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ABSTACT

The objective of the present study is to experimigninvestigate
the cooling of volumetrically heated particle beaisl the enhancement
of dryout heat flux in particle beds with coolalaw from below.

The experimental facility consists mainly of anucton heater (40
kW, 30 kHz), a quartz-tube test section contairlia mm in diameter
and 300 mm high particle bed, a water circulatod arcovery
condenser loop. The beads composing the particleabe in uniform

size and two sizes of beads were used; 3.2mm &nuih.

For the top-flooding case, the volumetric dryouathmate was about
4 MW/min 4.8 mm particle and about 3 MW/rm 3.2mm particle
bed. For the bottom injection, the volumetric drytweat rate was
about 7.91 MW/rfiin 4.8mm particle at the coolant injection mass flu
of 1.5 kg/nfs. In 3.2mm particle, the volumetric dryout hederaas
about 6.5 MW/mat the coolant mass flux of 1.0 kgén It shows the
level of enhancement of dryout heat flux in paetitleds with the

forced coolant flow from below.
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NOMENCLATURE

A surface area, M

Across cross sectional area of debris bed, m
Co specific heat at constant pressure, J/kgK
d average diameter, mm

D diameter, mm

G mass flux, kg/rs

g gravitational acceleration, r/s

H bed height, mm

k thermal conductivity, W/m-K

L length, m

M mass, kg

P pressure, N/fn

AP pressure change, Nfm

Q volumetric power of the bed, Wfn

Q heat transfer rate, kW

q” heat flux, kW/ni

T temperature,C

u superficial velocity
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Subscripts

»w T T W

sub
Top
Bottom
Up

Dn

specific volume, riikg

coordinate along the bed length, m

porosity

dynamic viscosity, N-s/fn
surface tension, N/m
density, kg/m
permeability

kinematic viscosity, His

boiling

fluid

particle

solid

saturation
subcooling

top of the bed
bottom of the bed
upward

downward

Vil
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CHAPTER 1
INTRODUCTION

1.1 Background

Transport and flow phenomena in porous media ariseany fields of
science and engineering: agricultural, soil scienchemical and
petroleum engineering.

A porous media has a complex structure and is teffeby the flow,
dispersion, and distribution. Many researchers hattglied on the
cooling of volumetrically heated particle beds. tRatarly, is
characterized as a particle bed of degraded nuctsstor fuel, that
structure is similar to porous media. The coolapilof this heat
generating particle bed is an important criteriomuclear reactor safety.
The degraded nuclear reactor fuel generates 2~4MWfrdecay heat.
But the cooling rate is limited by dryout heat rafbe dryout occurs due
to the countercurrent flooding phenomena. At lowen the cooling of
particle beds is achieved by thermal conductionasnbd by single-
phase natural convection. At high power, boilingaleps in the particle
beds. Boiling is a very efficient cooling procesat the generation of
high vapor flow rate prevents the occupied liguadion in particle beds
and subsequently dryout occurs.

So, the bottom injection of coolant in the partibkeds can increase
dryout heat flux. The objective of this study is é&xperimentally

investigate the enhancement of dryout heat flyxairticle beds.



1.2 Research Objectives

The present study is to experimentally investigtite cooling of
volumetrically heated particle beds with coolamwflfrom below. The

objectives of this study are summarized as follows.

1. The definition, characterization, structure, flowdatransfer of
porous media are reviewed. Then, the past expetahstudies on
dryout heat flux in porous media are reviewed.

2. Experimental facility is designed and built to stube dryout heat
flux in particle beds. It employs an induction hegtmethod for
volumetric heating.

3. The power distribution (spatial distribution) andmiperature
distribution are the major experimental measuremeiit can
provide an improved qualitative and quantitativelenstanding of
dryout heat flux in particle bed.

4. The experimental results of dryout heat flux wil tompared with
existing experimental results, most of which araducted with

forced coolant flow from below in the bed.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

Unlikely to the pipe flow, porosity is one of theportant factors that
affect fluid flow in particle beds. Porositgp is the volume fraction

occupied by voids, the total void volume divided tme total volume
occupied by the solid matrix and void volumes. Pleemeability, k, is

defined by Darcy’ law,

AP

A — 2.1
/ (2.1)

— | X

where, Q is the volume flow ratey is the viscosity of fluid, A is the

cross sectional area)P is the pressure drop. The permeability of a bed
depends on porosity, particle shape and partide distribution. The
permeability is sometimes expressed in “darcys revhk darcy =
9.81x 107°*m?,

Figure 2.1 shows the fluid flow in the structurepairous media. The

dryout heat flux in particle beds will be discussedhis chapter with a

focus on the effect of bed height, particle size] eoolant subcooling.



2.2 Characterization of Porous Media

The dryout heat flux in particle beds is affectgdskeveral parameters
such as particle size, bed height, bed porositg @ressure in bed,
permeability, bed power and boundary conditionse Titajor controlling
factors are known to be particle size, bed heighttom cooling, and top

subcooling.

2.2.1 Particle size

Experiments have shown that the dryout heat flughianged by the
particle size in particle beds. Generally, the diyleeat flux increases as
the particle size increases. But the increasinuptie different according
to the flow pattern (laminar and turbulent). Fore thaminar flow
approximation as in the models of Dhir-Catton ()9#ardee-Nilson
(1977), Shires-Stevens (1980), and Jones (19803, shown that the
dryout heat flux increases in the ratio of the squaf the particle
diameter. It is noted that all of these models werech fitted to the
experimental data of the particle size range of~0130 mm. In the case
of the turbulent flow as in the Ostensen-Lipinskodal (1981), it is
shown that the dryout heat flux increases in thie @ the square root of
the particle diameter. But this model was mucheditto the cases of
particle diameter range over 1 mm.

Considering the turbulent and capillary attractithg Lipinski model

(1980) is shown that the relationship between tiyewt heat flux and the

particle size can be expressed for the bed heiginidithe parameted,

which is given by



ﬁ% (2.2)
For small particle beds<( 1 mm),

A(H, g4 = d (2.3a)

AoH, g4 = d (2.3b)
For large particle beds (1 mm),

A(H, q, = +d (2.4a)

AH, qq # d (2.4b)

Figure 2.2 shows the change of dryout heat flieaah particle size.

2.2.2 Bed height

The height (or depth) of particle beds is not kndwaffect the dryout
heat flux if it is regarded as so-called a deep. lItégure 2.3 shows the
dryout heat flux data of Westinghouse Co. Squat8B1) reported that
the bed was regarded as a deep bed if the bedtheaghmore than 13
cm for the particle sizes of 0.5~0.6 mm. But aspthsicle size increases,
the dryout heat flux increases.

Dhir (1984) proposed 10 cm of bed height for tineitliof deep, above



which the dryout heat flux did not change. Hofm#&t®84) observed that
the limit was about 25 cm for 3 mm particle. Buthe shallow bed, the

dryout heat flux increases as the bed height deesea
2.2.3 Coolant subcooling

Pool boiling and forced convective boiling havéfedent trends due to the
flow pattern. In the pool boiling case, the thickses of overlying
coolant layer in particle beds has an influencehendryout heat flux, but
the effect of fluid subcooling on the dryout hdaifis low. According to
the experimental results of Dhir-Catton, Squarealetand Barleon et al,
the coolant subcooling does not affect the dryoat HAex.

In the forced convective boiling case, two flow editions are
considered; the upward or the downward flow. Tabl2 shows the
experimental results of dryout heat flux with tleeckd convective flow.
According to the experimental results, the dryoedthflux increases as

the coolant mass velocity increases. In case tlss ffihax is large enough,

the evaporation heat of coolanty; (hfg + CpfATsub), may be

considered.



2.3 Dryout Heat Flux in Porous Media

2.3.1 Pool boiling in porous media

In the past theoretical and experimental study,dh@ut occurred
because the coolant was not able to move intootlerlparticle bed. The
particle beds can be submerged under the coolat Poyout heat flux
is very affected by the characterization of cookamd coolant properties.
Many researchers have studied on the dryout heatifi pool boiling.
Table 1 summarizes the past work of pool boilinghows the range of
particle size, bed height, particle material, heatnethod, and coolant
type.

When the pool boiling occurs in particle beds, cte® can be made
in the top part of particle beds. This channel ¢he vapor exit. But it
only applies to a deep bed.

The dryout heat flux of pool boiling in particle dse generally
increases as the particle size increases. Padli@ieeter range is over 4
mm. The dryout heat flux can be over the criticgdtrflux in the plate.

The dryout heat flux is higher in the shallow bedrt the deep particle
bed. The dryout heat flux of the deep particle kesl height is over 10
cm) is known independent of bed height. But Inghellow particle bed
the dryout heat flux increases as the bed heigtredses. If the patrticle
bed height is sufficiently bigger than the partidemeter, the dryout

heat flux is not changed by the particle diameter.



2.3.2 Forced convective boiling in porous media

Choudhary and E1-Wakil (1970) conducted a theaktiand
experimental study on a volumetrically heated psrtayer with the
thermohydraulic characteristics of single-phasevfl®hey solved the
coupled linear energy equations for the solid aad phases using an
implicit modified Crank-Nicholson method.

Hardee and Nilsion (1977) assumed that the lowdlofweversed and
upward vapor are separated individually. It is kelly that the flow
resistance controls the dryout heat. They suggeketdvapor resistance
control the dryout heat flux.

Dhir and Catton (1977) observed the dryout heaesufor inductively
heated particle beds cooled from the top. Thisystiehlt with two bed
configurations, shallow and deep. Different mechians for the dryout in
these beds were identified. It was concluded thatdeep bed primarily
dries out at a particular section in the lower oegof the bed because
gravity can no longer maintain the flow rate neaeg$o compensate for
the evaporation rate. The evaporation rate is greian the average
downward superficial velocity of the coolant. Sorsemi-theoretical
correlations were developed and validated basedthen proposed
hydrodynamic model.

Vasoliev and Mairov (1979, 1988) analyzed the hesmtsfer, pressure
drop and stable characteristics of a volumetrichyated porous layer
cooled with forced flow evaporation. Depending dme tphysical
properties of the coolant, they divided the poraysgr into three regions
— subcooled, saturated two-phase mixture and sepexth steam. For
each region, they solved the energy equations \apipropriating

boundary and interfacial conditions to obtain terapee distribution in



the solid and the fluid. But the flow direction tinis study is normal to
the body force and the gravity acts in a direcparallel to the flow.

Shires and Stevens (1980) initially included th&eaf of capillary
force between fluid and vapor. Jones (1980) pralitlee model of
heating surface in deep layer on the base of flLiig vapor is moving in
opposite direction. The fluid flow is laminar.

Ostensen and Lipinski (1980, 1981) provided thelted dryout heat
flux in deep layer on the basis of flooding. Ligkhgtroduced capillary
force and surface force in turbulent flow. He depeld the correlation of
dryout heat flux for both upward and downward fldwarthermore, he
developed an abroad one-dimensional model of driyeat flux.

Naik and Dhir (1982) experimentally investigatedv@umetrically
heated porous layer with coolant flowing througb thyer. The purpose
of this work was to obtain the data for the steathte temperature
profile and pressure drop of an evaporating twaspheoolant flowing
vertically. Based on the solution of the one-dimenal energy equations
for the particles and the coolant with an assumpti® no difference
between the solid and liquid temperatures, a méatethe temperature
profile was developed. For the two—phase flow aasmpd flow model
was based on the empirical relations obtained ftloenexperiments. In
this model, the void fraction was correlated asu@acfion of the flow
quality and mass flow rate. The model worked reabbnwell for water-
steam at atmospheric pressure. However this moaglnet good for the
fluid mixtures with a higher vapor liquid volumetita

Hoffman (1984) investigated the result of experitaband analytical
investigation on the dryout heat flux in inductivéleated beds with both
top and bottom injecting conditions. His model, ethcalculates the heat

flux as a function of the saturation by solving ttumservation equations



1C

for momentum, mass and energy, gives a saturatismibdition for
dryout condition. But no satisfactory comparisonswachieved with
experimental data.

Generally the hydrodynamic models for predictingodit are based on
that the counter-current flooding controls dryoatmorous media made
up of large size particles.

Schulenberg and Muller (1984) performed experimentd analytical
studies on hydrodynamic aspects of two-phase flovough porous
media. The most of these studies were carried @ubiie-dimensional
homogeneous porous layer. But what is encounteredtual practice is
multidimensional. This may be composed of regiorth widely varying
permeability and heating conditions.

Tsai (1987) developed a dryout heat flux model dar-symmetric
porous layers with partial volumetric heating. Hismerical solution was
obtained by a finite difference scheme without ititerfacial drag term.
His solution through the use of the Lawrett functiwas included in
capillary pressure. The solutions were applied tdy ofor certain
distribution of volumetric heating in the porougdas.

Tung and Dhir (1988) developed a hydrodynamic mddepredict
void fractions and pressure gradient for one-dirugrad two-phase flow
through porous media. The particle-gas drag, pestiguid drag and
liquid-gas interfacial drag were evaluated thecsedty for the flow
configurations associated with different flow regsn The drag models
were then employed in conjunction with force batmon the two phases
to obtain the void fraction and pressure gradienfuactions of liquid
and gas superficial velocities.

The Lipinski model exemplifies the modeling apgoeh of channeling

of self-heated particle beds. It was assumed mrtiodel that the vapor



pressure at the bottom of a channel is sufficiemtftset the weight of the
overlying particles plus liquid and the flow resaistes in the channeled
region are negligible.

Lipinski (1982,1984) suggested the idea of a stighiactorS;, which
means that the vapor pressure mustkien®s the overlying bed pressure
at the bottom of a channel. However, it appearst tla
nondimensionalization of this sticking pressuredteatraightforwardly to
the sticking factor concept. The sticking factordebrelies upon the
analysis of the motion of particles caused by theard displacement of
a piston through the bed. Such a simulation isrceghas representative
of the onset of channeling.

Stubos and Budhoin (1988, 1993) extended Lipinskiiedel by
applying a force balance to a single bottom pasieind the friction force.
In details, they investigated the behavior of vagiwainnels traversing the
upper part of a boiling, unconstricted, homogenegoasicle bed. They
suggested a theoretical model for the dryout Haatih a channeled bed.
They developed a multi-dimensional mathematical ehdor numerical
analysis. They presented in assuming local theexailibrium (LTE)
between the solid and liquid phases (thermally hggneous medium).
But this assumption may not be satisfactory fordtep change problems
during the early stages of the transport proces3égre may be
considerable differences between the temperaturéseoflowing fluid
and solid particles. This is also true even dutimg later stages of the
transport processes in high-speed flows in which thiid to solid
interaction time may not be large enough to brimgtemperatures of the
fluid and solid phases close enough for LTE to beeasonable
assumption.

Sozen and Vafai (1990) were interested in non-taeaquilibrium



flow through a porous bed. They presented a gersstlof volume-
averaged governing equations for non-thermal dmuiin condensing
forced flow through a latent heat storage poroudimérhey carried out
comprehensive numerical investigations of the phermwon.

Kuznetsov (1994) made such an analysis based atisobf the full
energy equations for incompressible fluid and sqiitases without
neglecting any terms in the equations by the peation technique. He
showed that the temperature between the fluid ahd ghases in a semi-
infinite packed bed firms a wave localized in spatater on, he
investigated the thermal behavior of the three-disimnal porous bed

during non-thermal equilibrium fluid flow through i
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2.4 Dryout Heat Flux Models

Dhir-Catton’s model

When the deep beds are cooled by natural convefitian the dryout

is obtained (Figure 2.4). The assumptions in theehare:

1. The flow velocity is very low.

2. The steam vapor does not disturb the directionoofant flow. The
steam relative velocity is very low.

3. The cross sectional area occupied by vapor is st@ill.

4. The particle has a sphere shape and average weighited range.

In the relation of liquid and vapor, the densityfatience affects the
coolant flow velocity in low region. The dryout hdlux is depending on
the coolant flow velocity in low packed region. Rbe coolant flowing

through low region, the momentum equation is

o
k ()

= (pf - pg)g (25)

where k is permeability,(_j is the average diameter of particle.

In the cross section, the coolant superficial ieyac is

U= - (o, - py)o(d)’ (2.6)

My

Appling porosity € and permeability k
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83

K ~ m (27)

e @%p - P9

=cC (2.8)
T - e)? it
Here c, is an experimental value.
According to energy momentum equilibrium,
q = pihgu (2.9)
or
374\ 2 h —
= . i ! Pihg (@ — Py)9 (2.10)
Il i s

The authors experimentally investigated the coolinginductively
heated particle beds. Water, methanol, and acetene used as coolants.
Based on the experimental result, they proposed®. Gabor and
Sowa obtained the dryout heat flux data in the leated region and

proposed =10 for the equation (2.10).

Hardee-Nilson’'s model

In the two-phase region, water has a downward tilmecand the
vapor has an upward direction. Upward fluid tums$hie vapor at the top

region. The energy equation becomes,

ypfufcf (TB - TC) + (1 - y)ugpghfg = QH (211)
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where y is a volume flow rate of fluid and Q is heat gextien rate
per volume.
The momentum equation is,

yiuice = (1 - y)pyuyg (2.12)

In the Darcy’s law, the downward fluid velocity is,

k dP
P =
M dz
and the upward fluid velocity is,
Kk drP
TR o i, 2.14
’ Ky (dz pggj @19
If the vapor density is very small,
u, = LS (d_P) (2.15)
K, \dz

Combining equations (2.11) and (2.13),9 is removed.

Yo usc(Tg - T¢) + hy = QH (216)



In equations (2.13) and (2.15)32is removed.
yJ

UrHy  _ _ Yl
K P9 K

u, = Y  PiUg
1-vy pg

To the equation (2.17), applying the continuity &iipn,

pfuf(vf T ng = pigk

where vV is kinetic viscosity coefficient.

From the equations (2.16) and (2.19),

Vl_cf (Tg — Te) + hnggkpf

Y
H v, + \Y,
(f 1-y gj
d

d QH -
dr |c(Tg — T¢) + hy

Q:

and these lead to,

1€

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)



Y = \)QT (2.23)
o)

gkpf hfg |_1 + Ct (Tboing - Tc) / hng

d = H > (2.24)
v, [1 e /vg)%}
Using the Kozeny relation equation,
—5 !
K = e (2.25)
180 @ - ¢)

After equation (2.15) is substituted, dryout héax fq,(Q,H) in the top

region is written as,

—9 12

d e ophy v

H) = 1+ |+ 2.26
dq(QgH) 180 (L - ¢)? v, v ( )

Shires-Stevens model

They considered that the dryout heat flux was &by the capillary

pressure in particle bed.

60 1 —¢) 1
c' €

AP = (2.27)

o |



1€

where ¢ is an integer number.

Then the dryout heat flux is,

d2 & dlef - pg)hig
180 (1 - ¢)2 vg

« |14+ 4300 - ¢ (2.28)
9(pf — pg)9fH

0d = €2

Jones et al.
They proposed a dryout heat flux model for heatdigle beds with

coolant from below. The assumptions were

1. Vapor and liquid flows have the opposite dir@etpassing through
the particle beds.

2. The particle has sphere shape and uniform @ siz

3. All vaporization occurs in the low region.

4. The flow is laminar.

5. The shape of the liquid and vapor boundary serfa similar to the
shape of the liquid and solid boundary surface.

6. The peripheral length is proportioned to theasgquroot of flow

surface.

Bird obtained the dryout heat flux on the basis Bléke-Kozency

equation.



f e dpr - pglhig

Qd =

-1
x 1 v 1 (2.29)
a3l -a) VIQa- a2

Ostensen-Lipinski model

They obtained the dryout correlation on the basi#ooding criterion
(phenomenon) in particle beds. The particle size sx&er 1 mm and the
flow was assumed turbulent.

From the experimental measurements,

uF PNl =0775 (2.30)
P ik
0 _ g
gDpr e
12
uP = ug/(gDsz)]/2 (2.32)
u,= upward vapor velocity
u, = downward liquid velocity

D = the ratio of fluid volume over the particle fage area.

The surface force is very small so it was ignofBHue particle sizes are
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bigger than the flooding criterion.

The continuity equation is,
pf uf = pgug (232)

In the flooding criterion, vapor velocity, ¢ is given

0.601(gDe” p; /p,)**

u = 2
b+ (o,/00)"

a.f

(2.33)

The vapor velocity is very high in the top regi@ryout heat flux is
qd: pg hfgug,f (2-34)

D = € (2.35)

@ -es

D is the ratio of the particle surface over thetipker volume.

Therefore,

0.60th, [p,p,0e / SA - €
[1 + (pg/pf )1/4]2

0 (2.36)

If the particle layer consists of uniform shafe, = g



0245, [p;p,0c® /1 - )]
[1 + (Pg/Py )]/4]2

Qg =

21

(2.37)

Ostensen-Lipinski model shows that the dryout fileatis proportional

to the square root of particle diameter. Equati®i834) shows a good

agreement with the experimental results for laige particles.

Standard model of Lipinski

This model is an expanded of the Hardee-Nilson mdid@cluded the

turbulent flow and the effect of capillary pressymposed by Shires-

Stevens. The correlation also included the upwadddownward boiling.

Two-phase fluids are passing through particle ket the two fluids

have an opposite direction. The conservation egusitare,

&u2+hu —ﬂ+pgzo
nng 9 kkg 9 H ¢}

S T B BT
nn; Kk, H

(2.38a)

(2.38b)

(2.39)

(2.40)

(2.41)



AP = pressure drop through the debris bed
Q = volumetric heating rate
K= permeability

K¢, k,=nonpermeability

N, NgN¢ = turbulent factor

From the Kozeny-Carman correlation,

K = ¢ e (2.42)
180 (1 - ¢)
d &3
T~ 2.43
= LS (2.43)

Appling to the experimental nonpermeability,

kg = 1 - 11y (2.44a)

ki = 3 (2.44b)
y is a fluid volume rate. The turbulent factors are,

ng = - vy)° (2.45a)

e o=y (2.450)
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In the heated particle beds,

2
q = pghfg[(ulz + utz)]/ - uq (2.46)
Here,
Vv
2kpg kg kf pgng pfnf
( ) .
u, = e pf J @ + A, /H) 1 (2.48)
g pgng pfr]f
12
A, = o(e/K) (2.49)
V5(py = pr)g
In the bed of small particlesi((1mm ),
Qe = Go@ + A /H) (2.50)
\Y) vV -
do = 9gkhy(py — Py ){—1 - g1.11 + y—;} (2.51)

2
y = [0.833\;]: Jug + @07v¢/ vyt Z}V

- (0833vf /vg)t? (2.52)
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H)A., g4 changes proportional to the square of particlendiar.

H(A., g4 changes as a function of bed depth and particle

c’

diameter.

For the large particle bedi{tmm ),

holoa (0 = podona + A, H)

. (2.53)
b+ (o,/00)"

d

H)A., g, changes proportional to the square of particlendiar.

H(A., q, is independent of particle diameter.

Figure 2.6 shows the comparison of dryout heat fitedictions of each
model for the particle bed, 100 mm high, atmosphamessure, and
porosity € = 0.4. The Dhir-Catton and Hardee-Nilson models are good
for the small particle size, Shires-stevens modeklie medium particle
size. The prediction of Ostensen-Lipinski modeatlase to the Lipinski’'s
for larger particle size.

The upward and downward boiling,

do |27 a Ve
= 2 i== + £ +1+1 2.54
Qup > 1 H {(Hj} (2.54)
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Y2

2
_ 0, |2\, N 2\, N
= 10 1 -1 2.55
qdown 2 H |:( Hj ( )

The capillary force drags the liquid from the battto the top. The vapor

is down to the bottom. This phenomenon is downwaoding. The
A : : : .
numberﬁ of an equation that capillary force term is negatwill

give the standard form of dryout heat flux in ttevdward boiling range.

One-dimensional model of Lipinski

This model included the effect of laminar, turbulemo-phase flow,
capillary pressure, and channel in particle bedso At can be applied to
the cases that the bed bottom was either heatirmpaling. Figure 2.7
shows the liquid and vapor flow fields in a uniferize particle bed. If
the particle size is uniform and the low platenisulated, the energy and

mass equations in the packed region of particles bee,

d
o (pg’ ug’ hfg) = Q

dz (2.56a)
d
— \p,u, + p;u,) =0

Q is the volumetric heat generation rate. In clgsete,

(2.57)
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And

pgug + pf uf = W (258)
Here, q(=Qz) is the dryout heat flux at the elematz and; is the mass
flux of coolant injection from below. From Ergunuwedion of pressure

drop through the particle beds, momentum consenvaguation is

1750 - €)p,u,lu, , 1500 - &)’ny,
n,&’d k,£°d”

— 9 =
* = T .RA\I8 (2.59a)

1750 = e)p,ulu,| | 1500 - €)°p,u,

n.ed k.g°d’
dP
+ o4 =
O N (2.59h)
Here, k Ky is relative possibility of liquid and vapor amg , ngis the
turbulent values of{kky. Brooks and Corey proposed,
k, = (L~ s’ (2.60a)
K = & (2.60b)
f
S is the effective saturation of particle layer.
St — Sr (2.61)

S =
1 - s



g, Is true saturation

S, is residual saturation

Brown suggests

_ 1 {(1 — €)’0 cos 6}0264

2| de, (2.62)
Reed suggests the relative permeability in turbiulerd flow,

n, -8 (2.63a)

n = s (2.63b)

For the difference betweer 8nd R, and the Leverett function J,

P - p = V150 0 (1 - €) cos 0J
g f ed (2.64)

- N (2.65)

PL=0.175 (experience value)

Combining the equations (2.57), (2.60), (2.63)%642.and (2.65),
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~1500 cos Bl - ¢€) dJ ds
ed ds dz

+ /1500 cos 6J E (1 - sj
dz ed

“ (o - pg + 01751 - &)’ { 1,1 } (2.66)
f ‘ hZe’d p,L - s)°  ps

, 1500 - ¢)°q Hy LM, G- o
hfgssdz Py @- 5)3 pfs3 pfssd

x |+ 175w $ 359 _ 1500 - gy, | _ 0
s’ s’h,, s’d

g>wheg is applied to the upper sign.

d<whyg is applied to the lower sign.



Table 2.1 Past experimental studies on dryout flat

Bed
Author Particle Size Particle Diameter Coolant
(mm) Materials Height Materials
(mm)
47 Water
Dhir-Catton| 0.295~ 0.787| Steel, Lead Acetone
190~890
Methanol
Hardee- . 50, 120
2
Nilson , Silica sand 360 Nacl/Water
) 0.68
Shires- 1.2 Steel 30~195 Water
Stevens
2.0
Steel Water
Jones 0.35~ o 480 Acetone
et al 1.095 cu 80~300 Methanol
Isopropanol
Barleon- Stainless 80 Water
Werle 2~ 58 Steel 80 Freon-113
Squarer Stainless 102
.55~11.11 W
etal | 02 Steel 127-305 ater
Theofanous o Al 100 Water
Et al Gravel
Stainless 606
Hofmann 3 Steel 50 Water
. 1.588
;SZ: 3.175 Steel . (?355 , | Freon-i13
4.763




Table 2.2 Dryout heat flux data of some selecesst pork

Vol.
Patrticle Bed Mass
] ) Dryout
Authors Size Height Flux
Heat
mm m kg/nfs ,
MW/m
Barleon et al. 0.06-16 <0.4 0 0.7-6
(1981)
Tsai & Catton 0.6-4.8 <0.15 0-0.56 3~4
(1983)
Hu & Theofanous 7-9 1.02 0 0.6~1
(1991)
Cha et al. 1.5-5 0.11 0-3.5 9~26
(1986)
Atkhen & Berthoud 2-7.2 0.5 ? 1.6~5.4

(2003)




Figure 2.1 Fluid flow in the structure of partitded
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CHAPTER 3
EXPERIMENTAL SETUP

3.1 Experimental Facility

An experimental setup for long-term coolability wolumetrically
heated particle beds with coolant injected fronmoleWas constructed.
The experimental apparatus mainly consists of atudtion heater
system, a quartz tube test section containinggbartied, a condenser,
and a water circulator. A schematic diagram ofapparatus is shown in

Fig. 3. 1.

3.1.1 Test particle bed and induction heater

The particle beds are composed of steel partidl@squartz tube. The
shape is spherical and the steel particle size8.2ram and 4.8mm. The
tube is made of quartz and the height is 300mmtla@déhner diameter is
100mm.

The test section is a double-walled quartz tubeals fabricated with
3 mm thick quartz tube and it can contain up to 800 high particle bed.
Uniform-size steel beads were charged into the ti#sé to build a
particle bed. The lower part of the test sectios Wilked with glass balls
to separate the steel particle bed and the joifliagge and also to

distribute the water coolant uniformly over thess®ection of the



bottom of the particle bed when the coolant wasdigd from below.
The particle beds were inductively heated in a towall glass vessel,
which is open at the top (atmospheric pressurele Touble-wall
sidewall was intended to minimize heat loss. The gas open to the
atmosphere.

Water was the coolant for particle beds with forflesv from below.
The heating up rate in the bed filled with stagnaater measured at
different spatial positions was used for the powensity distribution
within the bed. This good homogeneity of power vemhieved by
electrically insulating the particles mutually. Tmsulation was offered
by oxide surface layer. The oxide coating was maaterally, that is, it
occurred during the preliminary boiling tests. A8 fs the beads are
oxidized, the magnetic field penetrates more andemathin the bed.
The heat produced in the bed is removed either fvaiy the top or by
the injected water from below.

Twenty three chromel-alummel(K-type) thermocoug&seathed, 1.6
mm diameter) were located at different positionthimi the bed (Fig. 3.
3). The radial distribution of the thermocouplesiliso shown in the Fig.

3. 4. Thermocouples were located in five vertieakls inside the bed
(Fig. 3. 3). The porosityd has been determined for 100 mm diameter
and 300 mm high bed. The measured porosity fordtBenm particles
was ©=0.38 and 0.37 for the 3.2mm particles (Table)3. 1

Water was flooded at the top of the bed in the apheric pressure or
injected at the bottom of the bed. The generatgubivés passed to a
condenser, and the condensate flow rate and tetapergere measured.

The collected liquid was redirected to the bed @bratrolled temperature

close to T=9%.



The induction heater system consists of power supptl control unit
(40 kW, 30 kHz), an induction coil and a coolingitufrig. 3. 2). The
brine coolant of the cooling unit is also directedhe condenser unit to

condense the steam produced in the test section.

3.1.2 Instrumentations

The steam condenser is a shell-and-tube type xeateger and the
coolant of the induction heater unit is also usedlie condenser (Fig. 3.
5). The condenser cooling surface area is 1°31m

The condensate liquid flow rate is measured anddnelensate liquid
water is returned to the water circulator (Fig68. The water circulator

temperature range is from —30 to 150

The circulator has a 15 Ipm at 0 (Om) of pumpimagacity and the
reservoir volume is 13 liters. The water circulatapplies water coolant
to the test section at a predetermined temperaithier to the top of the
test section (top-flooding tests) or from belowtlod test section (bottom
injection tests). The water coolant flow rate iscolled by use of a
constant-speed pump and a needle valve.

The measurements were made for coolant temperansiee the bed
at various radial and axial locations, and for fluev rates of water
coolant supply and the condensate liquid flow.

A coriolis-type mass flow meter (Fig. 3. 7) was dite measure the
coolant injection rate and a rotameter (Fig. 3w8} used for condensate
liquid flow rate measurement. The thermocouplesflowd meter signals
were processed, monitored, and recorded in a P€dldata acquisition
system (Labview, Fig. 3. 9). The data acquisitigateam was made by

National Instruments Company (Fig. 3. 10).



3.2 Experimental Procedure

For the first test series, a mono-disperse bed prithoxidized 4.8mm
spheres (height 300mm) under atmospheric conditiwas used. The
measured bed porosity 0.38 was depending of thed tdwust.

For the second test series, pre-oxidized 3.2mnicf@dpheres (height
300mm) under atmospheric conditions were used.bBaeporosity was
0.37 in single-phase flow experiments. Other testd@tions were the
same.

This setup allows pool boiling experiments with awtditional water
injection (counter-current-flow, with condensaterfr the condenser fed
to the top of the bed), as well as experiments wilter injection from
the bottom (co-current-flow)

The tests were conducted according to the follovpiragedure:

(1) Turn on the pump and heat the coolant in theutator to the
nearly 95 degrees to be injected to the particte be

(2) Adjust the valves for a desired coolant flowteravhile the
induction heater turned on for warming-up.

(3) The induction heater power button turned on #ra power is
increased in steps.

(4) At each power level, the test is running for-38minutes of time
to allow any delayed dryout of the bed.

(5) The dryout of the bed is observed visually bgnitoring the sharp
rise in the temperature of one or more of the tloe@onples in the
bed.

(6) The power is turned off as soon as dryout iseoled. The bed is

cooled by the natural convection for about 20 nesut



(7) Repeat at least once more under the sameaegitions.

(8) For different set of test conditions, repeapétthrough step 6.
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3.3 Data Reduction

3.3.1 Temperature measurement

Twenty three chromel-alummel(K-type) thermocougl&seathed, 1.6
mm diameter) were inserted inside the bed at fiwal docations, 50 mm
apart, as shown in Fig. 3. 2. The radial distrimitof the thermocouples
is also shown in the figure. Several thermocouples soldered in the
center of a bead. A set of 23 thermocouples locetebde median plane
of particle beds. The thermocouples are installéérnwthe bed is filled
with the beads, so that the main vertical flow @ disturbed. They are
located where dryout areas are expected; therdiwde into each level

at 50mm intervals (Fig. 3. 3).

3.3.2 Heat spatial distribution

Expected to homogeneous beds and homogeneous \atuheating.
But a nonhomogeneous bed and nonuniform voluméigiating may
characterize a realistic particle beds.

In our case, and because of skin effects, usinigdurction coil leads
to a heterogeneous power distribution within thd, despecially in the
middle of bed, the density of the volumetric heatirse can be ~10%
higher than the average value, whereas in theridpbattom of the bed,
the local heat source can be 10% lower. As a comse®, | am

averaging the values of the density in the volurodieat source.



3.3.3 Calculation of volumetric power density

As the uniformity of power distribution identical the particle bed, |

decided to the increment of each located thermdesuggion.

..._Q_(mj dT _ _ _ dT
- Q _ (M 9T _ 5o dT W
g v )P ot P % 4

Here, p, €, have including values of steel sphere and arourtdrwa

Naming Porosity ¢,

= Psteell = ® + pwater® (2)

ol
I
<[3

_ 1
Cp = 5 [psteel(1 = @)Cp,steel * Pwatep, water. ©)

To this particle bed is uniformPs Cpare equal.
Because of the comparison of measuring temperature

change, I decided an identical to the power density.
In order to measure the volumetric power densityhi bed induction
heating, liquid coolant was filled up to the toptbé bed and induction
power was applied at a predetermined level. Thadigemperature was
allowed to rise to the boiling temperature. Figdre is shown the rising
temperature.
The twenty-two thermocouple signals gave sensibkgihg of liquid

and these values were converted to power dengtsilalition. In the



upper part of the bed, observing the nonlinear aséemperature. It

caused the natural circulation of coolant in thd.&though the center
of the bed showed higher power and the top anddti@m parts of the
bed were lower, the power density was uniform withd%. The average
power density at different power level of the intloic unit is shown in

Fig. 4. 3.and Fig. 4. 11. The average power derssiopvs good linearity
with the unit power level. Then the best-fittedelim function was used to
read the power density in the experiment.

The volumetric power density was also verified loynparing it with
the condensation heat removal rate of the steardupeal. A stable
steady-state operation of the boiling in the testisn and condensation
in the condenser of the loop was achieved. Theimgaof condensate
liquid flow rate multiplied by the latent heat o&porization is equal to
the heat added in the test section to boil theidigecoolant. The
comparison between the power input and latent dfetiite condensate is
shown in Fig. 4. 7 and Fig. 4. 13 and shows fairlgood agreement.
The larger error at lower or higher power can lighatted to the rota-
meter flow rate error caused by condensate temperathe modified
rota-meter scale was used the values of the coatketesmperature 20,
40, 60 degrees (Table. 4. 1). It shows the levantfancement of dryout

heat flux in particle beds with the forced cool#ioiv from below.



Table 3. 1 Porosity of particle beds

Dp =4.8mm Dp = 3.2mm

Porosity 0.38 0.37
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Figure 3. 2 H.F Induction Heater (Insung Co.)



Banks of
Thermocouple

Iron Sphere

300mm

5
=
i

£
S| &
&55‘
SEehET
| o ® A
o o9
= £
Y A
%E '
e =\
E OE
3 = M a i L

Glass Sphere

Figure 3. 3 Location of thermocouples



Location of Thermocouples in the Bank
A-2,6,14,19, 22, 30
B-5,10
C-3,7,9, 15, 25,33
D-1,11
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Figure 3. 4 Radial distribution



Figure 3. 5 Thermocouples on the top plate

Figure 3. 6 Condenser (Dong Hwa Co.,DHC 030)
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Figure 3. 7 Circulator (Fisher Co.)

Figure 3. 8 Coriolis-type mass flow meter (OVAL Lo.



Figure 3. 10 Data Monitoring (Labview).
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Figure 3. 11 Data acquisition system (NI Co.)



CHAPTER 4
EXPERIMENTAL RESULTS AND
DISCUSSIONS

4.1 Test Condition

Experiment of dryout heat flux measurement for particle beds of
100 mm in diameter and 300 mm in height has been conducted.
The water coolant is supplied either from the top of the bed or
from below.

The bed is composed of steel particles in unifozae §4.8 mm diameter
and 3.2mm diameter) and volumetrically heated loyation heater coil.
In this experiment achievement of uniform heat infpwoughout the bed
is crucial and for this purpose the particles cosnpg the bed must be
electrically isolated or completely conducted.

Complete conductance between the steel particlestiplausible in this
case, however the natural rusting of steel pagialter several repeated
boiling had built sufficient oxide coating over tlparticle surface and
this provided complete electrical insulation betwé®e particles.

In order to measure the volumetric power densitythe bed with
induction heating, liquid coolant was filled upttee top of the bed and
induction power was applied at a predetermined lle¥é&e liquid
temperature was allowed to rise to the boiling terapure. The

Calculation method of power density distributiorsi®wn in Fig 4. 1.



The twenty-two thermocouple signals gave sensibkgihg of liquid
and these values were converted to power densstyilalition. Natural
circulation of the coolant in the bed caused nadirrise of temperature,
particularly in the upper part of the bed (Fig.24. The banks of power
density distribution are shown in Fig 4. 3. Althbutpe center of the bed
showed higher power and the top and the bottons drthe bed were
lower, the power density was uniform within 10%.eTaverage power
density at different power level of the inductiomtus shown in Fig. 4. 4
and the average power density show good linearitly the unit power
level. Then the best-fitted linear function was duse read the power
density in the experiment.

The larger error at lower or higher power can kebatted to the
rotameter flow rate error caused by condensate deatyre. The
rotameter flow scale modify to the proper tempematudhe graph of
modified flow scale is shown Fig 4. 5 and Fig 4.Tébles 4. 1 was
shown in the modified rotameter scale as to thelensate temperature.

The volumetric power density was also verified loynparing it with
the condensation heat removal rate of the steardupenl. A stable
steady-state operation of the boiling in the testien and condensation
in the condenser of the loop was achieved. Theingaof condensate
liquid flow rate multiplied by the latent heat ofporization is equal to
the heat added in the test section to boil theidigooolant. The
comparison between the power input and latent dfetite condensate is

shown in Fig. 4. 7 and shows fairly a good agreg¢men



4.2 The Effect of Dryout heat flux on the Bead Size

The first set of tests was top flooding case taiwbthe top-flooding
data for the present bed composition and geometiyaéso to verity the
present experimental method by comparing with & plata of similar
geometry. The nearly saturated liquid coolant is, this case,
continuously added to the top of bed and the indncheating power
was increased by a step from a lower level untd ohthermocouples
showed a sharp increase. The typical thermocougials when dryout
occurs are shown in Fig. 4. 7. In top-flooding cagee dryout occurred
always at the bottom of the bed.

For 4.8 mm particle bed, the top-flooding dryouttheate was ~4
MW/m?® as shown in Fig. 4. 6 and this value falls wittfie range of the
past experimental data (see Fig. 4. 9). The codlaiing rate
corresponding to this amount of heat input is atbitkg/nfs in terms
of mass flux. Therefore when the coolant is injéataly from below of
the bed, the dryout occurs whenever the power irggteater that the
heat required to evaporate all the coolant injetiaeh below.

In case of the tests of bottom injection, the neadturated liquid
coolant is continuously injected from the bottomtlué test section at a
preset rate. The induction heating power was irsg@dy a step from a
lower level until one of thermocouples showed arghacrease. It is
noted that there is a layer of glass bead sectfodl® mm height
between the bottom of the test section and the sezal particle bed to
distribute the injected coolant over the crossisraif the test section.

In the range of coolant injection rate of 0.5 ~ Rgfnts, the dryout heat
rates were shown in Fig. 4. 8. Also is plottedha lof evaporation heat of
complete vaporization of the coolant flow. The drybeat rate increases

as the coolant injection rate is increased; ~5.0 /MWat the coolant
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mass flux of 0.5 kg/fis and 7.91 MW/rat the coolant mass flux of 1.5
kg/m’s in 4.8mm particle size.

In 3.2 mm particle size, the coolant injection retages 1 kg/fis from
0.25 kg/nis. Also the dryout heat rate increases as the ebigction
rate is increased. The dryout heat rate is aboutvakf at the coolant
mass flux of 0.25 As and 6.3 MW/r at the coolant mass flux of 1
kg/m’s in 3.2mm patrticle size. The dryout heat ratesevetiown in Fig.

4. 14.

The present dryout data for 300 mm bed height a@arn mm particle
diameter are compared with the past studies in4zi§. The present data
of dryout heat rate of zero flow case (top-floodiagrees well with the
past data. Comparing with KAERI data for coolaotwflfrom below also

shows the effect of bed height.



4.3 The Effect Dryout Heat Flux on the Mass Fluxes

Generally the dryout heat rate increases as thiamimjection rate is
increased in the past study. In my case, experaheesgults are the same.
In 4.8m particle size, the dryout heat rate is at®MW/m® at the
coolant mass flux of 0.5 kgfm and 7.91 MW/ at the coolant mass
flux of 1.5 kg/nfs. The regime transition from flooding controllegait
to bulk film boiling occurs at about 0.75 kdgfen(Fig. 4. 8).

In 3.2mm particle size, the dryout heat rate isuat® MW/n? at the
coolant mass flux of 0.25 kgfm and 6.3 MW/r at the coolant mass
flux of 1 kg/nfs (Fig 4. 9)

The comparisons of experimental results were shiowfig. 4. 14 and

Fig. 4. 15.



4. 4 The implications to the particle bed coolabity

The test was conducted a top flooding case to olkes dryout data
and compared with the past data of similar geoméelkhe dryout
occurred always at the bottom of the bed. Dryoutuck due to
countercurrent flooding.

At the bottom injection case, Dryout areas are gdlydocated in the
upper part of the bed. The void fraction of theaares high.The starting
point of the dryout occurred both in the centerwadl as near the
crucible wall.

In several cases, the coolant has temporarily metted in particle
beds. It was thought theat the pressure in thetidragorarily increased.
Because the coolant was not injected from belowad$ caused what

not supplied the coolant in particle beds.



Table 4. 1 Conversion table for condensate flow véth

condensate temperature.

Scalef 20Cm | 40T m [60 T M| My/ My Meo / Myo
10 0.055 0.073 0.0895 1.3273 1.6273
15 0.106 0.121 0.139 1.1415 1.3113
20 0.15 0.174 0.189 1.1600 1.26
25 0.201 0.223 0.24 1.1094 1.1940
30 0.252 0.275 0.292 1.0913 1.1587
40 0.351 0.38 0.397 1.0826 1.1310
50 0.445 0.47 0.487 1.0562 1.0944
60 0.539 0.587 0.615 1.0890 1.1410
90 0.88 0.926 0.96 1.0523 1.0909




Table 4. 2 Measured dryout heat rate (Dp=4.675mm)

TEST| Mass Flux Power Leve| Vol. Power | Time to dryou
(No) |  (kg/nPs) (%) Input (MW/m3 (min)
1 0 26 4.221 6
2 0 24 3.896 29
3 0 24 3.896 21
4 1 42.5 6.819 2
5 1 40 6.494 19
6 1 37.5 6.105 9
7 1 42.5 6.819 14
8 1.25 50 7.710 15
9 1.5 57 7.910 18
10 0.75 39 6.332 8
11 0.75 39 6.332 11
12 0.5 30 4.871 5
13 0.5 27 4.383 21

—
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Table 4. 3 Measured dryout heat rate (Dp=3.175mm)

TEST| Mass Flux | Power Leve| Vol. Power | Time to dryout

(No) | (kg/m?s) (%) Input (MW/m3 (min)
1 0 20 3.13 6
2 0 17.5 2.74 7
3 0 17.5 2.74 4
4 1 325 5.07 13
5 0.5 27.5 4.29 2
6 0.25 17.5 2.74 10
7 0.75 35 5.46 15
8 1 40 6.24 14
9 0.25 19 2.97 1
10 0.5 28 4.37 9
11 0.75 35 5.46 4
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CHAPTER 5
CONCLUING REMARKS

Enhancement of dryout heat flux in debris beds witiolant flow
from below has been experimentally studied. A yaimiform heating of

particle bed was achieved by induction heating.

The dryout heat rate data were obtained for bqtHltmding case and
forced coolant injection from below with the injeet mass flux up to
1.5 kg/nfs. For the top-flooding case, the volumetric drybest rate
was about 4 MW/rin 4.8 mm particle and about 3 MWirm 3.2mm
particle. At the coolant injection mass flux of k&nrs, the volumetric
dryout heat rate was about 7.91 MW/m 4.8mm particle. In 3.2mm
particle, at the coolant injection mass flux of g/rk’s, the volumetric
dryout heat rate was about 6.3 Mw/milt shows the level of
enhancement of dryout heat flux in particle beds the forced coolant
flow from below.

The dependence of dryout heat rate on particle etemwill be
further investigated by conducting the tests witinalber particle
diameters. Also an analytical model of dryout heate will be
developed by accounting for the effect of upwaralaot flow in

Particle beds.
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SUMMARY IN KOREAN
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