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ABSTRACT

The objective of the present thesis was to study the me-.
chanis;s involved 1in the rewetting phenomena which have a
particula:)impbrtance during the reflooding phase of emer-
gency core cooling conditions in a reactor, This thesis is

composed of two major parts: experimental study and analyti-

cal study.

A
]

In the experimental study, extensive experimental wofks
on rewetting of hot channels with various channel geometries
and different flooding modes were carried out to study the
various parametric trends on the propagation of the rewet-
ting front. The major parameters studied which affect the
fewétting process ‘were coolant flow rates, coolant inlet
subcooling, initial wall temperature; wall thickness, wall
material, power generation rates, and axial location along

the channel as well as the flow channel geometry.

Some of the channel geometries considered here include
single tube rewetting on the inside surface as well as out-
side surface, annular flow channel and "L"-shaped test sec-
tion. The flooding modes studied are bottom flooding, top
flooding and horizontal flooding. In the case of "L"-sh;ped
test sections, THF(Top-followed-by-Horizontal-Flooding) and

HBF (Horizontal-followed-by-Bottom-Flooding) were 'studied.

_ii_
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The effect of each parameter on rewetting velockty and
the process of the rewetting phenomena for various channel
geometries and flooding modes are discussed in detail. based

on the experimental results.

L

In the analytical study, an analysis to calculate more
accurate heat transfer coefficient in the Inverted Annular

Flow Region was developed.

From the result of the experimenF?l study as well as from
the authors previous numerical analysis[i], it was observed
that the precursory cooling just ahead of the rewetting
front andithe rewetting temperature are two of the most im-
portant parameters affecting the rewetting velocity. Since
rewetting temperature, Tg, was already studied in the au-
thors previous work[l], naturally the precursory cooling

just ahead of the rewetting front 1is studied in the present

analysis.

The present analytical study is confined to a model which
will calculate the heat transfer coefficient of the inverted
annular flow film boiling in the downstream region of’the
rewetting front in a bottom floocding mode.- This analysis
was based on the concept of assuming the Inverted Annular
Flow Region as a concentric annulus with a core tube moving

at a certain speed.

- iii -



The result shows that the .heat transfér coefficient cal-
culated using this analysis is very close to the value of
the experimental heat transfer coefficient. The analysis
was also 1incorporated into the author's previousqzomputer
simulation model[l] which predicts the rewetting velocity of

the single tube bottom flooding mode, and signific&®t im-

provement over previous results was observed.

Also to (ﬂmain physical insight into the problems associ-
ated with the reflooding phenomena, a visual study of the
rewetting process for various flooding modes and channel
geometries was carried out using high speed.still photogra-
phy. Some of the photographs as well as indepth description
of the rewetting process of various channel geometries and

flooding modes observed by visual study are presented.
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Chapter 1

INTRODUCTION

Rewetting refers to the phenomenon of estabishment of li-
quid coolant contact with very hot solid surfaces. The rew-
etting phenomenon is of particular importance during the re-

flooding phase of emergency core cooling conditions in a

reactor.

Since the introduction -of nuclear reactor as energy
sources, a serious and prolonged public debate has been made
on the hazardéf ;eal or 1imaginary, ‘that these systems may
present to the environment and the public. Thus) the safety
aspects of nuclear reactor design have been continubusly/

subjected to more detailed and exact studies than the usual

engineering practice demands.

To aveoid or minimize nuclear fuel cladding fai}ure, coo-
lant-cladding contact must be re-established during the re-
flooding phase of emergency core cooling following a "Loss-
of-Coolant Accident™ (LOCA) in a water-cooled poweé reactor.
This process 1is generally referred to as rewetting or

guenching.

For the BWR- and PWR-type reactors with vertical fuel

rods clustered 1in a reactor vessel, rewetting is accom-
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plished in emergency cooling by either top spray or bottom
reflooding. In the top spray cooling with and without con-
finement, a liquid .fiim attaches to the upper “part of the
rods\égd rewetting takes places at the edge of this film as
it slowly moves downwards. In the bottom flooding case, the
frewéLting front moves at approximately constant vglocity as
a two-phase mixture rises around the fuel rod, and depending
on the coolant flow rate it might‘be well below the apparent
level o¢f liguid or froth. Once the rewetting occuré, the
éurface heat is removed consecutively by various modes of
heat transfer such as, for example, transition boiliné, nu-
cleate b;iling and convective heat transfer to the liguid.
The dry side of the rod experiences in turn forced convec-
tive cooling by steam vapour, ‘aispersed—flow fifm boiling

and continuous-film boiling.

-

A considerable number of works on the rewetting phenomena
have been published to date. However, recent reviews on
both theoretical and experimental studies show that these
studies are all concerned with vertical flows. The revet-
ting mechanism in the CANDU PWR should differ significantly
from that of the light water reactor{(LWR) because the struc-
ture of the reactor core and the primary heat transport Eys—
tem of the CANDU PWR is guite different frbm thaf_of the LWR
.of-a pressure vessel type. The coolant flow channels of the
CANDU PWR are horizontal, and it is obvious that the two-

phase fluid flow and heat transfer are affected by the or-
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S
ientation of the flow channel with respect to the gravita-

tional force field.

In the present study, extensive experiments were per-
formed in various flow channel geometries including horizon-
.tal flooding. Also, to observe the mechanisms involved in
thé rewetting phenomena, a visual study was carried out with
eight different types of flooding modes. he objective of
this thesis is to obtain a better understanding of the me-
chanisms involved in all rewetting phenomena by carrying out
extensive experimental work including visual 'studies, to-
gether with detailed mumerical gnalysis to identiff the do-
minant parameters affecting the rewetting process. The au-
thor's previous analysis[l] together with experimental data
in different flooding modes, flow geometries and shapes of
the test section show that.fhp.;two most important parameters
which affect the rewetting process in confined flow spaces
are the precursory cooling just ahead of the rewetting
front, and the rewetting temperature, Tg. Therefore, a
theoretical analysis is carried out to obtain more accurate
heat transfer coefficients in the inverted annular flow re-
gion during the rewetting process. In the analysis, tﬁe
vabour flow in the inverted annular flow region is consid-
ered as a flow between a concentric annulus with the inner

boundary moving at the liquid velocity.
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The systems used for Emergency-Core-Cooling(ECC) depend
on the reactor designs. While the bottom flooding with wa-
ter is employed in the pressurized water cooled reactors

{PWR), the bottom flooaing {s supplemented with top spraying

in the boiling water reactors (BWR). .

In Canadian pressurized heavy water reactors (CANDU PWR),
ECC water 1is injected 1into individual Horizontal pressure

tubes through the headers by feeder pipes.

The surface temperature of a given location 1in the core
fuel bundles during the reflooding/rewettipg transient may
go through a maximum as illustrated in Fig.2.1, because it
cannot decrease until the heat removal exceeds the heat gen-
eration. The maximum is generally known as the turn-around
temperaturé and the corresponding time. the turn-around time.
The rate of the subsequent temperature decrease afte{ltﬂé
turn—around‘ depénds on the flooding modes employed and
reaching & certain point, a sudden drop in temperature in
the order of hundreds of'degfees in a very short period can
be obserﬁed, if the temperature 1is greater than the rewet-

ting temperature.
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The physical mechanisms of this sﬁdden temperature drép,
which is known as the rewetting process {also referred to as
apparent rewetting, ' guenching, calefaction or sputtering)
are still not clear. However, the corresponding temperature
is not the Leidenfrost temperature. The rewetting tempera-
ture in this thesis is defined as the temperature which was
obtained by intersecting the tanéent just beéore the rewet-

ting process to the tangent at the steepest point of the

wall temperature versus time traces as shown in Fig.2.1.

The lack of'understanding of how the p@enomenon is. initi-
ated made it necessary to use various analytical models to
‘brovide functional relationships among the many governing
variables as well as many experimental investigations to ob-

tain some guantitative data.

A considerable number of studies on the subject have been
published in recent years and several extensive review pa-
pers on both analytical and expefimental studies are availa-
ble in both open and some limited-circulation 1litera-
ture{2-5]. This review will summarize what has been
achieved and will provide the most recent . developments in

the field of rewetting phenomena.



2.1 EXPERIMBENTAL STUDIES

The experimental data for top spray cooling and bottom
reflooding show a ;omplicated dependence of the rewetting
front wvelocity on variou§ system variables such as wall
temperature, coolant flow rate and subcooling, pressure,
wall material and surface condition. Duffey and Port-
house[6] compared their experimental data of both top spray
cooling and bottom flooding and féund that for the same rod
material and dimensions, mass flow rate éhd rod temperature,
the rewetting rates are similar for both a falling film in
an “unconfined flow space and bottom flooding. They conclud-
ed that the physical processes 1involved in the rewetting of
high temperature surfaces are identical for éoth falling:. wa-
ter films and bottom flooding. Hqﬁéver, the results of the

present study, as will be seen, indicate that there is a

significant difference 1in the rewetting velocities between

the unconfined top flooding (falling water film) and bottom
flooding. This is understandable because the rewet£ing pro-
cesses .involved in the unconfined top‘flooding and bottom
flooding are guite different. In bottom flooding, precurso-
ry cooling ahead of the rewetting front plays a major role
‘while in the ﬁnconfined top flooding, there is very little

precursory cooling.

A brief review on the experimental studies is categorized

by flooding mode as top flooding, bottom flooding and hori-

zontal flooding.



2.1.1 Top Flooding

With top-spray cooling of a single rod with no flow con-
finement, ' very poor heat trangfer may exist downstream of

the quench front and in this case axial conduction will

clearly dominate. However, when the rods are confined in a

flow channel and cooled by a spray entering from the top of

4
the bundle, a counter current flow of rising steam and fall-

ing droplets . and liguid film is created. If the rising

steam velocity exceeds a certain critical veldcity, the pro-
gression of the liquié film is palted and the droplets may
be prevented from falling downwards. In this case the pro-
gression of the gquench front w}il also Dbe hydrodynamica}ly

controlled. This situation was examined by Chan and

Grolmes([7].

buffey and Porthouse([8] carried out a visual study of
the top sp{ayrcooling without confinement wusing high-speed
photograéhy.& Their study shows that there is a harrow re-
gion of vigorous nucleate boiling 1immediately behind the
rewetting front. In this nucleate boiling region, an aero-
sol of droplets of diameter cf 0.5 mm and lesSs is produced,
caused by the nucleate boiling. Duffey and Porthouse[8]
also observed that at low liguid flows the 1liguid runniqg'
down the surface did so as a rivulet rather than as a conti-
nuous film, This was also observed by Yu et al.[9]. Duf- -
fey and Porthouse{8] attributed this to variations in sur-

face conditions and vertical alignment.
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Duffey and Porthousel[8] and Eennett'eF al.[10] studied
the effect of wall temperature on quench front velocity and
found that increasing the initial wall temperature decreases
the rewetting velocity. Bennett et al.[10] plotted the in~
yerse-rewetting velocity against the tube wall temperature
and found th;t the 1inverse of the rewetting wvelocity in-
creased linearly with the tube wall temperature for tempera-
ture above a certain critical value. However, Duffey and
Porthouse[8] ‘found ,& slight tendency for the slope to in-
crease with tempefélure when the data were plotted in this
way. For tempefatures below the critical value, the rewet-
ting velocity prears not to depend on wall temperature.
This critical_} mperature was defined by Bennett et al.[10]

as the sputtering temperature.

In the high pressure and steam environment test,; the stu-
dy of flow rate :effects by Elliott and Rose[ll] in which
tests were conducted at four different flow rates showed
that there was no flow rate effect on rewetting velocity.
Thompson[12] also found that the rewetting rate is indepen-
dent of cooling water flow rate vhen the environment -is
steam and the pressure greater than atmospheric. A-very
comprehensive investigation of liquid f&ow effects at low
pressure and air environment was that of Duffey aﬁd Port-
house[8] and their results show that the rewetting velocity
increases as the liquid flow rate increases. Yu et al.[9]

claim that the main reason for this difference is that in
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the atmospheric tests the water at the guench front is sub-
cooled, whereas, in steam environment test the water is sa-

turated at the guench front.

Yoshioké and Hasegawa[l3] conducted low pressure tests in
an air environment in which they changed thiwﬁubcooling of
injected liquid énd observed a significant increase in rew-
etting velocigy with increasing subcooling. This was also
observed by Yu et al.[9]. 1t was suggested by Piggot and
Porthouse[14] that the observed effect results from an in-
crease’ in heat transfer coefficient with subcooling behing
the quench front. Thompsen[12], however, afgued that the

effect' is due to an increase in the rewetting temperature

with water subcooling at the qguench front.

The systematic investigation of system pressure have usu-
ally been confined to small subcoolings for the injected 1li-
quid. The test of Bennett et al.[10] and Elliotf and
Rose[11] show that the rewetting velocity increases with in-
creasing pressure. Thompson[12] alsc confirms this fact,
but he argues that the increase in rewetting rate with pres-
sure is due to an increase in sputtering temperature, not
éﬁé to an increase in heat flux in the wvicinity of the in-
terface. The top spray experiment by Naitoh[l5] agrees with
this. Naitoh[15] observed no system pressure effect on the

heat transfer coefficients.
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Piggott and Duffey[16] observed from their experimental
data that their Zircalloy tube rewetted faster than the emp-
ty stainless steel- tube by a factor of about 2 at the High-
est flows and 2.8 at the lowest flows. This is in agree-
ment with theoretical investigations[12,17,18,19,20] which
show that rewetting velocity 1is inversely proportional to
the cladding volumetricispecific heat.

. ‘ (‘\. .
Elliott and Rose[ll] also did a systemétic investigation

of different materials, in which other variables were kept
constant. They repeated the experiments with Inconel,
stainless steel and Zircaloy. 1Initially, they found no sig-
nificant difference between the inconel and stainless steel
tests. However, they conducted further tests with another
stainless steel tube and found a significant inc;easé in
rewetting velocity. They concluded that these differences
are likely due .to changes in surface conditions with time.
The rewetting velocities obtained with ﬁhe Zircaloy tube
were found to be higher than those for the other tubes.
Piggott and Porthouse[l4] and Yu et a1:[9] also observed a
‘tendency for the rewetting rate to increase with successive
tests and have attribﬁted this increase to the béﬁld up of
deposits on.the surface. g However, Eennett et al.[iO] ob-
served the opposite effect. They found a substantial reduc-
tion in the rewetting rate with a heavily oxidised surface.
Thereforé, it is possible that surface deposits can affect

the rewetting process 1in two ways which result in oppoéﬁte'
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effects. The increased roughness for an oxidised surface
could increase the wet-side coefficient and theréere im-
prove the heat transfer. On the other hand the deposit in-
serts an extra thermal resistance which could more than off-

set the improvement in the coefficients.

The effect of surface finish was studied by Piggott and
Porthouse[14]. They artificially changed the nature of the
surface by shot blasting and by silver plating. The shot
blasting caused the rewetting velocity to increase by a fac-
tor of three while silver plating halved the velocity.

Piggott and Duffey[16] also did the falling film experiments

with three different surface finishes, original, silver-
plated and shot-blasted. They obtained results similar to
those of Piggott and Porthouse[l4]. As explanation for

thesé observations given.by Dua and Tien[21] is that the
surface roughness increases the wet-front velocity by mani-
festing its effect in the increased rewetting temperature
and the enhanced cooling effectiveness in the sputtering re-

gion.

Dua and Tien{21] did an experimental study of rewetting
of . a copper tube by a falling film of liguid nitrogen,
They compared their data of smooth-surface and rough-surface
ekperiments, and found that the rewetting emperature and
the heat flux for a smoojh surface 1is lower zgan'that for a

rough surface. The increase of the rewettinb temperature
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with surface roughness implies that it 1s easier to rewet a
rough surface than it 1is to rewet a smooth surface. A
plausible physical explanation fer this effect comes from
the fact thég a ‘rough surface tends to b:eak‘or'destﬁoy the

vapor film and thus facilitate the direct contact between

the liguid film and the hot surtace.

Yu et al.[9] carried out falling film experiment with
saturated water in a steam environment and observed that
" leaving the electrical power on or turning it off during a
Crun di% not affect the result. This confirms the finding of
Bennett'.et al.[10]. The argument 1is that the heat fluxes
around the quench front are very much higher than the fluxes
due to the electrical input. Although low electrical flux-
es do not affect the heat transfer processes in the region
of the guench front, they do affect the heat transfer remote
from the guench front where the fluxes due to stored heat 1n
the rod are muéh lower. ~When the experiment was per formed
with subcooled water in an atmospheric environment, the rew-
etting velocity was observed to be decreasing with increas-
ing power input during the experiment. Thus, Yu et al.[9]
found it necessary to include the heat input from the rod
power in the calculation of subcooling at the gquench front.
However, from our. study, it is found that this correction of
the coolant subcooling due to power generation in the rod is
almost negligible. Rather, the power input during the
transient is expected to affect the wall temperature ahead

of the rewetting front.
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Simopoulos et a;.[22] used a low-pressﬁre Freon-113 loop

to simulate Ewo-pﬁaseﬁhigh-pressure water flow phenomena.
Their experimental results show the same trénds as the other
resulté using water in a steam environment and confirm the
‘feasibility of simulating rewetting phenomena in water by
the use of Freon, They observed that the inverse rewetting )
rate increases almost linearly with the initial wall temp-
erature and the rewetting rate increases with the system
p;ii&iig, which behaviour is similar to that of water. They
folnd no evidence of a significant liquid flow rate effect
on rewetting velocity. This is in agreement with other re-

.

sults on water in steam environment.

2.1.2 Bottom Flooding

Visual studies of bottom floocding were performed by Duf-
fey and Porthouse[6], Case et al.[23], and Kaminaga and
Uchidaf24]. All three papers describe observations made in
an annulus with a hot central tube. They all describé a
region of nucleate boiling bghind the guench front but there
are differences in the des;riptl -of the behaviour ahead of
the quench front. Duffey and Porthouse's description is,
"the excess fluid passing the quench front formed a dis-
persed flow region of liguid and vapour coupled with film
boiling". Case et al.[23)], however, described an extensive
"film boiling" region ahead of‘the quench front which breaks

down to give a "mist flow" region at a distance of the order
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of 10 to 200 mm ahead of the gquench front (the distance

grows as the -quench front moves up the channel). Kaminaga
and Uchida[24] also described extensive film boiling. They
observed that immediately after the coolant reached a heated
section, 'boiling occurred and vapour bubbles were generated
over the flow area, and since the ligquid level advanced at a
higher speed than the guench front did, Jthe boiling region
was lengthened with time. They also found that nucleate
boiling did not occur uniformly in the radial direction of
the rod,. but a wavy distribution on the heated rod existed
to connect circumferential incipient boiling points. They
proposed that the change in heat transfer regimes at a given
location of the heatéd rod during bottom flooding follows
the segquence of vapour cooling, film boiling, nucleate boil-

ing and liquid forced convection.

Andreoni and Courtaud[25] also conducted visual studies
of bottom flooding and noted that it was possible for perma-
nent wetting to occur ahead of the quench front where there
was a heat sink. It occurred at the busbar at the top of
the test section or where there were support grids for the -
centre rod. This gave rise to guenching with a falling
film as is the case with top flooding. Thus a qguench front
travelling up the channel would meet a gquench front travell-
"ing down the channel. " This was also observed by Yu et
al.[9]. In thQS: case, they found the presence of a fall-

ing film rewettin front initiated on the «¢old tubing near
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the top curreit clamp. In some cases this film extended

well down the test section.

Duffey and Porthouse[6,18)] and Case et al.[23] observed
that the quench front proceeded at a uniform velocity along
the channel. This finding was confirmed by some of the
tests of Andreoni and Courtaud[25] but in other tests the
velocity fell as the front proceeded along the channel.
They attributed this reduction in velocity to the raising in
temperature of the liquid which reached the guench front.
This velocity reduction has also been observed by Campanile
and Pozzi[26] and Martini and Premoli[27]. This change in
velocity appears to depend on the ligquid input flow rate and

temperature, and on the initial wall temperature. Andreoni

- and Courtaud[25] and Martini and Premoli[27] found that the

guench front velocity becomes more uniform as the flow rate
1s increased, as the inlet liguid subcooling is increased or

as the initial wall temperature is increased.

To study the effect of channel geometry, Duffey and Port-
house[18] conducted experiments in an annulus with a hot
centre tube in which they changed the flow area by changing
the outer tube diameter. Their results indicate that, for
the same inlet liquid velocity, there is a small decrease in
guench time with increasing flow area and that this decrease
in quench time is more marked at high initial wall tempera-

tures. The results of Case et al.[23] also show a decrease

<
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in quench time with a larger flow area when comparisons are

made at the same inlet velocity.
Fé]
Increase in rewetting time with increasing initial wall

temperature have been observed by many experimen-
ters{14,18,23-29]. However, the degree of dependency of
rewett}ng time on the wall- temperature is different among
workers, Thompson[28] observed a very sharp increase in
rewetting time with 1initial wall temperature in tests on a
simulated CANDU reactor bundle. On the other hand, Reidle
and Winkler[29], working with a simulated PWR bundle, ob-
served only a small.effect of rewetting time on initial wall
temperature. This difference is probably due partially to
the difference in channel geometry which affects the cooiing

effect ahead of the quenching front."-

All experimenters observed that the rewetting velocity
increased with increasing ﬁlooding flow rate. Duffey
and Porthouse[18] suggested that this flow rate effect re-
sults from increasing the wet side heat transfer coefficieﬁt
with higher inlet flows, This improves the rate of axial
heat conduction and hence leads to a faster rewetting rate,.
Thompsonf12] on the other hand, suggested that the inlet
flow rate affects precooling on the dry side rather than the

heat transfer in the wet side.

Nearly all experimenterslhave found that the guench front

velocity is less than the coolant supply velocity. Howev-
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er, Duffey and Porthouse[18] observed that sometimes re%et-
ting velocities are higher. than supply velocities. Possi-
bly; due to the inlet quality, there are sometimes vapour
" voids behind the rewetting front, and these vapour voids are

giving effectively a higher supply velocity.

All experimenters except Martini and Premoli[27] have ob-
served a decrease in quench time with increasing inlet sub-
coeling. Yu et al.[9i found that the use of subcocled water
in bottom flooding had a much greater effect than had been
the case with the falling film. This is possibly due to
vapour condensation at the guench front by the bulk liquid.
However, Martini and Premoli[27] observed a definite de-
crease in quench time with subcocling at atmospheric pres-
sure but at pressures from 5 to 20 bar there was very little
effect of subcooling. They did not provide any explanation
for this difference in behaviour at different pressure. 1t
must be that the dependence ¢of subcooling at the high pres-
sure (hence high saturation temperature) 1is too small to be

noticed in the scatter of the experimental data.

Piggott and Porthouse[14,30] conducted a series of tests
at atmospheric pressure with a range of inlet subcoolings
) from 14 to 78 C. They found the results for different flow
rates and subcoolings came together when plotted in the form

of inverse rewetting velocity against flow rate multiplied

by subcooling.
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Test have been conducted with claddings'of stainless
steel, inconel, Zircaloy, silica and copper to study the ef-
fect of cladding materials. Case et al.[23] répeated simi-
lar tests with copper and stainless steel cladding in an an-
nular .test section and they found that the rewetting
velocity is higher with the copper tube. Cadek et al.[31]
repeated experimental tésts with both Zircaloy and stainless
steel cladding in a simulated PWR test section.’  They found
the quenéh times for Zircaloy cladding to be shorter than
for stainless steel. They attributed this to the lower
heat capacity of the Zircaloy. However, Piggott and Duf-
fey[16] observed that the effects of chénging the cladding
~or filler material were smaller. than those noted in the
falling film experiments. Our present study with both the
stainless and incoqel test-sections for all three modes of
flooding showed that the rewetting wvelocities of inconel
test-sections were faster than those of stainless steel
test-sections. The higher rewetting velocity of the inco;
nel test-section is mainly due to its higher thermal conduc-
tivity, k, and lower volumetric heat capacity, Cp e- It
seems that the values of Biot numbers for practical purposes
are rather small. = Therefore, the gualitative effect of
thermal conductivify and volumetric heat capacity of the
test-section can be deduced from . simple one-dimensional

analysis such as proposed by Yamanouchi[37]. That is:

_ 6.5 Tw“Ti
P—B (_EE-TS
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It must be alsc pointed out that the rewetting tempera-
ture is also affected by Cp P and k which, in turn, affect

the rewetting process.

To study the)effect of surface finish, Piggott and Duf-
fey[16] did the bottom flooding experiment with three diffe-
rent surface finishes: original, silver-plated and shot
blasted. They found ‘that surface finish does not affect

bottom flooding quench rate significantly.

/6iggott and Duffeyf16] did water temperature measurements
dufing the bottom flooding experiments, The water tempera-
tures were measured as the quench front passed the mid-point
of the measuring section. Their measurements show that
low flow rates the water at the quench front is saturat::#\\
and at higher flows the subcooling at the quench front is

approximately proportional £o the flow rate.

Lauver and Hufschmidt[32] did an experimental inQestiga—
tion of the heat transfer in the vicinity of the -quench
front and the rewetting temperature in bottom flooding with
a thick-walled stainless steel cylindrical rod. They made
the flooding area very large to minimize the precooling ef-
fects due to evaporation. The heat flux density was ob-
tained from the gradient of the transien{ temperature at the
rod surface. They observed that the flooding rate and sys-
tem pressure did not affect significantly the transient

boiling heat transfer and the rewetting temperature in their
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range of parameters. However, they observed a strong in-
fluence of local fluid subcooling on the transien£ film
boiling heat transfer and rewetting temperature. Higher va-
lues of heat flux density and rewetting temperature were ac-
hieved with increasing fluid_subcooling. This can be ex-
plained with a thinned vapour film due to the strong

increase of heat transfer at the vapour-liquid boundary.

A large number of atmospheric-pressure data obtained from
an internally-cooled tubular test section undergoing bottom
reflooding were examined by Yu and Yadigaroglu[33] in order
to determine the dependence of the heat transfer coefficient
in the region immediately downstream of the gquench front.
They observed from their data an exponential decay of the
heat transfer coefficient with distance from the quench
front. Based on this finding, they adopted

h = hy-exp(-ad-Zg)
as the form of empirical correlation of the heat transfer
coefficient immediately downstream of the quench front dur-
ing bottom refleoding. The coefficients hy and "a" depend
on conditions at the guench front only., The variation of
the coefficients hi and "a" was each correlated in terms of
physically controlling pafameters. The best-fit correlation
was as a function of parameters combining the reflooding
velocity, the ;elocity of the guench front, the equilibrium
gquality rise due to release of the energy stored in the wall

by the passage of the quench front, and the local equilibri-
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um guality jus£ upstream of the guench front. Yu and Yadi-
garoglul[33] observed that heat transfer downstream of the
gquench front increases both with Eﬁgéooling in the subcooled
region and with quality in the positive-quality region.
The effect of subcooling was also observed by Lauer and
Hufschmidt[32]. The increase of heat transfer with guality
in the positive-quality range 1is pr&bably due to the in-
crease of the steam velocity with guality. Their experimen=-
tal data and proposed correlation_ show no explic¥t depen-

dence on wall tempq{ature.

fow
i

Yadigaroglu{34] obserqgé that increasing the flooding
rate reduces the quench?timé and enhances heat transfer
throughout the transient. This influence is due to the in-
troduction of larger quantities of liguid into the channel
and to the increase in liquid entrainment. They found that
the effect of flooding rate is important at low flooding
rates but becomes less pronounced as the flooding velocity
increases, They also observed that an increase in power
increases the guench time at low flooding rates, but the ef-

fect is much less pronounced at high flooding rates.

Kaminaga and Uchidé{24] measured coolant temperature and
inner surface temperature of the outer guartz tube in their
aﬁnular geometry bottom flooding experiment. Their results
‘show that before the ligquid level reaches a certain point,

the fluid in the channel is superheated steam {about 300 C),

4
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and between ﬁhe liguid level and the queﬁch front (in the
film boiling regioni, the coolant temperature 1is ﬁearly
constant (94-95 C) and almost uniform over the flow area
even if the inlet coolant temperature was as léw as 20 C.
The coolant temperature below the quench front (in the 1li-
gquid forced convection region) 1is élightly higher Lhan the
inlet value. This indicates that a large amount of heat was
transferred to the coolant around the guench: front and the
boiling caused the coolant to be mixed due té a small flow
area. They alsoc measured the rewetting temperature and
they observed that the rewetting temperature décreases with
an increasing elevation, although measured values have a

large amount-ef scatter, and it decreases with an increasing

inlet coolant temperature,

2.1.3 Horizontal Flooding

The most 1important differenée in the characteristic of
the heorizontal flooding is the stratified nature of the coo-
lant flow. Obviously, this is due to the effect of the
channel ofientation to the gravitational field. For hofi—
zontal flooding, due to flow stratification, the channel is
guenched in the sequence of bottom, midside and top at a
given location. Also, due to the gravitational effect there
are three distinctive regicns near the rewetting front: the

totally rewetted, the partially rewetted and a skewed invert

annular region.
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To the author's knowledge, the present research project
initiated eatly in 1976 was the first to study the effect of
channel orientation. In 1980, Chan and Banerjee[35] pre-
sented their results of a horizontal flooding experiment.
They performed an experimental study on the rewetting of a
hot horizontal -tube using 2-meter long Zircaloy-2 tube as

the test section jggcause of its relatively low thermal ex-
pansiqn coefficienlégg They observed from their experiment
that the rewetting front is highly stratified and the top of
the channel at different locations always rewef later than
the bottom. This re-confirms the finding of our experimen-
tal study. The bottom region of tﬁe channel is precooled
significantly before guenching because of stable film boil-
ing. _From the experimentalqresults ebtained, Chan and Ban-
erjee[35] defined three rewetting velocities» with respect
to the guenching of the top, mid-side and bottom of the
channel. They found that the three rewetting velocities in
general are not equal and deviate more from each other at
high inlet flow rates. Our study[l] alsc shows that the
rewetting velocities at the top and bottom of the channel
are different in horiéonta} flooding. However, contrary to
the findings of Chan and Banerjee[35), our result shows that
the difference in rewetting velocité decreases with increas-

ing coolant inlet flow rate.

Chan and Banerjee[35] found that the rewetting velocity

decreases as the initial dry wall temperature 1increases
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which is in agreement with all existing investigations for
vertical channel flooding. They obtained a linear relation-
ship when the inverse rewetting velocity is plotted against

the initial dry wall temperafﬁre.

For the effect of inlet flow rate on rewetting velocity,
they found that the rewetting velocity increases as inlet
flow rate increases. This is alsoAin agreement with other
veftical experiments. Their explanation for this effect is
that an increase in inlet flow rate increases the amount of

water entrained in the "liguid tongue" and hence increases

the film boiling heat tramsfer in the dry region.

Chan and Banerjeel[35] observed an interesting phenomenon
in their experimental result. Under certain conditions the
rewetting velocity can be higher than the inlet ‘flow veloci-
ty; ' They observed this when both 1inlet flow rate and ini-
tial wall temperature are low. Their explanation for this
pheﬁomenon is that at the start of the transients, -water is
directed into the heated section with a constant flow rate,
and since the channel is dry, the flow is stratified and. the
leading edge can acquire a :;locity considerably higher than
the inlet flow velocity; this high leading ledge velocity,

together with low wall temperature, can result in a rewet-

ting velocity higher than the inlet flow velocity.

They observed that the effect of inlet water subcooling

changes depending on the initial wall temperature. For
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high wall temperatures, the rewetting velocities are lower
for lower inlet water subcdoling. +“The opposite is true.for
lower wall temperatures. They gave no clear reason for

this effect.

2.2 REVIEW OF ANALYTICAL WORK

The analysis of the rewetting phenomenon invoives the so-
lution of the coupled equations of heat diffusion within the
surface and of fluid flow and coolant boiling heat transfer.
ALY analyticél models of the rewetting process have a common
rbééis. They solved the Fourier equation for heat conduction
in the rod by assuming simplified boundary conditiéns which
represent the heat transfer brocéss at the solid surface.
Various procedures have been proposed for the solution Pf
the Fourier conduction eguation for ; wall undergoing rewet-
ting. Published models of the rewetting process include
simple one-dimensional solutions in two axial regions, one-
dimensional solutions in three axial regions”;ith or without
precursory cooling, one, two and three dimensional numeri-

cal-difference technigues using temperature dependent heat

transfer coefficient, and analytical two-dimensional solu-

tions.

All these models cannot be directly compared to experi-
mental data because numerical values must be assigned to the

revetting temperature, Tqg, and the effective heat transfer
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coefficient, h, 1in the solutions. Therefore, in ordér to
apply any of the listed models to a practical case, the va-
lues of the rewetting temperature and the heat transfer
coefficient must be assumed or wusually deduced from -the
steady-state pool boiling curves. These values are very
difficult to estimate in most cases. The uncer;ainties in-
volved in the estimation can easily override the accuracy

obtained by a given model.

The following assumptions are usually made to make the

problem easier to Qolve. | |

l. The wall is a homogeneous lamina of infinite height
and uniform thickness, - d, having constant physical
and thermal properties,

+2. The rewetting front velocity, U, is constant and the
temperature.distribution is inva;lant with respect to
the advancing gquench front.

3. /?he dry side of the wall is insulated while the wet
side 1is cooled.

4. There is no heat generation in the wall.

5. The reference coolant temperature 1i5 constant and .

egual to the saturation femperature Tg .

& .
The second assumption is justified in most cases since it

has been shown that for a surface at a uniform initial temp-
erature the guenching front reaches an asymptotic constant

velocity very rapidlyf36]. This allows the removal of the
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time variable which is combined with the axial coordinales.z
in a new independent variable, Assumptions 3 to 5 are not
general assumptions and not used in some cases. With the

above assumptions the governing equation reduces to

ay’ T e K 32

The boundary conditions are

T = Ts at Z = -infinity .n..ciiiiiinnennn e (2.éa)
T = Tw at 2 = +infinity ............. Creieaea (2.2b)
2T o £ 20 e e 2220
2y 70 {

aT ~ _ - a =d ceeeoi(2.2d4)

The rewetting temperature ‘'enters in the solution of the
problem as the temperature at which a discontinuity in the

variation of h occcurs.

»

Equation (2.1) and four boundary conditions(2.2a-2.2d)
determine the complete two-dimensional problem. One-dimen-
sional solutions are obtained by ignoring any transverse
temperature gradients in ~the wall and assuming that the
temperature is uniform throughout its thickness. This as-
sumption holds only for thin walls (B < 1) and low values of
the heat transfer coefficient, h,  and of the quench veloci-

ty.(i.e. for small Peclet and Biot numbers)
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2.2.1 One-dimensional Solutions

One-dimensional solutions of the guenching problem con-
sist of dividing the wall axially into a number of regions,
and the heat transfer coefficient béing specified in each
region. The only differences among the various availablé
solutions stem from the assumed variation of- the heat trans-

fer coefficient with temperature and the number of regions

used.

One-dimensional solutions were proposed first by Semeria
and Martinet[17] and by Yamanouchi[37]. The wall was di-
vided axially into a wet and a dry region. The heat trans-
fer ccefficient was considered to be constant in the wet re-
gion and zero on the dry surface ahead of the gquench-front.
In this case the rewetting velocity can be analytically det-

.ermined as : -
PR A R [_2_(}’_33 +ir“|,b........_..,(:.3)
2 hk T%"TS

In an attempt to account for the high value of the heat

transfer coefficient near the gquench front, Sun et al.[38]
, ;

o

developed a solution for three distinct regicns. - A dry and
adiabatic region ahead of the rewetting front, a sputtering
region immediately behind the rewetting front and a continu-

ous liquid film region further upstream.
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Another one-dimensional solution wés recently presented
by Sun et al.[39) to account for cooling by droblets and va-
por in the region immediately ahead of the wetting frent.
The effect of this precursory cooling is characterized by a
heat transfer coefficient decaying exponentially with dis-
tance from the rewetting front. An implicit solution was
obtained for the dimensionless rewetting front velocity by

introducing two parameters, N and a, to define the shape of

the heat transfer coefficient, downstream of the rewetting
front,
ha -4 .
h3= N._---e R L I -—--.,,,.__.._'(2‘4)

As N approaches infinity the ‘solution approaches the values
predicted by Yamanouchi[37].  Sun et al.[39] used this mo-
del to correlate high flow rate data obtained by Duffey and
Porthouse[8] by adjusting the value of N according to the
flow rate. An empirical correlation 1s suggested for N as

a function of mass flow rate:
—1 &

N = 800.& ...“.....”.....“..f....n...n_(2'5)

R

where G in g/cm.s 1is the spray flow rate per unit perime-
ter. However, the effect of precursory cooling in low
guench rate experiments that can be predicted by a one-di-

mensional model might be usually negligible.

Chun and Chon[40] propesed a three-region model which

consists of one wetted region characterized by a high cons-



30
tant heat transfer coefficient, a dispersed-flow film boil-
ing region precooled by a lower heat transfer coefficient
and a superheated-vapor region which 1is assigned a negligi-
bly small heat transfer coefficient. The temperature pro-
file in the wet region is obtained by solving the governing
equation, while a linear temperature profile is assumed in
the dispersed-flow region, and a constant temperature in the
superheated region. The continuity equation for the coolant
is uéed with a simple heat balance to calcu}ate the amount
of water in the dispersed-flow region and the degree of su-
perheat in the vapour region. The rewetting front veloci-
ty is calculated by a total heat balance over the test sec-
tion. The results are sensitive to the wvalues of the

parameters used. , Sl o

Piggott and Porthouse[30] showed in their thermal conduc-
tion analysis of rewetting, that the heat transfer coeffi~
cient associated with rewetting may be téken as an arbitrary
function of surface temperature, rather than a cbnstant,
without changing the dependency of rewetting velocity on the
other variables. Therefore,'théy suggest that the constant
heat transfer coefficient value used in previous expressions
for the rewetting' velocity should be replaced by an effec-
tive heat transfer coefficient which 1is proportional to the

product of mass flow rate and inlet subcooling.
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Duncan and Leonard{4l] extended the one-dimensional solu-

tion of Yamanouchi[37]} to a moré general case by the inclﬁ-

sion of a uniform heat generation.term. The following ex-
pression was obtained for the inverse rewetting velocity:

UlT—'G‘CP'—g—- (TL\J'_'T)

_ ] e (2.6)
nk  (Ty-Ts —%/h)

This result implies that the 1liquid film will not ad-
vance(ie. U=0) if the surface heat flux is such that the
surface temperature is maintained above the rewetting temp-
erature, which is a physically expected result, In prac-
tice, heat is generated only in the core of the fuel rod and
a two-dimensional analysis is needed  to investigate the ef-

-
fects of heat generation on the rewetﬂ?ng velocity.

A

Thompson[12] arques, based on his analysis, that only a
certain wall thickness takes part 1in the rewetting process,
and this critical thicknesg depends on thermal conductivity,
dry region surface temperature, and ambient pressure.
However, for practical purposes he suggests that the criti-
cal thickness can be considered to be about 0.5 mm for rew-
etting in a steam environment, He also argues that ther-
mal conductivity is important only 1if the wall thickness 1is

less than the critical thickness.

To eliminate to some extent the basic assumption of uni-
form temperature throughout the wall thickness and still

maintain the mathematical simplicity of a one-dimensional
!
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solution, Ishii[42)] used the penetration depth, &, as an ef-
fective wall thickness in the sputteriﬁg region. The re-
sults of this model depend on the accuracy of estimating the

penetration depth &.

In general, heat transfer analysis by one-dimensional mo-
dels results in overestimation of the rewetting temperature
and of the wet-region heat transfer coefficient when used to

correlate experimental data obtained at high Peclet and Biot

numbers.

2.2.2 Two-dimensional Solutions

Semeria and Martinet{17] formulated ‘the two-dimensional
problem even before the first solutions became available.
The mathematicalxgomplicatibns involved 1in an exact two-di-
mensional solution have forced most of the investiga-
tors[19,20,43] to deal quh,no more than two axial heat
transfer regions. However, recently Dua and Tien[44] in-
cluded the effect of precursory cooling in the two dimen-

sional problem.

A general solution to the two-dimensional conduction.
equation may be obtained by separation of variables. This
approach was used by Duffey and Porthouse[6,18], who solved
Bqg.(2.1) for h = 0 in the hot region and h = constant in the

wetted region. The temperature distribution is given by:
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whe T34
k = therma[ conduetivity | P= Peclet number
An,Bn,Cn,Dn, and K are constants and (3nis the separation
constant. The rewetting velocity was obtained by neglecting
all terms but the first in the series. This approximation
was shown later to lead to inaccuracies by Blair[26]. For
small Biot numbers, the first-order soluﬁion reduces to the

one-dimensional solution of Yamanouchi[37]. For large Biot

numbers (B >> 1):
-\ T E(: Bw P
u = P SN N N 2D
2h
which is independent of the thickness of the cladding and of
thermal conductivity. Duffey and Porthouse[6] also consid-

ered the transition between these two extremes,

A more accurate solution by separation of variag}fs is
presented by Cpney[19]. The constants of the series expan-
sion were calculated by matching the temperature and axial:
heat flux distributions in the wet and dry regions at a
large number (up to 150} of discrete interface points. Co-

ney's results can be approximated by
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provided (B/P}<l. The formula remains approximately valid AN
at higher values of (B/P)..

Ry

-

The two-dimensional solution for a cylindrical rod is
given by Blair[43]. As in the planar case the method of
separation of wvariables is used to construct two infinite
series expansions for the temperature in the wet'and dry re-
gions of the rod. The coefficients of the series are found
again by matching the temperature and their axial deriva-
tives at the guench front interface. All the-terms are re-
tained by deriving an accurate asymptotic formula for the
terms which .are then sﬁmmed analytically. The resulting

asymptotic solution for P>1 and (B/P)<1l is:

Twu—=Ts . B - TC 2 B (3 _ 2 13T
Tg - Ts M_I+?C—f5(2+lP Pz)fﬂll’z.(a‘ )

‘___“.,“_:-_”.(ljo)
For P>>1 the first order approximation of Eg.(2.10) yields:

qu _ H.QCE ('ﬂu-WE ) \H‘_\~__b‘_____n.......(;,ll)
2h Tta—TS

which is different from the-Solution of Duffey and Port-
house[6,18]. The discrepancy is attributed to the fact that

Duffey and Porthouse used only the first term of the expan-

sion.

Explicit solutions for the limiting cases of large and
small Peclet numbers were obtained by Tien and Yao[20] who

utilized the Wiener-Hopf technique and the kernel-substitu-
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tion methed. Functional relationships among the three di-
mensionless parameters are presented for the two-region mo-
del with no precursory cooling. The solution for smail Pe-

clet numbers reduces to :

A O o (2a2)
P, |- B¢
Tw- Tg _ 3B .
where Go :,TN_,_TS and H_ 3+ B
while fér large Peclet numbers,
B Do B N
—[-5— = (‘707('—80) + t-d‘sr] (?_I—Ga) (2_1'3)

/

Ygo[45] developed an expression taking the heat genera-
tion and\ﬂeat c9nvection in(ﬁhe dry and wet region into con-
sideration. His expressioh in ves five parameters. In
his analysis, Yao[45] assumes that the dry region is sur-
rounded by steam which is superheated to the 1initial wall
temperature. Therefore, heat is convected from the steam
to the surface in the dry region instead of from the surface
" to the steam. Consequently, this model predicts that the
rewetting raté decreases as the dry side heat transfer coef-
ficient increases. If heat generation ' in both the wet and
dry region, and—heat ﬁonvectioﬁ in the dry region 1is ne-
glected(ie. Q = 0, hy = 0), then his expression reduces to
the two—dimensional'conductibn model of Tien and Yao[20] for

it

small Peclet numbers,
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Dua and Tien[46], following the earlier work of Andersen

and - Hansen[47] found approximaté\relationships between a mo-

dified Biot number and the Peclet number.  The modified

o

Biot number B is defined as

l .
B=B'U-96°) . where 80=——/%—le":_ (QILJ-)
o] ' w — 15

Using these relationships they have fitted the thgofetical
results of Tien and Yao[20] by an expression valid over the

entire range of Blot numbers,

_ = \2 ’
. P=[B(1+040-B) i (205)

This formula agrees with the theoretical results at the lim-
its B »>> 1 and B << 1, provides an approximate interpola-
tion for intermediate values of B, and could be useful for

practical applications,

Solutions of the two-region, two-dimensional problem were
also proposed by Yoshioka and Hasegawa[4B].  However, in
their solution, the radial Eemperature distribution at the

location of the.qquéh front was assumed instead of being
L

-
calculated.

Edwards and ,Méther[49] considered exponential variation
of the heat fluxes both upstream and downstream of the rew-
etting front. This assumption_completely decouples the
heat transfer inside the wall from\gsat transfer to the coo-

lant but permits an exact solution. Their study demons-
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trates an increase in the rewetting front velocity due to
heat losses immediately ahead of the guench front. The ex-
ponential coefficient for the upstream (hot) region has been
taken as inversely proportional to the Peclet number. Dua
and Tien[44] accounted for the effect of precursory cooling
by assuming a constant heat transfegﬁcoefficient\ip the wet
Fegion, while precursory_céolihg was characterized by an ex-

ponentially decaying heat flux.

Sawan et al.[50] developed an expfession using two wet
regions plus a dry region .with zero heat transfer coeffi-
cient, and two reference temperatures (the incipient boiling
temp%rature and the sputtering temperature). Heat genera-
tion and inlet subcooling are also taken 1into account.

They obtained a parametric expression inveolving 8 parame-
t&fs.

Bonakdar and McAssey[51] presented a method for the solu-
tion of the two~dimensional@%ré§etting conduction problem
with an arbitrary heat transfer coefficient profile. They
~assumed that the coolant fluid temperature is constant and
the heat transfer coefficient is a function "of axial posi—'
tion. Theif gnalysis divides the general heat transfer.
coefficient profile into several uniform heat transfer re-
gions. The two-dimensional conduction equation is solved
using the method of separation of variables in;o a series

13

expansion solution for each uniform heat transfer coeffi-
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cient region. The complete solution is then determined by
matching the temperature and the temperature gradient at the
interfaces between regions. They also obtained numerical
results for a three region model involving a dry, wet and
sputtering region. From these numerical results, they
proposed the following conclusions : (1) A very short sput-
tering region will control the rewetting process. (2) For
the case examined, a iineér‘relationship exists between the
heat transfer coefficient 1in the sputtering region and the
revetting témperature. (3} Two dimensional effects exist
upstream of the rewettﬁng front for approximately two to

three slab thicknesses. {4) For a fixed rewetting tempera-

ture, the rewetting velocity increases with Biot number.

The analytical models of the quenching phenomenon show,
in general, an implicit relationship between three nondimen-
sional parameters, the Peclet numbers, the Biot. number and a
dimensionless'temperature. In order to apply any of the de-
scribed models to a practical calculation of rewetting vel-
ocity, heat transfer coefficients and rewetting temperatures
have to be supplied. These values are very difficult to
estimate in many cases. The wuncertainties involved 1in
their estimation can override the accuracy obtained by the
model. Explicit solutions for the rewetting velocity can
be obtained analytically only for the limiting cases of
either lérge or small Biot and Peclet numbers. | Even in

these limiting cases experimental data are still required

1 M
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. for correlating the rewetting temperature and the wet-region

Biot number.

2.2.3 Numerical Solutions

Thompson[52] presented one-dimensional numerical solu-
tions of the conduction problem for the case where the heat.
transfer coefficient in the wet region varies with the third
power of the wall superheat. .He solved the energy equa-:
tions numerically by a quasi-linearization technigue com-
bined with the finite-difference method. The experimen-
tal data of Bennett et al.[10] were analyzed with th?s modél

to compute the heat transfer coefficient on the wet side,

Thompson[53] also presented two-dimensional numerical so-
lution of the conduction problem in cylindrical co-ordinates
fqr the case where the heat transfer coefficient in the wet
région varies with the third power of the wall superheat.
Such a dependence of heat transfer coefficient on wall temp-
erature exists in the case of nucleate boiling. The wall
temperature at the interface of the wet and dry area is as-
sumed to be egual fo the rewetting temperature, and it is
assumed‘fﬁat the wall is wetted and nucleate boiling occurs
up to this temperature. ‘At higher wall temperatures, film
boiling is assumed to occur and the heat transfer coeffi-
cient is several orders of magnitude smaller. From/his

analysis, he concluded that beyond a certain sheath thick-
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ness, which depends on thermal conductivity, downstream
temperatufe, and ambient pressure, neither the wall thick-
ness nor type of heating affects the rewetting rate. He
alsc conclude that the rewetting rate is nearly independent
of heat flux and thermal conductivity, but increases with

pressure and decreases with volumetric heat capacity.

Elias and Yadigaroglul[54] developed a computer-criented
one-dimensional axial conduction model which accounts for
the large variations of the heat transfer coefficient near
the guench front and for the temperature dependence of the
thermal and physical properties of the wall. Heé¢‘genera—
tion in the wall was included-in their model. In their ana-
lysis, they assumed that the rewetting process hés reached
an asymptotic state such that the pellet, <¢ladding and coo-
lant temperature distributions move together at a constant
rewetting velocity U. Thus, an cobserver moving at this
velocity sees an apparant steady state. The one-dimension-
al heat-conduction equation was solved by dividing the
guenching zone into small segments of arbitrary temperature
ncrement and constant properties and heat transfer coeffi-
cient. The velocity of the rewetting front, the length of
the guenching zone and the temperature profile were obtained
by a trial-and-error method. In order to understand the
combined effects of this temperature and of the initial wall
temperature on the predected rewetting velocity, calcula-

tions were carried out for various values of the ratio



Bw= (Tw - Ts)/(Tg - Ts), and they observed a strong
variation of the rewetting velocity with rewetting tempera-
ture. The rewetting velocity is more sensitive to.the va-
lue of the parameter 6, for low initial wall temperatures
and for high rewetting temperatures. Elias and Yadigaro-
glui54] compared their model with experimental data of other
workers, and found that experimental results taken at low
coolant flow rates correlates very well Qith the model using
available correlations for the heat transfer coefficient,
and rewetting temperature of 260 C. However, for useful ap-
plication of the present model, a better definié?pn of the
temperatures at the point of critical heat flux and the rew-
etting temperature in the rewetting front, as well as accu-
rate correlations for the heat transfer coefficient is ne-

cessary.

Yu et al.[9] solved the two dimensional (radial and axi-
"al) heat conduction equationﬁnumerically. They assume only
two regions, one wet Cconségnt heat transfer cog&fficient)
and one dry (zero heat transfer coefficient). Their results
are in the forﬁ of tables or graphs and can be used for any
. input conditions. The solution of Yu et al.[9) is consid-
ered the most exact as it 1involves a summation of 151 terms
of two infinite series expansions. They also propcsed cor-
relations giving the guenching heat transfer coefficient and
rewetting temperature as a result of their analysis. They

suggest that these correlations may be combined with the’
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previcusly reported conduction analysis to predict rewetting

rates under a wide range of conditions,

Martini and Premoli[55] developed a computaticnal model,
called TRE, which predicts single fuel rod thermal tran-
sient, starting from the time at which coolant, with a known
flow rate, reaches fuel element bottom, and termiﬁating when
the fuel element is Eompletely quenched. They introduced
some hypotheses to simplify their model, such as, heat
transfer in.the radial direction being described by a two-
cell model while axial ceonduction is neglected. The fuel
rod is subdivided in several axial nodes. The thermal tran-
sient of each node is computed by a balance between the heat
generated and the heat transferred to the cooclant. Wall -
temperature, when reaching a value Tg(guenching temperature)
prefixed in the input, is assumed to drop instantaneously to
the saturation temperature. The wvalue of the guenching
temperature is to be derived by experiments. In their mo-
del, a Sé}Asfactory evaluation of the film boiling heat
transfer coefficient and the quenching temperature 1is re-
guired, since they strong%g affect the éuenching front pro-
gression velocity. The*dﬁlidity cf their model reduces as

axial heat conduction becomes important.

The analyses to determine rewetting velocity in horizon-
tal channels are very limited. Salcudean et al.[56] solved

the quasi-steady-state three-dimensional heat conduction
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i'equation by a finite difference method and obtained numeri-
cal solutions for the rewetting processes in horizontal
channels, They assumed three distinct regions in their
physical model; wetted region, transition region and the dry
region. In the wetted region, they assumed the circumferen-
tial variation of the heat transfer coefficient td be a co-
sine function, while in the dry region, they assumed that no

precursory cooling takes pldte.

As stated before, all analytical models cannot be direct-
ly compared to experimental data because numerical values
must be assigned to the rewetting temperature, Tg, and the

-

effective heat transfer coefficient, h,‘in'the solutions.

To provide a physical basis for understanding the ob-
served rewetting phenomena and to show that the effect of
the rewetting temperature in the rewetting agalysis 1is one
of the most important parameters, the author[1,67] presented
an analytical model based on six heat transfer regions to
predict the temperature-time E;ace curves at various axial
locations™of vertical circular channels during the bottom
flooding transient. Appropriate heatitransfer coefficients
for each:region are calculated and the rewetting temperature
is obtained by empirical correlation of experimental data
using dimensional analysisI?Q]. A substantial agreement was
obtained between the analytical and experimental results and

/,,/ this demonstrates the dominant role played by the rewetting
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temperature in the analysis of rewetting phenomena. The
study alsq_showed thag\the effect of the two-phase flow heat
transfer behind the rewetting front is, contrary to what has
been assumed, minor and that the axial conduction plays a

minor role also in the confined flooding modes.



Chapter III

EXPERIMENT

3.1 MAIN EXPERIMENTAL APPARATUS

The main experimental loop consisted of two sections, one
fixed on the laboratory floor and the other on a pivotable
moUnting which allowed experiments to be earried out with
tegt sections at any angle between horizontal and vertical.
The general layout of the major components is shown schemat-

ically in Fig. 3.1(a).

The fixed section consisted of a water demineralizer, ca-
pable of treating 0.4 m> per hour, a preheater of 0.2 m> ca
pacity, a main supply boiler operating at water temperatures
up to 200 C and at pressure up to 2100 KPa, and tbo flow
rate transducers mounted in parallel. Each transducer had a
t;;:Qay valve mounted 1in seriés with 1it, so that either
transducer could be selected depending on the £flow rate to
be measured. One transducer covered the lower end 6f the
flow rate(6 to 60 g/s), and the other the higher end(35 to
350 g/s). In the later period of the study, one of the
transducer (higher range one) was replaced with turbine type

flow meter. The flow meter had a range up to 630 g/s. The

movable section consists of a by-pass circuit, the test sec--
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tion, a pair of guick acting valves to divert the coolant
flow to or away from the test section, an exhaust condenser
system for retaining and condensing the Steam'éhich was pro-
duced in the test section, and a reverse tank for the coo-
lant. All these components were supported on a mounting,
consisting of a pair of vertical members with a frame pivo-
tally mounted between them. The pivoting fﬁeme clamps onto
the condenser and the reverse tank. Lengtﬁ§ of flexible
hose (heavy duty Aeroguip rubber hose) weré uged to connect
the water leads to the movable unit. All pipings and fit-
tings for the entire apparatus were made of stainless steel
to avoid unwanted contamination. The main experiméntal ap-
paratus was first designed by Gamblin and further details
regarding main experiméntal apparatus can be obtained from
Gamblin's report[80]. A picture of the main experimental

apparatus is shown in Fig.3.1l(b).

Each test-section (total of 20 test-sections) was instru-
mented with many chromel-alumel thermocouples, spot-welded
onto the outside and/or ‘inside wall> surface at 10 to 12
different axial positions, and two to_ four were around the
circumference at a given axial location,. The test-sections
were heated by an a.c. power source capable of 30 KW at up
to 1500 amps. The terminal clamps, made of copper, were at-
tached to both ends of the test-section, and Fiberfrax was
used for the insulation. Pressure transducers were connect-

ed to the test-sections for inlet and outlet pressure mea-
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surements. The test-sections were washed with distilled wa-—
ter followed by acetone rinses before they were installed in

the apparatus.

Two additional separate apparatuses were designed and
constructed to study unconfined top flooding rewetting along
.the outside surface of circular flow tubes and also for the
visﬁal-study of the rewetting phenomena in various flooding
modes. The details of these experimental apparatus are dis-

cussed later in the appropriate sections.

3.2 EXPERIMENTAL PROCEDURE

;-

Using either the preheater or the main supply boiler, tﬁe
water témperature was set at a given degree of subcooling.
The power to the test-section was turned on and the wall
temperaturé was brought up to the desired value by increas-
ing the power stepwise. Experiments were performed by di-
verting the water of a given flow rate, flowing at steédy-
state conditions in the bypass circuit, to the test section
while the power was either maintained or switched off de-

pending on the selection of the test parameters.

The signals fﬁg; the thermocouples, from the transducers
for flow rate and pressures were monitered ~continually on
Hewlett Packard digital high-speed data acquisition system
(H.P. 5050B digital recorder, 2901A input scanner and 2401C

intergrating digital voltmeter) together with multi-channel
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recorders (Watanabe Type WA611-1 and Hewlett Packard 7100BM
strip chart recorder). The variation of the water flow rate
during the course of the experiment was usually very small.
The temperature-time trace curves for several axial loca-
tions were produced by the multi-channel recorders which
were connected to certain thermocouples. The rewetting vel-
ocities and the rewetting temperatures were obtained from
the temperature-time traces as shown in Fig., 3.2, The rew-

etting velocity is calculated as

A Zij
atyy .
where Uy is the rate of the rewetting front pr gation

Uy =

between two particular thermocouples of interest, tﬁ?q is
the axial distance between the thermocouples, and Ati; is
the time interval taken between' these two rewetting fronts.
Therefore, it is necessary to establish the point when the
actual rewetting front passes the particular thermocouple.
However, this is extremely difficult, if .not impossible.
But, for the calculation of rewetting velocities, it suffic-
es to determine only a-reference point for a given tempera-
ture-time tradce. This is done by taking the intersection of
the gradients of the trace befoéé the point where theré is a
rapid fall in temperature and at the éteepest portion of the

fall. This technique is also generally used by other work-

ers[14,37,56].

The physital characteristics of the test-section channel

geometries are given in Table 1.
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.Since the thermocouples were welded onto the outside tube
wall, it is required to have the solution of the "inverse”
ﬁeat transfer problem, to obtain the wall temperature tran-
sient on the. inside surface where the actual rewetting phe-—
nomenon takes pléce. There are many éblutions to the prob-
lem, including‘lengtﬁy grapﬁicgi and intégral methods, but
an exact analytical solution as a rapidly convergent'series
developed by Burggraf[68], and applied to a hollow cylindri-
cal body insulated at tﬁe outside wall with a measured temp-
erature variation with time, by Plummer et al.[69], was used
here. This is because the method reguires only To(t) to

determine Ti(t}.

The surface heat flux to the coolant may be extracted
. from the data by using the energy balance for the length 2
of the test section.

AE‘%(DS"D? ) (0Cpw jT: = Q¢ — Bue ~Oax - Orap ~Quoss -+ (3.1)

Qur=heat transfer to the coolant
QgL =heat generation in the element
Qax=axial heaﬁ conduction
Opap=radiation heat transfer

Qus=heat loss to the surrounding

-

.

~

It is assumed here that the axial conduction heat flux may

be approximated by a one-dimensional conduction model?” -

Based on this assumption, Qux may then be approximated to be

T N 2y K -éilﬁ—.az e e e e e e i
Z(Do “Du) u:. dtl . . (.‘3‘2')
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using the relationship
dTw _ _V dTw
Z U t

Qrap 15 significant at high wall superheats but 1is very
small near the rewetting front. Therefore, it is neglected

in the present study.

Qross = ggws(Tb)-TE-Do~a£ was obtained from calibration

tests.

After substitution with appropriate values with above as-

sumptions, Egn.{3.1) becomes, ///
W oo N
G = 2 1§ - (oIS -

lew ]

k
u* dt*

4 Dy n

— Quoss (T - %‘f T A "_("i;z’)

The above equation can be evaluated using the measured va-
lues of dTw/dt. Finally, the inside heat-transfer coeffi-
cient can be evaluated from h=q,/{Tw-Ts).

k]

3.3 TEST CONDITIONS

3.3.1 Single Bottom and Horizontal Flooding

Test sections No. 1-4 are straight tubes of stainless
steel or Inconel X-750. The length of test-sections are ap-
proximately 3.5 meters and diameter is 15.9 mm or 19.1 mm.

Tube wall thickness varies between 0.89 mm and 1.65 mm.

.
be)
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These test sections were used to study the rewetting phe-

nomena in bottom and horizontal flooding mode.
‘ -~

BERN
3.3.2 Flaow-BlocRage Tests

The four test-sections(No: 5-8) used in these experiments
were made of Incenel X-750. The overall length of the test
sections were-3.5 meters, and the outside diameter and the

. .,
wall thickness were 15.9 mm and 1.2 mm respectively.
0,

The test-sections with 25% and 50% flow area reduction
were made of eight sections, six of which are 0.5 meters in
length to simulate closely CANDU fuel bundles, and two 0.3

"

meters. ~Seven flow blockage plaﬁés were vwelded together

with theseé 8 pieces as shown in Fig. 3.3.

A total of 50 chromel-alumel thermocouples were spotweld-
ed on the outside wall surface. The locations of thermocou-
ples are shown also in Fig. 3.3 where they are identified by
letters and numbers. Letter N indicates that four thermo-
couples were placed at 90° intervals around the circumfer-
encé and M for two which were placed such that when the test
section is horizontal, one will be at the top and the other
at the bottom side of the tube. L indicates that only one
thermocopple is attached at the top of the tube when the
test-section is horizental. Numbers are used to identify

their relative position from the entrance.



52
3.3.3 Unconfined Top Flooding

Ly

To study unconfined top flooding réwettiwg along the out-
side surface of circular tubes, a separate new experimental
apparatus, in addition to the loop used for.above, ' was de-
signed and constructed in such a way that the related Eﬁér—
mal-hydraulic phendmena could be investigated visually as

well. A schematic diagram of the new apparatus is shown 1in

Fig. 3.4.

The apparatus consists of a water supply at different
temperatures, a rotameter, a by-pass loop, a specially de-
signed coolant injection nozzle assembly, power supply,
test-sections with removable transparent outer jaqkets,
thermocouples to measure .the surface temperature of the

test-sections and coolant.

To avoid or minimize bowing of the test-sections, due to
thermal expansion and contraction during the test, a tension

of about 450 Newton was applied at the end of the test-sec-

tion.

The inlet nozzle assembly which was successful in provid-
ing a uniform film of water for the unconfined top-flooding

experiment is shown in Fig. 3.5.
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3.3.4 Confined Top Flooding

Test sections No. 11-12 are 3 meters long tubes of
$.5.304. To study the effect 6f.'flow area in_ the confined
top flooding, two different dia@éter tubes were selected.
Test sections No. 11 and 12 ﬁave'ﬁutside diameters of 1.59 m
and 2.46 m respectively. Tube wall thickness are same for
both test sections.  The flow loop in the main experimental

apparatus was slightly modified to accommodate these test

" sections in the top flooding mode,

3.3.5 Annular Test Sections

Test sectionsto. i4416‘are annular test sections. To
investigate the effects of various paramefers on rewetting
in a concentric annular geometry, an effort has been made to
design various components of annular test-sections which
will be subjected to very high temperatures. The specially
designed connector assemblies for the inlet and outlet, and
for the mid-section of the annular test-section are shown in

Figs. 3.6 and 3.7.

A technigue to install thermocouples by_spot~we1ding in-
side of small core tubes has been perfecied and has been
used for tesE~5ection§ Nos. 14 to 16 which had 13 thermocou-
ples on the inside surface. Aanother 16 thermocouples vere
.also installed onto the outside wall surface of the outer-

tube of the test-section No. 16,
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Test-sections No.14-15 had glass outer tubes, aﬁd were
used in the bottom flooding mode, while test-section No.16
had a stainless steel outer tube, and was used for bottom

and horizontal flooding modes with beth walls heated.

The major difficulty for test-section No.l16 was to design
a core support mechanism which must not only isolate both
the core and outer tubes elgctrically but alsc be able to
sustain the severe defo:mation:of the core tube duriﬁg the
horizontal rewetting process. The problem was overcome by
having specially developed Fired &Alumina ceramic supports
(Fig.3.8) placed every 500 mm along the axial direction, in
conjunction witﬁ four 200 kg springs installed at the end of

the core tube. The support occupied 25% of the flow passage

area.

o

Both the outer and core tubes are directly heated elec-
trically and the power levels to both tubes can be adjusted

separately to provide different wall temperatures.

Thirteen chromel~alumel thermocouples were spot-welded
onto the inner surface of the cbre—tube using a speciallf
designed spot-welder and sixteen chromel-zlumel thermocou-
ples on the outside wall of the outer-tube, Fig. 3.9 show
the position of the thermocouples, as well as the physical

dimension of the annular test-section.



55

3.3.6 L~-shaped Test Sections
Y

Test-sections No. 17-1B8 are L—shéped test-sections, made
of 25.4 mm O.D. and 1.65 mm wall thickness S.5.304. The
other physical dimensions, and the location of 25 ghromel-a-
lumel thermocouples are shown in Fig. 3.10. The reason for
this study 1is that the CANDU reactor has horizontal fuel
channels and vertical feeder tubes, while BWR reactor has
vertical fuel channels with horizontal feeder tubes, and
these "L"-shaped test sections simulate the rewetting behav~

ior in the reactor more closely*than simple straight tubes.

For the L-shaped test-sections, both the top-followed-by-
horizontal flocoding (THF) and the horizontal-followed-by-
bottom flooding (HBF) modes were accommodated in the main
experimental apparatus with minor modifications. One of the
two L-shaped test-sections has an elbow made of 25.4 mm I.D.
Swagelok elbow connector, while the second had an elbow made
of the same tube with a radius of 0.127 m. All the thermo-
couples were spot-welded onto the outside surfaces of the
test-sections. Since the test-sections were directly heated
electrically, the temperature of the e}bow section made of

Swagelok was lower than the other section of the test-sec-

tion.



Chapter 1V

VISUAL STUDY

To obtain physical insight into the problems associated
with reflooding phenomena, visual studies on various flood-
ing modes of single circular tubes and on bottom and hori-
zontal flooding of an annular test-section were made using

high-speed still photography.

The apparatus for the visual study of unconfined top
flooding consists of a water supply at dffferent tempera-
tures, a rotameters, a by-pass loop, coolant injection nozz-
le assembly, power supply, test-sections of S$.5.304 and In-
conel X-750, and thermocouples to measure the surface
temperature of the test-section and coolant. A schematic

diagram of the apparatus is shown in Fig.3.4.

For the concentric annular bottom flooding study, Test-
section #14 which ﬂad a stainless steel core tube and glass
outer tube, was used. To meésure the core tube wall temper-~
ature, thermocouples were sp??—welded on the inside surface
of the core tube, ‘and_drawn Qﬁﬁ through one end of the core
tube, Because of high core tuﬂe wall temperatures and pos-
sible coﬁtact between thermocouple wires and the core tube,
a special high temperature resistant thermocouple wires (K

type, HG/HG) were used.
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The test—seétions of simple <c¢ircular, L-shaped and con-
centric annular channels are all made of quartz tubing wound
with nicrome-wire for heating. Concentric annular test-sec-
tions, for use in the visual study of bottom and horizontal
flooding with both walls heated, are made of guartz tubings
with nicrome—wi;e;/;ound on the 1inside surface of the core
tube and on the outside surface of the outer tube. "The test
loop consists of a water supply with a temperature control,
a rotameter, a by-pass loop, an injection assembly, power
supply, specially designed connectors for the test-sections,
and thermocouples to measure the approximale surface temper-
ature of the test-sections, coolant and other peripheries.,
Quartz glass tubes used for all visual studies except annu-~
lar tests are 15 mm O.D. and 1.2 mm wall thickness. Annular

test sections used 15 mm O.D, quartz tubing as core tube and

30 mm O0.D. quartz tubing with 1.8 mm wall thickness as outer

tube.

4.1 UNCONFINED TOP-FLOODING

The photograph in Fig.4.1 shows that there is an extreme-
ly narrow region of the order of less than 1/2 mm of vigo-
rous boiling just behind the well-defined rewettiﬁg front.
It is wvery difficult to say whether boiling 1is nucleate,
Eransition or film. If the tube is not heated, then the wa-
ter would just flow down along the surface as a £1i1m. How-

ever, when tube is heated, water flow establishes a rewet-



/

58
ting front, and water flows as a film along the cooled
surface of the rod down to the rewetting front. Since the
propagation rate of this rewetting front is much slower than
the water flow rate, the excess water is ejected at the rew-
etting front forming a truncated cone shape. This truncated
cone is made of the ejected droplets, 'rangiﬁgfin diameter
from about 2-3 mm to very small sizes. Near the top; the
cone, at times,  seems to bg formed by a sheet of water,

which then breaks up into irrengér droplets as it falls

-

off.

With the coolant temperature below about 60 C, it was of-
ten @ifficult to maintain a uniform continuous film of coo-
lant flowing do%n the circular convex.surface. Frequently,
the flow was rivulent as reported by Duffey et al.[42] and
once the flow became unstable, instability accelerates at
such a rate that the test-section became severely bowed due

to the severe temperature gradient set around the periphery.

It was also seen from the photégraphs that the unwetted
region below the rewetting front remains completel§ dry and
that the precursory cooling seems to be confined by radia-

tion only.
]

This is clearly seen from Fig.4.2 also, in which the sur-
face heat flux distributions obtained from Test-sections 3
and ¥10 using Egn.{3.3) near the rewetting fronts of both

the confined and unconfined top-flooding experiments are
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compared. One can see that for the confined top-flooding,

the precursory cooling is significant.

Therefore, one can conclude that any analytical model for
the rewetting process in a confined space must not ignore
the contribution of precursory cooling, especially -if the

inside diameter of the flow channel 1is less tﬁan about 25

mm.

The presence of unheated transparent outer jackets (Di=30
and 50 mm) seemed to have very little effect on the precur-
sory cooling, and hence on the rewetting velocity. Howev-
er, this cannot be true.if the temperature of the outer

jacket is higher than rewetting temperature.

4.2 ANNULAR BOTTOM FLOODING WITH AN UNHEATED OQUTER JACKET.

The typical bottom flooding phenomena in a concentric an-
nulus with an unheated outer —jacket are shown in Fig.4.3.
Figure 4.3(a) is taken at Z=0.25 m, ‘while Fig.4.3{b) 1is at
Z=0.45 m, where Z 1s the distance from the inlet of the coo-
lant. Xs can be seen in the photographs, the length of the
bubble region grows as the rewetting front moves up the flow
channel. A similar observation was reported by Case et
al.[40] who stated that there was an extensive "film boil-
ing" region ahead of the guench front which broke down to

give a "mist flow" region at a distance of order 10 to 200

mm ahead of the guench front. From our photographs, similar

o
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to those of Fig.4.3, it is very difficult to define precise-
ly whether the flow ahead of the rewetting front was the

film boiling region.

The thermocouple signal seemed to indicate that the wall

temperature at a given location along the test-section tube

reached its "apparent" rewetting temperature when the bottom

of this "film boiling" region reached that particular posi-

tion.

It was also noted that when the front is near -the upper
end of the test-section, a new réwetting region occurs ahead
of the primary rewetting front.. In such a case, a rewet-
ting front travelling up the flow channel would meet the

secondary rewetting front travelling down the channel.

Since the circumferential rewetting for the bottom flood-
ing in the annulus was almost uniform, the severe bowing of
k ) . i

the core tube dte to non-uniform rewetting often observed in

unconfined top-floodiné, did not occur.

4.3 TOP-FLOODING, VERTICAL SINGLE MUBE

In top flooding, when the tube igjlot heated up to a very
high temperature, coolant water flows down along the inside
surface of the tube as a continuous film. This phenomenon

¢
was observed in both low and high flow rates.
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Top flooding of a very hot test tube shows slightly
different réwetting phenomena ‘depending on the flow rates.
When the coolant flow rate is very low { G < 100 kg/m*.s ),
the coolant water flows down the cooled inside surface of
the tube to the rewetting front and, since the rewetting
front velocity 1is much slower than the coolant injection
flgw rate, excess water is ejected at the rewetting front
splashing down through the middle of the tube forming a thin-
continuous sheet of water (as illustrated in‘Fig.4.4(b)).
The rewetting front 1is not uniform along the circumference
and the front is very unsteady. If the test tube is hegpted
continuously during the experiment with very low COOQQRE
flow rates, then dry spots appear 1in the water film at the
upstream of the rewetting front, and this dry spot enlarges
to a certain size before being rewetted again by another lo-

cal rewetting front. This phenomenon appears in several

locations in random order but continuously.

When coolant flow rate is large ( G'> 100 kg/m".s )}, the
rewettinghphenomenon starts in the same fashion as in a low
flow rate case, however, soon after, the upstream of the
rewetting front is filled with a mixture of water and vapour
bubbles instead of a continuous water film, and the coolant
ahead of the propagating rewetting' front forms a continuous
rod-like formation“ 5 shown in Fig.4.4(al. In both hases,
the inside wall temperature was approximately between 350

and 400 C. Fig.4(4(c) through 4.4(f) show the details of
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the two-phase flow ahead of the moving rewetting front,

The shutter speed was 1/2000 sec.

/

» - 4 - i”-\ »
Fig.4.4{c) and 4.4(d) indicate that, when the coolant in-
jection rate in terms of superficial mass velocity is above

100 mm/s, the region ahead of the rewetting front in con-

\ ’

fined top-flooding through a vertical single tube can be mo-

~delled as inverse annular film boiling.

As the injection flow rate decreases, the diaTgpér of the
fluid flow "rod" becomes thinner and for flow rate less than
100 ﬁm/s, as stated ;;;;ET the coolant immediately ahead Of

the front forms a thin sheet as seen in Fig.4.4(e).

4.4 BOTTOM FLOODING, VERTICAL SINGLE TUBE

The coolant flow structure ahead of the moving rewetting
front for the bottom-flooding in a vertical single tube
shown in Figs. 4.5(a) tg‘4.5(c) is véry"similar to that ob-
served in confined top-fiooding (Figs. 4.4(a) and 4.4(c)),
except the rewetting front region is a homogeneous mixture
of water and numerous vapour bubbles produced by boiling.
Again, since the rewetting velocity is slower than the cgb—
lant flow rate, the excess water is pushed upward forming a
irreqular rod shape through the middle of the tube surround-
" ed by vapour. This rod’shape formation 1is not continuous
and becomes thinner until it eventually breaks up into large

globules.
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.. = The effec£ of the coolant injection rate on the flow

) structure in the bottom-flooding was reiatiQely minor com-~
pareg'to'fhat in the confined top-flooé{ng.

, .\\Qhé/hresent visualization clearly'showéd that the fluid-
"structure, ahead of t%e propagating rewetting front, in both
top and bottom flooding'iﬁ circular ducts are very similar
and that the flow in the region caﬂ be modelled as an in-
verse annular film boiling (followed by dispersed flow for
lower flow rates). The flow at higher flow rate was not

steady as previously mentioned in the case of the top-flood-

uing of a vertical channel.

Although the flow structure ahead of the rewetting front
for confined tpﬁ;flooding and bottom-flooding in wertical
tubes, as seen in Figs. 4.4{(a) through 4.5(d), -are similar
to a certain extent, the flow modelling must take into con-
sideration thé”diffepences. in the flow regimes involved in

principle.
\\.—-"/

—

4.5 HORI.ZONTAL FLOODING, SINGLE TUBE

Fig.4.6{(a) shows +the stratﬁfied' flow Qheh the channel
wall teﬁberature is at about the same temperature as the
coolant fluid, and the coolant injeétion flow rate is less
than 100 mm/s. The velocity of tfe stratified water flow
front is much faster than the preset coolant injection flow

‘rate becausé the cross-sectional area of the stratified flow
3

e
1y ."-:&-:q—.
Ay

‘«L‘Jt;\‘;;



A

64

~

is less than that of the tube area. For'rewetting with this
low.;;ow rate, there is a short region of vigorous boiling -
beyond .which the fluid breaks up inta globules moving down
along the channei as they become smaller, as seen in Figs.
4;6(b) _aTd 4.6(c).: The front tip of the stratified flow
shows numerous bubgles forming, .. produced by vigorous boil-

ing, and this seems to be a rewetting front. -

Fig.4.6(f) shows a typiéal adiabatic flow along‘the hor?b\
zontal channel with flow rates above 160 mm/s. Since the
channel hés to be filled, . there is an initial région of
stratified flow followed by completely.filled flow. Because
of the particular nature of the filling of the channel, the
réwetting for thesé flow rates has three distinct flow re-
gimes in the chinity of the rewetting front; continuous
stratified fioﬁ behind the rewetting front, a short region-
of vigo;ous boiling and continuous stratified inverse annu-
lar film boiling flow, as seen in Fig.4.6(qg). Eventually,
the stratified inverse and skewed annular film boiling flow
breaks up into large globules gliding downstream as shown in

Fig.4.6(h). 3

LY

N
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x



65
4.6- "BOTTOM FLOODING, INCLINED SINGLE TUBE

Whén the hot tube is‘iﬁclined, //bégause 0of the effect of
the gravitational field, fhe/fgglant flow just ahead of the
rewetting front becomes asymmetric and the column breaks
into globules which slide upstream, as shown in Fig.4.7.
This flooding mode shows some characteristics of both bottom
'and horizontal flooding. At the rewetting front, there are
numerous bubbles formed due to boiling and at the upstréam
of this front, a céntinuous stratified water column, some-

times broken up as a large water globules, flows upstream at

a very fast speed.

4.7 ANNULAR FLOODING WITH BOTH WALLS HEATED

Fig.4.8(a) shows the annular test-section with both walls
heated. The central core tube, 15 mm O.D. and 12.6 mm I.D.,
was heated by a wound .nichrome—wire inserted inside the
core, whereas the outside.tﬁbe, 30 mm O0.D. and 26.4 mm 1.D.,
was heated by a nichrome-wire wound outside the tube.
Quartz tubing was used for both the outer and core tubes to
minimize the bowing of the .channel during the rewetting
transient. The test-section, about 800 mm in length, was
mounted on the main reflooding-loop to study flooding in

both vertical and horizontal orientations,

, Figs. 4.8(b) and 4.8(c) show the rewetting phenomena in a

horizontal annular test-section where both boundaries are
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heated to about 350-400 C.  The coclant injection flow
rates were about 50 mm/s and 100 mm/s, respectively. In
both cases, the flow behind the rewetting front DBecomes

stratified and the coolant floé ahead of the front forms a
tongue*SHapgéfstructure in the lower passage of the annular
space. .&he \rewetting front itself 1is a bubbly region in
which water 1s boiling, even though it is not clear whether
this is nucleate boiling or transition boiling.‘hxyhe revet-
ting front exists in two @laces, one on the botfé% part of
the outer tube and the other on the bottom part of the core
tube, and the bottom rewetting front (rewetting of outer
tube) 1is always ahead of the top rewetting front (rewetting-
of core tube), probably due to gravitational effect. For
higher flow rates, the tongue-like formation in the region
ahead of the front remains the sameléut in a less distingui-
shable form and the level of the stratified flow increases
with time as 1in a single horizontal tube(Fig.4:8(d)). In
this case, further upstfeam, as in a horizontal‘single tube,
the entire annular section is filled with coolant, as illus-

trated in Fig.4.8(e),

In the boéttom flooding of an annular test section with
both walls heated, lwhen water 1is first introduced to the
bottom of  the test section, water starts to boil and it
fofms a bubbly region, - the same as. the case observed in the
section 4.2 (Fig;4.3(a)). However, the top‘ot the bubbly

region (interface between the bubbly water and air) is very

e



67

e'-,"

rough and some of the water is broken off from the roughjinP
terface and forms large water globules which 1is flowing'up—
ward as in the case of single tube bottom floeding. These

large water globules decrease in size as it flows upward in

the test section due to evapcration. As shown in Fig.4.9,
the length of the bubbly region increases with time, With
higher inlet coolant flow rates, . the phenomenon is the samé i M

N

except there are fewer water globules flowing upwafd‘ahead
of the bubbly region, Aﬁ explanation for this change is
that as the flow rate increases, the rewetting velocity‘in-
creases aﬁd also the bubbly region interface moves upward at
a much‘faster speed. Therefore, the bubbly region in€gfface*
catches up to some of the water 'globules flowing upward

ahead of the bubbly region.

4.8 THF, L-SHAPED CIRCULAR TUBE

To simulate a vertical feeder with a horizontal fuel
channel in CANDU type reactors, the rewetting phenomena in a
single L—shapedhcircular duct were investigated visually as

well as quantitatively.
N ~,

The fluid flow during the rewetting transient in an L-
shaped duct can be divided into three regions, as schemati-

cally illustrated in Fig.gxlo.

As illustrated, tﬁgee rewetting fronts are established in

an L-shaped channel with Top-followed-by-Horizontal-Flooding
* -
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modes; two fronts in the vertical section (Regien 1 and Re-
gion 2) and one in the horizontal part of the test-section

-(Region 3)}.

The fluid " flow structure observed during the rewetting
transient of L—shaped test secticn in Region 1 is somewhat
different from ah t of wertical top-flooding. When coolant
water is first introduced to the top of the test-section,
the coolant water flows down along the-inside surface of the
tube as a film and the front end of the film has vigorous
boiliné with excess water splashing down through middle of
the tube just like in the case of confined top flooding,
However, soon after, bubbly water accumulates in the tube a
few centimeters upstream of the rewetting front as shown in
Fig.4.11, A probable explanation for this phenomenon is
that all the excess water is not splasﬁed down from(the rew-
etting front, and some of the excess water is accumulating -
in the upstream of the rewetting front. There is a certain
pressure exerted into the bubbly water column caused by vap-

our flowing upward sc the bubbly water column does not

rea?h to the rewetting front and establishes a few centime-

ters above the rewetting front with a water film in between.

Inltlally, the length of the bubbly water column is very
sh05£ X30-40 mm), but it iacreasea‘with timeL As thé revet-
ting'frOAt flows down, the length of thel water film above
the rewetfiﬁg front gﬁso increases as weil as the length of

%
- the bubbly water column. Meanwhile the vapour pressure in &
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the vertical tube buildskhp continuously until the vapour
pressure is higher than the weight of the bubbly water co-
lumn in theﬁ top. Theﬁ the vapour pushes the water column
out of the top of the test section and escapes from the
tube. The rewetting front is disturbed by this prbcess.
However, it quick}y establishes itself again at almost the
same position, and alsé the bubbly water column establishes
againvin the upstream of the rewetting front. The length of
the water column 1increases with time wuntil again it é%?
pushed out of the test-section. The reason for the rewet-
ting front establishing itself again at the same position
seems to be obvious. The rewetting front in Region 1 would
occur at the lowest position where the wall temperature is
nct above the rewetting- temperature, and since the wall
temperature distribution in the wvertical section is not
changed by above process, the rewetting front would occur at
the same position, This process of vapour escaping the
test-section is executed at a very short timg, sa when this

cccurs, it looks like a-small explosion in the tube. This

cycles until the vertical section is completely quenched.

Ed

The flow structure in Region 2 is someﬁhat similar to
bottom~-fleooding of a circular vertical tube, but with a much
reduced flow rate. In this region, the main heat transfer
seems to be due to precursory cooling, radiation to vapour

and fluid droplets and axial conduction along the duct wall,

startiﬁéff?Bm\EE? elbow where the coolant was partially ac-

-cumulated. \_—q\ﬁ>\
N
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The flow regimeé in Region 3 are very similar to those
observed in flooding of a horizontal simple channel. As
shown in Figs, 4.12(d) and 4.12(e), there is a short length
of wvigorous boiling followed by broken-up f£luid globules
moving along the channel as they become smaller due to eva-

poration. This was observed in Figs. 4.6(b) to 4.6(d).

The complete progress of rewetting process of THF (Top-
followed- by-Horizontal-Flooding) in "L"-shaped test section

is visually shown in Figures 4.12(a) to 4.12(e).
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Chapter V

ANALYSIS

The objective of the present analysis is to predict the
local heat transfer parameters at the downstream of the rew-
etting front, inside a hot vertical tube with upward flow of

a liguid coolant.

The experimental results and the author's previous numer-
ical analysis[l] of rewetting phenomena show that the rewet-
ting temperature and the precursory cooling just ahead of
rewetting froat are most important parameters affecting the
rewetting velocity. Therefore, having an accurate heat
transfer coefficient in the downstream of the rewetting
front is very important for the analysis. Since rewetting
temperature, Tq, was intensively studied before[l], it is a
natural extension that the method to obtain a more accurate
heat transfer coefficient 1in the inverted annular flow re-
gion during the reflooding_is pursued here,

S

Several attempts were made to correlate Inverted Annular
Film Boiling data with-podl film-boiling correlations, name-
ly the classical Bromley correlation[58]. The work of Brom-
geY, and subsequent similar formulations including the ef-

fects of convection and subcooling of the liquid, do not
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accodﬁt, however, for the fact that in the case of Inverted
Annular Film Boiling, heat transfer takes place in a channel
in the presence cof two~phase flow. Thus these formulations
do not account correctly for the strong effect of mass flux.
Other workers{70-72] obtained the inverted annular flow
heat transfer éoefficient based on steady state case with
constant ‘heat flux. In the case of rewetting of hot chan-
nel, the inverted annular flow is not steady state flow in
Fhe usual sense, and the heat flux changes depending on many
;arameters. The present study is confined to a model which
will calculate the convectl heat transfer coefficient of
the inverted annular floﬁ film beoiling in the downstream re-
gion of the rewetting front in a bottom flooding mode. In
the analysis, the inJgrted annular flow 1is taken as a con-
centric annulus with core tube moving axially at a certain
speed. The vapour flow in the annular gap is considered as

turbulent flow. The model takes into account the variation

of the annular gap and the core tube speed due'tb the un-.

f the inverted annular flow film boiling in

-

rewéﬁting phenomena.

5.1 GENERAL APPROACH

Knowing the liguid mass flux and void fraction, the aver-
age liguid velocity is calculated (detail shown in Appendix
1). For vapour velocity, it 1is assumed that the velocity

profile in the vapour gap of.-the inverse annular flow is the,

/ : .
N ¢
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same as that of a concentric annulus in the region from the
outer wall to some point in the inner region where the vel-
ocity eguals the liguid core velocity. That is, 1f we ex-~
trapoclate the vapour velocity profile of the inverse annular
flow into the inside ligquid core at a certain point as shown
in Fig.5.1, the velocity will be zero, and we can call the~
distance from the center line to this imaginary plane as R;.
This is . because the core is moving at a certain‘velocity.
We can assume that the vapour velocity profile 1is the same
as the velocity profile of a concentric annulus with the'in--

ner radius, R; and the outer radius, Rg.

“The governing energy equation is obtained for the element
in the fluid flow, and with a known heat flux ratio distri-
bution, the heat flux at the tube wéll is calculated. The
turbulent Prandtl number is assumed to be uniﬁy and the eddy

Y
diffusivity is calculated from the velocity profiles.

The geheral approach of the analysis %agfestablished as

follows:
(i) Liquid core velocity is calculated.
(ii1) Using vapour velocity profileé; the imaginary radius
| and sheiy stress distributions are obtained. -
(iii) From the energy eguation, the local heat fluxes are

S

calculated: ‘ ‘ LT
({
(iv) From the steps (i) to (iii) above, the vapour
mass flux gradient i1s now obtained.

(v} For the new element, the new vapour mass flux,
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vapour quality and void fraction are célcqlated.
{vi) With new vapour void fraction, new ligquid core
radius is obtained.
(vii) For the new element, the steps (i) to (vi) above

are repeated.

5.2  VAPOUR VELOCITY PROFILE

Fig. 5.1 shows the schematic diagram of the vapour veloc-
ity with the appropriate nomenclature. ‘Here, R; is an unk-

nown value. However it can be calculated knowing that V=V,

R
at r=R1 .

The maximum velocity radius Ry is given by Leung et

al.[59] as b

R = Ri -] +(°">'-H_H
o L+ ()
Ro

where, o, = R < 10 [60] and n=0.343

..._-,.__(5—_[)

.

It was shown by Park[60] that Egn.{(5.1) by Leung fits his

extensive .experimental data very .well, nd

For tHe velocity profile in a concentric annulus,
Levy[61] assumed tQat the plane of zero shear is'located at
the maximum velocity point and postulated _that Reichardt's
eéxpression[62] for the eddy diffusivity of momentum applies
to the flow region on both sides of the plane of zero shear.

Therefore, Reichardt's expression can be written as,
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Em T — Km Y —m ¢

T —%{(R—Rm?lizya-[l— res N IEEYCS DN
e (5.2)

Above Egn.(5.2) 1is valid on both sides of the plane of zerc
shear. For the region next to the outer tube wall (Rm < r <
Ro), the eddy diffusivity for momentum is obtained by having
K, Tz and R as Ko, Tg, and Re. Similarly, the diffusivity
‘near the core tube wall is derived by substituting Ki, Tk,

and Ri into the equation.
f

Equating the eddy diffusivity at the plane of zero shear

gives,
—R.: .
K"' Ro"’Rm Tﬂu
Also from a force balance, we obtain
Tei. _ Ro . Rm —R: o (5. @)
Tkp Rh hRul'—R: ' )

The shear-stress distribution on both sides of the zero
shear plane can be described from a.force balance by
2 2
R F< — Rm

,CF - ’Z’R__F _R_lr_.R_l. R .__-..(5_5)

From the Reynolds -eguation with the concept of eddy diffu-
sivity for momentum, £, , the application of momentum theo-

rem, gives an expression for shear stress Tr.
T,——-G(J)‘f‘gm ‘Cl‘a _..............;_..........(5_6})
where ¢ = |¥r'= R

¥

\ at
b
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Combining above two shear stress equations, Egns.(5.5)

and (5.6), with non-dimensionalization and integration gives

- N S{(1-5) e
"T{,@VL[IS% 2.] > ) ,@ﬂ(lzy‘

[+ 27 K (i+s)(2s
L SU-5)(t-35) +.221
T2 K (1+s>[s? +5 (-5)* ] ( )
é& Uy (-sd+s]

+K(‘+S) _[(‘—:S'S“)L"l][l(f:__s)l—l']-]l
+ % (-3)S  tam 2 -'*af‘??fz

(+s . z +Cy e (5.7)

s* + 3 (1-3)

U T

where UT = ——— - k| %@ D= | (r-R))! I%?
( ?."p_/(, g —

2 2) ) Iy,
K
__YT-“'“ _Rm
7R -Rm , °T R

The above expression derived by Levy[61] would make the com-

putation unnecessarily complex.

Roberts[63] derived a very simple velocity profile based
on the assumption that the shear stress is constantzacross

the flow section, which is too coarse an assumption.

) . :}f '
Park[60] used a 1linear shear stress distribution n his

: *
study for the derivation of a reasonably.simple velocity

profile in the developing boundary layer. His argument was
that as long as the choice of the shear stress distrib@tion'

is consistent with one that agrees well with experimental

results for the pipe flow case, a function of shear stress

distribution which would lead to a much simpler §nd more

&

~
(W]
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convenient velocity profile than those given by Levy[61]
would seem to be more practical. According to Deis-

lsler's[64] study, the variation across the flow boundary
layers of the shear stress have a negligible effect on the

velocity distributiocns.-

Using linear shear stress distribution, the velocity ﬁro-

file is given as:

’ + + 2
THEUE I PRSI I A ST LS 1
' w . K 87 —4 Ky 87 +¢

+Cy

+
where 8y ='|@: - R;t
+ o
7 =Sk “d
8; ]

2 . 2 + 3
4('[13 =(19 KJ-_-S;} + 48 Kp-3d; )
superscript + indicates non-dimensionalized, and

subscript j either inner or outer region; i or o.

Constant C; is obtained by forcing the velocity profile to
pass through point u; =12.8 and y; =26. A value of 0.4 for
K, was used in the analysis because it has been shown[61,65]}
that the mechanism of the flow outside of the radius of max~
imum velocity is very similar to that occurring in pipe

flow.
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Park[60]'usedfﬂfiséler's[64] expression for the eddy dif-
fusivity for regions close to eath wall «(i.e. sub-layer)
with the assumption of constant shear stress in tﬁe sub-lay-

er which is +

4

gut
ut = 8 (5.9)

where nl - 0,0l Sq_ ]

. + . . i
However, the above expression for tl is too complicated to
be used in our analysis, because the only way to use above
expression is by numerical integration with several itera-

tions (of trial and error).

another good expression which repreéent the sub-layer
velocity profile reasonably well 1is the Von Karman egua-

tion[73]. The expression is

for 04yt &S ut =y*

il

5 & x,j*‘{:géﬁ Ut =5 J@ng+~3.05 . (B.0a)

In the.ppresent study, we forced-the core region velocity
profile u¥ to pass through a point which is y+=26, ut=12.8
according to Park's experimental results. Therefore, the
sub-layer velocity profile élso has to pass through the

point ut=12.8, y+=26. The Von Karman sub-layer veloclity

&)
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profile was modified so that it wo

(u'=
ty profile is;
04 yYyr &S

fined as;

_ Ub -de
,Re ==

1
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-

5 & \4+ g_.?.é‘ -ou”

~ Ub-

puy

I

; +
l(Qo“‘R?) .
)Y

where Uy =average vapour velocity

1
=,

H+

a3 gt =261 o (500D

P

e

The average vapour velocity, Up, can:be obtained-froq eith

B ﬂ"\
the given vapour mass flow rate, Gy, or t@e Qapour valbecit
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The vapour mass flow rate G, is -
2 *2
CW:ub-T[-(RD-RI )e{
Therefore Reynolds number is e
. " -
Ro = Up~ 2 (Re=R:™) . 2 Gy (5.12)
€ 3 T My - CRo+ R 5
.;n Reynolds number can also be obtained from the known vel-
ocity profile. The average vapour velocity, U, , 1is /
e Re Ren

& 2Urdr + S #lurdr
R

£
Uy, = T

(RS — R

Therefore Reynolds number 1is;

ERE. S
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: where b = ‘é‘j, |

< - 7 superscript + means non=dimensionalized

N S .

‘d?=Rl -Ri, Ymi=Rm=Ri
ld'.{ ‘=.T."Ri, Ldrno = Ro=Rm , gO'—-'RO"'r
uuievelocity profile in the inner region, and

. Uo=velocity profile in the outer region

.

Now, with ﬁhe above information, one can obtain inner ra- -
dius Ri and shear stress, Tf,‘ as well as the vapour profilé
“in the annulus gab, by iteration. The steps are as fol}ows:
(1) Assume value for Ri. |
(2) Get value of 7, (shear stress at Ri) which satisfies
the boundary céndition (at I’+=.‘Rim+ , U= \/:).
“Once'Tk;is'obtained, Tr, can be calculated
. from force-balanpé giﬁen by Eq.(é.4).
(3) Calculate Reynolds qumbef'between Ri* té Ro (using Eqn. 5.13)

A .
and check this Raﬁnél@s number against given Reynolds number

'Eh\ (Egn.5.12).

; If the two Reynolds numbers are not same, then iterate again

with the new value of Ri until the two Reynolds numbers are same.
- ™

The new Ri value is selected based on the Reynolds number

difference and previously selected Ri value (ie. if calculated

Reynold number is too small, then increase Ri value)
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Once -the Ri value is known, the wall shear stress and

the vapour velocity profile can be easily obtained.

5.3 ENERG% EQUATION

It can be shown that the energy equation in the element

-

is given as

_P% = W*‘E“)% (a4

For constant heat flux ¢, intergration of the above. gives

N -d5+~~---(s.|5)

However, in this study, heat flux in the annular gap can not

befggéyyed‘to'be constant. Therefore, t g/qg,=£f(r), where

g, is the heat flux at the test section ab shown in Fig.5.2,

Intergration of Egn.(5.14) with the above ‘condition gives,

{a) in the outer region

- PCp (T =T3) Towo %E'Rr)dﬁ+
e Bl B trer g
_ A
{b) in the inner region
%

----- A- (5.17)

QCP <Td “TS) ‘ T Tws = P & JF(r),dg‘*
Cq, & t |+ P

where for the eddy diffusivity for heat, &y,

L

e

the Reichardt expression is used with an assumption

that the turbulent Prandtl number' is unity.
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Now, the heat flux distribution is obtained by energy ba-
lance. An enerqy balance made on annular fluid elements (as

shown in Fig.5.2) between r and {(r+dr) gives

—aAnr 39(-7). 4+ an (r+dr) dx (§+ 2% dr )

ar
— QnrdreuCP aT dx - R (5'8)
Rearranginé, we have
_Q_Y:Lr\%)___reuclfal% .--(\S{?)
Integrating above Egn.(5.19) from Ro to f,
rg r 'TT
o) .
S dlr4) = & rGuCF —“—dr ~-----~-----L--(5,20)
Roo Re
‘/, r
Srg - Re 9. =\ k(auc', ———dk sees i rg.20)
Rf)
The overall energy balance gives
2R dX Fo — 2R dX G
: T
= puwCP-GmeFYIRfl)-%f--JW~~~~wc54u)
Rearranging, | '
Ny dTb
L0 = 8742y = pU Gy QB2 B 20

where U, is the average vapour velocity and
Ty is the bulk vapour temperature,
As a first trial, we'assume élh.z 4T :.QJL which is true
dx — dX T o«
for constant heat flux. )
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Velocity u can be replaced by U, because it has been
shown by Barrow[66] that for established flow the choice of
function for velocity profile to obtain the heat flux dis-
tribution across the annular space for the case of asymme-
tric heating has a minor effect on the final heat transfer
calculation. Therefore the assumption of U=Up has little
effect on heat transfer calculation, '

Combining Egn. (5.21) and (5.23) and rearranging

oo R (g £ e
Let q;/g,=A, in which case
L g o LRI (2 gty
- B s BLERRSE

Substituting this f£(r) into Eqn?lLS.lS) and (5.17) for outer

region and inner region heat flux calculation, .we get
+

' . amo + )
vcv'(Tw“Ts) ' _ Pi’(fzu-{——Ru*HH) . (R:—_% )d£
Q P U’t,., - * ++2
2 © TR T |+ Pl
‘ . . + . '
-+lﬂ'(ﬂﬁ+fA-Rj1_,&¥+”fﬁf) .ggm dg+ |
Cr* - R QR EL Y (RS- )

+

+ _'-i?:)__o__ ) Pr“(R;H— QT-“H"A) _&HM (R?++H+)CIE{+
+

Urg:  CRY? - R7FP2) s 1+ P _‘EDH_
+ U te | |28 ‘(Ri*Jr-A' R°++l.— R’:k”—- IQoH) .
u"(“_“'_ ( Ro++_7_ . QI‘*'FJ. ) ;
+|
s 2yt
. z T e (5_.16)
o O P2 RT+ ¢Yt)

9z



where Ur,, and Ugq,; are shear velocities.

Ro'' means Ro non-dimensionalized using inner shear vel-
ocity Uq,; for parameter conformity, and

Ri* means Ri® non-dimensionalized using outer shear
velocity WUTwe for parameter conformity.

The heat transfer coefficient, h, is defined as;

h = T =TS e : c(5.27)

Here, heat flux g, is heat lost in the tube wall per unit
area and heat flux q; 1is heat going into liquid core per
unit area. Therefore, q; is the heat flux which will heat
the liquid temperature when the 1liguid temperature is below

the saturation temperature.

B *
In the liquid core, the heat flux at vy =R; is

‘ T
§i = - Qe-Cpe - CEn +ol) - 51 \r=R-.* s (5.28)
Using Egns. (5.19) and (5.28} in the liguid core gives
.aT
I" [r e Cp - (En +o() ] = Uy @-Cp"é; - (5.29)

Now, since P and Cp can generally be assumed constant in

the element

QT

+ S Lr (6H+o<) sl = US55 oo (5.30)

by rearranging and integrating,

N
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ki . Ri
2 2T — . o1
° ‘ T
I G R G
Now, the increase o; liguid bulk temperaturekis defined as
pX
¥ aTb.l —_ ‘ _a_I 32

Therefore, combining Egns. (5.31) and (5.32),

_Q,T_kfz_lg__ R;™ dThe
Ar R 2 (Ey+ol) dx
The heat flux going into liguid core is

‘.-n.\”..”w(s.sé)

w

Zi = "()P_-CFE'CfH +0<)%—£ =l'lz'(TS_Tb,e)'“'(5-3¢)

F=r"

o hg = _—_—ef lCPE.(‘EH-*-o(.)%:_"\I’:@-

¥
Ts ‘"T}a.l
Ut ok dT] |
oG IR S (5.38)
Ts — Tpa S

Substituting for (Ts-Ty, . ) in Egn.(5.35), the expression for

h, is (detail given in Appendix 2)

) \
. = (& Cpa .
L= R Y = Ri
0.584 Rl*g C_OS(R;"' = = ar + 09113 g S|N(£*'%)Ch’
r (Eu+ol) o (& +ol)
" and q)“.=h;Q(T5—Tb,£) e e e o e e e e (5‘37)

where T, =liquid bulk temperature.
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Now that q; is known from Egns. (5.34) and (5.36), we can
calculate ¢, through iterations wusing Egns. (5.25) and

(5.26}, and hence h defined by Egn.{5.27).

5.4 VAPOUR MASS FLUX CALCULATION . )
AN From the energy balance on the vapour control volume, we
obtain, .
¥ 2 4Ey 2 dGv 9
Q-Ru‘za'f-zgz 3i = RD ‘d k’ - Rn 'h{ —:Ix (.5.3 J
: - Ry
where Ev=energy flux= é = ~S 17tev.uv.ha.r\dr cee (05.39)
T Ro
td
Ry

hy=enthalpy of water at saturation temperature

Gy
G,=vapour mass flux=
v P 'R
Now, EV=h3- GV
where h3=vapour enthalpy atwtemperature T,

Therefore, k

2 dG 2 - dh
2 Req. AR E R (ha—hg)'—d—p% + R -Gu—d—l

X
e e iiaiiniie(5.40)
In the.author’s previous study[1l], the vapour superheat in
the. inverted annular film boiling was neglected, However,

in the present study, some vapour superheat in the annulus
vapecur gap was considered. We let 10% of the total heat

from the tube wall was used for the vapour superheat. %

Therefore

TR Gy %_";(i = 0.1 (AR G) oo (5.4)

% The difference in calculated rewetting velogcity using this
assumption is about 3% compared to the case of no vapour superheat.
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Substituting Egn.(5.41) 1into Egn.{5.40), we can obtain the

. . . . d
increase in vapour mass flux along X-direction, (Egg)'

5.5 COMPUTATION

The convective heat transfer coefficient h in the invert=-
ed annular flow region was Qaicﬁlated for various experimen-
tal conditions using the present analysis. In the computa-
tion, several subroutines were used to calculaté the

imaginary radius Ri and the wall shear stress by iteiation.

Many thermodynamic properties wused 1in the computation
such as density, viscosity and thermal conductivity of water
and vapour, specific energy of vapour and emissivity of tube

and vapour, are function of temperatures. In the COmputaL

-

tion, these values are all calculated for each temperature

variance using subroutines.

The author's previous analysis{l] shows that the two mosf
important parameters which affect the rewetting velocity is
the rewetting temperature and the heat transfer rate in the
region ahead of the rewetting front. As ' will be discussed
in chapter 6, the present analysis gives a heat transfer
coefficient in the inverted annular flow region which is"~
much closer to the experimental heat transfer coefficient
than the previously used Bromley-type equation[l].‘ There-
fore, the heat transfer coefficient of the inverted annular

flow region obtained in the present analysis is tried in the
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author's previous computer simulation model[l] to show the

improvement of the prediction of the rewetting velocity.

The computer simulation model predicts - the temperature-
time trace curve at various axial locations of the vertical
circular channel under the bottom flooding conditions, thus

predicting the rewetting rate of a hot vertical channel.

In the pimulation model the rewetting process was divided
N - . ‘?.

into six hgat transfer regions namely, SINGLE pRASE STEAM, .

DISPERSED FULOW, INVERTED ANNULAR FLOW, TRANSITION BOILING,

NUCLEATE BOILING and SINGLE PHASE LJQUID REGION.

In the computation, small elements were considered and in
each element, c¢oolant water is heated.and its temperature
and vapour quality as well as the wall temperature are cal-

culated using appropriate heat transfer equations according
to the flow region.

-

Rewetting velocity is obtained from two temperatufe-
time trace curves at different.locations of the test tube by
‘knowing the "rewetting time"” and the location of the temper-
Iature*time trace curve, because rewetting velocity Ug is the
propagation rate of the rewetting front along the test sec-—

tion in the direction of the cooclant water flow.

The initial reference wall temperature distribution of
the computational model was chosen to be as close to the ex-

perimental initial reference wall temperature distribution
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as possiblé. Thé'éxpérimen;al'initial wall temperature dis—
tribution is not uniﬁgrm, but is different along the axial
distance;_ To obtain the same reference wall temperature
profile for the computational model as the experimental
temperature profile, four axial loqations along the test
tube were chosen. Two of these'locations were choéen near
eacpggﬁd and the other two were around.tﬁe ﬁiddle about 1 m
apért. ‘At those four loccations, the initial wall tempera-
ture Tw‘agd the experimental rewetting temperature Tg were
obtainedg The initial reference wall temperature distribu-
tion of the~cQqutational model_és calculated by interpolat-
ing along the‘ghannel between the four experimental wall

N
temperatures at the specific axial locations.

The experimental rewetting tempeaature distribution along
the axial distance is also calculated using the same method

(interpolation between the four rewetting temperatures)4§£

For reference, the program flow chart for this computa-

.tion is shown in Fig.5.3 and the FORTRAN IV qgmputer\program

can be found in Ref.[1].

-7
-



Chapter VI

RESULTS AND DISCUSSIONS

[

Thgg.thesis include two major parts, experimental study
and aﬁdﬁytical study. In the experimental study, a total of
23 different test sections were used in the experiment to
study the various parametric trends on the propagation of
the‘rewetting front.  The major parameters which affect the
revetting process are coolant flow rates, coolant inlet sub-
cooling, initial wall temperature, wall thickness, wall ma-
terial, power generation rates, and axial locaticn along the
* channel as well as the flow channel geometry and orienta-
tion. These parameters as well as others are discussed in

detail for various flooding modes .

w

From the result of the experimental study as well as from
the authors previous numerical analysis{l1], it was observed
that the precursory cooling just ahead of the rewetting
front and the rewetting temperature are two of the most im-
portant parameters affecting the rewetting velocity. Since
rewetting temperature, Tg, was already studied in the au-
thor's previous work[79], naturally one aspect of the pré-
cursory cooling just ahead of the rewetting front is studied
in the present analysis. The preéent analytical f‘é;stuci’dy is

confined to a model which will calculate the heat transfer

_90_
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coefficient of the inverted annular flow ﬁilm boiling in the
downstream region of the rewetting front in‘a bottom flood-
ing mode. The results of the analysis are discussed in de-

tail and also compared with experimental Tesults in this

chapter.

6.1 EXPERIMENT

6.1.1 Bottom and Horizontal Flooding

Piggott and Porthouse[14], and Yu et al.[9] reported that
during their early test runs, rewetting velocities showed
progressive improvement with time, but then subsequently re-
mained consistent. These investigators concluded that the

effect was due to initial surface oxidation.

Contrary to this, the present test runs indicated, as
shown in Fig.6.1(a}, that the rewetting rate progressively
deteriorated during the first few days of the experiment
after a new test-section was instaliedi Subsequently, the

rewetting rate remained practically constant.

The effect must be due to a "depoéit“ on the surface of
the test-sections. The deposit affects the rewetting re-
sults in two ways: firstly, it alters the thermal properties
of the test-section surface, and secondly, the number and
characteristics of active nucleation sites on the surface.
Since the effects of these two are difficult predict, it

is not possible to predict how they would affect the rewet-~

-
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ting rate itself. 211 pipings and fitting were made of
stainless steel in the present apparatus so thatilittle con-
tamination was expected from these sources. " This was con-

firmed visually for a few test sections.

All the experimental results reported here are those ob-
tained after about 7 days of preliminary test operation for

£

each test-section. by

il

(a) Effect of Initial Wall Temperature

" A decrease in rewetting velocity was always observed with
increasing initial wall temperature as shown in Fig.6.1(b),
in all test-sections used. This is in agreement with other
expefimenters[l4,18,23-29] who also observed decreasing.rew-
etting velocity with inéreasing initial wall temperature.
The general trend is also qualitatively in agreement with
the analytical prediction[37,43,44]. Since the cooling ~
ahead of the rewetting front affects the reﬁetting velocity
with .increasing coolant flow rates, it can be expected that
the effect of the initial wall temperature is much more pro-
nounced with higher cooclant flow rates. Our experimental
: results confirm this trend, which implies that the rewetting
rate is affected by the wall temperéture just ahead of the
rewetting front, Tq, which is defined as the "rewetting

temperature” in the present study.

(b) Effect of Coolant Flow Rate and Subcooling
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Most of the theoretical analyses[2,3] on the réwetting
'proéess do not recognize explicitly the effecé of coolant
flow rate. This is because the analyses require prescribed
values of the heat transfer coefficient and the rewetting
temperature which are usually thought to have certain cons-

tant values[37,44].

On the other hand, it has been known from experimental
work that the rewetting velocity increases with increasing
coolant flow rate[2,3]. Qur results, as shown 1in
Fig.6.1(c), all 1indicate that an increase in the coolant
flow rate always resulted in a higher rewetting velocity at
a given condition. This is partially due to improved pre-
cursory cooling and also due to an increase in rewetting
temperature which increases the rewetting velocity; this is,

as will be seen in section 6.2, shown also by our analysis.

The rewetting velocity increased with increasing inlet
sub-cocling of coolant flow when all other conditions were
kept constant during test run as shown in Fig.6.1l(c). This

finding was also observed by other workers[9,12,18].

{(¢) Effect of Wall Thickness and Material

Experiments were conducted in which the wall thickness of
test-sections was changed while keeping other variables as
constant as possible. Even at wall thicknesses between

0.89 mm and 1.65 mm (which are greater than the critical
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wall 'thickness proposed by Thémpson[12] by a factor of 2 to
3) the rewetting velocity inversely varied approximately to

the 2/3 power of the wall thickness.

When all other variables were kept constant, the rewet-
ting velocity of the Inconel test-section was gréater than

that of the stainless steel test-section,.

The higher rewetting velocity of the inconel test-section
is mainly due to its higher thermal conductivity, k, and

lower volumetric heat capacity, Cp .

Thompson[53] concluded 1in his two-dimensional numerical
analysis, that the effect of thermal conductivity of the
wall material on the rewetting velocity was rather complex
due to the existence of a critical wall thickness of about
0.5 mm. For very large values of Biot numbers, this could
be true, but the values of Biot numbers for practical pur-
poses are rather small, being generally less than one.
Therefore, the effect of thermal conductivity and volumetric
heat capacity of the test section generally follows the
trend predicted by such simple one-dimensional analysis as
proposed by Yamanouchi[37]. That is, the rewetting velociity
is inversely proportional to the volumetric heat capacity
and proportional to the square rbot of the thermal conduc-

\
tivity of the wall material. \ )

(d) Effect of Power Generation
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Some test runs were made with electrical power to the
test-section kept on and off, to see the effect of power

generation during the rewetting transient.

The results show{Fig.6.1(d)) that the effect of power in-
put during the rewetting transient is to decrease the rewet-
ting velocity. The trend has been predicted by Duncan and
Leonard[41] who extended the one-dimensional solution of
Yamanouchi[37] to a more general case by the inclusion of a
uniform heat generation term. The numerical solution of the

two-dimensional model by Thompson[53] also confirmed the ef-

fect.

(e} Effect of Channel Orientation

N

Case et al.[23] described in their paper the observations
of rewetting phenomena in bottom flooding in a vertical an-
nulus with a hot central core tube. They reported that the
rewetting front was clearly defined, and was almost uniform
around the circumference of the wetéing surface. This im-
plies that nearly uniform distributions of coolant phase and

rewetting velocity were maintained.

However, when the coolant water is injected into a hori-
zontal channel, a non-uniform phase distribution may arise
under the influence of the gravitational force. The temp-
erature distributions obtained with Test Section No.4 (Table

1) are shown in Fig. 6.2.. From this figure it may be de-
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duced that the fluid flow ahead of the quenching front would

experience a stratified flow with skewed inverted fluid floﬁ
boiling along thellower part, and dispersed fluid flow aiong
the upper part of the horizontal channel. Along the upper
part, the heat transfer from the wall surface to the vapor
may be relatively small. Ther;fore the rewétting velocity
on the bottom of the horizontal tube should be much faster

than the rewetting velocity on the top part.

The average rewﬁtting velocity is obtained by the alge-
braic average of top and bottom rewetting véiocities. The
average rewetting velocity of the horizontal tube could also
be defined by the propogation rate of the‘quenehing front at
the mid-side of the horizontal tube. In this report, the
first method was used to get the average rewetting velocity

of the herizontal channel.

The average rewetting velocity of a horizontal channel is
about 20~30% lower than that of a vertical channel, all oth-
er experimental conditions being kept constant as shown in
Fig.G.l(c). However, the difference decreases with an in-
crease in the coolant flow rate. This relatively low rewet-
ting velocity is thought to be due to the coolant flow stra-
tification which results in a lower average heat transfer
coefficient in the wvicinity of the rewetting front. The
£18w stratification also seems to affect the rewetting temp-

erature which also appeared to influence the propagation

rate of the front.
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6.1.2 Effect of Partial Flow Blockage

It can be easily postulated that some coolant flow sub-
channels could be partially or totally blocked duéing a.
loss—of—&oolant accident due to ballooned fuel rods, because
of the high temperature and large difference between the in-
ternal fission gas pressure and coolant pressure during‘the
accident. ' The end plates and fuel red bearing pads, espe-

cially in CANDU reactors, alsoc disturb the ECC fluid flow,

A large number of experiments related to rewetting phe-
nomena have been mostly concerned with undisturbed simple
flow configurations and rod bundle geometry, except for a

few such as those of Cermak et al.[74] and Davis[57].

Cermak et al.[74] studied the effects of flow blockage on
bottom flocoding under the PWR-FLECHT program, Blockages of
50 and 75% of the flow area of a 5x5 array in the center of
a 7x7 rod bundle were investigated with 3.66 meter 1Shg
heated rods—with an axial cosine heat genératibn distribu-
tion. _Their results showed that at a flooding rate of 0.152
m/s, the maximum temperature rise in heater‘rod was the same
for 0, 50 and 75% flow blockage, but at lowe; flooding rates
of 0.051 and 0.102 m/s, a higher temperature rise 1in the
heater rod for the 0% blockage case thaﬁ for the 75% flow
‘blockage case was observed. They concluded that bottom
flooding heat transfer effectiveness 1is not impaired with

the flow blockage configurations tested.
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Davis[57] also studied the effect of flow restrictions
under emergency core cooling conditions as a part of
PWR~FLECHT program, He conducted tests with six different
blockage configurations and concluded that severe flow
blockage of the small fuel pin array did not result in sig-
nificant reduction in the effectiveness of éooling the array

by emergency cooling flooding.

The éxperimental studies cited above not only dealt with
flow restriction 1in the vertical channel orientation, but
also were confined to rod bundle geometries. Although ex-
perimental results obtained from rod bundle geometries are -
more realistic and should yield'practical'information, the
details of the physical mechanisms involved are more or less
lost due to the complex experimental conditions. For these
reasons, the effecf‘of partial flow blockage on the rewet-
ting phenomena in both vertical and horizontal channels are

first studied employing a simple circular geometry.

In the present series of experiments, flow area reduc-
tions of 25% and 50% were obtained by placing orifice and

venturi type blockages along the channels.

(a) Propagation of Rewetting Fronts

For both vertical and horizontal flow channel orienta-
tions, it has been shown that, under most conditions the

rewetting front propagateé at an almost constant rate when
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there is no flow restriction in the flow channel. However,
with a partial flow blockage by orifice plate type flow ob-
;tructors, the present experiment seems to suggest that two

‘completely different modes of the rewetting process are in-

volved.

Figﬁre 6.3 shows the temperature histories recorded for
the region near No.4 blockage corifice platé {located at z =
1.80 m) when the coolant flow area is reduced by 25% with
the test conditions indicated. About 16 seconds from the
moment the reflocding started to take place at the entrance
of the test seFtion, No.4 blockage orifice plate (at =z =.
1.80 m), has already been wet, as seen from its temperature
trace. However, at this same moment, the main quénching‘
front propagating along the channel is still at about z =
0.50 meters (this quenchfng front is called "primary"™ in
this study) and proceeds at an almost constant rate of about
75 mm/s. At t = 22-seconds, the point at z = 1.825 meters
is already wetted and the point z = 1,775 meters is wet at t
= 25 seconds, whereas at t = 23 seconds the primary guench-

ing front is still located at about z = 1.05 meters.

=¥  This peculiar phenomenon is much more clearly illustrated

in Fig. 6.4. The early quenching of the crifice plates must
result from the vaper liguid mixture produced at the up-
stream region moving guickly along the channel, When sec-

ondary guenching fronts are formed at the locations of orif-
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ice plates, it can be seen from Fig, 6.4 that they proceed
in both directions at an almost constant velocity, and for
the case of Fig. 6.4 at about 4 mm/s, {compared to 75 mm/s
for the primary qUénching velocity). The secondary quench-
ing fronts propagate at their own velocity until they are
met by the primafy front which propagates at its own specif-~
ic Qelocity. Since the velocity of the primary guenching
front is more than 15 times faster than that of the secon-
dary quenching front, the two quenching fronts meet near the
blockages. The location where these two fronts come to-
gether, wvaries depending on the experimental conditions.
Therefore, in order to compare the rewetting velocities in
partially blocked and 0% blocked channels, the primary rew-

etting velocity must be used.

Figure 6.4 also implies that. di-fferent rewetting. mechan-
isms are involved in these two quenching fronts. While the
propagation of ouf so-called "secondary" quenching front is
mainly controlled by the axial heat conduction, that of the

primary quenching front is achieved by hydrodynamic cooling.

(b} Effect of Channel Orientation

The same characteristics of rewetting were also observed
when the channel was horizontal. - However, the effect of
partial flow blockage coupled with that of channel orienta-

tion is rather complex. For the same experimental condi-
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tions with 0% blocked flow channel geometry, the rewetting
velocity of horizontal channels 1is about 10 to 30% lower
than that of vertical channels. This difference is attri-
buted to the gravitational force which makes the coolant
flow stratified. It was assumed that vapor fluid flow is
dominant along the upper part of the channel with skewed in-
verse annular fluid flow dominant along the bottom. Since .
the heat transfer process of the latter is more efficient
than that of the former, rewetting takes place first at the
lower part. However, with orifice plates in place, the se-
quence of rewetting around the circumférence, in general, is
not as consistent as it was in the case of 0% flow blockage.
This implies that the presence of a partial flow blockage
impedes the formation of flow stratification. This 1is
especially -‘pronounced with decreasing flow rates and in-

creésing blockage factor as shown in Fig. 6.5.

{c) Effectiveness of Flow Blockage

Davis[57], reported that the effectiveness of eﬁergency
core -cooling was enhanced even if flow blockages were intro-
duced into the subchannel flow areas. The test results
shown in Fig. 6.5 are in agreement with his observation.
It can be seen that in vertical chaqnels; the effect of the
presence of flow blockage on the rewetting velocity is rela-
tively small for G < 200, However, G > 200, the difference

of rewetting velocities increases markedly. As much as a
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25% increase in rewetting velocity was observed at G = 400
for the test-section with 25% flow blockages. This in-
crease is reduced to about 10% when the flow area was re-

duced by 50%.

As mentioned earlier, the rewetting velocity in the hori-
zontal unblocked channel was about 10 to 30% slower than
that in the vertical unblocked channel for the:‘same test
condition. The difference in rewetting velocity, due to its
orientation, becomes less significant with increasing block-

age factor and decreasing coolant flow rate as seen .in Fig.

6.5. This may be due to the fact that the presence of orif-

ice plate type blockages impedes the formation of flow stra-
tification and this, in turn, introduces in a horizontal
channel a nearly uniform phase distribution of the cooclant

similar to that can be found in a vertical channel,

'Figure 6.5 also indicates that the rewetting velocity in-
creases with increasing coolant flow rate in all cases. The
effect of coolant inlet subcooling was to increase the rew-
etting velocity, bdt it became . less signifiéént with de-

creasing coolant flow rates.

(d) Effect of Initial Wall Temperature
‘H

The effect of 1initial wall temperature in partially

blecked channels was similar to that of unblocked channels;

‘a decrease of the rewetting velocity with increasing initial
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wall temperature as Ebown in Fig. 6.6: The effect of par-
tial flow blockage/on the rewetting velocity is more pro-
nounced with decreasing initial wall temperature. The same
trends were also observed in horizontal channels. When the
power 1s left on during the reflooding transient, the wall
temperature continues to rise until the heat removal e§ceéds
the heat generation rate. It was observed, in the present
study, that the turn-around temperature in horizontal chan-
nels was higher than that of wvertical cﬁannels for the same
experimental conditions. . This is obvious as the rewetting
velocity in the horizontal channel was always slower than
that of the vertical channel for the same test condition.
As it was with the difference 1in the rewetting velocity due
to the channel orientation, the difference in the turn-a-
round temperature becomes less 5ignificé%t with increasing

flow blockage factor.

(e) Effect of Heat Generation Rate

The effect of heat generation (almost constant) during
the reflooding transient coupled with the presence of par-
tial flow blockages is shown in Fig. 6.7. Its effect is

very similar to those of initial wall temperature.

Figs. 6.5, 6.6 and 6.7 all indicate that flow area re-
ductions by orifice plate blockages, up to 50%, enhance the

effectiveness of rewetting for all test conditions studied
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and that the highest rewetting Gelocity seems to occur at

the flow blockage of about 30 - 35%.

(f) Effect of Blockage Type | {

With Test-Section No.7, which had verturi type flow
blockages, the "primary" as well as the "secondary" quench-
ing froﬁts observed ;ith Test-Sections Nos.5 &nd 6 were
again observed as-showh in Fig. 6.8. However, the role of

the "secendary front" with Test-Section No.7, seems to be

a

ch

legs significant. This is expected due to the less abrupt
zhgs of flow channel geometry in the axial direction,

%
However, the propagation rates of the "primary quenching

fréﬁt" were about 10 to 50% higher tﬂan those of Teét—Sec-
tion No.S; which had a 25% flow reduction blockage of the
orifice type. This was unexpected and no physical explana-
tion was preseﬁted. To confirm these unusual and unexpected
results, Testhecéion No.8 was manufactured which has 6?qr—
ifice and 3 venturiétypé blockages of 25% flow reduction.’
Tests were done with both venturi ahead of orifice-type
blocfage and orifice ahead of venturi-type blockage and the
result confirms the finding of experiment No.5-7. fhe rew-
etting velocity in the channel with venturi-type blockage is
faster than that of the orifice-type blockaée. One possible
explanation could be that while orifice-type blockage dis-
turbs and retards the coolant flow, the venturi-type block~

age enhances the coolant flow velocity, thus having the ef-

fect ©Wf increased coolant flow rate.

u

-

-
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6.1.3 Unconfined Top Flooding

(a) Effect of Coolant Flow Rate

In the top flooding, Bennett et al.[10] reported that
they could not observe the effect of coolant flow rate on
the rewetting velocity, while Duffey and Porthouse{18] re-

ported that the effect was significant.

Bennett et al. wused an annular test-section with one 0.3
meter long heated inner tube, whereas Duffey and Porthouse
used four circular tube test-sections ranging from 0.1 to
0.25 meters in length. Qur test-sections were 1.23 to 1.42
meters in length. The results shown in Figs. 6.9 to 6.11
indicate clearly that although the effect of coolant flow
rate is less significant compared"to that of the confined
top-flooding mode, the coolant flow rates do affect the rew-
etting velocity. This +is obvious since, even though the
rewetting front for unconfined top-flooding is limited to an
é}fremely narrow region, it is still hydrodynamically af-
fected. | ' |

(b) Effect of Precursory Cooling

P '

<;.In Figs. 6.9 to 6.11, the results of the unconfined top-
flooding are compared to those of the confined top-flooding
tests, "and it can be clearly seen that precursory cooling

‘due to the heated confinement has a significant effect on
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the rewetting phenomena. The rewetting velocity of the con-
fined top-flooding 1is faster than that of the unconfined

top-flooding, by a factor ranging from 2 to 4, for Di=15 mm.

(c) Effect of Initial Wall Temperature

The previous results with bottom flooding experiments and
flooding of horizontal channels have shown that a decrease
in rewétting velocity was always observed with increasing

initial wall temperature.

Fig. 6.12 again indicates the same trend, thaé‘an in-
crease in rewetting velocity is obtained with decreasing in-
itial wall temperaturé. The effect of precursory cooling
due to the confinement of flow space is also clearly illus-

1
trated in the figure.
: s

(d) Effect of Inlet Subcooling

Also, 'the trend of increasing rewétting velocity with in-
creasing coolant inlet subcooling in the bottom flooding and
flooding of horizontal channels is again seen with the pre-
sent. case of unconfined top flooding tests as shown in Fig.
6.13. Since the effects of precursory cooling due to the
confinement of flow space are seen in Fig. 6.12, the compar-
ison with that of tﬁe confined top-flooding is not made in

Fig. 6.13.

(e) Effect of Heat Generation Rate
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It is shown in Fig. 6.14hthat the effect of heat genera-
tion rate during the transient on the rewetting velocity is
not insignificant for all bottom, horizontal and confined

top flooding cases.

The results from our unconfined top flooding tests also
indicate (Fig. 6.15) that the rewetting time was lengthened
with increasing heat generation rate, but its effect on the
rewvetting velocity seems to be 1less, compared’'to that of

confined cases.

\

Presence of Unheated Flow Boundary

The presence} of unheated transparent outér jackets (Di=30
and 50 ﬁm.) seemegd- to have very little effect on the precur-
sory cooling, hence on the rewetting velocity. Howevef,
this cannot be true if the temperature of the outer jacket

is higher than the rewetting temperature.

6.1.4 Confined Top Flooding

One of the experimental constraints in the present study
.is that the pressure drop across the test-section must be

kept constant during the test period.

With the present apparatus, the typical variation of in-
let and outlet pressure obtained during a given test condi-

tion is shown in Fig. 6.16. Although there is a. time vari-
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ation of pressure up to +/- 2 psi at about 3-6 hz for the
conditions of Fig. 6.16, the time averaged pressure drop
across the test section seemed to  remain alﬁost constant
during the test period. Similar phenomena were observed in
all confined top flooding experiments, The variation of
coolant flow rate was generally small and usually under +/;

5% of the designated flow rate.

Most of the theoretical analyses on the rewetting pro-
cess, be they analytical or numerical, do not explicitly re-
cognize the effect of coolant flow rate. This is because
the apalysis requires prescribed values of heat transfer

coefficients in the region of interest.

In top-flooding experiments, Bennett et al. [10] reported
that the effect of coolant flow rate on the rewetting veloc-
ity is negligible, while the results of Duffey and Porthouse

[18] on top-flooding show that the effect is significant.

The results of this study on the effect coolant flow
rate, shown in Figs. 6.17 and 6£.18, 1indicate that an in-
crease in the coolant flow rate resulted in alhigher rewet-

ting velocity for a given condition.

As seen in the previous section, the mechanism of rewet-
ting in top-flooding 1is quite different, depending upon
whether the falling coolant film has confined space or not.

The experiment of Bennett et al.[10], was carried out on the

N

-
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coutside of the heated tube of an annulus, while the results
of the present study, which show the significant effect of
the coolant flow raté, was carried out inside a heated chan-
nel. The difﬁé;ence due to the confinement of space will be

further discussed in the next section.

{a) Effect of Flow Area

Since the precursory cooling ahead of the rewetting front
has a, significant effect on the rewetting phenomena in con-
fined\top-flooding.modes, the effect of the flow area ahead
Bf the propqgating rewetting front was studied using two
test—sections\ differing only in their inside diameters.
The results, shown in Figs. 6.17 and 6.19, clearly show that
the effect of the inside .tube diameter on the propagation
rate of the rewetting front is significant for the range of
parameters studied. It must be pointed out that in Fig.
'6.17, coolant flow rate is expressed in Gl(g/mm.s), while in

Fig. 6.19, in G{kg/m*.s).

The figures 1illustrate that an increase in the channel
flow area in the confined fop-flooding mode results 1in a
lower rewetting velocity at a given test condition. The
effects of parameters such as coolant inlet subcooling ini-

tial wall temperature etc., were similar to those of bottom

flooding.
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However, the results of the present study also suggest
‘that the effect of the inside tube diameter on the rewetting
velocity becomes less significant with increasing values of
the inside tube diameter. This is deduced from the fact
that the results from test-section No. 12 (Di=22.1 mm) are
comparable to those of the unconfined top-flooding experi-

ment with test-section No. 9, which are shown in Fig.6.17.

{b) Effect of Inlet Geometry

With large inside diameter test-sections, the study also
showed that the size of coolant 1inlet diameter to the test-
section has a very important effect. When the éoolapt in-
let diameter was relatively small compared to that of the
test-section (say 1 to 3}, it seemed that the coolant water
shot off through the middle of the test-section tube, in-
stead of rewetting the tube from the inlet, especially wvhen
the flow rate was large (G > 200). On such occasions, there
- formed two rewetting fronts propagating at their own specif-
ic rates. Therefore, the overall rewetting time will be
shorter. The results shown in Figs. 6.17 and 6.19 are those

of the primary fronts only.

(c) Comparison of Various Flooding Modes

The confined top-flooding results are compared 1in Fig.

6.18 with previous results of bottom flooding of vertical
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channeis, and those of flooding of horizontal channels. The
comparison indicates that the confined top-flooding results
lie in about the midale of two cases. This suggests that
there is a difference in the hydrodynamic aspects of rewet-
ting processes inveolved, between top and bottom flooding.
As can be deduced from Fig., 6.20, the post-CHF flow regimes

involved in the two flooding systems are guite different.

In Fig. 6.21, the results of the initial wall temperature
on the rewetting velocity for three different test sections
are compared. The figure shows a decrease in the rewetting
velocity with increasing initial wall temperature. Again,
the results of confined top flooding seem to lie between
those of bottom flooding of wvertical and horizontal chan-
nels, similar to the case of changing the coolant flow rate.

Fig. ,6.21 also shows the effect of variation in the coolant

flow rate.

(d) Effect of Heat Generation Rate

Even though Bennett et al.[10] reported that there was no
significant difference in the results, after conducting
top-flooding tests with the power both on and off during the
course of the rewetting experiment, our previous test re-
sults of bottom flooding and rewetting of horizontal chan-
nels show that the rewetting Eime was lengthened with an in-

crease in power input for the range of flow rates(100 to 400

\ .
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mm/s) studied. Although the heat generation rate could not
affect the hydrodynamic heat transfer processes in the re-
gion of the rewetting front, it should affect the wall sur-
face temperature, and increase the heat flux due to the in-

creased heat content.

The results from our top-flooding tests, as shown in Fig.
6.14, indicate that the rewetting velocity decreased with
increasing power input during the tests.- Fig. 6.14 again
illustrates that the results gained from the top-flooding
rewetting process generally lie between those of bottom

flooding and of rewetting of horizontal channels.

The velocity of the rewetting front 1in confined top-
flooding seemed to remain constant as the front proceeded

down the test-section, as it did for bottom and horizontal

flooding of hot channels.
o

6.1.5 Effect of Tube Diameter Test

1t was seen in Fig. 6.17 that the effect of tube diameter
on the rewetting velocity in the confined top-flooding mode
was significant. This is mainly due to the precursory cool-

ing ahead of the rewetting front.

To see if this 1s also true for both the bottom and hori-
zontal modes in a single tube, two identical tubes having
different inside diameters, test-section Nos.4 and 13, were

used in the experiment.
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Some typical results from the bottom flooding experiment
are shown in Fig. 6.22 which indicates that for high initial
wall temperature, the rewetting velocity 1is faster for the
larger diameter tube, whereas for low initial wall tempera-

ture, it seems to suggest the opposite is true,.

For horizontal flooding, it can be seen in Fig. 6.23 that
the effect of the tube inside diameter seems to have almost
no effect on the rewetting wvelocity when the coolant flow

rate is expressed in G{kg/m-s).

The difference in the effects of the tube inside diameter
for different modes of flooding in a simple tube must be due
to the different fluid flow regimes associated with that
particular mode of flooding. However, how it affects the

final result is not yet clear and more study will be needed.

Y

6.1.6 Annular Bottom Flooding

The geometry of the coolant flow channel must have an im=-
portant role on the rewetting phenomena. This is expected
as the flow regime in the vicinity of the rewetting front

must be strongly affected by the geometry of the flow chan-

nel.

Two annular test-sections with the hot core tubes, Nos.14
and 15, were used in the experiment. The flow area varia-

tion by a factor of 1.4 was obtained by changing the core

tube diameter.
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(a) Effect of Geometry

DuffeyAand Porthouse[18] who used two annular test-sec-
tions with a hot center tube 1in which théy changed the flow
area by a factor of about two by changing the outer tube
diameter report that for the same flow (i.e. G in g/s by our
definition) through the channel, the rewefting time in-
creased by about 20% in the larger channel for low initial
wall temperatures, but at high initial wall temperatures,

the rewetting times for both channels were about the same.

Our results, shown in Fig. 6.24, 1indicate that for low -
fl;w rates (é in g/s less than 60) the effects of flow area
seem to be negligible, but for high flow rates for the same
flow through the annuli, the rewetting velocity increased in
the largef annulus (No.l14) for the ranges of the variables
studied. This is quite contrary to the trend reported above
‘by'Duffey and Porthouse[18]. Since the effect of the in-
creasing flow area in the case of annular test-sections with
a hot center core has the effect of increasing the degree of
inlet sub-cooling of the coolant, the’ trend observed in Fig.

6.24 must be correct.

{(b) Effect of Coolant Flow Rate

Duffey and Porthouse's results also indicate that, for

the same inlet liquid velocity (i.e. G in kg/m*.s by our de-
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finition), there is a small decrease in rewetting time (e.g.
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increasing rewetting velocity) with increasing flow area and
that this increase is more marked at high initial wall temp-

eratures. ¥4

This is.similar to our results shown in Fig. 6.25 where
the rewetting veloéity is plotted égainst the flow velocity,
G. Again for 1low flow velogity, the effect of flow area
seems to be insignificant. With low flow rates, eitﬁer in
G or G , the effect of "eguivalent” inlet subcooling must be
very small and this may explain the negligible effect on the

rewetting velocity.

Increasing the flow rate seems to bring about increased
effect of coolant flow rates as seen in Figs. 6.24 and 6.25
and this may be that ‘the increased flow area acts as in-

creased coolant sub-cooling at the rewetting front.

(c) Effect of Initial Wall Temperature

A decrease in rewetting velocity was always observed with
increasing initial wall temperature in Both annular test-
sections as illustrated in Fig. 6.26. This is qualitatively
in agreement, not only with the analytical prediction for
the bottom flooding in a simple tube, but also with the ex-
perimental results made on all the modes of fldoding studied

(illustrated in Figs. 6.12, 6.21 and 6.26).
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Since the cooling ahead of the rewetting front affects
the rewetting phenomenon with increasing coolant flow rateé,
it can be expected that the effect of the initial wall temp-
erature should be much more pronounced with higher coolant
flow rates. This is again confirmed by our results as
shown in Fig. 6.26 for both single tubular and annular
test-sections. This implies that the rewetting rate 1is
strongly affected by the wall temperature just ahead of the
rewetting front,% Tq, which was defined as the "rewetting

tempe;ature“ in the present study. >

(d) Effect of Heat Generation Rate

‘As was for the experiment with a single tube, some tests
were made with electrical.powef to the test-sections kept on
to see the effect of the heat generation rate during the
rewetting transient. As was expe%ted, the effect of the
heat generation is, to moderate degree, to reduce the slope
of the temperature-time transient and hence the velocity,
just as for all bottom, horizontal and confined top flooding

cases of single tubes. This is shown in Fig. 6.27.

(e) Comparison of Single and Annular Test-section with only

Core Tube Heated .

In Fig. 6.28, the results ?f the annular test-section are

compared with those obtained in a single tube for the ef-
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fects of initial wall temperature and of coolant flow rate.
The general trends are similar for both test-sections, but
quantitatively differ greatly as the effect of geometry is
an additional effect which isl difficult to 1isolate. The
difference seen in Fig. 6.28 can be analogous to the trend
seen in Figs. 6.24 and 6.25, because the flow area of the
annular test-section 1is about 8 times larger than that .of
the single tube. It can be expected, thérefore, that the
effect of coolant sub-cooling must be more significant with

the annular test-section, especially for larger flow rates.

Annular horizontal flooding was tried with test-sections
No. 14 and No. 15. However, it was not possible to obtain
any experimental results because the outer glaés tubes
cracked as soon as the coolant was injected. This was due
to-the severe bowing of the core tubés in spite of about 400
pounds tension applied, to prevent thészgre tube from bow-

ing. Further experimental work on annular horizontal flood-

ing with both walls heated is discussed in section 6.1.7.

6.1.7 Annular Bottom and Horizontal Flooding .

In their review papef, Butterworth and Owen[3] stated
that there was no experimental evidence to show that there
was any effect of channel geometry on the quench front (rew-~
etting) velocity. At the same time, they also concluded

that there was insufficient data to prove that there was no

effect.
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Aside from tﬂ; fact that how much liguid is being sup-
plied to a certain rod in rod bundles\'and as to how well
distributed the éoolant ligquid is on thgz“fod, the present
author has shown that the fluid flow néa>\the region of pro-
pagating rewetting front has a significant effect on the
rewetting velocity. Since the fluid flow in a channel is
affected by the channel geometry, it 1s quite possible that

the channel geometry may affect the rewetting velocity, even

with the same mode of flooding.

<
-

Another effect which hag been neglected is the effect of
heating boundary. In an annular channel, the result from
the channel where only one wall”{é heated, must be different

from that of the channel where both walls are heated.

To clarify these points, concentric annular test-section
(test section No.16), whose walls can be heated seperately

were used for bottom and horizontal flooding modes.

6.1.7.1 Annular Bottom Flooding (ABF mode)

~ The effects of the initial wall temperature, coolant flow
rate and coolant inlet sub-cooling on the rewetting velocity
in"a concentric annular test-section with both walls heated

are shown in Figs. 6.29 and 6.30.

When the temperature of the both walls are the same, the

effects of these parameters are very similar to those ob-

’
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served in the bottom- flooding of a simple vertical tube.
This impliés that if the coolant flow rate is given in TRSS
per unit area and unit time (e.g. kg/m*.s or.lb/ftz.hr), and
the flow area is the same, the effects of initial wall temp-
erature, coolant flow rate and coolaht inlet subcooling on.
the rewetting velocity seem to be little affected by the

channel geometry, provided that the channel cross-section
does not have sharp corners. However; when the walls of the
annular test-section were not equally heated, the effect can
sometimes be significant as can be seen in Figs. 6.29(a),
6.29(b) and 6.30(a).” It is obseryed in Fig. 6.30(a) that
when only one wall is heated, the average rewetting velocity
is faster than that of the case where the both walls are
heated, with all other parameters being maintained equal.
This is obvious as the heat capacity of the former is less
than that of the latter, and cohsequently the amount of heat
to be removed by the same cooclant mass flow\;hte is less;'

resulting in faster rewetting velocity for the former.

When the walls are not maintained at the same temperature
at the beginning of the flooding, #he picture is a little

more complex as can be seen in Figs. 6.29(a) and 6.29(b).

When the inner wall temperature was kept at the different
temperature from that of the outerwall, 1its effect on the
revetting velocity is very small as 1illustrated in Fig.

6.29(a). ©On the other hand, when the outer wall temperature
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was kept at the different temperature, 1its effect 1s signi-
ficant as éeen in Fig. 6.29(b). That is, when Tw;%xTwe, u%
is strongly‘ affected by Two. This is mainly due to the
greater heat capacity of the outer wall. If we define non-

dimensional parameters S¥ and Ts* as

S*_ i DL (6.1)
. b |
T+ =-_\:‘c§*. 1‘:; & ....... ,”"'“”'””"1““”(6'2)
respectively, we can conclude the following:
- (1) for Ts*=1, neither wall has any dominant effect oﬁ,
(ii) for Tg*<< 1, the effect of the outer wall is dominant, and

(1ii) for Ty >> 1, the effect of the inner wall is dominant.

€.1.7.2 Annular Horizontal Flooding (AHF mode)

For horizontal flooding of a channel having a “central
core (the simplest simulation of rod-bundle channels) with
both walls heated, the definition of quenching (rewetting)

velocity must be reviewed.

The rewetting velocity is generally defined as:

Ui = 225 (6.3)

where Uij iégfﬁé rate of the fewetting front propagation
between two particular points of'interest, a?Z:;, and ATI;is
the time interval taken between the two rewetting fronts.
The ;éwetting velocity defined by Eq.(6.3) is here called

"Apparent” rewetting velocity to differentiate it from "Ef-

fective™” rewetting velocity which is defined as



121
Z total .
UQ:W \;.....\.,_\....\.-~-~\‘.:...--_._.‘(6.4)

where Z4,tat 15 the entire length of the heated channel or
rod of interest and Tﬁ,total is the time when every point in

the channel or rod is completely rewetted.

The secbnd definition by Eg.(6.4) is necessary as the ap-
parent rewetting velocity conventionally defined by Eg.(6.3)
.become meaningless when it is applied to a certain section
of the horizontal channel during the feflooding. As seen 1in
Figs. 4.6 and 4.8 of the visual study, the top sections of
both single and annular test—sectio;s are never rewetted in
the usual sense. . This phenomenon in a concentric annular

test-section with both walls heated is more pronounced at

the lower coolant flow rate.

In bottom and top flooding in a vertical tube or annulus,
it was seen that the rewetting front was clearly defined and
was almost uniform around the circumference of the channel.
This indicates that uniform distributions of coolant phase
and rewetting front were . maintained during the reflooding

transient.

However, when the coolant water is injected into horizon-
tal heated channels, a non-uniform phase distribution arises

under the influence of the gravitational force.

{(a) Wall Temperature Distribution during Transient
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The axial temperature distributions of the concentric an-
nular test-section with the both walls heated are shown in
Figs. 6.31 and 6.32. From these figures with the visual-~
ization of Figs. 4.Ba to 4.8e, we see that the coolant flow
ahead of the quenching. front is a stratified flow with
skewed inverted fluid flow bdiling along the lower part of
the annulus, and dispersed fluid flow along the upper part
of the annular test-section.  Along the upper part, small
water droplets may. collide with the walls of both the core
and outer tubes and the heat transfer from the wall surfaces

to the dispersed flow may be relatively small compared to

that of the lower part.

In Figs. 6.31 and 6.32, we can see that the lower parts
of both the core and outer tubes, and the upper part of the
core tube go through the usual rewetting %ransient.charac-
terized by the steep axial tempefature gradients in a very
short period of time. The upper parts of the oguter tube,
however, does not exhibit the wusual characterigtics of any
rewetting process. It is evident from the broken lines of
Fig. 6.32, the heat transfer from the upper part of the out-
er tube is that of convective néture, and circumferential
conduction within the wall. As a result, the upper parts of
both the outer and core wall decrease at a slower rate than

those at the lower parts of the annulus with the both wall
heated.

(b) Effect of Flow Rate and Inlet Subcooling
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Coolant flow rates affect the stratification of the fluid
flow in a horizontal channel and therefore affect the rewet-
ting process as shown in Fig. 6.33. For G=200 kg/m*.s, the
entire annulus goes through the usual réwetting transient,
théugh the upper parts of both the core and outer tubes rew-
et slower than the lower p?rt. However, as the coolant'flOw
rate becomes less than 100 kg/m?.s, the upper part of the
annulus 15 not cooled by "rewetting" process, but by the

convection by vapour which may have entrained water dro-

plets.

If we are to apply Eg.{(6.3) to calculate the rewetting
velocity, we would obtain such as shown in Fig., 6.34. For
G=200 kg/m*.s, we see that the rewetting velocity is almost
independent of the circumferential location. However, for G

\f 100 kg/ml.s the "apparent" rewetting velocity approaches
infinite values at the uppermost part of the outer wall.

This is due to the defiﬁi{iyn given by Eg.{(6.3).

The effects of coolant flow rate, coolant inlet tempera-
ture (inlet sub-cooling) and initial wall temperature on the
apparent rewetting temperature in an annulus are :shown in
Fig. 6.35. The effects of these parameters.are, in general,
similar to those observed in the bottom floodiné of a simple
vertical tube or annulus, though the actual magnitudes de-
pend on the circumferential position. As the figure illus-

trates, the "apparent" rewetting velocity at the upper part
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of the outer tube approaches to infinity with decreasing
coolant flow rate, decreasing coolant inlet sub-cooling and
increasing initial wall temperature. This does not imply
that the rewetting is better for the upper part of the outer
tube. The HNigher apparent rewetting velocity is the result

of the defect in the definition of Eg.(6.3).

An interesting observation can be made in Fig. 6.35. For-
G < 100 kg/ml.s, the entire annulus except the upper-most
part of the outer tube is rewetted uniformly. However, this
does not mean that the rewetting front is uniform at a given
axial position during the transient. Since the fluid is
stratified at the beginning of the injection even with G >
100 kg/ml.s; the réwetting front is bound to be inclined to-
ward the up-stream. Therefore, even though appears to
ﬁg"the same, the quenching time at a given axial position of

the channel i1s circumferentially dependent.

*

'To avoid a rewetting velocity of an infinity as seen in
ﬁig. 6.35, the definition of an effective rewetting velocity
defined by Eq.{(6.4) is used for the same data which were re-
duced to give Fig. 6.35 and thé results are given in Fig,
6.36. One can see in the figure that the effective rewet-

ting velocity is circumferentially dependent.

It must be pointed out here that the new rewetting veloc-
ity is only a definition and that it can be wuSeful for the

interpretation of the data obtained. However, the effects
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of coolant flow rate, initial coolant sub-cooling and ini-
tial wall temperature on the rewetting seem to be similar to

those observed previously in bottom flooding.

In Fig. 6.37, the rewetting process in a horizontal annu-
lus with both walls heated are shown for two different coo-

‘lant flow rate.

With G=200 kg/ml.s, it is clearly seen that the rewetting
front propagates towards the downstream and from the bbttom
to the top with an inclined rewetting front within a given

cross-section of the annulus.

However, with low coolant flow rate of 50 kg/mz.s, the
inclined rewetting front is more pronounced with much de-
creased velocity. Only the lower half of the annulus goes
through the rewetting process in the usual sense, and the
upper -part reﬁains void for a long period of time.

s
These quenching processes can also be observed from the

surface heat flux distributions along the axial position
which were calculated from the time history 6f the wall
temperature. It can be seen in Fig. 6.38 that for G=200
kg/m*.s (as well as for high inlet sub-cooling and low.ini-
tial wall temperature), the rewetting proceeds toward down-
stream and from the bottom to the top of the annulus, The
maximum heat flux is comparable to that of CHF for the range

of parameters involved.

P
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However, with 1low coolant flow rate of 50 kg/mz.s (as
well as for 1low inlet sub-cooling and high initial- wall
temperature), the heat flux distributions shown in Fig. 6.39

,Lxhibits a very interesting phenomenon.

While the :ewetting proceeds downstream and from the bot-
tom to the top, the top of the inner core tube does not ex-
perience thé usual rewetting process. It seems that as
soon as the lower part of the core tube is rewetted, the top
part of the core 1s rapidly cooled by circumferential heat
conduction before the coolant can reach there (the coolant
is stratified). The same cannot be said for the outer tube
as the circumferential distance between the bottom and top

of the outer tube is much longer than that of the core.

6.1.8 "L"-shaped Test Section

Test-sections No,17-18 are L-shaped test sections used
for two different flooding modes: horizontal flooding fol-
lowed by bottom flooding or top flooding followed by hori-
zontal flooding. The CANDU reactor has horizontal fuel
chahnels and vertical feeder tubes while the BWR reactor has
vertical fuel <channels with horizontal feeder tubes, and
these L-~shaped test-sections would simulate the rewetting

behavior in the reactor more closely than simple straight

tubes.
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6.1.8.1 ~ Top-followed-by-Horizontal Flooding: THF

(a) Wall Temperature Distribution during Transient

Typical axial wall temperature distributions, as a func-
tion of time during a rewetting process in the L-shaped
test-section with Swagelok elbow by THF mode are shown in

Fig. 6.40.

At the beginning of the transient, a reasonably uniform
temperature distribution at the éentral portion of both the
vertical and horizontal sections was obtained. However, due
to the greater wall thickness of the elbow section made of
Swagelok fitting, its temperature was always much lower than

the expected rewetting temperature,

N

Fig. 6.40 implies that the effeét of the elbow at lower
temperature on the overall® rewetting -transient 1in an L-
shaped test-section should be significant. Since the end
and elbow effects are due to unavoidable practical consider-
ation in experiments, the results from only the middle por-
tions of the vertical and horizontal sections of the L-
shaped test-section, where a reasonably uniform temperature

remained from the beginning of a test, are reported.

Since the cooling ahead of the rewetting front increases
in the direction of flow, the wall temperature ahead of the
front must decrease in the dry region where the temperature
was initially uniform and constant, This is clearly illus-

trated in Fig. 6.40, . A

L TN



128

{b) Propagation of Rewetting Fronts

Unlike a simple tube test-section where a gingle revet-—
ting front propagates axially, the present study showed that
there exists three separate rewetting regions during the
transient as seen visually. This peculiar rewetting pheno-
menon of the THF mode in an L-shaped channel can be clearly
seen in Fig. 6.40, and is due to the presence of the elbow
section which remained at lower temperature than other part
of the test-section at the beginning of a test. When the
coolant is first introduced into the channel, the major por-
tion falls through the center core of tbe channel of the
vertical section without touching the wail§, due to the
higher wall temperature than the rewettiqgffémperature, and
hits the elbow section. Since the temperature of the elbow
section is about 100-200 C lower than other parts. of the
channel, the elbow section is wetted the ‘poment the water
hits it. "

The water then flows through the horizontal section of
the channel, thus creating the third rewetting front, in ad-
dition to the two fronts established in the vertical sec-
tion; one top-flooding and the other pseudo-bottom-flooding
starting at the elbow section. Therefore, the rewetting .

phenomena of THF mode in an L-shaped channel will be dis-

cussed by dividing the test-section 1into three regions as

)
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illustrated in Fig. 6.41. Fig. 6.40 also shows rewetting of
the top and bottom of the horizontal section of the channel.
The rewetting front is very much inclined, and the bottom of
the channel usually rewets faster than the top. The visual-
ization showed that the rewetting fronts in the wvertical

section seemed to be unsteady.

{(c) Bffect of Coolant Flow Rate

For a given experimental condition; it can be seen in
Fig. 6.42 thét the rewetting velocities in all three regions
increase as the coolant flow rate increases. This is in
agfeement with the results of other works in both the con-
fined and unconfined flooding modes. This increased rewet-
ting velocity results from the increasgd precursofy cooling
on the dry side as wel{\és the increa;ed "apparent” rewet-
ting temperature.

‘ hY
An interesting phenomenon can be<seen in Fig. 6.42 where

the present results are gquantitatively compared against the

results obtained from a simple vertical and horizontal chan-

nel.

As far as the effect of the coolant flow rate 1is con-
cerned, the agreementﬁis very good 1in Regions 1 and 3 of
Fig. 6.41. This 1is more or less expected as there is no
pa?ficular reason that the rewetting mechanics 1involved

should differ. However, this is not true in Region 2, which
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is equivalent to bottom flooding with a reduced flow rate.
The flow rate, G, 1is the injected coolant mass flow rate at
the entrance of the L—shaéed channel, but in Region 2, only
a part of the incoming coolant is accumulating above the el-
bow section and this, 1in turn, affects the rewetting front
which creeps up the vertical section in the opposite direc-
tion of the coolant flow. Therefore, the agreement between
the present results in.Region 2 cannot be expected to agree
with those of the bottom~flooding in a simple vertical chan-

nel. This is indeed the case as shown in Fig. 6.42(b).

As was observed before in a hofizontal channel, the rew-
etting velocities of the top and bottom of the horizontal
section of the channel, though not exactly equal, are close
to each other. This is illustrated %n Fig. 6.42(c).

(

(d) Effect of Inlet Subcooling }

K

The rewetting-velocity is increased with increasing sub-

cooling; {Ts-Tc), of coolant flow at the inlet of the test\\

channel in Region 1 and 2. However, in Region 3, the ef-
fect seems to be negligible as seen in Fig. 6.43, One pos-
sible explanation for—this is that the coolant which arrives
at the entrance of Region 3 has already gone through the
vertical section and therefore has lost whatever degree of

inlet sub-cooling it originally had. h

}
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The 1increased rewetting velocity“ with increased 1inlet
coclant sub-cooling must result from an increase in the ef-
fective heat transfer coefficient with subcoolingﬁin the re-
gion just ahead of the rewetting front as well as an in-

crease in the apparent rewetting temperature.

(e) Effect of Heat Generation Rate

Previous test results of various flooding modes showed
that the rewetting time was lengthened with an increase in
power input for the range of test-parameters studied. Since
more heat has to be removed, a lower rewetting velocity 1is

expected and the trend can be easily predicted analytically.

The present results as shown in Fig. 6.44, indicate that
this is indeed correct. That is, the rewetting velocity de-

creased with increasing power input during the tests.

6.1.8.2 Horizontal-followed-by-Bottom Flooding: HBF
(a) Wall Temperature Distribution during Transient

Typical axial wall temperature distribution for a repre-
sentative test run is shown in Fig. 6.45,. This is similar
to that of THF mode shown in Fig. 6.40. Since the end and
elbow sections are at lower temperature than other parts of
the test-section at the beginning of a given test run, three

distinctive rewetting regions are again observed in HBF
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mode. However, instead.of the two separate rewetting frontsg
being in the veréical section in THF mode, these two fronts
appear in the horizontal section in HBF mode. Again, this
1s due éo the elbow section which remained at lower tempera-
ture than the other part of the test-section at the begin-

ning of a test run.

The.rewetting. of the bottom and top of the horizontal
section again 'displayed the characteristics of horizontal
flooding, that is the rewetting front is very much inclined
and that the bottom of the channel rewets ahead of the top
of the /chanﬁel. Wetting of an "L"-shaped channel by HBF
mode involves three rewetting fronts, as in THF mode, there-
fore the effect of)variousn-parameters on the rewetting phe-
nomena will be discussed by again dividing the test-section
into three regions as illustrated in Fig. 6.41. However,
unlike region 2 of THF mode, Region II of HBF mode has char-
acteristics very similar to the presence of a flow blockage
in a single straight tube. Also, the effect of hydrodynam-
ics in that region seems to be less than that in Regiong I

and III,

{(b) Effect of Coolant Flow Rate

As was in THF mode, for a given experimental condition,
increasing coolant flow rate increased the rewetting veloci-

ties in Regions I and III as seen in Fig. 6.46. In the fig-
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.ure, also compared were the results of THF mode against

those from the present HBF mode.

{c) Comparison of HBF and THF

The data from Region I of HBF is compared against those

from Region 3 of THF in Fig.‘ 6.46 as they are comparable ‘to

each other in the rewetting mede, horizontal flooding. Dif-

ference seen in the figqure between the %NO modes must be due .

mainly to the fact that with HBF mode the effect of coolant

inlet subcooling still influences the rewetting phenomena.

In Fig. 6.46, the results from Region 2 of THF mode shown
in Fig. 6.42(b) were also compared with those from Region
I1I of HBF mode. As discussed before, the flooding in Ré;
gion 2 of the THF is not exactly equivalent to bottom flood-

ing in a veytical channel. However, the flooding in Region
111 of.-ﬁﬁ%”is in no way different from that of a bottom
flooding mode in a simple vertica} channel. The comparison
shown in Fig. 6.46 demonstra?es that the rewetting mechanism
involved in the vertical section of an L-shaped channel is

very much affected by the mode of flooding.

(d) Effect of Inlet Subcooling

It was seen before that the effect “of~Inlet sub-cooling
was negligible in Region 3 of THF mode. ﬁbwever, the effect

of coolant sub-cooling at the inlet of the test-channel in
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Region 1 of HBF mode is not negligible as seen in Fig. 6.47.
This is because the coolant arriving at Reg%pn 1 of HBF did
not lose its sub-cocoling while the coolant ﬁreaching at Re-
gion 3 of THF already lost most=of its sub-cocoling, hence no

significant role could be played.

(e) Effect of Heat Generation Rate

»

The results of both THF and HBF modes as shown 1in Fig.
6.48, -indicate that the rewetting velocity decreased with

increasing power input during the tests,

Since more heat must be removed with increased heat gen=
ération, which could not have affected the hydrodynamics in-
volved significantly, a lower rewetting velocity can be ex-
pected in both modes of THF and HBF. This is clearly

demonstriated in Fig. 6.48.

6.1.8.3 Quenching Time in L-shaped@ghannel

Quenching of the L-shaped channel by both the THF and HBEF

modes for éypical test runs was illustrated in Figs. 6.40

and 6.45, respectively. It can be observed in Figé. 6.40

and 6.45 that since the.éuenching of an L-shaped channel by
either mode of flooding always invoived three different rew-
etting regions, the maximum quenchfng time for an L-shaped
channel under a given test condition is dependent on the ax-

ial location. This is illustrated 1in Figs. 6.49 and 6.50

&
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for THF and BHF modes, respectively. The dependency on the
axial location 1is much more pronounced in THF .mode. The
maximum time to completely guench the channel did not cor-
respond to the time reguired to reach the exit of the chan-
nel, rather it occurred in the vertical section of the chan-
nel as shown in Fig. 6.49. To illustrate that the max&mum
gquenching time for a given test run is a function of test
conditions, Tqg,max was plotted as functions of coolant flow
rate and initial wall temperature in Fig. 6.51 for THF mode.
The trend 1is somewhat similar to those observed 1in Figs.

6.42 and 6.46. 4

For HBF mode, the phenomena shown in Fig. 6.50 are very
similar to those observed in a rewetting transient in a sin-
gle straight channel with orifice-type blockages egqually

-spaced along the axial direction.

6.2 RBESULT OF ANALYSIS

In the analysis, heat transfer coefficients in the in-
verse annular flow region of a single tube in the bottom
flooding mode was calculated. Comparison of the results of
analysis with experimental results are discussed in this

section.

Figure 6.52 shows heat transfer coefficient vs. wall
temperature in the inverse annular flow region. The inverse

annular flow region 1is defined as the region downstream of
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the rewetting front where the wall temperature is higher

"than the rewetting temperafure ~and the thermodynamic wvapour

~

‘quality is less than 3%[75]. The region where the vapour

gquality is larger than 3% 1is considered as dispe:séd flowj
region, Experimental convective heat transfer coefficient
was obtained from the experimental temperature-time trace
curve (using Egn.3.3). By knowing the-slope of the tempera-
ture drop with time, we can calculate the total heat trans-
fer rate at a given moment of time frbm the law of energy

conservation.

From the experimental heat transfer coefficient as well
as the rewetting velocity of the test section, we can calcu-
late the thermodynamic vapour quality and subsequently the
void fraction wusing Martineili—Nelson correlation[76] at a
pérticuiar location of the test section for various times
during the rewetting test. In certain location of the test
section, by knowing void fraction and wall temperature at a
particular time, a heat transfer coefficient in the inverted
annular flow region is calculated using the present analygis

presented in sections 5.1 to 5.4.

The experimeﬁtal heat transfer coefficient is also com-
pafed with Bromley-type heat transfer coefficient[77]. In
the author's previous model[l] for the bottom flooding, a
Brdmley-type equation was used to calculate the heat trans-
fer coefficient in the inverted annulaf flow region. The

Bromley-type eguation is given as:
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Figure 6252 shows a comparisbn of these three heat trans-
fer coefficients. Compared to the Bromley-type heat trans-
fer coefficient which was used in author's previous mo-
delfl], the heat iransfer coefficient obtained using the
present analysis is much c¢loser to the experimental hgat
transfer coefficient, This indicates that the present ana-
lysis of calculating heat transfer coefficient in the in-
.verted annular flow region is a significant improvement over
the Bromley-type equation or other pool boiling based equa-
tions, even though the present ahalysis requires local void

fraction and takes much longer computational time.

Figures 6.53 to 6.55 are illustrations of the distribu-
tion of the three heat transfer coefficients over the wall
temperatures for different experimental conditions. 1In gen-
eral, all three confirm that the heat transfer coefficient.
obtained by the present analysis is much closer to the ex-
perimental coefficient than the coefficient obtained by the

Bromley-type eguation.
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The effects of inlet subcooling and coolant flow rate on
the heat transfer coefficient in the inverted annular flow
region are shown in Figs. 6.56 and 6.57. Figures show that
both e&Perimental and analytical heat transfer coefficient
in inve%ted annular flow region increase with increasing in-
let subcooling and coolant flow rate. This agrees with the
finding of Chan and Yadigaroglul[78]} qualitatively whose ex-
perimental and analytical study also show the increasing

heat transfer with increasing coolant flow rate and subcool-

ing.

As stated in section‘.ﬁ;SPH temperature-time trace curves
of the bottom flooding rewef%ing process is obtained by sub-
stitution of the present analysis which calculates inverted
annular flow region heat transfer coefficients into previous
computer simulation modell[1l]. These temperature-time trace
curves for various experimental conditions are compared with
the experimental temperature-time trace curves as well as
the old curves that was obtained %ﬁpcomputer model using a

Bromley-type equation.

Figure 6.58 shows the comparison of experimental T-T plot
with present calculated T-T plot and previously calculated
T-T plot. The calculated T-T plots using the present analy-
sis are much closer to that of the experimental T-T plot

than the calculated T-T plot using Bromley-type equation.

e,
s
Nt
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Also the rewetting time predicted by the present analysis
are guite comparable to the experimental rewetting time(as
shown in Fig.6,.58), whereas the rewetting times predicted by

the previous analysis are somewhat off from the experimental

ones.

/ -
Figures 6.59 and 6.60 show the T-T plots obtained by

three different methods for different experimental condi-

tions. Both graphs confirm the findings mentioned before,.

Since the rewetting velocity Ug 1is obtained from two
temperature-time trace curves at different locations of the
test tube by knowing the "rewetting time"  and the location
of the temperature-time frace curve, the present analysis
should predict rewetting velocity Ug which is closer to the

experimental value than the previous analysis.

Figures 6.61, 6.62 and 6.63 show the general pattern of
the rewetﬁing velocity over various parameters. Fig. 6.61
shows the effect of coolant flow rate on the rewetting vel-
ocity. Fig. 6.62 shows the effect of inlet subcooling and
the effect of initial wall temperature on the reQetting vel-
ocity is shown in Fig, 6.63. Both the analytical and exper-~
imental rewetting velocities, as discussed earlier in sec-
tion 6.1, show the same pattern of increasing in value with
increasing coolant flow rate and inlethsubcooling and also
with decreasing initial wall temperature. In ali three fig-

ures, it is shown that using the present analysis will give
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more accurate prediction of rewetting velocity Ug of bottom
flooding rewetting process. This would confirm the finding
of previous study[l] which states that one of the two main
parameters which affect the rewetting - process is the heat

transfer rate immediately downstream of the\rewetting front.

This is clearly shown-in Fig.6.64 which shows the accura-

cy of the computed rewetting velocities compared to the ex-

perimental -rewetting velocities. The circles are the rewet-—
ting velocities calculated with the present analysis whereas
triangles are the previously calculated rewetting velocities
using a Bromley-type equation for the inverted annular flow
region. The figure shows that less than 50% of the previ-
ouély calculated rewetting velocities fall within +/- 10%
line while others have about 20% difference from the experi-
mental rewetting velocities. Rewetting velocities computed.
using the present analysis are much closer to the experimen-

tal rewetting velocities. All of them have wvalues within

+/- 10% of the experimental reweEEEEE?Xelocities.

The main objective of the present analysis was to obtain
a method of calculating accurate heat transfer coefficient
in the inverted annular flow region and to re-confirm the
findings of the previous studyl[l]. As has been presented,

the both objectives are achieved in this analysis.

4

Since the numerical simulation of the bottom flooding

rewetting process used in this study is same as the one used
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in the author's previous study[l] except the heat transfer
coefficient used in the iﬁﬁerted annular flow region, the
details of the‘éimulation modél and other results are not

presented in this thesis.
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Chapter VII

CONCLUSION

The objective of the present study was to have better in-
sight and also to identify the mechanisms involved 1in the
rewetting phenomena which have particular importance during

the ECC of nuclear reactors.
f
Extensive experimental work on rewetting of hot channels

including visual studies were carried out with various chan-
nel geometries and different flooding modes. The effect of
each parameter on réwetting velocity and the process of the
rewetting phenomena for different channel geometries and
flooding modes are discussed in detail in the present the-
sis. The heat transfer coefficient in the downstream of the
rewetting front was re-identified as one of the most impor;
tant parameters by‘the present study as was first identified
by our previous analysis[l]. Therefore, an analysis to cal-
culate the heat transfer coefficient in the inverted annular
flow region was developed in the present thesis. This ana-
lysis was based on the concept of assuming the inverted an-

nular flow region as a concentric annulus with moving core

tube.

Some of the main findings of the present study are:

- 142 -
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From the visual study of the rewetting process, the
general six heat transfer regimes in various modes of
flooding were identified.

Results..of the analysis re-confirmed the findings of
a previous study[l] which identified that having more
accurate heat transfer coefficients in the immediate
downstream of the rewetting front improves the compu-
tation of rewetting velocities substantially.

From the experimental study, it was found that thé
general pattern of the revetting velocity for various
flooding modes is that the rewetting velocity in-
creases with increasing coolant flow rate, decreasing
initial wall temperature, increasing inlet coolant
subcooling and decreasing power generation rate dur-
ing the test.

For the bottom flooding of a concentric annulus with
both walls heated, -the thermal capacity of each wall
had a .significant effect on the resulting rewetting
velocity.

For the horizontal flooding of a concentric annulus,
using the conventional definition of rewetting veloc-
ity ("apparant™ rewetting velocity) gave misleading
results; therefore a new definition of "effective"
rewetting velocity is proposed.

The results of experimental studies of "L"-shaped

test channel showed that unlike a simple straight
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channel, there exist at least three distinctive rew-
etting regions and the maximum time to quench the
whole channel does not necessarily correspond to the

time required to quench the exit part of the channel.

Recommendation for Further Study

The major problems in all analytical models of the rewet-

ting process are the poor wunderstanding of the local heat

transfer coefficient distribution along the flow channel

during the transient, and the rewetting temperature. These
a;é obviously related to the fluid flow distribution. A ma-
jor effort must, therefore, be made to the determination of;
1. the flow distribution in the channel during the tran-
sient, especially in multi-rod fuel bundle channels
2. the local heat transfer coefficient distribution
along the fuel channel in the horizontal flooding,
and
3. the rewetting temperature, either analytically or em-

pirically as a function of system parameters.

Most of the parametric effects on the rewetting phenomena
have been identified in the present study. = However, there
are still a few system'parameters whose effects on the rew-
etting process are not identified or confirmed. - They are;

1. power distribution,

2. inlet coolant vapour gquality,
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3. effect of surface aging (or degradation due to long
period of radiation and scale formation), and
4, flow oscillation.

Finally, the scaling rationale must be clarified.
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Appendix |

LIQUID CORE VELOCITY CALCULATION

" Tube Wall
IVER S I BT AR R RS AN SRR RN ENE Y RN R RS EINEE RN EE R I YVET)
— Gy
& @, Vy
. — — h3md core

j -
77 177700 77¢7 20 ol Wi vrtd e 2l 00e 7720 errilrlrrld?irirrrr

Ug Tube Wall

G = total mass flow rate of water at the inlet(g/s)
G, = water mass flow rate
G, = vapour mass flow rate

At any peint, G = G, + Gy

In fixed frame, G, =V, A, -(

where, V,

average water velocity of liguid core

il

Ay

Pe

cross-sectional area of the liguid core

mass density of water

Therefore, liguid core velocity in fixed frame is
Go _ _G-Gv
Ao e A7)

where, A = total cross-sectional area of the tube

/

7~= void fraction

-
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Appendix 2

LIQUID CORE HEAT TRANSFER COEFFICIENT

Let 8X 4() dx (1)

function f(r) should satisfy the boundary conditions,

2T _
29X \|’=R;¥ =0

-E)—I—\ = finite
IX ly=o

function f(r) selected that satifies the above boundary con-
dition is
Y T
fe) = Cocos(zwm3) )

Substituting for in Egn.(5.32)

2t
X
, R -

8 (2 )dr:\ (ccos( ~%)%)d*’

1
¥
Ri w2

J d T L _ R AT (@)
=C.d;.\ r-CDs(R_‘* T)dr— - T

Q
Solving Egn.(2), we obtain C=2.1614

3L = 24414 - Cos (~—— )52 dTb

Therefore, Egn.(5.30) can be written as

N 2T 2f ' _ v wmydT
_a'_y'-(k'CEH'f'OL)SF = u_[ 32' —2.[6“4—-:1)1 COS(R‘.’* -1>—__AX

NEY
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Integrating Egn.(3),
) aT  _ dTy *2 Y T
Y(EH+O‘L) S5 —UQ'-J;{"‘ (0.8’]6 R; -COS(—FE";'.-I>
41376 Ri r,-—g‘—)-_l +Cy (4
Applying boundary condition ( %%'=0 at r=0)
w2 dT
C =-0.876 - Ry - Ue "o -
Substituting C; into Bgn.{4) and rearranging,
2T -y, 4T g oy
- e Ty o & Faray (ot T )
- 4T *2 ‘ .y . {5
+ Uy dx-l.S'!é-R. CEn o) M( X _1) )
Integrating and rearranging Egn.({(5),
'
l
T=u, 2 087 R;“.S sz 2=,
% . (& ta)
+ Uy ——‘;T; 1.376 R S :‘i—”‘—(—f\—-——dr + Cs (&)
e (& t)
' ¢
Applying 2nd boundary condition{ T=T; at r=R; ), C,= Ts
Therefore Eqgn.(6) becomes,
‘ v
T ,_._E)_|
T“‘T=O.86';-U‘—'—' :
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. . v TC
Tt - E =

+ 1.376 'Ri¥-u1-53€% 'g iﬁgllﬂ&*—é;*— dr - - ""C7)
(Eq +ot)

RF

For the case of parabolic temperature profile,

2
Te-Ty =(Ts Ty, r?

Therefore,

. *
To-Ty = 0.8% Ry, 9 .i.% cos (gF 5~ gy
i . L Ay 3 ¥ (g tol)

=]
x

r TC
iﬂﬁiﬁl&r

( &+ ol)

dTe 2
137 R U 5
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Fig. 3.5 Coolant Injection Nozzles, Unconfined Top-Flooding
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Unconfined Top Flooding
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(b)

Vertical 3ingle Tube

Confined Top Flooding,

Figure 4.4
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Vertical

Bottom Flooding,

Figure 4.5
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Bottom Flooding, Vertical Single Tube

Figure 4.5
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(a) Unheated, Flow Rate < 0.1 m/s

Lich T DTS

(b) Heated, Flow Rate < 0.1 m/s

Figure 4.6 - Horizontal Flooding, Single Tube
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(c) Heated, Flow Rate < 0.1 m/s

(d) Heated, Flow Rate < 0.1 m/s

Figure 4.6 Horizontal Flooding, Single Tube (Cont}d)



(e) Heated, Flow Rate < 0.1 m/s
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(f) . Unheated, Flow Rate > 0.1 m/s

Figure 4.6 Horizontal Flooding, Single Tube (Cont'd)
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~(h) Heated, Flow Rate » 0.1 m/s

Figure 4.6 Horizontal Flooding, Single Tube (Cont'd)
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Figure 4.8 Annular Test-sectlon, Both Walls Heated
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Figure 4.8 Horizontal Flooding, Annular Test-section (Cont'd)
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Region 2

J/ Region 3
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Top-followed-by-Horizontal Flooding
Mode; THF Mode

Fig. #.10 Rewetting Regions; "L"-shaped Test-section
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4—— Top

<—— Bubbly water

44— Water film

2N

«——— Rewetting front

Splash of water

\

Fig. 4.11 Flow Characteristic in the Vertical Section
of L-shaped Test Section
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Region 2, THF

(c)

Top Flooding, "L"-shaped Single Tube (Cont*d)

Figure &4.12
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{4d) tntrance to Region 3, THF

(e) Near the Zxit of Region 73, THF -

Figure #.12 Top Flooding, "L"-shaped Single Tube (Cont'd)
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Fig. 5.2 Heat Flux Distribution in the Annulus Gap
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Z=22m
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g=0°
Tw=450°C
Tc= 60°C
G = 400Kg/m’s

21
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23
24

W =0°

Fig. 6.2 Circumferential Temperature Distributions

Horizontal Flooding, Test-section-No.4
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Fig. 6.5
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Effect of Coolant Flow Rate in Partially
Blocked Channels, Orifice Type
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6 = 90°
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Tc = 60°C
- q = 0
Tw , °C
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A 550
A0t a 350
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E £
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© 25 50 75

BLOCKAGE FACTOR , %

Fig. 6.6 Effect of Initial Wall Temperature
] Blocked Channels, Orifice Type

in Partially
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\ Blockage Factor, %

Fig. 6.7 Effect of Heat Generation in Partially Blocked Channels,
Orifice Type
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Confined Top Flooding;
Inconel x-750

Unconfined Top Floodin
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Unconfined Top Flooding;
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'l L

_ ' 1.0 1.5
G, gAmm-s

Figure 6.9 Effect of Coolant Flow Rate;

Top Flooding
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50T

e = 90°
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Confined Top Flooding;
Inconel x-750

Fa Unconfined Top Flooding;
Inconel x-750

00 Unconfined Top Floodin
S.S. 304

L 1 1

.5 — 10 15
G, g/ms

Figure 6.10 Effect of Cooclant Flow Rate;
Top Flooding
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Figure 6.11 Effect of Coolant Flow Rate;
Top Flooding
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8 = 90°
- Te= 60°C
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o Confined Top Flooding;
Inponel»x—?SO
A Unconfined,
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50 r
/
O __[) [ [ 1 1 - )
o Ul 200 400 600

Tw ’ OC \
4
Fig. 6.12 Effect of Initial Wall Temperature; '

Top Flocding
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Fig. 6.13 .Effect of Coolant Inlet Subcooling;

Uncenfined Top Flooding
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‘W Horizohtal Flooding

Test-section NO. 3

0 = 90°
. T, = 4507°¢
" T.= 60°C *

200 Kg/m's

® Bottom Flooding

o Confined Top Flooding

1

| 2 3x10%

Fig. 6.14 Effect of Power Generation- during Transient on
Rewetting Velocity by Different Flooding Modes
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Fig. 6.17 Effect of Wall Material and Inside Diameter;
Top-~-flooding ~ ’
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EOOG Ka/ mZ- s 400

Figure 6.18 Effect of Coolant Flow Rate
Three Different Modes of Flooding
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Fig. 6.19 Effect of Initial Wall Temperature
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150 N
Ug » F
mm/$s Inconel X - 750
T, = 60°C
&0
100
50 r
F looding
Mode G = 200,400 0
- Bottom © o 90
Confined Top 4 A S0
Horizontal a 0
O ) 1 1 1 1 [
0_2( 200 400 600

T

w '+ O

Figure 6.21 Effect of Initia’l/b\;;l Temperature
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Fig. 6.22 Lffect of Tube Diameters, Single Tubes;
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Fig. 6.24 Rewetting Velocity in Annular Test-Sections
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Axial Wall Temperature Distribution at Bottom (AHF)
Fig. 6.31  Axial Wall Temperature : Horizontal Flooding,
Annular Test-section with Both Walls Heated
{AHF Mode)

/ _ _ _ Outer Tul
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Axial Temperature Distribution (AHF) at Top
Fig. éxéb Axial Wall Temperature : Horizontal Flooding
Annular ‘Test-section with Both Walls Heated
(AHF Mode)
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i G = 200 Kg/rs, Two=Twi=450°C, Te=60°C
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Fig. 6.38 Heat Flux Distribution : AHF Mode
(High Coolant Flow Rate)
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