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ABSTRACT-

An analytical model based on.different flow regimes
involved in the rewet{ing process of bottqm flooding mode
was established to predict the @empera£ure-time trace curve
at various axial locations of the vertical circular channel
under the hottom -flooding conditions, thus predicting the
rewetting rate of hot vertical channel.

/

Also an empirical corrélation of-"apparent rewetting
temperature” using dimensional analysis was attempted for
fvertical circular channels under bottom flooding conditions.
The variables uséd in'the analysis were K}?‘, Cp, d, D, T,

T, G, %, T, T, and . The effect of each variable on

c' q
"rewetting temperature" ‘is critically discusqed.
From the comparison of correlated Tq with measured valuesg,
it has shown .that the correlated.values fall within about

+10 % of the experimental values.

In order” to predict the tgmperaturé-time trace cur#e
of rewetting process by computational ﬁethod. the rewetting
process was divided into-six heat transfen regions namely,
SINGLE' PHASE STEAM, DISPERS?D FLOW, INVERT ANNULAR ?LOW.
TRANSITION BOILING REGION, NUCLEA&E BaILINd éﬁGION and

T
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SINGLE PHASE LIQUID REGION. In each heat transfer region, an

equation to give appropriate values of heat transfer coeffi-’

cient h was selected from various sources or modified.

In the computatlon. small elements were considered
and in each element. coolant water is heated and its tempe-
rature and vapor quallty as well asg the wall temperature are
calculated using appropriate heat tranefer equations according
to the flow region.
Computed temperature time trace curves obtained using
experimental "rewettlng temperature” and correlated "rewetting

temperature" were compared to those obtalned from experlments

.and.the regults show very close resemblance among-.the three.

Rewetting velocity u_, is obtained fromj two temperature-

q
time trace curves at different locations of the test tube by

' {nowing the "rewetting time" and the location of the tempe-

'mental‘rewetting velocity. .

rature-time trace curve. because rewetting velocity Yy is the
propagation rate of the rewetting front along the test section
in the direction of the coclant water flow, The result of
rewetting velocity uq shows.that predicted rewetting_velocity'

{(using correlated Tq) mostly fall within 220% of the experi-

s
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Also the convective heat transfer coefficient h was

calculated from experimental temperature.fime trace curve
T ——

and compared with h values used in analytical comp#%atlon.
The comparlson shows that analytical h value for NUCLEATE
BOILING REGION and SINGLE PHASE LIQUID REGION is higher than
experimental h value an@’%hat aﬁalytical,h valug'for TRANSI-
TION BOILING REGION is lower than the experimentai ﬁ value.
- Thus it suggests that the heat transfer correlations for -
- varioué flow regimes used in the analysis is still to be

expgoreg or critically reexamined for the rewetting phenomena.
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) CHAPTER 1

INTRODUCTION

Rewefting refers to the phenomenon of establishment
of liquid coolant contact with very hot solie surfaces. -
Recently, the interest in the problem has been -intensified
because the rewetting phenemenon is of particular importance
during the reflooding phase‘of emergency core cdqling conditions

in the "Loss -of— Coolant Accidents"” (LOCA) of water - cooled
| power reactors.

' In a postulated "Loss -of- Coolant Accident” (Loca),

the reactor core may develop heat which would overheat the fuel
elements beyond the safe:design temperature limit before an
alternative emergency cooling system could neétore coolant flow.
The'surfaée temperature of the fuel bundles can be higher than
the "Rewetting Tgmperature“, and the heat transfer mechanism
involved becomes quite complicated.

A co;;iderable number of works on the rewetting subjegt;'
have been published during the last decade, and recént reviews
on both theoretical and experimental studies are made available
by Butterworth et. al. [1] and Sawan et. al. [2_; . ;

Experimental studies were done by various workers using different

geometries. Andreoni and Courtaud [3]. Duffey and Porthouse [N],
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Case et al. (5] and Piggott and Porthouse [6] used an annulus
with a hot centralitube. Campanile and Pozzi [7], Riedle and
Winkler [ 8], Thompsong 9] and Cadek et al. [10] used a roa bundle
while Riedle and Winklyr [8], and Martini and Premoli [11] used“s

single tube with wetting insige. s

The prediction of the rewetting-front velocity by the
-various models hased on one, two and three-dimensional analy-
tieal [ 4,12,13,16,17,18,19,20] and numerical studies [14,15]
still Trequires the knpwledge of the "rewetting temperéture“
and heat transfhr coefficient distribution near the front.
The "rewetting temperéture" is also required fo predict the
temperature-time trace using a system approach. An incorrectly
assumed value of "rewetting temperature" could lead to serious
erpdrsnin the final analysis of the problem. However, very
igzzl;?Lork has been carried out éo measure or predict- the
- values of the “"rewetting temperature", and both dry-region and
wet-region heat transfer coefficients, directly. To make the
theoretical approaches amenabié tE‘mathematigal treatment,
these three parameters are usually assumed or deduced from the
steady-state pool beoiling cﬁrves and most workers [1.2.#.?,8]

assumed the "rewetting temperature" to be constant.

In the present thesis, the apﬁarent "rewetting tempe-

rature" is empirically correlated from experimental data ﬁsing
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" dimensional ani}y51s for vertlcal circular-channels under the

bottom floodln% conditions, and convective heat transfer
coefficient h was calculated from experimental temperature—
time trace curve and compared with the analytlcal values of
h psed in the comggjation. '

A computer progranm wgg_established to prédict the
temperature-time trace curve at various axial locations of
the vertical circular channels under the bottom flooding
conditions by dividing the rewetting process into six heat
transfer regions and using appropriate heat transfef coeffi-f
cient h for each heat transfer region. Computed temperature-

time trace curves obtained using experimental "gpparent re-

~ wetting temperature" and correlated "apparent rewetting tempe-

rature" were compared with experimental temperature-time

trace curves.

Rewetting velocity uq is obtained from two temperaturg;

‘time trace curves at different locations of the test tube by

knowing the "rewetting time" and the location of the temperature

_time trace curve, because rewetting velocity uy is the propa-

gation rﬁté df the fewetting.front along the test section in
Az,

At

the direction of the coolant water flow, defined as uij =
. ) ij

where ulj is the rate of the rewetting front propagation

between two particular thermocouples of interest, Azij is the.




o ’ ¢
+ axial distance between the thermocouples, and Atij is the

. time interval taken between the two rewettirig fronts.



ANALYSIS

2.1 PHYSICAL MODEL SN
- ’ . \

A simple model has been developed to predict the
temperature-time curve of rhe test tube, starting from the
time at which coolant, with a known flow rate. .reaches test
tube bottom, and terminating when the test tube is .completely
quenched. This will present a temperature-time trace curve .
at various axial locations of the vertical circular channel
under the bottom flooding coneitions.

There are many computer codes available, and review
of the papers [21,22] show tﬁat their prediction of rewetting
process is not closely compatible to exﬁgrimental results.

It was noted that use of incorrectly assumed value of re-
wettlng(éemperature seems to be one of the main sources of
error rn;%n:E; analysis. Martini and Premoli [ 21) used <1
constant value of 420°C as the preflxed rewetting temperature
while Clements et al. [22] used 280°C. The present model was
. mainly proposed to check the validity of the concebt of |

apparent rewetting temperature, Tq..that has been correlated,

and also to see thebimportance of including appropriate




heat transfer coefficients for various flow regimes with the

apparent rewetting temperatﬁre.in.the analysis.

The rewetting velocity 4y is obtained from two
temperature-time trace curves at different locations of the
fest tube by knowing the "rewetting time” and the location of
the temperature-~time trace curve, because the rewetting velocity
u, is the prqpagétiOF rate of the rewetting front along the

test section in the direction of the coolant water flow.

In the computation, test tube is subdivided in many
axial nodes. The thermal iransient of each node is calculated
from theaehergy balance made. Wall temperature, when reaches
a va}ue of the apparent re%etting temperature, Tq, prefixed
in input and when vapor quality is less than 0.7, drops very
sharplj to near safﬂggtion temperature by nucleate boiling and

v . transition boiling heat transfer.

In connection with adopted heat transfer scheme, a
satisfactory_evaluation of heat transfer coefficient and re-~
wetting temperature is required, since they strongly affect
rewetting front velocity. The values of the apparent fewetting
temperature used in this model are either deriv;d from experi-
menms,.or calculated from rewetting temperatufe correlation

equation obtained from our experiment.
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~ The computer program was ﬁritten in FORTRAN-IV
1anguage'forhIBMf360/bomputer; This‘mpﬂel is applicable
&%oqthe emergency cpre”cooling system which.injecté cold . 7
coolant to core bo;tom in the final phase of the losé hf‘
coolant"abcident.' -
2,2 REWETTING éEMPERATURE, Tq
2.2.1; DEFINITION OF REWETTING TEMBERATURE

The "rewetting temperature” is the maximum tempe-
rature where the actual cbnfact between the coolantrliquid
and the surface is possible and the wet region heat transfer
process starts. The "rewetting temper;iure" is also known
as calefaction, sputtering, quenching temperature or the
temperature corresponding to the minimum boiling heat flux.

However, it is extremely difficult to determine the exact

"rewetting temperature" in a given temperature-time trace.

e
~—
~

~
N .
For presen% study, the apparent rewetting_temperature

was found by taking the intersection of the gradients of the
trace before the point where there is a rapid fall in tempe-
rature and at the steepest pqrtion of the fall as shown in
Fig. 2.1. This technijue ié‘glso used by other workers
[6,17,21], andlcorrespond; to the definition of "“upstream wall

temperature” unaffected by axial conduction as used by Yu-
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et al. [23]._ The apparent rewetting température_so defined

cannot be the Leidenfrost.teﬁgérature (fhe minimum heated .
surfgte ﬁemperature required to just sustain the'stéble film
boiling process). Theref&re. the prediction of the "re-
wetting temperature" based on hydrodynamic theories such as
prqposed’bflgjrenson [24].'éhd on thermodynamic theory such
as proposed by Spiegler et al. [25], cannot be applicable
for -the "apparent rewetting temperature®. )

. ‘ o

. ’ ] - - _ .
» Literature survey shoWed<§H§%'most workers assumed

J

the "reweEting'temperature" to be constant. For example,

for the "rewetting temperature" of water, Tqe Yamanouchi [17],
chose 150°C, Dua and Tien [26], 260°C, Yu et al. [23], 80°c
above the éaturation temperature of the coolant and Martini

et al. [21], 420°c, Cadek et al. f10], reported values between
284(and 54150 from their experimental observation; However,
it was shown by Lee et al. [27]. that “"rewetting temperature”
is not conétant and depends on the physical pfoperties of

the test se;géfn and coolant flow condition.

/.

2.2.23 DIMENSIONAJL S

To correletle the "apparent rewetting temperature",

a dimensiona? analys\g was used.

—~h



The rewetting ve1001ty, uq. and the “effedtlve heat

transfer coefflclent", h, in the rewettlng region are not
.
independent varlables. and it 18 assumed that their effect

on the *apparent rewett;ng temperature", Tq. is negligible.
Therefore, in‘tﬁe pfésént study, the following 12 variables,

¢p, D, G, K, P, T, Té. Tgr Tw..Z.ci and p are essential

to the prbbiém and have Some effect on Tq. This is deduced
from éxperimental‘program of Lee and Chen [27] as well as

from those of other investigators [6,17,21].

}

The coolant saturation temperature, Ts' has a constant

value throughout the experiment, because all the experimental

result used in the correlation were obtained at the system

pressuré of about one atmosphere. . Therefore, three mew . Y

variables, TSc = Ts«— Tc' Tws = Tw - Ts’ and qu = Tq - TS

-

-TnT andT

were intpoduced'to replace.fodr“temperatures. T q

‘These 11 variables must have a functional relationship
.. ,
F(Cp, D, G K, P, Tyqr Tyor 2,d » Tee» P)=0 (2.1)
Using Buckingham's JT theorem with K, d., T 20nd G
as the primary variables and employing four primary dimensions
of mass, length,time and temperature, the following seven

non-dimensional parameters were obtained from‘Eq.‘(Z.l) 3

f(7[|,7[;,7l'5—-- 7[-7) = 0 _ (2.2)
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where T T -
. 7r| = A8 7t2= =S8C IT.= QLG_é_
. T T 3
_wsz we 2 &
K .
- WS _ p-d =D
7Ty = —g+Gs Mg = KT Ty= g .
- Z
= 5

The functional relationship among these seven
dimensionless parameters was found by Multiple Linear
Regregsion Analysis to 0 experimental data points obtained £

from four‘different test sections.

The.physical characteristics of the 4 test sections
- and the ranges of experimental parameters are listed in

Tables 1 and 2 respectively.

. 2.3 FLOW REGIMES

[ 4

In ordgr to predict the temperature-time trace curve
" of rewetting process by analysis, the rewetting process was
divided into six heat transfer régions as shoﬁn in Fig. 2.2{;
The six heat transfer regions are; |

1 1+ SINGLE STEAM PHASE REGION

2 + DISPERSED FLOW REGION

+ INVERTED ANNULAR FLOW REGION ' —

: TRANSITION BOILING REGION .

: NUCLEATE BOILING REGION

- Fow

+ SINGLE LIQUID FLOW REGION



In each heat transfer region. an equation to give appropriate

values of heat transfer ‘coefficient, h, was selected from

el

~—

Y
. various sgources or modified.
‘2.3.1 SINGLE LIQUID FLOW REGICN

This region is notﬁ&ng more than a liquid forced-
convection flow. The conventional convective equations
can be used fof pfedicting heat transfer behavior.

Convectlon heat transfer coefflclent h varies
depending on the flow condltlons, which can be characterized
by the Reynolds number Re. In a long tube, the flow could be
assumed laminar when the Reynolds number is belo@;about 2000.
In the range of Reynolds number between 2000 and 10,000, the
transition from laminar to turbullent flow is thought to be
taken place. The flow in this regime is called transitional.
At a Reynolds number of about 16\000 or over, the flow can be
assumed to be fully turbulent in}practice [29].

: o

For laminar flow, convection heat transfer coefficient h is
givee as [30] b

h - 48K R (2.3)

L4

For fully developed turbulent flow in smooth tubes for heating,

=
Lol {8 0]
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the following heat transfer coefficient is recommended by
Dittus and Boelter [3{]

.8 . . '
h = 0.023%‘?— rRe® pr*t . (2.4)

A linear interpolation between laminar and turbulent heat
transfer coefficient expression is made to give heat

transfer coefficient for transitional flow where Re is between
2000 and 10,000. The heat transfer rate per unlt surface

area of tube, q. .+ 18 4y, = h (T, - Tp) » where T 1s wall

temperature and Ty is water temperature. All the properties

used in the equations are evaluated at the water temperature;
2;3.2 NUCLEATE BOILING REGION

This region (region 5 of Fig. 2.2)_19 also called
saturated forced convection boiling region where.heét frahsfer
due to convection and nucleated boiling occurs simultaheously.
Convection boiling is defined as being the addition of heat
to a flowing liguid in such a way that. progressive vaporization
along a tube occurs and two phases of saturated water and ’
steam coexist. Nucleate boiling is characterized by the
formation of bubbles from fixed sites randomly distributed
on the surface. Actually, the term nucleate boiling is derived
from the fact that bubbles are formed at the nucleation sites.

The presence of nucleate boiling gives rise to a considerable

increase in the rate of heat transfer from the hot surface,
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compared to the rate for normal single-phase mechanism of

heat transfer.

One of the most successful of many proposed correlation
for nucleate boiling heat transfer coefficient is that of
Chen [32] based on the superposition principle where as the
total heat flux 1s the sum of contribution from convection
and bubble nucleation. The corgxelation developed by Chen [32]
is at present considered by many authors [33,3&] to be the
best avaiiable for the saturated forced convective boiling
regions and is recommended for use with all single component
non-metallic fluids. The Chen correlation was shown to fit
a wide range of data with fair accuracy. The range of data
include those fof water in the pressure range of 1 to 35 aim.
with liquid floﬁ velocities up to 14.7 ft/sec. (4.%41 m/s)
heat flux up to 760,000 Btu/nr.ft* (2,395,885 watt/m”) and
gquality up to 71%. Other fluids included'are methanol- .
cyclohexane, pentane, heptane, and benzene, under 1 atm.
pressure, liquid velocities of.1 to 3 ft/sec, a heat flux
range of 2,000 to 17,000 Btu/hr.ft- (6, 305 to 53, 592 watt/m?)
and quality up to 12%.[33].

*

The correlation was proposed to account for both

the microconvection due to boiling and macroconvection

‘due to flow.

o~ :
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h“= hpic ¥ Pnac ‘ (2.5)
where K Cpo 45047(;25
hoi, = 0.00122 (I”,LL”H T3 A (AT) (AP) é (2.6)
4K1
h.. = 0.023 (Re, )° f (2.7)

Two-dimensionless functions. gsuppression ratio Spand convection
enhancement factor F, are to account for the Suppression of
bubble growth due to flow and for the increase in convectlve
turbulence due to the presence of vapor. Spand F were obtained
as functions of a'two—phase Reynolds number and. the Martinellil

parameter, respectively, and are defined as

_ ,ATe 0.94 0.8
Sp - (AT ) (Rel )
peV+D
I
fluid and Rep is Reynolds number for liquid fraction.

Where Re =

ig effective Reynolds number for two-phase

ATe is effective superheat with flow and AT is the difference
in the wall and saturation temperature. Sp and F could_also
be obtained from graph as in.Fig. 2.3 and Fig. 2.4,

AP is the saturation pressure difference corresponding to the
difference in}saturation temperature AT, .

L4

2.3.3 CRITICAL HEAT FLUX

When the heat flux applied to a surface in contact

"with a boiling liquid is progressively increased, a point is
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reached at which the contlnuous contact between the liquid

arid the surface is lost. This heat flux is called burnout

heat ffax or cr1t1cal heat flux. When this 'boiling crisis’

takes place the heat» transfer coefficient is greatly reduced
because of the low thermal concuctivity of the vapour intervening
between the liquid and the surface. This phenomenon can.be

most easily demonstrated in pool-boiling condﬁtions using -

an electrically heated wire, and the congequence is the

dramatic melting,s0r burnout, of the heater. A reduction

of the heat transfer coefficient also occurs under forced-

‘convective conditions if the heat flux is increased beyond

é critical value. The term burnout in .forced convective
boiling is mostly used to describe the boiling crisis
associated with the reduction of heat transfer coefficient and
chaqging the heat transfer mode to transition boiling from
nucleate boiling. The critiecal heat flux point is shown in b

flow diagram (Fig. 2.2).as C.H.F. between transition boiling

region and nucleate boiling region.

The technical imporftance of the critical heat flux
condition has led to the development of a bewildering
variety of correlations. Milioti [35] catalogues fifty-nine
correlations and detailed comparisons of a wide range of
correlations reveal considerable differences. Since most

correlations are based on empirical data their validity
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can be assumed only when the conditions are within the range

of the experimental conditions, and there are only few whlch :
. falls within the experlmental_condltlons-of the present'
experimental range (i.e. single tube geometry, 1 atm. pressure,
and maximum mass velocity of 40 g/cn” s). ‘Tpe most general

of the correlations suggested to date is that by Macbeth [36]
who compiled data from world-wide sources and arrived at a

set of correlations for water boiling inside round tubes

and rectangular channels of uniform heat_flux.for the pressure
groups of 560, 1,000, 1,550 and.2,000 psia. Macbeth correlation
is based on a-hypdthesis proposed and tested by Barnett [37].
This hypothesgis, the 'local conditions hypsthesis' suggests
that the critical heat flux is solely a functlon of the mass
quality at the point of the overheatlng. Macbeth had suggested
that it was desirable tq_dividg“the critical heat ?iux data
into two rggions depending upon the mass velocity“ﬁagnitude

and different correlations were proposed aééording to the
velocity magnitude. For the low-velocity regime, a nearly
linear relationship between Qorit and qualify X exists, and

the correlation is independent of pressure,

7 (G (1-%) - 10° (2.8)

Qerit = 0-00633 Hfg D35

for round tubes, where Aorit is in (Btu/hr-ffz). and G in
(lb/fﬁz-hr), D in (in.) and Hfg in (Btu/lbl. The present

experimental condition is very clbse to the applicable region
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for this correlation, but the boundary is not very clear in
4

the low pressure region. To check its validity, g of

crit
Macbeth correlation was calculated using typical parametef _
values and compared with our experimental Urit values

obtained. Macbeth correlation gives q value of_2.b3x106

) crit
Btu/hr.ft” (?.66x106 watt/m>) for typicéfjvalue of é (éo.g/bmzs).
D (1.39 em) and quality x(0.01), whereas our experimental
dopyt VRLUE ig around O.65x106 Btu/hr-ft” (2.05xio6 watt/m*).
Thig indicates that maybe our experimental veiocity range is
too high to use the Macbeth correlation of low-velocity
regime. Analysis of data in the high mass velocity region is
difficult because the pressure effect is more complex thén in
the low mass velocity region. However, the range of system
pressure in Macbeth correlation for high velocity regime is
too high for our experimental conditions which is 1 atm.
pressure, and neither lbw-velocity regime nor high velocity
regime Macbeth correlation could be used for this analysis.
£ :
An a;ﬁg;fative to the Macbeth correlation which has

the advantage oX being continuous with respect to the

.variable 'system pressure’ with apparently little or no loss

of accuracy is the correlation proposed by Biasi et al. [38] :
3 .
1.883x10 f
Qerit = D7 -G% [_&B)_G -x) (2.9)

for the low quality region, and

I
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_ 1.78x10° +h(p) (1-x)

Qozy = : (2.10)
crit | ﬁﬁ.G-é

for the high quality region, where n = 0.4 for D21 cm,

n= 0.6 for D<1 cm and
f(p) = 0.7249 + 0.099°p-exp(-~-0.032p) (2.11)
h(p) = -1.159 + 0.149.p.exp(-0.019p) + f—é_%%? (2.12)

The correlation is evaluated in C.G.S. units and valid over
the range of véiiables. which includes our experimental
conditions except system pressure. .The recommended system
pressure for the correlation is from 2.7 bar to 140 bar,
whereas our experiment was carried out at 1 atm. pressure.
Since the system pressure for the experiment is close to the
-recommended pressure rahge for thig correlation than other
correlations, Qorit value was evaluated to check its validity,
extrapolating the system pressure to 1 bar, and the value of

the calculated Qorit is about 3 times our experimental Qorit

value. This shows that this correlation could not be used

outside its recommended system pressure range.

As a last resoft. to get the reasonable critical heat
flux correlation, earlier form of Macbeth correlation was
studied [34]. In the earlier\Macbeth correlation, for the -
high velocity regime, the correl3tion for a round tube is

in the form,
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. -6
Qopi X 100 = A - C-D-(G x 10- ) Hfg-x/h.  (2.13)
b y -6 Ja ~g V!
where A =y,.-D (G x10 ) and C = ys.ﬁh (G x 10 6)5
. 1
The computer optimized values of y, to y; which were
obtained from the high velocity critical heat flux region in
the pressure range of 15 psia are y, = 1.12, y, = -0,211,
y» = 0.324, y; = 0.0010, y, = -1.4 and ys = -1.05
This correlation gives Qopit Value of 0.68 x 10° Btu/hr.ft*
[ Wt
(2.14% x 10 watt/m* ) for mass velocity of 20 g/em” .s,which

é

is very close to the experimental g value of 0.65 x 10

crit
é
Btu/hr-ft2 (2.05 x 10 watt/m* ). Check with other mass

velocities also confirmed the closeness of calculated Uopit

value to the experimental. So, this earlier Macbeth correlation
which present more complex high-velocity regime Macbeth ‘
correlation is modified from, and is given in Eqn. (2.13)

is used in this study. The unit of q,.;4 is in (Btu/hr.ft?),
mass velocity G in (1b/ft1;hr). tube diameter D in (in.),

_and latent heat of vaporization H., in (Btu/1b).

bo-

g

2.3.4, TRANSITION BOILING REGION

The critical heat flux condition results in a drop
of ‘one or two orders of magnitude in the value of heat
transfer coefficient as compared with the values obtained
in the nucleate boiling. This decrease is a consequence of

the fact that the heat transfer surface is no longer completely
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wetted by the 1iq£)d phase but wetted by intermittent contact
of large liquid droplets carried in the vapour stream. This
heat transfer regime is called transition boiling region
(Region 4 of Pig. 2.2) and -a convenient way of treating
transition boiling is to consider that, at any momerit, the
surface is partially wetted and partially covered by vapour.

The total heat flux is then QUot = Qyet * Byet * S9ry * 2dry

vuth_adry + et = 1. The difficulty is to find proper

expressions for the area functions 8,0t and a

_ dry’
One possibility is to work from the film boiling end, and Tong

and Young [39] proposed an empirical correlation in the form

of dyoy = A7p * 9FB where dpg is the transition boiling heat
flux which equals the measured total heat flux minus the film
boiling heat flux, in Btu/hr.ft> (or, watt/m>) and Qpg is the
film boiling heat flux, in Btu/hr.ft* (or, watt/m*).

Tong and Young observed that the heat transfer
coefficient immediately after boiling crisis consists of
two components : nucleate-boiling component and film-boiling
component. The magnitude of nucleate-boiling’component
depends strongly on wall superheat, but weakly on mass velocity.
The film boiling component is of convective nature and it can
be evaluated by Dittus-ﬁoeltef type equation.
Tong and Young noting that the chance of liquid droplets

hitting the wall in a transition boiling is large at a low
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quality and at a high steam production rate, derived

following c tion empirically.

' AT 1+0.0016AT
Ayn €Xp [-0.01+( ) (—2at) sat]
NB (- "5; 100 (2.14)

wheTe qun is the nucleate boiling heat flux or the measured

g =

total heat flux based on the instantaneous local conditions,
in Btu/hr-ft , ATsa‘t is the wall superheat (i.e. A‘T =
Tyall - t) in F, and J/ is the channel length in inches.

In correlating film boiling heat transfer coefficient,
the Dittus-Boelter equation was developed for 51ngle phase

convection. The film boiling heat transfer coefficient

proposed by Tong is

K . .8 ] y 0.3
- 0.0e3[pf - (Bfpef, { ARt Sl R/ )

.4
. ey Ja, | (2.15)

where De is wetted parameter and S is slip ratio.

Slip ratio S is the ratio of the gas phase veloecity to the

liquid phase velocity, (Ve/Vf), and could be expressed as‘

'following in terms of the mass quality and the void fraction
R SRR -

s-% () (52

Combining the above two equations (Eqns. (é.lb).

(2.15)), the complete equation of the transition boiling
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heat transfer correlation becomes,

t)1+o 0016AT t]

’ 3
A0t = INB exP[ -0.01 (‘T/d—) (55
0.8
+0.023 (T, - T )[lg’ (22 De)

X ey S(1-%) & ¢ ] '
R Ces ) (AI-{-E)V p, (2:16)

2.3.5 INVERTED ANNULAR FLOW REGION

Iﬁverted annular flow shown as Region 3 in Fig. 2.2,
or sometimes called film boiling is characterized by a thin
vapor film covering thelheating surface.and liquid in the
centre éore. thus would appear to be an inverse of annular
flow. -Heat transfer by direct contact of the liquid core
with the wall is not expected because the wall temperature

is high enough (above rewetting temp.) to forbid the wetting

of a surface.

The vapour-liquid interface is not smooth but irfegular.
These irregularities occur at random locations buf appear
to retain their identity to some degree as they pass up
the tube with velocities of the same order as that of the
liquid core. The vapour in the film adjacent to the heatigg
surface would éppear to travel at much grgater speeds.

The heat is transferred from the wall to the vapour and
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subsequently from the vapour to the wavy liquid core.

Heat transfer across the wavy vapour-liquid intérface takes
place by forced convective evapofation. This mode of heat
transfer is much more' efficient than the single phase convective
heat transfer between smooth wall and vapour, hence it is
assumed that the bulk of the vapor is at or close to the

liquid core temperature. Since the vapour has‘a lpwlfhermal
conductivity relative to the liguid, film boiling requires

a large tempefﬁture difference between the solid surface

and liquid. | o -

For simplicity, only heat transfer betweén wall aﬁd
liquid core is considered. In this region, heat transfers
between wall and vapour, vapour and liquid core are néglected
because of small amount ef vapour volume and vapour tempe-
rature being close to the llquld core temperature. Due to
the high wall temperaturé encountered in this zone, heat

transfer by radiatioﬁy;o‘liquid core is accounted for.

Radiative heat transfer to ligquid core is taken

as concentric cylinders and radiative heat flux is derived

to as
&
R _ OVI-X (T - Iy
QWL 1 1 (2.17)
€ + (Eh:” 1)[;;0& ‘
in,&



T T

.} TR

where (J is Stefaq—Boltzman consfant,bk ig void fraction,
' € is emissivity of water and €,is emissivity of tube wall

material (see Appendix 1 for derivation),

For convective heat transfer between wall and liquid
core, Clement et al. [22] used Braomley type equation of
gtable f£ilm boiling on a vertical tube for their development
of reflood codes FLIRA [22] and PSCHIT [22] and the same
equatlon is adopted in this study, after a crltlcal evaluation -
of the equation was made. The Bromley type equatlon is
recommended for low flow and high quality inverted annular
flows. The convectlve heat flux from wall to llquld core

of Bromley type 1is

3.0 .(p-P.) 2.} 1%
C 0.943[&}5\1’ (Sj- ?VTL) ‘IA”] . (TW - Tj_) (2.18)

<o

Uy, ©
where .A, = Hfg [1 + ____!T__v] Cp is the gpecific heat

fg
of the saturated vapour,c;T is wall superheat, and L is the

distance from the rewetting front. So, total heat flux from

wall to liquid core is g = qSL + qﬁL

2.3.6 DISPERSED FLOW

The flow pattern in this region (Region 2 of Fig. 2.2)

is characterized by dlspersed llquld droplets flowing in a

continous vapor medium, It is usually encountered at void
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fragtions well above B80% and is often referred to as the
liquid-deficient.?egime [40,41). This kind of flow regime
usually appears downstream of inverted-annular flow regime,
ﬁhen the liquid core disappear as a result of evaporation or
droplet eﬁtrainment. ' ‘ : .. ‘
| 2 .
. Heé%{?ransfer in this flow‘}egime is generally poor

but still sufficient to help reduce the fuel rod temperature l
down to rewetting'temperature during reflooding. Heayg transfer !
by direct contact of the droplets'hith the wall is not possible

because the wall temperature is higher than the rewetting tempe- |
rature. Digpersed-Flow heat transfer can be predicted from

eﬁpirical cor:ela%ions or from semi-énalytical medels based

on consideration of the heat transfer mechanisms between the

wall, the vapor, and the droplets.

The semi-analytical mechanistic models attempt to
evaluate separately the various modes of heat transfer.
The wall is cooled by radiation, by forced convection to the
vapor, énd by interaction with the droplgts. Such models
rquire, specification of a number of flow‘parameters, e.g.,

droplet diameters and velocities that are not readily

available but must be adjusted to fit the data.

Experimental evidence [4#2] of high vapor superheat
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exists. The vapor temperauﬁgzﬁzéxgontrolled both by wall-
to-vapor and vapor— 1iqui¢ heat transfer, therefore thefmal

non-equilibrium may be present.

It is assumed for this study that droplets are
spherical with uniform distribution in a cross section of

the channel. At any time the droplet flux

G (12x) Ad

Nd = 6 W is conserved and the number of droplets

per unit of volume is given as é%}i%l (see Appendix 2 for
detail)

)

{

Three types of heat transfer are considered in
this region. They are convective heat’trgnsfer} radiative
heat transfer, and heat transfer between phases. Conveqti#e
'and radiative heat transfers are between wall and liquid,
and wall and vapour. Heat transfer between phgééslis-for

vapour-liquid interphase.

For convective heat transfer between wall and vapour,
Clements et al. Llll used Colburn equation.
In the laminar vapor flow (Rev £ 2,000), the heat flux is

given as

Kv

D

gy ) (2.19)

v '

= 3.656 (T, - T

If the vapor flow is turbulent (Re 2> 10,000). then the heat
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_flux from the wall to vapour is given as

K 0461 .
c v 0.8 0.3ty .

= 0.023—= Re_- Pr_,| —— T -7 2.20

Fwy D v Vb puyw ] ( w v) 2 :
. _ GX.D
where Re  is vapour Reynolds number, (Re, = 'oL)

> _— V/ v g
PrV is wvapour Prandtle number, (Prv<--1<:——d,/uvc is dynamic

viscosity of vapour at vapour temperature, and};vw'is dyﬁamic

viscosity of vapour at wall temperature.

For 2,000 < Rev < 10,000, linear interpolation between

above two equatipris is used.

Forslund [43] has proposed an expression for convective

.

heat transfer between wall and liquid droplets which does not

a

strike the -walls.

Forslund's equation is;:

2 3 1/4
qC' = T [6-G-§i—7<.2] /3 {F\rw'.ﬂfg'?f,.'evw /
WL T ™ Vy ‘P (TW - TsTﬂv’v}'\'“y‘?—‘-S
S (T, - Tp) (2.21)

-3

Cp,+ (T, - T_)
LTV W .S ﬁ] ., Vp, is liquid droplet

where jf= Hfg [1 + +45 Hfg

velocity, & is droplet diameter and K'is an arbitrary constant.

Forslund used ¥ value of 0.2 for nitrogen, while Hynek [44]
used X = 1 for water. So, in this study, Forslund equation
is used with K = 1 for convective heat flux between wall and

liguid droplets.
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ﬁadiative heat fluxes from wall to vapour and liquid
droplets are considered. Heat flux equations for radiation-
between wall and vapour, and wall and liquid droplets are
approximate solutions with a few general assumptions because
of complications involved for exact solutions.
It is assumed that wall is opaque, diffusely emmitting and
reflecting, and also that droplets are sphepical and their
temperature, 'diameter and distribution are uniform over a
cross section of the channel., The approxlmate golution of
radiation between wall and droplets is obtained by multléz;}ng
*the number of droplets in the unit volume to the radiative (\
heat flux from wall to one droplet, with the assumption of
vapour having transmissivity of 1, %nd no interaction
between droplets. The radiation heat flg; from wall to liguid

droplets is derived as

(A2/A )(T -
qErR\IL 0; = A’e X 6—(——‘11? x (Ad.4) (2.22)
2o+ (- (3D s
€y [ A, L

where A, is the surface area of the droplet (A: =ﬂ35& )
A, is the inside surface area of the tube (Ac =m.D.J)

: 2
and Ad is the cross section area of the tube (Ad = m.D/4),
For the radiation heat flux between wall and vapour,
vapour is assumed to have unlform temperature over a cross

section, emission is taken as isotropic and scattering is
neglected, while a box model enables to account for the

[
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spectral\gpgorption. Heat flux between vapour at tempe-
rature T  and the waﬁls of a black-body container at Tw‘is

given as

qWV =0 €y T E%c o (2.23)

where. € is the emissivity of vapour evaluated at’Tw and
€§c ig emissivity of vapour at vapour temperature Tv
Kreith [29] gives an approximate solution for non-~black

body container whose emissivity is larger than 0.7 as

(Eﬁ + 1)
qWV “(T(E§w W eﬁc v . (2.24)

where éﬁ,is the em1331v1ty of the encloéure surface.

In this study; eventhoﬁgh the emissiﬁity of wall material

1s less than O. ?(around 0.4~0.7) [29], Kreith's approximation
ig still used, because of lack of 1nformat10n on radiation

between vapour and Grey walls, and~also its simplicity.

The heat transfer between phases by convectigg is

given by Lee - Ryley [45}. The heat flux from'vapour to

liquid droplet is gilven as | .
K __& % .
qu = %?’[é + 0.74 Rey Pr&?] (Tv - Ts) (2.25)
where Red is Reynolds number of liquid droplet.
\\‘ "

* P ;s 3
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Therefore, the total heat flux from wall to liquid
droplet is

T R
Qr, = Oy ¥ Wy (2.26)

’

where qu and quare give in Eqns (2.21) and (2.22)respectively

while the total heat flux from wall %o vapour is

T C R

Gy = Gy * Yy ‘ o (2.27)
where qgv is given Eqns. (2.19) and (2.20) and

‘R _ i} 4 (‘Gw + 1) | .

Ay *O.(evw Ty - €vc Ty ), 2 X (2.28)

2.3.7 SINGLE STEAM PHASE REGION

In this region, only singletgygse steém flows in

' the channel, so this is just a vapour forced convection flow.

Because of-high temperature difference between
wall and vapour.‘radiative heat transfer as well as convective
heat trahsfér is considered in this region. For radiation
heat flux from wall to vapour, same type of equation as
in dispersed flow is used with the absence of liquid droplets.
The radiation heat flux from wall to vapour is [29] already

given by Eqns. (2.24)

1
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Convection heat transfer coefficient h varies
depending on the flow condition. In laminar flow where
Reynolds number is less than 2,000, convection heat transfer
coefficient h is given as

48 K

h =17 ﬁ! for constant heat flax. b

For fully developed turbulent flow (Re > 10,000), Dittus

and Boelter [ 31] equation gives h = 0.023 g! Revo‘8 Prvo'u

A linear interpolation between laminar and turbulent heat
transfer coefficient expression is made to give heat transfer
coefficient for transitional flow where Re is between 2,000

and 10,000, The convective heat flux from wall to vapour

is qgv = n(T, - Tv)

The total heat flux from wall to vapour is

T _ R c
Qey = Uy ¥ Qv : (2.29)

2.3.8 VOID FRACTION

P The void fraction is commonly taken as the fraction
of volume occupied by the gas phase. The one-dimensional
flow assumption means'that the void fraction of is the fraction

of flow area occupied by the gas phase.

=4

. ot= AE  ang 1-ol= Ax/A (2.30)

where Ag and Ay are the cross-sectional areas occupied
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by the gas and liquid phaseé regpectively and A is the total

cross-sectional area of the channel.

In boiling and condensation, it is convenient to
‘use the fraction of the total mass flow which is composed
of vapour or liguid. Thus, the mass quality X is defined as

W W

xX= £ , 1-A= -w—"' where W_ and W, are the mass flow rate

g
of the gas and liquid ases respectively and W is the total

mass flow rate of liquid)and gas.

One relationship which is useful for two phase
flows expresses the ratio of the gas phase velocity to the

liquid phase velocity in terms of the mass quality.

U 9 ?1‘ o
s = & = (_2(_.)(1._2‘. o (2.31)
Uy 1- ?g |

where S is often referred to as the slip ratio.
It is usually greater than unity which means Ug is usually
greater than Uy, except homogeneous case in which slip

ratio S equals 1.

In this study, ' the mass -quali'l:y X is calculated
with the heat flux from the wall to liquid, but vo.iq’
fraction o4 is an unknown value unless it could be c;;:llculated
from a relationship which involves mass quality X.' and void

' fraction .
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The simplest relationship will be Egn. (2.31) with
S equal to 1. |

ol = 1 (2.32)
1-X
1+ %f (TXT
But this is only applicable to homogeneous, flow, and would

not be useful for general purpose.

In the last few years, Bankoff [&6] has suggested that

the slip ratio was equal to

1 -k ’
S =Ko A (2.33)

whereLK‘was an empirical constant.

For vértical flow of steam-watér mixtures, K\was takén to

be a function only of pressure ; K' = 0.71 + 0.0001.p

where p is the fluid pressure in psia. For)l atm. pressure

(p = 14.7 psia) K becomes 0.71147. Substitﬁting K value

into Eqn. (2.33) and combining with Eqn. (2.31), the relation-

ship between void fraction ol and mass quality X is

b , X
o = _Q_g: (T:i) 0.71147
1+ %%} (f%L)

Simple check reveals that either this equation is not

(2.34)

suitable for low pressures or not applicable to wide ranges

of mass quality X. Egn. (2.34%) gives o= 0 when A= 0, .
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but when X becomes close to 1, & becomes 0.?114?._yhich .

indicates for large mass quality X, ol value tends to be wrong.

Baker [47) has given an empirical equation to allow
for the influence of mass velocity on the void fraction

in vertical up flow i |

o
2
% :
X = dr(goc(rl-)- ;,‘3‘) (2.35)
where Y = 0,021 (%%) G0'686 and G is the mass velocity in

Kg/m* -S. This equation is valid over the range-7.5¢Y<300
and G<950 kg/m’"S.

Checking with various flow rates, this equation gives
reasonable value of o with quality X. Also it shows that
void fraction ot increases as mass velocity increasés for
a given mass quality X. However, Y values for G values of
100, 200, and 400 Kg/m *S (experimental values) are 793,
1,275 and 2,052 which are over the range of Y for Baker's
equation, eventhough G values are well within range.

There are only two variables which affect Y value for a
given G value, namely @z and Qg' Q,a is almost independent
of pressure but Qg depends very much on temperatu?e and
pressufe, and if (% is considerably large, thep Y ‘value
'will be small for given G value.

Thus, this equation would probably be better applicable to

. very low mass velocity or very high pressure,
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o
Martlnelli-Nelson [48] assumed that a thermodynamic

equlllbrlum exigts at all points in the flow and Lockhart-
Martinelli E@Q] correlation was arbitrarily applied to
atmospheric pressure steam-water flow. As a result, void
fraction & as a function of mass quality and absolute pressure
of steam-water flow was given in graphical form. In this
study, this graph by Martinelli-Ng}son was used for relation-
ship between void fraction o and quality X. This graph shows
gquality down to 0.006 only, so lower quality values were
resonably extrapolated.

23 points were obtained from the graph and those 23 pairs

of ‘'void fraction and qualify,are listed in table 3.

In the graph, the mass quality X is in log scale and void
fraction A is in plain scale, so noting this, proper
interpolation between data was used to get void fraction o

from given mass quality X.
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CHAPTER 3
COMPUTATION
3.1 REWETTING TEMPERATURE, To» CORRELATION

Using Buckingham's 7T theorem on the 11 variables,
seven non-dimensional parameters were obtained.
The. functional relationship among these seven dimensionless

parameters (7, 2, M3, ---- Jq) js

' A2 A3 m AS :
7= E-T, Ty - T4 - 7[5 7T.7 (3.1)

E, A2, A3, ALk, A5, A6 and A7 are constant numbers and they

are determlned by Multiple Linear Regression Analysis.

Eq. (3.1) is not a linear equation, but it could be transformed
into linear equation, if one take logarithm ‘on bofh side -

of the equation. Thus the equation (3.1) becomes

In(75) = 1n(E) + A2 In(70) + A3 1n(mcy) + A4 1n(cs)

+ A5 In(TTs) + A6 1n(7Tg) + A7 In(TC;)  (3.2)
and Eq. (3.2) is a function which is linear in the coefficients.
For simplicity, Eq. (3.2) could be written as ;

S AL + A2:X2 + A3-X3 + Ak Xb4 + A5-X5
+ A6-X6 + A7-X7 (3.3)
where X2, X3, --- , X7 are independent variables and Y is

dependent variable.

The method of least squares [50] is built on the hypo-

thesis that the optlmum description of a set of data is one which
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i
minimiges the weighted sum of'squares of deviations of the

"\

data YI from the fitting function Y. With this definition,
the weighted sum of squares of deviation.){nchi-square),
becomes |
AK=F (¥, - AL - A2-X2 - A3.X3 - Ab-Xh - A5-X5
- A6-X6 - A7.X7) (3.4)

The least-square-fit is obtained when the weighted sum of
squares of'deviation;'Xf(chi—square). is minimum.
The coefficients for which 7519 a minimﬁm aré determined
by setting the derivatives of X with respect to each of the
7 coefficients ( Al, A2, ;---. A7) equal- to 0.
This yields 7 simultaneous equations such as

S Y, = AL-N + A2:3X2 + A3FX3 + --- + A7 .3 X7

ZYi Xj = AlQ{iJ + A2-2X2-Xj + A3.2x3-xj +

‘ oot A7 - SX7-X; (3.5)
Solving these 7 simultaneous equations; onércouldlﬁbtain
the coefficients which would give the least-square-fit.

-

The linear-cofrelation coefficient between the jth

variable X; and the dependent variable Y is given as [507]

5.2 )
I‘jy = Sjsy , . (3' )
where sj; =ﬁ|—_|'2[(xj S X0 - 1))
E -2 2 _ ) 542
S . "__z(;j\i X.) Sy __N—\Z(Yi Y)

N-1 d7 - '
N iafﬁgi-;;;EE;/;f points and Y and i& are averages of Y.

and the functions Xj over the N observations.
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3.2 TEMPERATURE-TIME TRACE CURVE

Py
The main objective of thisg computation is selécting .
appropriate heat transfer coefficient h from 6 heat transfer
regioﬁs. thus with prefixed rewetting temperature, Tq.
predicting the temperature-time trace curve of a single

vertical tube along it's entire axial-positiéns.

From trial computations, as will be discussed, it
seems that using the element timé interval of about 0.1 sec.
is most optimal considering the convergence and the compu-
tational time. The element time interval is the time taken
by the elemental volume of water to pass that certain element
completely. For mass velocity G of 20 é/bﬁzs or lafg%;. |
this element time interval would be obtained with elemgn$
'length, DX, of about 2 cm, while with mass velocity G of
10 g/bmzs, the element length is 1 cm. Wﬂén the length
DX of larger than 2 cm waé used”"1n the computation for mass
velocity & of 20 g/em®s, the instability in heat transfer
between wall and>coolant gave un éasonable values (i.e. wall
temperature dropping to lower than coolant temperature),

- While a smaller length of DX(i.e. 1 cm, 0.5 cm) takes too much
computational time (up to CPU of 40 min. on IBM 360) with a
minimal difference in the results. The difference between
.the results using element length, DX, 6f 2 cm and 1 cm is

'less than 1 %, but the difference in computational time is

—

-



*than 1 % improvement in result over | cm elemén

more than double the computational time. When mass vele 1ty
G is 10 g/cn®s, using element length, DX, of larger than
1 em(i.e. 2 cm) gives unreasonable value in temperature~time

trace, while smaller length of DX(i.e. 0.5 cm) takes more than

" doubleg.the c0mputétional time with less than 1 % difference

in results. This shows that the element time interval of about -

0.1 sec.(i.e. element length, DX, of 2 cm for G220 g/cm’ s

and DX of 1 em for G=10 g/enf s) is good value to choose,

consi@ering the accuracy of the results and the computational

time. - r

The 1n1t1a1 wall temperature distribution of the-
computational model was chosen to be as close to the experimental
initial wall temperature‘distributlon as possible. The experi-
mental initial wall temperature distribution is no% uniform,
but is different along the axial distance. To get the same
wall temperature trofile for the computational model as th;‘
experimental temperature profile, 4 axigl points along the tube
were chosen. Two of }hese pointE wepéjihosen near each eng‘
and the other two were around the middle about i m apart.

At thpse‘u points, the initial wall temperature Tw ang;the -
exﬁerimental rewett}ng temperature'Tq were obtained. The
initial wall temperature distribution of the comput t{;;;:///‘\\

model is calculated by interpolating along the channel between

. the 4 experimental wall temperatures at the specific axial points.
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- The experimental rewetting temperature distribution
along the axial distance is alsc calculated using the same
method (interpolation between the 4 rewetting temperatures),
whereas the correlated rewetting temperature distribution
aiong the channel is calcﬁlated using the proposed empirical

w

correlation given by Eq.(5.2).'

N In the computation, each element is taken as a
control volume, and heat balance between wall and‘coolant

water is established in that control volume using appropriate

heat transfer equation according to the heat transfer region.

_ At the inlet of the chénnel. when the coolant water
is intréduced to the first element, - the flow is single phase
liquid flow. If the wall temperature is less than the re-
wetting temperature, then the heat transfer region is assumed
to be either the Nucleate Boiling Regio; or the Wet Region .
according to the wall temperature. If the wall temperature is
higher than thétﬁﬁgetting temperature, normally the flow is
assumed to be one of the inverted annular flow, dispersed flow,

or single phase steam flow. However, when the mass qualjity

is 0, none of the three regions (Inverted Annular Flow{ Dis-
persed Flow, Single Phase Steam Flow) has physica meaning..
So, when the wall temperéture is higher than the rewett}ng

température, and the mass quality X is 0 (it occurs usually

at the inlet of the channel), {he heat transfer mode is
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assumed to be nucleate boiling without the microconvection
effect due to boiling. In other words, only macroconvection

ocecurs due to flow, and the heat transfer coefficient would be

ho. = 0.023 (Rey)” (pr, )" Kb ¥ (3:7.)

This choice is based on the assumption that because of high
wall temperature, and no actual contact between wall and
liquid, boiling is not possible and convection due to flow

is the only heat transfer mechanism., Also, this gives better

result compared to various other trials.

Besides this special case, normally in each element,
the ?eat transfer between the wall and either water or vapour,
depends on the heat transfer region which is assigned to
each element. The particular heat transfer region is determined
by the wall temperature, and the flow conditions in the
element. In this study as stated in chapter 2, six different
heat transfer regions are assumed.

When the mass quality X ef the flow is 1 (i.e. single
phase steam flow), the heat transfer equation of the Single
Steam Phase Region is used to calculate heat transfer from
thé wall to the vapour. Dispersed Flow is assumed to exist
when the mass quality of the f%ow is larger than 0.05 and

less than 1.
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Inverted Annular Flow Region is seiected when the wall
temperature is greater than the rewetting temperature and
the mass quality is less than 0.65. The- vapour quality X'
~ is important factor in distinguishing the Inverted Annular
Flow Region from other regions. Here, it was assumed that
if vapour quality X is 0, then because of no void fraction,
the Inverted Annular flow Region does not exists.

If vapour quélity is iarger than 0.7, aéain it was assumed
that the vapour quality is too large to support Nucleate
Boiling or Transition Boiling. Transition Boiling starts
when the wall temperature is below the rewettihg temperature
and the‘heat flux in the Nucleate Boiling Region is larger

r

than the criticai heat flux. If the wall tempefature is less*k
than the rewetting temperature and vapour quality is less

than 0.7, then N%cleate Boiling Region is selected. -
Here, it is assumed £hat if the vapour qualiﬁy is larger

than 0.7, then eventhough the wall temperature is lower

than the rewetting temperature, the Nucleate boiling can not

‘be sustained because of high void fraction. And heat transfer
mode should be changed to Dispersed Flow Region.i

Single Phase Liquid Region exists only when the wall temperature
is less than 115°C for the preséﬁt study and the water
temperature is less than 100°C. In the Nucleate Boiling Regioh,

o

if the heat flux from the wall to coolant liquid is greater

PP e e o
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than q,..:.(critical heat flux) then the heat transfer mode
is changed from Nucleate Boiling Region to Transition Boiling
Region and heat flux is calculated again using heat.transfer

coefficient from Pransition Boiling Region.

In each elemént. coolant water was heated and it's
new EFmperature and vapour quality as well a;\the new wall
-temperature were calculated using appropriate heat transfer
éQuations according to the flow region, and then flow moves
to the next element;-.The heat flux from the wall to ‘the
coclant was calculated, and as the first attempt, the heat
flux was used to increase the water temperature until it
reaches 100°C before aﬁy vapour was generated, and the wall
temperature was decreased accordingly by the amount of heat
flux lost.. After the water temperature reaching 10060.
the mass duality X was increased by the heat flux.
lHowgver, this causes a problem such that controlling the
rewetting process by the rewetting temperature is not possible,
because sihgle liquid flow with mass quality zero reaches
certain elements before its wall temperature drops to the
rewetting temperature. The liquid flow with mags quality
zero decreases the wall tempefature substantially compared
to the inverted annular flow does, and the process resembles
the rewetting when the wall temperature is higher than the
rewetting temperature. This produces a |arge error in final

results.



After serious consideration, some modifications were
made in such.a way that after the’water temperature reaching
certain level, the vapour starts %o form and the water |
temperature and the mass quality increases simultaneously.
Thig idea is based on the assumptioh that there exist
temperature gradient across the water body. In other words,
the water temperature iﬁmediately adjacent to the wall or
vapour phase is 100°C, but the water temperature inside the
liquid core is not necessarily 100°C, and iA this study,

- the water temperature means the average water tenmperature.
From trial computation, using average watér temﬁ%rature

of ?O°C seem to give good result. So, in the computation,
water temperature was increased to 70°C without any nucleation
of vapour using calculated heat flux, and after water
temperature reaching ?0°C, the water‘temperature and the mass
gquality (i.e. amount of vapour formed) were increasged
'~.simultaneously until the water temperature feaches 100°C
using part of the'heat-flﬁxes from wall to liquid. for each

process according to the region.

The computation shows that in Nucleaté Boiling Region,
using 67 % ofsthe heat flux to‘increase the water femperature
while remaining 33.% is used to increase the mass quality
givesabetter result compared to other trials.

In Transition Boiling Region, half of the heat flux is used
. —
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for the water temperature.and the other half for the mass .
quality. In the Inverted Annular Flow Region, it is little
more complicated than the other regions. The minimum water
temperature'before nucleation of any vapour, is set to 70°C.
Having the water temperature of ?0°C or more, if the mass
quality is lesgs than 0.001, then the mass quality is increased
to 0.001 without further increase in the water temperature.
When the ﬁass duality is less than 0.03 but more than 0,001,
with the water temperature between 70°C and 100°C, half of
the heat flux is used to increase the water temperature.
and the other half is used to increase the mass quality X.
If the mass quality is larger than 0.03, then fhe»water
temperature is increased to 100°C before any increase in -
the mass quality. In all cases, once the water temperature
reaches 100°C, the mass quality X is the only variable

which would be increased.

As stated before, in the dispersed flow, it is

_assumed that the droplet flux Nd = 6 %t(l_,(‘_ gg)-Ad s
conserved. 5o, there is direct relationship between the

droplet diameter and the mass quality. Since the droplet
temperatﬁre is assum;d to be 100°C, the convective heat flux
from wall to 1iquidwdroplet is used to increase the mass
quality X. After calcul;ting mass quality, néw droplet
diameter is calculated using droplet flux equation wégﬁ new

mass quality X.



e iT et i

o

b6

. \
_ . 6G(1-X) A4 3
= Nd - py T ) (3.8)

Besides the convection and radiation, conduction
heat transfer in the tube wall is alsgo considered in the
heat flux computation. Since this model is for vertical
bottom flooding, the circumferential tempefature variations-
are neglected because of symmetry. Aléo_the tube wall is

very thin, and the Biot number is smaller than one, so the

-radial temperature gradients are assumed to be negligible.

Under these conditions, the temperature distripution in the
wall is one-dimensional, and only axial conduction heat

transfer in the tube wall is used for the heat flux computation.

During the initial rewetting process, steam would
flow through the most part of the hot tube, until the coeclant
water flow (eithér in inverted annular flow or dispersed flow
form) reaches that point, and the dr§‘wall temperature would
not remain same as the initial femperature during that time,
The wall'temperaturé would drop by the convection heat
transfer to steam eventhough it would be small.

This is called the precursory cooling and this precursory

cooling effect is also included in the cdmputation.

At first the actual convection heat transfer coefficient
to steam was used with varying Reynolds number, Prandtle

number; and vapour temperatures. The Reynolds number at
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certain element depend on the coolant flow fate, and also
depend on the amount of vapour formed during the rewetting .
process in each elements proceeding that certain, element.
Vapour temperature was calculated in egch elemen%s using

the heat fluxes from the wall to the vapour. Including

this type of precursory éooling in the program, takes too
much computational time. So, apprﬁximate precursory‘cooling
which uses very little computational time is devised from
modifying the actual precursory cooling model. First modification
was made assuming that the vapour flow is always turbulent.
The wall temperature drop due to the modified percursory

cooling is

0.8
C0.023 . K v (Rey)
AT, = ped . e 5 (T, - 100.)-8% (3.9)

where Sj—is the time taken for the coolant water flow to

reach that particular element, and Rev is vapour Reynolds
number (ReV = Qj%%ﬁo Here, quality X is assumed to be aQerage
0.02 because the exit quality of the first water element

is average about 0.04, and absolute viscosity of steam at
;OO°C is 1.29 x 194 g/cm-s, so Re, = %f%%%i%%r . ,

Vapour Prandtle number, Prv, at 100°C is close to 1, so
(Prvfh4 term in the turbulent convection heat transfer

equation can be dropped. Vapour temperature is assumed

to be at constant 100 °C.

However, the result showed that this modified

<
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precursory cooling equation gives too small wall temperature
drop compared to the actual convection heat transfer to the
steam flow. When the coefficient of_Eq.(3.9) was increased
from 0.0056 to 0.01 as eq.(3.9) is strictly applicable for
fully developed flow, this produces an improvement in the
results. So using this modified precursory cooling, one
would get the same results as using actual precursory cooling
process with é lot less computational time. The wall tempe-
rature drop using this modified precursory cooling until the

water coolant flow reach a particular element is

0.8
_ K, (Re,)
AT, = 0.01 P, By (D718

(Tw - 100.)-8t (3.10)

In this study, it is assumed that the rewetting
front propagates in the direction of the coolant flow and
in one direction only. Consequently, the occurance of
sudden wetted patches along tﬁe hot tube wall surface is
not permitted before the rewetting front reached that point.

In the computation, the amouﬁt of water temperature,

wall temperature and mass quality variation is calculated as

QC
ATy = = & Cpp - (3.11)
- Q -at o ’
ATy = G5 VoL, o : ) (3.12)
= QC
AX = (3.13)

fg
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whe?ﬁ Q, is the total heat transfered from Qall to liquid
in the element and Q is the total heat lost by the wall

in the element, Ad is the cross sectional area of the’
channel, Vol is the volume of the tube ﬁall in.the element
and at is the time taken for the ¢oolant water flow to pass

the element.

. Many thermodynamic properties used in the computation

are function of temperature. Thosge are density, viscosity

-and thermal conductivity of water and vapour, specific

energy of vapour and emissivity of tube and vapour.
In the computation, those values are all calculated for each

temperature variance using subroutines.

For a reference, program flow chart for this computation
is shown in Fig.3.1 and FORTRAN IV computer program (Appendix 3)
is also attached for future reference.

——

3.3 CONVECTIVE HEAT TRANSFER COEFFICIENT

During the reflooding period, several heat-transfer
modes occur successively at a given location, resulting
in a continuous change of the surface héat flux.
Parameters, which can_influgnce the heat-transfer rate include
coolant flow rate, coolant iﬁiet subcooling,)initial wall

temperature, wall thickness, wall material and axial location.




section,

where q

flux, q, is axial heat flux, q,

and Q¢
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From an energy balance for the lengh AZ of the test

-

one obtains

dTw

dt

(Pcp), I+ (Do*- Di*) Az = q I (Do’ - Di”) Az

- q,7Di-AZ - q, 4= (Do“- Di*) - (q,, 7 Di AZ)

\

is power generation rate, q, is convective heat

- (qls 7t Do-AZ) (3.1k)

a is radiation heat flux

‘is the heat 1osé‘to the sufroundingsJ

Y

Due to the finite number of thermocouples installed

on a test section, it is impossible to calculate the axial

temperature gradienf for 42 — 0.
accurate axial temperature gradient can be obtained,

the temperature-time gradient is used as ;

However, a reasonably

“ 0N

(3.15
/
S/

Since temperature-time trace and local rewetting

velocity are known from the experimenéal data, the axial

heat flux can then be calculated.

becomes

5

The influence of radiation on surface heat flux

[+3
significant only at very high wall temperature.
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In the transition boiling region, it only accounts for less
~than 1 % of the total heat flux. Therfore, it is neglected .

in the present study.

The heat flux transferred to the coolant from the

wall can now be derived from Eq.(3.14) as ;

a 2 d?T @T
(0 = B2 6 - pom g K S ) B
(3.16)

In the analysis the power generation rate is 0, and the
heat loss from the test section to the surrounding is

relatively small because the test section was well insulated.

A

Using the finite-difference approximation, the
surface heaf flux at a given location can be evaluated;frog

1y

the recorded temperature-time trace curve. The term (£; —E¥¥)
QU

expresses the contribution of axial conduction to the surface

heat flux based on the assumption of one~dimensional conduction.

In order to det?r?ihe the heat transfer coefficient
g.(t
_e_ 0 the inside surface temperature
wi s
Twi must be known whereas the outside surface temperature

defined as h(t) = T

- wasg measured in experiment. The inverse heat transfer problem
could be used to calculate the inside surface temperature

from the measured outside surface temperature.

b g
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Hoﬁever, this process 'is very cumbersome and éince the tube e
wall is very thih. and the Biot number is smaller than_one.
the radial temperature gradient is agsumed to be negligible.
The calculated inside surfacé temperature using the inverse
heat transfer problem shows usually less than 1 % difference

from the measured outside surface temperature so for this

study the outside surface temperature is used for the inside

gurface temperature. "9
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CHAPTER &

EXPERIMENT

*

4.1 APPARATUS

\

N

The main experimental loop consisted of two sectioné,
one fixed on the laboratory floor and jhe other on a pivotable
mounting which allows experiments tobe carried out with
test sec ions at any angle between horizontal and vertical.

‘The gené%a¥ layout of the major components are shown

schematically in Fig. 4.1.

The fixed section consists of a water demineralizer,
capable of treating 0.4 m® per hour, a preheater of 6.2 m?
capacity, a main supply boilér 0perating‘at water tehperatures
up to 200°C and«at pressure up ?F 21 bars, a flow cifculator
and.fho flow rate trénsducers mognted in parallel.
Each fransducer has a twoswéy v‘.sf mounted in series with
it, so that éither transducer can be selected depending on
the flow rate to be measured. One'tyanaducér covers the
lower end of the flow rate (6 to 60 g/s), and the other the
higher end (35 to 350 g/s). .The movable’sectiqn consists of

.

a by-pass circuit, the test section, :a pair of quick acting

o'

valves to divert the coolant floﬁ'to‘or away from the test

section, an ex st condenser system for retaining and



<

Y .

R I TELIE EE e .

condensing the steam @hich is prodﬁced in the test section,
and a reverse tank for the coolant. All these.components

are supported on a mountlng, con81st1ng of a pair of vertical
members with a frame plvotally mounted between them.

The pivoting frame clamps onto the condenser and the reverée

* tank. Lengths of flexlble hoge (heavy duty Aeroqulp rubber hose)

are used to connect the water leads to the movable unit.
All pipings and fittings for the entlre apparatus were made

of stalnless ?teel to avoid unwanted contamination;

1]
L3

¢
The physical characteristics of the four test-sections

used in the study are summarized in Table 1.

Each test-sectionhwa§ instrumented with about 40
chromel-alumel thermocouples; spot-welded onto the ouside
wall surface at 10 to 12 different axial positions, and
2 to 4 were around the circumference at a given axial location,
The test-sections were heated by an a.t. power source capable
of 30 KVA at up to 1500 amps. The terminal clamps, made of
copper, were attached to both ends of the test-section,
and Fiberfrax was used for the insulation. Pressure transducers
were connected with the test-sections for inlet and outlet

pressure measurements. The test-sections were washed with

" distilled water followed by acetone rinses before they were

installed in the apparatus.
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4,2, EXPERIMENTAL PROCEDURE AND DATA DEDUCTION
All tests were conducted at atmospheric pressure.-

Using either the preheater and/or the main supply
boiler, the water temperature was sét at a given degree
of subcooling. The power to the test-section was turned on
and the wall temperature was brought up to the desired
value b& increasing the power stepwise. Experiments were
performed by diverting the water of a given flow rate,
‘flowing at steady state condition in the bypass circuit,
to the test section while the power was either maintained
og)switched of f depending on the selection of the test

parameters.

The signals from the thermocouples, from the transducers
for flow rate and pressures, and power input to the test-
section were monitered continually on a digital high speed
data acquisition system together with mulfi-channel recorders.
The variation of the water flow rate during the .course of
experiment was usually very small, under t@% of the designated
flow rate. The temperature-time trace curves for several S
axial locations were produced by the multi-channel recorder '
which is connected to certain thermocouples. The rewetting

velocities and the rewetting temperatures were obtained from

the temperature-time- traces.

ey S g
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CHAPTER 5

RESULT AND DISCUSSTION

5.1 Tﬁ correlation _

.To determine the individual influence of eachit-term.
the linear-correlation coefficient was obtained for all the

non-dimensional parameters.
- 3

The linear-correlation coefficient rj is defined -
as a measure of the degree of linear-correlation between
the jth parameﬁer Xj and the dependent variable Y.
‘The value of r ranges from 0, when there is no correlation,
to 1 whén there is complete correlation. The linear-correlation
coefficient r is useful for- ing whether one particular
parameter should be included in the theoretical function

-

to0 which the data are fitted.

The linear correlation eoefficients for 7r, to 7C1
were : 0.420, 0.392, 0.4?5, 0.046, 0.0055 and 0.492, respec-
tively. This indicates that the terms TCgand 7C¢ do not
affect the final result as much-as the other variables ; i.e.
‘the variables P and D do not affect the apparent rewetting

temperature, Tq, significantly.
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The effect of power generétion rate P during the
rewetting velocity has been predicted by Duncan énd Leonard [28]
who extended the one-dimensional solution of Yamanouchi [17]
to a more general case by‘the'inclusion of a uniform heat
generation term. The numerical solution of the two-dimensional

model by Thompson [15] also confirmed the effect.

However, from the above analysis, it can be said that
the power generation rate itself could not have affected the
apparent rewetting tempefature Tq. nor the hea trénsfer ‘
coefficient h significantly, but is an indépendent parameter
which affects the rewetting velocity. Obyiously. the tuﬁe
diameter D could not affect Tq ;ery much, and this seems

reasonable. Therefore, the final correlation for Eq. (2.2) is

7= B(mR2 (700)2 (e B (A

where E = 19.51
' A, = 0.107 v

Az = -0.162 | '

An = -0.099

Aq = -0.163
or T 0.107 -0.162 - _

_ - _§9. C .G-d —_——
Tq = 1?.51 x Tyuo X (Tws). X (—ILTF-J 4
K.-p T, _ ~0.0989 -0.163,
x (—pg) & e (52)
P
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The comparison of Tq.predicted by Eq. (5.2) with
measured values is shown in Fig. 5.1 . It can be seen that

the correlated values fall within ¥10 % of the experimental.

. 2 . : .
The reduced chi-square (X, ) is the chi-square value
divided by the number of degrees of freedom, and is a conve-
nient measure of fit. If the function uséd is a perfect fit;

then the reduced chi-square shoylld be zero.

For the above functional relationship, the reduced
chi-square is 0.013.

>

5.2 TEMPERATURE-TIME TRACE CURVES (T-T PLOTS)

The result of the T-T plot computation shows that
in all cases the predicted rewettipg time is about 510 sec.
longer than the experimental rewetting time.at all axial
locations. fhis is probably due to the end effect.
In the experiment, end section is more susceptible to heat
logs to the surroundings. In the computation, this effect
is not taken into consideration, and wall temperature of the
end secinn wouid be higher thah the experimental temperature,
thus del;ying the rewetting of the gsurface. Also, at the

inlet of the test section, it is not very clear what kind

of heat transfer mechanism is involved when coolant liquid
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. ig first introduced to the very hot surface.

i

-

The initial time difference between the computed-
rewetting time. and the experimental rewetting time caused
by end effect could become large depending on the computa-
tion method used. Therfore, to offget this end effect in
the computation and also to obtain reasonably good result,
_various modifications were made. -One of the modifications
worth mentionifig is using Nucleate ﬁbiling‘heat transfer
when quality X is O regardless of the wall temperature
based on the assumption that Nucleate Boiling heat transfer
occurs at the inlet of the test section when water is first -
introduceh to the hot tube. This seems to decrease the
initial time difference caused by end effect between the
pfedicted and experimental rewetting time substantially.
However, this gives problem of controlling rewetting
process by rewetting température and the rewett™hg
velocities obtained using-this modification are much

faster compared to the experimental ones.

Another modification tried was to increase the
.heat transfer coefficient in the Inverted Annular Region.
The heat transfer coefficient, h, was arbitrarily increased
by 10 %, 30'%, and 50 %. This seems to shorten the initial

time difference between the computed rewetting time and

I B e
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the experimental rewetting time, but this also results in

- increasing the rewetting vélocity along the tube, thus

giving larger error in the final result. After considerable
amount of trial and error, it was decided that the computation
method described in chapter 3 (3.2 temperature-time trace’
curve compﬁtation) gives best result. Also, to prevent

this end effect error in the final result, the second temo-
couple position (about 150 cm from the inlet) instead of

R . . .
the inlet of the test tube is taken as the reference peint.

The examples of the computation for témperatufe
-time trace curve is shown in Fig. 5.2 tq‘Fig. 5.10, and
it shows mostly close resemblance between the experimental
temperature~time trace curves and the computed bnes. However,
Fig. 5l8 and Fig 5.9 shows a large éiffe;ence in rewetting
time between-the experimental T-T plot and the cbmputed‘
one. A close look at these two figueres reveals that the
rewetting temperature used in the cﬁmputation is different
from the experimental one. A better result could have beén
obtained if the rewetting temperature used in the computation
would have been closer to the‘experimental rewetting tempe-
rature.- So, this demonstrates the important role the re-

wetting temperature plays in the computation of rewetting

velocity.

A
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Torfurther prove this point, several other values
of rewetting temperature claimed by various authors were
used in the'compptation. Yamanouchi [17] used 150°C as
the rewetting tempera;ure in his computation, while Yu
et al. chose 180°C. Rewetting temperature of‘Dua and Tien
260°C, and that of Martini is 420°C. Fig. 5.11 shows the
comparison of the experimental temperature-time tr curve .
with the computed one using Yamanouchi Tq' and égize;;\SEf__““\h
Yu et al. Fig. 5.12 shows the temperatﬁre~time trace curves
of experimeht and computation using Dua é Tien q; and
Martini Tq. Fig., 5.11 and Fig. 5.12 shows cleérly that
better result is obtained by using the apparent rewetting
temperature that has been correlated ffom experiment as

given by Eq. (5.2)

It is important to choose appropriate element size
in the finite difference method. To show the effect of
element size, two sets of temperature-time trace curve was
computed using two different element size, The computed

&

P plots.(temperatqre—fime trace curves) in Fig. 5.5 is .

computed: with element size of 2 em, while Fig. 5.13 shows -
the T-T plots which are computed with 1 cm element-siie.
Both figures represent T-T plot for experiment #432 which
used mass velocity G of 10 g/em*s. Since mass velocity

o

is slower than others, the element time interval is large
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compared to other higher mass velocities (20 g/cm®s and

40 g/cm*s) for same element gize, becauseithe element time
interval is the time taken by the elemental volume of water
td prass that certain element completely. With mass
velocity of 10 g/en’s, 2 cm element size represent about
0.2 sec element time interval, and 1 cm element size
produce 0.1 sec element time interval. In chapter 3, it
was gtated that the optimal element time interval is abopt
0.1 sec., and if the element time interval-is much larger
than 0.1 sec then the computation would show instability.
This is shown clearly in Fig. 5.5. With element time interval
of about 0.2 sec, the computed T-T plot shows the wall
temperature drop.to below the coolant water temperature
after rewetting. Fig. 5.13 with 1 cm element size shows

a large improvement in result over Fig. 5.5,

Computation for other experiments which also has
mass veloeity of 10 g/cmzs gshows the same effect.
Fig. 5.7 shows the computed T-T plot with 2 cm élement gige
for Experiment #436, while Fig. 5.14 shows the computed
T-T plots of 1 em element size. The computéd T-T plots of
Fig. 5.14 is very'close to experimental one, while Fig 5.7
shows a certain discrepancy between the computed and

experimental T-T plots.
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However, computation results show thaf using
element time interval of leag'than 0.1 sec does not improve
the result significantly, but increase the computation time
markedly. The difference in result between computation with-

0.05 sec element time interval‘and 0.1 sec. element time

| interval is less ‘than 1 %, while the computation time is more
"than double; So, this shows the elemen% time interval of
about 0.1 sec is optimal element time interval.

Computation for all other T-T plots (Fig. 5.2 to
Fig. 5.9 ) were done with 2 em element size. “

In order to see the effect of axia}\hpnduction in
the surface heat flux, axial conguction term in heat flux
computation was purposely neglected, and the results were
com%ared with‘the result of computation which include the
axial anduction term. Comparison of the results show that
results are almost identical and the difference in.T—T plots.
or the rewetting velocities is less than 1 %. This confirms
the finding of Lee [27] that the contribution of axial
conduction to the surface heat flux based on .the one -

-dimensional data reduction is very small.
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5.3 REWETTING VELOCITY, U

Rewetting velocity Uq is obtained from two temperature
-time trace curves at different locations of the test tube
by knéwing the "rewetting time" and the location of the
temperature-time trace curve, because rewetting velocity
Uq is the proﬁggation rate of the rewetting front along the
test section in the direction of the coolant water flow.

k

Fig. 5.15 shows_ the variation of the rewetting
velocities at the different axial locations from the inlet
of the tube. The experimental rewetting velocities remain
almost same, along the test tube, while the computed rewetting
velocities show some fluctuations. However, considering the
end effect and otner difficulties eﬁcountered in computation
(assumption of initial wall temperature and rewetting
temperature distributions etec,), the result shows reagonable

consistency along the test tube.

Fig. 5.16 represents the rewetting ve;oqity Uq
versus initial wall temperature Tw' Here, it shoﬁs almost
same pattern for experimental rewetting velocity. and cdmputed'
rewetting velocity using g;perimental Tq. (i.e. rgwettihg
velocity decreases as the Enitial wall temperaturp increase)
However, the computed rewetting velocities using

correlated Tq show a large difference from the experimental
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rewetting velocities. This is probably due to the difference
in rewetting temperatures. The correlated rewetting
temperature distribution could vary up to 10 % from the
experimental rewetting temperature distribution and this

seem to give a large difference in result as shown in Fig. 5.16.

Fig. 5.17 and 5.18 show the relationship between

rewetting velocity Uq versus mass velocity G. The_experimental

rewetting velocities and correlated rewetting veloglties

all show the same pattern of increasing with increase in mass
velocity. However, the computed rewetting velocities with
correlated Tq sHow a large différence in value from the
experimental rewetting velocitihs. Again, the difference

in rewetting temperature distribution seems to be the source

of this difference.

Fig. 5.#9 shows the rewetting velocities versus
cooiant water temperature. Eventhough there is small dis-
crepancy between the rewetting veiocities, general
pattern is Qhe decrease of rewetting velocity with inérease
in coolant water temperature.

Fig. 5.20 shows the accuracy of the computed rewetting
velocities compared to the experimentai rewetting velocities.

This shows about 70 % of the gomputed velocities fall within

15 % line, while about 80 %lof the computed velocities
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have less than 20 % difgerence from experimental rewetting

velocities.
5.4 HEAT TRANSFER COEFFICIENT, h

Fig. 5.21‘to Fig. 5.32 shows the heat transfer
coefficient distribution vefsus the wall temperature. -
This shows a lérge discrepancy between the computed and tHE
experimental based on one-dimensional data reduction.

-

Most discrepancies occur af the high heat flux region which
is Transitigh Boiling Region and Nucleate Boiliﬁg Regiqn‘
rather than in the low heat flux region (Inveried'Annular'
Region andlsfngle Liquid Region). One explanation for this
large differencies between the Chen's nucleate boiling and
Tong's transition boiling heat transfer coefficients

. given by Egs. (2.5, 2.16) with our experimenfal heat
transfer coefficients could be the fact that all the boiling

heat flux correlations are based on the steady state condition

TN

whereas our experiment is transient. ‘
An attempt was made to improve.the computqd heat
transfer coefficient distribution in the Nucleate and Tran-
sition BoilingiRegion. In Chen's nucleate boiling equation,
Eq. (2.6), Ap was defined as the difference in vapour pressure
corfesponding to AT (Tw {fms), thus saturgtion pfessure

corresponding to the wall temperature was oﬁfained from
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' the physical parameters which
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steam table. However, to make the Boiling hgat transfei

coefficient distribution closer to the experimental one,

AP iq\?hen's nucleate boiling egquation was changed such a

way that vapour pressuré increages linearly with wall tempe-ﬁi
‘rééure. ‘fhis modificafidn seems to be somewhat e*travagant
and physically not corrgct., However, the result shows a'
large improvement in tgzzhéat_transfer coefficient dis- ,.
tribution. The results are‘presented’iﬁ ?ig. 5.53.ﬁo

Fié. 5.4%4, and eventhough the ﬁa#imﬁm abmputed.heaﬁ transfer
coefficient in hucleate boiling is more than 1.5 times the
maximum experimental value, this’shéwﬁ a large similarities
between the compﬁtedlheat ﬁrénsfer coeffipient“distributions
and the experimental :ones.” ‘

IR Y

' Sﬁrprisingly, this modification gave very little
change in the results- of the cbmﬁutatioﬁ‘of the temperature

‘-time trace curve and the rewetting velocity. fu

The difference in values:of the rewgtting'velocityocomputed
using. Chen's nucleate boiling ‘correlation and "modified"
Chen's nucleate'boiling'correlation i; lessg than 3 %.

From this, it can be said that the effect of the rewetting
tempefét&re in the rewetting analysis-f% muéh.mdre doﬁiﬁant
than the. effect of ‘the boiling. heat fluxés--beh'i-nd the rewetting
front, because oﬁr'féﬁeyting tWgperature depénds’on,most of"

t the rewetting process

-

,,
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such as flow rate, G, initial wall temperétpre. Tw. COolaht.
' temperature, Tc' conductivity of material, K, heat cépacity.
of maferial, pr, etc, The rewetting velocity is calculated
from the rewetting time -which ig the time taken for the

wall to have actual contact with water, and the'boiiing-
heat transfer occurs after the:wetting.of thé wall surface,
anQ'prébably that is the reason for the smail effect of the
‘boiling heat transfer coefficient on the computatioﬁ of the

rewettiﬂg velocity.

o
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CHAPTER 6 °

CONCLUSTION

L

The followihg conclusions were drawn from the

present study of the rewetting phenomena by bottom flooding

in vertical channels :

In general, a substantial agreement was obtained
between the computed results and the experimental
results of the particular rewetting processes

studied.

It is observed that the effect of the boiling
heat transfer coeTiicient in the rewetting is
mixor compared to the éffect of %he apparen?
rewetting temperature, Tq. thus the'initial ,
thesis that the effect of ﬁpe rewetting temperature
Tq,'in the rewetting analysis is much more

dominant than other parameters is verified.’

Both analysis and experiment indicate that for (j

rewetting of a vertical channel by bottom flooding,

the rewetting velocities decrease with increase

in initial wall temperature and the coolant water

- temperature, while it increase with' increase in

q
mags velocity G.

<l



-70-

APPENDIX 1

1

‘ RADIATION HEAT FLUX

-

. Radiation hedat flux in Inverted Annular Flow Region. v

' )' 1] ’ -
ag heat transfer between concdentric cylinders.

Tube wall
. .
LY
Tube wall
Now Ap .
ApeGyp = K; (AW.JW) _ .(1)
Where /
A = Surface area .
G .= Irradiation = Total radiation incident upon

a surface per unit time and per unit area.

<y
b

Radiosity = Total radiation which leaves
a surface per unit time per unit area,

and subscript l'ig for liquid core and w is for

tube wall
From Eqp. (1), we obtain ~aﬂ
= ]
Gyg= Jw - (2)
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For tube wall surface ;
L A, - Ay .
AW.GW = AL'Jﬁ_ + (T) (Aw'Jw) | (3)

Radiosities of 1liquid core and tube wall are

Jy = Wy + (1 'thw)'éw ‘ (%)

dp =Wy + (1 -y )Gy | (5)

Where W is total radiation emitted per unit time and
per unit surface (CF?A)» ‘
ey ié absorbtivity of tube wall,and
CVRL is absorbtivity of liquid core
Ean. (4), substituting for G, from Eqn. (3) and
réarragging. becomes ; ‘ '
_ Ay (1 2Cg, ) Ag W a (6)
v ARy Ry Oie *As +*00y ™A

Rearraﬁgipg Eqn. (5), and substituting for G; from

J

Eqn. (2) one obtains ;

i} Aw'(l _aRl).ww + AW%W‘WL + Aﬂ:WL —CURW‘A‘Q'W_Q
A Uy -y Uy "2+ g "B

Jg
(7)

The heat flux from tube wall surface to the liguid ¢ore
per unit wall surface area is ;

R Ay )
Gy, = Jw - Gw = - (I, - ) | 8
- A ,

o

B T
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Substituting for J, and Jy, Eqn. (8) becomes 3

.R ap

_ Tk Re” Wy gy 'Wa
Qyg, = B,
| :tﬁw Cxﬁw<1§£

By Kirchhoff's low )

gy =€y nd Ay =&

—

Ay

(9)

Where €, is emissivity of tube wall and €4 is emissivity

of water. ' ' .

Also

Therefore, Eqn. (9) becomes :
e ATt - 1)

e -51+(—-1)\[I‘_'—‘

”

A3

=V1i - where ol is void fraction,ww =0'-qu an;—/ﬁ\\
= O~ Tﬂ . |

" (10)

—



APPENDIX 2

NUMBER OF DROPLETS PER UNIT YOLUME

4 We can express the droplet flux as

Ng = Water Mass Flow Rate _ G(1 ~-X)-Ad
Each Droplet Mass _ll_—.,t.(g)j.
3 )7 02

6. G(1 - X )+Ad
Py T 5

(1)

Number of droplets per unit volume is calculated by

multiplying the droplet flux by unit time then divide by

the element volume. A

6 c:('i-’)t).Ad". . '
y = Nd v At ) 7T 3 A% 6G(1-X) a8t (5
Ad - ax TRd - dX 0 Qaewe g3 dX

3

A

Where N is the numESr of droplets per unit volume
At is the unit time and dX is the distance
~ travelled Dby droplets during time At
Therfore, dX = U*At and U = liquid droplet velicity.-
Liqﬁid droplet velocity U is velume flow rate of water
divided byﬁihe‘crOSs sectional area occupied by the water

flow.

o (G(1-X)-Ad , Ce(te)

U (—_.LT&)'—') / (Ad*(1-o}) = 'P:i'lj;& (3)
Substituting for dx, thus introducing Eqn. (3) in Eqn. (2)
we obtain ; % 7

s ‘ ~—
G obel-meat 660X . 6(1-%)
e g3 .U . 3 - - 103
_e; 7 53 U AT ?"ms-'gz i_ﬁ , s

T

7
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TABLE 1

Physical Characteristics of Test Sections

&

Test Section 7
Number -} 1 -2 3 N
\._r-—"\___, ) : ' )
Material 5.8.304 | s.8.304 | Inconel | s.8.304
5 ﬁ; Cfe e x_705 .
Jube 0.D . ,
m 19.1- | 19.1 15,9 15.9 °
Tube wall _ T .
Thickness ° o :
mm 1.65 0.89- 1.02 1.02
Tube length i
approx. m L 3.5 3.5 3.5
»
TABLE 2

Thé Ranges .of Experimental Parameters

—

Coolant flow rate, G, g/cn’s 10 - 40
Initial wall temperature, Tw.°c ) 270 - 800
Inlef coolant sﬁbcooling, Tsub'fc 10 - 80;
. Pressure, P, bar ' 1
™~
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TABLE 3

Quality X Void Fraction o
0.00015, 0.025
0.0003 0.09 y
0.0005 0.15
0.001 0.3
0.002 0.41
0.003 T o.48
0.004 0.53
0.006 0.59
0.008 0.63
0.01 0.66
0.02 0.75
0.03 0.79"
0.04 0.82
0.05 0.84
006 0.85
0.1 0.89
0.2 0.93
0.3 0.955
0.4 0.97
0.5 0.98
0.7. 0.99
1.0 1.0
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Fig. 21 Rewetting Temperature
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Fig. 2.2 Flow Regimes
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N Fig. 5.2 T-T Plots with DX of 2 cm

8

S - '

o TEMPERATURE-TIME TRACE EXP. 12
8 . | Tw=450 C
¥ Te=13 C
8 G=40 g/cm2s
: mf

s

o
we
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- oy
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o
e
g

o] © EXPERIMENT
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g M  COMPUTED USING
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- % 3.00 ' 6.00  9.00 _m.oo. 13.00 18,00  21.00  24.00  27.00  30.00  33.00

TIME (SEC) .
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Fig. 5.3 T-T Plots with DX of 2 cm
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qmzvmn>qcmm|ﬂHZm TRACE EXP. 431
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Fig, 5.4 T-T Plots with DX of 2 cm
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TEMPERATURE ( C) -
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Fig. 5.5 T-T Plots with DX of 2 cm *
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Fig., 5.6 T-T Plots with DX. of 2 om
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TEMPERATURE ( C)

\

o . Fig. 5.7 T-T Plots with DX of 2 cm
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TEMPERATURE ( C)
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Fig. 5.8 T-T Plots with DX of 2 cm
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Fig. 5.9 T-T Plots ﬁwd: DX of 2 cm
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TEMPERATURE ( C)
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TEMPERATURE-TIME TRACE EXP. 439
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Fig. 5.10 T-T Plots with DX of | cm
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TEMPERATURE-TIME TRACE  EXP. 434 .
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Fig. 5.13 T-T Plots with DX of 1 cm
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