) 0.2m developing flow section y0.2m

test tubeh) 8cm sight glass (location of higlspeed flowvisualization and TIR method) i) condenser
P) pressure transducers and T) thermocouple probedP) differential pressure transducer

An Atrato ultrasonic flow meter with1t5% absolute reading accuracy an@:25
turndown ratiq20 mL/min to 5 L/min) wasisedto measure flow ratior water calibration
tests. Kobold DPM 1153 and 1170 pelton wheel flow sensors wittb% full scale
accuracyand flowrate ranges of 0.248 GPH and 0-80 GPH, respectively, were used to
measure flowrate for HFE100 test¢c). | t 6 s i nteresting to note

flow meter did not work with HFEZ100 due to fluid compressibility and ultrasonic
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modulation. Swagelok fluid control valves (d) were used to better control system flowrate
and pressure. An Omegaluxiime heater (ewas installed to further preheatd vaporize

the fluidwhennecessary. A.2m-long smooth of alternativelyi aninternally-grooved

tube developing flow section (f) was placed directly before a correspon@megdhg test
section (¢ andwasconnected with custortube fittings made using BDM Titan rapid
prototyping machine. Austom 0.08mlong Pyrex sight glass (h), withesame IDas the
internally-grooved and smooth tubes, wdaced at the exit of tHest section (o observe

the local flow regime. A paralel plate heat exchanger (i) wased tore-condense the
vapor produced during twphase operation.

Fluid pressure was measuried twvo Omeg@ MMGO50 pressure transducerg, (P
with £0.0%% full scalereading accuracgnd G50psi pessure limits, after the flowmeter
and before the test sectioRressure drop across the developing flow section, test section,
and 0.08mong sight glass was measured with a Setra Model 23@oaret differential
pressure transducer with0.2%% full scale reading accuracyand 0G25psi differential
pressure limits. The fluid temperature at the inlet and outlet of test section wa
measued by two Special Limits of Error (SLE) Omega Type T thermocouplest@igPC
accuracy Similarly, two SLE Type T thermocouples wer used to measure the fluid
temperature before the inlinedter and after the condensé&n AeroVironment MT30
power supply cap#le operating up tdl20 V and 330 A, was usdd supplyelectrical
powerto theinline heater. Delivered peer wasmeasured by &ektronix TC312 current
probeand Yokogawa 7000924 differential voltage proBelenma 726851 power supply
capable of 35V#£0.1% absolute reading) and 10A(.2% absolute reading) was used to

heat the test tube and was interfacetth\ai GPIB for ease of experimentation.
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The tube outside wall temperature was measured using a FLIR ThermoVisionA40
l ong wave | R t her m#B°Cacaunaejt34)) at(1Z disérete lazatidn8 & m,
along the tube anthree axial locations (top, side, and bottom), providing 42 discrete
temperature data point$his was accomplished with the use of a custom fabricatedb
long IR mirror, as shown schematically figure24. An IR photographtaken during
testing of the 2.80mm smooth tube, is showirigure25. The ABS mirror mount was
created using BDM Titan rapid prototyping machine. Using a CH/AEam evaporator,
the mirror surfaces were created by depos@ingdhesion layer of 50nm of titanium (Ti),
at a rate of 5A/s for 100s, followed by 150nm of gold (Au), at a rate of 5A/s for 300s, on
Pyrex strips that measured O0.10x1.150x50.
mount, metallization side facingwards the camera, using Loctite2BHP structural
adhesive. Gold is an excellent IR reflector beyondeld wi t h refl ectance
99% and, unlike aluminum or silver, is resistant to oxidation and degradation over time

[135][136]. Therefore, gold was an ideal candidate for the current expgame

ABS 3D
printed IR
mirror
mount

Ti-Au To FLIR
coded < » A40 IR
Pyrex IR camera

mirrors

Figure 24: Schematic of custom IR mirror setup for measuring temperature on the top, middle, and
side of the test section
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A Keyence VWG6000 higlspeed camera capable of up to 25,000 faswsed o
observe the @iw regimes in the sight glass. At the same location, an optical total internal
reflection (TIR) method using a red fiber optic light soJdc®7] was used to observe and
guantify flow regimemoredetail will be given inChapter 6 It is noteworthy to poihout
that flow patterns werebserved through sight glasses that are smooth rather than
internally-grooved Nevertheless, they are assuntedbe representative of the flow
regimes actually occurring at theternallygroovedtube exit. It is conjectured that the
internally-grooved tubdlow structure persists into the sight glass section and expas
only minor disruptions dto its short lengtland low0 ¥O; the distance from the end of
the test section and the location of the total internal reflection measurement, and high speed

flow visualization, is 0.015m and 0.03m, respectively.

cpio o z+:p1§.+:.Pl§+_
gy

Figure 25: Schematic of custom IRmirror setup for measuring temperature on the top, middle, and
side of the test sectionand an IR photograph of the 2.80mm smooth tube during testing

5.2  Tube Heating Method
The smooth and internaligrooved tube diabatic test sectiodgdon Figure 23)

were experimentally heated using custdabricated thirfilm heaters deposited on the
outside of the tubes. To create tHhdan heat e
a Specialty Coating Systems PDS2010 coating tool. This provided a dielectric layer to

prevent electrical energy fromating through the highly conductive copper tube. Next,
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the resistor material, consisting of 12,000 A of Titanium at a rate of 4 A/s and 2,000 A of
Platinum at a rate of 2 A/s, was deposited in a CHeEmM evaporator using a rotating
stepper motor asseyb These thicknesses were chosen to provideagpropriate
resistance,~2 0 q, f or el ect r idetadslohthesevaled areprgvidedine t uk
Appendix A Then, copper electrical leads were attached to the metalized tube with EPO
TEK H20E silverfilled epoxy. FHnally, the entire assembly was sprayed with Boron
Nitride to providea uniform emissivity. During testing, the thin film resistor was heated
with a TENMA 726851 DC power supplyFigure26 shows a photograph die smooth

tube before attaching the electrical leads and spraying with Boron Nitride. Boron Nitride
emissivity was assumed to be 0.96 for all test condi{ib88]. Please refer tdppendix

A for a discussiorof alternative tube heating methods considers as well agempt to

make thin film resistors using atomic layer deposition (ALD).

Cutube 8 em P&r 1.2 em Ti ¢

Figure 26: Photograph of a smooth tube coated with a thiffilm heater

5.3  Fluid Selection
As discussed ihapter 2andChapter 4 the TaitelDukler [46], original Wojtan

et al.[30], andmodified Sharar et al[29] mapsweredeveloped using phemenological
models angdas such,are amenable to general use and applicable to a variety of fluids and
flow conditions. From this perspective, any fluid could theoretically be used in the

following tests and exrapolated to other conditions. ol#ever, tle fluid selected should
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have properties close to the fluid used in other intergatpved tube studig410][111]
[66] [77] so that diret comparison can be made. Furthermore, selecting a fluid with
properties similar to the fluids used to develop sempirical flow regimg47] [48] [49]
[50] [30] maps provides the added benefit of a large database of smooth tube data for
comparison. Additional considerations when choosing a flaré saturation temperature,
saturationpressureand latent heatf vaporization. If the fluid boils at a relativetiygh
saturation temperatura atmospheric pressurte vapor can be condensed by an @ir
watercooled condenser, as in the schematic showFRigare 23, and a refrigeration
compression loop is not necessafiurthermore, if the fluid has a low to moderate latent
heat of vaporization, less heat will be required tachethe desired vapor quality; this
should be considered beneficial from an experimental gtantd

Table 7 summarizes the flugland properties used in the empirical flow regime
mapsdiscussed irChapter 2and Chapter 4[47] [48] [49] [50] [30], along with several
candidate fluidsFC-72, HFE7100, and water. Water, which is renowned as a thermal
management fluidhas dramatically different propertigan the refrigerants drdielectric
liquids and is not suitable as a heat transfer fluid for the current.sislghown irrable
7, HFE-7100 has fluid properties similar to the fluids used to define the empirical flow
regime mapsnd similar to the stlies outlined in the literature review (most of whised
R-134a) Additionally, HFE7 1 00 has a moder ate boiling poi
and a relatively low latentdat of vaporization (112 kJ/kgJ.herefore, the current research
useddegassed HFEZ100 as the working fluid. Fluid properties for#€ and HFE7100
were not inclded in the table for pressure of 900 kPa (0.9 MPa) because properties were

not available. Additionally, it should be noted that there appears to be some inconsistencies
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in reported properties for HFELOO, FG72 and other 3M Novec fluidd.39]; this will
inevitably lead to uncertainty in measurement and modeling results. Unfortunately, this
uncertainty cannot be quantified at this time. Efforts should be made to better characterize
these fluids.

Table 7: Comparison of fluids (and properties) used for empirically fitted flow regime maps and
candidate fluids

Boiling Point 3| (kg 1} g (kg G ( mN/ w (uPa-s) ug (UPas) hlg (kJ/kg)
(eC)

Fluid 0.1 0.9 0.1 ‘ 0.9 0.1 0.9 0.1 0.9 0.1 0.9 0.1 0.9 0.1 0.9
MPa MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa | MPa
R-22 -41 20 1410 1211 | 4.64 | 38.05| 18.1 8.8 347 174 9.68 12.2 234 188
R-134a -26 36 1377 1165 | 5.19 | 44.08 | 155 6.7 380 171 9.76 12.2 217 168
R-410a -52 4 1361 1154 | 4.12 | 33.82 | 17.8 8.5 387 162 9.89 128 272 216
FC-72 56 N/A 1680 N/A 13.4 N/A 10 N/A 262 N/A 121 N/A 88 N/A
HFE-7100 61 N/A 1370 N/A 9.87 N/A 14 N/A 275 N/A 11.3 N/A 112 N/A
Water 100 175 958 891 059 | 4.653 | 589 | 432 283 154 12.3 14.9 | 2257 | 2030

5.4  Experimental Ranges
Wieland, a leading marfacturer of smooth anihternally-groovedrefrigeration

tubes, was contacted, informed of the current research initiative, and agigedite
smooth andnternally-groovedcopper tubes. They provided six, 1 meter long lengths of
variousinternally-groovedand smooth tubes. Additional smooth tubes with comparable
inside diameters and wall thicknesses were mget from McMasteCarr. Table 8
outlines the parameters of interest for the smoothraachally-groovedtubesusedfor the
current study. As shown, talinside diameters rangifgrom 2.62mm to 8.8%m, tubewall
thicknesses range from 0.1® 09mm, number of fins ranges from 36 &0, fin height
ranges from 0.12 to 0.2mninfbas ranges from approximately 0.12 to%h#n, and helix
angles range from £fo 18 All the internallygroovedtubes have trapezoidal fin profiles
and suréce enhancements between-1%52% compared to smooth tube equivalents
18cmlong heated tublengthsof the 2.62mm, 4.54mm, and 818 ID tubes were
used to simulate chanrehgths typical in an IGBT cold platéhus creating the cold plate

7

ouni t cell 6. These tube di ameters cover

91

t

I..



and also smaller sized channels that approach amii microchannels to explore the size
effects in internallygrooved tubeslt is unclear whagffect heated length has orternally

groovedtube performance, however, tlaispecis outside the sqe of the current effort.

Table 8: Geometric parameters of internally-grooved and smooth tubes for the current study

Manufacturer Type Inside Wall # Fin Fin base Helix Surface
Diameter thickness fins  height (mm) angl  enhancement

(mm) (mm) (mm) (e) (%)
Wieland IG 2.62 0.19 36 0.12 0.12 10 160
McMaster Smooth 2.8 9 N/A N/A N/A N/A N/A
Wieland IG 454 0.23 40 0.15 0.20 18 152
McMaster smooth 454 0.23 N/A N/A N/A N/A N/A
Wieland IG 8.84 0.34 60 0.2 0.25 18 152
Wieland smooth 8.84 0.34 N/A N/A N/A N/A N/A

Nine different flowrates were tested (25, 50, 75, 100, 128, 175, 200, and 300
kg/mz2s) for the 8.84mm ID tubes, eight flowrates were tested for the 4.54mm tubes (50
300 kg/mzs), and seven flowrates were tested for ti&r268mm tubes (7800 kg/m?2s).

This represents Reynolds numbers ranging from 6412@4D; this is based on awage
liquid/vapor propertiesuperficial velocitiesand vapor qualities from 0 to The Kobold

flow meters used in the current study could not accurately measure flowrates below these
lower bounds. Six different tube heat fluxesre tested; 4, 9, 18, 28, 40, and 56 kW/m?2.
Vapor qualities ranging from 0 to 1 were test&tlese mass fluxes centered arotggions

near he Stratified/Annular, Stratified/Intermittent, and IntermittemiA@élar transitions
because these are the mw whereinternally-groovedtubes have demonstratéeat
transfeimprovementhat can be explained fipw regime transition. However, data well

within aspecifiedflow regime(away from the transitionss is the case with mass fluxes

92



of 25,200, and 30 kg/m29 were alscexplored to assess the flow regime @sagbility to
predict general trends
5.5 Data Acquisition

All measurementswith exception of the TIR flow quantifiaan and highspeed
camera da, wee collected by National Instruments DAQ ass@ies and transmitted to
an adjacent desktop computer running a LabView interféeeing testing, the flowrate
was fixed and thanline heatepower was incrementally increaseich that the inlet vapor
guality was increased [sgeps oipproximatelyd.1, until either the maximum inline heater
load of 1.2 kW was reached or the vapor quality exceedddtt 6 s wor t h noti n.
inlet temperature at the inline heater changed over the course of testing and the incremental
increasen qualitydid not ma&ch 0.1 for every data point.

At each inlet vapor quality, the six different heat fluxes were sequentially applied
to the heater until dryout or excessive overheating occurred. For the current test setup, the
maximum allowable temperature of the tubefobe damage to the thin film heaters was
120°C. Data was acquired when the system had reached steady state, which, depending on
the mass flux and heat load, usually tomk more tharl0-15 minutes after changing a
system parameter. After achieving steathte, high speed image data was recorded at a
framerate of 256500fps for 5 seconds. Then, the TIR data images were collected at 30
fps for 10 seconds (300 data points per test condition). The high speed and TIR imaging
could not be performed simufteaously because the high intensity light required for the
high speed camera saturated the CMOS canm=d for the TIR methodThis data was

later postprocessed using a customAVILAB code. Please refém Chapter 6 Appendix
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B, and the journal paper by Sharar et [aB7] for a detailed description of the TIR
methodology.

It is to be noted that unlike the eight unique flow regimes defined by the Wojtan et
al. map[30] andthe Sharar et almap[29], most twephase researches5] have limited
their classification to the primary flow regimes: &ified, Intermittent,Annular, and
Bubbly. In the interest of uniformity and consistency, and to avoid confusion that may
derive from the diversity of names used by authors for some of the observestjsués,
the present effort will follow the classification proposed by Rahim 58], combining
Slug, Plug, and Intermittent data points into Intermittent flow, combining Slugging
Annular flow, WavyAnnular flow, and SemAnnular flow into Annular flow, and
defining StratifiedWavy flow as a subegime of Stratified flow.This classification
(simplification) will be applied tdhe current study when experimentally defining flow
regime. One exception i€hapter 6 where sulregimes are defined to demonstrate the
moresubtle capabilities of the optical technique.
5.6  Deduction of Vapor Quality

The vaporquality at the inlet of the diabatic test section was calculated using

Equation(39) below.

> +N i # 4 4 39
E (39
whereN is the applied heat load from the inline heater and the diabatic test skction,

is the mass flowrate is the specific heat of HFE100 at the specified tgrarature, X is
the vapor quality4 is the saturation temperature of HFEOO at the inlet of the

test section4 was the temperature at the inline heater idet (4 , E s the latent
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heat ofthe fluid, and K is the percentagf the applied heat from the inline heater that
entered the fluid. For the current study, K wlasermined t@lwaysbe greater than 95%
(0.95) with HFE-7100 as the working fluid More details on calculating ,Kkbased on a
singlephase energy balanae described ilChapter 7

The vapor quality at the outlet of the diabatic test section was calculated using

Equation(40) below.

+N i # 4 4

Z E

(40

whereN is the total heat applied to the inline heater and the diabatic test section and
4 is the saturation temperature of HFEOO at the outlet of the tesection.
Again, K was assumed to be 0.95 based on siiggese resultsVapor qualities shown in
the Results and Discussion sectiane average values between itlet and outlet of the
diabatic section.
5.7  Calculating Heat Transfer Coefficient

The averag heat transfer coefficient was calculated experimentally with
knowledge of the fluid saturation temperature, tube inside wall temperature, and tube heat

flux:

Ne (41

where N ds the heat flux4 is the average of the 42 discrete temperatures of the
liquid/wall interface, andl is the saturation temperature of the fluid at the specified
pressure. Each measurecahé&ansfer coefficient is the mean valokten sequential
acquisitions; as discussed later in the uncertainty analysis, averaging reduces the

experimental uncertainty in the calculated heat transfer coefficielmear pressure drop
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was assumed betweethe inlet and outlet of the tube to determine the saturation
temperature. Based on a simple conduction model,niher wall temperaturewas
calculated as:

i i©¢ RNii©g (42
C k&, C kE

where4 is the outside temperature of the tube as measured by the IR cHlisdre total
heat dissipation of the tub®, is the outside radius f t he tube an€ the 8
layer, O is the tube outside radiu®, is the tube inside radius at the base of the nss
the Parylene thermal conductivity, is the copper tube thermal conductivity, and the

length of the tub. A physical representation of this is shown schematicafygiare27.

Figure 27: Schematic of 1D radial heat conduction in the ParyleneC/Ti-Pt coated tubes

ANSYS simulations were performetb determine if the conduction model
accurately captured the insideall temperature. The concern svdhat significant
spreading in the tube wBl kef weatlt 6| @ad poe
temperature values would not be a good representatitire afctual values. This would
lead to uncertainty in the experimental heat transfer coeffjdtantis less of a concern for

the current study because average heat transfer coefficient values were reported, however,
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for future studies where local vatians in the heat transfer coefficient may be of interest,
this analysis is of obvious practical importance.

Figure 28a shows a screenshot of the ANSYS model Rigadire 28b shows the
difference betweethe numerical and predicted (basedExuation(42)) values. These
resultsarefor a circumferentially and axially varying heat transfer coefficient profile that
would induce spreading and nbnearities in theheat flow and resultingemperature
profile. The values applied to the model are listedable9 and are meant to represent
low-to-moderate inlet heat transfer coefficient values (pertsapglephase saturated
liquid), followed by progressively higher heat transfer coefficieritgefmittent and
Annular flow), followed by an abrupt drop in heat transfer coefficient from 7000 W/m2K
to only 300 W/m2K (which represents Dryout). Itis expected that the sharp contrast in heat
transkr coefficient between Annular flow and Dryowbould lead to the most heat
spreading and the | argest errors in the pr

scenario and is a good indicator of the accuracy of the conduction model.
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Figure 28 Numerical results for a circumferentially and axially varying heat transfer coefficient
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As shown inFigure28Db, the largest difference between the predl and numerical
results was, as expectedthe boundary between Annular flow and Dryout. Howether,
difference between the expected values, based on the above conduction model, and the
numerical simulatin was always less that0.06°C. Since the measurement error in the
IR camera is an order @hagnitude larger than the spreading er#@.3°C accuracy vs
+0.06°C, heat spreading in the Parylene and copper layers is negligibly small and the
conduction model above is appropriate for calculating local and average heat transfer

coefficients for theurrent test setup.

Table 9: Heat transfer coefficients applied at different axially and circumferentially varying
locations for the ANSYS numerical model

Heat Transfer Coefficient at Different Axial Locations (W/m2K)
Circumfer ential Ocm 2.5cm 5cm 7.5cm 10cm 12.5cm | 15cm
Location
0° (Right) 1000 3000 3000 5500 6000 7000 300
90° (Top) 1000 2000 2500 6000 6000 7000 300
180° (Left) 1000 3000 3000 5500 6000 7000 300
270° (Bottom) 1000 2500 2500 6000 6000 7000 300

5.8  Uncertainty Analysis
Measurement uncertainty was estimated using thesurotsquare methofiL40]

and is based on the accuracies outlined in the above seclibeserror in the measured
heat transfer coefficient is a function of the tuleatflux and the difference between the

saturation temperature and tube wa#;

N o (43
A 1.4
18 K \Z
E m
For the current data set, the reported heat transfer coefficient was the average of 10
successive measuremerdt steady state conditions. In accordance with the method

outlined by Bevington and Robins¢t40], averaging reduces the uncertainty by a factor
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ofil ,whered nd i s t he numb ee theaveragingohlDlsaenplesreducas pr a
the uncertainty in the experimental heat transfer coefficient by a fac3ot@f
Theerror in the experimental heat flux is a function of the error in the applied heat,
N theinternaldiameter of the tub&y, and he tube length,. Both the heated length and
internal diameter were measured using calipers with accuracy of +0.0Vamations in
the tube diameter for a given test section were considered nonexistent. The error in the

heat flux is calculated by:

N
R

(44)

pra]

s 1,
$

Zl|

The error in the applied heat load is dependent on the accuracy of the power supply
voltage,6, and current):

S 4
16 1) 43

6 )

—
z{>,

The error in the heat transfer coefficient varied depending on the applied heat flux
and measucktemperature rise of the tube walGenerally, error bars were smallest for
low mass flux and high heat flux where heat transfer coefficierttoar andY4 values
are large. Conversely, error bars were typically larger at high mass flux ahédbfux
where heat transfer coefficients were higher ¥dalueswere small.

l'tds i mportant to note that Chabier8ideat tr
Appendix GAppendix Efor the internallygrooved tubes are average augmented values
accounting for the increased area enhanceroérthe groove structures Therefore,
uncertainty stemming frormmbiguity in the reported area enhancement is not propagated

in the heat transfer error measurement. However, when normalizing the results to account
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for area enhancement in summary charts, it should be expected that si5#lerfor

(based on a convexon with Wieland and the understanding that this is a carefully

controlled industrial process) is introduced due to slight manufacturing deviations.
Vapor quality uncertainty is a function of the applied heat, latent heat (which is

assumed to be a coast andvhose uncertaintis ignored), and the mass flowrate:

2 (46)

7]

2

1

Zl|

The error in vapor quality was generally small for high mass flux cases, £0.005, but
was as high as +0.1 for low mass fluxes.

Experimental uncertainty for mass flux was a fixed valugldf.5 kg/m2s for the
8.84mm tubes, 12.49 kg/m3s for the 4.54mm tubes, and +14 kg/m2s for the smallest
diameter tubes. Vertical error bars shown in the Results and Discussion section are based
on the above analysis while horizontal error bars (for vapalitg) are omitted for figure
clarity. A summary of typical measurement and uncertainties for the sensors and
thermofluid parameterdased on the above analysise listed inTable10. Please note
t hat t hpeisceauesramy, adldegcribed abotreactualexperimental uncertainty

values can vary depending thre specific perating conditions.
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Table 10. Summary of uncertainties for sensors and parameters

Sensors Uncertainty (typical)
Diameter/Length +0.01 mm
Temperature (TC) +0.5°C
Temperature (IR) +0.3°C
Pressure (absolute) +0.05% F.S.
Pressure (differential) +0.25% F.S.

Voltage +0.1% reading
Current +0.2% reading
Flowrate +1.5% F.S.
TIR film thickness N17&gm
Parameters Uncertainty (typical)
Heat transfer coefficient +1-5%
Heat flux +1-2%
Vapor quality +1-2%
Mass flux +10.5 to 14 kg/m32s
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Chapter 6: Tot al |l nt er nal Refl ect

Quanti fication

As described irChapter 2and Chapter 3 and anbtically defined inChapter 4
local heat transfer rates in smooth and interrgitoved tubes are inherently tied to the
local flow regime. Thereforgny efforts aimed towards experimentally determining and
correlating heat transfer rates in interpalooved tubes should focus heavily on
collecting reliable flow regime data. For this purpdbe, intent of thi<hapter is to; (a)
demonstrate the ability to accurately determine flow regime and intermediategsues
based ona norrintrusive flow visualization method; (b) use the nmrusive flow
visualization method with the twphase experimental setugescribed inChapter 5to
collect adiabatic data for water in 8.84 mm smooth tube; and (c) compare the results of
the new flow visualizatiomethod tothe phenomenological flow regime maps of Taitel
Dukler[46], UllmannBrauner[141], and Wojtan et a[30] for validation purposes.

This chapter will begin wh a discussion of the neantrusive optical flow

identification technique and experimental setup. Next, experimental TIR flow regime data

and high speed photographs are presented. From this data, unique temporally varying film

thickness profiles for tfierent flow regimes and sefegimes are identified. Then, the
experimental flow regime data is compared to the Taitékler [46], UllmanBrauner

[141], and Wojtan et a[30] flow regime maps to determine accuracy of the experimental

method and analytical flow regime maps alike. Finally, conclusions on the relative

applicability of the existing flow regime mapsith water as the working fluicire
presented. This chaper is based ora journal paper published in the Journal of Heat
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Transfer Engi ndngrusiven @Qptical iVdlidatod of dhhM@hase Flow
Regi mes i n a Snadk]l Di ameter Tubeo
6.1 Flow Regime Quantification MethodsAvailable in the Literature

Drahos and Cermgi43] performed a review of available quantitative techniques
and divided them into two categories. The first category is measurement of some parameter
that is influenced differaty by the presence of liquid or vapor. Examples of such a
method are Xay photography144], photon attenuatiofil45], hot film anemometry,
ultrasonic transmissiofl46], electrical impedancpl47] [148], and a variety of optical
methods based on light modulatidm®2] [149] [150] [151] [81]. The second category is
measurement of an energetic parameter such as pressure fluctuation or wall shear stress
fluctuation[118], which varies ira known way with the vapor or liquid content of the flow.

For additional useful information and a description of these techniques, with a focus on
electrical impedance and capacitance methods, the reader is directed to the Ph.D. Thesis
by Canieri[152].

Of these methods, the optical techniques appear to be the most prdiodimeg
present studypecause they have been shown to be simple to implemeninmasive,
inexpensive, and can provide film thickness measuremedtlitian to broad flow regime
determination. Specific to the current study, reapplication of a total internal reflection
(TIR) optical method, originally developed by Shedd and Ney&dl], can provide a
temporallyvarying film thickness profile. Based on the observed film profile, both flow
regime and local film thicknesses can be obtained. Use of a complimentary flow
visualization technique, in this case a high speed camera, will provide validation of the TIR

film thickness masurements.
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6.2 Theory
A schematic representation of the TIR method is provii&igure29. As shown,

diffuse light emitted from a point light source on the outside of an optically transparent
wall, tube, or channewill be reflected via total internal reflection at the liquidpor
interface. The reflected light will travel back to the outside surface of the wall, tube, or
channel and an image will be formed. The image can be recorded with a camera, captured
with a frame grabber, and processed using custom software or the Matlab Image Processing

Toolbox[153].

Vapor I clv
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Figure 29: Principle of Total Internal Reflection (TIR) film thickness measurement technique

TheTIR thickness measurement relates the distance between a light source and the
reflected rays to the liquid film thickness$zigure 29 shows the geometric relationships
defined by the liquid and wall thicknessésandO , and critical angled, andf
The distance from the source to the location where the reflected light passes back through
the incident surface is:

@ cOOAT cOOAI 47
where[  andf are the critical angles at liquihpor and wathkir interfaces:

104



] OB (48)

Rearranging Equatiof#7) for Oyields:

5 @ ¢cOOAI
¢ OAT

(49
With knowledge of the optical properties of the materials and the tube wall
thickness, the liquid film thickness can be determined by measuring the distance between
the light source and first fully reflected raydowever, there is also total internal reflection
at the walliquid interface at sufficiently large angles. If the film thickness is sufficiently
large then the first fully reflected ray from the liguigpor interface will fall beyond the
reflected rayfrom the waltliquid interface. This makes image processing diffiEL4]
[27] [153] and, therefore, poses an upper limit on the film thickness that can karetta
for a particular setupThis effect is discssed later in this chapter. cdmplete discussion
and derivation of the TIR liquid thickness measurement technigakiding this upper
limit, i s described in a[8flasterds Thesis by She
Different flow regimes will result in unique temporally varying film thickness
measurements when taken at the top of a transparent tube, as sh&wgurén30.
Therefore, twephase flow regimes can be identifilegggmeasuring film thickness at a fixed
point on the top (with respect to gravity) of a horizontal transparent channel and comparing
the results to a catalog of known profiles. Singhase flow, not shown, would result in a
first fully reflected ray at he wallliquid interface and a constant film thickness
measurement at the upper limit of the measurement technique. Ideally, Bubbly flow would

result in a relatively large average thickness with quick oscillations. Intermittent flow

would have slower teporal response and a larger variation as liquid plugs and vapor slugs
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intermittently pass the stationary sensor. Annular flow, which is traditionally characterized
by a thin Annular film around the perimeter of the tube and a fast moving vapor core, would
result in a relatively uniform film thickness with an occasional excursion due to dryout or
rivulets and the possibility of wavanduced relatively higlirequency ripples Stratified

flow, where vapor occupies the top of the channel and liquid seitkee tbottom due to
buoyancy forces, would show no film thickness at the top of the channel. In this way,
flow regime can be objectively quantified by fixing a stationary TIR film thickness sensor

at the top of a horizontal transparent channel.

Thickness

Thickness

Thickness
Thickness

Time Time Time

O

| Bubbly Flow Stratified Intermittent Flow Annular Flow
Flow

Figure 30: Two-phase flow regimes (bottom) and associated film thickness profiles (top)

This methodologywould work for inclined, declined, and vertical flow asll,
because therientation of the sensor with respect to gravity dogsaffectthe path of the
reflected lightin the present parametric range. Light can dfected byintense
gravitational fields and/or long paths, neither of which pertain to the present study.

However, one would expect different flow regimes foretéint channel orientations due

106



to gravity effects on phase distribution. For example, asymmetrical phase distributions
such as Stratified flow, which are commormeseand macrescale tubdorizontal flow,

are not encountered in vertical flolwut may w# dominate a wide range of qualities for a
declined flow Also, Annular films tend to be thinner at the top of horizontal tubes
compared to the bottom, whereas vertical flows maintain more uniform Annodar fin
general, iow patterns in inclined andecined tubestend to share attributes of both
horizontal and vertical twphase flow. For more information on the effect of channel
orientation on flow regimes, please refer to reviews by Cheng[82fkand Rouhanand

Sohal[155].

6.3 TIR Setup and Procedures

6.3.1 Implementation of the TIR Technique
The TIR optical flow regime technique consists of a diffuse light source on the top

(with respect to gravity) of an optically transparent horizidatze, a charge coupled device

(CCD) camera to capture the resulting light ring, and image processing software to extract

a film thickness value. For the current study, this was accomplished by using a clear
borosilicate glass tube from Precision GlasswBng, IFE96 red LED light source with

internal microlens and a precisitomolded PBT housing to maximize optical coupling into
standard 1000 em cor e -p3L2CLMOScoldrUBBecamema bl e,
with focusing optics. The cladding was steppoff of the fiber cable to reduce the
diameter so that the light ring could be viewed with greater ease; subsequently, the stripped
fiber core had to be painted black to prevent saturation of the image. A 27426 diffuse film

from Edmund Optics was attaagth to the outside of the tube using 4dMring Norland

Optical Adhesive 65. This coating homaogeed the light leaving the LE®and distributed
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the light diffusely. Additionally, the diffuse film serves to couple the light out of the tube
and scatter it that an image of the light ring may be detected. Image processing and
measurement automation were accomplished uairgyustom Matlab codeand are

discussed further in Secti@3.4andAppendix B

6.3.2 Experimental Ranges for Method Validation
Water at atmospheric pressure was used as the working fluid to validate the TIR

method. Five different flowrates were tested; 60, 125, 250, 500, and 1000 mL/min equating
to mass fluxes in the mge of approximately 15 to 230 kg/m3s. Flowrates fluctuated by 3
5% during testing due to oscillations in t
resulting in temperatures between 80eC anc
temperatures &re not possible due to cavitation in the pump. Nominal heat addition from
the inline heater ranged from 150 to 1.2 kW, resulting in experimental vapor qualities
ranging from 0.00012 to 0.32. All of the tests were performed with the test setup shown
in Chapter 5
6.3.3 Data Acquisition

All measurements, with exception of the TIR flow identification and high speed
camera data, were collected by National Instruments DAQ accessories and controlled by
an adjacent desktop computer running a LabView interface tw alattime system
monitoring. During testing, the flowrate was fixed and the power was incrementally
increased until the maximum power level of 1.2 kW was reached. After achieving steady
state, high speed image data was recorded at a framerate-60R s for 5 seconds.
Then, the TIR data images were collected at 30 fps for 10 seconds (300 data points per test

condition). The high speed and TIR imaging could not be performed simultaneously
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because the high intensity light required for the high speetera saturated the CMOS
camera. This data was later ppsbcessed usingpecustomMatlab codethe code is fully

documented iM\ppendix B

6.3.4 Data Reduction

6.3.4.1Deduction of Vapor Quality and Superficial Velocities
The TaitelDukler [46] and Ullman-Brauner [141] maps have coordinates of

superficial liquid velocity and superficial gas velocity while iWejtan et al.[30] flow
regime map has oodinates of mass flux and vapor quality. Therefore, plotting
experimental data on the respective maps required the calculation of vapor quality,
superficial liquid velocity, and superficial gas velocities from the available data.

First, a singlephase eergy balance on the system was used to determine the
percentage of the applied heat (from the inline heater) that remained in the fluid when it
reached the outlet of the sight glass. This was possible by measuring the temperature
change of the fluid betvem the heater inlet and the outlet of the sight glass and comparing
this value to the total heat input. Singlease tests were conducted for all flowrates with
reduced inlet temperature and various heat loads, such that the water was within a few
degree®f saturation at the heater outlet but did not vaporize. All of the heat was assumed
to sensibly heat the fluid or be lost to the ambiehtwas found that at least 80% of the
applied heat remained in the fluid at the exit of the sight glass usindi&t(t0) below:

N | # V4 (50)
whereNis the applied heat loadl, is the mass flowrate (kg/s}, is the specific heat of
water at the specified temperature, &ddis the temprature rise in the fluid. As system

heat losses should be primarily driven by the fluid temperature, the same losses were
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assumed when testing under tploase operatiorwith water as the working fluid
Improved insulation and lower operating temperadoe HFE7100 testing explains the
discrepancy in system losses between this data set and those desd@thegdter 5and
later inChapter 7

Considering that approximately 80% of the applied heat remained in the fluid at the
exit of the sight glass, antlat any heat in excess of what is required to bring the fluid up
from the subcooled singlghase condition at the heater inlet to the saturation temperature

goes toward vaporizing the fluid, vapor quality was estimated using Eq(a8doelow:

N[ # 4 4
i E

(51

where@is the vapor quality4 is the saturation temperature of water at the outlet of the

sight glass4 was the temperature at the heater irdet (4 , andE is the latent heat

of water (2.26 kJ/ kg). | t 6s | mphasetigaicht t o
at the inlet of the heateradd , t ypically 100¢eC, was <cal cul

measurement at the exit of the sight glass. Theperficial liquid and vapor velocities

could be directly calculated from:

1%}
e (52
'O
o (53

where' is the mass fluxy is the liquid density (958.4 kg/ms3), and is the vapor density

(0.59 kg/m?3). All values used in these calculations were averages of 120 data points taken
over the course of 60s of steady state operation. #9é Bowrate (mass flux) variation
indicated in the Experimental Ranges sectionldian turn, translate to a3% fluctuation

in superficial velocity.
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6.3.4.2Algorithm f or Film Thickness Determination
A custom Matlab image processing algorithm was developed to post process the

TIR image data. This algorithm determined the distance betthedight source and the
reflected rays, and calculated the liquid film thickness using the relationship shown in
Equation(49). The Matlab code and a brief description can be fourgpendix B

Several image processing steps were required to extract a film thickness value from
an unrefined image. First, the image was captured with an appropriate cArcapured
image for a dry channel, i.e. with no liquid film, is showrrigure31. The black shaft on
the bottomcenter of the figure is the painted fiber optic LED connecting to the diffuse
coating. The reflected light ring is visible, but not distinct enough to extract accurate film
thickness valuesNext, the image was converted to+@uy to eliminate background light
noise. Then, adaptive contrast enhancement was performed to normalize the image and
remove complications stemming from intensity variations in the reflected light ring as a
result ofLED mounting imperfectionskigure31b shows the image after eliminating green
and blue light, andpplyingadaptive contrast enhancement. Next[arRedian filter was
applied to eliminate salt and pepper noise and a simpigasb enhancement code was
applied resulting in a binary image, showrFigure31c. The reflected light ring is now
clearly visible.

The center of the LED was manually identifiesh Figure 31c, thecenter of the
LED is indicated with a red point. Next, a Sobel filter was used to locate the edges where
the binary image changes from black to white and vice versa; the Sobel filter function
outputs a matrix of these locations. As showrrigure3lc, t he t hird O6edged

the Sobel filter will represent the first fully reflected ray. Then, a custom Matlab code was
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used to count left and right (pixbl-pixel) out from the LED center point while searching

for the thirdlocation where the contrast changes. The diameter of the light ring, in pixels,
is the sum of the distance measured to the left and right. Next, the pixel distance was
translated to a physical distance using the width of the LED (1.27 mm) as a reteaace

Finally, Equationg47)-(49) wereused to relate the light ring to a liquid film thickness.

Location of first fully
reflected light ray

Figure 31 a) Raw image of reflected lighting on a glass tube with no film thicknessb) Image after
converting to black and white and contrast enhancementind ¢) Image after converting to binary

6.4  Experimental Results

6.4.1 Accuracy o the Total Internal Reflection Technique
The experimental system atite proposed image processing Matlab code were

validated for static films before exploring temporally varying films. This was achieved by
confirming that the proposed method generates results that are consistent with known film
thickness and index of meiction data. Four different samples were prepared with film
thicknesses of 0 &m, 183 &m, 449 &gm, and
film from Edmund Optics was attached to the bottom of a 1 mm thick microscope slide

using U\tcuring Norland Opcal Adhesive 65. Varying thicknesses of &during Norland
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Optical Adhesive 65 were then applied to the top of the slide to achieve the desired sample
thickness. The fiber optic LED was spring clipped against the diffuse coating.

The different thickneses of U\curing adhesive were obtained by liberally
applying the adhesive, placing precision ball bearings or microscope slides to act as
spacers, clamping a microscope slide on top to ensure a flat surface, and then curing the
assembly. The top microgoe slide was coated with a thin layer of Duraseal sfress
silicon so it could be removed after the curing process to provide a simulateevigpaid
interface. Adhesive thicknesses of 0 &m,
using a LEXT OLS4000 3D Laser Measuring Microscope designed for nanomegkr le
imaging. These values represent an average of 10 data points taken from various locations
for each of the samplesThe error of the LEXT measurement can be determined by the

following equation156]:

Rn&p,—nn (54)
where L is the observed height of the film
em, 449 e€m, and 1005 em films, as measur ed
and N10.3 em, respectively.

The TIR optical methotias a theoretical accuracy resulting from the resolution of
the CMOS camera. The spatial resolution of the camera, + 1 pixel, can be related to a
physical dimension, X, which can be translated to a film thickness resolution based on
Equation(49). From an image captured of the setup, a total of 176 pixels were counted for
the 1.27 mm fiber optic cabl e, resul ting i

an inherent accuracy of the | ight riagnsmg r ad]
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(47)-(49), this propagatestoabaestase fi Il m thickness accuracy
of a perfectly resolved light ring.
The cured Norland Optical Adhesivé &nd microscope slides both have an index
of refraction of 1.52157]. There was no upper limit on the measurable film thickness for
the test cases because the refractive indehedfltide and film are identical, therefatteere
was no total internal reflection at the shfilen interface. The predicted light ring radius
was calculated using Equatio)-(49) with known optical propertieand thickness of
the microscope slides and adhesive film&gure 32 shows binary images of the four
different test cases. The distance of the first fully reflected light ray increased as the film

thickness increased. This tokis consistent with theory.

i tha)t i188 ,eame 4@ sanag) f 0 | anm  f |
1005 em film
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Tablellis a tabulation of the actual thickness as measured by the LEXT OLS4000
3D Laser Measuring Microscoptiie accuracy of the LEXT, experimentally determined
film thickness using the test setup and Matlab code, accuracy of the optical method, and a
comparison of the actual and predicted values. The maximum difference between the
actudand experimental reswdccuredwi t h t he maxi mum t hi ckness
a difference of 17 &m. The sample with no
em while the 183 em and 449 em samples de
respectively. For the range of filinitknesses tested, the experimental values were always
within 20 em of the actual val ue, and in
Therefore, the TIR optical method and accompanying Matlab code were validated with an

accuacy of 20 filmen for static

Table 11. Comparison of thickness prediction using test setup and Matlab algorithm to actual
thickness values

LEXT thickness TIR determined Difference in LEXT and TIR % error
thickness values

0 em N 0.2 8 em N 2. 8 e&m N/A

183 em N 2 180 e¢m N 3 &m 1.6%

449 em N 4. 450 em N 1 e&m 0.2%

1005 em N 1 1022 em N 17 &m 1.7%

6.4.2 Limitations of the Total Internal Reflection Technique during Two-Phase
Testing
There was total internal refleoch at the walliquid interface at sufficiently large

angles due to the difference in index of refraction between the bortsititass tube
(n=1.52) and fluidwatern=1.33and HFE7100 n=1.2Y. This makes image processing
difficult [154][27] [153] and, therefore, poses an upper limit on the film thickness that can
be measured for the current tpbase setup.The maximum measurable film thickness

can be caldated with the following equatigmnd is shown schematically gure33:
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Figure 33: Schematic of the maximum measurale film thickness (adapted from[154])

The maximum measurable thickness for the current setup with a tube wall thickness
of 1.12mm and the above glass and water properties was 940 um. It should be anticipated
that thre measurement technique will calculate a maximum value of 940 um for instances
where the liquid is thicker than 940 um such as sipglase flow and during Intermittent
flow where liquid plugs are passing the sensor. Film thickness during Intermittdxh bub
passage and Annular thin film flow should fall well below the 940um upper limit.
Additionally, the camera sampled at a discrete rate of 30 fps so the maximum resolvable
film thickness frequency was 15 hz (0.066 seconds) basettheoMNyquist sampling
criterion. The maximum measurable film thickness varied for different tubes with HFE
7100 as the working fluid because the tubes had different wall thicknesses a’7d 6{FE
has a lower index of refraction (n=1.27) than wat&able 12 shows a summary of the
borosilicate glass tubes geometric parameters and the resulting maximum measurable film

thicknessesvith water and HFEZ100 as the working fluids
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Table 122 Geometric properties and maximum measurale film thickness for different operating

conditions
Fluid Nominal Tube ID Tube Wall Thickness Maximum Measurable Film
Thickness
Water 8.84 mm 1.12 mm 940 em
HFE-7100 8.84 mm 1.12 mm 494 em
HFE-7100 4.54 mm 1.21 mm 534 &m
HFE-7100 2.642.8 mm 0.94 mm 419 &m

Film thickness measurement error may come from electronic noise, vibrational
noise, large disturbances in the film, poor image contrast, amgra movement with
respect to the light source. Shedd and Nedisituss the relative effect of these noise
sources on the measuremetd validate the technique for thin filmsl(mm)[154]. It 6s
important to notelat the resulting light ring during twghase flow is slightly distorted in
thecircumferentialirection due to the curvature of the tube. Measurements were taken in
the axial direction to eliminate this source of error.
6.4.3 Characterization of Primary Flow Regimes

The previous section validated the ability to accurately measure static films in the
range of 1005¢e m and established the upper | imits
existing test setup, 419 upP40 um dependingn the specific tube antufd. The next
step wa to operate the system under various-pliase conditions to observe temporally
varying film thickness profiles. Eval uat.
flow regimes is desirable to observe ideal scenarios. Wasspossible for singlphase
flow, Stratified flow, and Intermittent flow by flowing subcooled water or evaporating
water in the existing twphase setup. It was not possible to obtain high quality Annular

flow (which occurs at higher vapor quality) withe 1.2 kW inline heater due to the high
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latent heat of water. Instead, water and nitrogen were flowed to simulate water liquid/vapor
Annular flow. The following sections outline the experimental results for water flow but
are representative of the HFEOO results, as well.

Figure 34 shows representative data for singlease flow, Stratified flow,
Intermittent flow, and Annular flow. Please note that only one second of the ten second
recording is shown ikigure34 to maintain profileclarity. Figure35showsaccompanying
high speed flow visualization data taken immediately preceding the TIR Hagaresults,
as shown orFigure 34, match well wih the ideal cases identified Figure 30 with a
stationary TIR sensor at the top of a transparent tube. $hgke flow wagxaminedat
a flowrate of 1000 mL/mirf230 kg/m23wi t h wat er hasedldvesiidowsa Si ng

constant thick film equivalent to the maximum thickness the method can measure, 940 pm.
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Figure 34: Unique temporally varying two-phase film thickness profiles in an 8.84 mm ID snath
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Ideal Stratified, 15kg/m?s, Stratified — higher x, Stratified-Wavy, 30kg/m?3s,
x=0.067 15kg/m?s, x=0.32 x=0.12

Intermittent - lower G, Ideal Intermittent, 230kg/m?s, Annular, 120kg/m?3s, x>0.15

15kg/m?s, x=0.0041 x=0.01

Intermittent — higher x, Intermittent — higher x, Intermittent — higher x,
230kg/m?s, x=0.023, t] 230kg/m?s, x=0.023, t2 230kg/m?s, x=0.023, t3

Slug-Annular — lower x, Slug-Annular — lower x, Slug-Annular — lower x,
60kg/m?s, x=0.014, t1 60kg/m?s, x=0.014, t2 60kg/m?s, x=0.014, t3

Slug-Annular — higher x, Slug-Annular — higher x, Slug-Annular — higher x,
60kg/m?s, x=0.066, t1 60kg/m?3s, x=0.0606, t2 60kg/m?s, x=0.066, t3

Figure 35. Photographs of high speed flowisualization
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Stratified flow wasstudiedat a flowrate of 60 mL/min (15 kg/m?2s), heat input of
350 W, and vapor quality of 0.067. This regime showed an average film thickness of 0 pm
due to the resulting dry upper surface. This data point is identifi€éigure35as 061 d e a |
St r at ltigimperthd to note that the film thickness profiteown inFigure34 for no-
film Stratified flow fluctuates by as much as 50 pum, indicatingetsunidentifiednoise in
the measurement technique.

The film thickness forintermittent flow wasexaminedat a flowrate of 1000
mL/min (230 kg/m?2s), heat input 60 W, and vapor quality of QL0 The Intermittent
profile demonstrates a film thickness that fluctuatesvéen the saturation point of the
technique, 940 um, and 200um, indicating the periodic passage of a liquid plugs and vapor
slugs. This data point is identified &igure35as6 | d e a | | nCwreng Amhulat e nt O .
flow, the wate flowrate was kept at 500 mL/min (120 kg/m2s) and the nitrogen flowrate
was increased until steady Annular flow was reached. It was estimated that this Annular
datapointrepresents a vapor quality exceeding 0.15, superficial liquid velocity of 0.12 m/s,
and superficial vapor velocity exceeding 30 m/s. During Annular flow, a finite film
thickness centered around 100 pm and fluctuations between 30 and 330 um were observed.
This data point is identified oRigure35a s 6 A n h is intarestingto note that the
fluctuations for Annular flow were six times larger than the nogtated fluctuations for
Stratified flow. This suggests that the fluctuations measured during Annular flow could be
a real phenomenon and not a restilhoise in the measurement technique. This assertion
is supported by the photograph of Annular flowFigure 35 that clearly shows a wavy

Annular interface at the upper portion of the tube.
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6.4.4 Characterization of Sub-Regimes and 8btle Differences ¢ Primary Flow
Regimes

The twophase film thickness profiles shown kigure 34 are ideal cases,
demonstrating the ability to determine the primary flow regimes with the TIR method.
Flow regimes such as Stifsgd flow and singlephase liquid flow did not deviate from the
ideal cases because, generally speaking, a continuously flooded tube or continuously dry
upper surface are not dynamically changing conditions. As expected, the three
photographs of Stratéd flow onFigure35did not result in unique film thickness profiles
despite varying vapor quality, mass flux, and Stratified lieqador interfacial structure.
Intermittent/Slug flow, on the other hand, varied significantlgedwling on the specific
operating conditions, namely mass flux and vapor quality. Additionally,-Stunglar
flow was observed as a sufigime between Intermittent/Slug and Annular flow. This
demonstrates the utility of the TIR method for explaining qurhtifying the more subtle
transitions that exidoetween dominant flow gimes.

Unique to Intermittent flow, regardless of operating parameters, was saturation of
the film thickness measurement (indicating liquid plug passage) and abrupt decrease in th
film thickness (indicating vapor slug passage). Despite the similarities, deviations from
the ideal periodic Intermittent case kigure 34 arose from the relative velocity of the
liquid and vapor phases, bubble size, and baldbkquency for different operating
conditions. The varying film thicknesses that Intermittent flow can exhibit are shown in

Figure36.
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Figure 36: Intermittent flow film thickness profiles for a) 15 kg/m2sand x=0.004 and bR30 kg/m2s
and x=0.@3

Figure36a shows data for a flowrate of 60 mL/min (15 kg/m2s), heat input of 150
W, and vapor quality of 0.0041. Due to the low flowrate and low heat input, the channel
was primarily occupied by slownoving liquid with a few smallnitermittent bubbles. The
result was a film thickness profile pinned at the saturation point of the measurement
technique (indicating all liquid) with an intermittent drop in film thickness (indigatin
bubble passage). This data point is identifiedcgure35as O | ntidowenG& .t e n't
Figure36b shows data for a flowrate of 2000 mL/min (230 kg/m2s), heat inpQif WV,
and vapr quality of 0.@23. The channel was occupied by fast moving liquid plugs and
vapor slugs due to the high liquid flowrate and the vaporization of a large quantity of liquid.
The result was a highly oscillatory film thickness profile with several highninaig
fluctuations per second. This effect is representeHigme35a s O | ntidigheri t t en't
x6 tahtr ee di fferent discrete times, |l abel ed
film at the top of the channel,hich would represent a valley in the film thickness profile

shown inFigure36b . 60t26 represents a slightly thi
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data points that FijureBa. Finhllp the TIR sensof (eéched the 0 n
saturation point of the msau r e me nt t e c Bothiofggha scenaribs slbotvrBid .
Figure36 are experimentallgefined as Intermittent flofboth here and for the duration
of the Dissertation)put were differentiated here for academic purposes.

Another subtle difference between the ideseas and actual experimental cases is
the presence of unstable Slagnular flow as an intermediate subgime between the
Slug flow and Annular flow regimes for moderate flowrates, 250 and 500 m(G®h25
kg/m2s) and vapor qualities exceeding 0.01.hét researchers have observed this
phenomenon and referred to this regime as Aerated[$4dg[158], Slug/SemiAnnular
[159], and churn flow.

Two examppes of the unstable film thickness profile characteristic of $ogular
flow are shown irFigure37. SlugAnnular flow had characteristics of both Annular and
Intermittent flow. For both cases, Skgnular flow was marked bgn unstable film,
similar to the ideal Annular flow casefigure34, with the passage of an occasional liquid
plug, similar to the Intermittent flow caseskigure34 andFigure36. For a flowrate of
250 mL/min(60 kg/m2s)and vapor quality of 0.014, the passing liquid plugs were thick
enough to saturate the film thickness measurement technigigeire 35 shows Slug
Annular high speed photographs fbrs operating conditior, a b e | e d-Anautari 6 S| u g
lowerxd atdithfreeent ti me steps. As,ittahlee t i me
seen that the film thickness progresses from relatively thin to thick, resulting in occasional
saturation othe measurement technique and the film thickness profile shoWwigme
37a. However, as the vapor quality increased from 0.014 to 0.08Gune37b, the liquid

plugs reduced in thickness and did saturate the technique. In other words, as vapor
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guality increased the film thickness profile appeared to approach aAnatgar (and less
Intermittent) operating condition. This is showrFigure35,1| a b el e dAnautari 6 S| ug
higher 0 a t diffedent emee steps, where the film fluctuates from relatively thin to

relatively thick without complely saturating the technique.
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Figure 37: Film thickness profile for intermediate Slug-Annular flow with a) 60 kg/m2sand x=0.014
and b) 60 kg/m2sand x=0.066

For the HFE7100 results ilChapter 8the flow regime is defined as Annular flow
if a thin film is present but the technique is not saturdeglife37b) and Intermitent flow
if the passing liquid plug saturates the technidtigure 37a). However, one could be
inclined to believehat the profile shown ifrigure 37b is representative of Intermittent
flow, aswell Ther ef or e, i t 6 s n ¢hatehs snathog is hod fuba ¢ k n o w
objective. In order to classify the film thickness profiles into useful flow regime categories,
objective qualifiers must be chosen or set. Such is the case with differentiatingrbetwe
Intermittent and Annular flow ikigure37a andFigure37b, above. However, when these
classifications are well argued and consistently appiiesl method provides a much less

subjective and much rare repeatable method for determining flow regime.
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6.4.5 TIR Validation with Existing Flow Regime Maps
Horizontal tvo-phase flow regime data was collected, using the TIR method at the

top of an 8.84mm IDtransparent tube, across thargmetric space describad $ection
6.3.2 Then, the data was converted to a usable form and plotted on theDLelkei [46],
Ullimann-Brauner[141], and Wojtan et al.30] flow regime maps usingquations(50)-
(593).

Three dominant experimental flow regimes were observed; Stratified;
Intermittent/Slug; and Slué§nnular as an interntkate flow regime between Slug and
Annular flow. It is to be noted that unlike the eight unique flow regimes defined by the
Wojtan et al[30] map, most twephase researchdisb] have limited theiclassification to
the Bubbly, Intermittent, Stratified, and Annular flowin the interest of uniformity and
consistency, and to avoid confusion that may derive from the diversity of names used by
authors for some of the observed sagimes, thelassifcations of flow regime beyond
this chaptewill follow the classification proposed by Rahim et[&5], combining Slug,

Plug, and Intermittent data points into Intermittent flow, combining Sluggmugular
flow, Wavy-Annular flow, and SemiAnnular data into Annular flow, and defining
StratifiedWavy flow as a subbegime of Stratified flow, leading to the presence of just 4
primary regimes: Stratified, Bibly, Intermittent, and Annular. For the remainder of this
chapter, howeer, the subregime of SlugAnnular flow is differentiated to further
demonstrate the capabilitiaad subtletiesf the optical technique.

Figure38 shows the experimental data plotted on the three respective flow regime
maps. Te circle data points are Stratified observations, the triangular data points are the

Intermittent/Slug observations, and the square data points are theAr8iutar
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observations. It should be noted that the transition boundaries on these flow regime maps
are typically +25%, so data points on or near the border may fall within this error band.

The TaitelDukler[46] flow regimes are marked in coordinates of superficial liquid
velocity and superficial gas velocity with the traios locus for Stratified, Intermittent,
Annular, and Bubbly flow marked by solidacklines. The UllmantBrauner141] map,
displayed in the same coordinates as T-hMgkler [46], plotted Stratied flow, Slug flow,
Aerated Slug flow, Annular flow, Bubbly flow, and Dispersed Bubbly flow with solid lines
separating the flow regimes. The Wojtan ef{30] flow regime map plded Stratified
flow, StratifiedWavy flow, Slug and StratifiedVavy flow, Slug flow, Intermittent flow,
and Annular flow in coordinates mass flux and vapor quality with solid lines separating the
flow regimes.

Data points at higher superficial liquid velocity or mass flux correspond to higher
flowrate (1000, 500, 250, 125, or 62 mL/min). Superficial liquid velocity decreased
slightly for a fixed flowrate and increasing vapor quality accordingdoation(52).
However, superficial vapor velocity incredsggnificantly as vapor quality increasec
shown byEquation(53). Thereforetracking horizontally from left to right on these flow
regime maps providdlow regime data for a fixed flowrate with increasirgpor quality.

For a flowrate oL000 mL/min (225 kg/m?3s), the vaporaiitly ranged from 0.0001
to 0.232 and the observed fluctuations in film thickness always corresgotw
Intermittent/Slug flow. Theatap oi nt | abel e d odHgdre3arepresents er mi t
the ideal Intermittent film thickness profile shownFigure34 and visually inFigure35.

The data ©point [i ehbb eglhe=epresenisthie enightyi asdillatanyt

Intermittent film thickness profile shown Figure36b and visually inFigure35.
126



Intermittenti higher x ~ Slug-Annular- lower x

. Slug-Annular- higher x

=== Annular

~ Ideal Stratified

10

100

Intermittenti higher x  Slug-Annular- lower x
1 /

- 10 !
Ideal Inter\nzment @ E Bubbly !
S~ é ] 1
S~~. | o
5 I--_ Intermittent
o 1 ~ 1
Intermittenti lower G E ]
TSl T ’
~5.0.1 4
g ~~_3
— 3
© f ~ -
8 A A GgQ of
5 0.01 E Stratified N
o ]
-] 4
n i
0.001 T T T TTTTTT T T T TTTTIT T T T TTTTIT
0.01 0.1 1
Superficial Gas Velocity (m/s) @)
Ideal Intermittent v
~o - é
>

Intermittenti lower G

7

Superficial Liquid Veloci

/

0.001

0.01

Slug

Stratifi

_ - Slug-Annular- higher x

~ T~ Annular

I Ideal Stratified

0.1

1

10

100

Superficial Gas Velocity (m/s) (b)

Intern
a

Slu

nittent

Annular

- = = Annular

0

0.1

0.2
(c)

o Stratified © Slug-Annular 2 Intermittent

Figure 38 Two-Phase flow regime data plotted on a) TaiteDukler [46] map, b) Ullmann-Brauner
[141] map, and c) Wojtan et al.[30] map

127



For a flowrate of 500 mL/min (I2kg/m2s) the vapor quality ranged from 0.0003
to 0.0353. The flow regime started as Intermittent/Slug flow at low vapor quality but
transitioned to Slug\nnular flow at higher vapor quality and superficial gas velocitye
data pointl a b e | e-AnnuérS Il wgv e represénts Sludnnular flow that has
characteristics closely related to Intermittent flow, as shovwigare37a andFigure 35.

The dcata pointl a b e | eAhnutar$ high g r repredents Slugnnular flow at higher

vapor quality that more closely resembles Annular flow, as shotigime37b andFigure

35. The flow regime would presumably transitionttth e dat a poi nitthel abel e
Annular flow film thickness profile shown iRigure 34 and Figure 35, if more heat was

added to the system

With a flowrate of 250 mL/min (60 kg/mighe vapor quality ranged from 0.0016
to 0.066 and, similar to the 500 mL/m{h20 kg/m?39 case, the flow regime started as
Intermittent/Slug flow at low vapor quality but transitioned to Sdumular flow at higher
vapor quality. At a flowrate of 125 Io'min (30 kg/m?s), the vapor quality ranged from
0.0002 to 0.129 and the flow regime transitioned from Intermittent/Slug flow to Stratified
flow at vapor qualities greater than 0.02.

For a flowrate of 60 mL/min (15kg/m?2s), the vapor quality ranged fr@d84to
0.319 and, similar to 125 mL/min, the flow regime was Intermittent/Slug at low vapor
guality and appeared to transition to Stratified flow at qualities greater thaifile3data
point | abelidd welepreSants tmiemmittent'Stdigw at low flowrate and
low vapor quality resulting in a channel primarily occupiedsloyv moving liquid with a

few Intermittent bubbles as shown kigure 36a andFigure35. The data pint labeled
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6l deal epresents thé ideal Gtbatified film thickness profile showfigure 34
andFigure35.

All three flow regime maps accurately predicted the primary flayumes shown
in Figure34 and idantified by the labeled data poirda Figure35andFigure38. The flow
regime maps also accurately predicted the natural t@m&ibm Intermittent/Slug flow to
Annular flow with increasing vapor quality and superficial vapor velocity, as well as other
trends as discussatbove Deviation in predictive accuracy arose when observing the full
parametric space tested for a varietylow rates and vapor qualities. The predominance
of SlugAnnular flow suggests that the transition frome flow regime to another caot
necessarily be identified by a discrete point or curve, but rather a range of operating
conditions. Along theseame lines, itis to be noted that the observed discrepancy between
predicted and measured flow regimes for data in the literature is commonly within a +25%
band.

In addition to general trends and ideal cases consistent from one map to the next,
the resuts agreed reasonably well with the Taibeikler [46] flow regime map. Every
Stratfied data points$ correctly predicted, every Intermittent/Slug flow data point at 1000
mL/min, over the full range of vapor qualities testegredicted, and the model appears to
predict the transition towards mefanular flow for 250 and 500 mL/min. The Taitel
Dukler [46] flow regime map does not correctly predict the parametric space occupied by
Intermittent fow at relatively low superficial gas velocity (less than 1 m/s). Hrayare
38, it incorrectly predicts these Intermittent data points as Stratified flow. However, these
data points exist at low heat dissipation and low vgpatity which are of little importance

in most practical applications.
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The UllmannBrauner[141] model reflects trends indicative of the experimental
data and matches closely with many data points. It predicts the corredyvid the
Stratified flow regime and identifies that this flow regime may occupy a smaller parametric
space than previously hypothesized by Tditekler [46]. Additionally, the Ullmann
Brauner[141] map identifies the possibility to transition from Intermittent/Slug flow to
Stratified flow at low flowrate and increasing vapor quality. Three additional trends the
Ullmann-Brauner[141] map accurately captures are; ggrce of Annular flow at higher
superficial gas velocity; dominance of the Aerated Slug regime as an intermediate regime
between Slug and Annular flow; and extension of Intermittent/Slug flow regime to lower
superficial liquid and vapor velocities.

The Wojtan et al[30] flow regime map accurately predicts all of the Stratified data
points. This map also accurately predicts the dominance of Intermittent/Slug flow at low
vapor quality across a wide range of flowrates. Onean is at very low mass flux and
vapor quality where Intermittent/Slug data points are incorrectly predicted as Stratified
flow. However, these data points exist at low heat dissipation and low vapor quality which
are of little importance in most apgéditions and occupy a very small region of the operating
space. The Wojtan et §80] map also predicts the natupgbgression from Slud\nnular
flow at 500 mL/min (120 kg/m2s) to Anfar flow, thedata point a b e | eAhnularg | u g
h i g h,ewith ingr@asing vapor quality. One discrepancy is the location of the Annular
flow regime with relation to the observed Slagnular data points for 250 mL/min (50
kg/mz2s). FronFigure37, it was shown that asapor quality increases from 0.014 to 0.066
the liquid slugs reduce in thickness and do not saturate the measurement technique. In

other words, as vapor quality increases the film thickness profile appears to approach a
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moreAnnular (and less Intermitt@noperating condition. However, with a fixed flowrate
of 250 mL/min (50 kg/m2s) the Wojtan et §0] map predicts transition to Stragéit
Wavy flow, not Annular flow. A likely explanation for this deviation is that thegtéroet
al. [30] flow regime map was empirically fit to match common refrigerants, which have
fluid properties vastly different than watseeTable7). In effect, the empirical constants
allow for better predictive accuracy faperatingconditions close to thdata set used to
develop the correlations, but dwt extrapolate well tdifferent conditions.Conversely
due to the generality of the TaiBukler [46] and UlmannBrauner[141] flow regime
mapst hey can of t e mttimesbutbappticabde toaaonvder raage ef fuids
and operating conditions. Consequentig TaitelDukler[46] and UllmanBraune{141]
maps both predict transition to Annular flow at a fixed flowrate of 250 mL/min and
increasing vapor qualityith water as the working fluid

The three maps above all correctly predicted the primary flow regtimegatural
transition from Intermittent/Slug flow to Annular flow with increasing vapor quality and
superficial vapor velocity, as well as other trends. No single flow regime map accurately
predicted every data point, however, each individual maprdidge specific advantages
and the ability to predict certain flow regimes better than ofetis water as the working
fluid). As suggested by Rahim et f5], and consistent with trends in the current study,
a combinatiorof these maps might better predict the prevailing flow regimes.
6.5 Summary

An optical, nonintrusive, flow pattern identification method was developed to
validate flow regime maps for twohase adiabatiaater/vapor/nitrogeflow in an 8.84

mm diameter tuneThe method consisted of shining a red fibptic light source through
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the top of an optically transparent glass tube, using a CMOS camera to capture light rings
resulting from total internal reflection at the liqwepor interface, and extracting #fi
thickness profile from the resulting images. It was found that different flow regimes
resulted in unique temporally varying film thickness profiles, which were confirmed using
high speed visualization. Using these profiles, quantitative flow regimsifidation
measuresvere developed, including the ability to explain and quantify the more subtle
transitions that exist between dominant fleegimes. This method is applicable to two
phase flow in transparent tubes and substrates alitea varietya working fluids.

The principal flow regimes, Stratified, Intermittent/Slug, and Annular flow were
experimentally observed. Additionally, Skdgnnular flow as an intermediate flow regime
between Intermittent/Slug and Arau flow was observed and qudied. The
phenomenological flow regime maps Tditel-Dukler [46], UllmannBrauner[141], and
Wojtan et al[30] were found to capture the smooth tube experimental @ath varying
accuracy, validating the use of the TIR technique in predicting flow regitfesase note,
subregimes were described here to demonstrate the capabilities of the technique, however,
in Chapter &low regime definitions will be simplified tavoid overcomplicating the data

and analysis.
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Chapter 7: SinnBhase Data and Discuss

This chapter considers heat transéges forhorizontal intube singlephase flows.
Singlephase tests were performed with theeedifferentsmooth and internaltgrooved
tubes described ifable8, coated with the thifilm heaters described Bection5.2, and
operating with HFEZ100 as the working fluid. Reoretical predictions were compared to
the experimermal results to determine the accuracy and reliability oftéise setup antb
assess the accuracy of singlease smooth and internalgrooved tubgheat transfer
models in the literature.
7.1 SinglePhase Energy Balance

As described irChapter 5a singlephase energy balance was first performed to
ensure that the majority of the heat electrically applied to the system was entering the fluid
and to make sure the thermofluid delivery and measurement system was calibrated and
working properly. This step was essential firsstep for validating the test setup; without
this analysis, the local and exit vapor qualities as well as the experimental heat transfer
coefficients during twephase testing cannot be trusted. For these tests, the fluid inlet
temperatee was held around 15°C and the tube outside wall temperature was not allowed
to exceed 61°C, the boiling temperature of HABO at atmospheric pressure. This
reduced the likelihood opseudeboiling (air comingout of the solution) andhe
occurrence o$ub-cooled flow boilingwhich could affect the heat transfer coefficiehhe
inpu energy was the electrical powapplied to the system.The aitput energy was

calculated based on the fluid temperature rié&, mass flowratd, , and specific heatt ,

based on thequation below:
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1 i # Y4 (56)
Figure39shows the singlphase energy balance ratio for the 2.8mm, 4.54mm, and
8.84mm smooth tubes with a heat flux of 18 kW/m2, mass$luxeging from 150 to 1100
kg/m2s, and HFE100 as the working fluid. The ratio of heat tmheat in as measured
through theemperature rise in the fluid, w@enerally less than 1 but always greater than
0.95. Thigevealghat there is a minor saee of heat loss and measurement uncertainty in
the system. However, the results are always within £5% of the expected value, which is

considered acceptable for the current study.
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Figure 39: Single-phase liquid energy balance atio for HFE-7100 in different tube diameters

7.2  Single-Phase Heat Transfer Measurements and Comparison t8mooth Tube
Correlations
Measured heat transfer coefficients for the 2.8mm, 4.54mm, and 8.84mm smooth

tubes with a heat flux of 18 kW/m?2, mass fluxesgiag from 150 to 1100 kg/m?3s, and
HFE-7100 as the working fluid were compared to the correlations of DittusBoelter
(6commond and 6éoriginaldéd form), Col burn,

from the Incropera et al. Fundamentals of tHeead Mass Transfer Handbof##5]. Since
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turbulent flow is convoluted, emphasis has been placed on empirical correlations. The
6 ¢ o mmo n Boelker dortelateon for heating takes the form:

.0 mic¢ukod (57)
where Re is the Reynolds number and-Pr
Boelter equation for heating is of the form:

.0 mMicedod (58)

The Colburn equation is:

.0 micxRo G (59)

Finally, the Gnielinski correlation, which is valid over a large Reynolds number range

(3000<Re<5x1f), takes the form:

3 6’52,2\ p 1 OO
- 0 8 (60)

/E .
pp«‘;?(qJ 00 P

where f is friction factor, which can be obtained from a Moody diagram or calculated
directly for smooth tubes as:
£ ™ ok A p® 1 (61)

Figure 40 shows the experimentalngjle phase heat transfer coefficient vs mass
flux results compared to the predictions. The properties used while evaluating these
correlations were the average values between the inlet and outlet of the test Sdwtion
results show that the heat tréarscoefficient increases with increasing flowtdiar all
three tube diameterso the power of approximately 0.8; the reader is directed to the
correlations shown ikquation(57)-(59) where theReynolds number is raised to the power
of 0.8. For a fixed flowrate, heat transfer coefficients slightly increased as the tube

diameter decreased. These trends are predicted well by the correlations.
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Figure 40: Experimental and predicted singlephase heat transfer coefficient vs mass flux for a) 8.84
mm smooth tube, b) 4.54 mm smooth tube, and c) 2.8 mm smooth tube
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Thestatistical parameters of mean deviatigrand mean of absolute value of

deviations,R|, were calculatedased on the equations below:

R E E p TORE (62

RS I " 3E E p TUHE (63
whereE is the heat transfer coefficient predicted by the respective heat transfer
coefficient correlation ang is the measured heat transfer coefficient.

Tablel3lists a summary of the statistical parameters for the four correlations used.
As shown, and also apparent frdfigure 40, the &édcommono -Bbelter m o f
correlation was generally the m@scuratewith deviations of just 7% and 9% in the mean
deviation and absolute deviatidor singlephase flow of HFEZ100 in the 2.8 mm to 8.84
mm smooth tubes. The Colburn correlation was second best with deviations between
7.62% and 10.55%, follovdle by t he ¢ doeltegdomekationdwitdi3.08%uasd
13.86% and the Gnielinski correlation witi8.49% and 18.49%.

Table 13. Statistical analysis of the experimental singlphasesmooth tubeheat transfer

measurements
Dittus-Boel t er « Dittus-Boel t er  Colburn Gnielinski
E 7.07% 13.08% -7.62% -18.49%
£s 9.02% 13.86% 10.55% 18.49%

7.3 SinglePhase Heat Transfer Measurements and Comparison to Internally
Grooved Tube Correlations

Originally developedor singlephase flow in ribbed tubes and tubes with helical
wire inserts, théravigururajan and Berglg28] correlation has been widely adopted for
internally-grooved tube$11]. In fact, he Ravigururajan and Bergld28] correlation is

incorporated in the current twghase flow boiling model for internalgrooved tubes, as
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described irChapter 4Equation(36). The final, normalized, heat transfer coefficidot

internally-grooved tubess given by:

8
.01 06 % PR OO — — —
0 P B 5 64

whereA is the groove heigh#\ is the nominal inside diameter at the fin balds the
axial pitch from groove to groove, agdis the helix angle of the groove#\s shown in
Equation(64) and discusskin Chapter 4the singlephase turbulent correlatiateveloped

by Ravigururajan and Berglgg8]lwas descri bed as an Oenhance
smooth tube. For the current analysis, the reference sridmgtheat transf correlations
will be the two correlations of DittuBo el t er (6commond and O6o0r i
and Gnielinski; all four correlations were taken from lieropera et al. Fundamentals of

Heat and Mass Transfer Handbo[#6] and are described formulaically abov@&he

6 ¢c o mmo n éBoeler dotrelatioradjusted for predicting heat transfer coefficient in
internally-grooved tubes becorsie

.0 % micuhod (65)
The i6ma li @Bobliertequation for heatirtgkesthe form:

.0 wmicedod (66)
The Colburn equation isow.

.0 % micxlod (67)

Finally, the Gnielinski corrattionbecomes

B %fEZApT[T[OTO
e W
£
pp@(m 00 P

(68)

where f isthe smootkubefriction factor, which can bealculated directly
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£ ™ wink A p® 1 (69
Figure 41 shows the measured and predicted (basdehoiationg65)-(68) above)
heat transfer coefficients for the 2.62mm, 4.54mm, and 8.84mmaiitegrooved tubes
with a heat flux of 18 kW/m?2, mass fluxes ranging from 150 to 1100 kg/m?2s, and HFE
7100 as the working fluidThe properties used while evaluating these correlations were
the average values between the inlet and outlet of the tesirsedine results show that
the heat transfer coefficient increases with increasing flowrate, for all three tube diameters.
For a fixed flowrate, heat transfer coefficients slightly increased as the tube diameter
decreased.
Tablel3lists a summary of the statistical parameters for the four correlations used.
As shown, t he 0 c o mm8Baceler corlation (adjusted Wwite theDi t t u
Ravigururajan and Berglg¢28] enhancement fagot) was generally the most accurate for
the range of internaltlgrooved tube diameters and mass fluxes tested, with mean and
absolute deviations of only 4.46% and 11.08%. The Colburn correlation was second best
with deviations betweer9.87% and 10.56%p0fl | owed by t hedoeldeor i gi n.
correlation with 10.33% and 13.91%, and the Gnielinski correlation 128t88% and
26.26%. These predictive trends are consistent with those reported for the smooth tubes.

Table 14: Statistical analysis of the experimental singlghase internally-grooved tube heat transfer

measurements
Dittus-Boel t er « Dittus-Boel t er  Colburn Gnielinski
E 4.46% 10.32% -9.87% -23.38%0
Fs 11.08% 13.91% 10.58%0 26.26%
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Figure 41: Experimental and predicted singlephase heat transfer coefficient vs mass flux for a) 8.84
mm internally -grooved tube, b) 4.54 mm internallygrooved tube, and ¢) 2.62 mm internallygrooved
tube
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The above singkphase energhalance and singlphase heat transfer statistical
analysis indicates that the test setup is functioning properly and the experimental method
is robust and can provide reliable measuremehitss analysis also justifies the use of the
Ravigururajan and &gles[28] enhancement factd¥p , for predicting turbulence effects
resulting from the groove structuresthe twephase internalhgrooved tube correlation

developed irChapter 4
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Chapter 8: Twéhase Dataiand Discuss

This chapter outlines trexperimental validatioof thephysicsbased heat transfer
coefficient model describe@hapter 4that recognizetherole played bytwo-phase flow
structuresn enhancing thermal transport within internadisooved tubes. Fw® regime
data, obtained with dynamic totmternatreflection measurementiescribed inChapter
6, and heat transfer coefficient data, obtained with infrared thermography and the test setup
described inChapter 5 are presented and analyzed for {@ltaseHFE-7100 flow in
horizontal 2.62-8.84 mm diametesmooth and internallgrooved tubes, with mass fluxes
from 25300 kg/m?s, heat fluxes from3b6 kW/m?2, ancexit vapor qualities approaching 1.

First, the flow regime results are compared to the Wojtaal. §30] smooth tube
map and the Sharar et §9] internally-grooved tube map. Next, the smooth tube and
internally-grooved tubes heat transfer results will be compared at varying massaiukes
heat fluxes to illustrate the validity of the current reginased approach to explaining
enhancement in internallyrooved tubes. This data is then used to statistically validate the
new flow regime based heat transfer coefficient correlation, dsawelorrelations from
the literature. Finally, the new heat transfer model will be compared to independent data
in the literature and the chapter results will be summarized.

An extensive heat transfer coefficient and flow regime database of over 6,500
combined datgoints for the adiaatic and diabatic smooth aimdernally-grooved tubes
respectivelywas acquired. Fahe sake of brevity, only select data and figures will be
used to explain the points above. Please refApfendix C- Appendix Efor all of the

heat transfer data collected af\dpendix Ffor a more comprehensive statistical analysis
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of the correlatins for smooth and internaltyrooved tube$ only summariesnd selected
resultsare given herein.

As reported in the error analysis@mapter Sthe reported heat transfer coefficients
in the internallygrooved tubes are average augmented valuesiatteg for the increased
area enhancement. Therefore, uncertainty stemming from ambiguity in the reported area
enhancement is not propagated in the heat transfer error measurement. However, when
normalizing the results to account for area enhancementnmmary charts, it should be
expected that small ~3% error (based on a conversation with Wieland and the
understanding that this is a carefully controlled industrial process) is introduced due to

slight manufacturing deviations.

8.1 8.84mm Smooth and Interndly-Grooved Tubes

8.1.1 Influence of Mass Flux and Flow Regime
Figure 42 shows the adiabaticesults of the flow visualization/quantification,

plotted in coordinates of mass flux and vapor quality and superimposkd smboth tube

and internallygrooved tube flow regime magsigure42a is the smooth tube experimental
results on the Wojtan et dB0] map, Figure 42b is the internallygrooved tube results
plotted on the Wojtan et al. m§p0], andFigure42c is the internallygrooved tube data
plotted on the current Sharar et[29] map Stratified data points are represented by red
circles, Intermittent data points are blue triangles, and Annular data points are shown by
green squarePlease notdor figure clarity,the diabatic flow visualization regslare not
shown but the adiabatic data poistsown onFigure 42 are representative of the flow

trends observed.
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The transitions of flow pattern observed were Stratified, Intermittent, and Annular
in the direction of i ncrFRgaedRthagtheGanaitomto x . I
Annular flow in the internalhgrooved tube is seen to occur at lower mass flux and vapor
quality compared to the smooth tube. For example, at a mass flux of G=75 kg/m3s and
vapor quality greater than x=0.4, Annular flow was encountered in the integnatlyed
tube while the smooth tube was operating in Stratified flow. In fact, Annular flow did not
occur in the smooth tube for mass fluxes below G=125 kg/mz2s while the inteynadiyed
tube was found to sustain Annular flow at mass fluxes as low as K&#®5@s.

In addition to early Stratifietb-Annular transition, the internalgrooved tube
provided early transition from Intermittent to Annular flow at higher mass fluxes. As an
example, at a mass flux of G=200 kg/m2s and vapor quality greater tHtafh the
internally-grooved tube is operating in Annular flow. This transition does not occur in the
smooth tube until a vapor quality of approximately 0.3.

Il tds al so interesting to ne&i5&g/htshbmth at s
the smoothand internallygrooved tubes are operating in Stratified flow. Similarly, at
high mass fluxes, &125 kg/m3s, and high vapor qualities, x=0.3, both the smooth tube and
the internallygrooved tube are operating in Annular flow. As showirigure42a, the
Wojtan et al.[30] flow regime map captures these smooth tube trends woaitectly
predicting 178/197 flow regime data points (90.3%)wdver, as shown iRigure42b
the Wojtan et al[30] mapdoes a poor job predicting flow regime in the interngligoved
tube correctly predicting only 122/186 data points (65.6%lhe Sharaet al. [29]
modified flow regime map shown Figure42c correctly predicted 164/186 (87.7%) of the

flow regime datain the internallygrooved tube, representing a 22% improvement in
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predictive accuracy of the traditial Wojtan et al[30)mo d e | . Il tdéds worth

the new modedloes migpredict a number of Annular data points at loassiflux and high
vapor quality; this is clear iRigure42c at vapor qualities greater than 0.4 and a mass flux
of 50 kg/m?s.

Figure 43 shows a comparison of experimental heat transfer coefficients for the
smoothand internallygrooved tubes with HFEZ100 at a heatudk of 9 kW/m? for three
mass fluxeskFigure43a is a mass flux of 25 kg/m#&igure43b is a mass flux of 75 kg/m3s,

andFigure43c is a mass flux of 200 kg/m2s. The experimental smooth tube data points

are shown as red squares and the intemgplyo oved t ube data points

16 and 6ésmooth 16 were the first tessts r
run; these do not represent different tubes, just a semintiexperiments for validation.

The smooth tube heat transfer coefficient correlation as described by Wojtd8 Btahd

the internallygrooved tube heat tnafer coefficient correlatigrdescribed in the current
study, are plotted as solid red and dashed green lines, respectively.

As can be seen iRigure43a, the smooth and internalyrooved tube heat transfer
codficients remain low over the full range of vapor qualities tested for a mass flux of 25
kg/m2s. This is a result of the prevalence of Stratified flow in both the smooth and
internally-groove tube, as shown igure43 and discussed abovét a mass flux of 25
kg/m2s the smooth and internaliyooved tubeshayje v al ues bet ween O
early flow regime transition has not occurred in the interrgiboved tube, the full
enhancement effeatombinirg area enhancement with favorable regime transitiasnot

been observed. In this case, the interrgityoved tube enhancement ratio, defined as the
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grooved tube heat transfer coefficient divided by the smooth tube coefficient, is close to
the area erdmcement, 1.5.

As shown inFigure43b, the smooth tube heat transfer coefficient for a mass flux
75 kg/mz2sis similar to Figure43a and remaimlow over the full range ovapor qualities
tested. Again, this is due to the prevalence of Stratified flow and a large dry perimeter
g 1T0). T hi s Higared42awat adnags flux of 750kgim2s where the smooth
tube is constently operating in Stratified flow. However, the trend for the internally
grooved tube is much different froRigure42a as a result of early transition to Annular
flow and a fully wetted perimetef ( =0). As can be seen iRigure42b/c, at 75 kg/m3s
and vapor qualities greater than x=0.4, Annular flow was encountered in the internally
grooved. The result is a progressively higher heat transfer coefficient asqueiyr
increases, Annular flow develops in the tubad the Annular film thins. Eventually,
dryout occurs at vapor qualities close to 1 and the heat transfer coefficient significantly
reduces to a value close to the smooth tube values. In this easeethallygrooved tube
enhancement ratio reaches a maximum valugasie to 6.5 at high vapor qualityhere
thin film Annular flow prevails in the internalgrooved tube and Stratified flow persists
in the smooth tube.The practical benefit of opdrag at this low mass flux where the
enhancement is shown to be 6.5x is the reduction in pumping power associated with this

operating condition.
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Figure 43: Comparison of heat transfer coefficient vs vapor quality foa mass flux of a) 25 kg/m?s,
b) 75 kg/m2s, and ¢) 200 kg/m2s withHFZ 1 00 at 61 AC and qo6=9 kW m]
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The trends shown iRigure43c for a mass flux of 200 kg/m?3s are, again, different
from thoseobserved at 25 and 75 kg/m2s. For both the smooth tube and the internally
grooved tube, the heat transfer coefficients increase monotonically as vapor quality
increases. As shown kgure4?2, this is due to thpredominance of Annular flow ( =0)
in both the smooth and internallyooved tube and a thinning Annular film as vapor
quality increases. Similar to the case for 25 kg/m?2s, the enhancement factor approaches
the area enhancement at a mass flux 6fkkJm2s because both tubes are operating in the
same flow regime.

Il tds interesting to nocosfficigntfa differerthrans me a s u
of the smooth tube agreed very well for all conditions showrigare43, where it was
operating deep in Stratified or Intermittent/Annular flow. The saniésfor 25 kg/m3s
and 200 kg/m?3s in the internalrooved tube where the tube is operating in Stratified or
Intermittent/Annular flow. However,theres mor e wvariability bet we
at a mass flux of 75 kg/m2s near the Stratfdvy to Annular transition boundary. More
detail on this point is given i8.6.2below.

8.1.2 Influence of Heat Flux

Heat flux has an ipact on the contribution of nucleate boilitagthermal transport
from the wetted wall and odry-out inception and completion. A higher heat flux results
in a higher wall temperature, thus causing faster and more aggressive bubble nucleation,
growth, anddeparture. Therefore, higher heat flux generally enhancephase heat
transfer coefficients. Alternatively, higher heat flexalso observed to yiekhrlier dryout
at lower vapor quality compared to lower heat fluxes aodsequentlya degraded dmat

transfer coefficient. Figure 44 shows heat transfer coefficient vs vapor quality for the
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8.84mm smooth and internalgrooved tubes for a mass flux of 200kg/m2s and six
different heat fluxes;Figure44a is a heat flux of 4 kW/mFigure44b is a heat flux of 9
kW/m?2, Figure44c is a heat flux of 18 kW/m¥Figure44d is a heat flux of 28 kW/m?,
Figure4d4e is a heat flux of 40 kW/m?2, arkdlgure44f is a heat flux of 56 kW/mz2. Please
refer toAppendix Cfor additional data.

The smooth tube and internalyooved tube correlations both predict higher heat
transfer coefficients at low vapor quality as the heat flux increases. For example, at a vapor
quality of 0.1 the smooth tube correteat predicts an improvement from 1467 W/m2K to
2386 W/m2K when moving from a heat flux of dW/m?2 to 56 kW/m2 due to nucleate
boiling enhancement. The internalyooved tube correlation predicts a similar trend and
increases from approximately 38®Ym?2K to 5068 W/m2K with heat fluxes of KWW/m?2
to 56 kW/mz, respectively. However, this enhancement diminishes at higher vapor quality
where nucleate boiling is suppressed and convective vaporization dominates. This is clear
from Figure44a andFigure44f where the heat transfer coefficient is approximately 7500
W/m2K for both 4kW/m2 and 56 kW/m2 in the internaliyrooved tube. Another
interesting effect is a reduction inetrapor quality at which dryout occurs with increasing
heat flux. The vapor quality where dryout occurs changes from 0.91 to 0.63 for the smooth

and internallygrooved tube correlations when moving from 4 kW/m2 to 56 kW/m2,
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Figure 44: Comparison of heat transfer coefficient vs vapor quality for the 8.84mm tubes with HFE
7100 at 61°C and a mass flux of 200 kg/mzs for heat fluxes of a) 4 kwW/mz, b) 9 kW/mz, ¢) 18 kW/m2,
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The correlations were found to accurately predict dataheat fluxes at and below
28 kW/mz but were less accurate for the heat transfer data for higher heat flux values of 40
kW/m?z and 56 kW/m2. Thaean deviatior;, and mean of absolutalue of deviations,
|1, for a mass flux of 200 kg/m2s and heat flux ranging freg84&W/m2 was4.01% and
11.01%, respectively, for the smooth tube data and original Wojtan et al. correlation. For
the same conditions, but a heat flux between 40 561kW/m?, the mean and absolute
deviation rose t026.50% and 26.61%, respectively. This was less dramatic for the
internally-grooved tube data with mean and absolute deviations of 13.92% and 12.54% for
heat fluxes between 4 and 28 kW/m? and deviatbd®.91% and11.87% for heat fluxes
of 40 and 56 kW/mz2. This may be a result of enhanced convective cooling in the internally
grooved tube that acts to suppress boiling.

This effect is clear at the highest mass flux tested, 56 kW/mz2, and low toateder
vapor qualities where the measured dependence on heat flux was larger than the values
predicted by the Wojtan et §B1] correlation and the new correlation, definecimapter
4. The effect is, as expected, more dramatithe nucleate boiling region (at low vapor
gualities). These trends were also mentioned by in the PhD Thesis by CEs@fer R-
134ain 7.91mm smooth tube and heat fluxes up to 25 kW/m2 and for the data by da Silva
Lima et al[160].

As shown inFigure44, the models have difficulty predicting the vapor quality at
which dryout occurs. However, the models seem to predict the majority of the ldata at
to moderate heat flux well. Future studies and model development should focus on a more
comprehensive understanding of nucleate boiling and dryout mechanisms in smooth and

internally-grooved tubes.
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8.2  4.54mm Smooth and InternallyGrooved Tubes

8.2.1 Influence of Mass Flux and Flow Regime
Figure 45 shows the adiabaticesults of the flow visualization/quantification,

plotted in coordinates of mass flux and vapor quality and superimposed on the smooth tube
and interndly-grooved tube flow regime mapBjgure 45a is the 4.54mm smooth tube
experimeral results on the Wojtan et §80] map, Figure45b is the iernally-grooved

tube results plotted on the Wojtan et{a0] map, andrigure45c is the internallygrooved

tube data plotted on the current Sharar ¢28].map Stratified data points are represented

by red circles, Intermittent data points are blue triangles, and Annular data points are shown
by green squares. h€ diabatic flow visualization results are not shown for figure clarity
but the adiabatidata pointshownare representative of the flow trends observed.

The transitions of flow pattern observed were Stratified, Intermittent, and Annular
in the direction of increasing G and x. Similar to the 8.84mm resufggire 42, the
transition to Annular flow in the 4.54mm internatilyooved tube occurred at lower mass
flux and vapor quality compared to the smooth tube. For example, at a mass flux of G=75
kg/m2s and vapor quality greater than x=0.45, theath tube was operating in Stratified
flow and the internalhgrooved tubéhadtransitioned to Annular flow. Annular flow did
not occur in the smooth tube for mass fluxes below G=100 kg/m2s while the internally

grooved sustained Annular flow at mass ésas low as G=50 kg/m3s.
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In addition to early Stratified to Annular transition, the interngligoved tube
providedearly transition from Intermittent to Annular flow at higher mass fluxes. As an
example, at a mass flux of G=200 kg/m2s and vapor quality greater than x=0.1 the
internally-grooved tube was operating in Annular flow. This transition does not occur in
thes moot h tube until a vapor quality of app
that at sufficiently low mass fluxes and vapor qualities]1@ kg/m2s ands0.4, both the
smooth and internallgrooved tubes were operating in Stratified flow. $anhy, at high
mass fluxes, €125 kg/mz2s, and high vapor qualitiez0x25, both the smooth tube and the
internally-grooved tube are operating in Annular flow.

As shown inFigure45a, Wojtan et al[30] flow regime map captures these smooth
tube trends well, predicting 145/165 data points (87.9% accurate). However, as shown in
Figure45b the Wojtan et a[30] flow regime map does a poor job predicting flow regime
in the internallygrooved tube because Annular flow is shifted to lower mass flux and vapor
quality; only 119/166 data points are correctly predicted (71.7%). The Sharaf28 al.
modified flow regime map shown Figure45c does a good job predicting flow regime in
the internallygrooved tube, correctly predicting 146/166 data points (87.9%); this
represents an improvement of 16%epthe traditional model. Again, the new model-mis
predicts a small number of Annular data points at low mass flux and high vapor quality;
one clear example is at a mass flux of 50 kg/m2s where the model is predicting Stratified
Wavy flow and the tube wdsund to operate in Annular flow.

Figure 46 showsa comparison of experimental heat transfer coefficients for the
smooth and internaltgrooved tubes with HFZ100 at a heat flux of 9 kW/m? for three

mass fluxesfigure 46a for a mass flux of 50 kg/m2&igure46b ata mass flux of 75
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kg/m2s, andrigure46c for a mass flux of 200 kg/m?s. €lexperimental smooth tube data
points are shown as red squares and the intergadlyved tube data points are green
circles. Additionally, the smooth tube heat transfer coefficient correlation as described by
Wojtan et al.[31] and the internalhgrooved tube heat transfer coefficient correlation
described in the current study are plotted as solid red and dashed green lines, respectively.

As can be seen irigure46a, the smoothube heat transfer coefficient remains low
over the full range of vapor qualities tested for a mass flux of 50 kg/m?s. This is a result
of the prevalence of Stratified flow in the smooth tube and a large dry perifnetdr 0 ) |,
as shown ifrigure45; at a mass flux of 50 kg/m?s the smooth tubef hasvalues between
0O to 2 . Under the same tod@mudar flowmrhe, fl o\
internally-grooved tube has occurred and the enhancement isffaaserved. In this case,
the internallygrooved tube enhancement ratio, defined as the grooved tube heat transfer
coefficient divided by the smooth tube coe
that the heat transfer coefficient sigo#ntly under predicts the heat transfer coefficient at
high vapor quality, x=08.8, because thedflv regime map and model predicat the flow
regime should transition back to Stratified flow but the observed flow regime was Annular
flow prior to dryout This trend can also be seerfigure42c for the 8.84mm internaHly

grooved tube.
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As shown inFigure46b, the smooth tube heat transterefficiens for a mass flux
75 kg/mz2s are similar tBigure46a and remain low over the full range of vapor qualities
tested. Again, this is due to the prevalence of Stratified flow. This is cleaFigure
45a where it mg be seen that, at a mass flux of 75 kg/m2s, the smooth tube is consistently
operating in Stratified flow. However, as can be seéiigare49h, at 75 kg/m2s and vapor
gualities greater than x=0.4, Annular flonasvobserved in the internalfyooved tube.
The result is a progressively higher heat transfer coefficient as vapor quality increases,
Annular flow is developed, and the Annular film thins. Eventually, dryout occurs at vapor
gualities close to 1 and theeat transfer coefficient significantly reduces to a value close
to the smooth tube values. In this case, the intergatipved tube enhancement ratio
reaches a maximum value of close to 6 at high vapor quality, where thin Annular flow
prevails in the iternally-grooved tube and Stratified flow persists in the smooth.tube
Again this lowflowrate operating point represents the ability for maximum enhancement
while simultaneously reducing pumping power.

The trends shown iRigure46c for a mass flux of 200 kg/m?2s are similar to those
for the larger diameter tub&jgure43c. For both the smooth tube and the internally
grooved tube, the heat transfer coefficients increasaotonically as vapor quality
increases due to the predominance of Annular ffow €0) and a thinning film as vapor
guality increases. The enhancement factor approaches the area enhancement at a mass flux
of 200 kg/m23s because both tubes are occuptie same flow regime. Similar to the
8.84mm tube results, the variability in o1
near flow regime transition (as is the case for the intergatipved tube at 5Kg/m?2s and

75 kg/m?3s).
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Il t 6 s | notnete thas tha absprved and predicted heat transfer coefficients
were larger for the 4.54mm tubes than the 8.84mm tubes for similar operating conditions.
As shownin Figure43c, ata mass flux of 200 kg/m?2s, heffux of 9 kW/m?, and vapor
quality of 0.7, the smooth tube coefficient was 3W&n2K and the internalkgrooved
tube coefficient was 7998 W/m2K. For the same conditidingu(e 46c) the 4.54mm
smooth tube hadlzeat transfer coefficient of 38¥8/m2K and the internalkgrooved tube
had a coefficient of 9549 W/m2K. This represents a 16% to 18% improvement by
transitioning from an 84mm to 4.54mm smooth or internatlyooved tube. This trend
can be explained bgnalyzing the predicted film thickness (Equat{@ii)) and twephase
convective vaporization term (Equati¢2?)) described irChapter 4 For a fixed mass
flux, vapor quéty, void fraction, and heat flux, the smaller diameter tube has a thinner
film thickness. At the conditions above, the 8.84mm tube has a predicted film thickness
of 89em and the 4.54mm tube has a -prassdi ct ec

convective vaporization term in Equatiq@2) is proportional to the fluid thermal
conductivity divided by the liquid film thickrss, i.e."Q x —. Therefore, a smaller

diameter tube results in a thinner liquid film and a larger heat transfer coefficient.
8.2.2 Influence of Heat Flux

Figure47 showsheat transfer coefficient vs vapor quality for the 4.54mm smooth
and internallygrooved tubes for a mass flux of 2R@mz2s and six different heat fluxes;
Figure47a isa heat flux of 4 kW/mZ-igure47b is a heat flux of 9 kW/mFigured7c is a
heat flux of 18 kW/m2Figure47d is a heat flux 028 kW/mz,Figure47e is a heat flux of

40 kW/mz2, andrigure47f is aheat flux of 56 kw/mz2. Bfer toAppendix Dfor all data.
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Figure 47. Comparison of heat transfer coefficient vs vapor quality for the 4.54mm tubes with HFE
7100 at 61°C and a mass flux of 200 kg/mzs for heat fluxes of a) 4 kwW/mz, b) 9 kW/m2, ¢) 18 kW/m2,
d) 28 kW/mz, e) 40 kW/mz, ad f) 56 kW/m?2
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The smooth tube and internallyooved tube correlations both predict higher heat
transfer coefficients at low vapor quality as the heat flux increases. For example, at a vapor
quality of 0.1 the smooth tube correlation predicts an impreveritom 1760 W/m3K to
2771 W/m2K when moving from a heat flux of W/m?2 to 56 kW/m? due to nucleate
boiling enhancement. The internatlyooved tube correlation predicts a similar trend and
increases from approximately 41¥8/'m?K to 5618 W/m2K with hedluxes of 4kW/m?2
to 56 kW/m?, respectively. However, this enhancement diminishes at higher vapor quality
where nucleate boiling is suppressed and convective vaporization dominates. This can be
seen fromFigure47a andFigure47f where the heat transfer coefficient is approximately
8500W/m2K for both 4kW/m2? and 56 kW/mz in the internalyrooved tube. Another
interesting effect is a reduction in the vapor quality aictvhocal dryout occurs with
increasing heat flux. Tharedictedvapor quality where dryout occurs changes from 0.9 to
0.59 for the smooth and internallyooved tube correlations when moving from 4 kW/m?2
to 56 kW/mz2.

The Wojtan et al[31] smooth tube correlation was found to accurately predict the
experimental results for heat fluxes at and below 28 kW/m?2, with mean and absolute
deviations of 20.38% an®.69%, but was less accurate for higher heat flux values of 40
kW/m? ard 56 kW/m?2, yielding mean and absolute deviations of 46.22% 46@2%.

This trend is similar to what was observed for the 8.84mm smooth tiguire44 and is

a result othe combined effect of und@redictian at low vapor quality, as well as at high
vapor quality where dryout was predictedt the tube sustained Annular flowhis effect

is clear at the highest heat flux tested, 56 kW/mz2, and the full range of vapor qualities where

the measured dependencaelteat flux was much larger than the values predicted by the
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Wojtan et al[31] correlation. Similarly, the 4.54mm internallyooved tube experimental

data matched the model reasonably well for heat fluxes from 4 to 28 kWitinmean

and absolute deviations of 25.96% and 4.98%. However, the modified desteibed
hereinwas less accurate at heat fluxes of 40 and 56 kW/m?, with mean and absolute
deviations of 31.83% an@1.21%. This appears to be largely due topnesiction of the

vapor quality at which dryout occurs, resulting in urplexdiction of the heat transfer
coefficient at high vapor quality.

As described above, the models are not able to accurately predict the vapor quality
at which dryout occurs for hidieat fluxes. The result is an ungeediction of the dryout
quality and undeprediction of the heat transfer coefficient at high vapor qualities (x>0.7).
Therefore, future studies should focus on a more comprehensive understanding of dryout
conditionsin smooth and internallgrooved tubes. Inspiration should be drawn from
recent experimental and numerical results from-®ahen, Holloway, Riaz, and Kaffel
[161] that provides a much more detailed description of interfavee patterns,
instabilities, and local film rupture, compared to the current model that (incorrectly)

assumes a thin uniform film at high vapor quality before dryout.

8.3  2.8mm Smooth and 2.62mm InternallyGrooved Tubes

8.3.1 Influence of Mass Flux and Flow Rgime
Figure 48 showsthe adiabaticresults of the flow visualization/quantification,

plotted in coordinates of mass flux and vapor quality and superimposed on the smooth tube
and internallygrooved tube flow regimenaps;Figure 48a is the 2.8mm smooth tube
experimenal results on the Wojtan et §80] map,Figure48b is the internallygrooved

tube resulk plotted on the Wojtan et #80] map, and-igure48c is the internallygrooved
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tube data plotted on the current Sharar ¢28].map Stratified datgoints are represented

by red circles, Intermittent data points are blue triangles, and Annular data points are shown
by green squares. h€ diabatic flow visualization results are not shown for figure clarity
but the adiabatic data poirgeownare reprsentaive of the flow trends observed. Please
refer toAppendix Efor all of the data.

The transitions of flow pattern observed were Stratified, Intermittent, and Annular
in the direction of increasing G and x. Similar to4t4mm and 8.84mm resultskigure
42 and Figure 45, the transitiorto Annular flow in the 2.62mm internatgrooved tube
occurred at lower mass flux and vapor qualitynpared to the smooth tube. For example,
at a mass flux of G=75 kg/m23s and vapor quality greater than x=0.35, the smooth tube was
operating in Stratified flow and the internatlyooved tubéhadtransitioned to Annular
flow. Annular flow did not occur ithe smooth tube for mass fluxes below G=100 kg/m?3s
while the internallygrooved sustained Annular flow at the lowest mass flux tested, G=75
kg/m?s.

In addition to early Stratified to Annular transition, the interngllgoved tube
provided early transibin from Intermittent to Annular flow at higher mass fluxes. As an
example, at a mass flux of G=200 kg/m2s and vapor quality greater than x=0.15 the
internally-grooved tube was operating in Annular flow. This transition does not occur in

the smooth tubentil a vapor quality of approximately 0.25.
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|l tdéds also interesting to note quahtiest at
G<100 kg/m?s and$0.35, both the smooth and internaiyooved tubes were operating
in Stratified flow. Similarly, at high mass fluxes>&25 kg/m2s, and high vapor qualities,
x>0.25, both the smooth tube and the internghyoved tube arep®rating in Annular
flow. As shown inFigure 48a, the Wojtan et al30] flow regime map captures these
smooth tube trends well, however, as showRigure48b it does a poor job predicting
flow regimein the internallygrooved tube; the Wojtan et §0] map correctly predicted
131/153 experimental data points for the smooth tube (85.6%) but only 96/153 data point
for the internallygrooved tube (62.7%)The Sharaet al.[29] modified flow regime map
shown inFigure48c does a good job predicting flow regime in the interngfiyoved tubge
correctly predicting 136/153 experimental data points (88.9%his represents an
improvement of 8.2% by adopting the new Shar@ar-Cohen and Jankowsk[29]
modified flow regime mapAgain, the model does not predict Arar data points at low
mass flux and high vapor quality, as is the case for 75 kg/m?2s and vapor qualities greater
than 0.6.

Figure 49 showsa comparison of experimental heat transfer coefficients for the
smooth ad internallygrooved tubes with HFEZ100 at a heat flux of 9 kW/m2 for two
mass fluxeskigure49a is the lowest mass flux tested for the 2262mm tubes (75 kg/m?2s)
andFigure49% is a mass flux of 200 kg/m3s. Mass fluxes below 75 kg/m2s could not be
accurately tested due to the measurement range of the flow meters being used; please refer
to Chapter Hor more details. The experimental smooth tube data points are sisawd
squares and the internallyooved tube data points are green circles. The smooth tube heat

transfer coefficient correlation, as described by Wojtan ef34l, and the internally
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grooved tube heat transfer coeffidienrrelation, described in the current study, are plotted

as solid red and dashed green lines, respectively.
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Figure 49: Comparison of heat transfer coefficient vs vapor quality for a mass flux of aj5 kg/m?s
and b) 200kg/m2s withHFE-7 1 00 at 61 AC and -2@mmrtAbesk W/ m]| in 2.

As can be seen iigure49a, the smooth tube heat transfer coefficient remains low
over the full range of vapor qualities testt a mass fly of 75 kg/m2s. This is a result
of the prevalence of Stratified flow, asown inFigure48a, in the smootliube and a large

dry perimeter ( 1 0) . Under the same conditions,
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internally-grooved tube has occurred and the enhancement effect is observed. In this case,

the internallygrooved tube enhancement ratio, defined as the grooved tube heat transfer
coefficient divided by the smoothlie coefficient, is close to 5.5; this abtion represents

maximum enhancement with the potential for pumping power reductian.6 s i nt er e s
to note that the heatansfer coefficient model owgredicts the heat transfer coefficient at

low vapor quality, x=0.20.4. The flow regime map andoatel predict that the heat transfer
coefficient should increase sharply as the Stratified angle reduces and Annular flow is
approached. Experimentally, however, Stratified flow was maintained and the heat transfer
coefficient remained low until Annulardv was reached at a vapor quality of 0.4.

The trends shown iRigure49b for a mass flux of 200 kg/m?s are similar to those
for the larger diameter tubdsigure43c andFigure46c. Forboth the smooth tube and the
internally-grooved tube, the heat transfer coefficients increase monotonically as vapor
quality increases due to the predominance of Annular ffow £0) and a thinmg film.

The enhancement factor approaches the area enhancement at a mass flux of 200 kg/m3s
because both tubes are occupying the same flow regime.

The observed and predicted heat transfer coefficients were larger for the 2.62mm
internally-grooved tubeand 2.8mm smooth tube than the 8.84mm tubes for similar
operating conditions. As shovimFigure43c, ata mass flux of 200 kg/m?3s, heat flux of 9
kw/mz2, and vapor quality of 0.7, the smooth tube coefficient i@ 3v/m2K and the
internally-grooved tube coefficient was 7998 W/m2K. For the same conditiigaré
49%) the 2.8mm smooth tube had a heat transfer coefficient of WEAZK and the
internally-grooved tube had eoefficient of 9494 W/m2K. This represents a 16% to 32%

improvement by transitioning from an 8.84mm to 2.8mm smooth or 2.62mm internally
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grooved tube, respectivel y. ltds iIinterest

improvement over the 4.5#m smooth tube but a minor reduction for the interrally
grooved tube performance. Intuitively this makes sense for the smooth tubes whereby a
reduction in tube diameter leadsatthinner film andn increasing heat transfer coefficient.

The seemingly aatradictory results in the internallyrooved tubecan be explained by
closer inspection of the Ravigururajan and Berglebulent enhancementactor %
(Equation(36)); the2.62mm internallygrooved tube has smaller groove height, smaller
number of fins, andmaller helix angle which reduces the component contributed
Equation(36) and(37).

8.3.2 Influence of Heat Flux

Figure50 showsheat transfer coefficient vs vapor quality for the 2.8mm smooth
and 2.62mm internallgrooved tubes for a mass flux of 200kg#s and six different heat
fluxes; Figure50a is a heat flux of 4 kW/mFigure50b is a heat flux of 9 kW/mFigure
50c is a heat flux of 18 kW/mFigure50d is aheat flux of 28 kW/m2Figure50e is a heat
flux of 40 kW/mz2, andrigure50f is a heat flux of 56 kW/m?2. Please referAppendix E
for additonal data.

The smooth tube and internallyooved tube correlations both predict higher heat
transfer coefficients at low vapor quality as the heat flux increases. For example, at a vapor
quality of 0.1 the smooth tube correlation predicts an improvefmant2083 W/m2K to
2928 W/m2K when moving from a heat flux of dW/m2 to 56 kW/m2 due to nucleate
boiling enhancement. The internafyooved tube correlation predicts a similar trend and
increases from approximately 44®%/m2K to 5365 W/m2K with heat tdixes of 4kW/m?2

to 56 kW/m?2, respectively. Ais enhancement diminishes at higher vapor quality where
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nucleate boiling is suppressed and convective vaporization dominates. This can be seen at
a vapor quality of 0.5 ofRigure50a andFigure50f where the heat transfer coefficient is
approximately 8000W/m2K for both 4kW/m2 and 56 kW/m?2 in the internallyrooved
tube. The vapor quality at which dryout occurs decreasesmeitbasing heat flux. The
vapor quality where dryout occurs changes from 0.9 to 0.56 for the smooth and internally
grooved tube correlations when moving from 4 kW/m? to 56 kW/m?2.

The Wojtan et al[31] smooth tube correlimin was found to accurately predibe
datafor heat fluxes at and below 28 kW/m#ith a mean and absolute deviatior86f74%
and-0.50%,but was less accurate for higher heat flux values of 40 kW/m? and 56 kW/m?2
with a mean and absolute deviation 8f20% and43.13%. Tis trend is similar to what
was observed for the 8.84mamd 4.54mmsmooth tube in Figure 44 and Figure 47,
respectively This effect is clear at the highest mass<ftested, 56 kW/mz2, and the full
range of vapor qualities where the measured dependence on heat flux was larger than the
values predicted by the Wojtan et[8lL] correlation especially at high vapor quality where
the modelpredicts dryoutbut experimentally Annular flow was maintained and the heat
transfer coefficient stayed highrhe modifiedheat transfer correlation developed herein
showed similar results, with a mean and absolute deviation of just 19.45%.68% fo
heat fluxes ranging from 4 to 28 kW/m?, and deviations of 23.14%186181% for heat

fluxes of 40 and 56 kW/mz2.
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Figure 50: Comparison of heat transfer coefficient vs vapor quality for the2.62-2.8mm tubeswith
HFE-7100 at 61°C and a mass flux of 200 kg/mz2s for heat fluxes of a) 4 kW/mz, b) 9 kW/mz, c) 18
kW/mz, d) 28 kW/mz, e) 40 kW/mz?, and f) 56 kW/m?
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Similar to the 2.0mm smooth tube reswts] generallyspeaking, the majority of
the results in this clpder, a major source of deviation between the predicted and measured
heat transfer coefficient appears to derive from apresliction of the vapor quality at
which dryout occursAs shown inFigure50, the modelsppearo predict the majority of
the dryout data at heat fluxes at and below 9 kW/m?2 but generally under predicts the vapor
quality at which dryout occurs for heat fluxes exceeding 18 kW/m?. Future studies should
focus on a more comprehensive understepdf dryout conditions in smooth and
internally-grooved tubes.
8.4  Tabulation of Flow Regime Modeling Results

Table15 shows a full tabulation of the predictive accuracy of the original Wojtan
et al.[30] flow regime map for the 80mm, 4.54mm, and 8.84msmoothtube data shown
in Figure42a, Figure45a, andFigure48a. The left olumn represents the experimentally
observed flow regime orséing parameter and the next thee&umns represent the number
of successful predictions and total data points (successful/total) for the three tube diameters
when superimposed on the originebjtan et al[30] flow regime map.

As shown inTable 15, and in the previous sections, the Wojtan e{3)] model
did averygood job predictingtratified and Intermttent flowin the smooth tube# fact,
the traditional flow regime map correctly predicted 296/301 (98.3%) Stratified and
Intermittent data points for the full range testétbwever, the Wojtan et gB30] map was
not ableto predicta number ofAnnulardata points near the Stratifidlavy to Annular
transition. Despite this minor misgiving, the traditional Wojtan ¢88J.flow regime map

correctly predicted 178/197 (90.3%), 145/165 (87.9%ay 131/153 (85.6%) data points
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for the 8.84mm, 4.54mm, and 2.80mm smooth tubes, respectively. This represents a total

weighted average success rate of 86.2% for all smooth tube data points.

Table 15: Predictive accuracy of Traditional Wojtan et al. [30] flow regime map for the smoothtube

data
Fluid HFE-7100 HFE-7100 HFE-7100
Sat. Temp. 61°C 61°C 61°C
Diameter 8.84mm 4.54mm 2.80mm
Model Wojtan Wojtan Wojtan
Stratified 81/83 47147 34/34
Intermittent 43/43 44/44 47/50
Annular 54/71 54/74 50/69
Total 178/197 145/165 131/153
% 90.3% 87.9% 85.6%

Table16 shows a full tabulation of the predictive accuracy of the original Wojtan
et al.[30] flow regime ma@nd themodified Sharar et aJ29] flow regime map developed
in the current studfor the 262mm, 4.54mm, and 8.84minternally-groovedtube data
asshown inFigure42b and ¢ Figure45b and ¢ andFigure48b and ¢ The left column
represents the experimentally observed flow regime or testing parameter and the next six
columns repesent the number of successful predictions and total data points
(successful/total) for the three tube diameters when superimposed on the original Wojtan
et al.[30] flow regime map anthe modifiedShararet al.[29] map. As shown ifTable
16 and in the previous sections, the Wojtan eff30] model generally did a poor job
predicting the flow regime in the internayooved tubes. The gudlictive accuracy for
Stratified and Intermittent flow was generally good, but the Wojtan ef3@]. map
predicted only 58/122, 65/112, and 52/109 Annular data points for the 8.84mm, 4.54mm,
and 2.62mm internallgrooved tubesrespectively. This represents a 51.0% predictive
accuracy of Annular flow in internalgrooved tubes using the traditional Wojtan et al.

[30] flow regime map and a total weighted average success rate 66.7% for all degta poin
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Table 16: Predictive accuracy of Traditional Wojtan et al. [30] and Modified Sharar et al.[29] flow
regime mapsfor the internally -grooved tube data

Fluid HFE-7100 HFE-7100 HFE-7100
Sat. Temp. 61°C 61°C 61°C
Diameter 8.84mm 4.54mm 2.62mm
Model Wojtan Modified Wojtan Modified Wojtan Modified
Stratified 34/34 31/34 25/25 1925 8/8 8/8
Intermittent 30/30 28/30 29/29 29/29 36/36 35/36
Annular 58/122 105/122 65/112 95/112 52/109 93/109
Total 122/186 164/186 119/166 143166 96/153 136/153
% 65.6% 87.7% 71.7% 86.1% 62.7% 88.9%

The new model, applied to the internadjyooved tubes, did not always improve
the success of predicting Stratified and Intermittent fompared to the Wojtan et §80]
flow regime map. A minor reduction from 34/34 to 31/34 Stratified data points for the
8.84mm tube and 25/25 /25 Stratified data points for 4.54mm tube was observed.
Similarly, a minor eduction from 30/30 to 28/30 Intermittent data points for the 8.84mm
tube, and 36/36 to 35/36 Intermittent data points for the 2.62mm tube was shown.
However, the new model significantly improves the predictability for Annular flow in all
of the studiesThe new model improved Annular flow predictive accuracy from 58/122 to
105/122 for the 8.84mm tube, 65/112 to 95/112 for the 4.54mm tube, and 52/109 to 93/109
for the 2.62mm tube; this represents and improvement of 34.4% in predicting Annular
flow, from 51.0% accuracy to 85.4%, by adopting the new model. Overall, the new model
represents an improvement from 66.7% accuracy for the Wojtarj#@Jahodel to 88.3%
using the updated transition criteria. Based on these reb@altisew model appears far
moreaccurately predict early transition to Annular flow for the current data set.
8.5 Enhancement Ratio

Figure51shows a graphical summary of the enhancement ratio vs mass flux based

on Figure 43, Figure 46, Figure 49, ard additional 9 kW/mz2 data fromMppendix C-
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Appendix E This is similato thefigure shown in th€hapted summary of the simulated
modeling results and is revisited here with superimposed experimental data.
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Figure 51: Enhancement ratio vs mass flux with current data for the 8.84mm, 4.54mm, and 2.62mm
internally -grooved tubes

Thebluedashed line represents the predicted enhancement ratios for a vapor quality
of 0.45 to 0.55o0r the specific geometric parameters of the S18vdtubeand plotted as a
function of mass flux; again, the enhancement ratio is defined as the intgmualixed

tube heat transfer coefficient divided by the smooth tube heat transfer coefficient.
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Specifically, his was calculated with HFEL00 at a satation temperature of 61°C in an
8.84mm tube with an area enhancement of 1.52, fin height of 0.2mm, and a helix angle of
18° a similar enhancement ratio waredictedor the 4.54mm tubes and was not included
here for figure clarity Thedashed greenre is the predicted enhancement ratio for the
2.62mm internallygrooved tube; this was calculated for HFE)O at a saturation
temperature of 61°C in an 2.62mm tube with an area enhancement of 1.6, fin height of
0.12mm, and a helix angle of 10Horizontd error bars for the uncertainty in mass flux
are shown. Additionally, labels for several data points direct the reader back to
corresponding figures earlier in this chapter.

The figure shows heat transfer improvemapproximately equal to the area ratio
of 1.52 at sufficiently low mass flux where bdtte smooth and internalgroovedtubes
were operating in Strified or StratifiedWavy flow; this was the case for the 8.84mm
smooth and internallgrooved tube at 9 kW/m2 and a mass flux of 25 kg/a®shown in
Figure43a. Theenhancement ratio also approached the area enhancement at high mass
flux where both tubes were operating in the Slug, Intermittent, or Annular flow regime and
the dry angle was zer$ ( =0); this can belearly seen ifrigure43c, Figure44b, Figure
46c, Figure4 b, Figure49, andFigure50b. Large enhancemerti {0 7x) was predicted
at low-to-intermediate mass fluxes where the smooth tube was operating in Stratified flow
and the intern&y-grooved tube is operating in Annular flow; this was shown for the
8.84mm, 4.54mm, and 2.62mm internalisoovedtubes inFigure43b, Figure46a, Figure
46c, andFigure49a. Thesdrends are consistent with those described earlier and indicate
that the new flow regime map and associated heat transfer coefficient can capture the

physical nechanisms responsible for enhancement in intergatigved tubes.
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As shown inFigure51, different tube geometric parameters (and fluids) result in
different predicted enhancement ratidherefore, applying thesexact predigbns to
different working fluids, saturation temperatures, and geometric parameters has
limitations Clearly, these parameters can affect the mass #tuxvhich flow regime
transition occurs and thelative effect of turbulengéequation(36), andwet angle heat
transfer coefficient, Equatiof87). Forexample, the 2.62mm internalgrooved tube has
a smaller helix angle (10° vs 18°), less fins (36 vs 60), and a smakl&idint (0.12mm vs
0.20mm) compared to the 8.84mm an84nm internallygrooved tubes. fiis results in
a reduction from 1.38 to 1.14 in the turbulerfactor proposed by Ravaguruajand
Bergles[28], and a corresponding redion onFigure51.

8.6  Statistical Assessment of the Heat Transfer Coefficient Correlation

In this section, several smooth tube and interrgidboved tube heat transfer
coefficient models will be evaluated using the experimenddhtzthse gathered in the
current study for 2.8/2.62mm, 4.54mm, and 8.84mm tubes with heat fluxes &dHn?
to 56 kW/mz2, mass fluxes ranging from 25 to 300 kg/mz2s, and-HED at 61°C as the
working fluid. Graphs for the largest diameter, 8.84mm, weilkbown below and a tabular
summary of all results will be provided. Please refékgpendix Ffor similar figures for
the 4.54mm and 2.62/2.8mm smooth and interrgilboved tubesand a more detailed
table of results. Plsae not e, the figures created only
points which are fully representative of t
allowed figure clarity. The summary tables, however, considered all of the experimental
data The statistical parameters ohean deviation;, and mean of absolute value of

deviations,]|, were calculated based on the equations below:
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R E E p TUHE (70)

§ " 3E E p TR (1)
whereE is the heat transfer coefficient predicted by the respective heat transfer
coefficient correlation an& is the measured heatarsfer coefficient. These

parameters are used to assess the success of the models in context of mass flux and flow
regime.
8.6.1 Smooth Tubes

Measured smooth tube heat transfer coefficients were compared to the smooth tube
two-phase correlations of Wojtan ét[@81], Chen[56], Shal{57], Kandlikar[93], Gungor
and Wintertor[59], and a simplified twegphase flow boihg correlation by Gungor and
Winterton[60] (referred to hereafter as Gungdti nt e r t o Rigur@ 52 shewis)the
predicted heat transfer coefficient values vs the experimentapltase heat traref
coefficient values for different mass fluxes. The solid black line has a slop@dicating
perfect agreement between the model and experimental results. The dashed lines represent
+20% for reference. The properties used while evaluating tloeselations were the
average values between the inlet and outlet of the test section (at the locatiowaif the
temperature measurement3)ablel17 lists a summary of the statistical parameters for the

six correlations used.
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Figure 522 Comparison of the8.84mmsmoothtube experimental data for HFE-7100 at 61°C with
correlations from a) Wojtan et al. [31], b) Chen[56], ¢) Shah [57], d) Kandlikar [93], e) Gungor
Winterton 6 o r i d59]paad f)dGungor-Winterton &6 n[@jw 6
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As shown, and also apparent frdfgure 52, the flow pattern based model of
Wojtan et al[31] was generally the most accurate for predicting-plase flow of HFE
7100 in the 8.84 mm smooth tube. The mean and absolute deviations west tx@ong
those evaluated, with values e14.0% and 26.9%. These results were reasonably
consistent across the full range of mass fluxes, indicating the ability of the correlation to
predict heat transfer coefficients in different flow regimes.

As show onFigure52a, the data was reasonably well centered but the Wojtan et
al.[31] modelunderpredicted a fair amount of data points. Many of these umiceticted
data points were at high vapor gtyawhere Annular flow was sustained in the smooth
tubes and the model incorrectly predicted dryout. This is cleBigome44f at a mass flux
of 200 kg/m?2s, heat flux of 56 kW/m?, and vapor quality of 0.82 whexeexperimental
heat transfer coefficient was ~4200 W/m2K and the predicted value was ~1000 W/mz3K;
this data point is also indicated Bigure52a and is clearly seen as falling well outside the
+20% lines. Again, this reinfoes the assertion that modeling dryout conditions in smooth
tubes needs to be revisited.

The Chen[56], Shah[57], Kandlikar[93], Gungor and Wintertofb9], and O ne w?o
Gungor and Wintertofi60] correlationsoverpredicted much of the data and generally
performed poorly over the full range of mass fluxes tested. This can be explained by the
inability of these cordations to accurately predict heat transfer for Stratiti¢avy and
Stratified flow in smooth tubes. For example, below k§0n2s where StratifieliVavy
and Stratified flow was observed in the smooth tubes, the mean and absolute deviations
rose tobeyond200% in many cases drable1l7. However, considering only mass fluxes

above 150 kg/m2s where Intermittent and Annular flow were observed in the smooth tubes,
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the models performed reasonably well. For example, the [BB¢orrelation showed a
mean and absolute deviation of only 4.5% and 25.2% for the mass flux of 300 kg/m2s where

Annular flow was the dominant flow regime and 679% mean and absolute error for a mass

flux of 25 kg/m?s wilere Stratified lIbw dominated. tl 6 s

observed by Rahim, Ba&ohen, et al[35] [55], the Chen[56] correlation performs
remarkably well in the Annulaidw regime andactually outperformed the Wojtan et al.
[31] correlation at 300 kg/m?3s. Similar trends can be seen for the[SHgHKandlikar

[93], GungorWinterton[59],

Table 17: Predictive accuracy of twephase smooth tube heat transfer coefficient correlations from

and

wo r t h asmepdatedhyg

0 n dMvimiertod&Ojcorrelations.

Wojtan et al. [31], Chen[56], Shah[57], Kandlikar [93], and Gungor-Winterto n [59] [60]
compared to the 2.8mm to 8.84mm experimental results

G Wojtan % Chen% Shah% Kandlikar % Gungor- Gungor-
kg/mz3s Winterton % Winterton
new %

E [E] E [E] E [E] E [E] E [E] E [E]
300 -13.1 250 | 45 252 | 967 316 | 962 975 | 153 403 | 3.3 344
200 -129 250 | 152 303 | 264 427 | 685 69.7 | 258 455 | 57 340
175 -13.7 256 | 246 374 | 348 525 | 609 635 | 341 541 | 96 389
150 -129 226 | 286 427 | 342 533 | 479 562 | 361 573 | 89 392
125 -135 244 | 544 598 | 564 648 | 565 59.1 | 61.8 717 | 26.1 422
100 -18.7 32.8 | 110.3 153.0| 106.5 116.5| 86.8 97.6 | 118.8 1325| 65.2 78.8
75 -10.2 283 | 274.1 274.1| 200.7 200.8| 130.8 131.9| 204.2 204.3| 134.3 134.6
50 -8.6 33.6 | 487.2 488.4| 277.1 277.1| 156.8 157.3| 214.4 214.4| 216.7 216.7
25 -47.3 479 | 679.1 679.1| 988 988 | 59.0 63.6 | 88.7 90.7 | 157.0 157.0
total -14.0 26.9 | 100.7 115.6| 728 859 | 806 844 | 721 875 | 443 653

8.6.2 Internally -Grooved Tubes
Measured internalbgrooved tube heat transfer coefficients were compareceto th

current twephase correlatiomescribed inChapter 4 and the correlations of Thome,
Kattan, and Favrgd®1], Cavallini et al[117], Chamra and Mag.62], Wu et al.[103],

and Yun et al[90]. Figure53 shows the predicted heat transfer cioeght values vs the

t

experimental twegphase heat transfer coefficient values for different mass fluxes. Again,

h a

the solid black line has a slope of 1 indicating perfect agreement between the model and

experimental results and the dashed lines represeft tH20iation.
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Figure 53 Comparison of the 8.84mm internallygrooved tube experimental data for HFE7100 at
61°C with a) theModified Sharar and Bar-Cohen correlationand correlations from b) Thome et al.
[91], c) Cavallini et al.[117], d) Chamra and Mago[162], e) Wu et al.[103], and f) Yun et al.[90]

181



Tablel8lists a summary of the statistical parameters for the six intergediyved
correlations used. The mean deviation was best for the Wu[&03].correlation with a
value of-2.4%, indicating thatthd at a was Owel | centeredo.
was quite high with a value of 80.7%. The large absolute deviation is cleaFigone
53e. The small mean deviation, therefore, is a result of the large errors at dgitepre
values and low experimental values that offset the general trend ofpnedigting heat
transfer coefficient. The same assessment can be made fGavadini et al.[117],

Chamra and Mag[L62] correlations.

Table 18. Predictive accuracy ofModified Sharar and Bar-Cohentwo-phase internally-grooved tube
heat transfer coefficient correlation and correlations fromThome et al.[91], Cavallini et al. [117],
Chamra and Mago[162], Wu et al.[103], and Yun et al.[90]

G Modified % Thome % Cavallini % Chamra % Wu % Yun %
kg/m?s | E | E E| E E| E E| E E| E [E|
300 -5.1 287 | 528 615 | -234 440 | 300 913 | -1.0 585 | -35.7 553
200 1.1 251 | 673 747 | -193 479 | -109 559 | -111 732 | -55.9 68.3
175 112 313 | 820 873 | -104 543 | -56 614 | -11.5 76.2 | -63.7 70.1
150 217 409 | 995 105.0| -3.7 595 | 369 1046| -89 840 | -639 744
125 10.8 29.1 | 936 98.7| -0.7 609 | -1.1 663 | -17.7 771 | -647 77.9
100 3.6 31.0 | 196.3 202.8| 188 774 | 308 97.2 | 189 1118| -70.7 76.4
75 -2.8 31.7 | 130.3 135.0| 82.3 129.6| 65.1 123.1| -16.1 73.8 | -60.6 80.6
50 -129 411 | 250.7 252.3| 76.6 119.2| 758 1325| 226 955 | -55.1 79.9
25 -21.3 489 | 530.3 530.3| 210.7 223.9| 129.7 152.9| 1124 133.7| -48.3 73.0
total 4.0 32.0 | 118.7 1246| 126 723 | 254 889 | -24 80.7 | -58.2 71.85

The Thomeet al.[91], Cavallini et al[117], Chamra and Magfi62], Wu et al.
[103], and Yun et al[90] correlations generally performed poorly over the full range of
mass fluxes tested but worked markedly better for higher mass fluxes. Similar to the
smooth tube correlations, this is explained by the inability of these correlations to
accurately predict heatansfer for StratifiedVavy (Slug and Stratifiedlvavy) and
Stratified flow. For example, below 1%3/m?3s onFigure42c, where Stratified flow was
observed in the internalgrooved tubes, the mean and absoluteadiens rose twvalues

in excess of 100% in many casesTable18. At and below mass fluxes of Kg/m?3s,
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where Stratified flow occupied 40% or 100% of the parametric space, deviations further
increased. However, consideringly mass fluxes above 150 kg/m2s whargeimittent
and Annular flow wereéhe dominant flow reginsin theinternally-groovedtubes, some
of the models performed reasonably well. For example,Gaeallini et al.[117]
correldgion showed a mean and absolute deviatior28f4% and 44.0% for the mass flux
of 300 kg/m2s where Annular flow was the dominant flow regime and 210.7% to 223.9%
mean and absolute error for a mass flux of 25 kg/m2s where Stratified flow dominated.
Froma practical standpoint, thmodeldeveloped in this Dissertatiomas the best
among those evaluated with a mean deviation of 4% and a relatively low absolute deviation
of 32%. These results were reasonably consistent across the full range of mass fluxes,
indicating the ability of the correlation to predict heat transfer coefficients in different flow
regimes. As shown ofRigure 53a, the data was reasonably well centered but under
predicted asubstantial numbeaf data points. May of these undepredicted data points
were at high vapor quality where Annular flow was sustained in the integraityved
tubes and the model incorrectly predicted dryout; this effect was also noted for the smooth
tube data and indicates the need texamine dryout conditions in smooth and internally
grooved tubes in the future. This is cleaFagure44d at a mass flux of 200 kg/m?3s, heat
flux of 28 kW/m?, and vapor quality of 0.801 where the experimengal hransfer
coefficient was ~8300 W/m2K and the predicted value was ~5500 W/m2K; this data point
is also indicated oRigure53a and is clearly seen as falling well outside the +20% lines.
It was also found that data around %rk2s (more so for the 8.84mm tube than the
4.54mm tube) deviated from the new model value more than other mass fluxes, as shown

onFigure53a. Itis speculated that this is a result of experimental uncertainty in mass flux.
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Themass flux experimental uncertainty was a fixed value of £10.5 kg/m?2s for the 8.84mm
tubes. Therefore, at a mass flux of 50 kg/m3s, the actual mass flux cotédt be
operating anywhere from 40 kg/m?3s to 60 kg/mPsgure 54 shows an example of how
much the heat transfer coefficias@an be expected tthange for mass fluxes ranging from

40 kg/m?s to 60 kg/m2based on theaeat transfemodeldescribed hereinFigure54a is

the Modified Sharaet al [29] flow regime map for HFEZ100 in an 8.84mm internally
grooved tube superimposed with the loci okgm?s, 50 kg/m2s, and 60 kg/m?3s; they are
shown as a blue dashed line, green dashed line, and red dashed line vedgp&agure

54b is the simulated heat transfer coefficjgot the same mass fluxeaslong with the
smooth tube data and internaiyooved tube data at a mass flux of 50 kg/m3s and

equivalent heat flux.
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Figure 54: Example of heat transfer coefficient uncertainty and deviation neathe transition
boundary between StratifiedWavy and Annular flow for HFE -7100 at 61°C in the 8.84mm tubes; a)
locus of different flowrates on theModified flow regime map and b) resulting heat transfer

coefficients

As can be seen froffigure54a, at a mass flux of 50 kg/mz2s the tube is expected to

beoperating in Stratified flow at low vapor quality, then titioe to Stratifed-Wavy flow
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at a vapor quality of 0.and approacknnular flow around a vapor quality of 0.7. The
result, as seen drgure54b, is a relatively low heat transfer coefficient until Stratiied
Wavy flow is reached, and a maxim heat transfer coefficient of 30832/m2K at x=0.7,
where Annular flow is approached and the dry angle is small; the rabtte mass flux
underpredicts the experimental data. At a lower mass flux of 40 kg/m?s, where the model
predicts Stratified an8tratifiedWavy flow, the heat transfer coefficient is woigél due
to a larger dry angle. In this case, the maximum heat transfer coefficient is only 2182
W/mz2K, representing a 28% reduction in predicted performanceS€okg/m?2s; the model
underpredicts the experimental daéé 40 kg/m2s At a higher mass flux of 60 kg/m?s, the
flow regime starts as Stratified and Stratifthvy flow but transitions to Annular flow at
a vapor quality of 0.49. This results in a much larger predicted heat transefécient
(maximum value of 4869V/m2K), representing a 37% and 55% improvement over the
predicted values fat0 kg/m2s and 50 kg/m?3s, respectively. As shown, the predicted values
at 40 and50 kg/m3s tend to undgredid the measured values 30 kg/m3, but the 60
kg/m2s model simulation generally owaredicts the experiméal results. This validates
theargument that uncertainty in the experimental mass flux and proximity to the Stratified
Wavy to Annular transition line is the likely explanationtio¢ large deviation at a mass
flux of 50 kg/m2s. Future work should focus on improving the test facilities to reduce mass
flux uncertainty and allow a more robust understanding and discussion of heat transfer
around the StratifiedVavy to Annular transion line.

ltds iIinteresting to note that the mass
between the predicted and measured enhancement ratio shbigar@51. As shown, a

seemingly modest uncertainty a@fl0.5 kg/m3s can mailt in large deviations in the
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enhancement ratio because the slope of enhancement vs mass flux is very steep in the
StratifiedWavy to Annular transition region. Again, efforts should be made to reduce the
uncertainty in the experimental mass flux tatéretmap out the enhancement vs mass flux
chart shown irFigure51.
8.7  Comparison to Data from the Literature

The studies from Yu et aJ66], Colombo et al[79], and Spindleand Muller-
Steinhagen74], discussed ifChapter 3demonstrate the shiftof the dominanfnnular
flow regimes in iternally-grooved tubes to lower mass flux and vapor quality and an
expansion of theparametric space occupibyg Annular flow. ThetraditionalWojtan et al.
[30] map did a poor job predicting flow regimestinese studiesue to the observed flow
regime transition this conclusion from the literature review was a driving factor in
undertaking the current research effort. The goal of this section is to revisit those studies
and compare their flow regime and heat transfer coefficient data to the new flow regime
map and regime based heat transfer coefficient correlation. This serees peirposes;
a) further substantiate early flow regime transition to Annular flow as an enhancement
mechanism in internaltlgrooved tubes; b) provide an independent validation of the flow
regime map and heat transfer coefficient develdpeabpter 4
8.7.1 Flow Regime Data

Yu, Lin, and Tsen@66] performed a flow visualizatioand heat transfer study with
R134aat 6°Cin a 10.7 mm ID smooth and an 11.1 mm ID interngligoved tube with an
18° helix angle. Mass fluxes from 163 @84kg/m?3s, heat flux between 2.2 and 56 kW/m?2,
and a fixed heated length of 1.5 m were test&igure 55a shows the results of the

internally-grooved tubelow visualization, plotted in the coordinates of mass flux and
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vapor quaty and superimposed on the Wojtan et{aQ] flow regime mapmndmodified
Sharar et al[29] map Figure55a is thedata plotted on the Wojtan et §0] mapand
Figure55b is the internallygrooved tube resulglotted on the Sharat al.[29] map As
shown inFigure55a, theWoijtan et al[30] flow regime map predictedi5/47 Intermittent
data points but only 6/3@nnular flow data pointfor the Yu et al[66] internally-grooved
tube. In total, the Wojtan teal. [30] flow regime map predicted 51/&kperimental data
points, equaling 66% of the internalgrooved tube data. As shown kiigure 55b, the
current flow regime modifications, which shift Annular flow to lower vapor quality and
mass flux greatly improved the predictive accuracy for the Yu et[@®] internally
grooved tube data. The new model predicted 43/47 Intermittent data paihl&0

Annular data points; this is a weighted average tot&8&6 of thedata from Yu et a[66].
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Figure 55: 11.1 mm ID internally-grooved tube eperimental flow visualization results from Yu et al.
[66] for R134a at ®C with a heat flux of 20 kW/m2plotted on the a) original Wojtan et al.[30] map
and b) Modified Sharar et al.[29] map

Colomboet al.[79] performed a flow visualizeon and evaporative he&ransfer

study with RL34a at a saturation temperature of 5°C in a horizontal 8.92 mm ID smooth
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tube and two internaltgrooved tubes with inside diameters of 8.62 and 8.92 mm. Both
internally-grooved tubes had helix angles of B8U apex angles of 4b8it had alternating

fin heights ranging from 0.16 to 0.23 mm &he number of groovesinging from 54 to

82. The resulting internallgroovel tube area ratimmnged from 1.55 to 1.82. Mass fluxes
from 100 to 340 kg/m?2s, heat flbetween 2.2 and 56 kW/m?2, vapor qualities from 0.1 to
0.9, and a fixed heated length of 1.3 m were tested

Figure56 shows the results of the flow visualization, plotted in the coordinates of
mass flux and vapor quality and smpnposed on the Wojtan et 0] flow regime map
and Sharar et aJ29] map Figure56a is theinternally-grooved tubeexperimental results
on thetraditional map[30] and Figure 56b is the same results on the new mda&|
describecdherein As shown, the modified map markedly improves predictability of flow
regime in he internallygrooved tube, particularly for Annular flow. Compared to the
smooth tube modelFigure 56a, which predicted 31/31 Stratified data points, 2/4
Intermittent data points, and only 25/42 Annular data points, the newl|nkagure 56D,
predicted 28/31 Stratified data points, 0/4 Intermittent data points, and 42/42 Annular data
points. This represents an improvement from 75% to 91% predictive accuracy when
switching from the Woijtan et gl30] model to the new Sharat al.[29] model.

Spindler and MulleiSteinhagerj74] performed an experimental investigation of
heat transfer and flow regime during evaporatweeling in an 8.92nm ID internally
grooved tube with a 15° helix angle using two différeefrigerants, R134a and R404A
Experiments were conducted in anllong heated test section with mass fluxes ranging
from 25 to 150 kg/m?, fa& flux from 1 to 15kW/m2, inlet vapor qualities ranging from 0.1

to 0.7, and a saturation temperature-20°C. Stratified Intermittent,and Annular flow
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were observedhowever, Annular flow was the dominant regime for mass fluxes at or

above 65 kg/m?s.

500 500 - -
Intermittent ist Intermittent ist
400 + 400 -
Annular — Annular
a &L 1
p 300 - = 300 ]
= oODolO = o oo
g g
< Mmomo ~ | S|u momo
02007 SIUQ ooo o (3200_‘ oo oo o
SIugandAAguunmmDmryu[ c:lug_an A0 T8 TaT ° Drybut
100 - Stl’%tified-o SLERN: o geo 100 t>'[ratli§d- lej oooo0Ooaoo
Wa
Wawyo o oo o O%@@‘IedWavy 000 ooo%g %t@\@fledWavy
0 Stratlfled 0 Strat|f|ed
0010203040506070809()1 0010203040506070805()b)1
X
o Stratified A Intermittent o, Annular

Figure 56: 8.92 mm ID internally-grooved tube experimental fow visualization results from
Colombo et al.[79] with R134aat 5°C and a heat flux of 4.2 kW/m2 plotted on the a) original Wojta
et al. [30] map and b) Modified Sharar et al.[29] map

Figure57a andrigure57b showthe R134a internalkgrooved tube data @pindler
and MullerSteinhagen74] plotted on the traditional flow regime mdB0] and the
modified map[29], respectively. Similar t&igure55 andFigure56 above, the modified
map improves predictability of flow regime in the internailpoved tube. The smooth
tube Wojtan et al[30] model, Figure 57a, predicted?/3 Stratified data points and 3/11
Annular data points while the new mod29], Figure57b, predicted 2/3 Stratified data

points anl 9/11 Annuladata points. Thigepresents an improvement from 36% predictive

accuracy to 79% accuracy.
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Figure 57: 8.92 mm ID internally-grooved tube experimental flow visualization results from
Spindler and Miller-Steinhagen[74] for R134a at-20°C with aheat flux of 7.5 kwW/mz? plotted on the
a) original Wojtan et al. [30] map and b) Modified Sharar et al. [29] map

Figure58 shows the R404a internalyrooved tube data @pindler and Miiller
Steinhagerj74] plotted on the traditiondB0] and modifiedShararet al.[29] flow regime
maps. As is consistent with the above results, the modified model greatly improved
predictive accuracy for the data set. The original model correctly predicted 2/3 Stratified
data points but only 3/11 Annular data points while the nedlimodel predicted 2/3
Stratified data points and a much improved 10/11 Annular data points. The represents an
overall accuracy improvement of 49%om 36% for the Wojtan et a]30] model (only

5/14 correct) to 85% for theharar et al29] model (12/14 correct).

190



500 : _ 500
Intermittent Mist Intermittent Mist
400 + 400 -
@ 300 - Annular 2 300 | Annular
E £
I, 2
© 200 ¢ 200 -Slu
=) o o Si o o
Slug and ryout Sugandg . Dryout
100 1 stratified-q o o o 10oStratified o o
_ Wavy | ° gyatfiedwavy || A ° StratifiedWavy
o |_Stratified 0 Stratified
0 010.20.30.4050.60.70.809 1 0.00.10.20.30.40.50.60.70.80.91.0
X () X (b)
o Stratified o Annular

Figure 58 8.92 mm ID internally-grooved tube experimental flow visualization results from
Spindler and Miller -Steinhagen[74] for R404aat -20°C with a heat flux of 7.5 kW/m2 plotted on the
a) original Woijtan et al. [30] map and b) Modified Sharar et al.[29] map

A full tabulation of the succesof the originalWojtan et al.[30] and modified
Sharar et a[29] flow regime maps are shownTrable 19. The left column represents the
experimentalf observed flow regime or testing parameters and the next 8 columns
represent the number of successful predictions and total data points (successful/total) for
the Yu et al[66], Colombo et al[79], andSpindler and MdulleiSteinhagerj74] studies
when superimposed on the traditiohdbjtan et al.[30] and modifiedShararet al.[29]
models. As shown, the modifi model outperforms the traditional model for predicting
flow regime in internallygrooved tubes. The net result is a weighted average success rate
improvement of 21%, from 65% for the original model to 86% for the modified model.

The new model, applietb the internallygrooved tubes, did not always improve
the success of predicting Stratified and Intermittent flow. A minor reduction from 45/47
to 43/47 Intermittent data points for the Yu e{@#] study and from 2/4 to/@ Intermittent

data points for the Colombo et ff9] study was observed. Similarly, a minor reduction
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from 31/31 Stratified data points to 28/31for the Colombo €78].study was observed.
However, the new model vastly improved the predictability for Annular flow in all of the
studies. The new model improved Annular flow predictive accuracy from 6/30 to 21/30
for the Yu et al[66] study, 25/42 to 42/42 for theol®mbo et al[79] study, and 6/22 to
19/22 for the twoSpindler and MiulleiSteinhagen[74] tests; this represents an
improvement of 48% in predicting Annular flow, from 39% accuracy to 87%, bytiadop
These trends are consistent with those described in Settiand

the new model.

summarized iMablel6, for the current data set.

Table 19: Predictive accuracy ofTraditional Wojtan et al. [30] and Modified Sharar et al.[29] flow

regime maps
Yu et al. Colombo et al. | Spindler and Muller-Steinhagen
Fluid R134a R134a R134a R404a
Sat. Temp. 6°C 5°C -20°C -20°C
Diameter 11.1mm 8.92mm 8.92mm 8.92mm
Model Wojtan Modified Wojtan Modified Wojtan Modified Wojtan Modified
Stratified N/A N/A 31/31 28/31 2/3 2/3 2/3 2/3
Intermittent 45/47 43/47 2/4 0/4 N/A N/A N/A N/A
Annular 6/30 21/30 25/42 42/42 3/11 9/11 3/11 10/11
Total 51/77 64/77 58/77 70177 5/14 11/14 5/14 12/14
% 66% 83% 75% 91% 36% 79% 36% 85%

8.7.2 Heat Transfer Coefficient
Figure59 shows heat transfer coefficient vs vapor quality for the smooth (solid red

circles) and internajtgrooved tubes (hollow red circles) tested at 163 kg/m3s in the Yu et
al. [66] study. The original smooth tube Wojtan et[all] heat transfer model and the
current internallygrooved tube modare also plotted oRigure59; The Wojtan et al31]

model is represented by a solid red line and the new model is a dashed green line. As
shown in the figure, the heat transfer coefficient remaglatively low but slightly
increases over the range of vapor qualities tested for the smooth tube. Again, this is due to

unt i | a va

the prevalence of Stratified flow and a large dry perim§ter{ 0) u p

of 0.32 when it approaches Annular flow; refer backigure8. As shown, this trend is
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reasonably well predicted by the original Wojtan et[&l] smooth tube red transfer

coefficient correlation.
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Figure 59: Heat transfer coefficient vs vapor quality for theoriginal Wojtan et al. [31] model,
Modified heat transfer coefficient described in this Dissertaion, and data from Yu et al.[66] for an
11.1 mmsmooth andinternally -grooved tube withR134a at 6°Cand a heat flux of 20 kW/n?

The trend for the internallgrooved tube is much different as a result of early
transition toAnnular flow and a fully wetted perimetdr ( =0). As can be seen igure
55b at 163 kg/m2s and vapor qualities greater than x=0.3, transition from Slug and
StratifiedWavy to Annular flow occurred in the internallyoovedtube. The result, as
shown orFigure59, is a relatively poor heat transfer coefficient for vapor qualities below
0.2-0.3, after which a sharp increase is seen; this sharp increase corresponds directly with
the transition to Analar flow. For vapor qualities below 0.2 where both the smooth and
internally-grooved tube are operating in Slug and Strati¥i¢avy flow, the tubeheat
transferenhancement ratio approaches the eaeg; at a vapor quality of 0.15, the smooth

tube hasa heat transfer coefficient of 2631 W/m2K and the interrgiboved tube has a
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value of 3738 W/m2K (3738/2631=1.42). However, the enhancement ratio reaches a
maximum value of close to 2.2% eapor quality of 0.52 where thifim Annular flow
prevails inthe internallygrooved tube and Stratified/avy flow persists in the smooth
tube The results further demonstrate that the large heat transfer enhancementoat low
intermediate mass fluxes commonly observed in intengathpved tubes is strongly
relatel to early transition to Annular flow. As showmFigure59, the model described
herein captures these trends and provides a tool for analytically and physically defining
this enhancement mode.

Figure60 shows the normalized enhancement ratio vs mass flux for a vapor quality
of 0.450.55 for thedata from Yu et al[66] (hollow red circles), Filho et al[75] [38]
(hdlow bluetriangles), Colombo et dI79] (hollow black diamonds), and the current data
from Figure51; error bars were not included to maintain figure clarity, however, please
refer to Section8.5and8.6.2for a discussion. The independent data was extracted from
the two enhancement ratio vs vapor quality figuifggure 9 and Figure 10) shown in
Chapter 3 The enhancement ratios showrFigure60 have been normalized by dividing
the tube heat transfer enhancement odthy t he
t ube e gandalawseasigr @omparison among tubes with different geometric
parameters. Thielueand greemashed linerepresenthe8.84mmand 2.62mnpredicted
normalized enhancement ratios averaged over a vapor quality of 0.45 to 0.55 and plotted
as a functiorof mass flux. The predicted values are obtained by comparing the predicted
results from the current internalgrooved tube modedescribedn Chapter 4to the
Wojtan et al.[31] smooth tube model. The modebmparisonpredicts heat transfer

improvement approaching 1 (recall these results are normalized to eliminate the effect of
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area enhancement) at sufficiently low mass flux where both tubes are operating in Stratified
flow and high mass flux where both tubes are in thewar flow regime. Large
enhancement is predicted at lvavintermediate mass fluxes where the smooth tube is

operating in Stratified flow and the internathyooved tube is operating in Annular flow.
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Figure 60: Normalized enhancement ratio vs mass flux with data from the current study and data
from three independent researchers
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It should be noted that the predicted enhancement shokigune60 is for HFE
7100 and the unique geometric paranetof the internalhgrooved tubse used in the
curent study. Again, applying tbe exact predictioa to different working fluids,
saturation temperatures, and geometric parameters has limitations because these
parameters can affect the mass fatxwhid flow regime transition occurghe relative
effect ofturbulence and thegrooved tubeenhancement. However, the model appears to
adequately predict the trends shownYayet al.[66], Filho et al[75] [38], and Colombo
et al.[79].
8.8  Applicability of the Sharar et al. Model

The cfurownmap and heat transfer coeffici
with data.[f66&®]nCoYuo ngbth9debtp i anldASe¢ re i MhTadglehn | ho
et.[&lpB,&ntdhe cdiatreavhdath,ocakhver ed -grnacewendaltlwbe
with interonfal2.d6i2ammet edr.s54 mm, 8. 84 ni,348a 92 mnm
R404a, A1 da0sHFtEh e war, kiamgd fhleuwaitd f | px esThuep t
Liebenbpi@dnpEterari.tt ent tuos eAdn niunl atrh et rcaunrsrietnito
intewgmaloivegd tubes with internal dila3nea,er s
R22, 4M0M®dCR Furthermore, tdrei gliart alb 4\8d) Jtuasre de
mapovers tubes with internal di ameters froc
nmel 3y 3R a2,2 ,R Al dAadRet adiilsecdussi on on the range
to valodagenaheWojtan dt38Qd&ld. hfelaowtmreaggishe rn
[ 3,1]as wRlalvigsaruhaj §2Bhnhdigbavehdy ek sube enhanc
fag¥Wardarmempirically ce¢aeani fadctemhamdaemduced

[ 9,%] ,can be Choaupntde ri ™4 .
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current mo d e | woul d benefit feomf drudar e h e

assertions.

Table 20: Saturated Properties of Various Fluids

Fluid Properties at 0.1 MPa
Boiling pt. (°C) | 4L (kg/m3) | Jv(kg/m3) | 0 ( mN| gL (€ Ba| ev( ¢t BA
R113 47 1509 7.29 14.8 493 10.3
R134a -26 1377 5.19 15.5 380 9.76
R22 -41 1410 4.64 18.1 347 9.68
R245fa 14.5 1367 5.83 154 466 9.97
R410a -52 1361 4.12 17.8 387 9.89
FC-72 56 1680 134 10 262 12.1
HFE-7100 61 1370 9.87 14 275 11.3
Water 100 958 0.59 58.9 283 12.3

8.9 Refitting the Sharar et al. Flow Regime Map
The Sharar et aJ29] flow regime mapdeveloped based on trés observed in the

literatureand described in detail @hapter 4vas notrefitted based on the current set of
data using HFEZ100 in 2.628.84mm interally-grooved tubesWhile it was shown to be
accuratefor 86-88% of the flow regime data for the current data sets ilikely that
alterationdased on theollection ofnew datain conjunction withdata from the literature

will improve flow regime pedictability and subsequentlizgeat transfer predictabilityThis
section aims to carefully and precisely address this theory, indicating the merits of a more
comprehensive future effort.

One trend that was observed for the 2.62mm, 4.54mm, and 8.84temaih-
grooved tubes was mgrediction of Annular flow near the transition boundary between
StratifiedWavy and Annular flow.Specifically, at low mass fluxes of 50 and 75 kg/mz2s
and vapor qualities greater than 0.60, the Sharar [@9%flow regime map predietdthat
the grooved tubes should transition frémnular flowto StratifiedWavyflow. However,
as showrfor the 8.84mm(Figure42c), 4.54mm Figure45c), and2.62mm (Figure 48c)

internally-grooved tubeghe experimental flow regime was found to be Annular flow for
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thisrange of operating condition&igure45c for the 4.54mm grooved tube is reproduced

on Figure6labelow for convenience.
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Figure 61. 4.54mminternally -groovedtube data plotted on a) theSharar et al. map [29] described in
Chapter 4 and b) the adjusted map based on the current data sewith HFE -7100 at 61°C, G=50
kg/ mjs, and gqo6=9 kW m]

l'tds interesting to noteeeratllyluadépretidiseshe h e a't
heat transfer coefficierfor the same conditionsecause the flow regienmap ancheat

transfer model incorrectly predi&tratified flow and a large dry angle. This is clearly

shown orFigure46afor the 4.54mm grooved tube wilmass flux of 50 kg/m?2s and vapor
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qualities greater than 0.6; this dais reproduced orrigure 62a below, again for

convenience. Therefore, this region of low mass flux, ranging from 50 to 75 kg/m?3s, and

high vapor qualities, greater than 0.60, represents a parametric space that could benefit

from adjustment to the flow regime map.
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To better capture this trend, an adjustment to the Strawfiedy to Annular

transition boundary can be made@df @ . '
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prevents the StratifieWavy to Annular transition boundary from increasing past the
minimum predicted value at high vapor qualifyigure 61 shows the4.54mm internally
grooved tube flow visualizeon results plotted in coordinates of mass flux and vapor
quality and superimposed on the Sharar ¢28].map, described in Chapter 4, and revised
Sharar et al[29] flow regime map based omd above adjustmenEigure 61a is the
4.54mm internallygrooved tube experimental results on 8tearar et al[29] map and
Figure61b is the internallygrooved tube resuliglotted on the adjusted Sharar et[29]

flow regime map. Stratified data points are represented by red circles, Intermittent data
points are blue triangles, and Annular data points are shown by green squares.

As shown ly the figure, the proposed modification increases the predictability of
Annular flow at low mass flux (5@5 kg/m2s) and high vapor quality (x>0.6). Specifically,
the prediction of Annular flow increases from 95/112 data points to 102/112 data points.
This represents an improvement from 84.8% to 91.1% for predicting Annular flow in the
4.54mm internallygrooved tube and a weighted average improvement from 86.1% to
90.4%. This modification does not result in any change to the predictability of Stratified
and Intermittent flow.This analysis would be expected to provide improved predictability
for the 8.84mm and 2.62mm internafiyooved tube data; future work should focus on
justifying this assertion.

Figure 62 shows a comparisoof experimental heat transfer coefficients for the
smooth and internaltgrooved tubes with HFE100 at a heat flux of 9 kW/minass flux
of 50 kg/m2sand a tube diameter of 4.54mRigure62ais the experimental results plotted
with the heat transfer correlation predicted based on the Sharaf28] ahap andrigure

62b is the predicted heat transfer coefficient based on the above alteraliba
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experimental smooth tulziata points are shown as red squares and the integnattyed
tube data points are green circles.

As previously mentionedhe heat transfer coefficiembrrelation based on the
Sharar et a[29] map Figure62a) significantly under predicts the heat transfer coefficient
at high vaor quality, x=0.60.8. This is a result dhe flow regime mapnis-predicting
transitionto StratifiedWavy flow where the observedexperimentalflow regime was
Annular flow, prior to dryout The predicted heat transfer coefficient based on the adjusted
flow regime mapshown inFigure62b, predicts Annular flow and a reduced dry angle at
this operating conditian As a result, the predictdteat transfer coefficient more closely
resembles the experimental heat transfer resuapatr qualities from 0:6.8.

As shown at a vapor quality of approximately 0.85Fogure 62b, there is still
uncertainty in predictingerformance at these conditions, despite the favorable outcome
of this adjustment. Therefore, a more comprehensive feedback study needs to be conducted
to firmly establish the flow regime transi
boundaries fominimizing error between the model and combinathdrom the literature
and current study. Future studies should focus not only on the Stratifieg to Annular
transition, but also the Intermittent to Annular transition, and the effect of heat fhive on
Dryout boundaries.

8.10 Summary

The preceding chapter has presented an experimental and analytical study of flow
boiling of HFE7100 in horizontal 2.62mm 8.84 mm diameter smooth and internally
grooved tubes, with mass fluxes from280 kg/mz2s, heat fhkes from 456 kW/mz2, and

exit vapor qualities approaching 1. The new phybiased flow regime map and heat
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transfer model described @hapter 4verequantitativelyand statistically validated using
the current data and data from the literature. Mddes the literature were also compared
to the current data set.

It was shown that the Wojtan et §B1] regimebased heat transfer coefficient
correlation, with a mean and absolute deviatior1df0% and 26.9%, outperforché¢he
smooth tube models of Chgb], Shah57], Kandlikar[93], Gungor and Winterto[b9],
and simplified twephase flow boiling correlain by Gungor and Wintertof®0]. This
was especially true at mass fluxes below 150 kg/m?s where Strféeg and Stratified
flow occupied a large portion of the parametric space. Deficiencies in the Wojtan et al.
[31] model for predicting heat transfer coefficient at high heat flux and near dryout
conditions represerat future research opportunity

Similarly, the new Sharar et §29] flow regime map and asso@altregimebased
heat transfer coefficient correlation outperformed the intengatypved tube correlations
from Thome et al[91], Cavallini et al[117], Chamra and Mag[62], Wu et al.[103],
and Yun et al[90], particularly at mass fluxes below 75 kg/m?s where Stratifledy and
Stratified flow occupied a large portion of the parametric space; the meaabsoldite
deviation for the new model was 4.0% and 32%, respectively. The largest source of
deviation was at high vapor quality where the model predicted dryout and Annular flow
was sustained in the internallyooved tubes. Additionally, largénannormal errors
arose near the transition boundary between Stratfiagtly and Annular flow, presumably
due to uncertainty in the reported mass flux. Suggestioriatfoe flow regime and heat
transfer model improvements (as well as improvements to the exgoeaitest setup) were

made focusing primarily on the need for future research orgth heatflux, dry-out
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conditions, and operation close tovl regime transition boundaries.lofg these lines, a
section of this chapter was devoted to identifying thetmef altering the newly developed
flow regime map and heat transfer coefficient correlation. &heysis indicated that
more comprehensive feedback study needs to be conducted to firmly establish the flow
regime transition boundaries and what constut es O6opti mumd boundar
error between the model and combined data from the literature and current study.

Based on results from the current study and those from independent researchers, it
was shown that heat transfer enhancement atdentermediate mass flux is primarily
due to early flow regime transition in internatiyooved tubes. Additionally, it was shown
that heat transfer enhancement approaches the area enhancement when the smooth and
internally-grooved tubes are operatimgthe same flow regime. This applied at sufficiently
low mass flux, where Stratified flowsiexpected, as well as high mass flux, where Annular
flow is expected. This result fulfills the gazfldevelopng and validating physicsbased
heat transfer maal that represents the impact of #pbase flow structures and is coupled

to a reliable flow regime mga05].
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Chapter 9: Conclusions and Future Wo

9.1 Conclusions
The predictive accuracy for twghase flow boiling in smooth chaneehas

benefitted from the adoption and proliferation of reginased heat transfer coefficients.
Unfortunately, he same level of phenomenological insight and physical modeling for
internally-grooved tubes has ngét been developedTherefore, a strongexperimental
and theoretical knowledge base needs to be establisheshiHancement in internally
grooved tubes focusing on a more comprehensive understanding of the physical
mechanisms responsible for improved perforoeaim these tubes. Pursuanthstgoal,
thiswork focusel on the analytical development and experimental validation of a physics
basedlow regime map antieat transfer coefficient model that recognize the role played
by two-phase flow structures in enhancing thermal transpdttin internallygrooved
tubes.

A detailed analysis of smooth and internajlpoved tube data for twpehase flow
of refrigerants, obtained from the literature and superimposed on the Wojtarj3€}] al.
flow regime map, revealed thperformance improvement-{Btimes that of a plain tube)
in internally-grooved tubes at lowo-intermediate mass flux is a result of early transition
to Annular flow. At high mass flux where the smooth tube and intergatipved tube are
operating in Anular flow, the enhancement reduces to the internal area ratio (1.5 to 1.8
times that of a plain tube). The current state of-plvase flow regime maps and heat
transfer correlations for internattyrooved tubes was summarized and motivation for the

current research effort was established.
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Based on the trends revealed in the literature review, the existing Wojtaf86ét al.
flow regime map was modified usinige Liebenberg et al114] Intermittent to Annular
transition and the Sharar et 4R9] StratifiedWavy to Annular transition criteria.
Additionally, the Ravigururajan and Bergld28] turbulence factoand an empirically
derived ehancement factor introduced by Thome e{Hl] were adopted to modify the
associated heat transfer coefficient correlatibhese modifications represesttanges in
the physical mechanisms responsible for enhancementernally-grooved tubesind
resulted in varying th calculation of the dry perirtex angle/ . Through analytical
modeling simulations, it was shown that heat transfer enhancemeft toth&s a smooth
tube at lowto-intermediate mass flux can be modeled by early flow regime transition to
Annular flow in internallygrooved tubes. Additiofig, it was shown that using the same
model, it is possible to predict heat transfer enhancements that approach thgcassen
the smooth and internallgrooved tubes are operating in the same flow regime. These
trends were consistent with those illissti from the literature review.

A single and twephase test facility was designed and fabricateckperimentally
validatethe newlydeveloped flow regime map and regHib@sed heat transfer coefficient
correlation; focus was given to collecting andgassing thermofluididatg namely flow
regime and heat transfer coefficient, to substantiate flow regime transition as a key
enhancement mechanism in internajlpoved tubes. Before twghase experiments were
considered, a singlphase energy balance darneat transfer statistical analysis was
conducted. Theoretical predictions from DitB® e | t e r (both &édcommond
form), Colburn, and Gnielinski were compared to the sHphlase smooth tube

experimental datg25]. The &6 commo n éoeltar comelatoh wat theemofd i t t u ¢
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accurate for predicting singfghase flow of HFEZ100 in 2.8mm, 4.54mm, and 8.84mm
smooth tubes with a mean and absolute deviation of 7.07% and 9.02%, respectiely.
DittusBoele r ( bot h 6écommoné and o6originalé form
were modified using thRavigururajan and Bergl¢a8] turbulence factor to predict single
phase flow in the internalg r ooved t ubes . rmofftieeittusBoeltermo n 6 f
correlation (modified with the turbulence factor) was the most accurate for predicting
singlephase flow of HFEZ100 in 262mm, 4.54mmand 8.84mm internalkgroovedubes
with a mean and absolute deviation of 4.46% and 11.08%ectegely. This illustrated
that the test setup was functioning properly and the experimental method was robust and
capable ofproviding reliable measurements. This also validated the use of the
Ravigururajan and Bergl¢38] turbulence factor in the heat transfer coefficient correlation
described in this dissertation

A norrintrusive optical sensor, based on Total Internal Reflection (TEif)
capable of determining the liquid film thicknessas developed to study the dynami
nature of twephase flows. e new method represents a moetéable method for
experimentally determininfiow regime compared to the common visual and verbal flow
regime definitions.The method consisted of shining a red fibptic light source thnagh
the top of an optically transparent glass tube, using a CMOS camera to capture light rings
resulting from total internal reflection at the liqwdpor interface, and extracting a film
thickness profile from the resulting images. It was found thdgréifit flow regimes
resulted in unique temporally varying film thickness profiles, which were confirmed using
high speed visualization. Using these profiles, quantitative flow regime identification

measuresvere developed, including the ability to explaamd quantify the more subtle
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transitions thabccurbetween dominant flow regimed he flow regime maps of Taitel
Dukler [46], Ullmann-Brauner[141], and Wojtan et al30] were found to correlate the
smoothtube experimental data accurately,varying degrees, thuslidating the use of
the TIR technique in predicting flow regime.

Flow regime datahased on the newAgeveloped Total Internal Reflection method
and heatransfer coefficient dataysinginfrared thermographyyvas collectedor two-
phase HFE/100 flow in horizontal.62mm- 8.84mm diameter smélo and internally
grooved tubesvith mass fluxes from 2800 kg/m3s, heat fluxes frod56 kW/mz2, and
vapor qualies approaching. In total, over 6,500 combined data points foratmbatic
and diabatiesmooth and internaltgrooved tubes were acquired.

For the current smooth tube data, it was shown that the Wojtan&t Jalegime-
based heat transfer coefficient correlation, with a mean and absolute deviatidr0ét
and 26.9%, outperformed the smooth tube models of (Bt¢nShal{57], Kandlikar[93],
Gungor and Wintertorf59], andthe simplified twophase flow boiling correlation by
Gungor and Wintertof60]. This was especially true at mass fluxes below 150 kg/m?3s
where StratifieeWavy and Stratified flow occupied a large portion of the parametric space.
Similarly, themodified Sharar et al[29] flow regime map and associated regibesed
heat transfer coefficient correlaticsiescribed hereimutpeformed the internalhgrooved
tube correlations from Thome et 1], Cavallini et al[117], Chamra and Mag[i62],

Wu et al.[103], andYun et al.[90], particularly at mass fluxes below 75 kg/m2s where
StratifiedWavy and Stratified flow occupied a large portion of the parametric space; the
mean and absolute deviat®rior the new model werd.0% and 32%, rgectively.

Adoption of the new flow regime m§p9] improved flow regime predictive accuracy from
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66.7% to 88.3% for theurrent data set aritbm 65% to 86% when compared to data from
Yu et al.[66], Colombo et al[79], and Spindler aniuller-Steinhageti74].

Based on results from the current study and those from independent researchers, it
was shown that heat transfer enhancement atdantermediate mass flux is primarily
due to early flow regime transition in internatjyooved tubes. Additionally, it was shown
that heat transfer enhancement approaches the area enhancement when the smooth and
internally-grooved tubes are operatingie same flow regime. This applied at sufficiently
low mass flux, where Stratified flow is expected, as well as high mass flux, where Annular
flow is expected. These results fulfill the goabelelopng a physicsbased heat transfer
model that represgs the impact of twphase flow structuras internally-grooved tubes.
9.2  Future Work

Several recommendations for future interngjfpoved tube research have been

identified based on the preceding literature review and experimental work:

a. The largest daation between the current model and experimental results was
at high vapor quality where the model predicted dryout and Annular flow was
sustained in the internaligrooved tubes. Additionally, largénannormal
errors arose near the transition boundsetyveen StratifiedVavy and Annular
flow, presumably due to uncertainty in the reported mass flux. Future research
on high heat flux, dryout conditions, and operation close to flow regime
transition boundaries should be undertaken.

b. Even though the newldw regime map and heat transfer model improves
predictive accuracy, there is still uncertainty in predicting performance under

certain conditions. It was shown that alterations to the map, based on the
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collection of new data and data from the literatags improve flow regime
predictability and subsequently, heat transfer predictabilitfyherefore, a
comprehensive feedback study needs to be conducted to firmly establish the
flow regime transition bundaries and what constitutes optimboundaries for
minimizing error between the model aadailable data Future studies should
focus not only on the Stratified/avy to Annular transition, but also the
Intermittent to Annular transition, and the effect of heat flux on the Dryout
boundaries.

Similarly, deficiencies in the Wojtan et a]31] model for predicting heat
transfer coefficient at high heat flux and near dryout conditions represents
future research opportunities.

. Researchers have observed performaiféerencedor identical test conditions

but variable tube groove parameters. Therefonggi@ systematic study of the
effect of fin shape, fin height, number of fins, helix and apex angle, and ratio of
relevant parameters needs to be undertaken to determine the séiation
between these parameteflow regime, and thermoflugerformanceand what
constitutes a geometricallyptimum tube for given operating conditions

It is not entirely clear what impact operation of refrigerants @@dat high
reduced pressure haas dow regimes and heat transfer in internalpoved
tubes. Future studies are needed. Please refdrayoter Jor more details.

All of the small diameter internalgrooved tube studies in the literature for

refrigerant/oil mixtures use@€O; at 10C and polyalkylene glycol (PAG).
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Thus, there is a need to extend the experimental database to other refrigerant
and oil combinations.

When undertaking the above tasks, effort should be made to adhere to the following

research guidelines:

a. Concurrent hdaransferandquantitativeflow regime datashould becollected
over a wide range of operating conditipnmrticularly low mass fluxio
establish the intrinsic relationship between the domifilamt structure and
thermofluid performance in internallygrooved tubes  Additionally,
compari®n to existing correlationslow regime mapsand smooth tube data
as a means to normalize the resudt®uld accompany all experimentt
determine the current state of internajiypoved tube predictive methods.

b. The majority of the studiesn the literaturerelied solely on subjective flow
regime data collection, which calls into question the accuracy of the results.
Future studies should focus on objective flow regime determination methods to

obtain more accurate anelpeatable results.
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AppendixA At omi c Layer Deposition

As describedn Chapter 5the smooth and internallyrooved tubes were coated
wi t h 8 ¢418inR&pegdltyeCGoaing Systems PDS2010 coating tool followed by
12,000 A of Titanium and 2,000 A of Platinum in a CHAb&m evaporator using a
rotating stepper motor assembly. Flsupplied a robust, conformal, thin film resistor
necessary to experimentally heat the tubes. However, there were alternative heating
methods that were being explored. This Appendix gives a brief description of candidate
heating methods and focusesamattempt to create thin film heaters with Atomic Layer
Deposition (ALD).
A.1 Candidate Heating Methods

When choosing a heating method it is important #pgtropriateheatflux levels
can be mefor all of the tubes For a maximum heat flux of 56 kW/m?2, ti8e84mm,
4.54mm, and 2.62/2.8mm smooth and internrgtyoved tubes need to have 210W, 100W,
and 60W of heat applied, respectively. For3b¥, 10A TENMA DC power supplysed,
this suggests resistances of X&8r the 8.84mm tubes, 12.¢5or the 4.54mmubes, and
~20.5¢ for the 2.62 and 2.8mm tubes. In addition to staying within these resistance levels
the chosen method shid provide a uniform heat flux and should allow for IR imaging

One option was to electrically heat the tubes themselvebe case of the smooth

T

and internallygrooved copper tubes, the resistance ddrie om 91 0Y to 5000Y.

35V 10A TENMA DC powersupply, these resistances would only provid@ésW and
0.009W of thermal energy to the smooth and interngllgovedtubes;this is clearly

inadequate given the goal of 210W to 60Whinning of the tube walls through chemical
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etching or machining would likely double the resistaacel power dissipatiqtut would

not be adequate to reach higkat fluxes Wieland does not amufacture stainless steel or
other low electrical conductivity material tubes, therefore, direct heating of the tube wall
was not possible. Another option considered was wrapping the tube with a wire or
electrical heater. Howeveryd to the potentialariable contact resistance, and associated
nontuniform heat flux, the wire wrapping method is not an appropriate solution.
Additionally, crosdlow of hot water in an annulus waonsidered prohibitively complex,
would likely not provide a uniform heatuk condition and would not allow IR imaging

A.2  Atomic Layer Deposition Heating

One aternative to the above methods sm deposit a thin layer of dielectric
material on the outer surface of the tube followed by a thin layer of metal. This method
would povide electrical isolation between the tube and resistor, allow for IR imaging,
virtually eliminate contact resistance, and provide repeatability if ALD (atomic layer
deposition) or other cleanroom tools are employed. Based on these perceived benefits,
ALD coated thin film heater was considerepraferred method for heating the smooth and
internally-grooved tubes.

ALD is a chemical vapor deposition (CVD) method tkatadvertised)allows
building nanometer thick, pinhokeee, conformal thin filmson any 3D shape and
geometry. Proponents of this technology cite further benefits such as excellent adhesion,
selfterminating reactions, precision, and repeatability. Based on these claims, the use of
ALD appeared to be an attractive solution to caatire tubes.

To provide the primary insulating layer, Alumina was chosen because it has a very

high electrical resistit, good voltage holdff (10V/nm) [164]), good thermal
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conductivity (40W/mK), and is relatively inexpemsi Furthermore, Alumina is widely

used in ALD processes and is, therefore, well characterized. Based on the properties of
Alumina, the insulating layer neededbe at leass.5nm thick to provide th85V hold-off
necessary for thpower supply; for adrge safety factor and a more robust film, a final
thickness of 200nm was depositedio provide the secondary resistor layer, Ruthenium
was chosen based on lab capabilities. The Ruihe layer should be 16850 nm to
provide appropriate resistances atldw the appropriate heat fluxes to be appli&thown

in Table21are the physical properties and thicknesses needed for the copper tube, Alumina
layer, and Ruthenium layer.

Table 21: Material properties of interest for ALD coated copper tubes

Material Thermal Conductivity ~ Electrical Resstivity ~ Voltage Hold-off ~ Thickness
(W/mK) (_n-m) (Vinm) (nm)
Copper 400 16.8 - _
Alumina 40 - 10[164] 200
Ruthenium 117 71 - 100-250

A .2.1 ALD Uniformity
One concern is that the Alumina and, more importantly, the Ruthenium layers are

uniform circumferentially and axially along the tube. If the Alumina is not uniform, it may

not provide the required electrical isolation. Furthermore, if the Ruthenium is not uniform,

then the resistance will vary along the tube and a uniform heat fhditmm will not be

obtained. It is difficult to measure film thickness otuaved surface such as a tuba. |

order to simulate the sides of the tube (1tc¢
were attached to a custom cantilever fixtanel placed in the ALD topaschematic of the

setup is shown irFigure 63. The silicon wafers were plated with several microns of

titanium and copper in an evaporator before the ALD process. The purpose of this step
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was to beer simulate adhesion to the copper tubes and also provide a conducting undercoat

so that probes could be used to determine if the Alumina was insulating.

right

_ top >

Figure 63 Schematic (side view) of the cantilever test setup madetiest material thicknessin the
ALD tool

Using a Cambridge NonoTech Fiji ALD tool, the process consisted of a repeating
cycle of trimethylaluminum (TMA) precursor pulse, purgeOHulse, and a final purge
for a total of 2000 cycles. The TMA anc® yield ALD Al20s. The process had a
deposition rate of approximately 1 angstrom per cycle, resulting in approximately 200nm
of Al umi na. Two different Al umi na proces
0t hermal 6 Al umi na. Us i n thickaess, results shpwedthae t e r
the Plasma process did not vary axially but varied by as much as 14% circumferentially.
The Thermal process did not vary axially and varied by only 4% circumferentially. For
both processes, the Alumina film was insulatifigerefore, th& hermabAlumina process
was better suited to coat the copper tubes due to the increased uniformity.
A .2.2 Pinhole Defects in ALD

As discussed above, ALD is advertised as a pinfreke conformal coating,

however, various researchémsluding Zhang et al[165] have shown that Alumina ALD

coatings can suffer from pinholes and defects that can degrade film intelgnitigoles
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would represent a void in the insulating layer and a potential avenue for an elsbwital
from the resistive layer to the copper tubEherefore, before coating with Ruthenium,
experiments were conducted to ensure that the Alumina thin films were pinhole free.

In addition to being uniform and transparent, voids in the ALD thin filmseaon
the same order as the films themselves, nanometers, which canlete&tion a formidable
task. Using conventional microscopy techniques can be difficult for void detection.
Instead, the pinhole defect density can be characterized by usingex etggiroplating
visualization technique developed by Zhang €tl&5]. Figure64is a schematic showing
the formation of a copper metallic bump on a conductive substrate. dartleat case, the
initial copper layer used to better simulate adhesion on the copper tubes serves as the
conductive material. When the sample is placed in an electroplating bath and a potential
is applied beteen the conductive substratedaihe solution copperwill deposit in the
pinhole and a copper bump will form. Not surprisingly, electroplating is commonly used
to make metal nanowires and int@moects in nanoporousmplate§166]. As shown in
the schematic, the coppbump is larger in size than the pinhole and also opaque which

makes imaging possible with conventional methods.

Alumina electroplating Alumina

a) b)
Figure 64: Schematic showing a copper metallic bump formed at a defect site when electroplating a
conductive sibstrate in an electrolytic solutionof H2SOs and CuSOy (adapted from [165])
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Figure65shows SEM images of an Alumit@ated Silicon substrate that was-pre
treated with a titaniurgcopper coating. The figure on the left is the substrate before the
electroplating process and the figure on the right is after the plating process. In the current
study, the copper electrolyte bath was composed of 15 g/L of Cu and 210 g/L sulfuric acid
[167]. Samplesvere plated for 20 minutes each. Itis clear from the figure that defects are
not readily apparent before electroplating but copper nodules are clearly visible after
electroplating. For several samples testeddéfect density exceeded 50/cm?. Defect
densities on this order would provide paths for potential short circuiting of the thin film
resistor to the underlying conductive substrate/tube. It is reasonable to assume that the

electroplating bath had littl@tho deleterious effect on tiA¢20s film [168].

a) b)
Figure 65: Comparison between SEM images of 200nm thick Alumina deysited on Cucoated Si
substrates a) before and b) after electroplating process

To confirm that the defects would eliminate the necessary electrical isolation,
several copper tubes were coated with 200ne®@A&nd sent tdmpreglon[169] to be
coatedwith Titanium Nitride (TiN). TiN is an extremely hacgramic material commonly
used to coat machine tools such as drill bits and milling cutters. In addition to the robust

mechanical properties, TiN is also electrically conductive so it is suitable as a resistive

217



material. After the tubes were coated mpteglon, they were tested for electrical isolation
between the copper tube and TiN film. Unfortunately, the two layers were not effectively
isolated by the 200nm ADs layer. Presumably, this was a result of the pinhole defects
previously discussed.
A .2.3 Ruthenium ALD

Despite the known concerns with the primary@slinsulating layer, experiments
were also conducted usirthe Cambridge NonoTech Fiji ALD tool to observe the
properties of the secondary conducting Ru layer. Unfortunately, the Ru layer strtiered
nucleation effectawvhich are temperature and substi@pendenfl70]; Figure66 shows
a SEM image of Ru nucleation sites taken during the current s@aiynbridgecustomer
support indicated #t a chamber conditioning step of 3éR@00 cycles of Ru would
promote the stable growth of Ru films. Unfortunately, the Ru precursor material was
prohibitively expensive and a more detailed experimental study involving extensive
chamber conditioning stepwvas not feasibleWe were sufficiently satisfied with being
able to explain o6whydé this pandpeled enthe met ho

Parylene and TPt process for creating thin film heaters for the current study

W Signal A=Inlens  EHT Ne me Avg
e e e e e g o e e o ]

Figure 66: SEM image of Ruhenium nucleation sites
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AppendixB Matl ab Code for Tot al | nt

This appendix describes the Matlab code used for systematically calculating film
thickness and flow regime f@hapter 6 The process involves pulling the indiualapngd
picture files from a specified file location, then undertaking the image processing steps
outlined inChapter and included below for the readecconvenience. The basis of the
Matlab algorithm was detmining the distance between the liglource and the reflected

rays and calculated the liquid film thickness using the following relationship:

5 @ cOO0AI
¢ OAT

(72)

Several image processing steps were required to extract a film thickness value from
an unrefined image. First, the image was captured with an appropriate camera. Shown in
Figure67a is a captured image with no film (dry channel). The black shaft on the bottom
center of the figure is the painted fiber optic LED connecting to the diffuse coating. The
reflected light ring is visible, but not distinct enough to extterurate film thickness
values. Next, the image was converted teaorly to eliminate background light noise.
Then, adaptive contrast enhancement was performed to normalize the image and remove
complications stemming from intensity variations in taflected light ring as a result of
LED mounting imperfectionskigure67b shows the original image after eliminating green
and blue light, and adaptive contrast enhancement. NexD m@dian filter was applied
to eliminate sdland pepper noise and a simple contrast enhancement code was, applied

resulting in a binary image, ahown inFigure67c. The reflected light ring is now clearly

visible.
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The center of the LED was manually identified. Higure 67c, the center of the
LED is indicated with a red point. Next, a Sobel filter was used to locate the edges where
the binary image changes from black to white and vice versa; the Sobel filter function
outputs a matrix of thedecations. As shown oRigure67c, t he t hird O0edgedé
the Sobel filter will represent the first fully reflected ray. Then, a custom Matlab code was
used to count left and right (pixbl-pixel) out from the LED ceset point while searching
for the third location where the contrast changes. The diameter of the light ring, in pixels,
is the sum of the distance measured to the left and right. Next, the pixel distance was
translated to a physical distance using thettwad the LED (1.27 mm) as a reference scale.

Finally, Equation(49) was used to relate the light ring to a liquid film thickness.

Location of first fully
reflected light ray

Figure 67: a) Raw image of reflected light ring on a tass tube with no film thicknessb) Image after
converting to black and white and contrast enhancementind ¢) Image after converting to binary

The Matlab code used to accomplish this is shown heltbmg with comments to

assist the reader:
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clc

clearall

closeall

B.1  Preprocessing

fiber_dia=0.00127; % diameter of the fiber optic LED

fiber_pix=176; % diameter (in pixels) of the fiber optic
pix=fiber_dia/fiber pix;, % def i nes m/ pi xel (pixel ol engt

center=[603,360]; % manually determined by insgtion

B.2 Importing the Picture and Finding the Location of the First Fully Reflected
Ray

| = imread(183 micrometer calibration.png' % read the file
figure(Name/'l'); % name the figure

imshow(l) % show the figure Figure67a

|_2=I(:,:,1); % change the image to red
Max=max(max(l_2));% find the maximum
Min=min(min(I_2)); % find the minimum
figure(Name'l_2); % name the figure

imshow(l_2) % show the figure

[N,M]=size(l_2); % size of the 'contrast’ matrix
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filtered=medfilt2(medfilt2(medfilt2(medfilt2(medfilt2(medfilt2((medfilt2(I_2))))))) Fo
median filter used to eliminate salt and pepper noise

figure (Name/filtered); % name the figure
imshow(filtered)% show the figure

adapthisteq=adapthisteq(filee, NumTiles,[8
8],'ClipLimit',0.1,NBins', 1000;Distribution;'uniform); % adaptive contrast
enhancement based on local maximum and minimum

figure (Name'adapthisted; % name the figure
imshow(adapthisted) show the figure

contrast=255*((adapthisgsMin)/(Max-Min)); % increase the contrast as described by
Shedd and NewelB1]

figure(Name,'contras) % name the figure
imshow(contrast)% show the figuréigure67b
hold on;

filtered2=medfilt2(medfilt2(medfilt2(medfilt2(medfilt2(medfilt2((medfilt2(contrast,[11
11]))))))); % median filter used to eliminate salt and pepper noise

figure (Name/'filtered2); % name the figure
imshow(filtered2)6 show the figure
hold on

plot(603,3®,r.",'MarkerSize20) % plot the LED centgpoint on the figure
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sobel=edge(filtered20bel); % Sobel filter finds the 'edges' of the high contrast region
(highest slope)

figure(Name,'sobel); % name the figure
imshow(sobel)% show the figure
hold on

plot(603,360r.",'MarkerSizg20) % plot the LED centegpoint on the figurd-igure67c

hold off
B.3  Determining the Number of Pixels Between Lines
ii=0;
1ii=0;
kkk=0;
ring=zeros(N,M);
band=602% region above andelow thecentep 0 i nt t hat wi | | be O6sea
% search for first fully reflected ray to the right
for i =center(2)band/2:center(2)+band/2
iii=0;
1ii=0;
kkk=0;
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for j =center(1):M

if sobel(i,j) == 1

end

if il ==2

if contrast(i,j) == 0

elseifcontrast(i,j) == 255

Jii=0;

end

end

if iil==3

dist_r(i)=abs(jcenter(1));

break

end

end

end

dist_r;
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% search for first fully reflected ray to the left
i=0;
j=0;
ii=0;
1ii=0;
kkk=0;
for i =center(2)band/2:center(2)+band/2
ii=0;
1ii=0;
kkk=0;
for jj =center(1):M
kkk=kkk+1;
j=ii-2*kkk; % aeating a negatively moving index
if sobel(i,j)) ==1
end
if iii == 2
if contrast(i,j) ==
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jii=l jit1; % oounts number of consecutive black pixels
elseifcontrast(i,j) == 255
1ii=0;
end
end
if i ==
dist_I(i)=abs(jcenter(1));
break
end
end
end
avg_dist=(dst_r+dist_[)/2,% the light ring radius is half of the diameter
total_dist=dist_r+dist_|I;
actual_radius=avg_dist*pix;
non_zero=actual_radius(actual_radius~20)liminates any discontinuities
avg=mean(non_zero);
avg_mm=avg*1000;
max=max(non_zero);
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max_mmanax*1000;

plot(1:length(avg_dist),avg_dist) plot the average distance (in pixels)
B.4  Defining Properties and Dmensions

n_tube=1.52; % index of refraction of tube wall (microscope slide)
n_vapor=1; % index of refraction of air/vapor

n_film=1.524; % index of refraction of UV curing adhesive (in actual applications
it will be the index of the fluid at the appropriate temperature)

t tube=0.00101; % thickness of the tube wall in meters (microscope slide)
avg_dist=avg; % avenge radius of the light ring in meters

B.5 TIR Film Thickness Galculation

theta_crit_cl=asin(n_vapor/n_film);

theta_crit_cw=asin(n_vapor/n_tube);

theta_crit_wl=asin(n_film/n_tube);

x_dry=2000*t_tube*tan(theta_crit_cw)

thickness_avg=(av8*t_tube*tan(theta critcw))/(2*tan(theta_crit_cl))
thickness_mm_avg=thickness_avg*1000

max_thickness=(t_tube*(tan(theta_crit_sd)n(theta_crit_cw)))/(tan(theta_crit_cl));
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X_dry =

1.7646

Thickness_avg =

1.8031e04

thickness_mm_avg =

0.1803

Published with MATLAB® 14
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AppendixC 8. @m Smooth anGrobovedndalub
Dat a

This Appendix is a compilation of all of the diabatic 8.84mm smooth and internally
grooved tube data collected during the course of this study; in total, 2098 diabatic data
points are shown balv. The Wojtan et aJ31] heat transfer coefficient correlation as well
as the correlatiodeveloped in this dissertati@me included for reference. Select figures
from this data set @reused for the analysis @hapter 8 Please refer t€hapter or a
description of the more salient trends observed; this Appendix mainly serves as a means to
document the entirety of the experimental results.

Each figure represents a different flowrate-8Z® kg/m2s) and six differetteat
fluxes (456 kW/m?3s). In some scenarios, high heat fluxes could not be accurately
measured because the heat transfer coefficient was too low or dryout occurred and the tube
overheated. However, the heat transfer coefficient correlations werenstiitiéd for
reference. One example of thiFigure75with a heat flux of 56 kW/m?3s.

The experimental smooth tube data points are shown as red squares and the
internallygr ooved tube data poinésmaokehgitéewercer
tests run and 01 G 26 and O6smoot hChapter8wer e t
these do not represent different tubes, just a second run of experiments for validation. The
smooth tube heat transfer coefficient cottieta[31] and thecurrentinternally-grooved
tube heat transfer coefficient correlation are plotted as solid red and dashed green lines,

respectively.
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Figure 68 Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux of 300 kg/m2s and different heat fluxes

230



< 12000 < 11000
£ 11000 { 4 kW/m? £ 10000 | 9 kW/m? |
210000 | S 2 9000 } e
§ 20007 L £ 8000 - H |
o 80007 |2 7000 | =1
B 7000 - | S g el
3 6000 - : 3 )
O 2 5000 | . \
© 5000 - E ; & 7 & :
b7 § A 4 40004 [ ® Py
c 4000 n s \ 1 2 31 m.//// \\ i
S 3000 - AR | G 30001 apn B2 ‘x
— Eﬁ@ — i /,// » F///////
= 2000 =g B S 20004 o= |
£ 1000 - %g | £ 100042
0 T T T T T T T T T = 0 T T T T T T T T T =
0.00.10.20.30.40.50.60.70.80.91.0 0.00.10.20.30.40.50.60.70.80.91.0
X X
& 11000 < 10000
£ 10000 | 18 kW/m? ! E g0go | 28 kwim?
2 , S :
S 9000 - % % 8000 %i 3
§ 8000 - 7 4 £ 7000 | I
S 7000 - 5 e
O - Ts 3 s000{ %=
5 5000 = O
o] T 4000
% 4000 ® 2 -
& 3000 w20 § 3000{° ﬁmﬁﬁ” \
T o2000F _oF \ = 2000 | = WW" \ |
8 1000 £ " L E w000 \
- | T \
0 ! ! T T T T T T T — 0 T T T T T T T T \\:
0.00.10.20.30.40.50.60.70.80.91.0 0.00.10.20.30.40.50.60.70.80.91.0
X X
¥ 10000 < 9000
£ 9000 | 40 kw/mz . E gopo | 56 kw/m? 5 ®
= s ! 2 T e a® | ®
= 8000 - - o +« 7000 - o o8
S 7000 £ =g f & s
S P S 6000 L=
£ 6000 - - u =
3 g 5000 |
3 5000 - u 3 -
= o = 4000 | |
D 4000 ® e 2
0 Ay B ‘ |
€ 3000 | "= wms# S0 £ 3000
F 2000 1+ \ ! = 2000 |
3 1000 | \ § 1000
0 T T T T T T T T “7\77777 O T T T T T T T T T
0.00.10.20.30.40.50.60.70.80.91.0 0.00.10.20.30.40.50.60.70.80.91.0
X X
——————— Modified —— Wojtan o 1IG1 e |IG2 o smooth 1 ®  smooth 2

Figure 69: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and interally-grooved
tubes at a mass flux 0R00 kg/m2s and different heat fluxes
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Figure 70: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux oLl 75kg/m2s and different heat fluxes
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Figure 71: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux of 30 kg/m2s and different heat fluxes
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Figure 72: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux of 25 kg/m?s and different heat fluxes
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Figure 73: Heat transfer coefficient vs vapor quaity for 8.84 mm ID smooth and internally-grooved
tubes at a mass flux of @0 kg/m2s and different heat fluxes
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Figure 74: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubesat a mass flux of75 kg/m2s and different heat fluxes
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Figure 75: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux 060 kg/m2s and different heat fluxes
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Figure 76: Heat transfer coefficient vs vapor quality for 8.84 mm ID smooth and internallygrooved
tubes at a mass flux o5 kg/m2s and different heat fluxes

238



AppendixD 4 .MM Smooth anGrobovedndalub
Dat a

This Appendk is a compilation of all of the diabatic 4.54mm smooth and internally
grooved tube data collected during the course of this study; in total, 1722 diabatic data
points are shown below. The Wojtan efal] heat transfer cefficient correlation as well
as the correlatiodeveloped in this dissertati@me included for reference. Selégures
from this data set wengsed for the analysis @hapter 8 Please refer t€hapter or a
description of the more salient trermlsserved; this Appendix mainly serves as a means to
document the entirety of the experimental results.

Each figure represents a different flowrate-@® kg/m2s) and six different heat
fluxes (456 kW/m2s). In some scenarios, high heat fluxes couldbeoticcurately
measured because the heat transfer coefficient was too low or dryout occurred and the tube
overheated. However, the heat transfer coefficient correlations were still included for
reference. One example of thiFigure84 with a heat flux of 56 kW/m?3s.

The experimental smooth tube data points are shown as red squares and the
internallygr ooved tube data points are green cir
tests run and 01 G 2 @onditests rud; asnmalicateth@hapt@er Swer e t
these do not represent different tubes, just a second run of experiments for validation. The
smooth tube heat transfer coefficient correla{i®h] and the current internaligrooved
tube heat transfer coefficient correlation are plotted as solid red and dashed green lines,

respectively.
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Figure 77: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubesat a mass flux of 300 kg/m2s and different heat fluxes
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Figure 78 Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux oR00kg/m2s and different heat fluxes
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Figure 79: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux oL 75kg/m2s and different heat fluxes
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Figure 80: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux of 30 kg/m2s and different heat fluxes
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Figure 81: Heat transfer coefficient vs vapor quality for 4.54 mm D smooth and internally-grooved
tubes at a mass flux of 25 kg/m2s and different heat fluxes
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Figure 82: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux 5100 kg/m2s and different heat fluxes
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Figure 83: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux of75 kg/m2s and different heat fluxes
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Figure 84: Heat transfer coefficient vs vapor quality for 4.54 mm ID smooth and internallygrooved
tubes at a mass flux 060 kg/m2s and different heat fluxes
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Appendix E 2 .m8n Smoot h2.®M@d I nternal

Grooved Tube Dat a

This Appendix is aompilation of all of the diabatic 2.8mm smooth and 2.62mm
internally-grooved tube data collected during the course of this study; in total, 1573
diabatic data points are shown below. The Wojtan €f34]. heat transfer cdicient
correlation as well as thenternally-grooved tube&orrelationdeveloped in this dissertation
are included for reference. Select figures from this data esetused for the analysis in
Chapter 8 Please refer t€hapter &or a description ofhe more salient trends observed,
this Appendix mainly serves as a means to document the entirety of the experimental
results.

Each figure represents a different flowrate-80® kg/m2s) and six different heat
fluxes (456 kW/m?3s). In some scenarios, Iidneat fluxes could not be accurately
measured because the heat transfer coefficient was too low or dryout occurred and the tube
overheated. However, the heat transfer coefficient correlations were still included for
reference. One example of thiFFigure91 with a heat flux of 56 kW/m?3s.

The experimental smooth tube data points are shown as red squares and the
internallygr ooved tube data points are green cir
tests rundamMmd mblb&Gh2@0b6awere the Lhapter8d t est
these do not represent different tubes, just a second run of experiments for validation. The
smooth tube heat transfer coefficient correlation and the current integnatiyed tube
heat transfer coefficient correlation are plotted as solid red and dashed green lines,
respectively.
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Figure 85. Heat transfer coefficient vs vapor quality for2.8 mm ID smooth and2.62mm ID
internally -grooved tubes ata mass flux of 300 kg/m3s and different heat fluxes
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Figure 86: Heat transfer coefficient vs vapor quality for 28 mm ID smooth and 2.62 mm ID
internally -grooved tubes at a mass flux 200 kg/mz3s and different heafluxes
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Figure 87: Heat transfer coefficient vs vapor quality for 28 mm ID smooth and 2.62 mm ID
internally -grooved tubes at a mass flux of 75kg/m2s and different heat fluxes
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Figure 88 Heat transfer coefficient vs vapor quality for 28 mm ID smooth and 2.62 mm ID
internally -grooved tubes at a mass flux of 30 kg/m2s and different heat fluxes
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Figure 89: Heat transfer coefficient vsvapor quality for 2.8 mm ID smooth and 2.62 mm ID
internally -grooved tubes at a mass flux of 25 kg/m2s and different heat fluxes
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Figure 90: Heat transfer coefficient vs vapor quality for 28 mm ID smooth and 2.62 nm ID
internally -grooved tubes at a mass flux of0 kg/m2s and different heat fluxes
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Figure 91: Heat transfer coefficient vs vapor quality for 28 mm ID smooth and 2.62 mm ID
internally -grooved tubes at a mass flupf 75 kg/m?s and different heat fluxes
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AppendixF St atistical Analysis of H

This Appendix provides more detail of the statistical analysis results of the 8.84mm,
4.54mm, and 2.62/2.8mm smooth and internghyoved tubes. The more salient feasure
are discussed i@hapter 8 The figures created only con:
points which are fully representative of the trends shseed f or o061 G 26 and
This allowed figure clarity. The summary tables, however, considereof alhe
experimental data. Pleasefer to Appendix C- Appendix Efor a full catalog of the
diabatic experimental result$hestatistical parameters ofean deviabn, -, and mean of

absolute value of deviations],jwere calculated based on the equations below:

R E E p TUHE (73

Rs I " 3E E p TUHE (74
whereE is the heat transfer coefficient predicted by the respective heat transfer
coefficient correlation ané is the measured heat transfer coefficiehhese

parameters are u$¢o assess theccuracyof the models in context of mass flux and flow
regime.

Measured smooth tube heat transfer coefficients were compared to the smooth tube
two-phase correlations of Wojtan et@1], Chen[56], Shal{57], Kandlikar[93], Gungor
and Wintertor[59], and a simplified twegphase flow boiling correlation by Gungor and
Winterton[60] (referred to hereafter as Gungdti nt ert on &6édnewb) - Me a :
grooved tube heat transfer coefficients were compared to the currephése correlation
described irChapter 4 and the correlations of Thome, Kattan, &adrat[91], Cavallini

etal.[117], Chamra and Magd 62], Wu et al]103], and Yun et al[90]. Figure92-Figure
256



94 show the smooth tube results d@fidgure 95 - Figure 97 showthe internallygrooved

tube results. The sdliblack line on the figures has a slope of 1 indicating perfect
agreement between the model and experimental results. The dashed lines represent +20%
for reference. The properties used while evaluating these correlations were the average
values betweethne inlet anautlet of the test section (at the location of the wall temperature
measuremen)s Table 22 - Table 25 providea summary of the smooth tube modeling
resultsfor individual tube diameters and flowratesid Table 26 - Table 29 providethe
samanformation for the internalhgrooved tubes. Please ndtegure92, Figure95, Table

25, andTable29 arethe same as those showrQhapter 8
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Figure 95: Comparison of the 8.84mm internallygrooved tube experimental data for HFE7100 at
61°C with a) the Modified Sharar and BarCohen correlation, and correlationsfrom b) Thome et al.
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Figure 96: Comparison of the 4.54mm internallygrooved tube experimental data for HFE7100 at
61°C with a) the Modified Sharar and Bar-Cohen correlation, and correlations from b) Thome et al.
[91], c) Cavallini et al.[117], d) Chamra and Mago[162], e) Wu et al.[103], and f) Yun et al.[90]
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Figure 97. Comparison of the 2.62mm internallygrooved tube experimental data for HFE7100 at
61°C with a) the Modified Sharar and Bar-Cohen correlation, and correlations from b) Thome et al.
[91], ¢ Cavallini et al. [117], d) Chamra and Mago[162], e) Wu et al.[103], and f) Yun et al.[90]
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Table 22: Predictive accuracy of twephase smooth tube heat transfer coefficient correlations from
Woijtan et al. [31], Chen[56], Shah[57], Kandlikar [93], and Gungor-Winterto n [59] [60]
compared tothe 8.84mm experimental results

G Wojtan % Chen % Shah % Kandlikar % Gungor- Gungor-
kg/m?s Winterton % Winterton
new %
3 [E] 3 [E] 3 [E] 3 [E] £ [E] 3 [E]
300 -46 111 | 35 170 85 286 | 550 588 | 269 446 | 16.2 36.2
200 -10.7 157 | 7.1 221 | 198 339 | 338 356 | 236 417 | 71 314
175 -11.0 258 | 209 350 | 36.1 541 | 375 429 | 304 521 | 109 412
150 -206 238 | 88 349 | 177 445 | 132 347 | 158 489 | -2.8 385
125 -178 26.0 | 380 491 | 39.3 451 | 236 278 | 438 524 | 16.0 323
100 -36.3 436 | 51.2 166.5| 740 101.7| 360 684 | 769 116.8| 37.1 73.8
75 -24.2 30.8 | 189.2 189.2| 139.8 139.8| 67.3 70.6 | 106.4 106.5| 96.4 97.5
50 -16.5 34.1 | 486.9 489.1| 223.8 223.8| 134.6 135.6| 187.5 187.7| 2179 217.9
25 -47.3 479 | 679.1 679.1| 988 988 | 59.0 63.6 | 88.8 90.7 | 157.0 157.0
total -18.8 26.8 | 115.0 138.6| 629 770 | 471 56.1 | 58.7 76.1 | 478 69.1

Table 23. Predictive accuracy of two-phase smooth tube heat transfer coefficient correlations from
Wojtan et al. [31], Chen[56], Shah[57], Kandlikar [93], and Gungor-Winterto n [59] [60]
compared tothe 4.54mm experimental results

G Wojtan % Chen % Shah % Kandlikar % Gungor- Gungor-
kg/mz3s Winterton % Winterton
new %
E [E] E [E] E [E] E [E] E [E] E [E]
300 -186 288 | 3.7 246 106 29.6 | 1024 1025| 6.9 30.7 | -40 273
200 -188 268 | 226 379 | 357 516 | 798 803 | 276 46.1 | 6.8 350
175 -17.4 226 | 196 317 | 270 446 | 603 616 | 265 461 42 321
150 -180 204 | 312 412 | 397 546 | 451 483 | 433 581 | 123 374
125 -116 221 | 679 700 | 717 796 | 690 711 | 743 828 | 345 478
100 -11.6 243 | 106.3 106.3| 101.5 103.5| 815 81.7 | 106.3 107.4| 56.5 60.9
75 -1.5 315 | 322.7 322.7| 229.9 229.9| 1441 144.1| 253.0 253.0| 153.7 153.7
50 -0.8 33.2 | 487.6 487.6| 330.3 330.3| 179.0 179.0| 241.2 241.2| 2155 2155
25
total -13.4 259 | 1075 116.2| 89.1 999 | 906 915 | 827 949 | 481 66.3

Table 24: Predictive accuracy of two-phase smooth tube heat transfer coefficient correlations from
Wojtan et al. [31], Chen[56], Shah[57], Kandlikar [93], and Gungor-Winterton [59] [60]
compared tothe 2.8mm experimental results

G Wojtan % Chen % Shah % Kandlikar % Gungor- Gungor-
kg/mz2s Winterton % Winterton
new %
E [E] E [E] E [E] E [E] E [E] E [E]
300 -16.0 351 | 6.2 336 | 9.9 36.9 | 131.2 131.2| 121 457 | -2.3 39.8
200 -94 326 | 163 316 | 238 428 | 920 933 | 263 487 | 33 358
175 -128 285 | 335 455 | 414 588 | 851 86.2| 451 64.1 | 138 435
150 -0.2 238 | 457 516 | 452 609 | 855 858 | 491 649 | 173 4138
125 -11.1 250 | 609 63.0 | 583 698 | 768 782 | 674 80.1 | 276 465
100 -8.2 30.6 | 194.0 194.0| 1441 144.3| 143.0 143.0| 173.3 173.3| 102.0 102.0
75 -48 226 | 339.6 339.6| 2324 232.7| 181.1 181.1| 253.3 253.3| 152.8 152.8
50
25
total -93 288 | 8.9 859 | 635 7784|1076 1082| 718 888 | 333 574
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Table 25: Summary of the predictive accuracy of twephase smooth tube heat transfer coefficign
correlations from Wojtan et al. [31], Chen[56], Shah[57], Kandlikar [93], and Gungor-Winterton
[59] [60] to the 2.8mm to 8.84mm experimental results

G Wojtan % Chen % Shah % Kandlikar % Gungor- Gungor-
kg/m?s Winterton % Winterton
new %
E [E] E [E] E [E] E [E] E [E] E [E]
300 -13.1 250 | 45 252 | 967 316 | 962 975 | 153 403 | 3.3 34.4
200 -129 250 | 152 303 | 264 427 | 685 69.7 | 258 455 | 57 340
175 -13.7 256 | 246 374 | 348 525 | 609 635 | 341 541 | 96 389
150 -129 226 | 286 427 | 342 533 | 479 562 | 361 573 | 89 392
125 -135 244 | 544 598 | 564 648 | 565 59.1 | 61.8 717 | 26.1 422
100 -18.7 32.8 | 110.3 153.0| 106.5 116.5| 86.8 97.6 | 118.8 1325| 65.2 78.8
75 -10.2 283 | 274.1 274.1| 200.7 200.8| 130.8 131.9| 204.2 204.3| 134.3 1346
50 -8.6 33.6 | 487.2 488.4 | 277.1 277.1| 156.8 157.3| 214.4 214.4| 216.7 216.7
25 -47.3 479 | 679.1 679.1| 988 988 | 59.0 63.6 | 88.7 90.7 | 157.0 157.0
total -14.0 269 | 100.7 1156| 728 859 | 806 844 | 721 875 | 443 653

Table 26: Predictive accuracy of theModified Sharar and Bar-Coheninternally -grooved tube
correlation, and correlations from Thome et al.[91], Cavallini et al. [117], Chamra and Mago [162],
Wu et al. [103], and Yun et al.[90] comparedto the 8.84mm experimental results

G Modified % Thome % Cavallini % Chamra % Wu % Yun %
kg/m2s E [E] E [E] E [E] E [E] E [E] E [E]
300 0.1 16.7 1.0 17.0 | -35.8 48.4 | 111.9 1925| -349 38.0 4.6 34.1
200 0.5 155 6.8 155 | -43.0 501 | -32.2 634 | -46.3 478 | -40.3 56.4
175 -5.2 178 | 125 218 | -479 513 | -439 59.1 | -464 543 | -55,5 58.9
150 -4.9 23.7 30.2 37.1 | -42.3 57.6 70.8 177.0| -40.6 57.2 | -55.7 68.0
125 -7.2 224 | 858 96.0 | -449 558 | -28.7 80.0 | -21.2 837 | -61.3 725
100 -176 350 | 137.6 1470| -465 57.7 | -383 775 5.1 87.7 | -71.0 76.2
75 -14.4  34.2 67.2 73.8 | -348 56.2 | -38.7 67.1 | -37.8 608 | -686 77.3
50 -38.4 474 | 2243 2251 | 11.7 70.9 | -10.0 68.0 9.4 83.2 | -665 727
25 -21.3 49.0 | 530.3 530.3| 210.7 224.0| 129.7 153.0| 112.4 133.7| -48.3 73.0
total -10.8 275 | 93.7 101.9| -23.2 65.2 5.8 102.1| -20.7 68.3 | -52.2 655

Table 27: Predictive accuracy of theModified Sharar and Bar-Coheninternally -grooved tube
correlation, and correlations from Thome et al.[91], Cavallini et al. [117], Chamra and Mago[162],

Wu et al. [103], and Yun et al.[90] comparedto the 4.54mm experimental results

G Modified % Thome % Cavallini % Chamra % Wu % Yun %

kg/m?s E [E] E [E] E [E] E [E] E [E] E [E]
300 -70 365 | 776 821 | -389 423 | -383 393 | 167 67.1 | -549 58.8
200 -19 275 | 723 776 | -345 444 | -257 56.6 | -48 739 | -641 665
175 -6.1 23.2 | 104.6 108.0| -36.7 42.2 | -40.2 455 1.3 86.7 | -71.3 74.2
150 -3.5 183 | 398 440 | -29.7 464 | -220 638 | -36,5 609 | -70.5 75.9
125 15.3 33.6 | 129.7 134.2| -169 498 | -26.2 510 | -28 916 | -705 78.1
100 6.2 241 | 256.0 260.0| -6.3 56.4 | 20.1 944 | 439 139.9| -71.9 80.5
75 8.3 27.3 | 139.3 142.4| 24.1 70.9 414 104.0| -9.7 858 | -66.0 84.4
50 125 349 | 277.2 279.6| 1415 167.5| 161.6 197.0| 359 107.9| -43.8 87.3
25

Total 2.0 28.1 | 1259 130.0| -7.6 598 | -0.2 745 3.7 86.7 | -64.6 74.4
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Table 28. Predictive accuracy ofthe Modified Sharar and Bar-Coheninternally -grooved tube
correlation, and correlations from Thome et al.[91], Cavallini et al. [117], Chamra and Mago[162],
Wu et al. [103], and Yun et al.[90] comparedto the 2.62mm experimental results

G Modified % Thome % Cavallini % Chamra % Wu % Yun %
kg/m3s E [E] E [E] E [E] E [E] E [E] E [E]

300 -84 329 | 80.0 85.6 4.3 414 | 166 421 | 151 706 | -57.0 731
200 4.7 32.3 | 123.1 131.2| 195 495 | 252 479 | 176 979 | -63.6 81.9
175 448 529 | 129.0 1323| 532 693 | 672 79.7 | 106 87.7 | -645 77.2
150 735 80.8 | 228.7 2339| 61.0 747 | 621 731 | 50.2 1339| -65.8 794
125 243 311 | 651 66.1| 596 77.1| 515 681 | -29.2 56.0 | -625 83.2
100 22.3 34.0 | 1955 201.4| 109.3 118.1| 1109 119.7| 18.1 108.0| -69.3 724
75 -24 337 | 1845 188.9| 257.8 261.7| 192.8 198.4| -09 749 | -47.1 80.1
50

25
total 214 420 | 1320 136.8| 631 839 | 620 784 | 111 876 | -61.6 78.1

Table 29: Summary of the predictive accuracy of theModified Sharar and Bar-Coheninternally -
grooved tubecorrelation, and correlations from Thome et al.[91], Cavallini et al. [117], Chamra and
Mago [162], Wu et al.[103], and Yun et al.[90] for the 2.62mm to 8.84mm experimental results

G Modified % Thome % Cavallini % Chamra % Wu % Yun %
kg/ma3s E [E] E [E] E [E] E [E] E [E] E [E]
300 -5.1 287 | 528 615 | -234 440 | 300 913 | -1.0 585 | -35.7 553
200 1.1 25.1 | 673 747 | -193 479 | -109 559 | -11.1 73.2 | -559 68.3
175 11.2 313 | 820 873 | -104 543 | -56 614 | -115 76.2 | -63.7 70.1
150 21.7 409 | 995 105.0| -3.7 595 | 369 1046| -89 840 | -639 744
125 108 291 | 936 987 | -0.7 609 | -1.1 663 | -17.7 771 | -647 779
100 3.6 31.0 | 196.3 202.8| 188 774 | 30.8 97.2 | 189 111.8| -70.7 76.4
75 -28 317 | 130.3 135.0| 823 1296 | 65.1 123.1| -16.1 73.8 | -60.6 80.6
50 -129 41.1 | 250.7 252.3| 76.6 119.2| 758 1325| 226 955 | -55.1 79.9
25 -21.3 48.9 | 530.3 530.3| 210.7 223.9| 129.7 152.9| 1124 133.7| -48.3 73.0
total 4.0 32.0 | 118.7 1246| 126 723 | 254 889 | -24 80.7 | -58.2 71.85
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