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Flow Boiling of Water in a Vertical
Tube at Sub-Atmospheric Pressures

This paper describes some of the key experimental results and features obtained from a
study on upward flow boiling of water in a vertical tube at sub-atmospheric pressures. The
experiments were conducted at 250, 500 and 1000 mbar (abs) exit pressures. From the
experimental results, several interesting features and effects were observed, namely, heat
transfer coefficient maxima at around zero thermodynamic quality were observed for high
inlet liquid subcoolings at low sub-atmospheric pressures, which were attributed to local
thermal non-equilibrium instability (Jeglic and Grace, 1965). Such effects were also
observed in boiling of pure hydrocarbonsin vertical tubes (Kandlbinder, 1997; Urso et al.,
2002) and were explained and explored quantitatively with a thermal non-equilibrium slug
flow model (Barbosa and Hewitt, 2005) that associates vigorous bubble growth at sub-
atmospheric pressures to the formation of large Taylor bubbles separated by subcooled

. liquid slugs.
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Introduction

The field of boiling and multiphase flow is extrelyngast and
intensive, especially at pressures ranging from atneosphere to
the critical pressure. It has been reviewed andgmted in reference
textbooks (Carey, 1992; Collier and Thome, 1994)well as in
research papers such as those by Butterworth andkS{1982),
Spindler (1994) and Hewitt (2001). However, in spiof its
vastness, there is a dearth of data and literatvadable for flow
boiling of water at sub-atmospheric pressures.

Jeglic and Grace (1965) conducted a study on teetaf flow
oscillations occurring when water at sub-atmosghemiessures
undergoes a phase change under forced flow conditio and
electrically heated Inconel X tube. They concluddtht the
instabilities and oscillations they observed weppasently due to
thermodynamic non-equilibrium. Jeglic and Gracenfibuhat, in
order for flow oscillations to occur, the rate diange of void
fraction has to be high and abrupt in subcooledirtzpiand their
visual studies showed this abrupt transition tdrbthe form of an
emerging slug.

Stone (1971) also conducted a series of experiments
subcooled and saturated flow boiling in verticatdnel X test
sections at sub-atmospheric pressures. Stone’'simgrgal data set
has been a regular source for many flow boilingadaanks. The
experimental test sections and test parametershys&ione are as
follows: (i) inside tube diameters: 0.584 and 1.1@8, (i) wall
thickness: 0.25 mm, (iii) length: 14.6, 29.2, 6&r@ 121.9 cm, (iv)
total mass flux: 0.67 to 141 kg?m, (v) heat flux: 43.8 to 11400
kW/m?, (vi) exit pressure: 24 to 690 kPa (abs), (viilt exiality: up
to 0.65, (viii) liquid subcooling: up to 151 K. $te noted that for
the subcooled boiling experimental runs, the ingidé temperature
was found to increase with distance but this inge®s small in
magnitude. Nevertheless, this effect was not ptediby the tested
correlations. Stone tested his subcooled boilinta dayainst the
correlations of Rohsenow, Forster and Zuber, Foestd Greif and
Papell (cf. Collier and Thome, 1994). Stone alsdedothat in
saturated flow boiling, for constant heat flux, mélsix and quality,
the heat transfer coefficient was found to incresite pressure, and
this is contrary to the saturated flow boiling &bations that he
tested, which predicted the opposite trend.
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The present study reports on sub-atmospheric fl@iling
experiments carried out at Imperial College, LondoAn
experimental facility built especially for this pase was used and
local heat transfer enhancement at near-zero msalitere observed
systematically for flow boiling of water. The enlktement was
more pronounced for larger subcoolings and loweesgures.
Subsequently, a comparison between the sub-atmaspfiew
boiling data and a heat transfer model was perfdrmehe
methodology (Barbosa and Hewitt, 2005) was origyndéveloped
and validated with the pure hydrocarbon boiling abase of
Kandlbinder (1997). The principle of the modelhig tbbservations
of Jeglic and Grace (1965) regarding local themuad-equilibrium
at near-zero qualities. It is postulated that theathtransfer
enhancement is due to the formation of a largedraylibble at the
inception of nucleate boiling.

Nomenclature

c, = specific heat capacity, J/kg.K

dr = pipediameter, m

Ls = length of theliquid slug region, m

Lg = length of the Taylor bubble region, m

m, = total massflux, kg/nf.s

p = pressure, mbar

qn = wall heat flux, Win?

ty, = time period during which a slug unit is seen at a fixed
location, s

ty = time period during which a Taylor bubble (falling film) is
seen at a fixed location, s

ts = time period during which a liquid slug is seen at a fixed
location, s

Ts = liquid slug bulk temperature, K

Tw = wall temperature, K

Tws = local wall temperature averaged over tg, K

Tws = local wall temperature averaged over tg, K

Vgg = risevelocity of the centre of mass of the Taylor bubble,
m's

Vg = falling filmvelocity, nvs

Vs = rise velocity of the centre of mass of the liquid slug, m/s
Xg = vapour mass fraction (quality), -

z = distance along the pipe, m

Greek Symbols

a = heat transfer coefficient, Wim?.K

ore,s= heat transfer coefficient due to forced convection in the
liquid slug, Win?.K
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anhs = heat transfer coefficient due to nucleate boiling in the
liquid slug, Win?.K

B = length fraction of the slug unit occupied by the Taylor
bubble region, -

4h, = latent heat of vaporisation, J/kg

A = thermal conductivity, W/m.K

¢ = void fraction, -
p = density, kg/m®
Subscripts

B = Taylor bubble
eq = equilibrium
G = vapour

L =liquid

out = outlet

S =4dug

T = total

sat = saturation
sub = subcooling
Super script

— = time averaging

Experimental Rig and I nstrumentation

A sub-atmospheric evaporation (SAE) rig was deggne

constructed, commissioned and operated in the Brapat of

Chemical Engineering and Chemical Technology at elrigph

College as part of this study. Figure 1 shows &isehic diagram of
this rig. Full details can be found in Cheah (199R)e two key
features of the SAE rig which sets it apart fronmeot boiling

facilities cited in other published literature &te ability to be
operated at sub-atmospheric pressures as low abad.220 kPa)
(absolute) and its industrial scale test sectiéndf 22.98 mm and
length of 4.34 m). The SAE rig was also construdteénable the
simple switching, by means of re-routing the flulidw path,

between two different modes of experiments.
experimental modes are the sub-atmospheric flowinigoiand

observation of the onset and nature of density vistabilities. The
present paper focuses on the sub-atmospheric ftoindp of water.
The rig was constructed using high grade ASTM 3aéess steel,
which makes it very adaptable to a variety of fhsds besides
distilled water, which was used in the presenttud

[
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Figure 1. Lay-out of the sub-atmospheric evaporation (SAE) rig.

The subcooled water was pumped from the primark tarthe
bottom of the test section via two control valvas;alibrated flow
meter and an electric pre-heater that was usetktthgat the fluid to
the desired inlet temperature. It was then subjetbea constant
heat flux as it flowed through the test sectiosuténg in two-phase
flow boiling. At the top of the test section, a ggavisualization
section enabled visual monitoring of the prograsthe flow during
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the experiments as well as the determination oéttieflow regime.
Upon leaving the test section and the visualizasiection, the two-
phase steam-water mixture flowed back into the grynank, thus
completing the circuit. The test section exit puesswas regulated
from a vacuum pump system that was connected tgptimeary
tank, via a reflux condenser.

The test section was manufactured from a seamigbsgnade
ASTM 316 stainless steel tube. The test sectionfaasd to have a
very uniform internal diameter of 22.98 with an mage wall
thickness of 1.76 £ 0.02 mm, from ultrasonic measwants. The
effective heated length, the wall thickness andentproperties of
the test section ensured that the heat flux gesetrdirough Joule
effect along the test section was effectively canstTo prevent
heat losses, the whole SAE rig was thermally insdlawith
rubberized insulation material.

Pressure and temperature (wall and bulk fluid) measents
were made at selected positions along the lengtheofest section.
The high stability pressure transducers used welibrated to an
accuracy of + 3 mbar, whilst the nickel-chromiurokgl-aluminium
(K type) thermocouples used were calibrated tocanracy of + 0.1
K. The wall thermocouples were attached by usimgnall strip of
unfractured anodized aluminium (which is an excgllelectrical
insulator and thermal conductor) sandwiched betvieenlayers of
thermal conducting paste. The tip of the thermotowpas then
embedded into the paste, and the whole setup waubhly
wrapped with a polymide insulating tape. Figure l2ows a
schematic diagram of the wall thermocouple setup.
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Figure 2. Wall thermocouple mounting set-up.

The heat transfer coefficient along the axial lengf the test
section is then calculated from measurements of feg inside
wall temperature (corrected for tube wall thermaihaduction) and
local saturation temperature deduced from the looadssure
measurements,

__ Ou
v Tw _Tsat(pj

The flow boiling experiments were performed withthe
following ranges: (i) mass flux: 50.2 and 62.3 kgén(ii) heat flux:
40 and 50 kwi/rh (iii) inlet subcooling: 15 and 40 K, (iv) 250, 0
and 1000 mbar (abs.).

During the course of the experiments, small ogalies in the
pressure measurements were noted, and the aveedge was
taken. Small flow oscillations were also noted. Exé flow regime
was noted to be that of the churn-annular and anrilaw regimes.
The results obtained from the SAE experiments ballpresented,
analyzed and discussed in the next sections.

@
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Experimental Analysis

Results

Two series of experimental runs were conductedhénpresent
study. The first series of 26 runs formed the meiperimental
database, while a second series of 16 selectechtrepas were
performed in order to establish the repeatabilifytime trends
observed in the first series. The operating cooddi of the
experimental runs conducted in the first seriesshoavn in Tab. 1.

Table 1. Experimental run names and conditions.

pout |'n-|— qW 4 Tsub (dp/ dZ)T
Run | (mbara)| (kg/mf.s) | (kW/m?) | (K) | (N/m°)
250-1 251 50.2 50 16.3 3227
250-2 250 50.2 40 16.5 3179
250-3 249 62.3 50 16.7 3227
250-4 250 62.3 40 15.( 3203
250-5 251 50.2 50 39.9 3912
250-6 250 62.3 50 39.1 4425
250-7A 251 50.2 40 39.7 4425
250-7B 250 50.2 40 29.7 3912
250-8A 250 62.3 40 38.7 4646
250-8B 250 62.3 40 30.( 4279
500-1 501 50.2 50 12.3 2934
500-2 500 50.2 40 12.7 2934
500-3 501 62.3 50 12.2 3032
500-4 499 62.3 40 12.( 2983
500-5 500 50.2 50 40.3 3912
500-6 502 62.3 50 39.9 4230
500-7 501 50.2 40 39.4 4108
500-8 501 62.3 40 39.1 4743
1000-1 997 50.2 50 13. 291Q
1000-2 998 50.2 40 12.5 2885
1000-3 999 62.3 50 15.4 2910
1000-4 998 62.3 40 13.2 2910
1000-5 1000 50.2 50 44.7 3912
1000-6 1001 62.3 50 44.2 4377
1000-7 998 50.2 40 42.1 445(
1000-8 999 62.3 40 41. 4914

Experimental uncertainties (one standard deviatiBrgssure: + 3 mbar,
Total mass flux: £ 0.5 kg/m2.s,Heat flux: + 1 kW/n&ibcooling: + 0.1
K,

Pressure gradient: + 75 N/m3

A typical experimental result at low inlet subcogjiis shown in
Fig. 3. Although the mass flux range is narrow qléban 70
kg/n?.s), the experimental results consistently showeera where
there is relatively little dependency of the heansfer coefficient
on mass flux and vapour quality, for=0.05. These are classic
features indicative of awucleate boiling dominant heat transfer
mechanism.

A rather intriguing feature exhibited prominentls ithe
appearance of a maximum in the value of the heantster
coefficient at very low thermodynamic qualities, r fothe
experimental runs where the inlet subcooling ishhigee Fig. 4).
Although this feature is not new; its existence pagviously been
reported by Thome (1995) in reference to the wdrKattan et al.
(1995), the difference in this case is its occuresfor water at sub-
atmospheric pressure as opposed to refrigerantsbasrved by
Kattan et al. Interestingly, maxima at low vapoualifies can also
be seen in Stone (1971) sub-atmospheric studigshéudid not
explicitly analyzed their existence.

More recently, localized heat transfer peaks in bgion of
near-zero equilibrium quality were observed by Kaimdier (1997)
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and by Urso et al. (2002). Kandlbinder performestamyatic flow
boiling experiments using pentane and iso-octana wertical test
section over a wide range of conditions as follogisinside tube
diameter: 2.54 cm, (ii) wall thickness: 6.3 mmi)(iength: 8.5 m,
(iv) total mass flux: 140 to 510 kgfms, (v) heat flux: 10 to 60
kKW/m?, (vi) inlet pressure: 2.4 to 10 bar (abs), (viijuid
subcooling: 40 to 10 K. Urso et al., using the sawrperimental
facility as Kandlbinder, extended the existing Oase by
conducting iso-octane experiments over a lower rflasgange (70
to 300 kg/ms). Their experiments confirmed the existence ef th
heat transfer peaks at near-zero quality.
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Figure 3. Typical experimental results at low inlet subcoolings.

As can be seen from Figs. 4 to 6, there seems tanbexit
pressure on the maxima. Its existence is partigufgonounced at
250 mbar (abs.), less so at 500 mbar (abs.) aodlygust apparent
at 1000 mbar (abs.). This may explain why it was$ reported
earlier in other flow boiling researches since npsious research
work focused on atmospheric to critical pressum@wflboiling
experiments on water. The next section will attetgpshed some
light on this phenomenon by examining the possit#@ation
between the heat transfer coefficient maxima whth tiypothesis of
Jeglic and Grace (1965).
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Figure 4. High inlet subcooling experimental runs (250 mbar exit
pressure).
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High inlet subcooling experimental runs (500 mbar exit
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Figure 6. High inlet subcooling experimental runs (1000 mbar exit
pressure).

Discussions

Following from a series of deductions and elimioatdf clues
offered by the trends and experimental observatiosted during
these experimental runs, it is postulated that rtast probable
explanation of this intriguing phenomenon is thdstence of
localized thermal non-equilibrium instability as oposed and
described by Jeglic and Grace (1965), and elalbrate Ishii
(1982).

As stated in previous introductory section, Jeglitd Grace
(1965) found that, for flow oscillations to occting rate of change
in void fraction has to be high and abrupt subaddlew boiling.
Ishii (1982) extended on this postulation by stthat from the
operating conditions Jeglic and Grace had emploged because of
poor nucleation and heat transfer, the liquid cacome highly
superheated. However, once a bubble is nucleatedyraws
explosively due to the high liquid superheat. Thasequences of
this explosive like growth are a very rapid inceeas void fraction,
a sudden release of thermal energy stored in therkaated liquid
into the bubble growth and the removal of heat frdma wall,
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causing a drop in wall temperature. Compoundedthage these
effects will cause the sudden rise in the valueheat transfer
coefficient as shown in Figs. 4 to 6.

It should be noted here that one may argue thabp ith wall
temperature is to be expected in all flow boilingperiments at the
inception of nucleate boiling. However, in the @mrsstudy, the key
difference is that because of the higher specifitime of steam at
low pressures, a given amount of heat released themnsuperheated
liquid and the wall would create a much larger woduof vapour.

Although the findings of Jeglic and Grace (1965hruat be
guantitatively linked to the experimental resukparted here, one
can relate them through the following points armhds:

1. The heat transfer coefficient maxima at low dies were
found to be dependent of inlet subcooling. Its gais
lower at low inlet subcooling. Jeglic and Grace 3P
argued that in their experimental results, when ittet
subcooling is small, the heat flux required for napour
generation is lower than that for larger subcooling
Consequently, the rate of change of void fractioasw
expected to be less, resulting in a smoother tiansrom
bubbly to annular flow. They suggest that for flow
oscillations to occur, the transition must be ahrap that
high inlet subcooling makes the system more suiaept
to the instability. In the present experiments, boer, the
inlet subcooling is changed independently of hiat fA
possible explanation of the influence of subcoolmthat,
with low subcooling, nucleate boiling at the wa#l i
initiated early in the test section and thus, pnése
excessive superheats in the liquid. At higher inlet
subcoolings, on the other hand, nucleate boilingsdwot
occur immediately and its eventual occurrence may b
associated with the instability phenomenon desdribe
above.

2. The heat transfer coefficient maxima were fouadbe
dependent on exit pressure (i.e., system presslife.
higher the system pressure, the lower the valubeat
transfer coefficient. In their study, Jeglic andaGr (1965)
argued that for higher pressure systems, flow lagicihs
could not be obtained in the subcooled boiling argi
They argued that the decrease in latent heat of
vaporization with increasing pressure is much s
the corresponding decrease in liquid-vapour dematip,
see Tab. 2. Thus, according to them, the net efféct
pressure increase would be a lower rate of chahgeio
fraction, which in their studies, is unfavorable ftow
oscillations, while the same arguments applied heneld
imply that the rapid heat removal associated withrapid
vaporization and void growth is reduced.

3. As can be seen from Tab. 2, the tendency foliduéd to
superheat is much greater as the pressure decreasmEs
the latent heat of vaporization rises while theuil
thermal conductivity decreases. Both factors mapuawot
for a less efficient single-phase heat transfepsithe
liquid layer next to the heated wall into the bulkid
core, resulting in a more superheated layer ofidiqlihis
effect may explain the existence (even at high qunes)
of the heat transfer coefficient maximum in freon
refrigerant and hydrocarbon systems as reported by
Thome (1995), Kandlbinder (1997) and Urso et 200Q).
The thermal conductivity of refrigerants and hydndons
is much less than that of water. The physical prtigeeof
typical refrigerants and light hydrocarbons areegivn
Tab. 3.

4. During the SAE experimental runs, it was fouhdttthe
amount of throttling required to stabilize the flomas
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greater at lower pressures. Small pressure fluonmt

were also observed and both these observationsogupp

the hypothesis (consistent with the suggestion egflid

4qw(LB + LS)

- @
dT VGB

c, L
prLst

e 1
dz  pghh,

and Grace, 1965) that localized thermally induced

instabilities may have been taking place.

Table 2. Some key saturated water/steam physical properties at different
pressures (extracted from REFPROP v. 7.0, Lemmon et al., 2002).

p PL P oL/ Ps Ah, A
(mbara) | (kg/m?) | (kg/nr) () (kd/kg) | (W/im.K)
250 980.5 0.16 6082.3 23454 0.65
500 970.9 0.31 3145.9 2304)6 0.671
1000 958.6 0.59 1623.9 2257(4 0.679

Table 3. Some key saturated physical properties of selected refrigerants at
1000 mbara. (extracted from REFPROP v. 7.0, Lemmon et al., 2002).

P Pc P/ Ps Ah, AL
Substance
(kg/m®) | (kg/nT) (-) (kJ/kg) | (W/m.K)
Isobutane 594.2 2.79 212.8 366.25 0.103
n-Pentane| 610.2 3.00 203.4 358.20 0.197
R-134a 1377.5 5.19 265.3 217.16 0.104
R-141b 1221.0 4.79 254.7 223.09 0.089

Based on the observations presented above, théemods of
localized thermally induced instabilities seem$éoan explanation
for the heat transfer coefficient maxima at higketirsubcoolings,
low vapour qualities and low pressures as notedthim SAE
experiments. It is noteworthy that visual maniféstes of the
instability were not observed in the viewing secta the end of the
test section. However, the heat transfer coefficienaxima
happened within the first 1 m (44 diameters) oftéwt section, and
with another 3 m (130 diameters) of heated tedi®eto go, any
small flow instability may have been damped outhasflow moves
into the churn and annular flow regimes as obseriredthe
visualization section.

M odelling

Summary of the M odel

The non-equilibrium slug flow model (NESM) is debed in
full in Barbosa and Hewitt (2005) and only its mékatures will be
described here. Its fundamental structure is a shigconsisting of
a Taylor bubble surrounded by a falling liquid fitmd a liquid slug,
as seen in Fig. 7.

It is assumed that when the conditions are such dbeupt
vapour growth takes place in the subcooled regiaee (
Experimental Analysis), large Taylor bubbles areegated. As they
are formed, the Taylor bubbles become separatedetipns of
subcooled liquid (subcooled slugs). The fallingnfsurrounding the
Taylor bubble is assumed saturated, i.e., a corahtie portion of
the energy associated with the high wall tempeestum the near-
wall region is used up during the process of gaimraf the Taylor
bubble. Phase change and gas hold-up within thedliglug are
assumed negligible. It is further hypothesized that thickness of
the liquid film surrounding the Taylor bubble is @incompared
with the pipe diameter, the mass of the liquid fimsmall compared
with that of the slug, the densities do not varyorsgly with

time/distance and/gz >>dLg/dt , then dt/dz=1/Vg . An energy
balance over the slug unit gives (Barbosa and He2005)
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Figure 7. A schematic representation of slug flow.

An energy balance within the liquid slug gives #verage slug
temperature variation as follows

dls _ 4
dz

Gw
dr PLCuVis

_Pe 1 dig
p Lg dz

(T - Ts).

4

In the thermal non-equilibrium region, i.€g(z)<Ty, ., the
liquid slug temperature gradient, the Taylor buldrewth rate and
the liquid slug contraction rate are given by theuitaneous
solution of Egs. (2)-(4). A stepwise numericalegration of this

system of equations gives local valueslgf, Lgand 'ITSanng the

thermal non-equilibrium slug region. The thermah+eguilibrium
slug region is bounded by the onset of slug floalqialated with the
correlation of Saha and Zuber (1974) for the PoiniNet Vapor
Generation, NVG, and by the transition to saturaied flow or by
the break-up of non-equilibrium slug flow into churflow,
whichever happens first- see flow chart in Fig. 8 below).
Calculation of additional slug flow parameters suzh the
Taylor bubble length fractionf, and the real quality (vapour mass
fraction), x5 , as well as the determination of boundary coadgi

for Egs. (2)-(4) are performed exactly as in Baghasnd Hewitt
(2005). In the slug flow regime, the time averagedl temperature
is given by (disregarding the thermal capacityhaf heated wall),

tg tyg e
T=1 .[TW dt + .[TW dt
tSp 0 tyg
1 _ _
:t_(tsf Tw,f +t$Tw,S) (5)
P

= :Bfw,f + (1_ﬂ)-FW,S
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where the time averaged wall temperatures in thg ahd falling
film regions are determined using heat transfeegupsition models
(Chen, 1966) as follows,

O =0rcs (Tw,s _-Fs)+ Qs (-Fw,s _Tsat) (6)

Ow :(C_ch,f +5—’nb,f)(Tw,f _Tsat) (7)
where the various heat transfer coefficients (fier nucleate boiling
and forced convective mechanisms) are given byctireelations
reported in Barbosa and Hewitt (2005).

In addition to the slug flow heat transfer calcidat a
methodology to compute the pressure drop alongcktaanel was
implemented. The methodology encompasses all flegimes,
from single-phase subcooled liquid to saturatedukmnflow. The
various models for each flow pattern and critecathe transitions
between flow patterns are summarized in Fig. 8Tadal 4. The first
transition criterion is the NVG correlation of Salaad Zuber
(1974), implemented as described by Barbosa anditHE005).
The non-equilibrium slug flow transition criterigNESM criterion)
yields two possible outcomes; in the first, flownd@ions are such
that non-equilibrium slug flow does not take plao®l there is a
more usual succession of flow patterns (bubbleg,sthurn and
annular flow). The second outcome is associatel thi¢ transition
to non-equilibrium slug flow and is expected toegikace in sub-
atmospheric boiling of water at high inlet subcog$ and in boiling
of pure hydrocarbons (Kandlbinder, 1997). The titaorsfrom non-
equilibrium to equilibrium slug flow is associatedith the
attainment of saturation in the liquid slug and thensition from
non-equilibrium slug flow to churn flow is asso@dt with the
occurrence of flooding in the Taylor bubble regi@layanti and
Hewitt, 1992). Integration of the governing equasio(mass,
momentum and energy) is performed usind"arler Runge-Kutta
Method (Press et al., 1992).

SINGLE PHASE
LIQUID

Integrate

— o 10 e

ANNULAR FLOW

Integrate until the
end of pipe

Figure 8. A flow diagram of the two-phase flow calculations.
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Table 4. Summary of the two-phase flow models utilized in the present
stud

Flow Transition Fric. pressure Void
regime criterion gradient fraction
Single-phase Colebrook
liquid flow friction factor
— (Potter and —
Wiggert, 2002)
Zuber and
Bubble &g =025 Friedel (1979) Findlay
flow (cf. Collier and
Thome, 1994)
NVG Point
Thermal Non-| associated with
Equilibrium explosive like De Cachard De Cachard
Slug flow bubble growth and Delhaye and Delhaye
(Saha and (1996) (1996)
Zuber, 1974)
Thermal : De Cachard De Cachard
Equilibrium T. =T (p) and Delhaye and Delhaye
Slug flow ST (1996) (1996)
Jayanti and
Churn Hewitt (1992) Sawaiet al. Sawaiet al.
flow model (2004) (2004)
Triangular
relationship
Annular Wallis (1969) Hewitt and between film
flow model Whalley (1978) | thickness, film
interfacial friction | flow rate and
factor. pressure drop
(Govan, 1990)
Results

Figures 9 to 11 illustrate the local heat transfeefficient
profiles as a function of quality together with wes indicating the
difference between the equilibrium bulk temperatane the liquid
slug temperature in the region between the NVG tPaird the
transition to churn flow (breakdown of slug flovgs calculated by
the non-equilibrium slug flow model. The temperatutifference
increases sharply from zero up to a few degreeallithree cases
and then decreases in the equilibrium saturateibmefke,>0),
Curves of equilibrium quality as a function of diste are also
shown. As observed in boiling of hydrocarbons (Bag and
Hewitt, 2005), the temperature difference peakaade with those
for the heat transfer coefficient in Figs. 9 and(40b-atmospheric
pressures). This is consistent with the observatiohJeglic and
Grace (1965) in that once the large nucleated leufité the pipe
cross-section, it continues to grow, increasingftiie velocity and
reducing the residence time in the channel of ilgeid slugs
between successive bubbles. Thus, slugs remainoslgat for
distances longer than would be the case for egqiilib flow
conditions. A consequence of this effect is thatwhall temperature
in the slug flow region is lower than that in thguéibrium case. As
the heat transfer coefficient is defined in ternisan equilibrium
relationship, the net result is an increase in Heat transfer
coefficient. Figures 9 and 10 show that the deereafsthe heat
transfer coefficient back towards the classicalavér of forced
convective boiling (i.e., absence of peaks) comwas to the region
of breakdown of slug flow into churn flow (S/C).n8e this
transition is related to the collapse of the slad,the mixing of the
phases would result in attainment of thermodynaegjailibrium,
thus eliminating remaining local subcooling effects

Also shown in Figs. 9 to 11 are the heat transtafficients
calculated with the non-equilibrium slug flow mod®&ESM) and
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with the Chen correlation (Chen, 1966; Butterwoaifd Shock,
1982). The NESM predictions are consistently higtiem those
provided by the Chen correlation in the slug flozgion. For the
lowest pressure case (250 mbar abs.) of Fig. 9NBEM is not
capable of predicting the exceedingly high peaksezrly 20 kWm
2kt The predictions are, however, much more encongagit
intermediate pressures (500 mbar abs.) where thedeimo
performance is within a few percent of the experitakvalues (see
Fig. 10).
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Figure 9. Difference between the equilibrium and slug temperatures as a
function of distance. Comparison between experimental and calculated
heat transfer coefficients in the region between the NVG Point and the
Slug-to-Churn flow transition. Run 250-5.
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Figure 10. Difference between the equilibrium and slug temperatures as a
function of distance. Comparison between experimental and calculated
heat transfer coefficients in the region between the NVG point and the
Slug-to-Churn flow transition. Run 500-6.

In Fig. 11, there are no distinct heat transferkpaa the near-
zero quality region. Since the exit pressure isrlgegtmospheric,
non-equilibrium slug flow is not expected to occlievertheless,
the NESM predictions are shown for the sake of amispn with
the equilibrium formulation. In this case, despstamewhat under
predicted, the heat transfer coefficient is betterrelated by the
Chen (1966) model. The trends of the heat transéafficient
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predictions depicted in Figs. 9 to 11 are repredem of all
experimental runs conducted in the present work.
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Figure 11. Difference between the equilibrium and slug temperatures as a
function of distance. Comparison between experimental and calculated
heat transfer coefficients in the region between the NVG Point and the
Slug-to-Churn flow transition. Run 1000-5.

Figure 12 shows an overall comparison of heat feans
coefficients in the non-equilibrium slug flow regidor the 250
mbar and 500 mbar runs. Although the NESM predistishow
some improvement over existing equilibrium modéts €xample,
the Chen correlation), the model does not predietviery high heat
transfer peaks associated with the 250 mbar (25@7d\ 250-7B)
runs (under predictions lower than -40%). The sipesinental data
points over predicted by more than 40% corresponde®50-1 and
250-3 runs; those in which no heat transfer peak® wbserved and
for which the inlet subcoolings were low.
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Figure 12. Comparison of local heat transfer predictions for the sub-
atmospheric pressure runs (Runs 250-1, 6, 7A, 8A, 7B and 8B and Runs
500-5, 6, 7 and 8).

Bubble length fractions as a function of equililniguality are
shown in Fig. 13 for two sub-atmospheric boilingngu The initial
conditions are identical for each case — see Bartawsl Hewitt
(2005) for a detailed discussion on their detertima— and the
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Taylor bubble growth rate is higher for the loweegsure as a result
of the larger liquid-vapour density ratio.

1

BUBBLE LENGTH FRACTION (-)

—H—— RUN 250-5
—6—— RUN500-5
—<—— RUN 1000-5

04
\ \ \ \

-0.02 0.06 0.08

0.02 0.04
EQUILIBRIUM QUALITY

Figure 13. Variation of bubble length fraction as a function of equilibrium
quality typical sub-atmospheric pressure runs.

Figure 14 shows the overall pressure gradient ptiedis using
the present model. The run number is shown togethigr the
symbol. As can be seen, the majority of the préatistlie within +
12.5% of the experimental values, reflecting theabdjy of the
methodology in predicting the pressure drop data.
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Figure 14. Average pressure gradient predictions.

Conclusions

The following conclusions were drawn from the expental
and modelling studies carried out in the presepepa

1. The experiments were found to be nucleate Igpilin

dominant for thermodynamic qualities less than 0.05

2. Heat transfer coefficient maxima were obsenveareund
zero thermodynamic quality for the results at hiiguid
inlet subcoolings and low sub-atmospheric pressures
localized thermal non-equilibrium instability hypetsis
presented by Jeglic and Grace (1965) provided ailpies
explanation;
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3. The system pressure and inlet subcoolings were/s to

influence flow stability in accordance with the liegnd

Grace (1965) hypothesis. However, it should bedttat

the instrumentation used here were not specifically

designed to investigate these unusual effects. Tierg

observed and noted as having occurred during argmog

of study on the axial heat transfer coefficientiaton of

flow boiling at sub-atmospheric pressures. Consetiyye

it is recommended that further external and inddpah

investigations be carried out to confirm the above

mentioned effects.

It was shown that the heat transfer peaks agitethe

liquid slug equilibrium sub-cooling peaks and higheat

transfer coefficients are predicted by the proposed

modelling approach in the near zero equilibrium ligqua

region. Although not particularly accurate (x40%oerr

band), the model predictions are better than tigosa by

an equilibrium formulation in cases where the ooence

of thermal non-equilibrium instabilities is expedte

5. In addition to the heat transfer coefficient gamson,
overall pressure gradients were predicted for abrarmof
conditions as part of the two-phase flow calculatio
methodology and these were shown to be in very good
agreement with the experimental data.
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