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Abstract

Forced convective subcooled boiling flow experinsewere conducted in a BWR-scaled vertical
upward annular channel. Water was used as thengefitiid, and the tests were performed at
atmospheric pressure. A high-speed digital videnera was applied to capture the dynamics of the
bubble nucleation process. Bubble departure fretjasmwere obtained from the video for a total of
92 test conditions. The departure frequency ine®as the increase of inlet temperature or heat
flux, or the decrease of inlet fluid velocity. Arée balance analysis of a growing bubble was
performed to predict the bubble departure sizeecatwund 10 m. The departure frequency is
modelled by taking account of transient heat cotidaand bubble growth rate. Comparison with
experiments suggests that departure frequencyifatigswo regions: subcooled region and saturate
region. The proposed bubble departure frequencyeimagkeed fairly well with the experimental
data.

Nomenclature

C, specific heat at constant pressure To  wall surface temperature during bubble
Dy bubble departure diameter growth period

fs  bubble departure frequency Ti(t) instantaneous wall surface temperature
F, buoyancy force ty  growth time

Fq unsteady drag force (growth force) ty  waiting time

Fy gravity force Vp  bubble volume

Fpo  pressure force Vi volume of virtual added mass

Fes quasi-steady force Vpx  bubble front velocity omx-direction

Fs surface tension force v  area-averaged liquid velocity

Fs shear lift force Vig  volume difference between liquid and
H  bubble height gas phases

iy heat of vaporization (latent heat) X coordinate

Ja Jacob number z axial coordinate

k thermal conductivity

q" heat flux Greek symbols

R intermediate variable a  thermal diffusivity

Re Reynolds number ATs wall superheat

ro  bubble radius

re cavity radius

r,  derivative of bubble radius with respect
to time

i, second derivative of bubble radius with
respect to time

T temperature

thermal layer thickness
kinematic viscosity
advancing contact angle
inclination angle
receding contact angle
density

surface tension
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Subscripts g vapor phase
oo infinity i interface
b bulk in inlet
c cavity sat saturation
d departure w  wall
f liquid phase X  X-direction

fin  liquid at inlet

1. Introduction

The capability to predict two-phase flow behaviomr$orced convective subcooled boiling flow is
of considerable interest to boiling water reacBWWR) safety. Currently, the two-fluid model (1975)
together with the interfacial area transport equma(il995) can potentially offer an advanced and
accurate analysis of thermal-hydraulic characiessbr nuclear reactor systems. Furthermore, to
apply the interfacial area transport equation tbceoled boiling conditions, several parameters
such as nucleation number density, bubble liftside and bubble lift-off frequency are required as
the boundary conditions.

The concept of bubble lift-off,e., bubble detaching from the heater surface, ibfit from that

of bubble departurg,e., bubbles detaching from the nucleation site. Ativacnucleation site in
upward forced-convection subcooled boiling is sh@shematically in Figure 1. At first, a bubble
is nucleated at the nucleation site, and thenatlgally grows. After reaching a certain size, it
departs from the nucleation site. After departtine,bubble may slide on the heater surface. Then,
vaporization occurs at the inner surface of theblejbwvhile condensation takes place at the outer
surface if the tip of the bubbles is out of theestngated layer. Whether the bubble will eventually
grow or be condensed is governed by the overatcethf these two processes. However, at some
distance downstream of the nucleation site, théleubventually lifts off from the heater surface.

The bubble departure phenomena in pool boiling Heen extensively studied since 1950s. Zuber
(1959) found that bubble departure and the flovinneg are similar to the formation of gas bubbles
at orifices. According to Zuber (1964), three reggwf vapor bubble departure from the nucleation
site can be discerned: (1) Laminar regime: Wherouaflow rates are very low, bubbles rise at a
constant velocity, and do not interact with eadireatThe bubble diameter is almost independent of
vapor flow rate, and the bubble departure frequencv

increases with increasing vapor flow rate. Thisimegis », NN
also referred as the region of static, separatetsalated Lift-off
bubbles. (2) Turbulent regime: When vapour flonesaare

intermediate, the bubble departure diameter ineeagth

flow rate while bubble departure frequency rema

constant. A bubble interacts and may coalesce wh o

predecessor above the nucleation site, and thedste is S“dlng

non-uniform. This regime is also referred as thgiae of , :

. . . Condensatio

multiple or interfering bubbles. (3) When vaporwilaates o
. - . Heat Flux<-- +++ Vaporization

are even higher, a swirling vapor stream is geedrat the N

nucleation site. The vapor jet is similar to a &ta or a

waterspout. In our experiments, the bubble depari

phenomena in subcooled boiling condition fall ine tl

laminar and turbulent regimes. I

Flow

Departure
In most of the existing efforts to model the bubigparture
size in convective flow, a force balance analy$ia bubble Figure 1. Schematic diagram of

was carried out at the instant of departure. Lel§67) bubble nucleation phenomenon.



postulated that the point of bubble departure wesrchined from the force balance on a bubble at
its nucleation site and the single-phase liquicduilent temperature distribution away from the
heated wall. In his force balance equation, theyhnoy force and wall shear force was assumed to
detach the bubble, while surface tension force teatold it on the wall. He derived a non-
dimensional equation for the bubble distance frbm hubble tip to the wall, which is related to
bubble departure size. Staub (1968) consideredraleddferent forces acting on a nucleating
bubble, including surface tension, momentum charidbe liquid due to the growth of the bubble,
liquid inertia force, evaporation vapour thrustder buoyancy force, and drag force. He then
assumed that the surface tension, buoyancy, agdfaiees were the dominant forces. In his model,
the force balance is analysed on a layer of herarsgdd bubble, while in Levy’s model it was made
on a spherical bubble. Al-Hayes and Winterton (398bdified the friction term of Levy’'s model

to be a drag force in modelling the bubble deparsize. Their bubble departure size model was
adopted later in Rogert al. model (1987), where they postulated that theidmctactor, heat
transfer coefficient, velocity profile and tempenat profile at the bubble departure point could be
determined from the relationships established fanwoth surface, and the bubble shape was
assumed to be distorted by buoyancy and drag f&aedlikar and Stumm (1994) divided a bubble
into the front and the rear regions as two contoblimes, and performed force balance analysis on
both volumes. Several forces such as surface t@nbieoyancy, drag, pressure difference and
momentum changes were taken into account. &tra. (1993) studied the forces acting on a
bubble in saturated horizontal forced convectiotitgp At the point of bubble departure, several
forces such as surface tension, hydrodynamic presfsuce, and contact pressure force were
neglected because the bubble contact area on thevas approximated to be zero. The bubble
departure diameter was modelled based on the $iedpforce balance equation.

Literature review shows that bubble departure femgy at pool boiling have been broadly studied.
Jokob (1949) found that the product of bubble deparfrequency and departure diameter to be a
constant. Zuber (1963) correlate proposed it as
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lvey (1967) offered three correlations with the garot of departure frequency and different power
of departure diameter for three regions: (1) hygin@nic region in which buoyancy and drag

forces predominate; (2) transition region whereyamay, drag, and surface tension forces are in
the same order; and (3) thermodynamic region whebble growth dominates.

(1)

In literature, researchers attempted to mechaalbticnodel the bubble departure frequency. The
first step is to divide the reciprocal of departtregjuency, i.e., one nucleation cycle, into twaga
In one nucleation cycle, there exists a waitingetime.,t,, defined as the period from the moment
of the former bubble departs to the moment of theemt bubble nucleates, and a growth titge,
which is defined as the period from the moment dflide appearance until the moment of bubble
departure:

1
t, +t, @)
Based on the criterion of bubble nucleation ancempidl flow theory, Han and Griffith (1965)
proposed that the waiting time to be the heatimgetineeded for the thermal layer thickness
equivalent with 3/2 times of the cavity diameter

52 9 (r,-T.)r.
t, = = - —¢- 3)
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Hatton and Hall (1966) also proposed model by @kiocount of the heat storage effect of the
heating surface.
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Recently, several investigations have been perfdriog the bubble departure frequency in
convective boiling. Basu et al. (2005) measured libe waiting time and the growth time. The
waiting time was correlated wall superheat and ¢newth time was correlated with bulk
subcooling, bubble departure diameter, and suptatielquid layer. Podowski et al. (1997)
proposed a mechanistic model of bubble waiting tand growth time. However, the model was
not directly validated.

The purpose of this research is to study the bublbparture diameter and frequency in vertical
upward forced-convective subcooling boiling flowin& bubble departure diameter has been
studied more extensively, we will emphasize more lmbble departure frequency. The
investigation will be carried out in both theoratiand experimental aspects.

2. Modélling of Bubble Departure Frequency
2.1. Modeling of Bubble Waiting Time

Podowski et al. (1997) propose a mechanistic mofidbubble departure frequency for forced
convection subcooled boiling. An analytical solatiof bubble waiting time was obtained by
balancing transient heat transfer in the heated amd from the wall to the liquid. The one-
dimensional heat conduction inside the heated iwaiiven by

oT,, 02TW

ot o )
T, (x0) =T, +-2x. ©)
T,(0t) =T (t), (6)

whereTy is the wall surface temperature during bubble gngueriod.
The assumptions are:
1. One-dimensional heat conduction (semi-infinite g@jat
2. Linear initial quasi-stationary temperature proéilaoss the wall
3. Steady state wall heat flux

The solution is

T0ut)=To +- e+ T, ), ™
where
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T,Xt)=—F e T (t) - T, Jdt". 8
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Similarly, the heat transfer from the wall to tiguid is expressed as
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T; (X’O) =Ty, (10)

T (_°°’t) =Ty, (11)

T (0)=T,(t), (12)

wherex < 0, andT, is the liquid bulk temperature. The solution is
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e* O[T () - T, ]t (13)

T, (x,t)-T afj X
Xt)=T, = — !
T e o
By equating the heat fluxes on both sides of thatdte wall, the instantaneous wall surface
temperature at time'@an be expressed as

and the wall surface temperature at tinbecomes

—T(07)+ 2% - ke, K
T()=T(0)+ ot anR= e (15)

From the nucleation criterion
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the waiting timet,, must satisfy
Tsm+2_aﬁ =T(t )_I.-I-i(0+)_Tb]rc _ q\'/'vrc
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2.2. Modelling of Bubble Departure Diameter

To calculate the bubble growth time, the bubble depa diameter should first be obtained. The
forces acting on a bubble at its nucleation sieesshematically shown in Figure 2. The forces can
be projected inta- andy- directions and are given as

dv
z ,Fx = st + qux + Fsl = pgvb dgx ’ (18)
t

dv
Za=%+%ﬁﬁ+g+%=%%£m (19)

whereFs, Fau, Fs, Vb, Vgx, Fsy, Fauwys Fp, Fg Fgs andvgy are the surface tension forcexadirection,
the unsteady drag force (growth force)xadirection, the shear lift force, bubble volumepble
velocity atx-direction, the surface tension forceyatirection, the unsteady drag forceyatirection,
the pressure force, the gravity force, the quasady force, and the bubble velocityyadirection
respectively. In Figure 2, there is an inclinataorgle,d; (i = a: advancing contact angle;receding
contact angle) between the line from nucleatioe $it the bubble center anddirection. The
surface tension force and unsteady drag forces are

projected intoc- andy- directions as well. Fos %
Different from the bubble lift-off, the bubble depma %
when it violates the force balance along the flokeation. 2
At the moment of bubble departure, the surfaceidens = ’
force can be neglected because the bubble conmtzcba 7\ . -
the wall becomes zero. L~
The growth force is also called unsteady drag fdfoe.a \ Fu
spherical bubble attached to a wall, the virtualeatimass, "I?
Vi, is given by Chen (2003) as Fay 25
7
v, =0 (20) ;7
=15 M H //
where r, is bubble radius. The growth force can be
deemed as the inertial force of this added mass: Figure 2. Force balance on a vapour

bubble at a nucleate ¢
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whereH is the bubble height measured from the wall, apds the bubble front velocity or-
directionvy, = dH/dt. For spherical bubblé] is the bubble diameter. Thugy = 2dry/dt. Thus from
Equations (20) and (21), the growth force is exgedsas

11, 11 .
Fao = =04 mbz (E rb2 +E rbrbj ' (22)

wherer, is the derivative of the bubble radius with resgectime, i, is the second derivative of
the bubble radius with respect to time. The grofetice in andy- directions can be expressed by
considering the inclination angi as

quy = qu Singi ' (23)

where the inclination angle is set @48 (Klausner et al. 1993).

The pressure force and the gravity force on a lubplthe surrounding liquid are expressed as
Fp = Ps ng, Fg = _,Og ng (24)
whereV, is the bubble volume.

For the quasi-steady drag force, Klausmeeral. (1993) modified the expression by Mei and
Klausner (1992) by taking into account the effddhe wall as

-1/n

F n
e _2,0(12) 40708 , (25)
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wheren = 0.65.
2.3. Modeling of Bubble Growth Time

The bubble growth time is calculated from the appeee of bubble to the bubble departure.
Bubble’s growth depends on the temperature ofithed surrounding the bubble. Zuber’s bubble
growth model (1961) agrees fairly well with flow itheg bubble growth data in literature. Its
eguation is given as

f =2—bJ at (26)

b \/7_T fro

whereb is a constant suggested as 1.73 by Zatrad. (1993), andx; is the thermal diffusivity. The

Jacob number is defined as

- prpfATsat — prpf (Tw _th)
Pyliq Pyl rg

where Cy, ATsa, itg, Tw and Te are, respectively, the specific heat at constant pressure, the wall

superheat, the latent heat, the wall temperature, and the saturatienaimg

Ja

, (27)

3. Experiments
3.1. Experimental facility

An experimental facility has been designed to measure the relevaphase parameters necessary
for developing constitutive models for the two-fluid model ilb&oled boiling flow. The
experimental facility is a scaled-down loop from a prototypic BVéRel on proper scaling criteria
for geometric, hydrodynamic, and thermal similarities (Rong et al4;2R005). The schematic



diagram of the flow loop is shown in Figure 3.
The subcooled water is held in the main tank. The

- ” . Separation
main tank has a cartridge heater and heat©>r" Tank i~
exchanger to control the test-section-inlet -

subcooling. The water is pumped by a positive TS [ 5. bifterential Pressure Drain
displacement pump and divided into four separate ?lc_;fggf;fcfuﬁge
is an annulus formed by a clear polycarbonate T.M. Thermister
tube on the outside with an ID of 38.1 mm, and a
cartridge heater on the inside with an OD of 19.1 [t
mm. Thus, the hydraulic equivalent diameter is
19.1 mm. The heater has an overall length of
2,670 mm with a heated section of 1,730 mm in
length. The distance between the test section i
and the heating section inlet is 212 mm. T
maximum power of the heater is 20 kW that
corresponds to a maximum heat flux of 0.193 | Heater
MW/m? At the top of the test section, an Heater | Flowmeter PumpFiter
expansion joint is installed to accommodate the  Height
thermal expansion of the polycarbonate test " _
section. A separation tank is used to separate Figure 3. Experimental loop.
vapor phase from water. The steam is then
condensed, and the water is returned to the main ; [~ Test Section Tube
tank. The separation tank is located directly above!™mage Box % cCh Camera

(e}

i

|
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@B Cooler Tank

—

® Drain
8 ya
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{

Cooler

the main tank. The detailed description of the
experimental facility is found in our previousEQQ
papers (Rong et al. 2004; 2005).

Lightning

3.2. Experimental setup of flow visualization Heater Rod—|

|
T T T 3-D Traverse System
The setup of the flow visualization system (Rong
et al. 2004) is described in Figure 4. A CCD
camera is mounted on the back of o <«
magnification-changeable bellow with a C-moun
and a Micro-NIKKOR 105 mm 1:2.8 lens is=——
mounted in front of the bellow. The camera is Computer
placed on a 1-D traverse rail that can be moved Figure 4. Experimental setup.
forward or backward relative to the test section in
a certain range. The 1-D traverse rail is placed on a 2-D traverse systemamthbe moved
vertically (5.0 cm) and laterally (11.4 cm). This forms a 3-D traverstersysAn image box is
installed on the test section to minimize the image distodince the front side of the image box
(close to the camera) is filled with water. The side surface of theeirnaxg is covered by black
paper to avoid any sidelight. Two 300W GE spotkghdupported by adjustable arms, are
located behind the image box to provide lighting for the flaswualization.

Motion Corder Analyzer

In preparing for an experiment, the water in the main tank was dedas$eting up the tank for

24 hours. Before the measurement, the flow reached steady stattee amdt temperature and fluid
velocity kept constant for 30 minutes. The high-speed vidaoeca was adjusted to focus on an
active nucleation site. In order to capture the very short bigsbleth period,i.e., only a few
milliseconds, the camera frame rate was set as high as 5,000 frame/$pshrahd the resolution

of each image was 89 120 pixels, which corresponds to a ¥.2.1 mm window in reality. The
distance between adjacent pixels isub® The shutter speed is 1/ 20,000 second. By adjusting the
magnification ratio of the camera, a whole nucleation site aloriganitertain downstream distance



can be covered. For each recording, a total of 13,104 frames of picter@s; seconds’ images,
were taken by the video camera and downloaded to a computer. In generadcording was made
for each flow condition in the current experiments.

A MATLAB program has been developed to analyse the digital @mamd to calculate the bubble
diameter when a bubble is attached on the heater rod or in thdiduitk The images were
calibrated by taking photos of a set of stainless tubes witWikiltameters. The error caused by the
light distortion is significantly reduced by adding the imagg.lhe measurement error of bubble
diameter can be estimated as the pixel distareel6um.

3.3. Experimental conditions

Experiments of 92 conditions were performed for the study of thelédift-off size though flow
visualization. The inlet temperature ranges from 80.0 to 98;5the inlet velocity varies from
0.487 to 0.939 m/s; and the heat flux changes from 60.7&&®&0nt. In the tablezy represents
the distance between the beginning location of the heated sactiba specific nucleation site,
where the bubble departure frequendy, are measured. At every steady-state experimental
condition, the heater power, inlet water temperature, and inlet weltarity were chosen in such a
way that a stable active nucleation site is observed and could heechply the high-speed video
camera.

The inlet temperature was measured by the thermistor probe withhemeeable sensor accuracy
of £0.1 °C. The pressure drop cross the test section is measured by HdNn8W3000 Smart
Transmitter. The combined zero and span inaccuracy for the difedrpressure cell i80.4 % of
span. Heat flux and inlet velocity were acquired by a data acquististem. The measurement
accuracies of heat flux, liquid temperature, liquid velocity, presamekdifferential pressure are +1
%, 0.1 °C, 1 %, 1 % full-scale reading (55 kPa), and 1 % full-scaleimga¢5.9 kPa),
respectively.

After the measurement at one flow condition were finished, the geadition was reached either
by adjusting the heat flux, for example, Tests 1 to 6, or byghgrthe inlet temperature, for
instance, Tests 7 to 9. In Table 1, the adjacent rows withatine z refer to the same nucleation
site.

3.4. Experimental results and discussion

Figure 5 shows the bubble departure frequency 120( T T

against the inlet temperature for one nucleatigg o '=202kW/my, =0.936m/s |
site atzg = 1.13 m. It suggests that the bubble; 1000 | + ¢"=146 kWimy, =0.924m/s -
departure frequency increases as the inl%; o g'=101kwW/my,_=0.912 m/s
temperature increases. The effect of the heat & 800 | - q'=104 KW/my, =0.487 m/s 1
can also be found in this figure. The datg z,=113m

indicated by OA, andJ, have similar inlet fluid = 600 -
velocity but different heat flux. The figures ]
indicates that the solid curve (linear fit of the @ 400 } @/® % .
data,q" = 202 kwW/nf) is higher than the broken & X 1
curve (linear fit of the’l data, withg" = 146 e 200 , .
kW/m?), and the broken curve is higher than rthe% \V/ A -

data (withg" = 101 kwi/nf). The effect of fluid = 0 =7
velocity is suggested by comparing theand J

data. Assuming the dependence of thend O Inlet TemperautreT, [*C]

data on the inlet temperature are similar to 1  Figure 5. Dependence of bubble departure

solid and broken curves in the figure, the cur frequency on inlet temperaturez;= 1.13 m



with lower fluid velocity (J, vsin = 0.487 m/s) would be higher than that with higher inleidflu
velocity (7, vin = 0.912 m/s). Higher inlet temperature, higher heat flux, wetofluid velocity
would result in higher wall temperature at the nucleation site,tlaungl higher bubble departure
frequency.

Figure 6 shows the measured bubble departure frequency agaimstetitemperature. The figure
indicates that the bubble departure frequency increases as theenmpetrature increases. Because
nucleation sites are captured at different axial positions, and hiéeedi cavity sizes, it is rather
difficult to compare the bubble departure frequencies among differelgation sites.

Since bubble slides immediately after departure from the nucledtont $s difficult to capture the

bubble at the moment of departure. Images from experiment confirrththdeparture diameter is
round 10* m. Accurate measurement of bubble departure frequency require higher ¢eamera
rate and higher resolution in future study.
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Figure 6. Dependence of bubble departure frequency on inlet temperatur



3.5. Comparison of model with experimental data

The models introduced above are attempted to predict bubble depasaneted and frequency.
The wall surface temperature is calculated by Chen’s correlation (IB&)esults indicated that
the predicted bubble waiting times are in the order of 0.01sewtd bubble growth time has an
averaged value at 0.14 ms, which agrees well with experimental abearnHowever, the model
under-predicts when the bubble departure frequency is highefl@@aHz. In practical cases, when
one bubble departs from the cavity, the bubble size is in the @r@etmm. The surrounding liquid
might be at saturation temperature, or even higher. Thus the dgsumgEquation (10) might not
sound reasonable. Experiments indicate that the departure freqeesery sensitive to the thermal
layer at the nucleation site. Furthermore, previous paper (Roslg 20204) also suggests that two
different nucleation phenomena exist. For departure frequencies lesOthéiz 2the waiting time
is relatively apparent and longer, while for frequencies higher tharH20@he waiting times are
negligible. This can be explained as follows: for the first case gfter one bubble departs from the
cavity, the surround water temperature is lower than the temperaturedefpu nucleation; while
for the later case, it is the opposite. Thus, we classédyekperiment data into two regions: (1) for
departure frequency less than 100 Hz, the instantaneous wall serfgoerature at time 0T;(0"),

at Equation (14), is modified as

(2) For departure frequency higher than 100 Hz, the superheataltsewall is so high that the
flow in the whole channel can be assumed to be saturate flow, antsthietaneous wall surface
temperature can be deems as a constant valuey.i;BhUs Eq. (17) becomes

TV To—Talr W
Tw+2_0' “j“fg:'l'i(tw)—[o wle aur _ (29)
re Ifg mft R,/nnf
Furthermore, the cavity radius is set a& ) in Podowski’'s model. Experiments findings indicate

that the cavity size varies significantly, and it might haverangt influence on the departure
frequency. The relationship betwegrandT;(0") is

2_0 Tsatvfg

. q"r
Tsa + : :Ti 0 —LC’
) Rjm, &0
AR AAA Gy 710
c 2A1 s @ @
here A = Ou A =T, -T,0") e
where =—2 =T, T, : i ]
R/, 10° o o

20T,V - , ® 0
=— =% _ The minimum values ofr; is ©° °%88 00
i &

g

adopted since they better fit with the experiment.

[EEN
Q.

d Departure Frequenf [1/s]

Figure 7 plots the predicted departure frequenéy
with experimental data. The averaged error § jp Lo i oo 00
68.7%. Although fairly good agreement is achievef, = 10° 10' 10° 10°

the boundary between these two regions has not Experimental Departure Frequentyfl/s
been predicted due to the limitation of the

experimental data. The wall temperature is obtained

from correlation rather than from measureme Figure 7. Comparison between predicted

(Rong et al. 2005). This causes some error 10 5nq measured bubble departure frequency
prediction. For future investigations, the satur:




thermal layer should also be studied experimentally and theohgt@adl it will improve the model
dramatically.

The model in section 2.2 predicts the bubble departure diameter axder of 13 m, which agrees
well with experimental findings. Thus it is proposed tHa force balance analysis of bubble
departure diameter can offer reasonable result, and the quantitative benagquatkfurther study.

4. Conclusions

Forced convective subcooled flow boiling experiments were condutteadWR-scaled vertical-
upward annular channel by using water as testing fluid. The testvwere performed at atmosphere
pressure. The inlet temperature ranged from 80.0 to°@3.fhe inlet velocity varied from 0.487 to
0.939 m/s; and the heat flux changed from 60.7 to 206 RWAnhigh-speed digital video camera
was used to capture the dynamics of the subcooled nucleati@esproBubble departure
frequencies were obtained from the images for a total of 92 tesitioosd The results indicated
that bubble departure frequency increases with increasing of théeimipérature, increasing of the
heat flux, or decreasing of the inlet fluid velocity.

The theoretical investigation is conducted. The bubble walling is modeled by considering of
the transient heat conduction both in the wall and the ligthé bubble growth time is modeled by
calculating bubble departure diameter, which is predicted aroufidnl6y force balance analysis.
The predicted bubble waiting time is much higher than the grawth. Comparison with the

experiment finds that the departure frequency falls into two reguiths100 Hz as the boundary.

For departure frequency higher than 100 Hz, the flow can be deemsatlested flow with shorter

waiting time; while for frequency lower than 100 Hz, bubble neede waiting time. The proposed
model agreed reasonably well with experimental data.
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