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SUMMARY

An experimental investigation of condensation of hydrocarbons and
hydrocarbon/refgerant mixtures in horizontal tubesas conducted Heat transfer
coefficients and frictional pressure drops during condensation of a zeotropic binary
mixture of R245fa andh-pentane in a 7.75 mm internal diameter round tuleee
measured across the eatvaporliquid dome, for mass fluxes ranging from 150 to 600
kg m? s, and reduced pressures ranging from 0.06 to 0.23. Condensation experiments
were conducted for the mixture, as well as its pure constituents over a similar range of
conditions. In addion, condensing flow of the hydrocarbon propaves documented
visually using highspeed video recordings. Results from these experimameused to
establish the twghase flow regimes, void fractions, and liquid film thicknesses during
condensation fopropane flowing through horizontal tubes with internal diameters of 7
and 15 mm. These measurememesemade over mass fluxes ranging from 75 to 450 kg
m? s, operating pressures ranging from 952 to 1218 kPa, and vapor qualities ranging
from 0.05 to 5. Liquid film thickness and void fraction dateresubsequently be used
to assist the development of heat transfer and pressure drop models. In particular, the heat
transfer coefficients and pressure drops observed in the mixarsescompared with the
corresponding values for the pure constituents. Models for heat transfer and pressure
drop in the pure components as well as the mixtwe® developedbased on the data
from the presentstudy. This work exterglthe available literature on twghase flov
regimes for ahwater mixtures, steam, and refrigerants to include hydrocarbons.
Additionally, the limited information on condensation in muglinstituent hydrocarben

hydrocarbon and refrigerangéfrigerant mixturesvas extended to include hydrocarbon
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refrigerant mixtures. The findings of this study are expected to benefit applications such
as refrigeration, lovwgrade heatlriven power generation, and the development of heat

exchangers for the chemical and process industries.
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CHAPTER 1.INTRODUCTION
As the rate of fossil fuel usage and concerns regarding the subsequent environmental

effectsincrease, there has been renewed interest in the development and utilization of
geothermal energy sources. Geothermal systems usgréme thermal energy to
generate electric power. Efficient and economic recovery of such energy for power
generation posesgnificant challenges, such as the use of working fluids for power
cycles. The constant phaskange temperature of the typically used pure fluids results in
temperature pinches that cause exergy losses in the heat exchangers coupling geothermal
heat soures to the power cycles, resulting in a notable drop in overall system efficiency.
This is particularly important in geothermal cycles because the low source temperatures
at which such energy is available, compared to fossil fuel combustion, already limits
power generation efficiencies. One way to reduce these losses is to develop new working

fluids that avoid temperature pinches.

The desire for new working fluids is amplified by the need for increased energy
efficiency across many applications: for powenggation, HVAC&R, water heating, and
chemical processing. Furthermore, with respect to environmental concerns, it is necessary
to find highefficiency fluids with low Global Warming Potentials (GWP). Zeotropic
mixtures have been proposed as working flaadscrease the thermodynamic efficiency
of binary power generation cycles coupled to -gnade T < 150°C) geothermal
reservoirs DiPippo (200% and other lowtemperature sources such as solar thermal and
industrial process waste hdslfu, 1985 Wang and Zhao, 20Q0€hyset al, 2012 Ho et
al., 20129 and Zhao, 2009Chyset al, 2012 Ho et al, 2012. Zeotropic mixtures are

classified as mixtueof two or more fluids where the concentrasaf the liquid (%)



and vapor E) phases differ at equilibriumThe result is a change in the equilibrium

temperature through the phadeange regionreferred to as a temperature glideT-x-y
diagram with the mass fraction of R245fa on the abscissa and the equilibrium
temperature othe ordinate is shown iRigurel.1. For a mixture of 45% R245fa/55%
pentane (by mass), the mixture begins to condensB @t B) at 71.2C and the last
vapor is condensed abD @i D) at 55.0C, resulting ina temperature glel of 16.2C.
Mixtures of two components can form a zeortropicxture or an azeotropignixture,
depending on the concentration of each fléid an approximate concentration of 83%
R245fa/17%n-pentane (by massds shown inFigure 1.1, the mixture exhibits an
azeotropic pointwhere the bubble point and dew point lines converge. Hasantkture
behaves as a pure fluid in the phakange regionwhile at other concentrations, it

would be considered a zeotropic mixture
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Figure 1.1. Zeotropic mixture T-x-y diagram for R245fa/n-pentane(mass
concentration basis)

Two representative power cyclegth representative source and sink temperature
profiles overlaidare shown irFigure 1.2, thecycle on thdeft shows a zeotropic mixture
(R245fah-pentane) while the cycle on theright shows a pure fluid (steanfpr
comparisionThe zeotropic mixture exhibits a temperature glide though the ohasge
regions. By ailoring the concentration of the zeotropic mixture to a specific souce, the
temperature differences in the boiler and condenser are smaller for the zeotropic mixture,
resulting inlower irreversibilitiesin the heat transfer process. Furthermore, theagiot

mixturesdecrease thpotential for temperature pinchpoints



R245fa/n-Pentane Steam

Temperature, °C

Entropy, kdJ kg"' K"
Figure 1.2. Idealized zeotropic mixure and pure fluid steam cycleomparison

Natural working fluids such as hydrocarbons, and synthefrigeeants such as
R245fa are being considered for use in these processes. While hydrocarbons offer good
cycle efficiencies at low GWPs {35 compared te 1,000 for typical refrigerants), there
are obvious flammability concerns associated with the ubgdrbcarbons in HVAC&R
and water heating applications. Past computational studies have shown increased
efficiencies when using zeotropic hydrocarbon and synthetic refrigerant mixtures while
also reducing flammability concerns (with sufficiently high mggériant concentrations)
and maintaining low GWP&arget al, 2013. However, although zeotropic mixtures
have thermodynamic advantages, mass transfer resistances in thepkaperduring
condensation limit heat transfer rates. The mass transfer effects on heat transfer in
zeotropic hydrocarbon and synthetic refrigerant mixtures are not well understood. The
present study is focused on experimentally investigating condensation in -single
component and binary zeotropic mixtures for the purpose of designing efficient and

economically viable lowgrade thermal energy systems.

Condensation studies in the literaturevdndocused primarily on pure refrigerants,

pure hydrocarbons, azeotropic, and resgotropic mixtures. Mixtures of dissimilar

4



fluids, such as hydrocarbons and refrigerants, are absent from the literature; therefore, a
comprehensive investigation of bindhyid mixture condensation of 45% R245fa/5%%%6
pentane (by mass) was conducted in the present study at typical power plant condenser
conditions. This specific combination of fluids exhibits ~16°C temperature glide between
the dew and bubble points overetltange of conditions of interest. Heat transfer
coefficients and frictional pressure gradients of the individual components and the
mixture are measured as a function of pressure, mass flux, and quality. The results for the
mixture are compared with thoder the pure component fluids to determine the
degradation of overall heat transfer due to mass transfer effattestimateof the
effectsof themass transfer resistances on the heat transfer process chtaipedusing

the concentration shift of botphases and the temperature glide ftbeT-x-y diagram

for the mixture of interestThe larger the temperature glide and the greater the

concentration shiftthe more of an effect mass transfer will have.

Accurate flow regime characterization and vdidction models are vital for the
modeling of pressure drop and heat transfer in-gtvase flow, and critical to the
understanding of condensing hydrocarbon flows in geothermal applications. Such
understanding benefits applications in the process industng propane as a refrigerant
or working fluid. Studies in the literature on tybase flow regimes and void fraction
have focused on aliquid mixtures, steam, refrigerants, and select very low pressure
hydrocarbons. In the present study, condensing fidienomena of the hydrocarbon
propane are documented visually using ksgleed video recordings at saturation
temperatures of 25 to 35°C. The results from the experimental portion of this study

include detailed observations and quantitative parametersrilleg condensing



hydrocarbon propane flows, and frictional pressure drop and heat transfer coefficient
measurements of refrigerant R245fa, hydrocarbgrentane, and a zeotropic binary
mixture of these fluids. The observations of the flow mechanismssa®@ to develop

flow regime and void fraction models for hydrocarbon flows. Heat transfer coefficient
and frictional pressure drop data are combined with flow regime observations to develop
mechanistic frictional pressure drop and heat transfer coeffimiedels for refrigerant
R245fa, hydrocarbom-pentane, and a zeotropic binary mixture of these fluids. The
findings of this study are expected to yield improved models for the prediction of
frictional pressure drops and heat transfer coefficients of csinte hydrocarbons and
their zeotropic mixtures with synthetic refrigerants. Applications such as refrigeration,
low-grade headriven power generation, and the development of heat exchangers for the

chemical and process industries will benefit from theedels.

Following this introduction, a review of the relevant literature on-plvase flow
regimes, void fraction, frictional pressure drop, and heat transfer for pure fluid and
zeotropic mixture effects is presented Chapter 2. In Chapter 3, the expatiaporbach
and test facilityused in this study, as well as the test matrix is described. The data
analysis methods and associated uncertainty analyses used to reduce experimental
pressure drop, heat transfer, and kégeed video data are discussed irajér 4,
showing how the relevant condensation quantities and flow parameters, including void
fraction, film thickness, frictional pressure drop, and heat transfer coefficients are derived
from the data. Experimental results and discussion of key treritle nhata, followed by
comparisons with the predictions of models and correlations from the literature are

presented in Chapter 5. Model development, followed by a brief discussion on how to use



these models in condenser design applications for zeotragtares are presented in
Chapter 6. Finally, conclusions from this study as well as recommendations for further

researclare presented in Chapter 7.



CHAPTER 2.LITERATURE REVIEW
This chapter presents a review of the literature pertinent to the present study on

condensing hydrocarbons and zeotropic hydrocarbon/refrigerant mixtures. The review is
subdivided into four primary sections, typbase flow regimes, void fraction, pressure
drop, and heat transfeDue to the lackof condensation studies on2&5fa, several
evapaation studies conducted withi2B5fa in microchannels are examined brieftythe
end of this sectian
2.1 Two-Phase Flow Regimes

Proper classification of the twghase flow regime is critical to the development of
accurate models of the condensation process. For the purpose of the present study flow

regime studies can be classifiecbimivo subcategories: adiabatic and condensing flows.

2.1.1 Adiabatic flows
One of the earliest twphase flow regime maps was proposed by B§k864) for

adiabatic air/water flows i@5.4, 50.8, and 101.6 mm diameter tubes. His map classifies
flows into bubble, plug, stratified, wavy, slug, annular, and spray regimes based on
subjective observations. Although he acknowledges transitions occurring over a range of
conditions, specificransition lines are defined for air/water flows. It was observed that
flow regime has a strong dependence on liquid and vapor phase mass fluxes: the abscissa
is plotted using the ratio of the liquid to vapor phase mass flux and the ordinate axis is
plotted using the vapephase mass flux. Empirical property corrections using phase
density, viscosity, and surface tension were proposed to adjust théoeafiesds other

than air/water. Baker noted the importance of flow regime on pressure drop, developing

regime-specific twephase multipliers. LateScott (1964 used data fromHoogendoorn



(1959 for air/water and air/oil mixtures in 24 to 140 mm smooth and rough horizontal

tubesto modifythe Baker (1954 mapto includeflow regime transitiomegions.

Wallis and Dobson (1933studied the wavy to slug transition in square and
rectangular channels with hydraulic diameters of 25.4 to 137.7 mm using air/water
mixtures for no net liquid flow, counteurrent flow, and ceurrent flows. They found
that slug flows occurred when waveogrand reach the top of the channel and the co
current flows transition to slug flow slower than coustterrent flows. They found small
wave theory to be insufficient in describing the transition. They proposed that slug flow
be modeled as large amplitudeaves that are pushed up by gas behind it and pulled

forward by decreased pressure at the wave crest.

Mandhaneet al. (1974 developed a flow map using a database of 5,935 flow regime
observations for air/water and other fluids indutiameters ranging from 12.7 to 165.1
mm. They developed empirical transition lines for the 1,178 air/water data. Rather than
adjust the axis for fluids other than air/water, empirical fluid property factors, modified
from Govier and Aziz(1972, are applied to the transition lines. Superficial liquid
velocity andsuperficial vapor velocity are used to plot the data on the abscissa and the
ordinate axes, respectively. They did not obseheeneter effectat diameters greater
than 12.7 mm,although the use of superficial velocity does include diameter. Their
propogd map shoed significantly better agreement with avater data tharthe other
flow regimemapsthat theyexamined When considering all the data, theyuhd better
agreement with data for tube diameters below 50.8 than for larger diameters.
However, werall predictive capability for their proposed map was low, with 80.1% of the
air/water data and only 68.2% of all the data properly predicted in the correct regime,
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leading them to conclude that further work is necessary with adjustments needed for fluid
propertiesMandhaneet al (1974 found excellent agreement between théater data

and the Bake(1954 map fortheir annulammist flows with reasonatd agreementvith
thestratified regimeobservationsOther regimes observed in thair/waterdata were not

predicted well by the Baker map.

Jones Jr and Zuber (197Beasured time varying area averaged void frastaf
air/water mixturesin vertical rectangular channe{4.98 mm3 63.5 mm)using a fast
response xay. Theycalculatedhe associated probability density functions (PDF), which
differ significantly for bubbly, slug, and annular flows. They suggestatvriations in
void fraction measurements with time could be used to distinguish between flow regimes.
Specifically, they proposed that the probability density function (PDF) for annular flows
will show a single peak at high values of void fraction, belflows will show a single
peak at low values of void fraction, and slug flows will show dual peaks. They found slug
flows to occur for void fractions ranging of ~0.2 to ~0.8. No specific transition criteria

were presented.

Taitel and Duklef1976 derived theoretial dimensionless flow regime boundaries as
functions of phase mass fluxes, fluid properties, and tube diameter. They divided the
flows into five regimes: intermittent (slug and plug), stratdfsdooth, stratifiedvavy,
dispersed bubble, and annudamula dispersedThe Taiteland Dukler (1976 map is
presented using the Lockhart Martinelli parameXai(), which is directly related to the
liquid volume fraction,as the abscissa ardimensionlesgerms F, T, and K as the
ordinate ars. Regime transitions are derivetarting from stratified flow, analyzing the
mechanisms responsible for transitions to othemmegiand balancing forces on each

10



phase The transition from stratified to wavy flow (K transition) is derived for wave
propagation on a quiescent liquid. Sfrat-to-intermittent flow transition (F transition)

is derived from KelvirHelmholtz theory for a wave height equal to half the tube
diameter. Intermittento-annular flow transition, defined by the condition of insufficient
liquid to maintain a slug refing in annular or annular dispersed flow, is derived
assuming a constant liquid height to diameter rdtidX) of 0.5, which corresponds to a
constantX;y = 1.6. The intermittento-dispersed transition (T transition) is defined by
turbulent forces oveoming buoyancy forcd=or comparisonvith transition criterigfrom

the literature they transformedtheir transition linego superficial gas velocityj) and
superficial liquid velocity j(). Taitel and Dukler found reasonable agreement with the
empirical map of Mandhanet al (1974, but arguethat thesuperficial velocity axis
system used by Mandhae¢ al. does notaccount forproperty influences and diameter

effects foratube with an internal diameter greater than 50 mm.

Weisman et al. (1979 systematically studied the effects of tube diameter and fluid
properties (liquid viscosity, liquid density, vapor density, and sarfaasion) on flow
regime transitions for horizontal flows from 11.5 to 51 mm internal diameter tubes using
air/water, air/glycerin, air/oil, and R113. They classified flows as annular, separated,
intermittent, and dispers€¢Bukler and Hubbard, 19F5For air/water mitures,Weisman
et al. (1979 found an equilibrium situation &/D = 60 by examining regime transitions
at the beginning, middle, and end of the test section with the first measurement made 203
mm from the mixing location. They found the transitions observed in 11.5 mm tubes to
be essentially the same at these three locations. At 25.0 mm, they found dmiy slig

variations between the middle and end locations, with transitions observed in the first
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location to show wavy to slug transitions at higher liquid flowrates. In an attempt to
develop quantifiable indicators to corroborate regime observations, theftudadtions

in pressure drop measurements to distinguish between regimes. Stratified flows show
nearly no fluctuations in pressure drop measurements, slug flows show distinct
disturbances around the transitions between slug and plug;amayar and disgrsed

flows show increasing amplitudes of continuous disturbances. Over the range of
conditions studied, they observed only slight effects of diameter and fluid properties,
confirming the observation of little effect of diameter greater than approxinfetym

by Mandhaneet al. (1974. They found that liquid viscosity affects the transition to
annular and dispersed flows. They also found surface tension to affect the stiatified
wavy transition, with an increase in surface tensiarsicey the transition to wavy flow to
occur at lower gaphase mass fluxes. They found that an increase in liquid density
delays the separatéd-intermittent transition, and the transition to dispersed flows to
higher liquid mass fluxes. Finally, they falirthat an increase in gabase density
required a higher ggshase mass flux to transition to annular flows and a lower gas
phase mass flux to transition from stratified to wavy flows. Using their observations, they
proposed a new flow regime map usingardeter and property corrections to the
superficial velocities. Empirical transition lines for air/water mixtures in 25.4 mm round
tubes are presented. Comparisons of their proposed transitions for air/water to the flow
regime maps oBaker (1954 as modified byScott (1964 and Taitel and Dukler (1976

showed good agreement.

Barnea and coworkers extended the theoretical work of TaiteDakbr (1976 to

improve predictive capabilitiesBarneaet al. (1983 studied air/water flow patterna 4
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to 12.5 mm internal diameter tubes, specifically examining the effect of surface tension
on regime transitions as diameters are decreased. They identified four main regimes:
dispersed, annular, intermittent, and stratifiddrneaet al. (1982 modified the criteria
developed by Taitel and Dukl€t976 for the slugto-annular transitiorio h /D = 0.35

rather than 0.5. Except for the stratifiedannular and intermittent transition, they found

that the Taitel and Dukl€976 transitions, as modified lyarneaet al. (1982, predicts

the transitions observed in their data well. Observing a dependence on surface tension as
diameter decreases below 25 mm, they note thattagfiedto-annular and stratifietb-
intermittent transitions developed using the Keli@lmholtz theory proposed by Taitel

and Dukler(1976 is no longer valid because surface tension effects cannot be ignored.
They propose a modification of the transition betwestratified flows and annular and
intermittent flows to include surface tension forces through a moditigd define the
condition for intermittent flow. The resulting equation predicts a constant minimum gas
height fg) for small tubes that are monkdly to exhibit strong surface tension effects.
Intermittent flow can be assumed if sufficient liquid is present, namegly (" D)/4.

Later, Barnea and Brauner (198B6xpanded the regime map to include a model of the
elongated bubbleo-liquid slug transition by balancing the forces of turbulence
attempting to break up vapor bubbles and the stabilizoalescence forces of gravity

and surface tension for tubes less than 50 mm internal diameter using air/water. They
found good agreement with horizontal and vertical air/water and air/oil flows. They
identify a stable slug length of B2for horizontal flows, twice the stable slug length in

vertical tubes.
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Jassim (2006 and Jassimet al. (2007 developed an automated image analysis
program to characterize the flow regime of each image in a series to develop a database
of Afraction of fotadiabatic hofizontal flens of iR13dacagd RAIOA
in 1.74 to 8 mm internal diameter tubes at saturation temperatures of 25%0G.4héy
used video at 30 frames per second with a striped background image to distinguish
between phases. Each frame is coreeetb black and white using a greyscale threshold
value. The resulting image presents a black vigard interface with the lines on the
background image being distorted at the vdppid interface. Depending on the
distortion pattern, regime class#iton is made. They identified intermittent/liquid,
stratified, and annular flows and defined the flows using four probabilities: liquid,
intermittent, vapor, and annular regimes. Using the experimental reagsm (2006
developed a probabilistic flow regime map. Intended to be used to develepetione
specific void fraction, pressure drop, and heat transfer models, the map proposed by him
ensures continuity across the quality range. The probabilities are empirically correlated
using fluid properties including the density ratios, Weber number, and Froude number.
The map is presented with qualitoyf an ntehbe oan
the ordinate. This method has several quality regions that are clearly dominated by a

single regime, but includes regions that cannot be classified as one regime.

2.1.2 Condensing flow
Soliman and Azer (197 eveloped a flow regime map for condensing flows of R12

in 12.7 mm horizontal tubes. Theaskified flows into six regimes, spray, annular, semi
annular, wavy, slug, and plug, with three transitional flows, anwadary, semiannular
wavy, and sprayannular. They found that using the Froude number and void fraction to

identify flow regime trangions represented their data well. The map presented by Baker
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(1954 did not represent their condensation flow data well. Lé&d@timan and Azer
(1974 expanded the data set to include additional diameters of 4.8 and 15.9 mm for
condensing flows of R12 and R113. The new data did not agree well with their previous
map (Soliman and Azer, 1971Using the larger database, they propose a megiwne
map using the average liquid velocity and a function of void fraction) {@*, as

coordinates.

Traviss and Rohsenow (1978bserved flow regimes in an 8 mm internal diameter
tube for condensing R12 at saturation temperatures ranging fram4D6C and mass
fluxes ranging from 100 to 989 kgs™. They classified the flows into four regimes,
dispersed flow, annular flow, serannular (similar to wavy flowgSoliman, 1989, and
slug flow. They combined the observatioot Soliman and Aze1971) with their
experimental observations faromparison with flow maps from the literature and
development of an annulem-wavy regimetransition. Their transitiogriterionis derived
using the von Karman universal velocity profile ahd Solimanet al. (1968 frictional
pressure drop twphasemultiplier. They found that thdBaker (1954 map and plots
using the Froude numbedp nat represent the data wellbecause these methddsk key
parameters Traviss and Rohsenow (1973ise liquid Reynolds numhemRe, and
turbulentturbulent Lockhart Martinelli parameterXy, to represent the transitioriChe

resulting transition critgon isshown inEquation(2.1).

Re = 1.38G&™ F*(f (x )* Re < 50
Re = 0.474G&* F¥*°(f (X )™ 50< Re <11. (2.2)
Re = 0.0442G%* F¥*(f (X )™ Re> 1125
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A liquid film Froude numberFr, of 45 was found to represent the transition best.
Comparing their experimental results and thoseSofiman and Azer(1971) with
transition criteria available in the literature, they found that adiabatic flow regime maps

can be used to predict condensation flow regimes.

The map ofSoliman and Azer (1974vas later compared with the dataloviss and
Rohsenow (193) by Tandonet al. (1982, showing moderate agreement for the spray
and slug regimes and completehassifying semannular flows, as classified Byaviss

and Rohsenow (19F3within the wavy regime.

Jaster and Kosky (19Y&dentified a transition regiofbetween annular and stratified

flows. They used the stress ratio of axial shear forcegawitational body forces given

by: F=(z‘wa”/ /9 ) The wall shear stresdjq, is obtained from the twphase

multiplier approach oWallis (1969 while the film thicknessi, is calculated using the
earlier work ofKosky (197). Combining the stress rati wall shear stress, and film
thickness, the stress ratfois shown inEquation(2.2), wheredl’ is given by Equation
(2.3). The vapor friction factoff, is calculated using the turbulent Blasius friction factor

while M is a function of pressure

3/2

(1+x2")™" r g°G*(0.25¢,)
2)2(r, 1) Mgt

d = /E Re (¢125(
2 (2.3)

" =0.0504R&%" Re > 12¢

(2.2)
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Using experimental results for steandter mixtures in a 12.5 mm internal diameter
tube at pressuraangingfrom 20 to 170 kPaandmass fluxes ranging from 12.6 to 145
kg m? s', they determinedhat stratified flow occurs for values d¥ less than 5 and
annularflow occurs at values df greater than 29, with the intermat# region being a

transition region.

Breber et al. (1979 1980 proposed a simple straiglme map based on the
theoretical transitions proposed by Taitel and Dukl&76. Breberet al. (1979 1980
identified the LockharMartinelli parameter X u) parameter anthe dimensionless gas
velocity, Js, as proposed byVallis (1969 (shown in Equation(2.4)), as two key

parameters in determinirige applicablélow regime.

Gq

* oo (r )

J

(2.4)

The Lockhart Martinellparametewas chosen because of its relation to void fraction,
or liquid inventory. This relationship is described in detail Bection2.2.4. Using
experimental results for R11, RIR113, steam, ang-pentane in 4.8 to 22 mm internal
diameter horizontal tubes, thesition lines proposed by Taitel and Duki&®76 were
expanded intdransition regions and shifted slightly. The resulting regions are outlined in

Table2.1.

Table 2.1. Breber et al.(1979; 1980) flow regime map transition criteria

Regime Xim Jg
Annular and Mist <10 >1.5
Wavy or Stratified ' <0.5

Slug and Plug 515 <15

Bubble >1.5
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These transitioeriteriawere found taepresent the transitions exhibited by theiadat
well. No transition region existat theslug andplug tobubbleregime transitiorbecause
bubble flow is limited to high reduced pressure condensatihthe same heat transfer
model was used for both regimes the accompanying heat transfer coefintie
correlation Breberet al. (1979 1980 found the theoretical boundaries ®éitel and
Dukler (1976, derived for adiabatic flows, to be applicablectndensingflows. The
annularwavy ard wavy-stratified boundaries of th&aitel and Dukler (1976map were
found to be in excellent agreement withithgata However, the predictions for other

regimes and smaller diameter tul§@st.8 mm)were not as consisten

Sardesakt al. (1981 identified the transition between shear and gravity controlled
flows using a ratio of local condensation heansfer coefficient between the top and
bottom of the tubeHeat transfer coefficient measurements were made at the top, side,
and bottom at 10 different axial locations using thermocouple pafs 800
measurementA 2.92 m tuben-tube condenser with anternal stainless steel tube of
internal diameter 24.4 mm and a wall thickness of 4.5was usedAssuming a uniform
film thickness around the perimeter of the tube for shear dominated regimes, the upper
and lower heat transfer coefficients will be dani The flows are assumed to be stratified
when the lower heat transfer coefficient is appreci&yer than the upper heat transfer
coefficient Sardesaiet al. (1981 found that the annuladispersed to stratifiedavy
transition of the Taiteand Dukler (1976 map accounts for the phenomena dominating
the transition well Using theTaitel and Dukler (1976 transition as a basiSardesai
(298] found that b = 1.75accounted fothe transition in their dathetter tharb = 1

proposed by Taitel and Duklét976. The resulting transition line is parallel toat of
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Taitel and Dukler(1976, but identifies a greater portion of flows as stratifiethey
presented their transitiomriteria using the Lockhart Martinelli parametemd the

dimensionless gas velocity as coordinate axis.

Soliman(1982 1986 studied the annulao-wavy and intermittent regime transition
for condensing flows of R12, R113, and steam in horizontal tubes with internal diameters
ranging from 4.8 to 15.9 mm for saturation temperguanging from 27.6 to 62@G for
the refrigerantsand 110C for steam. He developed the transitiatriterion using the
Froude number similar to the work of Traviss and Rohse(i®v3. The liquid film
thickness proposed by Kosk¥971) and twephase multiplier approach of Lockhart and
Martinelli (1949 for frictional pressure drop wemgsedto developa transitionalliquid

Reynolds number, shown Equation(2.5).

Re =10 18G&*® F¥*(f, | ¥) ™" Re ¢ 12¢

(2.5)
Re = 0.79G&"* F*(f, | x)"** Re > 12¢

The twophase multiplierf,, is calculated usinghe Azer et al (1972 correlation
although the resulting transitional Reynolds number is highly sensitive to the selection of
two-phase multiplier. He proposed a transitional Froude number of 7, wiasfound to
provide good agreement with his database that includesfrdaaSoliman and Azer
(1971, Traviss and Rohseno(@973 and Soliman and Azg1974. Over the narrow
range of diameters and fluids examined in this study, he found superficial liquid and
vapor velocities were able to reasonably account for diam&espite questioning the
effectiveness of superficial velocities as coordinates to capturing property anetetiam

effects over a wide range, as concludedMgndhaneet al. (1974, Soliman (1982
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presented the proposed transition usingerficial velocity coordinate&inding property
trends similar to those found Blaitel and Dukler(1976§ and Weismaret al. (1979,
Soliman(1982 foundthat Iquid density and surface tension have a ndgbgeffect,but
vapor densityis important in the transition between annular flows avaly and
intermittentflows. He found the liquidFroude number based transition of Traviss and
Rohsenow(1973 to represent the database well for tubes less than 8 mm. Taitel and
Dukler (1976 was found to sbw good agreement for larger tubes but under predict the
transition belowa diameter oB mm He also found that their transition breaks ddwan
values of Xy > 0.4, where the KelviiHelmholtz theory may be invalid. Additionally,
Soliman (1982 found the transition region between annular and wavy proposed by
Breberet al (1980 to betoo large, suggesting that the transition should include a

diameter effect.

Observing the deviations of heat transfer coefficientlipteons using annular flow
correlations at high mass fluxes and qualiti®sliman (1983 hypothesizedthat the
breakdown of the liquid film on the tube wall causing mist flow capreéicted using a
balance between the destructivaporphase inertia force and the restoring surface
tension and liquid viscous forcesoliman (1983 proposed a modified Weber nber,
shown inEquation(2.6), to describe the transition between annular and mist fidwere

fy is given byEquation(2.7)

kol
5F L Re ¢ 128

\

a
We,, = 2.45R&% o 1
clv P
(2.6)
Re > 12¢

a Camora 2
Wesfo-85R%7gaer% og;aeﬂ:no—ge E
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f,=1 4.09X% 2.7

Using a combination of heat transfer data and flow regime obgersatSoliman
(1986 implemented the modified Weber number proposed by Solifh@83) in their
heat transfer correlation, outlined beladentifying annular flow for We, < 20 and mist

flow for Weso > 30.

Tandon and coworkers developed a flow regime map for pure and binary mixtures of
refrigerantgTandonet al, 1982 Tandonet al, 1985h). Tandonet al. (1982 developed a
straightline map, similar to that of Brebet al. (1979 1980 usingdatafrom Soliman
and Azer(197]) Traviss and Rohseno(®973 and Soliman(1974) for R12 and R113 in
4.8 to 15.9 mm internal diameter tubes. Tandbal. (1982 selected the dimensionless
gas velocity Jc), as defined byVallis (1969 as the ordinateThis coordinatevas also
used by Brebeet al. (1979 1980. Due to the importance of void fraction on twbase
flow, they chose function ofthevoid fraction (1- U U, as the abscissa, as was done
by Soliman and Azef1971) and Solimar(1974). The void fraction wasalculated using
the Smith (1969 correlation. They found that this coordinate system makes
differentiation between annular and seamnular flows difficult. As a result, they
combine the annular andmeannular regimes into a single region. The transition criteria
proposed by thepshown inTable2.2, werefound to represent the annular, seannular,
and wavy flow data well, but showed only fair agreement with spray, slagplaig

flows.
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Table 2.2. Tandon et al.(1982) flow regime map transition criteria

Regime (1-0 )t s
Spray O 0 O 6

Annular O 0 < 6
Wavy O 0 <1
Slug O 0 00. 0
Plug O 0 <0.01

For the small diameter tubes of 4.8 mm internal diameter, they found that the wavy
regime was predicted poorly by their map. This agrees with the observatiBrebefet

al. (1980, who indicated that accate classification of wavy flow at this diameter is
difficult. However, it is more likely the wavy regime is beginning to be suppressed due to
surface tension forces. They found much better agreement for wavy flows in tubes larger

than the 4.8 mm tube.

Later, Tandonet al (19850 investigated flow regimes focondensingbinary
mixtures of R2 andR22 in three concentrations (25/75, 50/50, and 75/25, by mass) in a
10 mm internal diametetube They subsequently used their observatitm®valuate
existingflow regimetransition criteridrom the literatureln a comparison of #ir binary
mixture data with several maps from the literature, tfeynd that ther earlier map
(Tandonet al, 1982 provided the most consistent representation of the dditaf the
other mapgonsideredailedin one or more significant ways. Baké©54) accounted for
the mixture datan the annular, slug, and plugegimes well,but no wavy datavere
properly accountd for. Similarly, Soliman and Aze(1974 failed to account forthe
semtannulardatawell, but showed better agreement in the wavy regime than Tagtdon
al. (1982. Breberet al. (1979 1980 showed good agreement, exceipat all semi

annular and wavy data were preadutto be in the transition regions.
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Dobsonet al. (1994 conducted flow visualization and heat transfer experiments on
R12 andR134a in a 4.57 mm internal diameter horizontal tube at condensing psessure
corresponding to saturation temperatures of 35 t€68nd oveia range of mass fluxes
from 75 to 650 kg M s*. The heat transfer model, outlined in a subsequent section,
identifies two key regimes: annular and wavy. They fotimel Froude number based
annular towavy-annular transition proposed [8oliman (1982 to represent their data
well, but found a transitional Froude number of 18 to provide improved agreement. They
also found the annuldo-mist transition (We, > 30) of Soliman (1983 to provide
reasonable agreement. They obsertred the transition to mist flow was accompanied
by a decrease in the rate of increase of the pressuremftopncreasingquality. Later,
Dobson and Chato (1998xpanded the database of fluids to incl®®2 andR32/R125
nearazeotropic mixtures in horizontal tubes with internal diameters ranging from 3.14 to
7.04 mm over a slightly higher mass flux range of 25 to 800 kg'm They observed
thattheir annular heat transfer correlation predicted their data abovass flux 06500
kg m? s* better than the Nussdiased wavy correlation. Therefore, they msgdthat
annular flow exists for all conditions above a mass flux of 500 kg mFor mass fluxes
below 500 kg nf s?, a transitional Froude number of 20, rather than 18 as proposed by
Dobson et al. (1994, was foundto better delineate the annular and waagnular
regimes.Furthermore, they observed no diameter or fluid property effects below mass
fluxes of 75 kg m? s*. They found the flow regime map ®flandaneet al. (1974
representetheir dataprimarily due to the use of awater data in the development of the
map poorly. However, a sinip kinetic energy multipliemodification to the superficial

velocities to account fothe difference between refrigerant liquid and vapor phase
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densities and the density of water and air, respectivetyproved the agreement
dramatically The theoreticalmap of Taitel and Dukler (1976was found to under
predict the size of the slug flow region and faileg¢count fothe wavy region between
slug and annular flowsShao and Granryd (1998ound a Froude number trsition

regionof 15 < Fg, < 20,similarto Dobson and Chato (1998

Coleman and Garimell@Coleman and Garimella, 199€oleman, 2000Coleman
and Garimella, 200Qka; Coleman and Garimella, 2008sed video recordings to observe
air/water and condensing R134a flows in small diameter round, square, and rectangular
tubes with hydraulic diameters ranging from 1 to 5.5 mm over a range of mass fluxes
from 150 to 750 kg ms™. They used these experimental results to develop a regime map
that classified flows into four regimes, intermittent, wavy, annular, and disperged, wi
several different flow patterns within each regime. The dimensional mass flux and local
guality were chosen for the coordinates of their map because neither require additional
assumptions or empirical correlations for secondary parameters, such &=ctiicth or
slip ratio. Comparison of their regime map with the {pl@mse flowstudies ofWeisman
et al. (1979) and Wanget al. (1997 for refrigerantsshows good qualitative agreement.
They showed that for tubegth diameters less thadtD mm (Mandhanet al. (1974 and
Weismanet al. (1979), pipe diameter and surface tension are impoitamtetermining
flow regime transitionsThese effects may extd to include tubeswith diameters less

than10 mm (Mandhanet al.(1974 and Weismart al.(1979).

Cavallini et al. (20023 proposed flow regime transition critedaveloped using their
previousheat transfer and frictional pressure drop q&tavallini et al, 200 for R22,

R134a,R125, R32, R236ea,R407C andR410A in 8 mm internal diameter tubes for
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saturation temperatures ranging from 806(°FC, and mass fluxes ranging from 100 to
750 kg n¥ s. They identified four regimesstratified, slug, annular, and bubbly. For
dimensionless gas velocitieds, greater than 2,5lows are identified asnnularflow.
For values of dimensionless gaslacity less than 2.5, stratified and slug flows are
delineatedusing the turbulentturbulent Lockhart-Martinelli parameter,Xy, of 1.6,
identical to thetheoretical transitioffaitel and Dukler (1976used todistinguishannular

dispersedlow from intermittent and dispersed bublilews.

El Hajal et al. (2003 adapted the evaporation flow regime map developed by Kattan
et al. (19983, which is ultimately derived frorthe Taitel and Dukler(1976) transitions,
and applied it to condensation flows at high reduced pressure. They identify six regimes,
fully-stratified, stratifieewavy, intermittent, annular, mist, and bubbly. They define the
transition criteria with expressions based on mass dluat quality. They identify an
unduly large intermittent regime, but include in this regime large amplitude waves that
wash the top of the tube. These large amplitude waves may be classified as wavy flow in
other studies. The most notable change fronktagtanet al. (19983 regime map is the
elimination of dryout considerations in the annular regime using an adapted wavy
transition of Zurcheet al. (2002. Without dry-out, the annular regime extends from the
intermittent regime through a qualiof unity with mist flow developing at higher mass
fluxes. Bubble flows, identified separately from intermittent flows, are confined to very
high mass fluxes. The stated range of applicability is for internal diameter tubes between
3.14 and 21.4 mm, for deiced pressures between 0.02 and 0.8, mass fluxes ranging from
16 to 1,532 kg M s and for fluids axmonia,R11, R12, R22, R32, R123,R125,R134a,

R236ea,R32/R125, R402A, R404A, R407C, R410A, R502, propanen-butane, and
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propylene Qualitative comparists were made between their transition lines and several
transition lines and regime maps from the literature. The mass flux dependence of the
flow regime transitions is incorporated within the void fraction, with a decreasing
contribution for mass fluxesrgater than approximately 300 kg?rs*. Reduced pressure

is predicted to have a significant effect on the intermiterannular transition and the
transition to mist flow. Between diameters of 3 and 22 mm, the diameter has a slight
effect on the strdied regime transition and a significant effect on the mist transigbn.
Hajal et al. (2003 make somewhat generously positive qualitative assessments of their
flow regime transitions as comparedthe results ofBreber et al. (1979 1980, Tandon

et al. (1982, Sardesaket al. (1981, and Cavallini et al. (20029 maps, and state that
reasonable agreement is found. However, most maps show some discrepancy with the
intermittentto-annular transition. The flow transition criteria of Dobsand Chato

(1998 were foundnot to agree well with their mapThey found 83% of the flow

observations ofhao and Granry@1998 to agree with th&l Hajalet al. (2003 map.

In an attempt to develop a simple but accurate heat transfer coefficient model,
Cavallini et al. (2006 proposed a she#n-gravity controlled flow transitiorcriterion
based on the dependence of the heat transfer coeffametite temperature difference
between the fluidaturation temperatund the walkemperatureUsing known annular
flow heat transfer datan empiricalannular flowcorrelations was developed, shown in
Equation (2.65). Deviationsof the ratio of measured heat transfer coefficients to the
annular flow correlation predictions from unityere used to define the transitionteria
The data used to develop the s#ion criteria consisted of synthetic refrigerar®22,

R134a, R25, R32, R236e3, synthetic refrigerant mixtures 4{ROA, R407C,
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R125236ea, R32/R125, R502, R507A, R404a, R142b,R744, R717, and R/198),
hydrocarbons gropane, butanejsobutane, propylene)and hydrocarbon mixtures
(propane/butane, propaissbutane) at mass fluxes ranging from 24 to 2,240 Kgsth
and saturation temperatures ranging frdrh to 302°C As was done byardesaet al.
(1981, an empirical transitionalimensionless gas velocityas defined using observed
trends in the datas shown irEquation(2.8), whereC. is dependent othefluid with C,

= 1.6 for hydrocarbons an@; = 2.6 for refrigerants, carbon dioxide, ammonia, and

water.

o

aQa 75

=
e 243X +1

Citing inadequateagreenent with data oflJiang and Garimella (20pJor high

|- O: O

iC - (2.8)

1-0:0: Ov

pressure R404A near the critical point, they limit the applicability of the transition and

heat transfer coetation to reduced pressures less than 0.8.

Nemaet al. (2014 developed transition criteria basedtbe flow regime database of
Coleman and Garimella (200f®r condensindgr134a in 1 to 4.91 mm hydraulic diameter
tubes over a range of mass fluxes from 150 to 750 kg'mThey useddimensionless
pamameters that describethe physical transition mechanisms.Examining the key
dimensionless parameters which include gravitational, diameter, surface tension, viscous,
and inertia effects and examining the transition mechanismsfdatind thevaporWeber
number (We, = 6) and LockharMartinelli parameterto predict the transition tthe
intermittent regime from both the wavydmannular regimes. The critical bond number

was used to identify which regime was transitioning to the intermittent regime. The vapor
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Weber number (We> 700) and Lockhasiartinelli parameter were also used to identify
the transition from annular to mist flow. Lacking sufficient dispersed regime data, they

recommend the transition criterion Béitel and Dukler (1976

2.1.3 Summary
As discussed above, a variety of flow regime maps and transition lines have been

proposed using visual observations and trends in heat transfer and pressure drop data. A
summary of these studies is provided able2.3. The obserations have been correlated
using a range of dimensional and dimensionless parameters, including mass flux, quality,
superficial velocities, Reynolds numbers, void fraction, Weber number, Froude number,
modified Froude number, dimensionless gas velocitg, laockhart Martinelli parameter

(Xuw and X;), to name a few. However, there is a significant amount of disagreement on
the effectiveness of each variable to accurately represent the pertinent transitions. This is
compounded by the subjectivity of the eascher in classifying the flows into the
annular, stratified, wavy, and intermittent regimes. A variety of fluids and fluid mixtures
have been classified optically including mostly air/water, synthetic refrigerants and
synthetic refrigerant mixtures, arair-hydrocarbon mixtures. However, flow regime
transition criteria for other fluids, including hydrocarbons, have sometimes been inferred

using heat transfer and other data.
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Table 2.3. Flow regime literature review summary table

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
conditions
(mm)
Flow Regime Studies: Adiabatic Flows
Baker (1954) 25.4 - 101.6 Air/water Adiabatic A Developed empirical regime transition
mm Horizontal based on observations
ARecognized the importance of tube
diameter on flow regime and pressure
drop
Scott (1964) 24 - 140 mm Air/water Adiabatic A Added transition regions to Baker (19¢
Air/oil Horizontal map
Smooth tubes
Rough tubes
Wallis and 25.4 - 137.7 Air/water Horizontal A Slug flow occurs when waves grow an
Dobson (1973) mm Square reach the top of the tube

12.7 - 165.1 Various
mm

Mandhaneet al.
(1974)

Rectangular

Horizontal
Vertical
Inclined

705 <} |, < 1,009 kg it

0.8 <} , < 50.5 kg n¥

0.0003 <y, < 0.09 kg rit s*
1310°<p, < 22810° kg m's*
%$10%<j,<7.3m#d
0.04<j,<170.7m?&

A Found small wave growth theory
insufficient, model as large wave push
by surrounding gas

A Developed property correction and
applied to transition lines

A Observed no diameter effect above 12
mm internal diameter
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Table 2.3. Flow regime literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
(mm) conditions

Flow Regime Studies: Adiabatic Flows - Continued

Jones Jr and 4.983 63.5 Air/water Vertical
Zuber (1975) mm

Adiabatic
Taitel and Duklel Air/water
(1976)
Weismaret al. 11.5 - 51 mnAir/water, Horizontal
(1979) air/oil, air/ Adiabatic

glycerin, R113

Barneaet al. 4 -12.5 mm Air/water Horizontal
(1982, 1983, Vertical
1985) Adiabatic

Rectangular

A Probability density function response
used to distinguish bubbly, slug, and
annular flows

A Slug flows can be considered transitio
and occupied 0.2

A Derived theoretical approach to flow
regime mapping using a momentum
balance on a stratified flow pattern

A Systematically varied fluid properti€x
U, 411, 0 toobserve effects on flow
regime transitions

AFound little diameter effect above 10 r

AReplace Kelvin-Helmholtz instability
transition of Taitel and Dukler (1976)
with surface tension for stratified-to-
intermittent transition in small diamete
tubes

AModified the slug-to-annular transition
of Taitel and Dukler (1976)

A Derived theoretical boundary between
elongated bubble and liquid slug regin
balancing turbulence with gravity and
surface tension
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Table 2.3. Flow regime literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids » Range / applicability Techniques, basis, observations
(mm) conditions

Flow Regime Studies: Adiabatic Flows - Continued

Jassim (2006),

1.74 - 8.00 R134a, R410A Horizontal

100 <G < 600 kg rif s*

A Developed probabilistic flow regime

Jassinet al. mm Adiabatic 25 <T,< 50°C map
(2007)
Flow Regime Studies: Condensing Flows
Soliman and Aze4.8-15.9 R12, R113 Horizontal AProposed map using average liquid-
(1971, 1974) mm Condensing phase velocity and void fraction
functidn (1-0)U
Traviss and 8-12.7 mm R12 Horizontal 100 <G < 989 kg nf st A Transition occurs at a constant value «
Rohsenow (1972 Condensing 10 <T,< 40.6°C liquid film Froude number (- 45)
0.02 <q < 0.96
558 < Re< 10,400 APlot using Revs. X%
Jaster and Kosky12.5 mm Steam Horizontal 12.6 <G < 145 kg nf st A Annular-to-stratified transition based c
(1976) Condensing 20 <P < 170 kPa stress ratio
A Film thickness calculated using Kosky
(1971)
A Empirical transition values from
experimental data
Breberet al. 48-22.0 R11,R12, Horizontal 108.2 <P < 1,250 kPa A Simple transition criteria using, 3 and

(1979; 1980) mm
pentane

R113, steanm- Condensing

17.6 <G < 1,600 kg rif s*

Jgbased on theoretical transitions of
Taitel and Dukler (1976)
ATransition zones between regimes
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Table 2.3. Flow regime literature review summary table- Continued

Hydraulic Orientation /
Investigators ~ diameter Fluids » Range / applicability Techniques, basis, observations
(mm) conditions

Flow Regime Studies: Condensing Flows - Continued

Sardesaet al. 24.4 mm
(1981)

Soliman (1982, 4.8-15.9
1986) mm

Soliman (1983, 7.4-12.7
1986) mm

R113, steam, Horizontal

propanol,
methanoln-
pentane

R12, R113,
steam

Condensing

Horizontal
Condensing

Steam, R113, Horizontal

R12

Vertical
Condensing

100 <G < 989 kg rif s*
27.6 <T4<110°C
0.02 <g < 0.957

558 < Re< 10,400

80 < Weg,< 140
21 <T4,< 310°C
0.2<qg <0.95
1<Py<7.7

80 <G < 1,610 kg rif s*

AModified Taitel and Dukler (1976) witt
b =175

A Annular to Wavy and Intermittent
transition represented by modified
Froude number k=7

A Found significant effect of vapor dens
on transition but only minor diameter
effects

A Found annular to wavy transition in
Breberet al. (1979, 1980) map did not
capture diameter effect

A Modified Weber number transition froi
annular-to-mist transition

A Balanced destructive inertia forces an
restorative surface tension and liquid
viscous forces

A Annular at Wg, < 20 and Mist at Wg
> 30
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Table 2.3. Flow regime literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
(mm) conditions

Flow Regime Studies: Condensing Flows - Continued

Tandonet

48-159

al. (1982, 1985) mm

Dobsonet al.
(1994)

Dobson and
Chato (1998)

Cavalliniet al.

(2002a)

4.57 mm

3.14-125
mm

3-21mm

R12, R113,
R12/R22

R12, R134a

R12, R22,
R134a,
R32/R125

R22, R134a,
R125, R32,
R236ea,
R407C, R410A

Horizontal

Horizontal

Horizontal

Horizontal
Condensing

100 <G <989 kg rif s*
10 <T44<40.6°C
0.001 <q < 0.96

558 < Re< 10,400

75 <G < 800 kg nif s*
35 <T,< 60°C
0.1<q <0.9

25 <G < 1,540 kg rif s*
0.1<q <0.9

0.21 <P,<0.57

1.8< < 4°C

35 <Tu< 60°C

100 <G < 750 kg rifs®
30 <T gy < 50°C
O0<qg<1

P,<0.75

} I/J \% >4

A Dimensionless gas velocity vs. stretch
void fraction (1-
A Empirical regime transitions

ATandon et al. (1982) found map
proposed by Tandoet al. (1982) to
represent binary mixture data well

AFrs,=18

AFrs,=20
A All annular flow for mass fluxes greate
than 500 kg M s*

A Proposed regime map in conjunction
with heat transfer and pressure drop
models

AJs and X, used for transition criteria
AMerged bubbly and annular flows
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Table 2.3. Flow regime literature review summary table- Continued

Hydraulic
Investigators  diameter
(mm)

Fluids

Orientation /

Range / applicability

Techniques, basis, observations

Flow Regime Studies: Condensing Flows - Continued

El Hajaletal.  3.14-21.4 Ammonia, R11 Horizontal

(2003) mm

16 <G < 1,532 kg rifs*

R12, R22, R32 Condensing 0<qg<1

R123, R125,
R134a, R236et
R32/R125,
R402A, R404A
R407C, R410A
R502, propane
n-butane,
propylene

0.02 <P, <0.8
76 < (We/Fr) < 884

A Modified Kattanet al. (1998) for
condensing flows and high reduced
pressures

A Large intermittent regime
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Table 2.3. Flow regime literature review summary table- Continued

Techniques, basis, observations

npplEtle Orientation
Investigators  diameter Fluids " Range / applicability
/ conditions
(mm)
Flow Regime Studies: Condensing Flows - Continued
Cavallinietal. 3.1-17.0 mm R22, R134a, Horizontal P,<0.8
(2006) R410A, R125, R3Z : 2 1
R23668. RAOTC, Condensing 24 <G < 2,240 kg i s
R125/R236ea, -15 <T ;< 302°C
R32/R125, R502, 0.6 <l < 28.7°C
R507A, R404a,
R142b, R744,
R717, R718,
propane, butane,
isobutane,
propylene, propant
butane, propane/
isobutane
Nemaet al. 1-491 mmR134a Horizontal 150 <G < 750 kg nf st
(2014) Condensing 1.8 < Bo < 67.5

0.02 < %, < 12.4
0.1 < We < 6,000
0.05 < Fg, < 28

ACl assified alT- f
d e pend d&4ntependent

Aused’, similar to Sardesait al.
(1981)

A Derived using deviation df from
annular correlation

A Large database, hydrocarbons differ
from all other fluids

AVapor Weber number and Lockhart-
Martinelli parameter distinguish
intermittent from annular and wavy
flows

A Critical Bond number distinguishes
between wavy and annular

AVapor Weber number identifies mist
from annular flows



2.2 Void Fraction
Void fraction is defined as the ratio of the volume of vapor to the total volume of the

crosssection. Voidfraction has long been understood to affect pressure drop and heat
transfer. A detailed review of void fraction measurement and modeling techniques is
presented inVinkler et al. (20120. To define the equations governing the {@ase

flow domain, three methods are commonly used.

1. The homogeneous model assumes the-ghases behave as a single,
homogeneous fluid with thermghysial propertiesepresentative of the flow
at the local quality. This approach results in equal phase velocities for both
the liquid and vapor phase. While not applicable for manypihase flow
conditions, this model is a reasonable approximation in somfigpcases
such as when fluids approach the critical point.

2. The separatetlow model assumes that the vapor and liquid phases flow as
two separate phases, each occupying a portion of the tubeseigm. Each
phase is allowed to flow at different weities, thus the two phases are said to
"slip" past one another. The separated flow model is made up of six
conservation equations (mass, momentum, and energy), one for each of the
two phases. Constitutive equations for the interface must be defined.
Assunptions included in the interface constitutive equations determine the
validity and accuracy of this approach.

3. The driftflux model simplifies the separatéidw model by replacing the six
conservation equations with three mixture conservation equatioass(

momentum, and energy). It does this by assuming the fluid behaves as a
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mixture, with one kinetic conservation equation accounting for the relative

motion between the two phases.

As described itWinkler et al. (20120, six categories of models have been developed
based on these three approaches: homogeneous, multiplier, implicit, Leldenanelli
parameter, slypatio, anddrift-flux. Following a discussion of the literature in each of
these categories, flow characteristic models and experimental void fraction measurement

techniques are discussed.

2.2.1 Homogeneous void fraction model
The homogeneous model assumes thephasedehave as a single, homogeneous,

fluid with quality weighted thermhysical properties. This approach results in equal
phase velocities for both the liquid and vapor phase. The slip &itis,defined as the
ratio of the vapor to the liquid phase vetgcUnder the homogeneous flow assumption,

the slip ratio is unity. Therefore, the homogeneous void fradiias,defined as shown in

Equation(2.9).
& _&-q &, 9
a=d Sz 5 4
e ¢ q 1 u (2.9)
& &-q b, 0 |
b=d t=— §" U
e ¢4d 97 a

The homogeneous void fraction can be accurately applied near thoal goidiint,
where the difference in phase properties between liquid and vapor phase becomes small.
Another condition where the homogeneous model can be used, though not applicable to
the present study, is in very small channels, where the two phases fanecctm flow at

the same velocit{Triplett et al, 19990).
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2.2.2 Simplified multiplier models and correlations
Using air/water mixturesArmand (1946 suggested that the void fraction can be

correlated using the homogeneous void fractimnand a multiplier,C, as shown in
Equation(2.10), whereC, is a function of pressure and there is a linear relationship
between the void fraction and the homogeneous void fradterfound a value o€, =

0.833 to represent his air/water data wellifer 0.9

=C (2.10)

Bankoff (1960 found thatthe homogeneous and sestad models do not represent
mixed regimes, such as bubbly flow (of which annular and homogeneous flows are
treated as special cases). He derived an eguatentical in form toArmand (1948 for
flow through a pipeusing a power law distribution of velocity and void fraction with
radius, where vapor occupies the center of the cross section and both phases are assumed
to travel at the same velocity at a specified radius. The resulting equatioowia
Equation(2.11).
a
5 =K (2.12)
The flow parameteK (equivalent toC, proposed byArmand (1948) is a function of
the exponents in the velocity and void fraction distribution equations as shown in

Equation(2.12).

K = 2(m+n +mr( m + 2+mp 2.12)

(n+1)(2n G(m H(2m ¥
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He found that reasonkbvalues ofK should be confined to be betweet @nd 1.0
and shouldbe functions of Reynolds number, Froude number, and Weber nuhiber.
found that a pressure dependence giveikby0.71 + 00145P led to good agreement
with steam/water data for a ram@f pressures from 100 to 13,800 kPa. LaZfemer
(1960 assessed the validity of the vagpdrase distribution assumption madeBankoff
(1960 using data for vertical intermittent flow of air/water and steam/water in 25 to 76
mm diameter round tubes. He found the rangKd0.50K O 1. 0) to be

agreement with his experimental results.

Using data for air/liquid and air/water in horizontal and vertical tubes with diameter
ranging from 15.8 to 63.5 mnjughmark (1962 found the overall model proposed by
Bankoff (1960 to be applicabléo all flow regimes irboth horizontal and vertical tuhes
although his equation fd€ did not represent air/liquid systems wéllughmark (1962
correlated the flow parametdd, in terms of Reynals number, Froude number, ating
homogeneous void fractiory, finding that the Weber number had little effecThe
correlation proposed by him showed good agreement with air/liquid and air/water results.
He found similar agreement between his correlatoord the pressure dependent

correlation proposed Wyankoff (1960 when compared with his data.

2.2.3 Implicit models
Levy (196Q developed a theoretical void fraction model known as the momentum

exchamge modeffor both horizontal and vertical flows. He useenomentum balance on
each phase, assumitigat the pressure drgan the liquid and vapor phases are equal.
The resulting equation & function of void fraction4), quality @), and fluid propergés

asshown inEquation(2.13).
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The equal pressure dr@gsumptions only applicable ifvariationsin the flowrate of
each phase, due to a change in quality or phase density because of pressure change, occur
slowly. In mcst cases thigs notan accurate representation of the fiptherefore Levy
(1960 adds a nowequilibrium termbut does not include an expression for the added
term Comparison with data for steam/water at pressures ranging from 82 to 13,800 kPa
shows that the model tends to under predict the data by 20 to 40%. He determined that
the under prediction was due to rapid quality changes, thus violating the equal phase

pressure drop assumption.

Fujie (1964 used a force balance on annular flow considering three regions (a liquid,
a vapor, and a liquid/vapor region in between to compensate for phase change) to derive
four theoretical void fraction models (vertical ahdrizontal, for both adiabatic and
evaporating conditions). Liquid entrainment in the vaploase is neglected. Considering
steam/water mixtures at pressures from 690 kPa to 7,000 kPa, he makes several

simplifications and introduces an empirically detared coefficient. The simplifications

made are as follows(r,/ ¢)(1- )is assumed to be much greater thaand the range

of application is limited to liquiebnly velocities less than 9.1 m‘.sThe resulting

simplified equation is shown iBquation(2.14), whereais found to be 10 from data.

a
(ri/ ¢)(

e é 25 a
q= é + (2.14)
- kB 1 \/

1- \/a \| P(0.143PSl kPh
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2.2.4 Lockhart-Martinelli parameter based models and correlations
The LockharMartinelli parameter, shown in Equati¢®.33), relates the twphase

pressure drop to the liquid and vapor siAgiase pressure drops. When both phases are
turbulent, the Lockhaiartinelli parameter can be written as shown in Equatilb).
The models and correlations in this section are shown to use a form similar to that of the

turbulentturbulentLockhartMartinelli parameter.
Xtt —ee T o O$_ 0 (2-15)

Barcczy (1965 tabulated liquid holeup, 17 U against theturbulentturbulent
LockhartMartinelli parameter for vertical upward flow of nitrogen/liquid mercury and
air/water mixturesBaroczy (196% later found that his earlier model did not account for

an apparent mass flux dependence.

Butterworth (197% showed that several models from the literature (Homogeneous,
Zivi (1964), Lockhart and Martinelli (1949 TurnerWallis (Wallis, 1969, Thom (1964,
and Baroczy (196% could be approximated by a singleuatjon with different
coefficients and exponents, shown in Equat@d6). The coefficientA, and exponents,

a, b, andc, are summarized ihable2.4.

a, b c

1-a _ 41 q &r, @m ¢
=Ag— et Ge (2.16)

a ¢d < ¢ /-
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Table 2.4. Butterworth (1975) correlation coefficient and exponent values

Author(s), Correlation, Model A a b C
Homogeneous Model 1 1 1 0
Lockhart and Martinelli (1949) | 0.28 0.64 0.36 0.07
Thom (1964) 1 1 0.89 0.18
Baroczy (1965) 1 0.74 0.65 0.13
Turner-Wallace (Wallace 1969) 1 0.72 0.4 0.08
Zivi (1964) 1 1 0.67 0

Several approximations to the original models were made to fit into the form shown
in Equation(2.16). In particular, the approximation used to simplify the correlation of
Baroczy (196%is only valid up to aquality of 0.9. Examining trends predicted by these

correlations, as a fluid approaches the critical point, £, ¢andme° g, the void

fraction should tend to the quality. Thus, the coefficigraind exponena should equal
unity; however, based on the coefficients and exponents proposed by them, several of
these correlations are not applicable as the critical point is approached. Furthermore,
Butterworth also acknowledges the lack of a mass flux term or floimeedependence

as deficiencies to this approach.

Tandonet al. (19859 derive an analytical model for determining void fraction in
annular flow assuming an axisymmetric liquid annulus and no entrainment. Baispha
are assumed to be turbulent with the von Karman universal velocity profile for the liquid
phase velocity, which was simplified in the same mannérragisset al. (1973. The
resulting void fraction model is a piecewise functiorthe liquid Reynolds number and
turbulentturbulentLockhartMartinelli parameter. Th&@andonet al. (19859 model was
found to predict the data dfbin et al. (1957 1959 (among others) withiee15%. Isbin

et al. (1957 1959 usal the gamma radiation attenuation method to measure void
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fractions in 12.3 to 22.1 mm diameter horizontal and vertical round tubes for steam/water
flows at pressures ranging from 100 to 6,900 kPa and measured void fractions at values
of L/D = 110. The coelation ofSmith (1969 shows slightly better agreement, especially
below qualities of 0.008, with most data predicted witti0%. The correlation ofivi

(1964 showed unsatisfactory agreemebelow qualities of 0.02. They also observed

slightly better agreement with data for pressures less than of 2,100 kPa.

2.2.5 Slip-ratio based models and correlations
Zivi (1964) developed a theoretical model for void fractidlny assuming: a

minimization ofentropy generation for the annufeow regime, ndiquid entrainmenin

the vapor phaseegligibletime variations of the flowandnegligibleenergy dissipation
due to wall friction.The rate of kinetic energy flowing per unit area, referred to as kinetic
energy flux, is minimized, re#ing in the simplified void fraction correlation shown in

Equation(2.17).

(2.17)

fa ol el o T

&
a=a e~ &
g

He considers the effect of wall friction and liquid entrainment as extensions of the
simplified analysis. The inclusion of wall friction was fouttdcause a reduction in the
void fraction, and therefore an increase in the slip ratio. Liquid entrainment was varied
from no entertainment, as in the simplified case, to total entrainment. He found liquid
entrainment to exhibit a greater effect on vaaction than wall friction. Examining the
effect of pressure on void fraction, the void fraction was found to show more variation at
low pressure than at high pressure, where the void fraction approaches the homogeneous

void fraction. He found Equatiof2.17) to define a lower bound on the void fraction with
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the homogeneous void fraction representing the upper bound. The liquid entrainment
should be used to iatpolate between these two bounds. His comparison with void

fraction data for steam/water flows at pressures ranging from 100 to 8,200 kPa in vertical
and horizontal tubes of various diameters including 12.7 mm showed that models for the

annular flow regire should include liquid entrainment.

Thom (1964 proposed a void fraction formulation based on the premise that the slip
ratio is defined asS=r, ' T, where the slip facton, is constant for a given pressure.

This results in a simple continuous function across all quality points. He used
steam/water void fraction data in a horizontal 25.7 mm internal diameter tube at pressures
rangingfrom 101 kPa to the critical point of water (22,100 kPa) with a focus on qualities
below 0.5. He used gamma radiation attenuation to tabulate the density ratio, slip factor,
and slip ratio at different pressures. He found his proposed model agreed Welevit

data presented byevy (1960 and the form of his equation to be similar ttee
correlation of Bankoff (1960, although the Bankoff correlation does not approach

reasonable values at quaddiof zero and one.

Smith (1969 proposed a slip ratio modassumingannular flow withtwo regionsa

liquid phase and homogeneous mixtofdiquid and vaporflowing with equal pressure
head i.e. rU?= (UZ2. He also indicates that thermal equilibrium exists and the

homogeneous mixture phase behaves as a single fluid with variable density. He suggests
that the model, shown in Equati¢®.18), is applicable to all regimes, pressures, mass

velocities, qualities as well as during phabange.
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The ratio of liquid in the vapor/liquid region to the total liquid flowing is defined to
be K. Examining the limits oK = 0 andK = 1, he noted that thi€ =1 case represented
the neslip condition andK = 0 to be equivalent to equal velocity pressure head. The
actual values oK must be empirically determined. A value ¥f= 0.4 was found to
represendatawell for heavy wate steanmwater, and aiwater mixtures in 6 to 38 mm
internal diametetubes with mass fluxegngingfrom 50 to 2050 kg n¥ s*, pressures up
to 14,500kPa,and qualitiefrom 0 to 0.53, although a rangekifvalues from 0.3 to 0.5
was observed. Over tlange of conditions examined, he found no identifiable trend with
mass flux.Smith (1969 found the models oBankoff (1960 and Thom (1964 to be in
good agreement at ditees of less than 0.1 (0.02 to 0.06 in the case of the Thom model).

The correlation ot.evy (1960 shows good agreement only at hjglessurs.

Premoliet al. (1970 proposed an empaal slip-ratio correlation for vertical upward
flow under adiabatic conditiorthat includes the Weber number, as showrkEguation
(2.19), whereF; andF, are given by Equatiof2.20). The addition of the Weber number

incorporates mass flux, diameter, and surface tension effects.

e a  3p/1- S8 q 5
g 89 1+F, qa 4

¢ T

(2.19)
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2.2.6 Drift-flux based models and correlations
Zuber and Findlay (19§Xerive a generalized void fractianodel, known as the

drift-flux model as shown in Equatid¢@.21).

b) (&

(a)= < _ (2.21)
Corv, /(1) Cor(a¥,)/((4(1)

The driftflux model simplifiesthe separated flow model, as described above, where

the relative velocities of the twighases are incorporated through the weighted mean drift

velocity, V,,. The driftflux model also extends the homogeneous flow model by

A
including ron-uniform flow velocities and vapor distribution within the cregstion

through the distribution paramete€,. With the correct assumptions about phase

interactions incorporated withi@, and V,, , the driftflux model can be ap@d to any

flow regime. When the weighted mean drift velocity is neglected, the phases are
assumed to flow at the same velocity and the distribution parameter is the inverse of the
simplified multiplier parameters oBankoff (1960 and Hughmark (1962 Further
simplification, by assumin@nedimensional flow, reduces the defux model to the
homogeneous model. To close the model, they derive a distribution parameter for
axisymmetric vertical flows and present empirical weighted mean velocity equations for
churnturbulent, bubbly, and gg flows. This generic form of the void fraction represents

a significant improvement over the homogeneous, simple multiplier, and separated flow
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models. A comparison of their model with data showed good agreement for air/water,
air/glycerin, and steam/wat mixtures in vertical tubes with internal diameters ranging

from 50.8 to 153 mm. However, the use of empiricism within the distribution parameter
and weighted mean velocity equations limits the applicability of this model to other flow

regimes.

Rouhani and Axelsson (19¥tnhodified theZuber and Findlay (1965void fraction
model, ( Equatiorn2.22)), to couple with heat transfer calculations for multiple subcooled
boiling regimes. They found the distribution paramey;, to be 1.12 for their data,

except at low mass fluxe€& 200 kg nf s*) where they foun, to be 1.54.

& s 5 0.25 é
_q%. &g 1-q08L18Lq)(gs(r-.)) ¢
a-= r @033—6 y: 9 G |O'5/‘ ﬁ (2.22)

They found good agreement between their void fraction model and data for abcool
boiling at low qualitiesq < 0.18) using heavy water and steam/water at pressures ranging
from 1,900 to 13,800 kPa and mass fluxes ranging from 130 to 1,61 kg im round
and rectangular tubeSteiner (1993 later modified theRouhani and Axelsson (19)0
model for R12 and R22 to include a quality dependence in pla®, ads shown in

Equation(2.23).

e o
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Ishii et al. (1976 extend the drifflux analysis ofZuber and Findlay (1965by

defining the drift velocity for annular flows including gravitational effects, interfacial
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shear stress and roughness, and flow regime of the liquid phaseanihar liquid film
equation is shown in Equatiof2.24), while the turbulent film equation is shown in
Equation(2.25) where the liquid volumetric flux is given by Equati¢a26) and the

subscriptm denotes the mixterproperties.

V2= 16a ,é;”|7]f -e(r'_ C)gD(l - )%

: & 2.24
V) f\,fi )@ D 48 ( )
—,_a(l- 9'p&o.o791 orjli] (r-.)u
V2 = < AL + : . 22
Tk gRe® Buay 3 .
Jf _(l -a)vm ar/\‘/\z/] (2.26)

The interfacial friction factor used in the derivation of Equati(h24) and (2.25)

was proposed byvallis (1969. They found agreement within 30% for values of drift

velocity, V.

,i» between 0.2 and 2.5 mt svhen confined to annular flows for air/water,
argon/water, and argon/ethyl alcohol in vertical tubes with internal diameters ranging
from 15 to 31.8 mm at pressures ranging from 100 to 2,160 kPa. When significant liquid
entrainment was present, they found tinetir model over predicted the data. A detailed

overview of the driffflux model and constitutive equations, including those discussed in

this section, for several flow regimes can be founidhii (20117).

Chexalet al. (1992 highlight the issughat numericalinstabilities and uncertainties
in specification of the interfacial interaction termase major disadvantages of the
separated flow models herefore, they propose an empirical dfiftix correlation for

vertical and horizontal flows ofteamiwater, aifwater,R11,R12, R22, R113R114, and
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oxygenin tubes with hydraulic diameters ranging from 5 to 450 mm, mass fluxes ranging
from 0.01 to 5,500 kg ths®, and pressures ranging from 100 to 18,000 kPa, across the

ertire quality range. Emphasis was placed on not requiring knowledge of the flow regime

a priori and developing closure equationg, (and \7Vj) such that the functions are

continuous, produce void fractions between zero and unity, @alige expected results

as the pressure approaches the critical pressure. The resulting set of equations is quite
complex with correlating coefficients for the distribution parameter that differ depending
on the fluid and tube orientation. They found goagkeement with air/water and
steam/water flows, and reasonable agreement with refrigerant flows. For improved

agreement, they suggest further refinement of the Chetlmluche fluid parameter.

More recently, El Hajaét al. (2003 defined a logaritmic mean void fraction for use
with the heat transfer model of Thoraeal. (2003. The homogeneous void fractiod,,
andthe drift flux models oRouhani and Axelssofi970 as modified by Steing1993
for horizontal flow given byEquation(2.23), U, are combined using a logarithmic mean

as shown irequation(2.27).

a —Gn" G (2.27)

The void fraction model was verified using annular flow (as classified by El Eigjal
al. (2003) heat transfer coefficient data fro@avallini et al. (2001) for R22, R134a,
R410A, R125, R32, and R236ea in an 8 mm internal diameter tube for temperatures
ranging from 30 to 60C, reduced pressures of 0.02 to 0.8, and mass fluxes ranging from

65 to 750 kg nf s*. The driftflux model of Rouhani and Axelsson (19¥®as chosen
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because it includes mass flux and surface tension effects fansl @bod reliability at low

and medium pressures. The weighted average allows the resulting model to span the
entire pressure range from very low pressure all the way to the critical point where the
void fraction approaches the homogeneous void fracdhen combined with the
accompanying flow regime map, the use of the logarithmic mean void fraction shows a
slight change in the transition lines of about 20 kg st for the stratifiedwavy to
intermittent/annular regime and 50 kg®rs' in the transin to mist flow from the
intermittent and annular regimeé&/ojtan et al. (2004 used thdlow visualizationmethod
developed inUrsenbacheeet al. (2004 to measure the void fractiom an adiabatic
section following evaporatioat low mass fluxesanging from70 to 300 kg rif s* for

R22 and R410A in a 13.6 mm internal diameter tube. They found good agreement of
their data with theRouhani and Axelsson (19¥@nodel. Additionally, Wojtan et al.

(2009 found the slug frequency model ©fonconi (1990 to over predict their datay

two to three times. The discrepancy vasibutedto the difference between aiater

and refrigerant properties.

2.2.7 Other void fraction and flow mechanism models
Several studies measured void fraction or used a database of void fraction data to

recommend correlations that represent the data well within each regime identified in a
flow regime map.. Other studies model key flow characteristids asibubble frequency

or liquid entrainmentThese studies adiscussed in this section

Assessing the predictive capability of several correlations available in the literature,
Rice (1987 found the models oHughmark (196% Baroczy (1965 Premoli et al.

(1970, andTandonet al. (19859 to predict the total charge of refrigerant (R12, R22)
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systems well. He noted that the majority of the liquid inventory, and therefore system

mass, is located in the condensurgt.

Tronconi (1999 developed a slug frequency model assuming that the slug frequency
is inversely proportional to the period of the waugsyhich areprecursors to slug flow
Two conditions are assumed to decrease the frequency: 1) not all waves will form slugs
and 2) some slugs may be unstable and break apart after formation. To account for these

effects, a constanC; = 0.5, is introduc&, w=C,/ ¢, reasoning that only half of the

waves formed result in sustained slu@se wave properties, used to calculate the wave
period, are estimated using the method first proposd¢bbyyban and Ranov (19Yor
rectangular channels. By neglecting the effects of surface tension, they arrived at the slug

frequency model shown in Equati¢28).

w=0.617 v (2.28)
r hy

The equilibrium gas heighhg, and vapoiphase velocitylJ,, are calculated using an
approach similar to Taitel and Duklgr976 1977 to account for liquid phase roughness

but maintain simplicity of original equation by using/ f, =1 for laminar liquid films
and f /f, =2 for turbulent liquid films When comparing theredictions of their

equation with a database of data air/wat@vpalyethylene oxide, C@water, mineral
oil’kerosendlows in 12.7 to 51.5 mm internal diameter tubes, he found good agreement
over most conditions with an absolute average deviation9f£0816.7%, except for the

12.7 mm diameter tube data, which were over predicted by ~50%. He concluded that this

was because surface tension was neglected in the model and is applicabletbage/o
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flows inside 12.7 mm internal diameteibes, resultingn a limited range of applicability

of 15 to 50 mm internal diamettrbes. They found, as other researchers have found, that
the slug frequency increases with increasing liquid viscosity and decreasing diameter.
They also observed a maximum near the lamiarbulent transition of the vapor phase
which wasalsonoted byTaitel and Dukler (1977 An overview of studies focusing on

slug formation and evolution can be foundiordyban (199D

Hewitt and Govan (1990present a method for determining the entrainment and
demsition rate of liquid droplets in the vapor core of annular flow for adiabatic,
evaporating (including drgut conditions), and condensing flows. They found good
agreement between their model astgam/water and R12 data in transient-ainy
conditions in7.72 to 10.8 mm internal diameter tubes at pressures ranging from 1,200 to
7,000 kPa. They also found that the liquid entrainment in the vapor lidses
significantly from the liquid inventory in the liquid film for condensing flows when
compared to diabatic or evaporating flows. Condensing flows may exhibit a thicker

liquid film because of the influx of condensing liquid toward the wall.

Jassimet al. (2008 developed a flow regime sp@c void fraction model using the
probabilistic twephase flow mapf Jassim (2006 Several correlations were testesing
refrigerant condensation, adiabatic, and evaporation dat®&%ftr R12, R134a, R22,
R410A in 4.26 to 9.58 mm internal diameter tubes with mass fluxes ranging @dm 7
900 kg n¥ s*. The empirical correlation dbraham (1998 given byEquation(2.29),
was found to represent the intermittent regime viédire,Ft is the Froude rate, given by

Equation(2.30).
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The empirical separated flowotkhartMartinelli parameter and Froude rate based
correlation ofYasharet al. (2001, shown in Equation(2.31), was found to fit the

stratified regime well.
a=g +=— %, g8 (2.31)
(; g

The Steiner (1998 modified Rouhaniand Axelsson (197Ccorrelation was found to
fit the annular regime data best. Using this set of correlations, their data were predicted

within an absolute average deviation of 3.5%.

2.2.8 Experimental void fraction measurement technigues and studies
Void fractions and film thicknesses have been measured using several different

techniques, including quieklosing valvegKoyamaet al, 2009, electrical conductance
(Fukano, 1998 gamma rahtion attenuation(Jiang and Rezkallah, 1993neutron
radiography(Mishima and Hibiki, 1998 index of refraction(Aprin et al, 2007, and
various forms of photographHewitt et al, 199Q Triplett et al, 1999 Ursenbacheet

al., 2004 Keinath and Garimella, 201Winkler et al, 20123.

One of the oldest methods of measuring void fraction is the use of quick closing
valves. Recently, this method has been useméaste void fractions in microfirtubes

with various refrigerantgéYasharet al, 2001 Koyamaet al, 2004). Quick closing vales
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are located on either side of the test section and closed simultaneously to trap the fluid in
the test section. A bgass line is simultaneously opened to allow the system to continue
to operate. The fluid in the test sectiomasmoved and weighed. Knowing the volume of

the test section and weight of fluid in the test section, the void fraction can be calculated.
This method is well suited for microfin geometries where other methods of measuring
void fraction cannot be implementeEnsuring complete removal of all the fluid from
within the test section remains a limitation of this methGayamaet al. (2004 address

this concern by accounting for the vapor remaining in the test section by measuring
temperature and pressure, assuming all the liquidbleas removed. Another major
disadvantage of this method is that is yields no information regarding the distribution of

the two phases within the cross section.

The electrical conductance method relates the ability of the liquid film to conduct
electricty to the thickness of the film and thuthe void fraction. Fukano (1998
developed an improved methodlled theconstantelectriccurrent method This method
has advantages over the previous electrical conductance method, because the output
increases as the film gets thinner, rather than a decrease to zero, allowing for better
resolution of thin films. The output is, therefore, simifar a given void fraction,
irrespective of the distribution of the vapor phase. Previous conductance methods were
sensitive to the location of the vapor relative to the electrodes. The method used by
Fukano (1998 vyields better accuracy in the void fraction measurement, but does not
account for fluid distribution. To use this method, the test fluid must be electrically
conductive and #tube in which the electrodes are placed must becanductive. Due

to the flammability of hydrocarbons, this method is not well suited for void fraction
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measurement of hydrocarbon fluids because an electric current is applied directly to the

test fluid.

Two methodsthat operate using thateraction of radiation with different types of
matter are gamma attenuation, as outlinedigg and Rezkallah (19p&nd highframe
rate neutron radiography, as describedviishima and Hibiki (1998 Both can be used
to measure void fractiomowever, neutron radiography produces images of the flow. The
primary limitatiors of these methodarethe availability of a radioactive sourcand the
need for a difference in neutron attenuation behavior between phases, which makes this

method best for dissimilar phases such asvater mixtures

Several differentechniques using photography and video recordings for observing

two-phase flows have been reported in the literathi@witt et al. (1990 studied the

liquid films in annular flow using refractive index matchifay airivater flows in a 32

mm internal diameter tube. Higgpeed video was used tecordthe images at 6,000
frames per second where theuaphase appears dark and the liquid preggeears light.

They found significant entrainment of vapor bubbles in the liquid fémd the vapor

liquid interface is characterized by both smooth and rough patches rather than
continuously rough as previousthought. They hypothesizehat vapor entrainment,
breakup and release of vapor bubbles due to the rolling motion of the waves should

enhance the heat and mass transfer processes.

Toda and Hori (1993developed a video analysis program for measuring void
fractions of steam/water flows in a vertical 14 mm internal diameigbe near

atmospheric pressure while examining condensation of vapor in a subcooled liquid. They
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recorded gray scale images at 60 frames per second. They determine a gray scale
threshold value that they apply to the image. The resulting black and wwiaite

identifies the vapaliquid interface. Isolated dots from uneven lighting are filtered.

Hurlburt and Newell (1996used a HeNe laser and a video camera to record liquid
film thicknesses in 25.4hm internal diameter tubes for air/water flows. The method uses
the difference in the index of refraction between the two phases and the tube wall to
measure the liquid film thickness. They found high standard deviations in the liquid film
thickness, indiating the film thickness varies significantly for given conditions. They
also measured wave speed using two pairs of an LED and a photo cell, spaced axially
down the tube. With a sufficiently small spacing (they used 50 mm), a wave would result
in a set dpeaks at each location. Knowing the time and spacing between peaks, the wave
speed can be calculated. One of the drawbacks of this method is that it relies on waves

maintaining their structure along the axial distance between the sensor pairs.

Wilmarth and Ishii (199yobtain video at 30 frames per second of air/water mixtures
flowing in vertical rectangular channels off120 mm and 2 15 mm. They used an
image processing technique similar to thatTafda and Hori (1993but with a few
additional steps. They located the channel edges to quantify the scale and averaged the

background irage to clarify the vapedrquid interface.

Triplett et al. (1999a 19991 used photography analysis observe flow regimes and
measure void fractions of air/water flows in circular tubes ranging from 1.1 to 1.45 mm
internal diameter, and triangular tubes with hydraulic diameters ranging from 1.09 to 1.49

mm. They used a digital camera and strobe lighttord images of the flow, analyzing
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multiple images per condition. Several assumptions about ftbaracteristicswere
made: bubbles were cylindricadpherical or a combinatiorof the two, slug/annular
flows were not included in the void fraction cdltions,andchurn flow was assumed to
have a local void fraction of 0.5 for regions with the gas phase dispersed in the liquid
phase. Uncertainties were estimated to be 1%using theminimum and maximum
apparenboundaries with about 10% change ai0% from imagdo image at the same

conditions

Ursenbacheret al. (2004 present a method of image analysis forcumately
measuringcrosssectional dry angles and void fractiong do this, theyobserve the
vaporliquid interface in stratified flogthrough around horizontal sighglass of internal
diameter of 13.6 mm and outer diameter of 16 mmR22 andR410A. They se a
monochromatic laser sheand fluorescent powder (damineB) suspendedn the
liquid phase to illuminate the cressction of the liquid phase. A calibration grid was
used to reconstruct the imabg adjustingfor distortion of the tubevall and angleof
observation Using the calibration image and the actual size of the, ghnie resulting
images can be transformed to recreate the undistorted .ilAagepper film thickness
would distort this calibratianTherefore this method is limited to stratified flows with no
liquid entrainment or upper filnSimilarly, vapor bubble errained in the liquid phase
can obscure the interfac&hese conditions limit the range of conditions to low mass

fluxes and low qualities.

Schubiing et al. (20100 investigated waves in awater flows for vertical 23.7 mm
internal diameter tubes using higheed video. They used a backlit quartz glass test

section with backlighting in five locations. The grayscale video frame was segmented
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into five segments using Matlab (one for each back light location) to detect wave motion.
Darkening of the segment was used to identify a wave. They identified two types of
waves: large, coherent waves and smaller, piece waves. Coherent waves were more likely
to occur at low flow rates, while piece waves occurred at high flow rates. Using the same
experimental setup but with a slightly smaller fluorinated ethylene propylene test section
of 22.4 mm internal diameteBchubringet al. (20109 added RhodaminB to the water

and used a planar laser to induce fluorescence ingbel Iphase. The concentration of
RhodamineB was minimized to prevent significant fluid property changes. This
technique is similar to that dfrsenbacheet al. (2004, but rather than illuminatinthe

cross section, Schubrirgf al. illuminated the axial direction to capture the liquid film
thickness. The images were smoothed and blurred using Matlab image processing
functions to remove distortion and allow for measurement of the liquid film thsskn

The sample images do not appear to be distorted from the original image to the final
processed image. They found the liquid film to exhibit a more pronounced positive skew,
indicating the presence of larger amplitude waves at higher liquid film tiekcihey

also observed the film thickness and standard deviation of the film thickness to increase

with increasing liquid film velocity and decrease with increasing air velocity.

In part two of a twepart study by Winkleet al. (20123 2012, void fractions for
condensing R134a collected Bpleman and Garimella (20Pat a nominal pressure of
1,400 kPa in round, square, and rectangular channels with hydraulic diameters ranging
from 2 to 4.91 mm oer a range of mass fluxes from 150 to 750 kgsh They observed
flows in the annular, wavy, intermittent, and dispersed regimes. Due to the method of

analysis, only flows in the intermittent, wavy, and intermitiirtvavy transition region
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could be aalyzed. They modified an image processing tool developeHilkgn and
Garimella (200%for gravity driven fallingfilms to analyze horizontal flows inside tubes.

A user defines the tube wall location and a regibinterest near the vapdiquid
interface for a single frame. Ti@anny (198bedge detection algorithm was then used to
identify the vapoiliquid interface and a spline was fit to the boundary. A threshold value
was identified for each frae based on lighting conditions such that the edge detection
algorithm accurately located the edge. The user sets several parameters, such as closed
vs. open spline and vapphase geometric shape, which are determined from the
observed flow regime (interittent or wavy). A statistical method was used to define the
regime in the intermitterdb-wavy transition regionThis method was later modified by
Keinath and Garimella (20),0for measuring void fractics in 0.508 to 3.00 mm internal
diameter round tubes over a range of mass fluxes from 200 to 80G kg and reduced
pressure from 0.38 to 0.77 dr RA0O4A. They added the ability to measure bubble
velocity, bubble frequency, slug frequency, bubble dsrers, and liquid film
thicknesses using the methainployedto identify the vapctiquid interface. Both
Winkler et al. (20128 andKeinath and Gamella (2010 developed regimspecific void
fraction models. However, due to the small dimensions of tubes considered in these two

studies, they are not discussed in detalil.

The primary deficiency in the use of any of the above photography aneegil
video analysis methods to deduce void fraction is the inability to accurately know the
shape of the vapdiguid interface in 3D for a given cross section, and the lack of

precise liquid entrainment information.
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2.2.9 Summary
As detailed above, there are smlemethods for modeling void fraction, with

differing levels of empiricism required for each method. The accuracy of the void
fraction predictions is dependent on the valpuid interface shape and flow regime
assumptions used for closure of the modetarelation, as well as the accuracy of the
method used to measure the void fraction. This highlights the importance of accurate
measurement of void fraction. Early experimental studies of void fraction were focused
on boiling flows for the nuclear indirg. More recently, void fraction measurements
have been made on refrigerants for HVAC applications. To date, little experimental work
has been done to measure void fractions for hydrocarbon flows, especially at above
ambient pressures. Those void fractrandels that have been compared to hydrocarbon
void fractions have been done so by inferring a void fraction from experimental heat
transfer data. A summary of the literature discussed in this section can be fdiaiden

2.5.
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Table 2.5. Void fraction literature review summary table

Range / applicability

Techniques, basis, observations

Hydraulic . :
. . . Orientation
Investigators diameter Fluids "
/ conditions
(mm)
Simple multiplier models and correlations
Armand (1946) Air/water
Bankoff (1960) Steam/water Horizontal
Vertical
Zuber (1960) 25 -76 mm Air/water,
steam/water,
and
vapor/mercury
Hughmark (1962 15.8 - 63.5 Air/water, Horizontal
mm air/oil,

air/kerosene,

air/benzene Vertical

100 <P < 13,800 kPa

0.1 <U ype;<1.6m&

100 <P < 20,600 kPa

AProposed simple multiplier method
ALinear relationship between void
fraction and homogeneous void fracti

ADerived simple multiplier method usir
power laws of velocity and void fractit

AK parameter a function of Reynolds,
Froude, and Weber numbers
AProposed pressure dependént

AFound good agreement with the rang
of K proposed by Bankoff (1960)

ASlip-ratio a function of void fraction
only over experimental range

ACorrelated Bankoff (1960) flow
parameterK, in terms of Reynolds an
Froude number and homogeneous vc
fraction
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Table 2.5. Void fraction literature review summary table - Continued

Hydraulic Orientation
Investigators dl?r:]n:]';er Fluids / conditions Range / applicability

Techniques, basis, observations

Implicit models

Levy (1960) Steam/water Horizontal 82 <P < 13,800 kPa
Vertical
Fujie (1964) Steam/water Horizontal 690 <P < 7,000 kPa

Vertical

ADerived theoretical equations govern
slip effects

AMomentum balance on each phase
assuming steady flow such that phas
quality changes slowly

ATheoretical equations for void fractio
using three-region force balance

ADerived four models, vertical and

horizontal both considering adiabatic
and evaporating flows

Lockhart-Martinelli parameter based models and correlations

Baroczy (1965) Nitrogen/liquid Vertical
mercury,
air/water
Butterworth
(1975)
Tandonet al. 6.1 - 22 mm Steam/water, Vertical 700 <P < 6,000 kPa
(1985b) Heavy Water Evaporation 380 <G < 2,050 kg nf st

ATabulated (1J) againsiX

AApproximated several models using :
common form in terms of the Lockha
Martinelli parameter

ADerived an analytical model for void
fraction under annular flow

AAssumed von Karman profile in liquic
phase
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Table 2.5. Void fraction literature review summary table - Continued

Hydraulic Orientation
Investigators diameter Fluids " Range / applicability Techniques, basis, observations
/ conditions
(mm)
Slip-ratio based models and correlations
Zivi (1964) Various, Steam/water  Horizontal 100 <P < 8,200 kPa ADerived theoretical void fraction modt
12.7 mm Vertical for annular flow regime by minimizing
entropy generation
Thom (1964) 255 mm  Steam/water Horizontal 100 <P < 22,100 kPa AProposed void fraction model where
slip ratio is constant with pressure
Smith (1969) 6 -38 mm Steam/water, 100 <P < 14,500 kPa ADerived equal velocity head model
heavy water, 50 <G < 2,050 kg rif s* accounting for liquid entrainment
airiwater 0<qg <0.53 AObserved no trend in void fraction wit
mass flux
Premoli (1970) Vertical Empirical slip-ratio model with the
addition of liquid Weber number
Drift-flux based models and correlations
Zuber and 50.8 - 153 Air/water, Vertical ADeveloped the drift-flux approach to
Findlay (1965) mm air/glycerin, modeling void fraction
steam/water

AAccounted for non-uniform velocity
profiles and vapor-phase distribution

AAccounted for relative velocities
between the two phases

AApplicable to all regimes with proper
formulation of interface definition
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Table 2.5. Void fraction literature review summary table - Continued

Hydraulic Orientation
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
(mm) / conditions

Drift-flux based models and correlations - Continued

Rouhani and
Axelsson (1970)

Ishii et al. (1976) 15.0 - 31.8

Chexalet al.
(1992)

Thome and
Coworkers

Steam/water,
Heavy water

Air/water,
Argon/water,
Argon/ethyl
alcohol

mm

5-450 mm Steam/water,
air/water, R11,
R12, R22,
R113, R114,
and oxygen

8 -13.6 mm R22, R134a,
R410A, R125,
R32, and
R236ea

1,900 <P < 13,800 kPa
180 <g" < 1,200 kKW nif
0<q <0.18

130 <G < 1,610 kg rif s*
100 <P < 2,160 kPa

Rectangular
Round Tube

Evaporation

Vertical

Vertical 100 <P < 18,000 kPa
Horizontal ~ 0.01 <q < 0.99

Adiabatic and 0.01 <G < 5,500 kg rif s
diabatic

Adiabatic and g5 <G < 750 kg nifs*
condensing g <T < 60°C

0<qg<1
0.02<P,<0.8

APredicted void fraction in subcooled
boiling regime using modified Zuber
and Findlay (1965)

ADefined drift-flux kinematic
constitutive equation for annular flow

Alnclude gravitational, interfacial sheat
interfacial roughness, and liquid phas
regime

ADeveloped generalized closure
equations for drift-flux model

AAccounted for tube orientation and flt
pair in calculating distribution
parameter and drift velocity

ADeveloped logarithmic mean void
fraction using homogeneous model a
Steiner (1998) modified Rouhani and
Axelsson (1970)

AComparison with heat transfer data a
wavy regime observations

AGood agreement over entire pressure
range
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Table 2.5. Void fraction literature review summary table - Continued

Hydraulic Orientation
Investigators diameter Fluids " Range / applicability Techniques, basis, observations
(mm) / conditions

Void fraction measurement techniques

Isbinet al. (1957,12.3 - 22.1 Steam/water Horizontal 100 <P < 6,900 kPa
1959) mm Vertical 0<q<0.6

Tronconi (1990) 12.7 - 51.5 Air/water, Air/ Horizontal
mm polyethylene
oxide,
CO,/water,
mineral
oil/kerosene

Hewitt and 7.72 - 10.8 Steam/water, Adiabatic 1,200 <P < 7,000 kPa
Govan (1990) mm R12 Evaporation

Condensation

AUsed Gamma radiation attenuation
method

AMeasured at /D =110

Alnvestigated the onset of slugging as
function of phase flowrates, diameter
vapor density, and liquid viscosity

ASlug frequency proportional to invers:
of wave period

ASlug frequency increases with
increasing liquid phase viscosity and
decreasing diameter

ASurface tension effects applicable at
12.7 mm, can be neglected above 15
mm

ALiquid entrainment in vapor-phase an
deposition rate equations for adiabati
evaporating, and condensing annular
flows

AFound significant difference in
entrained liquid of condensing flows \
evaporating flows
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Table 2.5. Void fraction literature review summary table - Continued

Investigators

Range / applicability

Techniques, basis, observations

Hewitt et al.
(1990)

Toda and Hori
(1993)

Hurlburt and
Newell (1996)

Hydrauli : :
Yd aufic . Orientation
diameter Fluids »
/ conditions
(mm)
Void fraction measurement techniques - Continued
32 mm Air/water Horizontal
14 mm Steam/water Vertical
25.4 mm Air/water Horizontal
13 20 mm Air/water Vertical

Wilmarth and
Ishii (1997)

Yasharet al.
(2001)

23 15 mm

7.3 - 8.9 mmrR134a, R410A Horizontal
Microfinned

17<j,<44m§
0.09<j,<0.22md

75 <G < 700 kg nf s*

AObserved liquid film thickness using
index of refraction matching and high
speed video

AFound the liquid film is characterized
by both smooth and rough patches

ADeveloped an automated image anal
program from gray-scale images

AConverted to B&W image using
threshold value, obtain void fraction
from identified interfaces

AMeasured film thickness using a lase
and video camera

AMeasured wave speed using two pai
of LEDs and photo cell

Almproved image processing by
averaging background image and usi
tube edges to calibrate length scale

AFound the Froude rate captures trenc
condensation data better thap X
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Table 2.5. Void fraction literature review summary table - Continued

Hydraulic Orientation
Investigators diameter Fluids " Range / applicability Techniques, basis, observations
(mm) / conditions

Void fraction measurement techniques - Continued

Jassimet al. 4.26-9.48 R11, R12,

(2008) mm R134a, R22,
R410A,
R32/R125

Keinath and 0.508 - 3 R404A

Garimella (2010) mm

Schubringet al. 22.4 - 23.7 r Air-water
(20104, b)

Winkler et al. 2 -4.91 mm R134a
(2012a, b)

Horizontal 70 <G < 900 kg rif s*
Adiabatic
Evaporation
Condensation
Horizontal 0.38 <P, <0.77
Condensation200 <G < 800 kg rif s*
0<g<1
Vertical P =101 kPa
G < 340 kg rif s*
Horizontal P =1,400 kPa

Condensation150 <G < 750 kg rif s*
O0<g<1

AVoid fraction within probabilistic flow
regime map

AFit models of Graham (1998), Yastetr
al. (2001), and Steiner-Rouhani and
Axelsson (1970) to intermittent,
stratified, and annular flow

AHigh-speed video with manual edge
detection

A Statistics of void fraction, film
thickness, and bubble frequency

AHigh-speed video with automated wa
detection

AlLaser-induced flourescence to meast
film thickness with automated image
processing

A Statistics of wave frequency and film
thickness

AHigh-speed video with manual edge
detection



2.3 Frictional Pressure Gradient
Extensive work has been done on measuring and modeling the frictional component

of the pressure gradient for a range of fluids, tube diameters, and orientations.

Lockhart and Martinelli (194Qidentify four flow types based on the liguidnd
vapor regime: turbulentturbulent, laminasturbulent, turbuleaminar, and laminar
laminar. Assumingthat the twoephase pressure droprcade directly relad to the
corresponding singiphase liquid or vapor pressure drapgckhart and Martinelli (1949

proposed the twphase multiplier approach,hich can takeitherof the forms shown in

Equation(2.32).
abP 6_., B o, B¢
S =f = : (2.32
B #, Y D

They tabulate the multipliersf, and 7, for adiabatic afbenzene, alkerosene,
air/water, and aioil mixtures inhorizontal round tubes with internal diaret ranging
from 1.48 to 25.83 mnas functions othe LockhartMartinelli parameter, ¥u, for each

of the four flow types, where % is defined as shown iBquation(2.33).

abP ¢/ B
X2 =2 B 2.33
LM é‘,ﬁ | @ . ( )
The liquid and vapor twphase multipliers werehswn to be reflections about an
Xuwm of unity. In the derivation of the above equations, the phases are assumed to be at the
same pressure artde sum of thevolume of vapor andolume ofliquid equals the total
tube volume, at all point§-he multipliers vere presented in graphical form, makiheg

resultsunwieldyfor use in design applications.
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Chisholm (1967 later curve fit the tabulated twmhase multipliers presented by
Lockhart and Martinelli (1949using the theoretical form of the twahase multiplier

shown inEquation(2.34) where values of are shownn Table2.6.

=1 +— +— (2.34)

Table 2.6. Chisholm (1967) twephase multiplier coefficients

FI ow Type (LijlquCd
turbul ent 71| t2r b
l aminar T tlurlRul
turbul ent T | 1 mi
l ami nar 1 | amB n a3

The curve fit byChisholm (196Y was found to reproduce the typhase multipliers
presented byockhart and Martinelli (1940well. However, theC coefficients inTable

2.6 are limited to use with fluids with a dsity ratio close to that of awater sysems.

Solimanet al. (1968 outlined a curve fit in terms of tharbulentturbulentLockhart
Martinelli parameter, shown in Equati@B.35), which represents the data of Lockhart
and Martinelli well. This model was used in the development of their heat transfer model,

discussed below and is applicable ferfétom O to 1.
f, =1 ®.85X°* (2.35)

Chisholm (1973later extended the analysislaickhart and Martinelli (194Cas well
ashis earlier analysigChisholm, 19671970 by showingthat Equaton (2.34) could be
transformed intdequation(2.36). For evaporating flows in smooth tubele proposea

modified Lockhart and Martinelli (1949 X_v, parameter based on vap@nd liquid
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only singlephase pressure drops, definediag he coefficientB, is adapted from prior

work in determiningC in Equation(2.34).

2zn

=14 6 PaB qO(1 q)%n "+ (2.36)

O ?&Q}o

His correlation asymptotically approaches tpeessure drogor liquid-only and
vaporonly flows at quaities of 0 and 1, respectivelgs is expected of the actual flow
However,depending on fluid properties and mass flBxgan contaira discontinuity afi
= 9.5, which resultsn an abrupt change ipredicted pressure drop comparison with
evaporating stearfiow datain horizontal and vertical smooth tubes at pressures between
1,030 and 13300 kPa and mass fluxes up to 6,700 k¢ ', showed reasonable
agreement with most dathut the correlation did tend to over predict soménaiter

channel datfor mass fluxesess tharv00 kg n¥ s™.

Friedel (1979 1980 developed a widely used empirical tywbase multiplier
carrelation using darge databasg25,000 data pointsdpf adiabatic frictional pressure
drop measurements of singlend multitcomponent fluids, consisting predominantty
water, R12, aifwater and aipbil two-phase flow in horizontal and vertical roynd
rectangular, and annular cross section twhies hydraulic diameters ranging from 12 to
49 mm. Mass flux, quality, diameter, fluid properties and gravity were found to be
significant indeterminingfrictional pressure drgpvhile flow regime was consideteo
be of secondary importance. An empirical curve fit of these relevant fluid properties and
flow parameters, shown iBquation(2.37), was derivedising aproximately onethird of

the available data
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The Friedel(1979 1980 correlationwas designed to asymptotically approach the
liquid and vapor singkphasepressure drapat qualities of zero and unity, respectively.
The large database used for development of their correlation dlldvesr model to
account fora much wider range of fluid properties, including surface tension, than
previous studiesHe found better agreement with single component fluid results than
with multi-component mixtures. This could be because siogieponentluid data were

used in the development of his correlation.

Muller-Steinhagen and Heck (1986@eveloped an empirical correlation, shown in
Equation (2.38), using a database of 9,300 datings, including data fronfriedel
(1979, and frictional pressure drop dafar water, R11, R12, aivwater, aifolil,
hydrocarbons, argon, neon, and nitrogen. Based on their observations, friotessaire
drop increase linearly with quality until a quality of 0.7, reads a maximum at
approximately 0.85andthen approaatspure vapor flow at a quality of 1.

dP/dL Lo 13 1/3é 6
a9 O (G B e

They found rather poor agreement with their correlation and the database of
experimental results, predicting only 49.5% of the data within £30%. HoweWénge
fourteen other correlations examined, none predigiediterthan 59.9% of the data

within £30%. The correlation ofockhart and Martinell(1949 was found to provide
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better agreement, predicting 52.4% of the data within +30% with a tendency to
consistently over predict their data. Frie79 1980 predicted 44.6% of data within
+30% with a tendencyotover predict the data, particularly at low qualities. They found

Friedel (1979, among other correlations, fwedict valueorders of magnitudgreater

when the vapephasepressure drode/dI.]VO is less than the liquid phase pressure

drop,dP/dL]Lo. They also found poor agreement when liquid Reynolds nunvbemns

less than 100 and for high viscosity rati@s /(g,). While their correlation does not
provide an improveent from previouscorrelationsin the literature, they showetthat
correlations from the literatuneere unable to provide accurate resuliben applied to
fluids significantly different from thosehat were used inthe developmentof their

respective coglations

Singal et al. (1983 measured pressure drop of Rand R12/R13 mixtures in a
horizontal 9.52 mm internal diameter round tube at mass fluxes ranging from 234 to 720
kg m? s* and saturation temperatures ranging fré@rto 5C. They found the pressure
drop to be a function of concentration when compatirer data to the correlation of
Martinelli and Nelson (1948 which increasingly under predicted the data with
increasing R13 concentration. They developed two concentradijpistments, as shown
in Equation(2.39), to modify the correlation dflartineli and Nelson (1948 DPs mn194s,

for increasing R13 concentratioXg(s).

)2.86

DR .86 I%/n\usms(l X3

ps (2.39
DR =0.88 FE}\AN1948(1 )%13)
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Jung and Radermacher (1986und correlations developed fdret nuclear industry
to be insufficient for refrigerant and refrigerant mixture applications. They measured
pressure drop for evaporating R12, R22, R114, and R152a, and R22/R114 and
R12/R152a zeotropic and azeotropic mixtures imorizontal 9.1mm internaldiameter
round tube at reduced pressures randiom 0.08 to 0.1G&nd mass fluxes ranging from
250 to 720 kg i s*. They proposed a simplified twghase multiplier correlation for
annular flows in terms of X They used a simplification to writexXn terms of the
reduced pressure which requires only the liquid density and viscosity, quality and
reduced pressutte calculate the twphase pressure drophis simplification was found
to result in less than 5% error over a range of reduced pressure§.006 to 0.7. They
found the proposed correlation to predict their pure fluid and mixture data within 8.4%.
They also observed no mixture effects in their pressure drop results when comparing the
pure fluid behaviomwith that of the zeotropic mixturedhis finding appears to be in

direct contradiction to the findings 8ingalet al.(1983.

Chen et al. (2001) measured frictional pressure drop for air/water mixtures and
R410A in 1.02 to 9.0 mm internal diameter horizontal round tubes at temperatures
ranging from 5 to 28C and mass fluxes ranging from 50 to 600 kg si. They found
the corelations ofChisholm (1967 andFriedel (1979 predicted their datpoorly. They
concluded that while Friedel includes surface tension and gravity effects through the
Weber number and the Froude number, respegti the exponents are too small. They
propose an empirical multiplier, shown in Equati@240), to adjust the Friedel
correlation for these effects. Coman with their data showed an average deviation of

19.8%.
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Cavallini et al. (20028 proposed a empiricaltwo-regime pressure drop correlation
based on thé&riedel (1979 1980 correlation usingheat transfer datbor R22, R134a,
R125,R32,R236ea,R407C andR410A in an 8 mm internal diameter tube $aturation
temperatures ranging from 30 to°80and mass fluxes ranging from 100 to K§0m? s
! For annilar flows (¢ > 2.5), a modifiedFriedel (1979 1980 correlation is proposed
and the unmodified version is recommended for wavy and slug flows. The modified
Friedel empirical fit was deduceflom heat transfer coeffiae datain the annular
regimeand the annular heat transfer correlation proposedKbgky and Staub (1971
They found good agreement of the combined model withdtta of Cavallini et al.
(2001 with the exception oflata for B2, which were under predicted by 30%. No
explanation for this discrepancy was provided, highlighting one of the weaknesses of

such an approach.

Garimellaet al. (2002 20030 measured frictional pressure drop in round tubes and
parallel microchannedrrays with hydraulic diameters rang from 0.5 to 4.91 mm over
mass fluxes ranging from 150 to 750 k& 8T. They modeledntermittent flowpressure
drop for small channels by summing the contributions of the liquid slug, vapor bubble,
and tansitions at the slug and bubble interfaces fand aft of the bubble. An empirical
bubble frequency was fit to the data to determine the frequency of the bubbles. They
found losses in the liquid slug to account for over half the total pressure drop with the
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transitional losses accounting for 35@arimellaet al. (20033 extended this work to
model pressure drop in the annular regime. Using an idealized annular flow model with
uniform film thickness and equating the pressure gradients in both phases, the annular
frictional pressure gradient was then modeled in terms of the interfacial shear stress using
Equation(2.41), where the interfacial diametdd; can be written in terms dhe void

fraction and the interfacial friction factor, as shown in Equaia4R).

DP 1 1 1, G
—==fruz= =f q - (2.41)
L 2 D 2'Dr, 4

f =axX,,Re bRe eaX, (2.42

i

The coefficientsa, b, andc were found for the laminar and turbulent cases based on
their data.Garimellaet al. (2005 modified the intermittent and annular regime models.
The intermittent model was expanded by including the discrete wave flow region into the
intermittent model and fitting a new slug frequency (@it length). The annular model

was expanded to include surface tension using the dimensionless parametery/ s

, proposed by.ee and Lee (20Q1whee the interfacial friction factor is calculated using
Equation(2.43).
L= a2, Re” ¥ (2.43

i

The coefficientA and exponenta, b, andc were found for the laminar and turbulent

cases from their data.
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Mitra (2009 modified the exponents on the correlationFofedel (1979 using his
data and the data dfang (20024 for nearcritical pressuresR; 2 0.8) RA10A andR404A
in 6.2 to 9.4 mm internal diameter tubes at mass fluxes ranging frono 300 kg rf s
! Later, Andresen (2007 investigated condensing-&RIOA at neadcritical and super
critical pressures in horizontal tubes ranging in diameter from 0.76 to 3.05 mm. He found
that the correlation developed by Mitra over predicted the pressure drop in the smaller
diameter channels. Using his data and the dakéitoa and Jiang, Andresen developed a
condensing flow pressure drop model accounting for the Hghabe, vapephase, and
combination region as shown in Equati(h44). He found good agreement with the
larger data set, with 76% of the data predicted wit2i5%.

DP =® ¢ P®]D P+ D
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Dalkilic et al. (2010 conducted an experimental study on R134a in an 8.1 mm
internal diameter vertical tube amsbbutane in a horizontal 4.0 mm internal diameter
round tube at mass fluxesnging from 75 to 400 kg ths® and saturation conditions
ranging from 30 to 5C. They collected data in the annular flow regime, as predicted by
the Tandonet al. (1982 map, as well as through visual confirmations. This limited the
data to qualities in the range of 0.7 to 0.95 and 0.45 to 0.9 for R134madmdane,
respectively. They found the corretan of Cavallini et al. (20023 to predict the R134a
data well, predicting all the data with#20%. They found that th€henet al. (2001)
correlation pedicted both the R134a amsbbutane data well, predicting all the R134a

data within£20% and most of thisobutane data withir30%.
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Xu and Fag (2013 compiled experimental frictional pressure drop results from
several researchers fB22, R32, R125, R134a, R236ea, R413abutane, propanand
ammoniain circular, rectangular and square channels with hydraulic diameters ranging
from 0.1 to D.1 mm, mass fluxes ranging from 20 to 800 K§ s1, and qualities up to
0.92 for comparison with the literature. They found the correlatiorfarietiel (1979,
Muller-Steinhagen and Heck (1986and Cicchitti et al. (1960 to provide the best
agreement with the compiled database, with all three predicting the data within 30%. The
correlation ofFriedel (1979 showed slightly betteagreement with the microchannel
data, while the latter two showed better agreement with the larger tube data. However, all
three were found to slightly undpredict the data. They proposed a modification to the
correlation ofMuller-Steinhagen and Heck (1986y considering the relate importance
of gravitational, inertia, and surface tension effects by incorporating the Froude and
Weber numbers. Including their empirical exponents, the resulting correlation is shown in
Equation(2.45), where the twephase Froude and Weber numbers are the same as those

defined byFriedel (1979

& 5
B/ dL &+ 207 18
po 2 (dP/AD) s e q Hapd),, 8 (2.45

© (dP/dL
( / )vo g+0.007751-o.475 Ftﬁ.ssswé.lss

They found their correlation to predict the data with an absolute average deviation of
19.4%. The good agreement of theeBel correlation with small diameter tubes is in
contradiction to the findings d€henet al. (2001), who found unsatisfactory agreement

with small diameter channels.
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2.3.1 Summary
As discussed above, frictional pressure drop has been studied for a variety of fluids,

fluid pairs, operahg conditions and tube diameters. There have been some studies
examining the effects zeotropic mixtures of like fluids, i.e. refrigerant/refrigerant and
hydrocarbon/hydrocarbon, have on frictional pressure drop with contradicting
conclusions. However, is not expected that mixture effects should influence pressure
drop for these cases. While good agreement is still found with the classical models, the
specific fluids and fluid pairs become increasingly important as the thermodynamic and
transport propers of new fluids differ from those used to develop the correlation.
Furthermore, the differences in fluid properties between hydrocarbons and refrigerants
may lead to inaccuracies in predictions when extrapolating empirical models to new

fluids or mixtues.
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6.

Table 2.7. Frictional pressure drop literature review summary table

Investigators

Orientation /

A conditions

Range / applicability

Technigues, basis, observations

Pressure Drop Studies

Lockhart and

Chisholm (1967)

Chisholm (1973)

Friedel (1979,
1980)

1.48 - 25.83 Air/lbenzene, Adiabatic
Martinelli (1949) mm

air/kerosene, Horizontal
air/water,
air/oils

Steam Vertical
Horizontal

Water, R12, Adiabatic

air/water, air/oilHorizontal
Vertical
Circular
Rectangular

Annular or wavy flow

JJi, @ 0.001

1,030 <P < 13,800 kPa
G > 700 kg nf s*

Annular

ACor r e IPading vo-ppase
multiplier, which is a function of
laminar and turbulent phase conditior

A Defined X, as the square root of the
ratio of liquid-to-vapor phase pressur:
drops

ATabulatef, as a function of ¥, for
experimental results

A Curve fitf, as a function of ¥, based
on tabulated values of Lockhart and
Martinelli (1949)

ATransformed theoretical multiplier
equation of Chisholm (1967) for
evaporating flows using C values of
Chisholm (1967) and Baroczy (1966)
Lockhart and Martinelli (1949)

A Developed empiricdl, o based on
25,000 point database

A Accounted for relevant fluid propertie
and dimensionless parameters

Alncluded surface tension effects
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Table 2.7. Frictional pressure drop literature review summary table- Continued

S EhEE Orientation /
Investigators diameter Fluids " Range / applicability Techniques, basis, observations
(mm) conditions

Pressure Drop Studies - Continued

Singalet al.
(1983)
Miiller-

Heck (1986)

Jung and
Rademacher
(1989)

Chenet al.
(2001)

Cavalliniet al.
(2002a)

9.52 mm

R12, R12/R13 Horizontal
Evaporating

14.0 - 24.3 Water, R11,
Steinhagen and mm

9.1 mm

1.02-9.0
mm

3-21 mm

R12, Air/
water, Air / ail,
hydrocarbons,
Argon, Neon,
Nitrogen

R12, R22, Horizontal
R22/R114,

R12/R152a
Air/water, Horizontal

R22, R134a, Horizontal
R125, R32,

R236ea,

R407C, R410A

234 <G < 454 kg nf s*
-9 <Tu<5°C
5<q" <17 kW n?

50 <G < 2,490 kg nf s*
0.01 <g <0.91

Reo > 100

dP/dL,, > dP/dLo

250 <G < 720 kg nf s*
0.08 <P, < 0.16

10 <" < 45 kW n¥

50 <G < 600 kg rif s*
5 <Tu< 25°C

0.1<q <0.9

100 <G < 750 kg nfs*
30 <T 4, < 50°C
0<g<1

P,<0.75

J I/J v >4

A Found composition effect in pressul
drop for binary mixtures

A Developed empiricdly,o based on
9,300 point database

A Found Friedel (1979,1980) to predict
data poorly, especially for Rg< 100
and dP/dLjo > dP/dL|o

A Proposed a simplified two-phase
multiplier based on simplified X

A Found no composition effect on
pressure drop for zeotropic mixtures

A Modified the Friedel correlation to
include stronger surface tension and
gravity effects

A Modified Friedel (1979) correlation fit
using experimentdi in Kosky and
Staub (1971)

ARecommend Friedel (1979) for wavy
flows Jg < 2.5)
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Table 2.7. Frictional pressure drop literature review summary table- Continued

Hydraulic . :
Investigators  diameter Fluids Og:)ennc:z;t:)?]r;/ Range / applicability Techniques, basis, observations
(mm)
Pressure Drop Studies - Continued
Garimellaetal. 0.5-4.91 R134a Horizontal 150 <G < 750 kg rifs® A Developed an intermittent flow model
(2002, 2003, mm summing the contributions of the sluc
2005) bubble, and transitions using an
empirical bubble frequency
A Slug contributes over half of the total
pressure drop in the intermittent regir
A Annular flow can be modeled using tf
interfacial friction factor which is
correlated using ReX,y, and surface
tension term of Lee and Lee (2001)
Jiang (2004) and6.2 - 9.4 mmr R404A, R410A 200 <G < 800 kg nf s* A Modified Friedel correlation for near
Mitra (2005) 0.8P i <P < 1P critical pressures
Andresen (2007)0.76 - 9.4 R404A, R410A 200 <G < 800 kg nf s* A Model liquid and vapor pressure drog
mm 0.8P i <P <1.P individually
Xu and Fang 0.1-10.1 R22,R32, Condensing 20 <G < 800 kg nf s* A Found Friedel (1979) correlation
(2013) mm R125, R134a, Horizontal predicts microchannel data well
R236ea, Circular A Found Miiller-Steinhagen and Heck
_R410A’ Rectangular (1986) predicts large tube data well
isobutane, Square A Modified Miiller-Steinhagen and Hecl
propane, (1986) to include Froude and Weber
ammonia

number effects



2.4 Condensation Heat Transfer
There has beeextensive work on measuring, modeling, and correlating heat transfer

coefficients for condensing fluids, with several detailed reviews of heat transfer
fundamental§Rose, 1998 prominent literature for pure fluid condensat{@avallini et

al., 2003 Dalkilic and Wongwises, 2009condensation of hydrocarbo(idiyara, 2008
Thonon, 2008 and condensation of fluid mixturé$/ang and Chato, 199%ronk and
Garimella, 2013. Some of the key papers are discussed here. The literature is divided
into two categories: pure fluid models and correlations, and zeotropic mixture models and
correlations.

2.4.1 Pure-fluid condensation studies
Pure fluid condensation studiesndae divided into two main categories: models and

correlations for a single flow regime, and models and correlations that cover multiple
regimes. This section also includes studies of azeotropic anehneatropic mixtures,

because these mixtures behawailar to pure fluids during the condensation process.

2.4.1.1 Single-regime studies
Carpente and Colburn (1991measured heat transfer coefficients for condensing

steam, methanol, ethanol, toluene, and trichloroethylene in 11.7 mm internal diameter
vertical tubes. They hypothesized that the condensate layer became turbulent at lower
Reynolds mmbers due to increasing vapor shear at higher qualities and that the laminar
sublayer of the liquid film presented the major thermal resistance. They found that the
heat transfer coefficient is a function of fluid properties and the wall shear stress. The
shear stress is comprised of friction, momentum, and gravitational (for vertical flows)

contributions Solimanet al. (1968 later found their momentum term to be incorrect.
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Chato (1962 derived a result similar to thdusselt (191pfalling-film analysis for
laminar films at the top of horizontal and inclined tubes in stratified flows using the
energy and momentum equatipmssulting in Equatior2.46), whereK is a corection

for low Prandtl numbers

or ( r- )i, (1 0.6dcp Dj,))K

h=0.46&
m(D/2)DT

(2.46)

He neglects condensation in tihettom portion of the tuhebut considers the
additional sensible cooling contribution due to the temperature difference between
saturation and the wall temperatufBo simplify the analysis, he suggests a constant
liquid angle of 120 to replace an integted solutioraround the tube circumference with
changingvoid fraction finding that the angle varied by only £8br nearly horizontal
tubes The angle assumption of 12Was later verified byRosson and Meyers (1965
who measured temperatures at several locations around the perimeter for condensing
methanol and acetone in 7.75 mm internal diameter horizontal tdbexservedhatfor
horizontal flows, the discharge end of the tube can have a significant effect on the depth
of the liquid pool for stratified flows. He observedt/water flows using a clear test
section andater conducted heat transfer experimensing R113. Depending on the
conditions of the experiment, he found the optimtube inclination angle from

horizontalto be 10 to 20

Solimanet al. (1968 adapted the method proposed®grpenter and Cburn (195)
by modifying the approach for calculating wall shear stress. A-eepirical correlation,

shown inEquation(2.47), was developed for annuldoW assuming nalip at the vaper
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liquid interface andhat the laminar sublayer of the condensate film is the dominant

resistance to heat transfer.

r 0.5l<|
h= 0.036'T PfooF 08 (2.47)

The wall shear forcek,, is the sum of the frictional, momentum and gravitational
shear forces. The frictional shear forces are calculated using the apprdamtkiodrt
and Martinelli (1949 for turbulentturbulentflow. The multiplier is calculated using a
curve fit to the data ofockhart and Martinelli (1949 whereu , is a function of X%, as
shown inEquation(2.35). Solimanet al. (1968 determinedthat the frictional forces
dominate the momentum and gravitational forces at amd high qualities. However,
they concludedthat momentum effects cannot be neglected in deriving the hewstféra
coefficient particularly at high liquigto-vapor density ratios and low qualiti€soliman
et al. (1968 recommendhe similar analysis oRufer and Kezios (1966or stratified

flows.

Kosky and Staub (19F1an extension oAltman et al. (1960, derive an analytical
turbulent film heat and momentum transfer analogydel, neglecting entrainment and
surface waved-ollowing Altman et al. (1960, the Nusselt number is given by Equation
(2.48), where the dimensionless temperature is defined by Equati®).

_ rDC, U

Nu "
KT

(2.49)
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Ford® <5

T* =dPr]
For 5¢ d" <30
° hY .. o Q
T =g3> §>r| anf1 pad .37 (2.49)
¢ ECI- 7
Ford" 2 30
+ +é.5 F éd+ 5 5 d]
T =d - &% 4nj1 Pr 14 In
& §3' N PT RE

A 1/7" power law elocity distribution for the liquid film was assumed to calculate
the liquid film thickness. The resulting dimensionless film thickné$sis written as a
function of liquid Reynolds number. Their model is compared with data for steam and
R22 in a 12.6 m internal diameter horizontal tube for mass fluxes up to 850kgm
pressures ranging from 3.5 to 1,460 kPa, and for qualities ranging from 0.01 to 0.92, with
the upper bounds of these conditions associated with the R2Z dayanotethatthe use
of axially averagd heat transfer coefficientspanning a large quality rangeay not be
sufficient when the condensing side thermal resistancesigsificant and local
calculations may be required for accurate modeling due to the large change in heat

transfer coefficient.

Traviss et al. (1973 proposedan annubr flow model based on the heat and
momentum analogy using the von Karman universal velocity profile in the liquid film,
shown inEquation(2.50).

a PrRg"

Nu=f(X,) =
2

(2.50)

85



The frictional portion of the pressure drop is calculated using thg@hase multiplier

of Solimanet al. (1968, which is foundfrom:
f(X,)=0.15(1/ X, +285X, ) (2.50)

The exponenta, was derived to be unity but was subsequently changedL¥ofar
values of f(X,) greater than two to better fit the data for R12 and R22 in an 8 mm

internal diameter round tube over a range of mass fluxes from 161 to 1,533gamd
pressures corresponding to saturation temperaturgs td 58.3C. The three layers of

the von Karman velocity profile are containedHs which is a function of Reand Pr.
Simplifications made in the analysis of the turbulent region of the liquid sublayer restricts
the range of applicability to fluids ti liquid Prandtl numbers greater than 3, which is
reasonable for many refrigerant applicatiohdist flow was notthought to cause
significant deviations from the annular flow modetcausethe major portionof the
thermal resistance is in the laminar lsyler, however, their model consistently under

predicated the data

Shah (1979adaptedhe evaporation correlatiohe developed earliefShah, 197pto
conwective condensatiorshah(1979 concludedhat the reduced pressuR, providesa
better representation of the data than vapdiquid density ratidor arange of data from
21 sourceson condensation data for water, R11, R12, R22, R113, methanol, ethanol,
benzene, toluene, and trichloroethylene in 4 to 40 mm internal diameter vertical,
horizontal, and inclined round tubes. The resulting widely used empirical correlation is
shown in Equation (2.51), where the liquidonly heat transfer coefficienty o, is

calculated using thBittus and Boelter (193@orrelation as shown iBquation(2.52).
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D

At qualities greater than 0.85, Shd979 noticedthat hiscorrelation under predicted
the dataHe concludedhatthis could be due to entrance effects, liquid entrainpoerd
breakdown of the liquid filnthat was assumed in the developm#the correlabn. He

recommends the correlation for all flow regimes.

Soliman (198pproposed a ser@mpirical correlation for mist flow assumitigatthe
mist region is a homogeneous mixture in thermodynamic equilipramd that heat
transfer occurs only at the waMlis correlation is based on the heat amdmentum
analogy for singlehase turbulent flow, modified to incorporate the temperature

difference between saturation atfte wall, as shown inEquation (2.53), where the

mixture Reynolds number iefined asRe, =GD((o/m) {(1 &)/ ).

o - 13
a Wlfg 0
(0]

¢

Nu = 0.00345 R’ (2.53)

A modified Weber numbeof 30, as defined bgoliman (1983 (Equation(2.6)), is
used to identify the lower bound of the mist flow regiéior values of We < 20,
Soliman (198 found good agreement witlhe correlationof Akers et al. (1959 and
with therefrigerant dataf Travisset al. (1973, but found the steam datd Ananievet

al. (1961 andGoodykoontz and Dorsch (196 be in poo agreementThese findings
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led Soliman (198 to concludethatthe correlation of Travisset al. (1973 has limited

applicability beyond the fluids for which it was developed.

Moser et al. (1998 found the equivalent Reynolds number modeith the
assumfion of equal interfacial and wall friction factomsade byAkerset al. (1959 to be
invalid and subsequenthgformulatedhe modelusing the heat and momentum analogy.
They assumethat two-phaseannularflow can be modeled as a singlhase flow with
an equivalent Reynolds numiteatis a function of the liquid only Reynolds number and
the frictional pressure gradienthey recommend th&etukhov (197D correlationto
calculate the singlephase heat transfer coefficient for closufiéhe twephase heat
transfer coefficientan then be calculated usiggjuation(2.54), where the singl phase
heat transfer coefficient is corrected using an empirical correEtitiataccounts for the
difference in the driving temperature between the bulk (sipgése) and the saturation

(two-phase) temperatures.

T~ T,
h[ =k wal I’gin e-phase =+h single-pha (254)
P Tint - TwaII o seen

Plotting curves of the resulting correlation, they found that increasing Reynolds
number causes the nglephase temperature difference to approach the-plrase
temperature difference, with low liquid Reynolds numbers and low liquid Prandtl
numbers having greater singddase temperature differences. Their model was applied to
a large database of refriget data (R12, R22, R113, R134a, R410A) in 3.14 to 12.7 mm
internal diameter tubes over a range of mass fluxes from 87 to 8622kg" mand
saturation temperatures ranging from 22 t6G2They found that their model showed
improved agreement as compatedhe predictions of th8hah (197PandTravisset al.
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(1973 models, but slightly under predicted the data. They hypothesized that the under
prediction was a result of twghase pressure drop model used and some measurements
being outside the annular regime (liquid entrainment in the vapor core and stratification

of the annular flow).

2.4.1.2 Multi-regime studies
In combination with their annulao-wavy regime tansition criterion discussed

above,Jaster and Kosky (19Y@nodeled the wavy regime using a classical Nusselt film
condensation approachhe heat and momentum analdggsedheat transfer coefficient
derived byKosky and Staub (197 1s used for the annular regime. A simm@di Nusselt
modelis used for the stratified reginwehere thdiquid pool angle icalculated fronthe
Zivi (1964) correlation for void fractionHeat transfer in the liquid pool is neglectddhe

resulting stratified flow regime correlation is showrEiquation(2.55).

kar (r- )i gD’° 320
h=0.725" g AL -- (2.55)
D@ kD 8

In accordancewith their regime mapa linear interpolation withF between the
annular regimeK > 29) and stratified regimé-(< 5) is used to calculate the heat transfer
coefficient in the transition region. They found experimental heaister coefficient
results fromKosky and Staub (19FJand new steam results (described above) for the
transition and stratified flow regime$he data weréund to be in reasonable agreement

with the proposethterpolation and correlations.

In conjunction with their flowegimemap, outlined above, Brebet al. (1979 1980

proposed regimepecific heat transfer correlations convective correlation for shear
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controlled flows, and a Nusssitpe film condensation correlatiofor gravity controlled
flows. A forcedconvective heat transfer coefficief; (shown inEquation(2.56)) is

calculated usg the twephase multiplier proposed I8hisholm (196Y.

h=h(r) (256)

In most casesm = 0.5. However, Brebeet al. (1979 1980 recommend a
conservative exponent oh = 0.45 for design application§.he Nusseltype gravity
controlled heat transfer cdifent correlation isshown inEquation(2.57), whereFq is

defined to be 0.79.

h=E Eolk|3r|( f_ v)gig Ogs (257)

Using the regime definitiong Table 2.1, Equation (2.56), was proposed for the
annular and mistlow regimes and for lack of a better modehe authors also suggest
this model for theslug aml plug, and bubble flow regirse A linear interpolation using

Xiv andJg, as appropriateyaspropo®d for the transition regions.

Tandonet al. (1995 proposed a two paempiricalcorrelation for sheaand gravity
controlled flows using a natification to the earlier model gfkers and Rason (1960.
Data for R12 andR22 in a 10 mm internal diameter tube at saturation temperatures
ranging from 20 to 4@ and mass fluxes ranging from 175 to 560 kg st were

o

observed to have achange in slopeat Rg a 30,000 when plotted against
NuC'TPrl’g(ifg/prI 'D)'UG. Previously, Tandon et al. (19853 recomnended Equation

(2.58) for condensation in the annular and semnular regimesThis equation was
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applied to sheacontrolled flows (Rg> 30,000), whileEquaion (2.59) wasproposed for

gravity-controlledflows (Rg < 30,000).

Nu=0.084R¥(i, /C,, D) R (2.59)

Nu=23.1P¥(i, /C,, D) RE (2.59)

They found agreement withill5% for the R12 data art?0% for the R22 data.

Dobsonet al. (1994 conductedflow visualization and heat transfer experiments
using R12 andR134a in a 4.57 mm internal diameter horizontal tube at condensing
pressure corresponding to saturation temperatures of 35 f&€ 6and over aange of
mass fluxes from 75 to 650 kg Trs*. Ther proposed Froude numbémansition from
annular to wawannular flowis discussed abovelo model the wavyregime, they
extended the Nussdbiased correlation adhab (1963 by accounting for a varying void
fraction with quality. This is similar to the modification made Mgster and Kosky
(1976. Observingwavy regime heat transfer coefficients to be insensitive to mass flux,
indicating negligible convective hetransfer effects, they neglected any convedirat
transfer in the liquid poolThey found that most of their wavy data were predicted within
+15%. Annular heat transfer coefficients were correlated usinigpekhartMartinelli
basedtwo-phase multipkr, arguingthat the theoretical basis is similar to the heat and
momentum transfer analogy. The annular regime correlatio@awdllini and Zecchin
(1974, Shah (1979 andTravisset al. (1973 were found to ovepredict thedata of
Dobsonet al. (1999 by 18, 20, and 31%, respectivelyinally, they conclude that the

mechanisms that dominate convective condensation are similar to those that dominate
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convective evaporatiolbobson and Chato (19P8&xtended the correlation proposed by
Dobsonet al. (1994 by modifying the wavy and annular heat transfer coefficient
correlation based on additiondétafor R22 and neaazeotropicR32/R125 mixtures in
3.14 to 7.04 mm inteal diameter horizontal tubes. ContraryDobsonet al. (1994,
Dobson and Chato (199&und heat transfer coefficients in the wavy regime to be a
function of quality and mass fluas well as being dependent on temperature difife
between saturation and the walhe sheadominated (annular) regime was found to be
independent of temperature difference but dependent on mass flux and qatyalso
notedthatdiameter has little impact on heat transfer coefficient in bames down to
3.14 mm They used a detailed analysis of the theoretical approadiaefss et al.
(1973 to show the validity of a twgphase multiplier approach to heat transfer. The
annular regime heat transfer coefficient is caledatsinga modified DittusBoelter

correlation, as shown in Equati¢260).

2.22

0.89

Nu = 0.023R¢*® P?“ael
C tt

(2.60)

The wavy regime correlation ddobsonet al. (1994 was expanded by including
convective condensation in the liquid poosing thevoid fraction to determine the pool
angleand the film condensation in the top portion of the tube, as showmBqumation

(2.62).

Re 012 éGaPr 085 o ~
Nu = 0,23 vo =T g O 238 (2.61)
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The angle subtended from the top of the tubeis calculated follving an approach
similar to that of Jaster and Kosky (19Y@isingthe Zivi (1964) correlationto calculate
the void fraction. The forcedonvective heat transfer coefficient for the liquid pdglis
given by a modified Dittu@oelter correlation. As indicade above, flow regime
transitions defined b = 500 kg n¥ s* and amodified Froude number of 20 were used
to specify the appropriate correlation. The resulting correlations, when applied in
conjunction with the regime transitigngre shown to predict ¢ir data withina mean
deviation of 4.4 t®6.1%, predicting data from other authors within 13.7%R&2 and

R22 up to diameter of 12.5 mm and mass fluxes up to 1,540%g'm

In conjunction with their flow regime map and frictional pressure drop letioe
outlined aboveCavallini et al. (20023 proposed a mukliegime heat transfer coefficient
correlation for halogenatedefrigerants based odata for R22, R134a, R125, R32,
R236ea, R407C and R410A in an 8 mm internal diameter tubefor saturation
temperatures ranging from 30 to°80and mass fluxes ranging from 100 to 750 k§sn
! They proposed usinghe approach oKosky and Staub (19F1with the modified
Friedel (1979 1980 pressure drop correlation outlined above to correlate the annular
regime The stratified flow regime is calculated using Nusselt film theory along the top
portion of the tube, with forcedonvection in the liquid pool. The stratification angle is
related to void fractionas proposed byaster and Kosky (19Y.6The slug regime is
calculated usinghe empirical slug flow correlation &@avallini et al. (20021. Due to the
independent development of each regime, transiggiors are identified tdnelp smooth
the abrupt regimeadnsitions.The anularto-stratified flowtransitionis smoothed using

the dimensionless gas velocity. The stratiiedlug flow transition is smoothetb the
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liquid-only singlephase heat transfer coefficiensing quality. They found the slug
transiton to result in a slight over prediction of 8%milar toBreberet al (1979 1980,

bubbly flow was merged with annulow for predicting heat transfer ampdessurelrop.

This transition in particular results in an abrupt change in slope of the predicted heat
transfer coefficient with decreasimgiality. A comparison with 600 new data points and
2,164 HCFC, HFC, and CFC data fraime literature found their proposedadel to
predict the data with aabsolute average deviati@mf 10.4%. This led the authors to
expand the range of applicability for all halogenated refrigerants to tube diameters of 3 to
21 mm, for fluids with reduced pressures up to 0.75, and liggidypor density ratios of
greater than 4. For data other thhaseused in the development of their correlation, high
pressure refrigerants were found to havalasolute average deviation 10%, while low
pressure refrigerants were found to havelsoluteaverage deviationf 11%.Cavallini

et al. (20023 found annular correlations from the literature, includi@gvallini and
Zecchin (19724 Dobson and Chato (19988ndShah (1979to be limited in their range

of applicability, particularly for high pressure fluidghe Shah (1979correlationwas the

only of these cosmlations with a wide enough range of applicability to encompass a
significant number otheir datathat alsoprovided reasonable predictionghe Dobson

and Chato (1998correlationwas found to provide reasonable agreenvetit stratified

flow data, again breaking down e reduced pressure increas€he Jaster and Kosky
(1976 correlationwas found to provide an usissfactory agreement with experimental
results in the stratified regime due to their neglecting heat transfer in the liquid pool and
nontconstant temperature difference along the tyeeimeter, both of which are

addressed in their correlation.
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Thomeet al. (2003 extendthe convective boiling correlation &attanet al. (199&)
to condensation. They proposed a sempirical threeaegime (annular, stratifiedravy,
fully-stratified) correlation using the regime transitions proposecEb¥yajal et al.
(2003. Empirical coefficents were obtained using a database of refrigeRit, R12,
R22, R32, R113, R125, R134a, R236ea, R404A, R410A, and aR32R125 near
azeotropic mixture) and hydrocarbon (propaméutane sobutane, and propylene) data
for mass fluxes ranging from 24 tg022 kg n¥ s*, reduced pressures ranging from 0.02
to 0.80, and interngube diameter®f 3.1 to 21.4 mnfrom severalresearchersAxial
convectivecondensation is assumed around the entire perimeter for annular, mist and
intermittent flows (similar tdhe correlation proposed by Breledral (1979 1980) and
in the liquid pool for stratified flows. The upper portion of the tube in stratifiady and
fully stratified flows is assumed to teuniform thin laminar falling film. The convective
condensation regiors modeledusing Equation(2.62), whereC, n andm are empircal
coefficients. he Reynolds number is calculated using the film thickness and void

fraction andf is an empirical interfacial roughness correction factor.
h. = q CfRe"Pf™ (2.62

A simplified flow structure fothe stratifiedwavy and fully stratifiedegimes is used
Here, the pool ofiquid at the bottom of the tukie modeled asa thick annular ring over
the stratification angleéAs such, he overall heat transfer coefficient in the strativealvy
and fully-stratified regimes is a combination of Nusselt falfibgn theory and
convective condensatiorEquation (2.62)), each contributing a proportional quantity

according tahe stratification angle. The stratification angle is calculated using gaometr
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relationshipsand a logmean void fration presented il Hajal et al. (2003. The liquid
film heat transfer coefficient is calculated uskbguation(2.63).

h = 0728;£( Zgg'fg

wall

(2.63)

1D OzE

Thomeet al. (2003 proposed amass flux based interpolation of the stratification
angle between the annular and ftalyatified regimes resulting in smodifturves across
flow regimes. They found the resinly correlation to compare reasonably well with
experimental resultsvith 75% of thehydrocarbordata predicted withiee20% and 85%
of refrigerant data withint20% The model shows a tendency to significantly over

predict hydrocarbon data at mass flukeow 100 kg rif s*.

Mitra (2005 propose a tworegime model using his data and the dataliahg
(2009 for nearcritical R410A andR404A in 6.2 to 9.4 mm internal diameter tubes at
mass fluxes ranging from 200 to 800 k¢ st for P, 00.8. A modified Froude number
(Soliman, 1982 of 18 was used to identify the transition between wavy and annular
flows, as proposed bpobsonet al. (1994. For nearitical pressures, the annular
regime was modeled using a tpbase multiplier approach assuming a turbulent liquid

film. The resulting correlation is shown in Equati@b64).

32
oog D 5

e &r
Nu=0.0134RE* PFé 1 ol (2.64)
T g %; g &, 8351?30094mm9

The wavy regime was modeled by combining film condensation in the upper portion

of the tube and forced convection in the liquid pool. The condensate film term is modeled
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using an energy and momentum balance on a differential element arrdtinte@cross

the film while the convective term is modeled similar to Equafib64). A smoothing
approach for the transition between modified Froude nusnb&rl4 to 24 was used.
Andresen (200)7used a nearly identical appabato extended the analysis of Mitra to
include his data for R410A in channels ranging in diameter from 0.76 to 3.05 mm-at near
critical pressures and mass fluxes ranging from 200 tokg0@i? s*. The transition

region is defined using the transitionteria presented b@avallini et al. (20023.

Cavallini et al. (2009 fit an empiricaltwo-part heat transfer coefficient correlation to
dataconsisting of refrigants R22, R134a,R125, R32, R236ea), refrigerant mixtures
(R410A, R407C, R125/236eaR32/R125,R502, R507A, R404a, R142bR744, R717,
and R718), hydrocarbons (propane, butamsgbutane, propylene) and hydrocarbon
mixtures(propane/butane, propaismbutane) at mass fluxes ranging from 24 to 2,240 kg

m? s and saturation temperatures ranging frekh to 302°C.Using the transitional
dimensionless gas velocityé, as outlined above, two regions are defined based on the

dependencef the heat transfer coefficient on temperature difference between the fluid

andthewall. Temperaturalifferenceindependent or sheapntrolled flows, identified by

Js > J, are correlated using an empirical twhase multiplier approag shown in

Equation(2.65).
é é_/‘ 08685 ﬁ] 0236(%. 2644
h=hod €128f" =l § —= &l g Ri" (2.65)
e gfv - o (M=

Identicalto Shah (19798 Cavallini et al. (2009 definethe liquidonly heat transfer

coefficient, h o, using Equation(2.52), with a Prandtl number exponent of 0.Zheir
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temperaturaifferencedependent or gravity controlled region, identifiedJpy Jg, is
correlated using an empirical stratified flow correlatwith a weighted transition based
on the dimensionless gas velocity region as shovigiration(2.66), where the stratified

heat transfer coefficientgr, is calculated using Equatid@.67).

a g37 B 0Ja &
h=gheg 6 T G B (269
¢ G ~ ¢ -

03321 ~

o L, . 025
a 31- 0ak’r ( r- & 0
— q 0 Ao | ( v g! ot .
2072580 74?7 o $& om0 (+1 ™) h, (267)

As noted above, they limit the applicability of the transition and heat transfer
correlation to reduced pressures below @iing inadequateagreenent with data of
Jiang and Garimella (20D3or high pressure R404A near the critical point. They also
found poor agreement with the limited ammonia data included in the databagewréor
fluid and azeotropic mixture data within the range of applicability, they found an absolute
average deviation of 15% with an average deviation of 1%. They found the earlier
correlationof Cavallini et al. (20023 to be unable to accurately predict HFC refrigerant

data due to the use of HCFC and CFC data in the development of the correlation.

Jassimet al. (2008 found data for R1,R12,R134a,R22, R410A, R3ZR125in 3.14
to 9.58 mm internal diameter horizontal tubes to be predicted well byaseoerelations
from the literature when applied within their probabilistic regime map. Oittes and
Boelter (1930 equationwas fit tointermittent flows,the Chato (1962 model was fitto
stratifiedflows, andboth the model obobson and Chato (1998nd the annular portion

of the Thome et al. (2003 model were found to fit the annular regime. The agreement
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with both annular models were comparable with Bleson and Chato (1998nodel,
predicting 80.8 % of all data withi#a®20%, and th&'homeet al. (2003 model predicting

82.4 % of all data withirz20%. E&h of these correlations was slightly better for certain
refrigerants. However, neither accounted for the R32/R125 mixture data particularly well
with 21.1% and 57.8% of the data witht@0% for the Dobson and Chato and Thoghe

al. models, respectively.

99



00T

Table 2.8. Heat transfer literature review summary table

shieleile Orientation /
Investigators diameter Fluids " Range / applicability
(mm) conditions

Techniques, basis, observations

Heat Transfer Studies: Pure fluid single-regime condensation studies

Chato (1962) 145 mm  Air/water, R11ZHorizontal Pr>1
Inclined
Finned tube

Solimanet al. 7.44 -11.6€Steam, R113, Horizontal 6<U,<305m g

(1968) mm R22, ethanol, \/grtical 1<Pr<10
methanol, 0.03 <q < 0.99
toluene,
trichloro-
ethylene

Kosky and Staut12.6 mm  Steam, R22 G <850 kg nf s*

(1971) 3.5 <P < 1,460 kPa

0.01<q <0.92

A Derived a laminar condensation modk
for stratified flow

ANeglected convection in liquid pool

A Considered temperature difference
between saturation and wall

A Modified Carpenter and Colburn (195
shear stress equation

Ah derived using wall shear stress, fit
with experimental data

Ah independent of momentum at mid &
high qualities

A Momentum effects cannot be neglect
at lowq and highy /}

AHeat i momentum tr a
(annular flow) with two-phase
multiplier for shear stress



TOT

Table 2.8. Heat transfer literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids ” Range / applicability Techniques, basis, observations
(mm) conditions
Heat Transfer Studies: Pure fluid single-regime condensation studies - Continued
Travisset al. 8 mm R12, R22 Horizontal 161 <G < 1,533 kg if s* AAnnul ar Fl ow: hece
(2973) Vertical 25 <7, < 58.3°C with von Karman velocity profile in
Inclined Pr, >3 film
AThree-region turbulent film model
A PP, two-phase multiplier from Solima
et al. (1968)
Shah (1979) 7-40 mm Water, R11, Horizontal 11 <G < 1,600 kg rif s* A Developed using database of 473 poi
R12, R22, Vertical P> 0.5 from 21 sources
R113, Inclined 0.002 <P, <0.44 A Widely used empirical correlation
methanol, . . .
ethanol CondensationRg o > 350 A Two-phase multiplier applied to o
benzene, 21 <Tgy< 310°C based om andP,
toluene, 3<U,<300m g AP, gives better representation of data
trichloro- thany /) |
ethylene
Soliman (1986) 7.4 -12.7 Steam, R113, Horizontal  Weg,> 30 A Developed correlation for mist flow
mm R12 Vertical 21 <T ¢y < 310°C A Based on heat-momentum analogy fc
0.2 <q < 0.95 single-phase flow
1<Py<77 A Reynolds number based on mixture

80 <G < 1,610 kg rif s*

viscosity
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Table 2.8. Heat transfer literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability
() conditions

Techniques, basis, observations

Heat Transfer Studies: Pure fluid single-regime condensation studies - Continued

Moseret al. 3.14-12.7 R12,R22, Horizontal 87 <G <862 kg nf s*
(1998) mm R113, R134a, 22 <T_..< 52°C
R410A

A Extended Akergt al.(1959) by
including unequal friction factors
between the interface and liquid phas

A Combined equivalent Reynolds numk
and heat-momentum analogy for
annular regime

Heat Transfer Studies: Pure fluid multi-regime condensation studies

Jaster and Kosky12.5 mm  Steam Horizontal 12,6 <G < 145 kg rif s*
(1976)
20 <P < 170 kPa
Breberet al. 48-22.0 R11,R12, Horizontal 108.2 <P < 1,250 kPa
(1979; 1980) mm R113, steamm - 17.6 <G < 1,600 kg rifs™
pentane

A h from Kosky and Staub (1971)
(Annular) and Nusselt method with p¢
angle related to

A Developed regime transition with line
interpolation ofh using stress ratio

A Forced-convective correlation with
Chisholm (1967) two-phase multiplier
for annular, intermittent and bubbly
flow

ANusselt-type equation for
stratifiediwavy

A Coupled with flow map, linear
interpolation with Xy andJg in
transition zones, as appropriate
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Table 2.8. Heat transfer literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
T, conditions
Heat Transfer Studies: Pure fluid multi-regime condensation studies - Continued
Dobsonret al. 457 mm  R12,R134a Horizontal  75<G <800 kg rif s* AWavy h: modified Nusselt-type based
(1994) 35 <T,< 60°C on Chato (1962), ndé dependent,
0.1<q <0.9 includes variation ot
A Annularh: two-phase multiplier base
on heat-momentum transfer analogy
Tandonet al. 10 mm R12, R22 Horizontal 20 <T,< 40°C A Modified Akers-Rosson correlation
(1995) 175 <G < 560 kg rif s* A Sharp transition i exists between
0.1<q < 0.99 shear and gravity flows at Re 30,000
Dobson and 3.14-7.04 R12,R22, Horizontal 75 <G < 800 kg nf s* A Extension of Dobsoat al.(1994)
Chato (1998) mm R134a, 0.1<q<0.9 AWavy regimeh: include liquid pool
R32/R125 0.21<P,<0.57 convective condensation and void

1.8 < T oy < 4°C
35 <Tu< 60°C

fraction based pool angle, dependent
G

AD effects orh insignificant down to
3.14 mm
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Table 2.8. Heat transfer literature review summary table- Continued

. Orientation /
Investigators diameter Fluids » Range / applicability
) conditions

Techniques, basis, observations

Heat Transfer Studies: Pure fluid multi-regime condensation studies - Continued

Cavallinietal. 3-21mm R22,R134a, Horizontal 100 <G < 750 kg rifs*

(2002a) R125, R32, 30 <T,< 50°C
R236ea, 0<q<1
R407C, R410A
P,<0.75
iy >4
Thomeet al. 3.1-21.4 RI11,R12, R22 Horizontal 24 <G < 1,022 kg rifs®
(2003) mm R32, R113, 0.02<P,<0.8
2;;2;9:1343, 0.03<q<0.97
’ 1< < ) o
R404A, R410A i?’ ! TTsa‘ ) iS 2°c
R32/R125, < QT <32.7°C
propanen-
butane,
isobutane, and
propylene

AAnnularh: based on Kosky and Staut
(1971) with modified Friedel (1979)
pressure drop

A Stratifiedh: Nusselt-film and force
convective flow in pool

A Slugh: based on Cavalliret
al. (2002b)

AJg and X; used as transitions

ABell and Ghaly (1973) correction use:
for mixtures

A Annular flow and stratified liquid pool
h: modeled as turbulent film

A Stratified flow filmh: modeled as
Nusselt falling film

ARegime transitions from El Hajat al.
(2003)

AMist and intermittent flows treated as
annular flow

Alnterfacial roughness correction facto
applied to annulah

A Continuoush across regimes using
interpolation based oG
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Table 2.8. Heat transfer literature review summary table- Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
) conditions

Heat Transfer Studies: Pure fluid multi-regime condensation studies - Continued

Jiang (2004) and6.2 - 9.4  R404A, R410A
Mitra (2005) mm

Andresen (2007)0.76 - 3.05 R410A
mm

Cavallinietal. 3.1-17.0 R22, R134a, R410A Horizontal

(2006) mm R125, R32, R236ea
R407C,
R125/R236ea,
R32/R125, R502,
R507A, R404a,
R142b, R744, R717
R718, propane,
butane, isobutane,
propylene,
propane/butane,
propane/isobutane

Jassinet al. 3.14 -9.58 R11, R12, R134a, Horizontal
(2008) mm R22, R410A,
R32/R125

200 <G < 800 kg rif s*
O-&Dcrit <P < 1-2:)crit

200 <G < 800 kg rif s*
O-a:’crit <P < 1-23crit
P,<0.8

24 <G < 2,240 kg 1if s*
-15 <T gy < 302°C

0.6 <l <28.7°C

24 <G <900 kg nif s*
24.9 <T < 46.4°C
1.1 < Qi a1 < 9.9°C

AAnnularh: modeled using two-phase
multiplier

Awavyh: modeled both film and
convection terms

A Modified Froude number used to
smooth transition

A Extended analysis of Mitra to small
tube diameters

A Classified all flow regimes agr -
d e p e nd &4ntlependent p

A il -independent region: two-phase
multiplier withh o

AT -dependent regiorit combination o
h for stratified flowanch f r @-m

independent region, based dhs

ABell and Ghaly (1973) correction use:
for zeotropic mixtures

A Satisfactory predictions for natural
fluids; suggest further validation

A Fit Dittus-Boelter to intermittent flows
Chato (1962) to stratified, and Dobso
and Chato (1998) or Thone al.
(2003) to annular regimes



2.4.2 Zeotropic mixture studies
Zeotropic mixture studies can be classified into two categories: applisgtemific

studies and fundamental condensation studies. Apipiicgapecific studies, which
investigate how zeotropic mixtures behave within a system level application or cycle
model, will be discussed first. This is followed by a discussion of fundamental heat

transfer studies investigating the effects of mass teasf the heat transfer process.

2.4.2.1 Application-specific studies
Wu (1985 investigatedhe use okeotropic mixtures in energy conversion cyclds.

found zeotropic mixtures dk12/R114 to provide an increase in performance of 4.4 and

9.2% overpure RL2 andR114 systemsrespectively.

Changet al. (2000 investigated the cooling capacity and COP of pure hydrocarbons
(propane, n-butane, isobutane, and propylene) and zeotropic hydrocarbon miture
(propanef-butane and propansdbutane) as alternatives to R12 in heat pump
applications with 8 mm internal diameter tubes. The system was designed for R12, but in
both heating and cooling mode, propane and propylene were both found to have better
COPsthan R12, making these fluids potential alternatives. For the mixtures, the COPs for
intermediate concentrations were found to be higher than the values predicted by a linear
interpolation between the values for the two pure fluids. In cooling mode, sesréa
COP of 7% and 11% were found for propasautane mixtures of 50/50 and 75/25 by
mass, respectively. In the heating mode, the mixture COPs were found to be lower than
the COP for R12. The COP of tieobutane system was found to be lower than tfat

the R12 system for both heating and cooling modes.
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Sekharet al. (2004 conducted an experimental study Rh34aheavy mixturesith
small concentrations7(to 11% of a 45/55 by mass propaisabutane hydrocarbon
mixture as a possible drap redacement forR12 in heat pump systemsThis
combination was studied becaubke presence of the hydrocarbons improves miscibility
of R134a in mineral oils Two identical systems were compared, one with the
R134ahydrocarbon mixture and the second wRt2. They foundCOPimprovements of

310 8 % using the zeotropic mixture

Heberle et al. (2012 simulated geothermal power cycles using zeotropic
isobutenasopropane andR227ea/R245fa mixtures. They fountthat for low temperature
systems Tsource < 18C°C), the mixtures ofR227eaR245fa havethe highest cycle

efficiencies.

Chyset al. (2012 simulated and analyzed a large variety of fluids (hydrocarbons
refrigerants, and hydrocarbon/refrigerant mixtures) as pure fluids and binary and ternary
mixtures (including hydrocarbon/refrigerant mixturgs)ow temperature (150 Esource<
250°C) organic Rankine cycle3hey optimizedhe concentration of eachuid pair for
optimal performanceln all casesthey found thata zeotropic mixture provides a
performance enhancement over pure flmdkh an increase of 15.7% in cycle efficiency
and12.3% ircrease irgenerated electricityit the lower temperatur@d{,c.e = 150°C) end
among the sources examinheyalsofoundthatadding a third component does further

increase performance, but not substantially.

Garget al. (2013 simulated and analyzed a power cycle with R24Bf@pentane,

and a mixture of R245f@bopentane (30/70 by mole or 44/56 by mass) for low
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temperature (106 ¥source< 152C) sourcesUsing conservative efficiencies of the pump
and turbine, they found that the mixture of R24iStplentane had an efficiency of 13%
compared to a Carnot efficiency of 27% for the upper temperature limit andCa 35
ambient. They found a minimum irreversityliat compression ratios of 8 to 10 and also
found that the mixture reduces flammability concerns of psopentane and GWP

concerns of pure R245fa.

2.4.2.2 Condensation studies
Zeotropic mixtures exhibit both a phase concentration shift and temperature glide

during thephasechangeprocessas shown irthe T-x-y diagram inFigure 2.1, where the

R245fa concentration is shown by ma$&wring the condensation process, the less

volatile component condenses fingsulting in an increase waporphase concentration

of the more volatile componeat the vapotiquid interface Referring toFigure2.1, a
superheated vapor at A is cooled to point B (the dew point line), where the mixture
becomes saturated and begingdodense. At equilibrium, the condensate concentration

(B6) is low in the more volatile compone
condense to C and Co, t he ¢ ondphasesR245a t e mp
concentration increases as thepertane is depleted by being condensed, and the
condensate R245fa concentration increases. As the fluid becomes completely condensed

at D6 (the bubble point l i ne) , t he conden:

The mixture is then subcooled to poin
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Bubble Point Line
Dew Point Line

R245fa/n-pentane
P =412 kPa

Temperature, °C
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R245fa Concentration, -
Figure 2.1. Zeotropic mixture phase diagramwith sample points

The increased vapephase concentration at the interface addsnass transfer
resistance to the condensation proc&sg methodsare conmonly used to account for
the additional mass transfer resistance impact on cimdensationheat transfer
coefficient These ar¢he approximate method developedSilver (1947 andBell and
Ghaly (1973, and the more fundamental approach developedCbipurn and Drew

(1937 andPrice and Bell (1974

Colburn andDrew (1937 analyze the theoretical approach to condensation of a
binary vapor mixturehatis miscible in the liquid phase for all concentrations. The total
condensation heat duty is assumed to be comprised of the sum of the sensible heat of the
condemsate, latent heat of the condensing fluid ¢alivhich occurs at the interface), and

sensible heat of the vaporheir analysis assumebat the liquid and vapor phase
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concentrations and temperatures at Yhporliquid interface are inocal equilibrium,
which will probablydiffer from bulk equilibrium conditionsThe driving temperature
difference for the overall heat transfer coefficient is between the \igpad interface

and the wall temperature§he total molar condensing flux is calculated udttgiation
(2.68), where NT is thenetmolar rate of condensation per unit arés the ratio of the

condensabn rate of the more volatile fluid to the net rate of condensatiahF is a

function of fluid properties and flow conditions, given®lilton and Colburn (1934

N; = Flngg—2nt (2.68)

The flux of each component can be calculated usirand NT. They note that the

concentration variation in the liquid phase can often be neglected due to negligible error

and the difficulty in determining the ligghF coefficient.

The approximate method proposed $ijver (1947, and Bell and Ghaly (1973
accounts for mass transfer resistances in roaltiponent condensation through an ever
estimation of the heat transfer resistance in the vapor phageassumptions areade
1) phase concentrations are in bulk equilibrium at the vapor tempera&ynghase
enthalpies are in equilibrium at the vapor tempera®r&aporphase sensible cooling is
achieved by convection to the vapmuid interface and4) the latent heat and senlgb
cooling of vapor and liquid phases occurs across the entire liquid film. Calculation of the
vaporphase convection heat transfer coefficient assuhaghevapor flows alone at the
local vapor flow rate. The first and second assumptdbfier from an actual systenin

that the interface is &bcal equilibrium and thdiquid condensates subcooled and vapor
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is superheatecklative to the interfacd& he third assumptiors the key assumption rfohe
approximate method. @r estimation of the vapgrha® heat transfer resistance is used
to account for added mass transfer resistarte@sa finite segment condenser desitie
method ofBell and Ghaly (1978can be gpressed as a thermal resistance between the

vapor and walasshown inEquation(2.69).

a DQ
= 'h:rv A 2.69
RT hpure C Q E ( )

The second term accounts for tadditional vaporphase resistanc&he resulting
approximate method¢an be used to adjust any puheid condensation heat transfer
correlation hyyre for mass transfer resistances. Tapproximate methodvas compared
with heat transfer data from tlt¢eat Transfer Research, In&ITRI) database for ainf
pentane,n-pentane/methanea)-pentaneat-heptane n-pentanai-xylene, and gasoline in
horizontal tubes, outside ideal tube banks, anthershellside of horizontakhelland
tube condensey with exit qualities ranging from 0 to 90%he ®@mparisonwith data
foundthat thepredicted values some caseshowed tha®0% of thedatawerepredicted

within 30%with a tendency tander predicthe databy up to50%

Price and Bell (1974later formulatedthe equationsleveloped byColburn and Drew

(1937 into a computational design tool for condensing binary mixtures in a counter flow
heat exchangerThe net condensing qu>NT is combined with a mass, species, and

energy balance on both phases aedesal simplifying assumptionsere made. These
assumptions include: he coolant has a constant specific h@athe liquid and vapor

phase properties erknown,and 3) thecondensing fluid thermal resistance is the only
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unknown resistance. Thigguid condensate film is assumed to be isobaric and well
mixed, eliminating concentration gradients in the liquid filifhe interface is albcal
equilibrium at tle interface temperature and local presswieich can differ from the

bulk equilibrium of the mixtureAll heat and mass transfer resistances in the vapor phase
occur in a thin boundary layer adjacent to the interface. A condensation heat transfer
coefficient correlation or model from the literature used to calculate theguid-film

heat transfer coefficient. As in th€olburn and Drew (1937analysis, the driving
temperature difference for the liquid filmfrem the interfae to thewall temperature and
neglects the condensate film sensible heat. Using the computational framework
developed in their papePrice and Bell (1974found for mixtures of 43% methanol/57%
water and 18%-butane/82%n-octane ina21.1 mminternal diameter vertical tubthat

the approximate method proposed Bgll and Ghaly (1978tends to over predict the
concentration of the more volatile component in the vapor bulk and over predict the heat
transferarea required for condensation, therefareder estimiéng the effecive heat

transfer coefficient.

Webbet al. (1996 recommendHe film method ofColburn and Drew (193 bver the
approximate method obilver (1947) and Bell and Ghaly (1978for all applications.
They foundthe vaporLewis numberthe ratio of thermal to mass diffusion coefficients,
to provide a reliable idication of the accuracy of the approximate mettdging the film
method as the baselingy/ebb et al. (1996 determinedthat the approximate method
provides reasonable agreemémt vapor Lewis numbers, Le of 0.6 to 0.8but over
predics the heat transfer coefficient at uak of Lg greater than unity, and under

predict heattransfer coefficients at small values of,L&hey also notethat using the
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approximate method within a segmentather than differential approach improves the
agreement with the film method results. They found the error associated with the use of
the gproximate method within design applications to Hecreasedwhen the
condensation resistance is small relative to the other resistances. Rivieliip,et al.

(1996 proposed a modification to thgell and Ghaly (1978correction howevey the
modified correction requires knowledge of several values calculated within the film
method such as the interface temperature, condensing molar flux, and binary diffusion
coefficient, making the application of the revised correction factor just as liastélde

application of theColburn and Drew (1937ilm method.

Shao and Granryd (1998nvestigatedheat transfer characteristics obndensing
mixtures of R32/R134a in a 6 mimternal diametetube over a range of mass fluxes
from 131 to 369 kg Ms® and a range of saturation temperatures from 23 16 40hey
found that he error associated with using the WWMTD method for calculating heat
transfer coefficientfor mixtures is affected by ¢hnonlinear temperaturenthalpy
curves. 1 the profile is convex, the LMTD is lower thahe actual value, thus over
predicting the heat transfer coefficient. If the profile is concdive,opposite is true.
Thus they concludehat if small segmentswith approximately linear profiles in the
condensingegion are used, the UAMTD method is acceptahlérhey also observed
that lower heat fluxes and mass fluxes result in greater heat transfer degrafélation.
similar trend was also observed I8toecker and Kornota (1985who found greater
degradation in the wavy flow regime as compared to the annular regime. They conclude
that concentration gradients, nmteal properties, and slip betwe#re phases are the

primary causes for degradation of the heat transfer coefficients of zeotropic mixtures.
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Thonon and Bontemps (200Bheasured condensation heat transfer coefficients of
pure hydrocarbonsn-pentane, butane, and propaned ameotropic butane/propane
mixtures in compact plate heat exchangers at pressures ranging from 150 to 1,800 kPa.
They proposed using the methodSilver (1947 andBell and Ghaly (1978to account
for mixture effects. They found that this method agreed well with their dataakes
when the Reynolds number is in the turbulent regimey(R&500); however, when the

flow was laminar, the Silver, Bell, and Ghaly method tended to over predict their data.

Cavallini et al. (20023 foundthat theapproximate method dell and Ghaly (1978
combined with their pa fluid heat transfer coefficient correlatioprovided good
agreement with heat transfer data foe zeotropic mixtureR407C, but resulted in a

slight under prediction at high mass fluxes due to the large correction factor in this range.

Cavallini et al. (20029 measured heat transfer coefficients of condensewropic
mixtures of R125 andR236eain three concentrations in a horizontal 8 nimternal
diameter tube over mass fluxes ranging frd@0 to 750 kg n¥ s* and saturation
conditions ranging from 40 to 60. High mass fluxes were chosen to keep the flow in
the annular regimeCavallini et al. (20029 compared theidatato predictions froma
segmented model based on thece and Bell (1974framework using the model of
Cavallini and Zecchin (19%4for the calculationof the liquidfilm hea transfer
coefficient They found good agreement between thetlaand the computational results
with most data predicted within 10%dowever, the wateside resistance was found to be

on average 40% of the total resistance, limiting the effect of massfer resistances.
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Del Col et al. (2005 extended the pure fluid reginspecific correlation oThomeet
al. (2003, outined above, to zeotropic mixture®el Col et al. (2005 use an
approximatedell and Ghaly (1978correction, shown ifEquation(2.70), to modify the
convective condensation terrhg; shown in Equation (2.62), and a film-condensation

term, h shown inEquation(2.63).

1_1 aDT,. d
Z=— HC gz 2= A 2.70
h h)ure -q P Q DI -8?/ ( )

The pure fluid heat transfer coefficiefy e is calculated usinghe Thomeet al.
(2003 heat transfer coefficient correlatiohhe convective condensation teimthe pure
fluid correlation is modified further bymultiplying the vapotphase heat transfer
coefficient, hy, in Equation(2.70), by the interfacial roughness coefficiefi{ defined in
Thomeet al. (2003. Non-equilibrium effects are incorporatedarthe film condensation
term using an empirical neequilibrium factor multiplied by the heat transfer coefficient
calculated usingEquation (2.70). A comparison of the heat transfer coefficients,
calculated using the modified convective and film condensation terms within the flow
regime dependent interpolation identifiedlinomeet al. (2003 showed good agreement
with refrigerant and hydrocarbon zeotropic mixture data. A database of zeotropic
mixtures R407C, R125R236ea, R22/R124, and propane/butane tesngture glides
ranging from 3.6 to 21°€ in 7.5 to 8 mm internal diameter horizontal tubes over a range

of mass fluxes from 57 to 755 kgas™ was used for comparison.

In conjunction with theiflow regime transition and heat transfer modyallini et
al. (2009 indicatethatther proposed correlationEquation(2.65) - (2.67), can be used

within the Price and Bell (1974 framework for calculating the film heat transfer
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coefficientfor zedropic mixtureswith reasonable accuracy. However, they recommend
using the more easily implemented approximate metho8etifand Ghaly (197g3for
zeotropic mixturesciting an absolute average deviation of 12% and average deviation of
5% between their correlation and experimental results
2.4.3 Summary

As detailed above, there has been a significant amount of theoretical and
experimental analysis of pure fluid heat tramsind analysis of zeotropic mixture effects.
A summary of pure fluid heat transfer studies for both sireytel multiregime studies is
provided above imable2.8. The importance of accurately capturing the dominant heat
transkr processes in the significant flow regimes has been documented. A wide variety of
pure fluids have been used to experimentally validate models, including refrigerant and
hydrocarbons. However, there remains some uncertainty in the use of models betside t
range for which they are developed, even when validated using a range of fluids and
accounting for multiple regimes as doneGavallini et al. (2006. This is especially
important when applied to fluid types different from those used in the development of the
respective models and corrétats, such as HFC and CFC. Finally, zeotropic
hydrocarbon/refrigerant mixtures have been gaining increasing interest in cycle modeling
and limited system level testing. However, the mixture effects on the heat transfer
coefficient can be significant and e not been explored in detail for zeotropic
hydrocarbon/refrigerant mixtures. A summary of application specific and fundamental

heat transfer studies is providedTiable2.9.
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Table 2.9. Zeotropic mixture literature review summary table

O Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
conditions
(mm)
Zeotropic Mixture Studies: Application Specific
Wu (1985) R12/R114 Energy AFound zeotropic mixtures to provide
Conversion to 9.1% increase in conversion
efficiencies
Changet al. 8 mm R22, propane, Horizontal A Zeotropic mixtures show degradation
(2000) butane,
propane/ butanHeat Pump A Propane and propylene show better
COP than R-12
A COPs of mixtures greater than linear
interpolation between pure fluid COP
Sekharet al. R12, R134a/ Heat pump A Mixture could serve as drop in
(2004) propane/ replacement for R-12
isobutane AMixture showed 3 to 8% COP
improvement
Thonon & 1-10 mm Pentane, Compact 150 <P < 1,800 kPa A Forced-convective correlation with tw
Bontemps (2002 butane, welded plate 100 < Regg < 2,000 phase multiplier for pure fluids
propane, ABell and Ghaly (1973) correction use:
butane/ propan for mixtures
A Pure hydrocarbon fluids exhibit simile
trends inh
Heberleet al. isobutane/ Simulated A Found refrigerant mixture to have
(2012) isopropane, geothermal higher conversion efficiencies

R227eal R245f power cycle
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Table 2.9. Zeotropic mixture literature review summary table - Continued

O Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
conditions
(mm)
Zeotropic Mixture Studies: Application Specific - Continued
Chyset al. Hydrocarbon, Simulated low150 <T .,ce< 250°C A Investigated pure fluid and binary anc
(2012) refrigerants, temperature ternary mixtures in low temperature
and variety of ORC:s for efficiency improvements
binary and AFound 15.7% increase in cycle
ternary efficiency using binary mixtures
mixtures _ ,
AFound 12.3% increase in generated
power using binary mixtures
Garget al. R245fa, Simulated low 106 <T ¢4 ;ce< 152°C A Found mixture of 44% R245fa/55%
(2013) isopentane, temperature isopentane can reduce GWP and
R245fa/ flammability concerns with pure fluids
Isopentane A Found conservative efficiency of 13%
achievable for mixture, compared to
27% Carnot efficiency
Heat Transfer Studies: Zeotropic mixtures
Colburn and 81% methanol/ Vertical Plate 0 <T < 77°C A Derived theoretical mass transfer

Drew (1937) 19% water

eqguations for condensing vapors

A Derived molar vapor to interface flux
eguation

A lterative and requires mass diffusion
coefficient in vapor phase
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Table 2.9. Zeotropic mixture literature review summary table - Continued

Range / applicability

Technigues, basis, observations

. Hydraullc . Orientation /
Investigators ~ diameter Fluids "
conditions
(mm)
Heat Transfer Studies: Zeotropic mixtures - Continued
Bell and Ghaly air/n-pentane, Horizontal
(1973) n-pentane/ tube
methanen- Horizontal
pentaneh- tube bank
heptanen- Shell-side
pentaneh-
xylene, gasolin
Price and Bell 21.1 mm  Methanol/ Vertical tube
(1974) Water
n-butanen -
octane
Webbet al. 40 mm Benzene/ Downward
(1996) Nitrogen,
Toluene/
Nitrogen

A Assumed equilibrium conditions in vapor
and liquid phases

A Heat transfer occurs between liquid-vapc
interface and coolant

AMass transfer resistance accounted for
using over estimation of the heat transfe
resistance

A Developed computational framework for
single- and multi-pass condenser design

A Adapted Colburn and Drew (1937)
eguations into iterative computational
model for counter flow tube-in-tube
condenser of mixtures

A Assumed well mixed condensate film

A Colburn and Drew (1937) film method
preferable

ABell and Ghaly (1973) correction
reasonable for Lewis numbers of 0.6 to (
under prediction ofi occurs for Le > 1

A Developed a new correction for Silver, B
and Ghaly method for condensation in tt
presence of non-condensable gas
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Table 2.9. Zeotropic mixture literature review summary table - Continued

Hydraulic Orientation /
Investigators  diameter Fluids " Range / applicability Techniques, basis, observations
conditions
(mm)
Heat Transfer Studies: Zeotropic mixtures - Continued
Shao and 6 mm R32, R134a, Horizontal 131 <G < 369 kg nf st A Concentration gradients, non-ideal
Granryd (1998) R32/R134a 23 <T_,< 40°C properties, and slip are primary caust
of heat transfer degradation in zeotro
mixtures
A Low heat and mass flux conditions
show higher degradation
Cavallinietal. 8 mm R125/R236ea Horizontal 400 <G < 750 kg nf st A Good agreement with Price and Bell
(2002c) 19 < g gjge< 21°C (1974) framework
780 <P ;< 1,420 kPa AFilm h calculated using Cavallini and
40 <T,< 60°C Zecchin (1974)
A Data limited to annular flow regime
Del Colet al. 7.5-8 mm RA407C, Horizontal 57 <G < 755 kg nif s* A Modified Thomeet al. (2003) with
(2005) R125/R236ea, 3.6 < Ol gjge< 21.9°C modified Bell and Ghaly (1973)

R22/R124,
propane/ butan

2.8 <l <19.3°C

correction for application to zeotropic
mixtures

A Non-equilibrium correction factor to
film condensation term

A Interfacial roughness factor to
convective condensation term



2.5 R245fa Evaporation Studies
In an attempt to qualitatively analyze the flow and heat transfer behavior of R245fa

compared to other refrigerants, several evaporation studies are reviewed in this section.

Kedzierski (200p measured the difference in temperature betweensdbaration
temperature and the wall temperature on an enhanced surface for pool boiling of R245fa,
R123, and a mixture of R245fsdpentane (99.5/0.5 by mass) at a saturation condition of
4°C, over a range of heat fluxes up to 125 kW. e found for a gien temperature
difference, that the heat flux of the mixture was up to 11% higher for the mixture relative
to pure R245fa for heat fluxes greater than 72 kW At heat fluxes lower than 72 kW
m?, the boiling performance of the mixture was degraded.hifethesized that the
addition ofisoppent ane to the R245fa could have a

of active boiling.

Revellin and Thom&2007a 2007 measured flow characteristics using lasers of
evaporatingR134a andR245fa in 0.509 and 0.790 mdiametermicrochannels over a
range of mass fluxes from 200 to 2,000 kg st at saturation auditions of 26, 30 and
35°C. They conclude that the mechanisms that control flow regimes for R134a also apply
to R245fa. However, they note that the transitions between regimes occur at lower
qualities for R245fa than R134a and show smaller changes isitimanquality with
increasing mass fluxDue to high pressure drops attte low operating pressure of
R245fa(atT = 20°C, Psy= 122 kPa)limited annular flow data faR245fawere collected
to prevent approaching a vacuum in the test lo@pvellin and Thome (200Ya
determinedthat the transition mechanisms &245fa are similar to those d?1343

although the transitions é&t245fa are less dependent on mass flux.
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Consolini and Thome (2008tudied flow boiling ofR245fa, R134a, andR236fa in
microchannels with internal diameters of 0.51 mm and 0.79 mm over a range of mass
fluxes from 200 to 2,000 kg fns* and heat fluxes less than 200 kW tmut below the
critical heat flux An adiabaticvisualization section was useo recordthe flow regime
present at the outlet of thesatedtest section. They observed bubbly, slug, churn, and
annular flowsin their RL34a experimentsAt low flowrates, the R245fa data were
observed to ben the churnregimerather thanthe bubbly or slug regimes that were
observed for R34aat similar conditionsWith constantmass flux and increasing heat
flux, they found the heat transfer coefficient trendR@#5fa todiffer from the trends
observed foR134a andR236fa. Most notablyheat trasfer coefficients of R45fawere
found toincrease with increasing heat flux up to a qualitypetween 0.15 an.35
depending orthe heat flux After this point the heat transfer coefficient was found to be
independent of heat flux. The independencéet transfer coefficient with increasing
heat flux shown irR245fa was found primarily in the annular flow regime and was not
predicted by any of the models examined. yflso found flow instabilities to
detrimentally impact the heat transfer coeffitieh R245fa more significantly thafor

R134a oR236fa.

Bertschet al. (2009 conducted boiling heat transfer experiments in microchannels
with hydraulic diameters ranging from 0.54 to 1.09 mmRadB4a andR245fa at low
mass fluxes ranging from 20 to 350 k¢ s, temperatures ranging from 8 to°@) and
for a range of heat fluxes up to 220 kW.fFlow within the channels was observesing
a clear top test section. Flow BL34a was found to be more uniform thtaat ofR245fa

at the onset of boiling. Heat trsfer coefficients were measured in small quality
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increments. The heat flux and mass flux were adjusted simultaneously to maintain a
constant quality change of 0.2 in the test section. Silgdese heat transfer coefficient
data of the two fluids, condud€dor experimental setup verification, were found to be
accountd for well by the Dittus and Boelter (1930and Gnielinski (1976 correlations

Both R134a andR245fa exhibited expected trends with increasing quadityabrupt
increase in heat transfer coefficient at the onset of nucleate hdidihgwed by a
decrease with increasing quality. The peak occurred significantly later @.5) for
R245fa than folR134a ) = 0.1) and theateof increase and decrease wasrengradual

for R245fa as compared tthat of RL34a. Both fluids exhibited similar trends with
increasing heat fluxthe heat transfer coefficient is relatively insensitive heat flux
except in the range of 2 0 kW mi? Channel diameter was found tovhaa less
significant impact than mass flux and heat flux. A slight increase in heat transfer
coefficient with increasing saturation pressure, up to a quality of 0.7, was observed.
Similar tothe findings ofConsolini and Thome (2009Bertschet al. (2009 found the
measured heat transfer coefficiemtf R245fa to be significantly lower than those of
R134a at similar conditiondVith the exception of the last point, these results seem to
contradict the earlier results &@onsolini and Thome (2009however, hese studies
investigatedifferent influences. Consolini and Thome (20Q09nvestigated trends with
heat flux andmass flux while Bertschet al. (2009 investigated trendwith increasing
quality. Because theypan slightly different mass flux regions, a direct comparison of the
two data sets is difficult. Both studies found reasonably good agreement b&h@&éen
andR245a with some exceptionR134a was found bihe authorsof both studieso be a

more stable fluid thaiR245fa. Maldistibution at the onset of nucleate boiling and the
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observation of a larger churn regime f®245fa were attributed to the fluid instability.

Also, R245fa was found to be insensitive to heat flux for high values of heat flux.

251 Summary
A summary of experimental studies on the evaporation of R245fa is mwésen

Table2.10. The studies mentioned above demonstrate that the behavior of R245fa does
differ from that of other refrigerants, such as R134a. Not only does R245fa differ in the
magnitude of the expected heat transfer coeiffiibut also the results show that R245fa
can also deviate from the expected trends for certain conditions. This can pose a
significant problems when applying correlations and models developed for other

refrigerants to flows of R245fa.
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Table 2.10. R245fa experimental studies literature review summary table

e Orientation /
Investigators diameter Fluids " Range / applicability Techniques, basis, observations
(mm) conditions

Evaporation studies

Kedzierski (2006

Revellin and
Thome (2007)

Bertschet al.
(2009)

Consolini and
Thome (2009)

0.51-0.79
mm

0.54-1.09
mm

0.51-0.79
mm

R245fa, R123, Pool boiling
R245fa/ Enhanced
isopentane surface
R134a, R245fa Horizontal
Evaporation

R134a, R245faHorizontal
Evaporation

R134a, R236fa Horizontal

R245fa Evaporation

T =4°C
10 <" < 125 kKW nif

200 <G < 2,000 kg rifs*
3.2 <q" <422 kW nt
26 <T < 35°C

20 <G < 350 kg nfs*
8 <Tgu< 30°C

q" < 220 kW nt
300 <G < 2,000 kg rifs*
g" <200 kW n?f

A Mixture showed up to an 11% increa:s
inq" for q" > 72 kW m?

A Showed degradation " at lowq"

A Two-phase mechanisms in micro
channels are the same between R13.
and R245fa

AR245fa transitions less influenced by
mass flux than R134a, yet have simil:
mechanisms

A At ONB: Exhibited in single-phase
region for R245fa not for R134a

A For R245fa: Bubbly and slug regimes
less evident; exhibit churn
characteristics

AR245fa trends differed from
conventional refrigerant (R134a) tren

AFor R245fah independent of" at
highqg (annular regime), dependent o
g" at lowq

AFor R134a and R236fh: dependent ot
g" atallq



2.6 Specific Research Needs
It has long been understodlat heat transfer and pressure drop are dependent on

flow regimeand void fraction The classification of flow regimes can vary significantly
between authorsAs outlined above, there has been a significant amount of work on
characterizing twgphase flow and modeling void fraction, frictional pressure drog, a

heat transfer coefficients, for pure fluids as well as for zeotropic mixtures of.fluids
However, there are several arezsinterest in geothermal power generation and the
process industythat are in need of further investigation. While some studie® ha
investigated twephase flows of hydrocarbons, the majority have been conducted using
air/water mixtures and steam. There remains a need for further research to characterize
two-phase flows, including flow regime mapping and measurement and modeliagl of v

fraction for hydrocarbon flows, particularly at pressures above ambient pressure.

After obtaining a qualitative understanding of tploase hydrocarbon flows, a
fundamental study on pressure drop and heat and mass transfer of zeotropic
hydrocarbon/refgerant mixtures is necessary. These mixtures are being explored
literature for possible efficiency gains of energy conversion systems. However, realizing
these gains is dependent on the ability to accurately predict pressure drop and heat
transfer coeffient during the design phase. These two deficiencies will be explored in

the present study.

2.7 Objectives of the Present Study
The objectives of the present study address two primary needs. The first is to gain a

fundamental and quantitative understandindnygdrocarbon flows, specifically propane,

at elevated pressures. The second is to understand the pressure drop and heat transfer
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characteristics and mass transfer effects of zeotropic hydrocarbon/refrigerant mixtures

undergoing condensation. The spedifisks of the present study are as follows.

1 Visualize twephase flows of propane in 7.0 and 15.0 mm internal diameter
horizontal round tubes at mass fluxes ranging from 75 to 450%g'nand
operating pressures of 952 and 1218 kPa (0.R2<<0.29; 25 <T4< 35°C).

1 Determine flow regime transitions and quantitatively analyze the visualization
results to obtain local void fraction and film thicknesses for propane with
changing quality, mass flux, pressure, and tube diameter.

1 Experimentally determine ¢@al heat transfer coefficients and frictional
pressure gradients ag~0.4)foadondengingédws t y i n
of:

0 Pure R245fa in a 7.75 mm internal diameter horizontal round tube for
mass fluxes ranging from 150 to 600 ki 8T and operatig pressures
ranging from 122 to 610 kPa (0.03Px< 0.17; 20 <Ts5< 70°C).

o0 Puren-pentane in 7.75 mm and 14.45 mm internal diameter horizontal
round tubes for mass fluxes ranging from 100 to 450 Kgsthand
operating pressures ranging from 136 1& XPa (0.04 €, < 0.06; 45
< Tsat< 60°C).

0 Zeotropic mixtures of 45% R245fa/55%pentane in a 7.75 mm
internal diameter horizontal round tube for mass fluxes ranging from
150 to 600 kg i3 s and operating pressures ranging from 198 to 763

kPa (0.06 P, < 0.24).
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1 Develop flowregimespecific void fraction, pressure drop, and heat transfer
models based on the insights gained from the present study. Develop models

for predicting condensation of zeotropic mixtures of dissimilar fluids.
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CHAPTER 3. EXPERIMENTAL APPROACH
The phase&hangetest facility used for conducting thexperimental portion fothe

present study is shown ifigure 3.1. This facility was originally used for flow
visualization and pressure drop experiments by Coleman and Garifgedalh) and
Garimellaet al (2002, and subsequettiteat transfer experiments by Bandhaeeal.
(2006 for condensation of R34a in channels with hydraulic diameters in the range of
0.4 to 5 mm. It has also been used, with appropriate madibisa to conduct
condensation heat transfer, pressure daop flowvisualization experiments ford®4A

by Keinath and Garimellé2010 and other investigators for R404A and®A at high
reduced pressurés 6.22 and 9.40 m round tubegJiang, 2004Mitra et al,, 2005 Jiang

et d., 2007. In the present work, additional modifications were made to this facility to
accommodate th#uids under consideration and thequired range of condition3he

test facility and test sections used for pressure drop, heat transfer, ansipbéghflow
visualization experiments are described in detail, followed by a description of the testing

procedures.

3.1 Phase-Change Experiments
In this section, the experimental facility and test sections used for pressure drop and

heat transfer experiments othe pure fluids and the zeotropic mixture under
consideration are outlined in detail. A discussion of the thermal amplification technique,

mixture measurements, and the test matrix for this portion of the study follows.
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PHASE-CHANGE/SUPERCRITICAL = & > }
HEAT TRANSFER —

Figure 3.1. Experimental phasechange test facility photgraph

3.1.1 Test Facility
A schematic drawing of the test facility is shownFigure 3.2. The facility consists

of a test flow loop constructed of-ikich 316 shinless steel tubing with a wall thickness

of 0.0350, a pri mary c o-mdh8Ibtstairlessosigel tading,0 c or
and several closed coolant water loops constructed-iotkzcopper tubing. The closed

coolant loops were coupled to the dasstory chilled water supply through a large shell

andtube heat exchanger that was replaced part way through the study with two plate heat

exchangers to increase the cooling capacity.
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Figure 3.2. Experimental phasechange test facility schematic

The experimental facility included twenty three temperature measurements with an
additional four redundant temperature measurements at the test section for the mixture
experiments, six flowrate measurements, sigollie pressure measurements, and three
differential pressure measurements. Instrumentation signals were recorded using a

National Instruments Data Acquisition System (DAQ), LabView, and a PC. Detailed

specifications of the data acquisition system areigeavin Table3.1.

Table 3.1. Summary of data acquisition systempecifications

< 4
T | ST
Evaporator F’ Pre-Condenser 1 Pre-Condenser 2
VWWIWESWWWARE AV WW
Accumulator By-Pass . .
V' N
— Coolant Water ’
—— Steam ‘ ‘
—  Test Fluid ‘
. Pressure
Secondary . Test
. Temperature Loop Primary Loop Section .
A Flow Meter
Qe e i
* Liquid Sample _
By-Pass . .
4’ (3]
< \/\\N\VN AVAVAVAVAVAVA
*‘ Post-Condenser 2 ‘ Post-Condenser 1
[4] oA @ F®

Instrument Manufacturer | Model Numbet SIS Range
Number
DAQ Chassis National 1\ <x-1000|  14223AE
Instruments
16 Bit Digitizer for USB National |, 5ex1.1600|  1423DE9
Instruments
32 Channel Thermocouple Amplifier ~ National NI SCXI-1102 142E214 | 0-24V
Terminal Block Instruments | NI SCXI-1303| 13C86A6 | 0-24V
32 Channel Analog Voltage National NI SCXI-1102| 142E1EF | 0-24V
Terminal Block Instruments | NI SCXI-1303| 13F2AE6 | 0-24V
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Referring to Figure 3.2, subcoted liquid was pumped(Micro Pump GC M23
JVSENS Serial #1074767 {02.5 L min'l) or Tuthill TWS8.0EEET7WNO0O000O (227.6
L min®) through a Coriolis flow meteto a steantoupled tubeén-tube evaporator
(Exergy, Inc. Model 00528; Serial # 13890)here he fluid was evaporated and
superheatetb state point [1] The superheated stat@as verified using temperature and
pressure measurements. Theid was partially condensed in the prendenserto
establishthe desired qualityat the inlet to the test s&mn [2]; this was achievedy
controlling the coupling fluid watdtowrate and temperature and the heat transfer area of
the precondenser. Two preondensergExergy, Inc. Series 35; Model 00236 Serial #s
30178 and 16870) we configured in serieA by-passline for the first precondenser
allowed the superheated vapor tirectly enter the second peondenseif necessary
thusdecreasinghe heat transfer ar@ad enabling a high vapor qualay the test section
inlet. An energy balance on theugding fluid water and the superheated sta#s used
to calculate the test section inlet qualitipon leaving the test secticat state point [3]
the fluid was subcooled in the pesbndenseto state point [4] A two postcondenser
(Exergy, Inc. Series35; Model 00256l ; Seri al #0s c@fglratidon and
similar to the precondensers vg used to control the heat transfeapabilities
downstream of the test sectionlowever, the second pesbndenserwas rarely by-
passed in the tests. The subeabstateat state point [4] waverified by temperature and
pressure measuremengsdalsovisually verified using a sight glagBressure Products
BullssEye 10 NPT Ser.iAnlened)s2iGrmQe8 Gnltide) pasindenser
coupling fluid water and the buooled statevas used to calculate the test section outlet

quality.
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Coolant water was circulated through the-med postcondenser using centrifugal
pumps (AMT 36807595 #1105 and 1106, respectively). Two sets of rotameters were
used to control theldwrate through the preand postcondenser independently. One of
two magnetic tube flow meters (Rosemount 8711 Serial #016807441L min®) and
#0071955 (0 2.5 L min%)) was used to measure the qsmndenser coolant flowrate. A
single magnetic tubow meter (Rosemount 8711 Serial #0168080 (4 L min®) was
used to measure the pasindenser coolant flowrate. A summary of the heat exchangers

in the test facility is provided in Tables 3.2 and 3.3.

Table 3.2. Summary of heat exchanger sinensions

Shell Tube
: Tub Heat Tub
Exergy, Inc| Serial | _“0¢ Outer Wall Outer | wall ube /
Length, | Transfer| . ) : Baffle
Model Number | Diameter, [ Thickness,| Diameter, | Thickness,
mm [Area, m Count
mm mm mm mm
Pre-Condenser 1
35-00256-1] 30178 508 | 027 | 381 | 165 | 318 | 0.032 [ 55/11
Pre-Condenser 2
35-00256-1] 16870| 508 | 027 | 381 | 165 | 318 | 0.032 | 55/11
Post-Condenser 1
35-00256-1] 33819 508 | 027 | 381 | 165 | 318 | 0.032 [ 55/11
Post-Condenser 2
35-00256-1] 33820 508 | 027 | 381 | 165 | 318 | 0.032 [ 55/11
Primary-to-Secondary
23-00540-6] 33560 406 | 008 | 254 | 125 [ 318 | 0.032 | 19/18

Table 3.3. Summary of evaporator dimensions

Evaportator Tube-in-Tube
Exergy, Inc : Model 00528; Serial Number: 13890

Inner Tube Outer Diameter, mm 12.70
Wall Thickness, mm 1.65

Outer Diameter, mm 25.4

Outer Tube Wall Thickness, mm 1.65
Length, m 5.9
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3.1.1.1 Facility Instrumentation
All temperature measurements were made usingpd thermocouples (Omega

Engineering Model# TMQS$25G6). Calibration of all thermocouples was conducted
using a temperature controlled calibration bath (Hart Scientific Model# 7340 Serial #
A57096) with calibrabn bath silicone oil 200.10 (Hart Scientific Model# 5012) and high
accuracy Platinum RTD (Hart Scientific Model# 5612 Serial# 74850312C) with a
Tweener PRT readout (Hart Scientific Model# 1502A Serial# A57032). The
thermocouple calibrations were tered into LabVieW software, which linearly
interpolates between calibration points. The maximum uncertainty of the thermocouples

was calculated to be 0QG, which was applied to all thermocouple measurements.

Flowrates were measured using two Coriolenvf meters and four magnetic flow
meters. The test fluid flowrate was measured using a Coriolis flow meter (MicroMotion
CMF025 series). The secondary coolant water flowrate for the thermal amplification
technique was measured using the second Coriolis fimter (MicroMotion DS006
series). Four magnetic flow meters (Rosemount 8711 series) were used to measure three
coolant water flowrates. Specifications and uncertainties of the flow meters are presented
in Table3.5. Test fluid pessure measurements were made using four absolute pressure
transducers (Rosemount 3051 series). Because of the range of saturation pressure of the
fluids of interest in this study, transducers with different absolute pressure spans were
used for differenfluids to reduce experimental uncertainty. Test section pressure drops
were measured using two differential pressure transducers. The absolute pressures of the
primary loop and coolant lines were measured to ensure that the fluid remains in the

liquid phase. A differential pressure transducer measured the pressure drop in the primary
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loop. Specifications and uncertainties of absolute and differential pressure transducers are

shown inTable3.4.

Table 3.4. Summary of pressure transducer gecifications

Instrument Device Manufacturer and| Serial Range Accurac
Model Number Number g y
Main Flow Loop Pressure Transducers
Rosemount 5.17 kPa (0.159
Pre-Condenser Inlet - Absolutg 3051 TA4A2B21AESMS 1019352( 0 - 3447 kP4 S)
q
Cosemoun 0- 500 kPa 2.15 kPa )(O 43
Test Section Inlet - Absolute 3051 TA4A2B21AESMS 1019351 517 kPa (015!
0 - 3447 kP4 s)
q
Cosemoun 0- 500 kPa 2.15 kPa )(O 43
. . 2
Test Section Outlet - Absolute 3051 TA4A2B21AESMS 1019353 517 kPa (0154
0 - 3447 kP4 s)
q
I 0- 500 kPa 2.15 kPa )(0 43
- - 2
Post-Condenser Outlet - Absol 3051 TA4A2B21AESMS 1021623 517 kPa (0.154
0 - 3447 kP4
F.S.)
Rosemount 0.088 kPa
. . . 3051CD3A22A1AB4M5 0687134 0-62.6 kPa (0.14% F.S).
Test Section - Differential
Rosemount 0687133 0 - 6.26 kPa 0.014 kPa
3051CD1A22A1AM5 ' (0.22% F.S).
Coolant Loop Pressure Transducers
Rosemount
Coolant Loops - Absolute 2088A3M22A1M7 138877 | 0 - 2413 kP4 2.4 kPa
. Rosemount
Primary Loop - Absolute 2088A3M22A1M7 138874| 0-5516 kP9 5.5 kPa
. ) . Rosemount
Primary Loop - Differential 3051CD4A22A1 ABAMSES 2251309 0 - 2068 kP34 N/A
. Rosemount
Gas Chromatograph Calibratign 2088A3M22A1M7 138875 0 - 5516 kP4 5.5 kPa
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Table 3.5. Summary of flow meter pecifications

Model Number N?J?]:Elelr Range Accuracy
Main Loop - Coriolus (MicroMotion)
Sensor CMF025M319NU 0326974 . .
Transmitte] __ IFT9701R6D3U 0366359 | 0 - 100-0 g set| £0.10% of Reading
Secondary Loop - Coriolus (MicroMotion)
Sensor DS006S100SU 0205104 .
Transmitte] __ IFT9701R6D3U 0366366 | 0 151 g set | £0.15% of Reading
Pre-Condenser - Magnetic Tube (Rosemount)
Sensor 8711ASA30FR1E5G1 0168079 __; |+0.25% of Reading {
Transmitte] _ 8712ESRIAINSM4 | 0310126 | 0 X40LMIM 15 605 L mirt
Pre-Condenser - Magnetic Tube (Rosemount)
Sensor 8711RRE15FS1 0071955 ., |%0.5% of Reading O
Transmittef 8712CT12M4 63610 | 0 2°LMM 1 10 0034 L mirt

Post-Condenser - Magnetic Tube (Rosemount)

Sensor

8711ASA30FR1ESG1

0168080

Transmitter

8712ESR1AIN5M4

0310125

0-14.0 L mift

+0.25% of Reading q
+0.005 L min*

Primary Loop - Magnetic Tube (Rosemount)

Sensor

8705TSA005S1IWONOM4

0870119434

Transmitter

8732CTO3NOM4

0860199499

0-15.0 L mift

+0.5% of Reading

3.1.1.2 Hazardous Fluid Safety Equipment

Because the experimental facility was originally designed for refrigerant experiments,

the system was modified to accommodate flammability concerns associated with testing

hydrocarbons. As shown fRigure3.1, the facility was surrounded by a Plexi§lasall

that extended down to the floor. Because the hydrocarbon vapors are more dense than air,

leaks were expected to lead to accumulation of hydrocarbons near the floor. At the center

of the facility wa an exhaust vent (orange and black dudtigure 3.1) that exhausted

up to 2,000 cubic feet per minute from two locations near the bottom of the facility. This

prevented any buildup of hydrocarbons in the event of a small Adsdc.located below

the test fluid loop were two flammable gas sensors that continuously monitor for the

presence of flammable gases. The flammable gas sensors had a local and remote alert to
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the university Environmental Health and Safety Department. Duhagcourse of the

present study, the alarms were not set off.

Electrical connections were also a consideration addressed though facility
modifications. The pressure sensors, flow meters, and electric motors located within the
containment wall were all aked such that there were no open electrical connections. The
controls and pumps not connected to the test fluid were located outside the containment
wall. The electrical box can be observed down the left side of the experimental facility in

Figure3.1.

3.1.2 Test Section
Two heat transfer test sections were used as part of the pressure drop and heat transfer
experiments conducted in this study: one with a 7.75 mm internal diameter and one with

a 14.45 mm internal diameter. The test is&st were designed as countiaw tubein-

tube heat exchangers, shown schematicalRignre3.3.

To
Pressure Primary Pressure
and Loop and
Test AP Tsp Lap t N: Tap Test
Section t < Lannus (Heat Transfer Length) —— t Section
Outlet v Inlet

-—
¢ DTQS[,i DOT,i DTee LT
Temperature From Temperature
Tap Primary Dresto  Doro Tap
Loop

Figure 3.3. Pressure drop and heat transferest section schematic

A thin walled copper tube with the desired inner diameter was used as the inner tube

to maintain a low thermal resistance across the tube wall. The outer tube was sized such
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that the annulus formed by the inner and outer tubes results in an asideluseat
transfer coefficient high enough to present a low thermal resistance relative to the
condensation resistance. Dimensions of the two test sections, including end fittings, used

in this study are shown ihable3.6.

Table 3.6. Pressure drop and heat transfer test section dimensions

Heat Transfer Test Sections Test Section
Dimension Variable| 7.75 mm| 14.45 mm

Test Section Inner Diameter, mm| D teg; 7.75 14.45
Test Section Outer Diameter, mm D test o 9.5 15.9
Outer Tube Inner Diameter, mm| D o7 11.1 17.4
Outer Tube Outer Diameter, mm| D o1, 12.7 19.1
Annulus Length, mm L Annulus 530 530
Differential Pressure Length, mm| Lpp 746 746
Tee Length, mm L tee 13.2 15.0
Internal Diameter of Tee, mm D tee 10.4 16.8

3.1.3 Thermal Amplification Technique
The condensation heat duty in the test section must be obtaihdd also

maintaining he condensation resistance as the dominant thermal resistecmeate
measureent of test section heat duty svassentialo maintain low uncertainties of the

heat transfer coefficients. Possible methods to measure the test section heat duty were to
infer the heat duty using theoupling fluid temperature rise and floate or use the
thermal amplification technique. Accurate measurement of the test section heat duty
using the coupling fluid temperatures and flowrate requires a large temperature
difference which in turnresults in a low annulus flowrate. A low flowrate results in a

high thermal resistance on the annulus side. Conversely, maintaining a high coolant

flowrate, which presents a low thermal resistance, would result in a high uncertainty in
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measired heat duty. The thermal amplification technjquescribed in detail in
Bandhaueret al (2009, decouples the conflicting requirements of measuring heat
transfer rate and heat transfer ¢mafnt. Referring toFigure3.4, this technique involves
removingthe heat of condensation by a primary coolant at a fighrate; the high
flowrate coolantposes a low thermal resistance, enabling accurate deduction of the
concensationheat transferesistance from the measured overall test settgan transfer
resistance The high flowate through the test section annulus resultoity a small
temperature rise in the coolaftherefore, asecondarycooling fluid at a muchlower
thermal capacitance rate svased to exchange heat with the primary coolEnis lower
flowrate coolantresuls in an accurately measurable temperature insthe secondary

coolant.Dimensions of the primary loop are summarizedable3.7.

[P] . [P]
Test Fluid >—T1"\/\\\ \A\
. Test Section .

VVWWW

—— Coolant Water

—— Test Fluid -.

. Pressure Primary

. Temperature A 4 Loop

A Flow Meter

CFI Pump _.
VWAWWWWN

Secondary

Heat Exchanger
o o VA AAYAYen
Cooling Fluid

Figure 3.4. Thermal amplification technique schematic

The water in the primary loop was circulated using a positive displacement pump

(Micro Pump Model 5000.750/50C, Serial #365623). &gmetic flow meter (Rosemount
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8705 Serial #08701194340.5% reading) was used to measure the volumetric flowrate.
The primary loop pressure was measured using an absolute pressure transducer
(Rosemount 2088 Serial #138824.5 kPa). The differential pregre across the pump,
which is equal to the pressure drop through the primary loop, was measured using a
differential pressure transducer (Rosemount 3051CD Serial #2254G@85%). Four
temperature measurements were made in the primary loop at tiseainéebutlets of the

test section and the secondary loop heat exchanger. The primary loop was coupled to the
secondary loop using a shaldtube heat exchanger (Exergy Model #00840Serial
#33560). The measured secondary loop water temperature andlonsate (measured

using a Coriolis flow meter (Micro Motion DS006S100SU Serial #020531045% of
reading) were used to calculate the secondary loop heat duty. The secondary loop water
flowrate was controlled by controlling the pump speed (Micropum@d2Q Serial #

912334 (0 10 L mir)).

Table 3.7. Primary loop dimensions

Dimension Variable [Length

Actual Primary Loop Length L priactual | 2.94

Equivalent Primary Length for Heat Transfef L pi gfective| 5-70

Primary Loop Plumbing Inner Diameter Dpri 10.2

Primary Loop Plumbing Outer Diameter D prim,o 12.7

3.1.4 Zeotropic Mixture Concentration Measurement
An in-line gas chromatograph (Shimadzu StfenGC-2014 DualPac TCD no D/S

Part # 2209462400, Serial #C11484939600+0.0023 concentrationyas used to
measurethe bulk concentration of the mixture prior to taking each data pdeitum

was usedas the carrier gasecause the thermal condudiyvbf helium is significantly
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different from that of R245fa anatpentane. For example, at a pressure of 101 kPa and
temperature of 10C, the thermal conductivity of helium is 0.181 W'id, while the
thermal conductivities of R245fa andtpentane are .019 and 0.022W m' K7,
respectivelyThe thermal conductivity of nitrogen, another carrier gas option, is 0.031 W
m* K. The greater the difference in thermal conductivity between the carrier gas and the
test fluid, the more sensitive the thermal aactdvity detector becomes to the measured
fluid, resulting in increased accuracy.

I
I
I

Load Position Inject Position

From Post Condenser To Mass Flow I From Post Condenser To Mass Flow
Outlet > N Meter | Outlet > M Meter
Helium Helium
Carrier Gas Carrier Gas
......... }. }

) To Gas Chromatograph

|
|
|
I
|
|
|
|
|
|
i...J-- To Gas Chromatograph :
|
|

Figure 3.5. Gas chromatograph liquid sample loop schematic

A wide-bore capillary column (ResTek Riumina BOND/CFC; 30 m0.53 mm
internal diameter, df = 10m; Serial # 962866) was used to separate the R245farfrom
pentane. An electrically actuated liquid sampling valve (Valco ED4CI4UWE1/2 Serial
#11S1052V) with a 1uL sampling loop was used to draw the bulk liquid sanfigm
the system during operation with negligible disturbance to the steady state. The plumbing

and valve configuration in the load and inject positions are shown schematidaliyre
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3.5. The thermal conductivity detector resge was recorded and analyzed using
Shimadzu LabSolutions Version 5.42 SP1 (Part #228291). The nominal
temperature, pressure, and flowrate set points of the gas chromatograph are provided in
Table 3.8. The uncertainty of thegas chromatograph at these conditions was
conservatively estimated to be 2% of the measured mass of each fluid, resulting in a
concentration uncertainty at the nominal concentration af 839% and 55 1.1% for

R245fa andh-pentane, respectively. A sunany of the gas chromatograph calibration is

provided inAppendixA.

Table 3.8. Gas chromatograph configuration

Gas Chromatograph Configuration
Temperatures

Liquid sampling valve, °C 26

Injector, °C 120

Column, °C 150

Pre-heater, °C 155

TCD, °C 155
Pressures

Carrier gas inlet, kPa 730

Right make-up gas, kPa 127

TCD reference, kPa 157
Flow rates

Left carrier gas, mL min 0
Right carrier gas, mL mih 15

3.1.5 Test Matrix
The test matrix for the pressure dropgldreat transfer portion of this study is shown

in Table 3.9. As described in Chapter 1, the ability to recover-temperature energy
from waste heat or geothermal sources for the production of electricity is the motivation
for including zeotropic mixtures as part of the present study. As such, the test matrix was

identified based on condenser conditions relevant to-spade geothermal power
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generation applications. The selection of an optimum design condition including
condenseprientation, tube diameter, fluid concentration, and mass flux was conducted
by United Technologies Research Center. The test matrix for this study was developed to
provide a range of conditions around the design point.rifppentane portion of the test
matrix was defined by conditions relevant to the process industry: saturation temperatures
of 45 and 60C, and mass fluxes up to 450 k¢’ms'. Due to facility limitations caused

by the low absolute pressure fpentane, the test matrix for the 14.45 nube was
extended to an additional saturation condition and lower mass flux. The R245fa test
matrix andn-pentane 600 kg ths* mass flux in the 7.75 mm internal diameter tube were

added to facilitate comparison with the zeotropic mixture results.

Table 3.9. Pressure drop and heat transfer test matrix

R245fah-pentane |, oot Pure n -pentane

Mixture
D, mm 7.75 7.75 7.75 14.45
55* 20| 45| 70| 45| 60
Mass Flux, kg
m?st

* Indicates Bubble point temperature

3.2 High-Speed Video Experiments
The test facility, camera setup, and test section details for the flow visualization

experiments are described in this section. The flow visualization test matrix follows that

description.
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3.2.1 Test Facility
The modified experimental facility used for the visualization portion of the present

study is shown inFigure 3.6. Comparing the visualization experimental setup to the
pressure drop and heat transfer test facility, described in Section 3.1, facility
modifications to accommodate the visualization test section occurred only between state
points [2] and [3]. The heatansfer test section, primary loop, and secondary loop used
in the pressure drop and heat transfer experimental facility were replaced by a
visualization test section, lighting, and a higpeed camera. The test fluid, steam, and
pre and posicondenser aafigurations remained unchanged. In addition to the
visualization test section, a test sectionpags between [2] and [3] was installed with
three pneumatic isolation valves: one valve was used to close tpasbyand the
remaining two were at the inleind outlet of the test section. The valves were set to

default with flow through the bpass and isolation of the test section.

| T e o ' o &
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Evaporator F* Pre-Condenser 1 ’ Pre-Condenser 2
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w
- ]
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Bl Pressure Y  Liquid Sample Zg >y @
. Temperature @ High Intensity Light \‘
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A 4
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>

Figure 3.6. Flow visualization test facility schematic
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3.2.2 High-Speed Video Camera Setup
The highspeed visualization test section configuration is shown from a side view and

the camera view irFigure 3.7. A high-speed video camera (Photron FASTCAM SA4
Serial # 364435125 with Nikon MicfNIKKOR 105 mm /2.8 $rial # 224551) was
aligned perpendicularly to the flow direction and vertically level with the visualization
test section as shown in the side view. The test section waslitbaskng two high
intensity lights (Lowel OMNI Lights 500W). To produce tybase flow images with
distinguishable vapdrquid interfaces, the lights were positioned such that the light was
incident at a slight vertical angle relative to the camera location, as shown in the
schematic. A light box with white interior was used to sund the test section on the top

and two sides. An additional barrier that separated the camera from the light sources was
used to prevent light from directly entering the camera lens, as shown in the camera view
of Figure 3.7. In combination with the ligtvox, a light diffusion screen was placed
behind the test section to increase the diffusion of the light and provide a uniform
background in the images. The higjpeed video camera was connected using an Ethernet
cable to the data acquisition computere ®hotron FASTCAM viewer software (version
3.2.8.0) recorded the video and allowed control of shutter speed, frame rate, image

resolution, and exported the captured video to a file.

Viewing was only conducted using the horizontal viewing angle in theeptestudy.
Several complexities limited the ability to obtain multiple viewing angles. First, the
position of the light box, such that high quality images could be obtained from the
horizontal view, obstructed the ability to obtain simultaneous images frultiple
angles. Second, because the present study had multiple parts, including heat transfer and

visualization, the ability to change between test facilities and back again was very
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important. Experimental instrumentation, including pressure tranglaodra portion of
the thermal amplification technique, as well as a portion of the exhaust system, would
have to be permanently removed to accommodate recording video from the vertical
angle. Furthermore, the entire visualization test matrix would haéohae repeated. As

such, obtaining a second angle was beyond the scope of the present study.

Light Box

Camera

L __ _@_
Test Section

. Lights
'
g Light Diffusion Screen
X y

Side View

O <«—Light

Light Box

Post-condenser Pre-condenser

z
1 .
2 Video Focal Point Test Section
y X Front View (Camera View)

Figure 3.7. Flow visualization lighting setup

3.2.3 Test Section
Two test sections were used for visualization, o#ith an internal diameter of 7.0

mm and the second with an internal diameter of 15.0 mm. The 7.0 and 15.0 mm test
sections, shown schematically in Figures 3.8 and 3.9, were constructed using a fused
quartz glass inner tube (Technical Glass ProdDcts 7 andD, = 10.4 andD; = 15 and

Do = 18) epoxied using Devcon 2 TOEpoxy into stainless steel Swagelok fittings at
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either end as shown iRigure 3.10. A Teflon spacer was used to align the glass tube
within the inlet tube. Surraxding the inner tube was a round outer pressure chamber
(Pressure Products -#ch and 1inch FulkView sight flow indicator). The annulus
between the inner tube and the outer pressure chamber was pressurized to reduce the
differential pressure across thener tube wall. This allowed higher pressures to be
achieved inside the inner tube. The smaller 7.0 mm internal diameter test section was
pressurized using nitrogen to approximately 550 kPa. The larger 15.0 mm internal
diameter test section was filled withater and pressurized to 550 kPa. The water was
necessary to produce a distinguishable inner and outer tube wall during the visualization.
An emergency vent, consisting of a pressure relief valve and analog pressure gage, was
used to ensure safety. Theegsure relief valve was set at approximately 800 kPa. The
relief side of the valve was vented to the exterior of the building. Because of the safety
precautions and pressure requirements in the outer chamber, no active cooling was
provided to the test sgon. A summary of the test section dimensions is provided in
Table 3.10. A calibration procedure was used to account for any potential distortion
effects due to the use of round tubes and round outer annuli. A description of the
calibration procedure is provided AppendixB. Additionally, as described in the data
analysis section (Chapter 4), the video frames were analyzed compared to a static, liquid
filled tube image. The combination of these two procedures ensured theyvalithis

approach for flow visualization.
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Table 3.10. Flow visualization test section dimensions

Flow Visualization Test Sections Test Section
Dimension Variable | 7.0 mm| 15.0 mm

Test Section Inner Diameter, mm D Test; 7.0 15.0
Test Section Outer Diameter, mm D Testo 10.4 18.0
Outer Tube Inner Diameter, mm D ot 35.6 41.2
Outer Tube Outer Diameter, mm Doro 445 50.8
Glass Tube Length, mm L glass 510 610
Differential Pressure Length, mm L op 610 622
Inlet Length, mm L restinet| 115 114

Outlet Length, mm L testoutlet| 95 114
Inlet Diameter, mm D, 7.75 14.45
Outlet Diameter, mm D, 7.75 14.45

Loop Diameter at Test Section Inlet, mm D 40 10.9 10.9

Emergency N2 Cylinder
Pressure
Relief
Pand AP Valve Pressurized Annulus P and AP
Measurement Dori Drest Measurement
Test - ] | Test
Section ‘0 Section
Outlet . * HH Do, Inlet
Temperature DiZ)T,o l)ETest,o Temperature
Measurement Measurement
Lar
+~— Lrestoutlet Lalass Ltestinlet —=

Figure 3.8. Flow visualization test section schematic
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AN

Figure 3.9. Flow visualization test section photograph

TbeFFﬁng
End Fitting | ! ’ |
| [—<——

Epoxy Teflon

Figure 3.10. Flow visualization test section end connection Bematic

3.2.4 Test Matrix
A set of conditions similar to those used for the condensation pressure drop and heat

transfer experimenta/as considered for the visualization portion of the present study.

The conditions investigated in the present study are summaniZeble3.11.
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Table 3.11. Flow visualization test matrix

Propane Visualization
D, mm 7.0 15.0
Tea °C 25 35 25 35
75
Mass Flux, kg 150
m?s? 300
450

3.3 Test Procedures
The experimental procedures used to prepare the systemting tasd conduct the

experiments are describad this section. The procedures for the condensation pressure
drop and heat transfer experiments, as well as the flow visualization, are similar for the

entire test matrix, and the differences in the procedreeoted.

3.3.1 Leak Checking
Once the desired test section was installed in the test loop, the test fluid loop was

pressurized to 1,700 kPa using nitrogen. If necessary, the span on the pressure
transducers was increased for this process. A pressure of KRé&Was used for the
visualization test sections due to limitations of the glass test section. With the system
pressurized, leaks were initially located using soapy water. With most leaks identified,
the system was filled with R404A and further pressurizét nitrogen, again to 1,700

kPa or 1,400 kPa as appropriate, and slow leaks were identified using a refrigerant leak
detector (Yellow Jacket AccuPrdbéeak Detector with heated sensor Model: 686800
69365 capable of detecting HFC leaks down to 1.7 @.yFhe system was then

monitored for a minimum of 8 hours to verify that the system was sealed.
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3.3.2 Charging the Experimental Loop
The procedure used to charge the experimental facility with the test fluid is detailed in

this section. The procedure for chiaigy pure components differs slightly from the

procedure to charge multomponent fluids.

3.3.2.1 Charging the Loop with Pure-Component Fluids
Once the loop was verified to be leak free, the test loop was opened to atmosphere

and evacuated using a vacuum pump I@dstries INC. Platinum series Serial #0610).

The charging port had three interconnected ports. The first was connected to the fluid
cylinder, which was placed inverted on a scale (VWWek Refrigerant Charging Scale 100

kg) to ensure that the liquid phasas drawn from the tank. The vacuum pump was
connected to the second port, and the vacuum gage was connected to the third port. The
vacuum pump was allowed to run until a vacuum below 300 microns was achieved and
verified using a vacuum gage (Thermal Eregring Co. Model #14571 Serial #TR2573).
Isolating the vacuum pump and vacuum gauge, the liquid valve on the fluid cylinder was
opened and the charging lines filling with liquid while the test loop remained at a
vacuum. The tare function on the scale waen used to set the reading to zero. The
mass charged into the system was calculated using the liquid phase density, an estimate
of the volume of the main fluid loop (0.00155)mand a portion of the 1.5 L of the liquid
storage tanks (0.7 L or 0.0007°)mFor example, the mass of propane charged was
calculated using a total system volume of 0.0023%mal liquid phase density at 2D of

500.1 kg ¥ to be 1.13 kg.

In some cases, the coupling fluid loops were used to provide cooling to the main fluid

loop, which would draw additional fluid from the cylinder to the main fluid loop. Once
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the desired mass was charged into the test loop, the fluid cylinder and charging line

isolation valve were closed and the cylinder removed.

3.3.2.2 Charging the Loop with Zeotropic Mixtures
The procedure for charging muttomponent fluids was nearly identical to the

procedure for charging a pure component, outlined in the previous section. The main
difference was the two components were charged to the system individually from
different cylinders. This required pealculating the required mass of each component to
achieve the desired bulk concentration once mixed in the system. The lower pressure
fluid (n-pentane) was charged first using a procedure identical to that used far¢he p
fluid. After the desired mass of the first component was charged, the system was cooled
and the first cylinder was disconnected. The second fluid cylinder was connected and
connecting lines were evacuated before the desired mass of the second fladbeds
Unlike the pure fluid, the two fluids needed to be well mixed to provide assurance that
the circulating fluid was near the nominal concentration. To achieve mixing, the system
was started and shut down approximately five times to cycle fluid imdooat of the
storage cylinders. The system was then allowed to sit overnight with all internal isolation
valves open to allow additional mixing by diffusion. With the system running, the gas
chromatograph was used to verify the bulk concentration. Ifssacg the concentration

was adjusted slightly by adding additional mass of the needed component.

3.3.3 Pressure Control
Pressure control was achieved by controlling fluid inventory in the main fluid loop

and cooling rates provided in the pead postcondeners. Material compatibility issues
prevented the use of the bladder accumulator used previouslgibgith and Garimella

(2010. To maintain a sealed system for safety considerations, stainless stegrsylin
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were selected to store excess fluid. Two liquid storage cylinders (1.0 L and 0.5 L), shown
in Figures 3.11 and 3.12, were used to store excess liquid to achieve the desired test
section quality. Liquid was removed from the test fluid loop throughraitling valve.
Isolation valves on each cylinder as well as in parallel with the throttling valve were used
for startup and shutdown. The 0.5 L cylinder was opened at startup to allow excess liquid
to be stored when the steam was turned on. The cap&€ty & capacity prevented the
system from over shooting the desired quality during startup. dfigt posicondenser
flowrates were adjusted to achieve the desired operating pressure. Upon reaching the
desired test section quality, as verified using atsB@rsecond data point, the main fluid

loop was completely isolated from the cylinders and allowed to come to steady state. At
low qualities, the preondenser was primarily used to control pressure, while the post
condenser flowrate was varied to imprasgerimental uncertainty of the outlet quality.

At high qualities, the postondenser was primarily used for pressure control, while the

pre-condenser was used for fine control of test section inlet quality.
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Figure 3.11. Pressure control liquid storage cylinders photograph
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To Loop

Figure 3.12. Pressure control liquid storage cylindersschematic

3.3.4 System Startup and Shutdown
To start the system, the lab chiller wamtd on and allowed to reach the desired set

point. The facility cooling pumps were turned on with the flowrates of theamie post
condensers set high to provide maximum cooling. The main fluid loop pump was turned
on and the test fluid was circulatadd cooled at a mass flux of approximately 100 kg m

2 s The isolation valve on the smaller of the two liquid storage cylinders was opened,
while the larger cylinder valve remained closed. The steam was turned on to a low

pressure, approximately 110 kiBa 102C. This sudden addition of heating caused a
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spike in system pressure pushing excess liquid into the storage cylinder. The high cooling
rates in the preand postcondenser, as well as limited volume of the smaller cylinder,
limited the amount of ligid removed from the main fluid loop. This ensured that low
quality points at the test section could still be obtained. Once the system stabilized, data

collection began.

At the completion of the data set, the system contained the largest amount of vapor
than at any point during the test run. To shut down the system, liquid was drawn back
into the loop by reducing the system pressure below the saturation pressure of the test
fluid at ambient temperature. Ensuring that thephgs was open and test sectoas
closed for the flow visualization tests, the cooling of the-postienser was increased to
the maximum flowrate and the main fluid loop flowrate was decreased. Once the system
pressure was decreased sufficiently, the cylinders were opened. THoengeaser
cooling was slowly increased, as increasing the flowrate too quickly caused vapor to
enter the pump. The test section inlet temperature was observed until a subcooled liquid
condition was achieved at this point. The-pomdenser flowrate was furthencreased
and the steam was turned off.

3.3.5 Data Point Transition, Stability, and Capture
Once the system was started, the throttling valve on the storage cylinder was opened

slightly in small increments to let fluid into the liquid cylinders. Simultangotise pre
condenser flowrate was decreased until a quality of 0.1 at the desired pressure was
obtained in the test section. Short 15 to 30 second data samples were used to determine
when this condition was met. The LabViimterface contained severalrtinuous plots

of the temperature, pressure, and flowrate measurements with a five minute history.
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Visual observation of the temperature, pressure, and flowrate plots were indicative of a
steadystate condition. This typically occurred within 2 to 20 mawubf reaching the
desired point, depending on the specific operating conditions. Following the recording of
the data point, a qualitative assessment of the data point quality was made using a
comparison of the evaporator duty, calculated using the sidetanold superheated states,

to the sum of the test loop heat exchanger duties. A difference of less than 2% was
considered acceptable. Each data point was captured at three samples per second over a
five minute (360 second) period. The file was named vaightést identifying information
including date, nominal flowrate, nominal pressure, and data point number. If fluctuation
in the temperature, pressure or flowrate plots occultgthg the data collection or the
energy balance was significantly off, thetalaollection procedure was repeated. The

final data point was then averaged over the data run and analyzed in EES.

3.3.6 Zeotropic Mixture Concentration Measurements
For mixture experiments, the bulk concentration was measome@diately prior to

the initiaion of the data collection. Within the LabSolutiSnsoftware, the electronic

liquid sample valve, shown iRigure 3.5, was switched to inject the liquid sample onto

the column. The software then recorded the readout from thede@otor and converted

the TCD response to a sample concentration based on the calibration shqvpemalix

A. A run time of three and a half minutes was required for the sample to be completely
processed. The processing for the concentration sample hendetording of the
temperature, pressure, and flowrate measurements occurred simultaneously. To verify the
stability of the system concentration, twenty six consecutive concentration measurements

were taken with the experimental facility running at steathfe, over the course of
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several hours. The resulting concentration measurements were stable, with an average

difference from the first measurement of 0.225%, and a maximum difference of 0.229%.

3.3.7 High-Speed Video Recording
Once the data collection prosewas initiated, the highpeed video was recorded.

The high intensity lights were turned on and good video quality was visually confirmed
using the live output on the FASTCAM Viewer software. A single four to eight second
8-bit grayscale video was recad at a resolution of 1024 by 512 pixels, a frame rate of
1000 frames per second, a shutter speed of 1/25,000 second, and the lens aperture set at
5.6. Two videos we savedinto AVI format for each data point from the original
recording a onesecond vide at 1000 fps, and four-second video at 333 fps by saving

every third captured frame over four secoridse second video increased duration of the
video, while limiting disk space requiremen®oth AVI files were opened and verified

to be of good qualitprior to transitioning to the next data point.
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CHAPTER 4.DATA ANALYSIS
Calculation of heattransfer coefficients, frictional pressure gradients, and their

respective uncertainties from experimental measurements is presented in this section.
Calculations were conducted using Engineering Equation Solver (E&Sh, 2017).

Fluid properties includinghose of pure fluid, mixture, water, and ambient air properties
were calculated using REFPROP Version @émmonet al, 2013. Metal properties

were calculated using EE&lein, 201]). Uncertainty analyses were conducted using the
EES uncertainty propagation function, (Equat{dtl)), which assumes that individual

measurements are uncorrelated and ran@@ylor and Kuyatt, 1994

2 2,
uJaS‘e‘i 3z (41)
i gUxi +

The frictional pressure gradient and heat transfer coefficient and their uncertainties
for pure component and binary mixtures were calculated using similar approaches. The
mixture analysis required the concentration and concentration uncertainty in addition to
the two independent properties from the pure fluid analysis. For clarity, analysis of a
representative mixture data point for the case of 45% R245fa hgi&htane by mas&§
= 507.4 kg rif s, Pave = 405.9 kPa andave = 0.39 is presented here. Detaifstioe
uncertainty propagation analysis are showAppendixD.
4.1 In-Tube Condensation Analysis

The analysis detailed in this section presents the evaluation of the test section inlet
and outlet conditions using values for a representative data point.dkddlitietails of the

calculations are provided #ppendixD.
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4.1.1 Average Test Section Quality
Measured temperatures and pressures of the mixture and coupling fluids are reported

in Tables 4.1 and 4.2. Referring to the test facility schematic, reproduéeguire 4.1,
superheated vapor exits the evaporator and enters theomdenser at [1]. In the
representative case under consideration here, smaller heat transfer areas were necessary
to achieve the desired inlet conditions. Thug-gondenser 1 was hyassed and the
superheated vapor entered -pondenser 2. The superheated state was verified by
calculating the dew point temperature at theqmedenser inlet pressure compared to the

measured temperature:

T, = f(449.4kPag =) =743 C

Pre,in,Dew —
DT, 403.7C -73.12C 294 0.7

f,Pre,in,Sup

(4.2)

After verifying that the fluid was sufficiently superheated at the inlet of the pre
condensr, the inlet mixture enthalpy was calculated using the measured temperature,

measured pressure, and bulk concentration:

If,Pre,in =f (Pf,Pre,in’Tf,Pre,in X R245f)

= f (449.4kPa,103.7 C,0.45 (4.3)
=484.4 °0.5kJkg

The enthalpies of the coolant water of the-ppadenser and pesbndenser were
calculated using the respective inlet and outlet temperatures and a measured coolant loop
pressure of 225.2 2.4 kPa.The pre and post condenser flowrates were calculated
using the water densities at the inlet temperatures of the respective streams and the
coolant loop pressure. The resulting enthalpies and mass flowrates are summarized in

Table4.3. The precondenser heat duty was calculatsthg the wateside parameters:
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QPre = rnW,Pre( IW,Pre,out -1 w,Pre,)-\ @ loss,Pre

By-Pass

=0.0187kgs' ( 316.2kJKp - 31.0kJKp + 2. (4.4)
=5248 °51W
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Figure 4.1. Test facility schematic

The ambient loss calculation is presented in the following section with details of each

loss calculation shown iAppendix E. Using the inlet state dhe mixture at the pre

condenser and the poendenser heat duty, the test section inlet, [2], enthalpy was

calculated as follows:

f,Testin —

f,Pre,in

Qpre QIoss,Pre to Test

Mmoo
484 5KIkg D28 27W_
0.0239kgs  0.0239kgs

=265 °2.2kJkd
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The test section inlet quality was calculated using the calculated enthalpy, measured

pressure, and bulk concentration:

qf,Test,in = f (if,Test,in’ Pf,Test,in X R245f)
= 1 (265kJkg" ,411.2kPa,0.4% (4.6)
=0.442 °0.01

Similar to the above analysis, the subcooled mixture state at theqmunser
outlet, [4], and postondenser energy balances wesed to calculate the test section
outlet quality, [3]. For the representative data point here, the outlet quality was calculated

to be 0.346t 0.01. The average test section quality was calculated using the inlet and

outlet qualities obtained from the p@nd postcondenser energy balances:

qf’TeSthvg - (qf,Test,in-;qf,Test,ou) _(0442‘; 0346 @:394 0000" (47)

The corresponding test sext average pressure and enthalpy were calculated to be

405.9+ 3.7 kPa and 2520 2.2 kJ kg, respectively.

Table 4.1. Representative data point fluidside conditions

Temperature Pressure
Symbol °C Symbol kPa
Inlet T+ pre.in 103.7 £ 0.3 Piprein |449.4 £5.17

Pre-Condenser

Outlet T+ preout 60.8+ 0.3
Inlet T+ Testinmeas | 59.5+ 0.3
Outlet | Titestoutmeas| 57.2 0.3
Inlet T+ post.in 56.1+0.3
Outlet T+ post,out 12.7 £ 0.3| Pipostout | 392.7 £ 5.17

Ptrestin | 411.2 £ 5.17

Test Section
I:)f,Test,out 400.6 £ 5.171

Post-Condensel
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Table 4.2. Representative data point waterside conditions

Temperature Flowrates
Symbol °C Symbol| L min™
Inlet T i 8.6+0.3 A3+
Pre-Condenser wPren Vowpre 1.13
OUﬂet TW,PI‘e,OUt 75.5 i 0.3 0'01
Inlet T - 7.3+0.3 60 +
Post-Condenser wPostin Vi Post 1.60
Outlet | Tuwroston | 40.2 % 0.3 0.01

Table 4.3. Representative data point waterside entralpies and flowrates

Enthalpy Mass Flowrate

Symbol kJkg® |Symbol kg s*
Inlet [ i 36.3+1.3 | . ) +

Pre-Condenser , wPre A pre 0.0187
OUtlet I W,Pl’e,OUt 3162 i 13 00001
Inlet [ i 31.0 +1.3 | . ) +

Post-Condenser , wPostin O w,post 0.0266
Outlet I wpostout | 168.5+1.3 0.0002

4.1.2 Heat Losses to Ambient
To minimize ambient losses, low thermal conductivity insulation (0.04 YWKm)

was used to wrap the entire experimental facility, including pure fluid, mixture, and
coolant lines. For this representative ambient loss calculation, the resistance network is
shown schematically in Figure 4.2. The ambient losses were calculated between the
average internal fluid temperature of the segment (in this case the averagedamser
coolant water temperature) through the wall and insulation layer and to the ambient by
radiation and natural convection. The fhadle resistance, identified in the schematic as

R, was assumed to be small relative to the other thermal resistarttess neglected.
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Insulation

Figure 4.2. Ambient loss resistance network schematic

A representative ambient loss calculation is presented here for the ambient losses in
the precondenser; additional details and tremaining ambient loss calculations are
presented irAppendixE. An uncertainty of 50% was applied to each net heat loss term.
The internal wall temperature was assumed to be equal to the average of-the pre
condenser coolant temperatures identifiedable4.2, or 42.0C. The thermal resistance

across the outer shell of the grendenser heat exchanger was calculated as follows:

IN(Dpyeo/ D pe)

Pre,o

2pk\/\lall LPre
In(38.1mm/ 34.8mm

" 2pA3.07Wm K' @508n
=0.0022 K W*

I:ilvall =

(4.8)

The thermal resistance across the insulation layer was calculated as follows:
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~ In(D / Dprevo)

ins,0

2PKins Lpre
_ In(200mm/ 38.1mm
T 20®.04Wmt K @508n
=7.1KW?!

ns

(4.9)

The outer insulation temperature was solved iteratively to be@6®Bhe path for
heat loss from the outer insulation surface was the combination of dfsgion and

convection contributions in parallel. The radiation resistance was calculated as follows:

Rrad =

1
eins Dins,o" Pre SﬁiT inzs + T amzb)(T ins +T ar)b
1

= — - , 4.10
€0.85(» @1m 0.608m 5.6 10 3w K (410

ZC'()BOO.OKZ £98.1K€)( 300.0K 298.1K
=1.2KW?

Transport properties of air were calculated at the film temperature, calculated to be
25.8C. The convective resistance was calculated usingCimerchill and Chu (1975

correlation for a horizontal cylinder, as shown in Equat{dtisl) and(4.12).

gb(-ﬁns - TAmb)( Dlns,o)3

Ra. = =Ra. +3,00( 411
%Ir n a @Ir ( )

o 2y

k K, & Ra,"* 5

air — Mair ir 0

hnat,conv: D. NUD D. @60 .387 0/16\8/ 27 0
o (1+(0559 PY™) " 0 (419

4 Al
:O.0259Wn11 K 9.0 =2.33Wnt K
0.1m

The convective resistaaavas then calculated as follows:
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1 _ 1
hnat,conpDins,J— Pre 233wm2 Klop GDlm Oa)8m

Rionv = Z7TKW' (413

Combining the above thermalsistances, the total loss from the qpmndenser was

calculated in an iterative manner to be2D0 W.

Q' — Twall,i
loss —
RNaII + Rns : Rconv Rad

( Ronv + Rad)

_ 420C -249C (4.14)

0.0022KW! + 71K W 4 2/ KW A.2KW-
(2.7kw+1.2KW?)

ST

amb

=2.2 °1.1W

4.1.3 Heat Loss in Test Section
For this segment of the test loop, in addition to the ambient losses from the test

section, there are also ambient losses from the primary loop and heat exchanger, which
couples the secdary and the primary coolant loops that are part of the thermal
amplification technique. The losses to ambient from the secomalprymary loop heat
exchanger were calculated using the abdescribed procedure to be 1#50.75 W.

Using the dimensionsfdhe test section, the ambient loss from the test section was
calculated in a manner similar to that described above. However the annulus thermal
resistanceRannuius,0 Was included in this case, as shownFigure 4.3 and Equabn

(4.15). The heat duties in the prand posttondensers are significantly larger than that of

the test section. As such, the ambient losses in the téstirsbecome more significant as

a percentage of the total duty. Therefore, the convective resistance on the-aittubifs

the test section is included rather than simply assuming that the inner wall temperature is

equal to the average fluid temperature.
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wall,i

- Tamb
(4.15

R:onv Rad
RAnnuIUS,0+ R’Va" +RnS m

Q|0$S,T€St =

The annulus thermal resistance was calculated to be 0.0027 ¥sitg the annulus
heat transfer coefficient calculated 8ection4.2.1. Due to the high flowrate in the
annulus in which the coolant flows, the thermal resistance was small (on the same order
as the wall thermal resistance) relative to the other tefimss, including the annulus
thermal resistance had a negligible effect on the ambient loss from the test section. The

resulting ambient loss from the test section was calculated to keDI7AN

Finally, the ambient loss from the primary loop was eveldias the sum of the
ambient losses from the primary loop tubing, the pump, and the flow meter. To simplify
the analysis, the heat transfer area of the three components was measured and converted
to an effective length of tubing that would yield an equaalheat loss area for the
ambient loss calculation. The actual measured length-imfchztubing in the primary
loop was 2.94 m. The equivalent length of tubing for the pump and flow meter, as
described byMitra (2009, were 1.29 m and 1.48 m, respectively. The total loss to
ambient from the primary loop was then calculated as described in the previous section to
be 15.4+ 7.7 W. Thus, the totambient loss from the test section and primary loop was

18.3+9.2 W.
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Figure 4.3. Test section ambient loss schematic

4.1.4 Primary Cooling Loop Pump Heat Addition
Use of the thermal amplification techniqueingorove the accuracy of the test section

heat duty calculation developed Barimella and Bandhauer (20Q0telies on detailed
knowledge of the primary loop contributions. The calculation of the loss to ambient was
explained in the previous section. The heat addition to the primary loop due to the pump
for the representativease is described here. Pump heat addition, as a function of
volumetric flowrate, was measured using siAgase experiments(Personal
Communication, 2013 Additional details of the pump heat addition calculatioa ar
provided inAppendix C. The conditions in the primary loop are summarizedable

4.4. The pump heat addition to the primary loop was calculated as a function of

volumetric flow rate using Equatidd.16) to be 36.8 W.
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Qo =0.14012 . +0 95082, + 3028, , (4.16)

w,Pri w,Pri

An uncertainty oft50% was assigned to the pump heat addition obtained from this

curve fit. Thus, the pump heat addition is 36.83.4 W.

Table 4.4. Representative data point primaryloop conditions

Temperature Flowrates
Symbol °C Symbol| L min*
, Inlet | Tpritestin | 45.6+0.3 4.02 +
Primary Loop Ve
Outlet TW,PI’i,TeSt,OUt 47.8 * 0.3 0'02

4.1.5 Test section Heat Duty
The test section heat duty was calculated using the secondary loop energy balance,

ambient losses in the primary loop, and pump heat addition as shown in E¢da{an

QTest = QSec -'.Qloss,Amb Q Punr (417)

Using the measured secondary loop temperatures shoWabie 4.5 and the water
loop pressure of 2252 2.4 kPa, the inlet and outlet enthalpies of the secondary coolant
loop were calculated dnare shown iTable4.6. The secondary loop heat duty was then

calculated as follows:

QSec = mW,SE(( i W,Sec,out-i W,Sec)n
=0.0036kgs'( 197.1kJKyg - 31.4kIKE (4.18)
=595.6 °6.5W

Combining the secondary loop heat duty, primary loop pump heat addition aof 36.8

18.4 W, and total ambient losses of 1&3.2 W, the test section heat duty was
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calculated using Equatidd.17) to be 577.1% 21.5 W. The test section heat duty can also

be approximated using the primary loop flowrate and temperature change of the coolant:

QTest,AIt = mpri Q’w,pri ( -I\-N,pri,test,out - Tw,pri,tesn)
=0.66kgs" 4.1kJkg K( 47.8 C -45.6)i (4.19
=617.1°118W

The large uncertainty of 19% in measured test section heat duty using the coolant
energy balance highlights theed to use the thermal amplification technique, where the

uncertainty in measured heat duty was just 4%.

Table 4.5. Representative data point secondary loop measurements

Temperature Flowrate
Symbol °C Symbol|  kgs®
e R L Inlet Twsecin | 74+0.3 &oore 0.0036:
Outlet | Twsecout | 47.0+0.3 ’ 5.£10

Table 4.6. Representative data point secondary loop enthalpies

Enthalpy
Symbol kJ kg™
Inlet [ i 31.4+1.3
Secondary Loop _w.Secln
Outlet | w,Sec,out 1971 i 13

The net heat added in the evaporator between the subcooled and superheated states
was 9,517 Wand the sum of the heat transfer rates in the coolant heat exchangers,
including ambient losses/gains, was 9,481 W, which resulted in a difference between the
two methods of 36.1 £ 97.8 W or 0.4% of the evaporator duty. A positive difference
indicates thathe sum of the measured heat exchanger contributions was less than the net

heat addition in the evaporator. The uncertainties in theapeposicondenser flowrates
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and temperatures dominated the uncertainty associated with the calculation of the

evapaator duty using the subcooled and superheated states.

4.2 Heat Transfer Coefficient Calculation
The heat transfer coefficient of the mixture was calculated using a resistance network

between the condensing fluid and the coolant water flowing through theuanhlgle of

the thermal amplification technique allows the thermal resistance on the water side to be
maintained low relative to the condensation resistance. In this section, the annulus heat
transfer coefficient is calculated first. Then the heat transfefficient of the condensing
mixture is calculated in two ways: a) assuming equilibrium of the mixture at the inlet and
outlet using a logneantemperaturaifference (LMTD) from the fluid to the coolant and

b) accounting for nowquilibrium at the testextion outlet by using the Price and Bell
(19749 framework. Heat transfer coefficient results using both mettawd compared in
Chapter 5to analyze the effect of mass transfer on the interface temperature and heat
transfer coefficient as well as the assumption of equilibrium in design applications.
Detailed reduction of the data for a representative data poicaltolate heat transfer
coefficients for the LMTD equilibrium method and the corresponding calculations for the
Price and Bel(1974 nonequilibrium method are presentedAppendixE.

4.2.1 Annulus-side and Test Section Wall Thermal Resistance
The annulus heat transfer coefficient was calculated using the correlation of

Garimella and Christensen (199%or water flows in annuli. Thermodynamic and
transport properties of the annulsisle water were calculated at the average test section
annulus temperature of 48 and the primary loop pressure of 405.8 kPa. The aanul
Reynolds number was calculated to be 7,100, which is above the upper critical Reynolds

number of 3,300, indicating turbulent flow. The turbulent Nusselt number was calculated
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using Equatior(4.20), which resulted in an annulus heat transfer coefficient of 2@;300
5,070 W n K. A conservative uncertainty a25% was assumed for this heat transfer

coefficient.

NU s = 0. OZ% annumgjs P?A,gr*—o.u)

=0.025 7,094 3.78° 0.88") (4.20)
=48.7

Relatively stagnant watewas present in two regions inside the tee fittings used to
seal the end of the coolaannulus of the test section as shown schematicalfygre

4.4,

Tee Annulus
Region Region
N o
= . Condensing
-h—
— , Fluid

..... N ST

Cooiant

Figure 4.4. Tee region schematic

However, these sections still contributed to the cooling duty of the tesbrsec
Therefore, the effective thermal resistance accounting for these end sections was

accounted for using Equati@¢a.21).

1

a 1
= 2—
&OHV,GQ (;‘, i ;nnulus,i RTee

(4.21)

1-aD: O
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The annulus thermal resistance was calculated using the asimdubeat transfer

coefficientcalculated above to be 0.0031 W Ksing Equatior{4.22).

1
I'\l\/,AnnqusID DTest,J‘ Annulus

RAnnulus,i = (422)

The thermal resistance for the fluid inside the end fittiRys, was calculated using
Equation(4.23), where the effective thermal conductivity of the water was calculated

using Equatior{4.24), as presented imcropera and DeWitt (2007

— In (DTee/ DTest, (4 23)
* 2p kTee,Ef‘fectiveL Tee

For Ra* <100 :Kee,Effective :kw,Pfi

0,25
. a Pr.. 6 (4.24)
ForRa > 100:K’ee Effective :kw Pri0'38%w’Prl 8 Ra?-25
’ ’ (; 861+ P\L,Pri =

The outer tube wall temperature was calculated iteratively to be&Cl8w8hich
resulted in a value of Ralof 8.7% 10'° m®. Rareeis calculated using Equatid#.25)

as follows:

Ra. = Ra (ln(DTee/ DTest,o))4
aTee_F .3/ _35\°
(( DTest,o) + (D Te )
(in(0.0204m 0.00953))"
((0.00953r) ** +( 0.0104)"°)

=8.79 310° n?’ (4.25)

=0.16

The resulting modified Rayleigh number was low, indicating that any convective

effects due to fluid movement would have a minimal effect on the thermal conductivity
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of the liquid phase. This was due to the small gap between the two tubes of
approximately 0.5 mm. Therefore, the effective conductivity of the relatively stagnant
liquid was equal to the thermal conductivity of water (0.640 W K"). The thermal
resistance ifthe tee was calculated to be 1.7 K'Whis term had a negligible influence

on the effective convective thermal resistance, which was calculated to be 0.0031 K W

In this case, the total test section duty was measured to be 577.1 W with 575.0 W
transfered in the annulus and 2.2 W (1.1 W each) transferred through the relatively
stagnant water in the Tee regions. (It should be noted that the annulus and Tee regions do

not sum to the total duty here due to rounding.)

The thermal resistance of the coppeat section tube wall was calculated as follows:

In ( DTest,o

/ Do)

2kaest,Wall( LAnnqus+ 2L Teg

_ In(9.525mnY 7.75mih
 2p@®98.5Wnt K 0.53m +2 @013)r

=0.00015K W*

RTes,t,wall =

(4.26)

In most caseshe thermal resistance of the wall was negligible.

4.2.2 Pure Fluid and Equilibrium Zeotropic Mixture Analysis
Thermodynamic equilibrium of the mixture or pure fluid was assumed at the inlet and

outlet of the test section. The heat transfer coefficient was atddulising the LMTD
between the mixture equilibrium temperatures or pure fluid saturation temperatures and

the coolant water temperatures as shown in Equédia).
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(Tf,Test,in- Tw,Test,ou) -(Tf,Test,out T w,Test,)-\
ar, T

w, Test,out

LMTD =

Test,in ~

In

|-aD: Ot

(; fTestout ' w,Test,in
(60.0°C- 47.8°G { 57.3°C - 45.6X
860.0°C- 47.8°C §
n o o 0
¢57.3°C- 45.6°C 2
=11.9 °0.6K

(4.27)

Using the test section heat duty calculatedéction4.1.5, the overall condensing
fluid thermal resistancéJA; in Equation(4.28), was calculated to be 48:32.9 W K™,

—_ QTest
UA =it (4.29)

The resistance network for the test section was comprised of three resistances in
series, the condeaton resistance of interest, the wall resistance, and the equivalent

convective resistance on the annulus side, as shown in Eq(#afién

1
F\f) + Rest,wall-'- I%:onv,eo)

UA :( (4.29
After the test section wall and the annulus equivalent convective thermahmestst
were calculated, the condensing fhside thermal resistance, and therefore the
equilibrium heat transfer coefficient, were calculated using Equab28). The
condensing fluid resistance was calculated to be (00001 K W*. The equilibrium

heat transfer coefficient was calculated using Equdta@0) to be 4,231 355 W m? K~

1
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1

hfp DTest,i ( LAnnqus+ 2I‘Te
_ 1
h @ 0®0775m( 0B3m 2 0.013)

=0.00113KW*

R

(4.30)

To ensure that the thermal reaiste on the condensation side was the dominant
resistance in the test section, the resistance ratio was calculated as shown in Equation

(4.31) to be 5.4. A reistance ratio greater than two was considered acceptable.

R
RTest,waII + RConv,eq

_ 0.017KW*
0.00010K W" +0.0031K W
=54

|:\)Ratio =

(4.30)

4.2.3 Non-Equilibrium Zeotropic Mixture Analysis
The nonrequilibrium zeotropic mixture analysis was conducted using the approach

developed byColburn and Drew (1937and Price and Bell (1974 The idealized flow
schematic is shown irFigure 4.5 and consists of the condensate liquid film and
condensing vapdoeing analyzed. ThErice and Bell (1974procedure was used in the
present study to determindet condensation rate and interface temperatures while
accounting for mass transfer, assuming annular flow. The film heat transfer coefficient
was calculated in this analysis using the interface temperature rather than the bulk

equilibrium temperature.
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Figure 4.5. Colburn and Drew (1937) and Price and Bell (1974) thermal resistance
and mass transfer resistance schematic

177



The test section inlet and outlet conditions are measured directly from thangre
postcondenser analyses. As described previously, the thermal amplification technique
was used over these measured values to determine the test section Heatimptypved
accuracy. High accuracy of the inlet and outlet conditions is also desirable foorthe
equilibrium analysis of the zeotropic mixturbecause slight changes in the inlet and
outlet conditions can affect the mass transfer rate. Results from the analysis of the
primary loop and the average test section conditions are used to calculatiettlaad
outlet conditions to improve the accuracy over values obtained from tharmreost
condenser analyses. Specifically, the average test section conditions are calculated from
the measured preand post condenser conditions. The new inlet coiditis calculated
using the average test section enthalpy, the test section heat duty and the mass flowrate
using Equation(4.31) to be 264+ 2.2 kJ kg". In this case, the preondenser energy

balance enthalpy and uncertainty were nearly identical at 266DkJ kg'.

FQT?St (4.31)
2riy

If,Test,in,Pri =1 f,Test,Avg

Similarly, the primary loop based outlet enthalpy was calculated to be 22020kJ
kg®. An improvement in uncertainty was achieved compared to acpasienser based

enthalpy of 239.4 3.5 kJ kg".

The importance of using the primary loop results over the gvd post condenser
values is shown irigure4.6, where the temperature and concentration profiles from the
inlet to the outlet of the test section usbwh methods are compared. The slight changes
in the inlet and outlet conditions observed in the representative data point discussed here

appreciably affect the phase temperature and concentration profile in the test section.
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Figure 4.6. Comparison of test section temperature and concentration profiles

The following calculation is iterative; however, values obtained iteratively are
introduced as necessary to facilitate discussion. Key steps are prebkengedwith
additional details of the calculations availableAppendixE. A schematic of the nen

equilibrium analysis is presented in Figure 4.7.
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Figure 4.7. Non-equilibrium analysis schematic

The coolingduty of the vapephaseg ¢, in Figure 4.7, and the outlet vappinase
temperature were calculated for singlease vapor flowing through the vapor core
(calculated using thBaroczy (196% void fraction model), as shown in Equati@h32).
The singlephase vapor heat transfer coefficient was calculated usingChiuechill

(19773 correlation.

Qv = h/p DTest,i( LAnnqus -QLTeg \/_a—MTD \

. (4.32)
Qv = rn/,Avg Q)v,in( -If_,Test,in,Pri - TV,OU)

The vapoiphase temperature difference, LM Dvas calculated between the inlet
and outlet vapor temperatures and the inlet and outlet interface temperatures. Because the
inlet was assumea e at equilibrium@T, j» = 0 K), the temperature difference between
the vapor and interface at the inl€JI,;,, was assumed to have an infinitesimal
temperature difference of 0.001 K. This is well below the experimental uncertainty and
near zero wihe still allowing the computation to proceed. A 75% uncertainty was applied

to this value.
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Using the iteratively solved interface outlet temperature of°85.8he cooling duty
of the vapoiphase and outlet vapphase temperature were calculated to be 2.7 W and

59.7C, respectively.

The binary diffusion coefficientvas calculated to be 89 10’ m® s* using the
ChapmanrEnskogdiffusion coefficient correlation as presented by Polj2g01). An
uncertainty of 25% was assigned to this term. The net molar condensation flux was
calculated to be 0.00182 0.00026 kmol rif s* using Equation(4.34), whereCy =

Pf,test,avd (Ry Tv,avg) andby = SK, D12/ Drest i

Q_)o

Z- R245fa,int,Avg (4 34)

c 2= Yroustaavg

N, = 5,C; In

The condensing flux of each componentswealculated usingN.,,.. = zN, and

Npentane= (1 -2) N1. The resulting R245fa and-pentane fluxes were calculated to be

0.00090 kmol rif and0.00092 kmol i1, respectively.

The outlet conditions were calculated using phase masscbkalgdkquatio®.35)),
phase species balances (Equat486)) and an energy balance over the outlet control

surface (Equatio(4.37)).

ri’1/,out = r.‘n/,in -( ~NR245fa MWR245fa -}}' —pentanNW —pent;ne A
. (4.35)
#

rh,out = r‘T",in -( N:é245fa MV\é{245fa —pentaneMW —penta)ue A F
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yzf-?245fa,oumv,out: y545fa,irrn vin ~ N roastMW possidy (4.36)
§245fa,outr‘nl,out: XI§45fa,irrn l,in + N R245faIVIWR245fﬁT

m if,Test,out,Pri: IF‘nv,outj v,out -l.rnl,oui l,ou (437)

The outlet liquid and vapoiphase mass flowrates were calculated to be 0.0158 kg s
and 0.008 kg'§ respectively. The outlet liquicind vapophase mass concentrations of
R245fa were calculated to be 0.339 and 0.677, respectively. The outlet{ditpsd
temperature wa calculated to be 568. With a bulk equilibrium outlet temperature of
57.3C, the vapoiphase temperature at 5%C7was higher than the equilibrium condition
by 2.£C and the liquigphase at 56°& was below the equilibrium temperature by’@.5
With the inlet and outlet conditions completely defined, the heat transfer coefficient was
calculated. Remembering that the heat transfer coefficient was calculated from the

interface rather than the bulk temperature, the LMTD was calculated to be QB K

usng Equation(4.38).

LMTD. = (Tf,Test,in,Pri_ Tw,Pri,Test,ou) _(T int,out T W,best,in) (4 38)
(. o ~ .
|n%-rf,Test,in,Pri_ Tw,Pri,Test,out 8
g Tint,out_ TW,Pri,Test,in -

Using the measured test section heat duty of 577.1 W and the LMTD of 11.7 K, the
film heat transfer coefficient was calculated to be 48364 W m? K™ using Equations

(4.39) to (4.41).

Qrest = UA - MTD | (4.39)
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(4.41)

1-aD: O

The film heat transfer coefficient was slightly higher than the equilibrium heat
transfer coefficient calculated iBection4.2.2 of 4,231+ 355 W m? K. The mass
transfer resistance in the vagurase caused the liquid phase to be cooled below the

equilibriumtemperature at the outlet.

The sensitivity of the calculated heat transfer coefficients to the binary diffusion
coefficient was assessed by comparing several other binary diffusion coefficients from
the literature. Over the range of conditions observethis study, the correlation of
Gilliland (19349 for diffusion of gases in air was found to predict diffusion coefficients
on average 225% highehan those predicted using tl@&hapmanrEnskog diffusion
coefficient used in this analysis. Two seemnpirical correlations of Fullest al. (1966
1969 were both found to predict binary diffusion coefficients which differed from the
ChapmanrEnskog diffusion coefficient by an average of 11%, with a maximum
difference of 14%. The correlations of Fulkdral. (1966 1969 were developed using a
range of fluid pairs including hydrocarbons, halogenated hydrocarbahsadnus other
gases. Their correlation has been recommended by several glithms, 1985 Reid,
1987 and is considered a tber estimate for these fluids than the correlatioitifland
(1934. The heat transfer coefficients calculated using the above analysisheifulier

et al. (1969 diffusion coeffigent correlation was found to be an average of 0.2% lower
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than those calculated using tGBdapmanrEnskogdiffusion coefficient. The maximum
difference was1%. Therefore, the use of tihapmanrEnskogdiffusion coefficient as
presented by Polind2001) with a 25% uncertainty should incorporate any error
associatedavith using this model. The resulting diffusion coefficient values predicted by
the ChapmanrEnskog model were also increased by a factor of 10 to include the
prediction of theGilliland (1939 correlation and assess the sensitivity of the results to
the diffusion coefficient. The heat transfer coefficients were found to be an average of
6% lower than the unaltered values with a maximum of 29%rdiice. While 29% is a
noticeable difference, it is due to substantially higher assumed diffusion coefficient.
Therefore, it can be concluded that this particular mixture, at the conditions of interest in

the present study, is relatively insensitive te diffusion coefficient.

4.3 Frictional Pressure Gradient Calculations
The frictional pressure gradient was calculated from the measured pressure drop

using Equations(4.42) and (4.43). The deceleration due to condensation must be
calculated to separate the frictional component of the pressure drop from the total

measued pressure drop.

I:]:%Measured: [Pfr + a,Dece (442)
E)Fgr:%—r (4.43
LqP

The deceleration term was calculated using Equatofd), as outlined inCarey

(2008

184



S G $ o % J% N (444
v,out a I,&Jt(l- )a-éG ATestan é @inr aln (l/’ a“%tm

q:Q,Test,oul,Pri (F q Test,n,Pri

DP = S,GZ ;
f,Decel — %
e ¢

The void fraction correlation dBaroczy (196% was used to calculate the inlet and
outlet void fractions as shown in Equati@45). At the inlet conditions, as determined
by the average conditions and the primary loop, the inlet and outlet void fractions were

calculated to be 0.86 and 0.83, respectively.

o -1
— % é“l quest in,Pri 0(545./’ vin %65 ﬁZ o 6)
Airestin = 2 J%qfi 8 §r_ 8 % @
g (;; Test,in,Pri - (; Lin =+ in =
a 21. 074 o 065 o L, 4 013 1k
_% gl 0.44 6 al175kgnm® 0 B8 10 kgm é & (4.45

0
® ¢ 044 Q T676.1kgn? 2 1708 10 gm's' -
0

The deceleration term was calculated to-h€8 kPa. A conservative uncertainty of

50% was applied to the deceleoatiterm. The negative deceleration term indicates a
pressure recovery due to condensation. Using the measured pressure drop across the test
section of 9.80 kPa and the calculated deceleration term, the frictional component of the
pressure drop was calcwddtto be 10.9 kPa. Over the distance between the differential
pressure transducer measurements of 0.746 m, the frictional pressure gradient was
calculated to be 14.6 0.7 kPa rit. To ensure that acceptable accuracy in the frictional
pressure drop was olmad, the frictional and deceleration pressure drop terms are
expressed in terms of the measured pressure drop. In this case, the frictional and
deceleration contribution were 111% and 11% of the measured, respectively, indicating

good accuracy in determig the frictional contribution.
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4.4 High-Speed Video
A representative data point is discussed here for the 7.0 mm internal diameter tube

propane visualization at an average test section pressure of 954.6 kPa and mass flux of
146.8 kg nif s*. The determin&n of the inlet and outlet qualities using the-paad

post condensers remains unchanged from the procedure outlirgetion4.1. The test
section, secondary, and primary loop were replaced by a visualization test section. Using
energy balances ondhpre and posttondensers, the inlet and outlet qualities were
calculated to be 0.27 0.02 and 0.2& 0.02, respectively. This resulted in an average test
section quality of 0.2 0.01. In this case, the outlet quality is measured to be slightly
higher than the inlet quality. With no active cooling, the test section is essentially
adiabatic. The apparent increase is due to experimental uncertainty from trengbre

post condensers in calculating the test section conditions. Additionallypme cases,

the pressure change in the test section causes a change in saturation conditions from the
inlet to the outlet. In this case, the pressuatethe inlet and outlet of the test section are

954.8 kPa and 954.3 kPa, respectively.

4.4.1 Test Section Calculations
Although no active cooling was provided, the ambient loss from the visualization test

section was calculated. A schematic of the resistance network for the ambient loss from
the visualization test section is shownHRigure 4.8. The inner and outer tubes were
quartz glass with a thermal conductivity of 1.4 W K. Using the procedure identified
in Section4.1.2, the thermal resistances due to conduction in the inner and outer glass
tubes were calculated to be 0.088 and 0.047 K, Véspectively. The radiation and

natural convection resistances were calculated to be 2.18 and 8.2% Kesiectively.
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As in the previous ambient loss calculations, the internal thermal resis@naeas

neglected.

Wall

Annulus

RCOI‘I'\.‘

i3

Rrad

Figure 4.8. Visualization test section ambient loss schematic

The natural convection heat transfer across the pressurized annulus thermal resistance
was calculated using the correlationHdllandset al. (1975 as presented imcropera
and DeWitt (200Y. As discussed in Chapter 3, thenalus was filled with pressurized
nitrogen for the 7.0 mm data and pressurized water for the 15.0 mm data. The properties
in the pressurized annulus were calculated at 550 kPa using air for the 7.0 mm data, and

water at the same conditions for the 15.0 rdata. The characteristic length was

calculated using Equatiqd.46), to be 0.0087 m.

L. =2 °é _ '8/5 ; _ "™ 6563 (4.46)
Bp ‘ 0001 — | 5 2 | 0.001— 00
%WO mm o + Dﬁl mm 00
Re 2 o) ) 2 g9
) & 08
é% - ¢ I

The Rayleigh number was calculated to be 1,252 using Equatb.
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The effective thermal conductty of the air in the annulus was calculated to be 0.049
W m* K using Equatior(4.48). The increase in effective air thermal conductivity over

the base vale of 0.026 W rit Kt is due to the contribution of natural convection in the

annulus.

0,25

a Pr, 0
.386%%3" 5 Ra’*® 4.48
¢0.861+Py, 2 % (448)

kEffective,Annqus = k ai

@8& Qo

The thermal resistance was calculated as shown in Eqds#s) to be 8.72 W K.

— Ttest,o- TOT,i — ln(DOTvi / Dtest,o) (4 49)

REffective,Annulus d
QAnnqus 210 I-AnnquJ( Effective,Annulus

Thus, the ambient heat transfer from the test section was calculated4.50)go be

a slight gain of 0.1 W. In this case, the ambient heat transfer is a gain to the test section
because the room temperature was Z5.9while the saturation temperature of the

propaneat 954.6 kPa is 24°€.

QT — Twall,i
et L Ronv Rad

o+ . +
RNa",I F%ffectlve,Annulus I:ilvall,o (R«,onv+ Rad)
_ 259 C -25.1 C (4.50)
8.27TKW'(2.18 K W* '

0.088K W'+ 8.73KW* +0.047KW -+ : .
(8.27 KW+ 2.18KW)

- T

amb

= 0.1 0.04W
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The net heat added in the evaporatameen the subcooled and superheated states
was 3,030 W, while the sum of the coolant heat exchangers, including ambient
losses/gains, was 3,040 W, resulting in a difference between the two methbas:&2

W or-0.4 percent of the evaporator duty.

4.4.2 Video Frame Analysis
The video processing procedure used to convert the flow videos to flow parameters

including flow regime, void fraction, and film thicknesses is presented here. The video
processing was conducted using the MatLab software packagemage Rocessing
Toolbox(Mathworks, 201Busing some bthe approaches dfoda and Hori (1993and
Wilmarth and Ishii (199) First, the fow video was converted to a binary representation

of the vapor (white) and liquid (black) regions using empirically adjusted threshold
values. The vapdiquid interface identified in the binary images was used to calculate
the flow parameters. The dataduction procedure discussed here for the 7.0 mm data
was nearly identical to the procedure used for the 15.0 mm videos. The difference
between the analyses for the two diameters pertains to the horizontal length calibration

and was discussed in the prawscchapter andppendixB.

The following section presents the analysis for a singlepiaase flow image relative
to the average image of the stagnant liquid video. The conversion procedure described in
the following section is summarized kigure 4.9. The following procedure is repeated
for each frame of the twphase flow videos, for a total of 2,335 frames analyzed for each
data point. Every twiphase video frame is converted to two binary images: a binary flow
image that idetifies the vapor regions and a binary film image that removes the vapor

entrained in the liquid phase from the binary flow image.
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Figure 4.9. Conversion to binary image flow chart
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4.4.2.1 Raw videos
To conduct te analysis, a twphase flow video frame (shown Figure 4.10 and

referred to as the twphase flow video) and a fitow liquid filled tube video frame
(shown inFigure 4.11 and referred to as the staghdiquid video) were utilized. As
indicated inChapter3, the flow videos were captured at 1,000 fps and 20242 pixels

and output into two videos. This corresponds t¢ 2B mm and 23 46 mm frames for

the 7 and 15 mm test sections, respectivelppproximately 0.033 mm per pixel. The

first video was output at 1,000 fps for one second while the second video was output at
333 fps for four seconds. The esecond videos (each with 1,001 frames) were used for
the flow regime and void fraction analys@$ie foursecond videos (with 1,334 frames
each) were analyzed as part of the uncertainty analysis to quantify the sensitivity to the

length of the video.

The twoephase flow and stagnant liquid videos were separated into setbibf 8
grayscale images arslored in the system memory for processing. Thephase flow
image, shown irFigure 4.10, is the first frame in the representative flow video. The
selected video is representative of the image quality obtained across atlébe wi the
test matrix. The stagnant liquid image, showrFigure 4.11, is the first image in the

liquid filled video set.
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Figure 4.10. Two-phase flow video image

Figure 4.11. Stagnant liquid filled image

4.4.2.2 Locate tube edge, rotate, and crop videos
The automated procedure used to identify the tube wall locations and crop the videos

to focus on the flow area is described here. Thenrageps in this procedure include
rotating the image, locating the tube walls, aligning the liquid and flow videos, and
cropping the images to focus only on the flow area. The image origins (1,1) are located in
the upper left corners. As observed in bdkie representative images, there is a
significant amount of background at the top and bottom of the images. To reduce

required computational power, 100 pixels were initially removed from the top and bottom
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of the images, reducing the frame size from 182812 to 10243 312 pixels. The
stagnant liquid image was used to locate the inner and outer tube wall locations.
Referring toFigure4.12, the outer and inner edges of the top and bottom of the tube can
be observed. To ensure ttliae frame is horizontal relative to the tube, the image was
rotated relative to the outer edges of the outer tube walls. Twenty five pixels from the left
end and the right end of the tube, highlighted in yellowigure 4.12, were used to
identify the tube wall locations and rotate the images. The pixels from each end were
averaged into a single array, 312 wide, usingnteanfunction. The @crete Laplacian

was calculated for both ends of the tube usingdi@ function. The laplacian for each

end are plotted irFigure 4.13. Two groupings of peaks were observed near the tube
walls. The Laplacian was found to locate the outer edge of the outer tube wall and inner
edges of the inner tube walls bettentlzan average or gradient. It was important to locate
edges of the walls for accurately cropping the frame to the flow area and determining the
length calibrations. Referring teigure4.14, the average of each column from the 1824

312 pixel stagnant liquid image and the Laplacian were normalized to allow plotting on
the same figure. The first and last significant negative peaks near each wall were used to
define the tube wall regions. Within these regions, the first and lasbz#te Laplacian
identifies the outer and inner edges of the tube wall. The inner most zeros represent the

inner edge of the inner tube walls while the outer zeros represent the outer tube walls.

To rotate the image, the location of the upper outerwadlewas locatedt both ends
of the image using an average of 25 pixels at each end. In this case, the top outer tube
wall at the left and right ends of the tube were located at pixels 19 and 21, respectively.

Remembering that the numbering starts fromttip of the tube, the right end of the tube
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was lower than the left end by 2 pixels. This can be observed upon close inspection of
Figure4.13. The curves were nearly identical in shape with the left end (Blue) slightly
above theright end (Red). The rotation angle was determined using the arctangent of
offset (2 pixels) divided by the distance between the centers of the shaded regions (1024
pixelsT 25 pixels = 999 pixels). The rotation angle for the stagnant liquid frame was
deermined to be 0.115 degrees. The rotation angle for thephase flow image was

also determined independently to be 0.115 degrees.

Figure 4.12. Stagnant liquid filled image with rotation sum regions highights

The stagnant liquid image was used to determine the wall locations. For this
calculation, the full 1024 512 image was used and the wall locations were applied to
the twophase flow image using the same coordinakés. entire rotated stagnant ligui
image was averaged into a 512 long array. The zeros of the Laplacian were used to locate
the inner and outer wall edges. The inner and outer wall locations of the top of the tube
were identified to be at pixel 119 and pixel 136, respectively. The imtkpater tube
walls of the bottom of the tube were identified to be at pixels 347 and 363, respectively.
Norrinteger zeros were rounded to the nearest inteQeese points were manually
verified for the representative stagnant liquid image by zooming the zeros ifrigure
4.14. The difference between the outer tube walls was used to determine the horizontal

length calibration, as shown in Equati@b1) and detailed il\ppendixB. In the 15 mm
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analysis, the horizontal length calibration was 76.8% of this value due to a magnification

effect. This scaling was not necessary for the 7 mm test section.
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Figure 4.13. Determine rotation angle to rotate images
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The difference between the inner tube wall locations was used, as shown in Equation

(4.52), to determine the length calibration in the diameter doect

— Di

Px, - Px 4
_7.75mm
347- 136 +1

(4.52)
=3.30 20° m Px
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Figure 4.14. Locate tube walls using stagnant liquid image

Before the wall locations found in tls¢agnant liquid image were applied to the two
phase flow image, the two images were aligned using the outer tube wall locations.
Again, zeros of the Laplacian for ttwo-phase flow image and stagnant liquid images
were used, shown iRigure4.15. The difference in the upper tube wall location between
the stagnant liquid and twghase flow images was used to determine if the camera
shifted betveen the stagnant liquid video capture and thepiase flow image capture.

A shift of 1 pixel in both wall locations was found for the representativepivase flow

image relative to the stagnant liquid image.
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Figure 4.15. Align stagnant liquid filled and two-phase flow image

The inner tube wall locations identified for the stagnant liquid image were shifted by
one pixel to be located at pixels 137 and 348. To confirm the locations, the outer wall
locatiors and the last pixels included in the flow area were drawn over half of the two
phase flow image ifrigure4.16. As can be observed, the four edges were located quite
well. Using the edge locations, the twbase flow images wereropped at between
pixels 137 and 348 and the stagnant liquid images between 136 and 347, resulting in two
images 1024 212 pixels. The cropped twghase flow and stagnant liquid images are

show in Figures 47 and 4.8, respectively.
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Figure 4.16. Representative twephase flow image with located edges drawn

Figure 4.17. Cropped two-phase flow image

Figure 4.18. Cropped stagnant liquid image

4.4.2.3 Compare video frames
In the following sections, the conversion from the two grayscale images to a binary

image representative of the liquid and vapor regions is presented. This procedure was

repeated for each frame in thieeo.

The absolute difference between the croppdxt 8quid and flow grayscale images
was calculated using thienabsdiff function in the Matlablmage Processing Toolbox
(Mathworks, 201R This method resulted in any pixel within the tploase flow image

that was darker or brighter (lower or highergrayscale value) than the corresponding
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pixel in the stagnant liquid image to appear bright, while locations that appear close to the

stagnant liquid image in brightness to appear nearly black. The resulting image is shown

in Figure4.19. This approach reduces any effects of background variations.

Figure 4.19. Absolute difference between twghase flow and stagnant liquid image

4.4.2.4 Enhanceimage
Referring to the absolute differeniteage Figure4.19), thegraythreshfunction was

used to define a threshold for each grayscale image. This function is designed to provide
a threshold value that will convert the grayscale image to a binary image. Here, the
thresiold calculated using thgraythreshfunction was 0.157. However, this value was
found to indicate an upper bound on the threshold, while 50% of the threshold represents
a value below ideal threshold value. To improve the accuracy of the conversion, the
image was enhanced using timeadjustfunction. Grayscale values below 50% of the
threshold value were clipped and set to zero. Values above the threshold value were
clipped and set to unity. The values between 50% and 100% of the threshold were
stretched ksveen 0 and 1, resulting in the enhanced image, showigure 4.20. The

result is an image that exhibits a wadfined vapotiquid interface.
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Figure 4.20. Conversion to binary- enhanced image

4.4.2.5 Convert to binary image
To convert the enhanced image showfigure4.20to a binary image, a conversion

threshold value was calculated for the enhanced image, again usirggagitbresh
function. The enhancedniage threshold in the representative case was calculated to be
0.473. An empirically determined multiple of the enhanced image threshold value was
determined for each of the liquid videos used due to the lack of a significant upper film.
The 7.0 mm videoshowed a noticeable upper film with significant darkening of the
vaporphase. Therefore, a single liquid video could be used because any slight changes in
the intensity or angle of the back lighting had little effect on the quality of the conversion.
The 5.0 mm test sections were far more sensitive to the liquid video used. Therefore
three stagnant liquid videos were used in the conversions with four of the six 15.0 mm
data sets using the 2/20/2013 stagnant liquid video and the remaining two data sets each
using the their own stagnant liquid video for comparison. The enhanced image threshold
multiples used for each stagnant liquid video are showhalsle 4.7. These threshold
multiples were applied to the frame analysis of the plvase flow videos. The sensitivity

of the analysis to these empirical threshold values is quantified in Section 4.4.4 by

modifying each threshold 25%.
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Table 4.7. Binary image conversion threshold multiples

Tube Diameter| Liquid Video Date | Threshold Multiple
7.0 mm 1/6/2013 0.70
15.0 mm 2/20/2013 0.28
15.0 mm 2/27/2013 0.30
15.0 mm 3/1/2013 1.00

A very slight 120 Hz frequency variation in the background intensity was observed
due to the 60 Hz electrical frequency of the back lighting. A slight correction was made
for this variation in the applied thiesld. In the representative image, the correction was
-0.002. Tham2bwfunction was used to convert the enhanced grayscale image, shown in
Figure 4.20, to an initial binary image, shown fRigure 4.21. The enhanced threshold
multiplied by the threshold with the 120 Hz correction added was used amzhes
threshold. Thus, the enhanced image threshold calculation for the representative image

was 0.7 0.473i 0.002 = 0.329

Figure 4.21. Binary image after initial conversion

4.4.2.6 Refining mask
For most videos, this conversion was sufficient for defining the wviagpad

interface. However, in some low mass flux, low quality points in the 15.0 mm tube, the
edge neds additional refinement. This was necessary when significant darkening of the
vapor region or significant disturbance of the valoquid interface did not occur.

Therefore, an interface refining procedure was used. Although not necessary for the
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converson of the representative image, for consistency, the procedure is applied to all

images and is described here.

In this procedure, a lower threshold was applied to a focused area around identified
boundaries for frames with few edges. Applying a lower tiokesvalue to the entire
image resulted in breakup of the liquid regions. The Canny edge detection algorithm
(Canny, 198p was used to locate edges in tHes@ute diference between twphase
flow and stagnant liquid imag&igure 4.18). The edge locations identified by the Canny
edge detection algorithm are shownHigure 4.22. The imdilate function was used to
expand the located edges toamge refining region of interest, shownFigure4.23. For
the representative image, the majority of the image was defined to be in the region of
interest. However, in the images that require refinement, the region of intasest thin

horizontal band across the image.

Figure 4.22. Representative image Canny edge detection
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Figure 4.23. Representative twephase flow image edge rafing region of interest

The region of interest identified Figure4.23 was used to mask the enhanced image,

shown inFigure4.20. The masked image is shownRigure4.24. Valid threshold values
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range from zero to unity. Because the purpose of the refined edge detection was to locate
edges in images with few edges, the average of the binary region of interest image was
used as the threshold. The average of the region of intenage was found to be
proportional to the percentage of the image that was identified as a region of interest. An
empiricalreduction multiple of 0.8 for the 7.0 mm videos, and 0.7 for all 15.0 mm videos
was applied. As discussed above, the slight chtorgee 120 Hz frequency was applied.

For the representative image, the resulting threshold of 0.665 was applied. In this case, a
significant portion of the twgphase flow image differs from the stagnant liquid image
and was identified as containing anged The application of the interface refining
procedure was not necessary to detect the “Japod interface, thus the refining
threshold was actually higher than the conversion threshold. Again applying the refining
threshold using then2bwfunction, tie refining region of interest binary image is shown

in Figure4.25. To quantify the sensitivity of the threshold values and empirical multiples

on measured quantities, the threshold multiples were varied in the uncertaintysanalys

e

Figure 4.25. Binary image derived using refining region of interest
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4.4.2.7 Combine the binary images
The two binary imagedssigure4.21 andFigure 4.25 were added together to a single

binary image shown ifigure4.26. The liquidphase is shown as black, vehthe vapor

phase is shown white.

Figure 4.26. Combination of converted binary images

4.4.2.8 Clean binary image for analysis
As can be observed in Figure 4.25, there

regions. Because liquid entrained in the vapbase cannot be identified using this
conversion technique, these areas are not actually liquidoWwhmerphfunction with an

i nfibridggpbe wias used to remove thin | iduid br
region in the vapor core to the liquid film. Thafill andbwareaoperfunction were used

to remove the black regions that were completely surrounded by white. For this
conversion, the right and left end of the tube are considered to be vapor. FTphleaseo

flow image Figure4.17) is reproduced irFigure 4.27, while the resulting binary two

phase flow image is shown igure4.28.

Figure 4.27. Reproduced cropped twephase flow image
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Figure 4.28. Binary two-phase flow image

To measure film thickness and quantify of vapor entrained in the liquid phase, the
small bubbles entrained the liquid film are removed from the binary typbase flow
image to create a second binary image, called the binary film image. Small bubbles,
defined as vapor regions with an area equivalent to a circle with a diameter less than 3
mm were removed fronthe liquid film. The resulting binary film image is shown in

Figure4.29.

R B o T e DR e O Y e — T T T ———

Sathaniih iiveAube. Al

Figure 4.29. Binary film image

4.4.3 Analysis and Interpretation of Processed Images
The binary images obtaineflom the twephase flow images were processed to

determine quantitative values that identify the flow. A flow diagram for the video
analysis is shown iRigure4.30, and the process is described in this section. Every frame
of the onesecond and fousecond twephase flow videos was analyzed individually
using the procedure described here. . The binary film image (without vapor entrainment)
was used to quantitatively define the flow regime, measure the liquid film thicknesses,
andfilm void fraction. The binary twgphase flow image was used to measure the total

void fraction. The binary image is shown schematically in (Afigtire4.31. The frame
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averaged quantities were averaged over each video to detetime flow regime, void

fraction, and film thicknesses for the data point.

Raw Flow Video Raw Liquid Video

- Analysis Parameters

Convert to Black and White

Y Y

Filled Liquid Film Unfilled Liquid Film

Y

Calculate Film Thickness

Y

Regime Classification

Add Uncertainty to Analysis Parameters

Y A

Calculate Film Calculate Total
Void Fraction Void Fraction

Y

Output to Data file

Loop Until

Uncertainty Analysis [—jmm—t i
- Complete Next Video

Figure 4.30. Video analysis calculation flow diagram
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Figure 4.31. Location of vapor-liquid interface from binary image

The image was subdivided into 1024 vertical slices, one for each pixel, and scanned

for t he

The vapoiliquid boundary was identified using the vapor (white) pixel locations. The

coor di

identified vapod i qui d

nates

nterface

(x6,y06) of

based

7 (B)

Righre4.3 ap or

on

(x06,vy

10243 212 image is shown ifigure 4.32. For the first column of the peesentative

0

image (left edge), the vapor region started at the first pixel, i.e., no liquid film was

present at the top of the image. The last pixel in the vapor region was pixel 190. There

was only one vapor region in this column. The lower liquid filmsvi22 pixels (212

190) thick.
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Figure 4.32. Identified vapor-liquid interface overlaid on representative frame

Using the vertical length calibration determined from the edge location{3.6® m
Px?), the lower film thickness of the first column (the left most edge of Figure 4.32 and
4.33) was calculated to be 0.00073 m. Repeating this fasliedisin the image, the
average upper and lower liquid film thicknesses were calculated to b 60%5m and
0.0015 m, respectively. Repeating this procedure for the entire binary film video, the
average upper and lower liquid film thicknesses were calculated to Belfii m and
0.0012 m, respectively. The local film thickness and frawverage film thickass are
shown inFigure 4.33. Using the local film thicknesses for each frame, the standard
deviation of the film thicknesses was determined. The standard deviations of the upper
and lower film thickness for the representativarfeawere calculated to be 6.8810°
and 0.00040 m, respectively. Averaging the standard deviation from each frame over the
entire video, the standard deviations of the upper and lower film thickness for the video

were calculated to be 4.9910° and 0.0043 m, respectively.
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Figure 4.33. Cross sectional film thicknesses with representative twphase flow image



Once the film thickness has been determined for each frame, the frame was
guantitatively charderized into one of four flow regimes: liquid, intermittent, wavy, and
annular. The frame was classified as liquid if the frame, less small bubbles, was
completely liquid. It was classified as intermittent flow if the liquid bridges from the
bottom to thetop of the tube for more than 5 pixels. If the flow was not liquid or
intermittent, the flow was classified as annular or wavy. If the lower liquid film was less
than 5% of the diameter, the flow was classified as annular flow. To validate the annular
flow assumption, a comparison was made of calculated void fractions using both the
truncated circle and circular assumptions, as showfigare 4.34. Depending on the
upper film thickness, the ratio of the circular void fractionhe truncated circle void
fraction ranges from 0.980imu = 0) to 1 (rimu = 2% D;) indicating a smalto-

negligible difference between the two calculations.

Annular Flow Wavy Flow

Vapor

Liquid

Figure 4.34. Comparison of void fraction assimptions

For the representative data point, the entire video was classified as wavy flow.
However, every video frame for any case does not necessarily have a single regime

classification across all the frames. In some cases, multiple regimes were foand in
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single video, which indicates a transition region. This type of frayeame
classification was used Rjassim (2006 In the present study data point was classified
as the dominant regime when 75% of the frames were classified as a single regime.

Otherwise, the data point was classified as a transitional point.

The two void fractions were calculated next: one using the binary film imatie(t
vapor entrained in the liquid phase) and one using the binarphase flow image. With
video from a single angle and no cross sectional imaggssimptions about the three
dimensional vapeliquid interface were required. Both void fraction cddtions were

made using the same assumptions givefignre4.35:

A. Small bubbles, defined as having a diameter in the s®d$onal plane less
than3 mm were assumed to have a circular cross section. Location within the
cross gction is not considered to be significant for this assumption as shown
in i to iii.

B. Regimespecific assumptions based on frame regime classification:

iv.  Annular flow was assumed to have a circular vapor core cross section
v. All other regimes were assumed tave a vapor core that could be

approximated as a truncated circle
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(A)

(B)

Figure 4.35. Void fraction assumptions

The areas of the circular cross section in assumptions (i) to (iv) were calculated by
Usi ng wpll Y Brom( PYX@Es (Figure 4.31) as the diameter of the circular vapor core
region. For example, in the first column of the representative film image, the vapor
region starts at pixel 1 and ends at pixel 190. Based on this approach, the core diameter
would be 190 pixels. The truncated circle approximation was calculated as shown in
Figure 4.36. First the core diameteDcod |, was cal cul at ed assumi
thickness equal to the upper film thickness as shown in hdrcase of the first column
of the representative frame, the core diameter was equal to the total diameter (212 pixels),

resulting in an area of 35,300 square pixels. Second the area corresponding to the lower
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liquid film was removed using the idealizateoshown in (ii) (portion of a circle) and (iii)
(triangle above the pool). The segment areagmen: Was calculated to be 7,370 square

pixels using Equation@.53) to (4.55).

D' 212

h= % -O;ilml -2— 22 84 (4.53)
az2nh o .
g =2arc cose%—' g=1.36radiar (4.59)
C“core
_4q N2 =
ASegment_ EZL( D core) _7’ 37C (455)

The triangle area was calculated using the cord length,as shown irEquation

(4.56) to be 5,430 square pixels.
=2 |2 5h* 543C (4.56)
¢

Using the core diameter area, segment area, and triangle area, the truncated cross

section was calculated to be 33,360 square pixels:

A’runc = A\iircle _ASegment 7Q\Triangle

(4.57)
=35,300 -7,370 45,430 33,3
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Figure 4.36. Truncated circle area calculation

Using the éngth calibrations, 3.30 10° m Px! in the diameter direction and 4.24
10° m Px" in the horizontal direction, the void area was calculated to be3316% m?.
This compares to the total tube cross sectional area of 3188 m?. The void and ta
tube cross sectional areas were multiplied by 4.240°> m Px*, resulting in a void
volume of 1.55 10° m® and tube cross sectional volume of 13640° m>. Using the
void and cross sectional volumes, the film void fraction in the first segment was

calculated to be 0.94.
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Figure 4.37. Cross sectional void fraction with representative twephase flow image

This procedure was repeated for each horizontal pixel. The local void fraction with
frame averages shown inFigure 4.37. Because no small vapor bubbles in the first
column of the twephase flow image were suppressed when creating the film image, the
representative segment flow void fraction was also 0.94. The averageofidnfraction
for the first frame and the entire set of 1,001 video frames were calculated to be 0.808
and 0.851, respectively. The average flow void fraction for the first frame and the video

were calculated to be 0.809 and 0.851, respectively.
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Figure 4.38. Void fraction by video frame

The cross section void fraction at pixel 500, frame average, running average, and
video average for the representative data point are showigume 4.38. As would be
expected, the cross section average varies significantly due to the dynamic nature of two
phase flows. The frame average shows less variation. The running average approaches
the frame average by approximately frame 500, indicting treysis results in an

accurate average void fraction.

Of interest for heat transfer applications is the amount of liquid contained in the liquid
pool and the percentage of the liquid that is contained in the liquid pool rather than the
upper film. Becausé¢he total inventory of vapor contained in the liquid film was already

evaluatedthe binary film images were uséalcalculate the amount of liquid in the liquid
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pool, neglecting entrained vapor. The cross sectional area of the liquidApgslin
Figure4.39, was calculated in a manner similar to that of the wavy regime void fraction,
shown inFigure 4.36, except the upper film thickness was assumed to be zero. For the
first column of the representativamage, the segment area was 7,370 square pixels and
the triangle area was 5,430 square pixels. The cross sectional area and volume were
calculated to be 2.13 10° m® and 9.013 10 m® respectively using the length
calibrations. The fraction of liquitb total volume in the representative cross section was
5.5%. Because the upper film thickness was zero, the cross section void and liquid pool
sum to account for 100% of the cross section. When the upper film thickness was
nonzero, subtracting the framti of liquid in the liquid pool from the total volume vyields

the percentage of liquid contained in the upper liquid film. For the entire video, the
percentage of the volume in the liquid film was 12%, while the percentage of the liquid
contained in the ligid pool was 79%. The total liquid fractiom the cross section was

0.149.

Figure 4.39. Liquid inventory in liquid pool schematic
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4.4.4 Accuracy of Analysis
The accuracy of the visualization analysis in determgivoid fraction, and upper and

lower film thickness was quantified in three ways:

1) By varying the empirically determined threshold multiples $#85% to
guantify the sensitivity of the analysis to these threshold multiples.

2) By altering the binary image vapliquid boundary by shrinking and
expanding the liquid region by 1 pixel in every location, as showfigare

4.40, to quantify the sensitivity of the results to the resolution of the videos.

Binary Image - Original

Binary Image - Expand Boundary

Figure 4.40. Video resolution sensitivity schematic

3) By comparing the analysis results of the -seeond video to the foisecond

low frame rate videos that were processed using the unaltered thresholds

Every frame in the onsecond video wagrocessed five times: once for the

original analysis, twice for the threshold sensitivity (once with +25% and once- with
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25%), and twice for the resolution sensitivity. Each analysis produced a set of results
(flow regime, void fraction, film thicknessestc.) The difference between the results of
the original analysis of the orsecond video and the four uncertainty analyses of the one
second video from 1) and 2) was used to quantify the reliability of the analysis procedure.
To quantify the sensitivitpf the results to the duration of the video and the frame rate,
the difference between the results of the-seeond and the longer and lower frame rate
four-second video is calculated. However, earlier, it was shown that the running average
values apprazh the video averages by approximately frame 500 Fspare 4.38. The

total uncertainty in the flow void fraction for the representative void fraction was then
calculated to be 0.041as shown in Equafi8). In this case, the uncertainty associated

with decreasing the vapor region by one pixel had the greatest effect on uncertainty.

U=l Bn) bR ([ 2)B( )t
J(0.003° (x0.00§ (©.01F ( +0.638 ( 043 (4.58)

=0.851°0.041

In most cases, the results of the five analyses on thesemmnd video and the
analysis of the fousecond videavere very close to one another. Excluding data points
classified as a transition point, the percentage of frames in each regime differed by an
average of 1% between the two videos. The average lower film thicknesses and void

fractions varied by an averagé5% and 1%, respectively.
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CHAPTER 5.RESULTS AND DISCUSSION
In this chapter, the expemental results from the present study are presented

followed by a comparison of the data with predictions of correlations from the literature.

5.1 Experimental Results

The twaephase flow regime and flow characteristics of propane are presented first.
Frictional pressure gradient and heat transfer coefficient results-pentane, R245fa,
and R245fai-pentandollow.

5.1.1 Flow Regime and Flow Characteristics
Two-phase propane flow visualization results are presented in this section. Flow

regime results are presedtfirst, followed by void fraction and film thickness results.
Sample video frames f@&@ ~ 150 kg nf s*, P ~ 952 kPa and qualities ranging from 0.02

to 0.9 in the 7.0 and 15.0 mm internal diameter (ID) tubes are shown in Figures 5.1 and
5.2, respectivel In both cases, the flow was observed to be stiearinated annular

flow at high qualities. As the quality decreases, the flow transitions to gravity controlled
wavy flow. In some cases, intermitted flow was observed at very low qualities where the

liquid inventory was sufficient to bridge the liquid pool to the top of the tube.

220



Quality Quality
0.02 : 0.52
0.09 0.61
0.21 0.69
0.27 0.8
0.35 0.85
0.44 0.9

Figure 5.1. Sample set 0of7.0 mmID tube videos atG = 150 kg m? s* and P = 952

kPa
Quality Quality
0.06 049
0.11 0.59
0.2 073
0.29 0.79
04 0.89

Figure 5.2. Sample set of 15.0 mm ID tube videos & = 150 kg m?s* and P = 952
kPa

Results for both diameters are compareéigure5.3 at three similar qualities with
the binary images of the vapliquid interface &0 shown. Referring téigure 5.3or
comparing Figures 5.1 and 5.2, significant differences in flow pattern were observed with
increasing diameter. Substantial disturbances were clearly observable in the upper film in

the 7.0 mm esults at qualities below 0.5. In the 15.0 mm tube, very slight disturbances
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were observed only at the highest mass fluxes at qualities below 0.5. Additionally, the 7.0
mm diameter results show a significant and well defined upper film in the wavy regime.

The 15.0 mm ID data does not show the same well defined upper film in the wavy

regime.
G =300 kg m”s” P =1218 kPa
Flow Images
Quality 7.0 mm Quality 15.0 mm

B B T

Figure 5.3. Comparison of flow videos for 7.0 and 15.0 mm ID tubes

At certain conditions, very low qualitgj& 0.05)and low mass flux® ~ 75 kg n¥ s
1, mid to high quality ¢ > 0.5) and high mass flu(~ 300 kg nf s?, a well defined
and significant upper film was observed, indicating that the difference observed over the
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remainder of the flow is a characteristt the flow and not a limitation of the video
analysis. In the 7.0 mm ID tube, surface tension and inertia forces are sufficient to
maintain an upper film while in the 15.0 mm tube, gravitational forces deplete the film
liquid inventory by causing the ligd to pool at the bottom of the tube. Relevant
dimensionless parameters describing these forces are the Bond nBmbgr ( ¢ 6D

liquid only Weber number (We= G® D };2

), and dimensionless gas velocity or
modified Froude numbed§ =G q(D g} (1 - 4v)?). Comparing the 7.0 and 15.0 mm

ID tubes, for otherwise identical conditions, the Bond number increases by 4.6 times in
the 15 mm ID tubes, indicating higher gravitational effects relative to surface tension.
Similarly, the Weber numbencreases by 2.1 times, indicating higher inertia effects
relative to surface tension. The dimensionless gas velocity decreases to 0.7 times the 7.0
mm tube value, indicating higher gravitational effects relative to ineftie? = 952kPa,

the Bond numbredecreases from 150 in the 15.0 mm tube to 30 in the 7.0 mm tube. The
Weber number ranges from 12 to 500 in the 7.0 mm tube, and 24 to 460 in the 15.0 mm

tube. The dimensionless gas velocity ranges from 0.13 to 15.4 in the 7.0 mm tube, and

0.06 to 6.3 irthe 15.0 mm tube.

5.1.1.1 Flow Regime
As discussed in Chapter 4, each frame was classified into a flow regime using the

lower film characteristics. The number of frames in each regime, as a percentage of the
total number of frames, is shown kigure 5.4for each 952 kPa data point in the 7 mm
tube. From the right end of each figure, approaching a quality of one, annular flow was
observed in every case. As the quality decreased, the flow transitioned to wavy flow.
Finally, intermittent flav was observed at low qualities in a portion of the frames for each

of these cases. However, only the 150 Kg st mass flux case had greater than the
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threshold of 75% of the frames in the intermittent regime to be classified as an
intermittent data poin The lowest quality points for the other three mass flux cases

shown inFigure5.4 were classified as transitional.

Figure 5.4. Flow regime versus quality for 7.0 mm ID propane dta at 952 kPa
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