= Soroinisk vestnik 472001 B8, 455-4951

ISSMN 0033-2480
UDK. 536.2
Izvirni znanstveni clanek (1.01)

- ®Journal of Mechenical Engineenng 471200118, 455 451

ISSMN DO328-2480
uUpc s538.2
Driginal sclendfic papar (1.01])

MODELING OF VOID FRACTION AND LIQUID TEMPERATURE
PROFILE EVOLUTION IN VERTICAL SUBCOOLED NUCLEATE
BOILING FLOW

Ivo Kljenak
Reactor Engineering Division
Joref Stefan Institute
Jamova 39
Ljubljana, Slovenia
E-mail: iki@ijs.si

ABSTRACT

A three-dimensional bubble-tracking model, which simulates
subcooled nucleate boiling in a heated vertical cylindrical tube,
is presented. The behavior of the liquid-vapor system results
from motion, interaction and heat transfer mechanisms
prescribed mostly at the level of individually-tracked wvapor
bubbles. The model takes into account bubble nucleation and
ligquid heating caused by wall heat flux, bubble sliding on the
tube wall, bubble departure from the tube wall, hubble
condensation in the low-temperature fube core region, bubhle
interaction through wake drift, bubble collisions and
coalescence, bubble radial migration towards the wbe core
region, and turbulent dispersion in the liquid phase. Simulated
veid fraction and liquid temperature radial profiles on different
axial locations of a heated channel are compared with
experimental results from ather authors

INTRODUCTION

Voud fraction and liguid temperature behaviors in subcooled
regions of forced convective nucleate boiling flows in verical
channels may be modeled using various approaches with
different time and lengih scales. One-dimensional models
(which also include some two-fluid models) with various
degrees of empiricism may predict fairly well void fraction and
liquid temperature, averaged over the flow cross-section. These
kinds of models are used in so-called thermal-hydraulic codes 1o
simulale transients in nuclear power plants (for example, as
camried out by Parzer et al, 1995). However, these models
cannol predict the evolution of void fraction and liquid
temperature radial profiles along heated channels. Also, the
development of second-order accurate schemes for two-fluid
models, which limit numerical diffusion, is at present mostly
confined to adiabatic flows (Tiselj & Petelin, 1998). On the
other hand, "sophisticated™ models based on local instantaneous
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description of the flow (such as proposed by Juric &
Tryggvasan, 1998) are still computationally too demanding to
be applied to boiling systems which may have a complex
interface structure due (o the presence of up to several thousand
bubbles. Intermediate-level models include multidimensional
two-fluid models (for instance, as proposed by Kuml &
Podowski, 1991) and so-called bubble-tracking models
{Mortensen & Trapp, 1992, Kljenak & Mavko, 1999}, in which
vapor is distributed in liguid in the form of individually tracked
huibihles.

In the present work, a three-dimensional bubble-tracking
model is presented: the model already presented in earlier works
{Kljenak & Mavko, 1997, Kljenak, 1998, Kljenak, 1999,
Kljenak & Mavko, 1999) was further developed. The model
enables the modeling of the axial evolution of veid fraction and
liguid temperature profiles when a vapor-liquid flow in a
vertical eylindrical mbe is heated with a known heat flux. The
overall behavior of the vapor-liquid system results from maotion,
interaction and boiling mechanisms prescribed mostly at the
level of individual bubbles. Empiricism conceming the structure
of the gas-ligmd interface is thus included at a "more
fundamental™ level than in one-dimensional models or muli-
dimensional two-fluid models. The model takes into account the
following heat transfer phenomena: heating of the liquid, bubble
nucleation on the tube wall and bubble condensation in the low-
temperature tube core region. Differences in bubble velocities,
due to wake drifl and liquid velocity gradient, cause bubbles 1
collide and eventually merge into larger bubbles. Bubble
interaction may be digrupted by twrbulent dispersion in the
liquid phase.

Subcooled nucleate boiling was simulated for experimental
conditions from Sekoguchi et al. (1980, 1981), who have
observed subcooled and low quality boiling flow of water in
cylindrical tubes. The agreement between simulated and
measured void fraction and hquid lemperature radial profiles is
satisfaciory.
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PHYSICAL MODEL

Bubhble Axial Motion and Interaction

Bubhbles are modeled as rigid ellipsoids which move upwards
in a vertical channel with their symmetry axis always vertical.
Larger, spherical cap bubbles, may be created by coalescence
and expansion of smaller bubbles.

Bubble instantaneous axial velocity i caloulated as the sum
of local liquid velocity and bubble relative velocity, which is
oblained from a comrelation by Peebles and Garber (1953, as
cited by Wallis, 1969). The local instantancous liquid velocity is
equal to the sum of a hypothetical undisturbed liguid velocity (a
1/7th power law was assumed) and an eventual increase due 1o
witke drilt caused by nearby bubbles. Bubble axial motion was
thus simplified, which was necessary because of the long
computation times due to the large number of bubbles which are
present in boiling systems. The liquid velocity gradient causes
bubbles located m different radial coordinates w move with
differem velocities. The liguid velocity behind bubble & which
is increased due to wake drift, is calculated as:

wiz, rt) = w(z,r0+

(1

=2
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where £ 15 an empincal exponent, set equal to 3.0

A necessary condition for a trailing bubble 1o be influenced
by a leading bubble through wake drift is that bubbles overlap
in the lateral direction by more than a cerain critical fraction,
called minimum relative overlapping (a similar approach was
also proposed by Mortensen & Trapp, 1992). Bubbles which do
overlap and collide axially for whatever reason may remain
sticking for some time, move along together with the upper
bubble's velocity and eventually merge or separate. 1 bubbles
do not overlap more than the cntical fraction, the motion of the
trailing bubble is not affected by the leading bubble and bubbles
behave as if they would not overlap at all. This rule was
preseribed to approximate the influence of bubble agitation
which occurs in real bubbly flow and allows bubbles o overtake
one another. The drawback of this approach is that bubbles may
tempaoranly spatially overlap, which i3 not physically realistc.

Bubble Lateral Migration

Bubble distnbution over the wbe cross-section supposedly
results from the interaction of different phenomena, such as
liquid mrbulence, ransverse lift force and bubble interaction.
As most of the expenimental and theoretical work on void
fraction distnbution in bubbly flow deals with adiabatic air-
water flow (for insiance, as reported by Liu, 1993, Zun e1 al.,
1993, or Ohnuki & Akimoto, 1998), state-of-the-art findings
were nol applied 1o the present model. Rather, a simple
approach was adopted, based on cxpenmenital ohservations of
nucleate boiling by various authors (for instance, by Bibeau &
Salcudean, 1994): after detaching from the whe wall, bubbles
tend to migrate towards the low-temperature tube core region (if
their motion 15 nol restricted by other bubbles), where they
eventually condense.

In earlier work (Kljenak & Mavko, 1997; Kljenak, 1998), the
process of bubble detachment from the whe wall was
considered together with the process of bubble lateral migration,
To achicve bubble detachment from the wall without excessive
migration towards the tube core region, the probability of lateral
migration was prescribed as proportional to the liquid velocity
gradient. In the present work, the process of bubble lateral
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migration is considered as being distinct from the process of
bubble detachment. When bubbles migrate radially, the lif
force, which is related 1o the liquid velocity gradient, represents
a restraining force. The probability of lateral migration p..
which should thus increase with decreasing velocity gradient. is
calculated as:

A 1/2
Pu ™ '-0'*;"[ .3}-: ] 2)
where &, is an empirical cocfficient. Bubble lateral migration is
attempted every time a bubble moves a distance equal fo its
maximum vertical chord length in the axial direction. The
migration is simulmed a5 a radial movement consisting of
individual steps of a quarter of the bubble width,

Turbulent Dispersion

The relative motion between bubbles is mainly influenced by
the eddy motion of the length scale of bubble size (Prince and
Blanch, 1990). Approaches which consider the structure of the
liguid wrbulence, for instance hased on discrete voriex
simulation (Sene et al., 1994, Yang & Thomas, 1994), are &t
present 1o complex 1o be applisd an the scale of bubhly flow
over an entire wbe, with several thousand bubhles present. A
much more simple approach was thus sdopted in the presemt
model: wrbulent dispersion in the liguid phase, which may
affect wake drift or sticking bubbles which have just collided, is
modeled as a succession of random evenis with a presenbed
probability of outcome. Each event has two passible outcomes:
wrbulent dispersion either does or does not ocour, A larger
probability of dispersion simulates a higher turbulence intensity.

In the praposed model, disruption of wake dnft is related to
the turbulence length scale: wake drifi behind a bubble may be
sporadically interrupted and eventually resumed later, after the
bubble has traveled a distance equal o £v20 in the axial
direciion (see Zun et al, 1993). However, diswrbance of
sticking bubbles 15 connected 1o the event of bubble axial
collision: after a collision, the outcome of urbulent dispersion
simulation determines whether bubbles will remain sticking
until eventual merging or separation, of will nat influence each
other. This approach is based on the observed hehaviar of
bubbles within clusiers in the experimenis of Mao & Core
(1993} and Stewart (1995).

Despite contrary experimental evidence (for example, as
reported by Serizawa et al, 1975), imensities of turbulem
dispersion were assumed constant over the tube cross-seclion (o
keep the model relatively simple. Also, breakup of bubbles was
not considered at present. The main difficulty with assumplions
concerning interaction between bubbles resides in the lack of
gquantitative experimental evidence on the behavior of bubbles
within clusters in turbulent bubbly flow.

Bubble Coalescence

After axial collision, bubbles which overlap more than the
manimum relative overlapping either remain sticking together or
do not affect each other, depending on the outcome of turbulent
dispersion simulation (which is carnied o immediately after
each collision). Bubbles merge after sticking rogether for a
cenain time interval (so-called “rest tume*). Coalescence of
bubbles occurs instantly only if an edge of the leading bubble is
close 1o the ube wall whereas the irailing bubble is farther
away, as the impact between bubbles is presumably stronger
due to larger velogity differences, Bubble lateral collisions do
not result in coalescence, as it was assumed that the impact of



1. Kljgnak: Modeling of void fraction and liquid temperature profiles evolution in vertical subcooled

the collision is not strong enough to lead 1o rupture of the
vapor-liquid interface.

Liquid Temperature
The temperature of the tube wall is determined from a
correlation by Shah (1977, as cited by Kandlikar, 1998) .
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where the single-phase heat transfer coefficient &; 15 calculated
from the Diitus-Boelier correlation (Collier, 1981), and fy,
indicates the difference between vapor and liquid specific
enthalpies at gaturation conditions.

The liquid temperature T is assumed 10 obey the following
law (Sekopuchi et al., 1981):

]
B

where the factor m was set equal to 4.0. The hiquid temperature
profile at different axial locations along the ohserved tube
region  is  obtained from steady-state  values of the
thermodynamic equilibrium quality, with the local void fraction
profile taken into account.

Heat Flux Partitioning

An approach based on the model proposed by Zeitoun &
Shoukri (1997) is used to determine respective parts of the wall
heat flux consumed for bubble nucleation on whbe walls and
heating of the liquid. The wall heat flux is given as :

G =Cphy(Ty=< Ty =)+ q" 5 +q"g )

The first term on the r.h.s. of eg. (5) represents heat transfer due
o single-phase forced convection. Although the factor &
accounts for the portion of the heating surface not covered by
bubbles, its value was assumed to be 1.0, as in the work of
Zeitoun & Shoukn (1997). The single-phase heat transfer
coeflicient A, it again caleulated from the Ditus-Boelier
comelation (Collier, 1981). The term ", denotes the energy
transfer 1o the liquid due i the agitation of the thermal
boundary layer caused by bubble growth - collapse cycle, which
15 also referred as the “pumping” component. The term g%
denotes the heat flux consumed for bubble nucleation. The ratio
between the pumping and nucleation components is called the
pumping factor £ and is calculated according to the principles
stated by Zeitoun & Shoukri (1997) as :

P
s e ©
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where ihe thermal boundary layer thickness & is calculated
from:
_ k(T=< Ty =)
Mo p (7

Bubble Nucleation

Bubbles are nucleated with a constant frequency at fixed
nucleation gites, which are randomily distributed over the wall
surface, and than grow instanily lo so-called departure size,
which is constant at each nucleation site. The nucleation site
density, which varies along the flow, i3 determined from a
balance between wvapor generation rale through nucleation,
bubble departure sizes and nucleation frequencies. The bubble
departure diameter is assumed to obey a Gaussian distribution.
The frequency of bubble nucleation al individual sites is
assumed constant and calculated from the following correlation
by Zuber (1963, from Collier, 1981):

_ 059 | 9B(P = Pg) e
"T[T'} -

Bubble Sliding and Detachment

After nucleation, bubbles first slide on the tube wall and than
tend 1o detach and migrate towards the wbe core region if their
metion is nol restricted by other bubbles. According o Van
Helden et al. (1995), bubbles on the tube wall are subjected to
the lift force, surface tension force, corected buovancy force,
expansion force, drag force, and temperature drop force. In their
experiments on subcooled nucleate boiling at low pressure,
which were performed in a vertical annulus, Bibeau &
Saleudean (1994) observed that the bubble sliding distance on
the heated surface decreases with increasing void fraction. In
the present work, it was assumed thal the decrease of the sliding
distance 15 related to the decrease of the distance between
nucleation sites: the proliferation of bubble nucleation sites
increases the disurbance of the liquid layer near the wall, thus
creating more favorable conditrons for bubble detachment,

Bubble detachment from the heated wall s modeled
probabilistically, the probability of detachment being either
constant or increasing lincarly with decreasing average distance
berween nucleation sites. Bubble detachment is attempled every
time a bubble moves a distance equal to its maximum vertical
chord lengih in the axial direction. The detachment is simulated
as a radial movement towards the whbe center-line of a quarter
of the bubble width,

Bubble Condensation
Bubbles which mave laterally into the low-temperature tube
core region collapse. The mechanisms goveming bubble
condensation in real flow are complex and depend on vanous
(Zeitoun et al., 1995). In the present model, it was
assumed that bubbles condense if the difference between the
liquid temperature comresponding to the bubble center and the
saturation temperature exceeds @ cerain value AT .. which
was adjusted 1o obtain a reasonable agreement between
simulation and experimental resulis,

NUMERICAL MODEL

Bubble Axial and Lateral Motion
Bubble axial motion was simulated with a simple discrete
time-step méthod, neglecting inertial effects:

g {0+ Ar) =z (1) + wy (r)-Ar ()
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As bubbles in the proposed model undergo significant
accelerations only briefly before axial collision with a leading
bubble or after radial migration towards the wbe center-line, the
added mass effect was not taken into account. After each axial
displacement dunng a time step, bubbles which overlapped
more than the mimimum relative overlapping and whose
imeraction was not prévented by turbulent dispersion were
adjusted if they overlapped in the axial direction. Adjustments
started at the whbe entrance, and upper bubbles were adjusied
with respect to lower bubbles.

Bubbles' cross-sectional coordimates assumed discrete values
which correspond 1o pointg located on concentric circles
centered on the tube axis (Fig. 1). The distance between
neighboring paints must be of the order of a fraction of the
smallest bubbles’ width. Bubble lateral movements were
modeled as instantaneous jumps to other points which occur
between successive time sieps.

VYolume Fraction and Energy Coupling

The vertical tube was divided in the axial direction into
control volumes. The length of a contrel volume was of the
same order of magnitude as the whe diameter. The total
simulation time was divided into averaging time intervals
during which passages of bubbles through the upper boundaries
of control volumes were recorded. At the end of cach interval,
the liquid velocity profile in each volume was comected o
satisfy the condition (Kowe et al,, 1988):

Ae i = [ Wi (1 = @)dA, + Cypwyy [add, (10)
A A

where o denotes the time-averaged local void fraction oblained
from recordings of bubble passages at the control volume upper
boundary and integrals were calculated over the tube cross-
section. The coefficient of added mass C, was sel equal 1o 0.5.
In the same way, the liquid wemperature profile was set so that
the thermodynamic equilibrium quality at the control volume
upper boundary assumed the stcady-state value. These liquid
velocity and temperature profiles were then used in the
calculavions during the next averaging time interval. Within
each control volume, liquid velocities and temperatures were
calculated by linear interpolation between values which
comespond o the control volume lower and upper boundanies.

Figure 1. Schematic representation of bubble centers’
discrete cross-sectional coordinates.

Bubble Coalescence, Mucleation and Condensation

Mergers between bubbles, bubble condensations and bubhle
nucleations were modeled as instantaneous evenis which occur
between time steps. After cach averaging time interval, the par
of the heat flux which is consumed for bubble nucleation was
determined again for each control volume, as described earlier.
Mucleation sites on the tube wall were than generated randomly
and used dunng the next averaging ime interval. The number of
nucleation sites was  determined from  bubble departure
diameters and comresponding nucleation frequencies.

RESULTS AND DISCUSSION

Experimental Conditions

There i very littleé published experimental data on the
evolution of local parameters in forced convective boiling in
vertical cylindrical bes. Some results on subcooled and low
quality boiling flow are reported by Sekoguchi et al. (1980,
1981). Two experimental runs (referred as 1" and "2" in the
present work) were selected 1o assess the capabality of the
present model 1w simulate  subcooled nucleate  boiling.
Expenimental conditions for both runs are presented in Table 1.

Simulation Resulis

The flow was simulated owver distances =4 equal o 35 (run
1} and 30 {run 2). Bubbles were generaled randomly at the
beginning of the considered tube region to help obtaining a void
fraction profile similar to the experimental one.

Figures 2 and 3 depict expenmental and simulated time-
averaged void fraction radial profiles at different axial locations
along the Now. The proposed model simulates guite well the
gradual increase of the void fraction peak and the widening of
the layer near the wall, in which bubbles are present. The main
discrepancy 15 that the voud fracton peak moves too quickly
away from the tube wall, especially in run 1 (Fig. 2). As the
simulated process is a complex phenomenon, caused by
interacting and mutually competing processes of wake drifi,
diffening bubble wvelocities due to higuid wvelocity gradient,
bubble lateral motion, bubble collisions and coalescence,
wrbulent dispersion, bubble nucleation, bubble sliding on whe
wills and bubble condensation, the overall agreement between
simulations and expenments indicates that the basic
mechanizms which govern void fraction profile development in
subcooled nucleate bailing have been adequately taken into
account,

One of the most influential parameters in bubbly flow 8
allegedly bubble size which was not measured and therefore had
o be assumed. In run 1, bubble departure diamelers were
assumed o obey a Gaussian distribution between values 0.4
mm and 2.00 mm, whereas in run 2, the limiting values were 0.4
and 1.0 mm. Both ranges are roughly in accordance with
experimental results from Bibean & Salcudean (1994). Bubbles
already present ai the initial axial location were supposed to
assume the maximum departure size,

Table 1. Experimental conditions of Sekoguchi et al. (1981).

Run b P ' m*
[mm] [atm] | [kW/m'] | [kg/m's)

1 15.7% 2 189.6 635

2 13.55 4 2326 50
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Figure 5. Simulated and experimental liquid
Figure 1. Simulated and experimenial vold fraction temperature radial profiles (run 2, with data from
radial profiles (run 1 from Sekoguchi et al., 1981). Sekoguchi et al., 1980).

Both simulations were carmied out with identical values of

a8 T T T T minimum relative overlapping (0.3), probability of turbulent
e = & Exp. Theory 1 turbulent dispersions of wake dnft and of sticking bubbles were
g oos % % 0038 o - treated differently, equal probabilities of tarbulemt dispersion
& e 0027 A -e-ee were prescribed for both phenomena to minimize the number of
§ [ FA ™. 0016 © oo 1 different parameter values. There is also a lack of information
!
1]

L, on rest times in turbulent flows, necessitating the use of what is
in effect an adjustable parameter (Prince & Blanch, 1990).
The probability of bubble detachment depended on the ratio
& between average distance between nucleation sites § and
mean bubble departure diameter ) pa:

004 |-

&% &/ d g meun (11}

Figure 3. Simulated and experimental void fraction If & was larger than the threshold value 2.5, the probability

o 1 Si'se sl 1981 of bubble detachment was equal 0.25. Otherwise, it was
radial profiles (run 2 from Sekoguc Sy prescribed as a linear function of &

Py =1.9-0066-8% (12)

The coefficient k., in eg. (2) was set equal to 85 for run |
and to 60 for run 2. More comparisons of simulated flows with
experimenial data are necessary before reaching conclusions on
the correspondence between actual flow parameters and
empirical factors which are used in modeling of bubble
detachment and lateral migration

Figures 4 and 5 show simulated liquid temperature profiles.
Experimvental data are available only for run 2 (despite some
flow conditions being stated shghtly differently, it was
presumed that dawa presented by Sekoguchi ot al, 1980,
correspond to run 2 from data presented in the work of
Sekoguchi et al., 1981). The agreement appears to be good. The
WR only major discrepancy is the somewhat steeper experimental
temperature gracient near the tbe wall at high subcosling.

Figure 4, Simulated liquid temperature radial profiles
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CONCLUSIONS

A three-dimensional bubble-tracking model, in which
empincism s included at a “"more fundamental” level, was
developed 1o simulate subcooled nucleate boiling in a uniformly
heated vertical cylindrical tube. Bubble collective behavior
resulis from mation, interaction and heat ransfer mechanisms
prescribed mostly at the level of individual bubbles. The wall
temperature and the heat flux consumed for bubble nucleation
are determined from “integral” approsches based on cross-
sectional averages.

The comparison of simulaled resulis with expenmental data
from other authors indicates thal the proposed approach
captures the basic mechanisms which govern the development
of subcooled boiling: the model successfully simulates the
evolution of the void fraction and liquid temperature profiles
along the flow. The main discrepancy beiween experimenial
and simulated results is the radial location of the void fraction
peak near the tube wall.

ADDITIONAL NOMENCLATURE
ellipsoadal bubble large axis [m]
cllipsoidal bubble small axis [m)
bubhble equivalent diameter [m)
specific enthalpy [1kg]

heat transfer coeflicient [Wim K]
volumetric flux [m/'s]

bubble vertical chord length [m]
mass flux [kg/m’s]

probability [-]

radial coordinate [m]
thermodynamic equilibrium quality [-]
distance from tube wall [m]

axial coordinate [m)

=L o

W' oxowT a‘-r‘h-

Greek Letiers
@ vord fraction
] thermal boundary layer thickness [m]
distance between nucleation siles [m]
£ "pumping” factor

Subscripis
b bubble
¢ tube center-linge
d departure
i i-th bubble
P “pumping"
Other Symbols

<> average over tube cross-section
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