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ABSTRACT

Understanding of the hydrodynamic characteristics and flow
Timitations of two phase flow through porous media is necessary to
evaluate the :oolability of a top flooded degraded nuclear reactor
core. In the present work, an analytical and experimental investiga-
tion of counter-current two phase flow through 80-100 cm deep porous
layers composed of both uniform size spherical particles (nominal
diameters 1-19 mm), mixtures of these particles, and mixtures of
spherical particles and non-spherical "sharps" has been performed.

The porous layers were formed in a 20 cm diameter plexiglass tube.
Water and air were used as the test fluids, with superficial velocities
ranging from 0-19.5 mm/s and 0-163 mm/s, respectively. Bed porosity,
mean particle diameter, flooding 1imits, and void fraction and pressure
gradient at flooding were investigated. An analytical approach

based upon geometrical models was used to derive expressions for porosity
and mean particle diameter. An empirical correlation has been found
for the flooding data which is slightly different than that found in
the literature. The effect of coupling of the overlying liquid layer
with the bed and of axial gas injection upon the flooding 1imit were
also studied. The results of these h:drodynamic investigations were

applied to obtain dryout heat flux in bottom and volume heated

particulate beds.
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Chapter 1
INTRODUCTION

In the event of nuclear reactor core degradation, several
scenarios can be envisioned in which the core material may be considered
to behave as a porous layer (1). The most efficient means of cooling
such a degraded core is by bottom flooding, where the liguid Tow
rate is limited only by the amcunt of driving head available. However,
if an impervious blockage forms at the bottom of the reactor core or
if the debris drops into the reactor cavity, bottom flooding would no
longer be possible and the debris must be cooled from above. The
maximum amount of energy which can be removed from a top flooded debris
bed depends on the counter-current flooding 1imit through the bed,
which in turn depends upon the bed porosity and mean particle diameter.
Since the debris bed would be composed of particles of various sizes
and shapes, an a priori evaluation of porosity and mean particle
diameter is required. In this work, analytical and experimental studies
of mean particle diameter, porosity, counter-current flooding limits,
and void fraction and pressure gradient at and before flooding are
performed for beds composed of both uniform size spherical particles
and mixtures of various size particles. The effect of overlying
liquid layer coupling with the bed, axial gas injection, and bed
stratification upon the flooding limit is also investigated. The
results of these hydrodynamic studies are then applied to evaluate
the dryout heat flux for bottom and volume heated particulate beds.

During the past several years, experimental and analytical

studies of dryout heat flux in bottom and volume heated beds have



appeared in the literature (1). Almost all of the models for dryout
heat flux are based on counter-current flow limitations through
particulate beds. In these models either the results for limiting
velocities are borrowed from the literature (2) or are obtained by
making some assumptions about the void fraction (3,4) while accounting
for the particie drag experienced by the vapor and liquid phases.
Also, in some of the studies (2,4) no clear distinction between dryout
in bottom and volume heated Leds or consideration to the interaction
between the overlying layer and the bed has been made. The dryout
heat fluxes observed in volume heated beds are generally higher than
those observed in bottom heated beds (5). The purpose of this work

is to study experimentally the flooding 1irit in particulate beds

and then apply this to determine dryout heat flux in bottom and

volume heated beds. Studies of bed porosity and mean particle diameter

in beds composed of mixtures of various size particles are also
performed in order to make this work more applicable to the cooling

of a degraded nuclear reactor core.




Chapter 2
EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus was designed so that the porosity,
mean particle diameter, 1imiting phase velocities, average void
fraction, and local pressure at several locations along the test
section can be determined for beds composed of various size particles.
Mean particle diameter was obtained from measurements of the single
phase liquid pressure drop through the bed. In all of the experiments,
air and water were used as the test fluids with superficial velccities

ranging from 0 to 163 mm/s and 0 to 19.5 mm/s, respectively.

2.1 Discription of the Apparatus

Experiments on counter-current two phase flow through porous
media were conducted with ambient temperature air-water flow through
a cylindrical test section. A schematic diagram of the experimental
apparatus is given in Figure 2.1. The basic components of the setup
are: a plexiglass test section, a water reservoir, and a centrifugal
pump. Instrumentation consists of water manometers, air and liquid
flow meters, and an inlet air pressure gagc. Electric solenoid
valves were installed in the inlet and exit water lines and the
inlet air line for rapid flow cut-off. The test section, a 20.3 cm
inner diameter and 167 cm long plexiglass tube, is formed of 15.2 cm
long sections joined by flanges. The test section is placed on an
outlet header with a slotted aluminum plate and a perforated brass

sheet sandwiched inbetween. Upon the brass sheet, a 3.175 mm inner
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diameter copper tubing wound in the form of a spiral
On the top side of the spiral, 0.794 mm diameter holes are drilled
in a pattern which provides a uniform gas flow when the spiral is
connected to an air supply. Water is sprinkled down on the particulate
bed from a showerhead placed at the top of the test section. Eight
pressure taps, made of 3.2 mm inside diameter plexiglass tubing, are

ng the bed height at 15.2 cm intervals and are connected
to water manometers. Ten additional pressure taps are placed at
intervals near the top of the bed. Short qlass tubes, measuring

p

outside diameter and 1.0 mm in inside diameter, with gl

1

1y glued to the outside surface are inserted into the

These porous plugs act to dampen oscillations in
ssure and detain air bubbles from entering the water

manometer lines. Water exits through the outlet header and into

a containing reservoir. A globe valve is inserted in the water exit

line to control the water height in the test section and is referred

to later as the water drairage valve. A 30 cm long pine is connected

perpendicularly upward at the end of the water exit line to insure
that no air enters the line. This condition is necessary for void
fraction measurements. A fixed scale is placed along the length of
the test section to provide easy measurement of bed and overlying
liquid layer heights.

imulate volumetric vapor production in the bed,

experiments were performed in which air was injected at various

locations along the bed height. Five air injection locations were




2
/

spaced by 15.2 cm. These locations correspond to the

-
|

pressure taps. Each injection location was connected to
a separate air flow meter and then to a common source of compressed

air.

Procedure

Before counter-current flow experiments were performed,
measurements of particle material density and mean particle diameter
were made for each particle size. Particle material density was
determined by the volume of water displaced when a predetermined
weight of particles was added to a 2000 ml graduated cylinder

1f filled with water. Particle mean diameter was deter-
the minimum | maximum diameters of 40 samples
using a one inch micrometer.

A certain amount of particles was then weighed and pourcd

the test section to obtain a particular height. Particulate
beds were formed in a pool of water to minimize particle impact
velocities. The porosity was determined from measurements of the
bed height, be eight, and particle material density. After form-
ation of the bed, a predetermined liquid flow rate was established.
Readings of the water manometers were noted to determine the single
phase liquid pressure drop through the bed. Air was then gradually
added to the test section in increments while keeping the liguid

flow rate constant. An overlying two phase air-water layer between

to 40 cm in depth was allowed to form above the bed to




=

eliminate effects of the free surface on void fraction in the upper
section of the bed. Readings of the water manometers and overlying
layer height were noted at each incremental air flow rate. The
volume of air in the bed and overlying layer was found by simulta-
neously closing the water inlet and exit lines and the air inlet
line. The effects of air compression on the air flow rate and
non-instantaneous closure of the solenoid valves on overlying layer
height drop were tested and accounted for. Experiments were termin-

ated at air flow rates at which flooding was observed to occur.

2.3 Data Reduction

The density of the particle material (glass) was obtained

from the following equation:

m

R - (2-1)
p

av,
where av, is the volume of liquid displaced by a known mass of
particles mp. The porosity of the particulate bed was calculated
as

m
€c=]. 2 (2-2)
opAL

where mp is the total mass of particles in the bed, pp is the particle

material density, L is the bed height, and A is the cross-sectional

area. For an overlying layer of known hydrostatic head, APO, and

depth, Ho' the average void fraction within the overlying layer, Q..

0




was obtained from the equation

The active void fraction, discussed in reference (g), is defined as

the fraction of pore area occupied by moving gas. The fraction of
the pore occupied by non-moving gas is termed in (6) as the inactive
void fraction. Since in this study only the active void fraction

is considered, it is often written simply as "void fraction" where
the "active” is impiied. The average active void fraction in the
particulate bed was obtained by simultaneously stopping the incoming
air flow and incoming and exiting water flows. This resulted in

a reduced overlying layer height, H,. By a volume balance on air,

1

the average active void fraction was calculated by the equation

-+

The frictional pressure gradient was calculated from a known
pressure gradient by the following equation:

dP,

t
dz dz [(1"ac) o %ac q] 9




Chapter 3

HYDRODYNAMIC STUD
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Table 3.1 Mean Diameters of Beds Composed of Uniform Size
Spherical Particles
Nominal Kozeny-Carmen Measured Range of
Diameter Mean Diameter Arithmetic Variation
Mean Diameter
(mm) (mm) (mm) (mm)
3 2.1 2.8 1.9-3.4
6 5.0 5.8 5.6-6.1
10 10.0 10.0 9.8-10.3
15 13.0 14.7 14.4-14.9
19 n 21.7 19.1 18.4-19.7
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equation (3-4) can be written as
[142@.&111 .L.Nz [1‘.5,&:&192_ x
e = D b
2 Dp j=1 Lop,i p,i
For Re£>>86(l-c). equation (3-6) can be approximated as
N
.2."*.
j=1 D

P

) e

p

Alternatively for Re <<86(1-c), equalion (3-6) becomes
N,

1,2 i

b2 b2

p i=l “p,i

(3-5)

(3-6)

(3-7)

(3-8)

Equations (3-8) and (3-7) represent the bounds of the mean particle

diameter as Jz goes to zero and infinity, respectively.

The experimental values of the mean particle diameter from

the Kozeny-Carmen equation are compared with the predictions of
equations (3-7) and (3-8) in Table 3.2. The experimental values
of the mean particle diameter represent an average of data taken
for superficial 11quid velocities ranging from 1.9 to 19.5 mm/s.

For most of this range the Reynolds number is of the same order

as 86(1-¢): thus the mean particle diameter is expected to be found

somewhere inbetween the predictions of equations (3-7) and (3-8).

In Table 3.2, the predictions of equation (3-7) are seen to be

be tween 4% to 50% higher than those of equation (3-8),

14

The exper-
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Table 3.2 Mean Diameters for Mixtures of Sperical Particles

Nominal Diameters Volume Fractions Kozeny-Carmen Mean Diameter Mean Diameter
of Constituent of Constituent Mean from from
Particles Particles Diameter Equation (3-7) Equation (3-8)
(mm) (mm) (mm) (mm)
6,10 0.28,0.72 7.8 8.3 8.0
6,15 0.16,0.84 10.3 11.9 10.7
6,10,15,19 0.20,0.30,0.30,0.20 9.9 10.5 9.6
3,6,10,15,19 0.16,0.21,0.21,0.21,0.21 5.4 6.2 5.7
1,3,6,10,15,19 0.10,0.15,0.25,0.25, 3.1 4.2 2.8

0.15,0.10




imental data in Table 3.2 agrees with the predictions of equation (3-8)
to within 10%, but differs from the predictions of equation (3-7)

by as much as 35%. In some instances, the experimental data does

not fall between the theoretical limits obtained from equations

(3-7) and (3-8). This deviation is caused by experimental uncertainty

in the pressure gradient and constituent particle diameters.

3.1.3 Mean Particle Diameter for Two Phase Flow Through
Beds Composad of Mixtures of Particle Sizes
The mean particle diameter for two phase flow through beds
composed of mixtures of particle sizes can be obtained in a manner
similar to that used for single phase liquid flow. Equating the
two phase pressure drop through the layered bed and the mean diameter

bed, we can write

2 2
AL[ISOfl-c! ung ¢ 1.75!1-cl qugz ) 150“-.:! “ij
“g* p° Ngt %€ 0y

" 2
_ 1.75(1-¢ [150 l-¢
] E [,

n. e ke D

? g p,i
+ & 75§1°t! 150]1 t! . l.75§1-c! pgjgz] (3-9)
ncD ch nztDp.‘

In eauation (3-9), the superficial 1iquid velocity is taken as
positive for counter-current flow. Dividing equation (3-9) by

ngc‘ogjg’/1.75(l-c) and rearranging gives

16
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i=1

2
86(1-¢)n u 1 np,d 86(1-¢)n u
q9g B [ 2 .1
[( “aa’q )3 *'D-] (noJ?)[( “Pudy )5:+ﬁ]

P p £°9%9 p p
2
‘ 86(1‘5)'\ _ll . 86(1-6)'1111! 1 l
X ‘_ﬂ_ﬂ & enihes
1'5 "o ) D.i] (n 0P J ) B “eu ) 5;?; Op,i
(3-10)

The results of numerous studies (6,7) indicate that ng/tg and n, /x,

are nearly equal to one. The Reynolds number for liquid is given in

equation (3-5) and the Reynolds number for gas can be written as

3D
Reg = fﬂ;ﬂl (3-11)
9

The relative importance of the gas and liquid phases in evaluating

the mean particle diameter is determined by a two phase weighting

parameter B, defined as

n.p,J :

g« 92t (3-12)

nqong

Using equations (3-11) and (3-12) and assuming that ng/xg =n e, = 1

equat

2

This

fon (3-10) can be rewritten as

[0+ B6gk<d) -m (1o Bfe))] L
*1[(1*&9“15")-8(“‘9‘40‘2)]61‘ (3-13)

p, p,i

is the general mean diameter equation for two phase flow.

For pljl’<<ogjqz. the two phase weighting parameter B goes to zero

17



and equation (3-13) can be written as

) . 4D X
[1 + 8—‘&9—‘1] %; '?‘71 [1 + i‘:,(l-:g—‘) 5:-1] 5;—" (3-14)

It can easily be shown that equation (3-14) goes to the limit of

equation (3-7) for Re_>> 86(1-c) and that of equation (3-8) for

9

R‘g“ 86(1-¢). Similarly for pljlz>>pgj92, B becomes very large and

equation (3-13) can be written as

[1 asle)] z[“ -e)

N
e (3-15)
p.1
This equation is equivalent to equation (3-6) for single phase
liquid flow. The limits of equations (3-7) and (3-8) are again
obtained for Rel>>86(l-c) and Rel<<86(l-c), respectively. The
predictions of equations (3-7) and (3-8) are thus seen to represent
the upper and lower bounds of the mean particle diameter for two
phase flow through porous media. By estimating the ranges of the
superficial gas and 1iquid velocities, one can determine an appropriate
mean particle diameter using either the general weighting equétion

(3-13) or one of the 1imiting equations (3-7) and (3-8).

3.2 Porosity

3.2.1 Porosity of Beds Composed of Uniform Size Spherical Particles

Pore size in beds composed of uniform size spherical particles

is known to vary between a minimum and a maximum determined by the

18



set of stable geometrical configurations of the particles. The
minimum pore size is given by a rhombohedral configuration, shown

in Figure 3.2a, and results in a porosity of 0.259 (8). Scheidegger
(8) points out that the configuration giving the greatest pore size
has not yet been discovered. However, for purposes of this study,

the maximum pore size can be assumed to be given by a cubic config-
uration (9), as shown in Figure 3.2b. A cubic configuration gives

a porosity of 0.476. The porosity of the entire bed thus varies
statistically between 0.259 and approximately 0.476, and the probability
of obtaining any given porosity between these limits is given by

a skewed normal distribution with a mean value of 0.40 (8). It

should be noted that for "large" diameter particles (D »1 mm) porosity
is not a function of particle size. Several investigators (9,10)

have detected increased porosities for "small" diameter particles

(D <1 mm) due to bridging. This study will be restricted to "large"
particles (D >1 mm), such that the porosity can be assumed to be
independent of particle size. Pore size is also known to increase in
the proximity of container walls, thus the mean porosity of a bed can
increase either with increase in the particle diameter or decrease

in the container diameter.

3.2.2 Porosity of Beds Composed of Mixtures of Two Size Particles

A few general terms and concepts must be defined before we
proceed with the study of porosity of mixtures of particle sizes.
It was previously stated that porosity of beds composed of a single
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particle size (D >1 mm) is independent of the particle diameter.
On this assumption, porosity of beds composed of mixtures of different
particle sizes must also be independent of the absolute diameters
of the constituent particles but dependent instead upon some ratio
of their diameters. For mixtures of two particle sizes, the diameter
ratio is defined as
D

y 2 ﬁ-f (3-16)
where Dl 3.02. Since D1 is always greater than 02. the diameter
ratio varies only between 0 and 1. Another important parameter is

the number ratio, defined for mixtures of two particle sizes as
N
B = HI (3-17)

where N1 is the number of particles of diameter D1 present in the

bed. The volume fraction of 1th size particles 1s defined as
Y
X1 3 E- (3-18)
i
g=q *

The volume fraction is a useful parameter because it can easily
be measured experimentally., The number ratio for mixtures of two
particle sizes can be determined from the volume fraction and the

diameter ratio as

X
g s ;f (})3 (3-19)

Let us first assume that the particulate bed is in a perfectly
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cubic array and that a volume of smaller particles is present which
is just sufficient to fit into the pores of the cubic array of larger
particles. Now if the smaller particles can be transported into
the pores of the array without disturbing the larger particles, a
point will eventually be reached when all the pores of the cubic
array are filled with smaller particles. At this point the bed is
said to be "saturated”. If we were to add more of the smaller part-
icles, they could not fit into the pores of the array and would
stratify in the bed. The saturation point in the scenario discribed
earlier would obviously occur at 8 equal to one. Had we added part-
fcles much smaller than those making up the cubic array, we could
have fit more than one particle in each pore and the saturation point
would have occured at g greater than one. If Beat is used to denote
the number ratio at which saturation occurs then for & > 8 .., the
smaller particles would separate out of the mixture, and for & < £..,,
the larger particles would separate out of the mixture. Here the
separation means that some of the particles will form a mixture and
some will not. A "mixture" here is defined as a lattice of a given
particle size with smaller particles contained within its pores.

In some cases, a certain particle size may separate out of
the mixture before the saturation point {is reached. One example
of this effect is seen in segregated beds, where the smaller particles
form a layer above the larger particles without mixing. Uncertainty
caused by imperfect mixing can cause significant error in porosity

data. Even in vigorously mixed beds there {s a tendency for the
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smaller particles to move through the pores of the larger particles
and gather at the bottom of the bed, thus causing mixing error.

No effort has been made here to account for mixing error in the
porosity correlation for mixtures of two particle sizes. It has
been found by experience, however, that the mixing error is nearly
zero when x, > X,.

For each saturated mixture, there exists a saturated porosity,
€oat’ which is a function of y and Boat’ Since the saturated number
ratio, Boat? is a function of y only, the saturated porosity may be
determined by y alone. A further discussion of €cat and Beat i
given later in this section.

The porosity of a perfectly mixed bed of spherical particles
can be obtained by averaging the volumes occupied by the separated

and mixed particles for two cases as follows:

Case 1
v '
Case 2

v v
B Boged ¢ Jﬁd (0.40) + 4:1 teat (3-21)

The volume of the saturated mixture, the volume of separated particles
of diameter Dl‘ and the volume of separated particles of diameter

D? are denoted by V 2 respectively, and are given

sat’ Vsep,1* M Voo,

by

3
(l ) z.sat ”l.slt 1 ) (3-22)

"sat
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3
Veep,1 * 585 § M~ Mpsat) O (3-23)

1 " 3
Vsep,2 " 0.60 6 (N, - "Z.sat) D, (3-24)

The total volume, Vt. is given simply by V
(3-20) and by \'“t +V
noted that Nl' "l.sct
(3-21). Dividing equations (3-22), (3-23), and (3-24) by vy and

substituting into equations (3-20) and (3-21), we have the following

sat + vs'p.z in equation

— in equation (3-21). It should also be

in equation (3-20) and "2' Nz.sat in equation

relation:

2(1-e_.,) S+ 3¢
. sat sat (3_25)

5(1"sat) s+ 3

where the weighting factor S is defined as follows:

Case 1

3
832 Boyyh g ij;"‘:)' (3-26)
sat
Case 2
B < Byyes §= SE!!&[EI:E (3-27)
L g

The values of v, &, and ¢« are known from experimental data,

and it 1s desired to solve for Beat and €eat’ Equation (3-25) provides

one equation relating ¢ and “sat’ and since there are two unknowns,

sat
one additional equation is needed. For y > 0.48, it i's known from

simple geometrical models that ¢_.. equals one. For y < 0.48, a

sat
cubic geometry can be assumed to obtain a second equation relating
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Coat 3D By 08

e . =0.40 - 3

"
sat 6 “sat” (3-28)

Porosity was determined experimentally for various values
of the diameter ratio. Experiments were performed with equal volume
fractions of the constituent particles to minimize mixing error.
Using equations (3-25) and (3-28), the values of €cat and Boat Were
obtained from the porosity data for various y and are plotted in
Figures 3.3 and 3.4, respectively.

The solid line in Figure 3.3 represents the mean of the data

and can be written algebraically as

. 2
€cat 0.40 - 0.24(y-1) (3-29)

Substituting equation (3-29) into (3-28), an algebraic correlation

for Gsat can be written as
2
a -1
qe * 0-458 11:,’— (3-30)

Equation (3-30) is plotted in Figure 3.4 and is seen to fit the data
well., The erdpoints of the curve in Figure 3.3 may also be predicted
theoretically. As y approaches one, 02 approaches Dl and the porosity
must go to that of a bed composed of uniform size spherical particles,
or 0.40. Alternatively, as 02 approaches zero, or y approaches

zero, the surface of the larger particles will have a negligible

effect upon the smaller particles and the saturated porosity should
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Table 3.3 Comparison Between Observed and Predicted Porosities for
Beds Composed of Mixtures of Two Size Particles |

Diameters of Volume Fractions Observed Predicted

Constituent of Constituent Porosity Porosity
Particles Particles

(mm)

3,19 0.50,0.50 0.262 0.294
10,19 0.50,0.50 0.350 0.370
15,19 0.31,0.69 0.378 0.387
10,15 0.24,0.76 0.380 0.375

1,3 0.50,0.50 0.343 0.345

3,6 0.50,0.50 0.367 0.366

1,19 0.34,0.66 0.209 0.204
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approach (0.40)x(0.40), or 0.16. The data for ¢ in Figure 3.3

sat
is seen to fall on a parabolic curve between these limits.

It is noted that this analysis should also be applicable
to non-spherical particles if the curves in Figures 3.3 and 3.4
are altered to account for shape factor. From a set of curves of

€ versus y, where the shape factor is held constant on each curve,

sat

one may correlate ¢ ad Bsat as functions of diameter ratio and

sat
shape factor. These exp~essions can then be substituted into equation
(3-25) to obtain the porosity.

A comparison between the predicted and observed porosities
is given in Table 3.3 for several mixtures of two particle sizes.
The predicted porosities are within + 12% of the observed porosities

for the data given in Table 3.3. The experimental repeatability

of the data is also approximately + 12%.

3.2.3 Porosity of Beds Composed of Mixtures of Three or More
Size Particles
Before evaluating porosity of mixtures of three or more size

particles, it is necessary to form a model to approximate Bsat for
each constituent particle size. One such model is formed by assuming
a simple lattice geometry and classifying the pores occupied by
various size particles. Assuming a cubic array with structuring
particles of a given diameter Dl’ the largest particle to fit into
the intersticial region would obviously occupy the pore volume in

ihe center of the cubic lattice. This center located pore will
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be referred to as a "first level"” oore. The diameter ratio of the
largest particle that can barely fit into a given pore level of the
cubic array is referred to as the "critical ratio" of the pore
level and is denoted by Yerit® Simple geometrical arguments yield
a value of one for Bsat and 0.732 for Yerit for first level pores.

If the first level pore spaces of the cubic array are filled,
the next smallest particles to fit into the array will have diameters
of 0.414 D1 and will fit into the pore volume in the center of each
face of the cube. These pore spaces are called "second level" pores.
Each cube in the array has six faces; however, each face is shared
by two cubes. The Beat of second level pores is, therefore, one
half of six, or three. The critical ratio of second level pores
is 0.414. If the first and second level pores are filled, the next
smallest particles that can fit into the array will have diameters
of 0.132 Dl' These particles fit into the pore volumes between each
two adjacent particles of the cubic lattice and the central particle
occupying the first level pore. This pore space is referred to as
a "third level” pore. Third level pores have a value of 12 for
esat and a critical ratio of 0.138. Notice that third level pores
have no meaning if the first level pore is not filled. Obviously
an infinite number of pore levels exist, each with increasing 8

sat

and decreasing y Due to the increasing complexity of higher

crit’
pore levels, this study will be 1imited to distributions with y > 0.05.
In this region, only three pore levels exist. This model is constrained

in the sense that it does not allow smaller particles to fill voids
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in larger pores when larger particles are present. This constraint
will later be relaxed by defining an empirical relaxation coefficient
which is obtained by comparing predictions with the data.

The fundamental idea in evaluating porosity of mixtures of
three or more particle sizes is to divide the particie distribution
up into four regions, determined by the range of y with respect
to pore level. The regions are ordered such that region 1 corresponds
to the structuring particles of the array and regions 2, 3, and 4
correspond to particles filling the first, second, and third pore
levels, respectively. Each region is then treated as a single part-
icle size of diameter equal to the mean diameter within the region.
The volume fraction of each region is taken to be the sum of the
volume fractions of the particles contained within that region.

By this method, any mixture of n particle sizes can be treated as
a mixture of only four particle sizes. Furthermore, the value of

B is known for each of the four regions of this reduced mixture.

sat
To facilitate the determination of the porosity of the reduced
mixture, it can be imagined that a mixture involving all of the
initially given particles forms as a bottom layer in the bed. When
eventually all of the particles in a certain region are used up,
a new mixture will form in the layer immediately above the previous
layer. For this new mixture, we must again calculate the reduced
particle diameters and volume fractions to determine the layer porosity.

This procedure can be repeated until all of the particles are used

up. The porosity of such a bed would simply be the sum of the porosity
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of each layer times the fraction of the total bed volume which the
layer occupies. A similar type of volumetric weighting was used
to calculate porosity for mixtures of two particle sizes in the
previous section. For mixtures of three or more particle sizes,
volumetric weigk*ing by the layer volume within the bed becomes
extremely complicated since the definitions of 8 and Bgat AT based
upon the largest diameter particle in the reduced mixture, which
changes for the various layers. If the layer porosities are weighted
instead by the total initial volume of the particles composing each
layer, a much simplified weighting equation can be obtained. The
validity of this approximation can be confirmed by calculations
using simple geometrical models. An example of such calculations
is given in Appendix D.
The procedure for determining porosity of mixtures of three
or more particle sizes is outl..ed as follows:
I. Divide Particle Distribution into Regions
A. Order diameters from largest to smallest. Also rearrange
the volume fractions to correspond with the diameters.
B. Determine the largest particle diameter with a non-zero :o]ume

fraction and label this diameter Dmax’

C. Mark boundaries of the regions as fonows:+

01,2 = 0.732 Dmax (3-31)
02’3 = 0.414 Dmax (3-32)
03’4 = 0.138 - (3-33)

+ Details in Appendix A
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II. Dete~-ine Mean Diameter, Volume Fraction, and Number Ratio
of Ea.n Region

A. The mean diameter of region j can be calculated by the equation

where j=1,2,3,4 (3-34)

i=nj_1+1

The variable nj is simply a counter in the particle diameter
array, with the difference between nj and "j-l being the number
of particle sizes present in the region j. This notation is
equivalent t> stating that the summation should only be carried
out in the specified region j.

B. The volume fraction of region j can be calculated from the

equation
"
Xj = ' 2: X5 where j=1,2,3,4 (3-35)
1=nj_1+1

C. The number ratio of each region can be calcul ted as
d1 3

X.
g | 4

I1I. Determine the Mixture Set and the Layer Porosity
A. Set values of Beat for each region as follows:
Bsat,l =1 (structuring particles)

(3-37)
Bsat,2 - 1 (first level pores)
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Bsat,3 = 3 (second level pores)

Bsat,4 = 12 (third level pores)

Calculate the ratio Bj/Bsat j for each region. Determine the

minimum Bj/esat j ratio which is greater than zero and label
it Br,min'

Define a mixture set array M such that

f : 78, .
I Bj/esat,J 0 then MJ 2 (3-38)

else Mj 1

This array indiates which regions compose the mixture set

and will be used in calculating the saturated layer porosity.

If the mixture set is not full (i.e. Mj is not equal to 2 for

all j), then the values of Bsat,j given in III.A may be incorrect.
Corrections should be made for the mixture sets given in

Table 3.4. The diameter ratio in Table 3.4 is defined as

i ® ;f' (3-39)
The corrections for Bsat are seen to come directly from the
equations for mixtures of two particle sizes. Further details
on the derivation of these equations is given in Appendix B.
If any correction in Bsat was made in this step, one must

return to II1.B and recalculate the BJ/B ratios. If no

sat,j
correction was made, one can proceed to the next step.
Determine the fraction of the remaining particles, by volume,

that has been used in the mixture set and label this fraction
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Table 3.4 Bsat Corrections for Non-Full Mixture Sets+

Regions Correction
Present
(Y14'1)2
14 Bsat,d = 0.458
14
(Y13‘1)2
13 Bsat,3 = 0.458
Y13
(Y13'1)2
713
(Y34'1)2
Bsat,4 = 0.458 Bsat,3 3
¥
34
(Y24'1)
¥ 3
24
(g
= 1.374 since Bsat,3 =3
Y24

+ Details are given in Appendix B
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Iv.

A.

XUT. This fraction can be determined from the equation

4
XUT = Y [ar,m"/(ej/esat.j)] X (3-40)

51

#
Mj 1

In equation (3-40), the summation is not performed for any

j such that Mj=1, as indicated, because when Mj=1 the region
was empty originally. Obviously no particles could have been
used from a region which was originally empty.

The layer porosity, €cat® can be obtained from Table 3.5 for
the given mixture set. The total bed porosity is initially

set to zero and then incremented for each layer by the equation

e=¢g *+ XUT(I-XUTT)csat (3-41)

where XUTT represents the total volume fraction of particles
used by all of the previous mixture sets.

Update XUTT using the following equation

XUTT = XUTT + XUT(1-XUTT) (3-42)

Update Volume Fractions

The volume fractions of the true constituent particles can be
updated by the equation
X, =XU
PP, S (3-43)
i i X
J
In equation (3-43), the index i indicates the true particle
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Table 3.5 Saturated Porosity

Mixture Saturated Porosity
Set
1,2,3,4 €cqt = 0-40
(single size
porosity)
) 2
12 e g = 0-40 - 0.24 (y,,-1)
13 e . =0.80 - 0.28 (v ,-1)°
sat ’ ’ Y13
14 e . =0.80 - 0.28 (y,,-1)°
sat : y Y14
- 2 n 3
124 e .= 0.80 - 0.28 (vin-1)2 = 0.719 yan3(ya,-1)2
sat ‘ : Y12 ' Y12 ‘Y24
» 2 2
134 ecat = 2-5 [0.40 - 0.24 (v,5-1)°] [0.40 - 0.24 (v,,-1)°]
a 2 = 3 3
1234 cat = 0-40 = 0.28 (y;,-1) = Zvy3” = 21 vy,

+ Details are given in Appendix C
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size and the index j represents the region to which particles
of size Di belong. The variable XUJ is the volume fraction
of the remaining particles of those used in the mixture set
belonging to region j. The value of XUj can be obtained from
equation (3-40) for any j.

th

Normalize the updated volume fractions of the i~ particle

size by the equation

Xy = — (3-44)

where N is the total number of particles present and X, is the
volume fraction of unused particles of size 2.

If 99% of the original particles, by volume, have bean used,
then stop che iteration. If less than this have been used,
then go to I.B and repeat the procedure. This step can also

be stated as follews:

If XUTT > 99%, then stop
else go to I.B
For a perfectly continuous particle distribution, the procedure
would repeat indefinitely had we Jemanded that 100% of the
particles be used before stopping. For this reason, a cutoff
ratio of 99% was used in this study. For discrete particle
distributions, this value can be changed to 100% if the user

desires.
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The results of this procedure for several particle distributions
are given in Table 3.6 in comparison with experimental resuits.

The predicted porosities from this procedure tend to be slightly
higher than the experimental data. This trend is due to separation
of the smaller particles of regions 3 and 4 from the larger particles
of region 2. It is visually observed that for an array formed of

a given structuring particle size, some fraction w of the pores

are occupied by only small particles and a fraction (1-w) of the
pores are occupied by a mixture of large and small particles.

In the model, » is assumed to be zero such that small particles are
not allowed to fill the large pores when the large particles are
present. "“Large" particles here refer to those belonging to region
2 and not the structuring particles of region 1. Altering the
procedure to account for such imperfect mixing and varying the
value of w, it was found that a value for w of 0.6 gives excellent
agreement with the experimental results, as shown in Table 3.6.
This value of 0.6 for w also agrees with estimates made from

visual observations of the surfaces of various particulate beds.

A FORTRAN computer code using the previously discribed
procedure and a value of 0.6 for w is given in Appendix E. The
program has been used to predict porosities to within + 12% of
the available data. This program is applicable to any distribution
of spherical particles where the "spread" (i.e. the minimum particle
diameter divided by the maximum particle diameter) is not less

than 0.05 and where no more than about 15% of the particles have
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Table 3.6 Comparison Between Observed and Predicted Porosities for Beds Composed of
Three or More Size Particles

oy

Constituent Constituent Experimental Predicted Predicted
Particle Particle Porosity Porosity Porosity
Diameters Volume (s = 0) (v = 0.6
F w w . )
(mm) ractions
6,10,15,19 0.20,0.30,0.30,0.20 0.336 0.319 0.322
3,6,10,15,19 0.16,0.21,0.21,0.21,0.21 0.280 0.339 0.310

1,3,6,10,15,19 0.10,0.15,0.25,0.25, 0.270 0.326 0.261
0.15,0.10




diameters less than 1 mm. These two conditions avoid complications

brought about by additional pore levels and bridging of the particles.

3.3 Flooding Limit

The flooding point is defined as the limit of upward gas
and downward liquid superficial velocities which can exist in a
particular bed. Sherwood, Shipley, and Holloway (11) performed
a very early study of flooding in porous media using large diameter
Raschig rings. Upon comparison with data of other investigators
for particles of various geometries, Sherwood et al. (11) found
that flooding data can be coliapsed onto one curve by a plot of
(3923/983)(og/oi)u°'7 versus (jE/jg)(pQ/og)5 . This plot clearly
shows that the effect of varying particle geometry upon the flooding
Timit can be correlated by the surface area per unit volume, a.

Dell and Pratt (12), in a study of flooding limits of
immiscible liquids, found that flooding velocities can be correlated

by the equation
$:2 % 3% = ¢ (3-45)

where the constant € is a function of porosity, surface area,
and phase densities and 1 and 2 represent the two phases or immiscible
fluids present. Th: value of C was found to be negligibly affected
by changes in viscosity or surface tension of the phases.
Wallis (13) defined dimensionless superficial velocities

as follows:

41



* 831 }’
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9 o (3-47)

4

For equations (3-46) and (3-47), a is the surface area of packing
per unit volume and is given for spherical particles as

a = S}l (3-48)

p

By nondimensionalizing equation (3-45), Wallis (13) determined
the following correlation for the flooding limit:

L PURE
3 Trd tel (3-49)

where C is a universal constant. Upon comparison with the data
of Sherwood et al. (11) and Lobo et al. (14), Wallis (13) obtained
a value of 0.775 for C for flow through porous media. When equation
(3-49) is used to correlate data for air-water flow in vertical
tubes, Wallis (13) found C to vary between 0.88 and 1.0. Upon
substitution of equations (3-46), (3-47), and (3-48) into equation
(3-49), the flooding limit for beds composed of spherical particles
is seen to be a function of porosity, mean particle diameter, and
the phase dencities

The flooding data used to derive equation (3-49) were collected
from a large number of independent investiagators and are found
to scatter widely. This scattering results partially from confusion

over the definition and experimental detection of the flooding limit.
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In this study, a given liquid flow rate was set and the gas flow

rate was increased in increments to the flooding limit. As the gas
flow reached approximately 50% of the flooding 1imit, the overlying
liquid height began increasing at a very slow rate, indicating slight
Tiquid accumulation above the bed. Increasing the gas velocity to
near the flooding 1imit, the water height was seen to rise much

more rapidly and the discontinuous (gas) phase tended to become
continuous in small pockets within the bed.

With increase in the gas flow rate siightly above the flooding
point, the flow became annular and gas formed a block in the outlet
header and was forced out the water exit rather than through the bed.
The flooding limit, therefore, was observed to coincide with the
transition to the annular flow regime in the range of liquid and gas
superficial velocities studied. From the definition of the flooding
limit stated earlier, it is known that the liquid flow through the bed
is limited by the gas flow at the flooding point and cannot be
further increased. Opening the water drainage valve, which usually
increases the water drainage rate until a lower equilibrium height
is reached, should have no effect on the water height at the flooding
point. The experimental determination of the flguding limit was
the gas velicity at which, upon opening the water drainage valve
and thus drastically reducing the resistance to water flow downstream
of the bed, the water height within the test section was seen to
maintain a steady value or increase slightly. Decrease or increase

of the water height was indicated very accurately by pressure readings

43



within the overlying layer. This method allowed determination
of the flooding point with a minimum accuracy of + 15%.

A plot of jl*li versus jg*k at the flooding limit is
shown in Figure 3.5 for beds composed of uniform size spherical
particles with nominal diameters of 3, 6, 10, 15, and 19 mm.
Figure 3.6 shows the same plot for various mixtures of these
particle sizes where the mean diameter from the Kozeny-Carmen
equation (3-1) was used in calculating the dimensionless

r

superficial velocities. IL is evident in Figures 3.C and 2.€

that the flooding 1imit occurs slightly higher than that predicted
by using a value of 0.775 for C in equation (3-49). A mean line
drawn through these data is obtained by letting C equal 0.875:0.035.

Equation (3-49) can thus be written as

Jgr T ag R = 0.875 (3-50)

This value of 0.875 for C corresponds to the lower bound for the
constants obtained for air-water flow through vertical tubes.

At a fixed jﬁ, this cnhange in C from 0.775 to 0.875 results in

a 27% increase in jg at the flooding 1imit. Beds composed of

3 mm nominal diameter particles show a slightly lower flooding

1imit than that given by equation (3-50). One possible explanat’on
for this observation is that the flow is laminar when flooding occurs
for small diameter particles, whereas the dimensionless superficial

velocities given in equations (3-46) and (3-47) were derived for

turbulent flow. Flooding data for a mixture of non-spherical sharps
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Figure 3.5

1.0

Flooding Data for Beds Composed of Uniform Size
Spherical Particles
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Figure 3.6 Flooding Data for Beds Composed of Mixtures of
Various Size Particles
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and 6 mm nominal diameter particles are plotted in Figure 3.7 where the
mean diameter is obtained from the Kozeny-Carmen equation (3-1).

This figure indicates that equation (3-50) can also be used for
non-spherical particles if a suitable mean diameter is defined.

Experiments were also performed by injecting gas axially
at various locations along the length of the bed. The purpose
of these experiments was to determine whether the flooding limit
for volume heated beds is different than that for bottom heated
beds. Data from these experiments for 10 mm nominal! diameter particles
plotted as a function of jg*% and jﬂ*";s are given in Figure 3.8.

Upon comparison of Figure 2.8 with Figures 3.5 and 3.6, the flooding
Timit for axially injected gas flow is seen to be nearly identical
to that previously found for bottom injected flow. This result
indicates that flooding is a differential effect and therefore

1oes not depend upon bed length or uniformity.

To check this assumption, experiments were performed with a bed
composed of 19 mm nominal diameter particles with a stratified 5 cm
thick layer of 6 mm nominal diameter particles placed halfway up
the bed length. The flooding data from this experiment is plotted
in Figure 3.9 where the particle diameter is taken as 6 mm and the
porosity is assumed to be 0.40. The data in figure 3.9 indicate
that flooding in the stratified bed occurred at nearly the same
velocities as for a bed composed entirely of 6 mm diameter particles.
The slight increase in flooding 1imits for the stratified bed
over that predicted using equation (3-50) for a bed composed of 6 mm
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Figure 3.7 Flooding Data for Mixture of Sharps and 6 mm
Diameter Spherical Particles
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1.0

Figure 3.8

1.0

Flooding Data for Bed of Uniform Size Spherical
Particles with Axially Injected Gas Flow
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(based on Dp = 6 mm)

Figure 3.9 Flooding Data for a Bed Composed of 19 mm Diameter
Particles with a Stratified 5 cm Thick Layer of
6 mm Diameter Particles Embedded Near the Middle
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diameter particles is probably due to coupling between the stratifiea
layers. Such layer coupling will be discussed in more detail in
section 3.5 in conjunction with coupling between the overlying liquid

layer and the bed.

3.4 Void Fraction and Pressure Gradient at Flooding

Void fraction and total and frictional pressure gradients
are given at flooding with various superficial liquid velocities
in Table 3.7 for beds composed of a uniform particle size and
in Table 3.8 for beds composed of mixtures of particle sizes.
The total pressure gradient is also plotted in Figure 3.10 with
increasing superficial gas velocity up to the flooding limit for
various superficial 1iquid velocities. Although the plot in
Figure 3.10 was made for a bed composed of 6 mm nominal diameter
particles, it represents well similar plots for beds composed of
other particle sizes. The pressure gradient is defined here as
positive if the pressure increases in the downward axial direction.
With this definition, it is clear from Figure 3.10 that the total
pressure gradient decreases with increase in liquid and gas
superficial velocities. The dotted 1ines in Figure 3.10 represent
the observed rapid reduction in total pressure gradient as the
superficial gas velocity is increased above the flooding limit.

An interesting experimental result is that the total pressure
gradient at flooding seems to have a constant value of about

4.6 kPa/m. This observation can be seen both from the data listed
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Table 3.7 Conditions at Flooding for Beds Composed of Uniform

Size Particles

dp

dp

ﬁp € jg j! % ac az—t a-z—f
(mm) (mm/s)  (mm/s) (kPa/m)  (kPa/m)
2.8 0.42 97 1.95 0.27 5.14 -2.00
2.8 0.42 50 3.89 0.18 4.46 -3.55
2.8 0.42 30 5.84 0.13 3.45 -5.05
2.8 0.42 16 7.78 0.08 4.13 -4.86
5.8 0.39 135 7.78 0.34 4.60 -1.85
5.8 0.39 83 9.73 0.26 4.75 -2.48
5.8 0.39 50 11.67 0.20 4.40 -3.46
5.8 0.39 30 13.62 0.19 4.75 -3.15
5.8 0.39 16 15.56 0.13 5.02 -3.50
10.0 0.40 163 9.73 0.46 4.35 -0.98
10.0 0.40 115 11.67 0.39 4.30 -1.67
10.0 0.40 90 13.62 0.34 4.31 -2.15
10.0 0.40 71 15.56 0.30 4.20 -2.64
10.0 0.40 60 17.51 0.27 4.34 -2.78
10.0 0.40 38 19.46 0.23 4.80 -2.73
14.7 0.42 153 15.56 0.46 4.59 -1.47
14.7 0.42 124 17.51 0.37 4.87 -1.26
14.7 0.42 99 19.46 0.33 4.64 -1.95
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Table 3.8 Conditions at Flooding for Beds Composed of Mixtures
of Various Size Particles

Ub ’ jg 3y %ac EEL EEI
L ) (mm/s)  (mm/s) (kPa/m)  (kPa/m)
3.4 0.37 115 3.89 0.26 6.79 -0.44
3.4 0.37 78 5.84 0.22 6.50 -1.12
3.4 0.37 42 7.78 0.14 5.24 -3.77
3.4 0.37 23 9.73 0.12 4.27 -4.28
5.4 0.28 115 1.95 0.37 5.76 -0.41
5.4 0.27 50 3.89 0.26 5.08 -2.11
5.4 0.27 30 5.84 0.22 2.78 -4.83
5.4 0.27 10 7.78 0.12 4.32 -4.30
7.8 0.36 163 5.84 0.45 4.70 -0.68
7.8 0.36 115 7.78 0.41 4.42 -1.34
7.8 0.36 83 9.73 0.37 4.59 -1.57
7.8 0.36 65 11.67 0.34 4.25 -2.21
7.8 0.36 46 13.62 0.27 4.58 -2.64
7.8 0.36 30 15.56 0.24 4.80 -2.62
7.8 0.36 21 17.51 0.21 4.41 -3.19
7.8 0.36 14 19.46 0.18 4.58 -3.47
9.9 0.34 115 7.78 0.42 4.85 -0.84
9.9 0.34 83 9.73 0.38 4.84 -1.25
9.9 0.34 62 11.67 0.37 4.29 -1.86
9.9 0.34 44 13.62 0.27 4.85 -2.32
9.9 0.34 30 15.56 0.23 4.63 -2.91
9.9 0.34 21 17.51 0.16 4.97 -3.25
9.9 0.34 13 19.46 0.12 5.21 -3.39
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Table 3.8 (continued)

. 2 dP, dP.

Dp € jg jl ®ac r
{iww ) {mm/s) (rm/s) (kPa/m)  (kPa/m)
10.3 0.36 163 5.84 0.43 4.70 -0.87
10.3 0.36 115 7.78 0.41 4.42 -1.34
10.3 0.36 83 9.73 0.37 4.59 -1.57
10.3 0.36 65 11.67 0.34 4.25 -2.21
10.3 0.36 46 13.62 0.27 4.58 -2.64
10.3 0.36 30 15.56 0.24 4.80 -2.62
10.3 0.36 21 17.51 0.21 4.41 -3.19
10.3 0.36 14 19.46 0.18 4.58 -3.47
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Figure 3.10 Total Pressure Gradient Data up to the Flooding Limit for
a Bed Composed of 6 mm Nominal Diameter Particles



in Tables 3.7 and 3.8 and from the curves in Figure 3.10. For the
flooding points listed in Tables 3.7 and 3.8, 84% had total

pressure gradients within ¢+ 0.5 kPa/m of this mean value. Moreover,
the points for which the total pressure gradients at flooding
differed appreciably from 4.6 kPa/m were for beds composed of

small diameter -particles (Dp < 6 mm), for which the pressure

gradient changes extremely rapidly near the flooding point. 1I=

has not yet been determined whether this result is of some importance
or is merely coincidental.

Void fraction is plotted iﬁ Figure 3.11 as a function of
superficial gas velocity up to the flooding limit for beds composed
of 6, 10, and 15 mm nominal diameter particles with a superficial
liquid velocity of 15.56 mm/s. No sudden change in void fraction
was observed as the flooding limit was approached. The void fraction

can be correlated by a drift flux model given in (6) as

jg
ac * Y v @ s e
: glp,-p a/g(p,-p
Coldgtdy) * C1‘1fc’\/p ol o

In equation (3-51), the positive sign in the denominator is for
co-current flow and the negative sign is for counter-current

flow. The liquid superficial velocity is always taken as positive
here. The values of Co and C1 were found from data with zero
superficial liquid velocity to be 2 and 3.44, respectively, for

;ac < 0.30 and ¥2 and 5.24, respectively, for 0.30< a,. <0.60.
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According to equation (3-51), the void fraction should increase
with increase in the liquid superficial velocity for counter-current
flow. In this study, however, the void fraction data taken with
increasing jz were found to scatter around that taken with j2 equal to
zero in a band of width + 0.02. For most of the range of jz studied,
the change in void fraction with superficial liquid velocity is very
small; however, for large particle diameters and high jn the predictions
obtained from equation (3-51) are significantly higher than the data.

If the value of jn in equation (3-51) is set to zero, the void fraction
predictions are found to match the data to within 2 15% for all super-
ficial 1iquid and gas velocities studied. Additional void fraction and
pressure drop data for liquid and gas superficial velocities at and below

the flooding limit are given in Appendices F and G.

3.5 Coupling of the Overlying Liquid Layer with the Bed

The flooding limit given by equation (3-50) cannot be applied
near the upper surface of the bed due to counling of the bed with
the overlying layer. This coupling is incurred because the absolute
value of the total pressure gradient -annot change instantaneously from
the low value within the bed to the reiatively high value within the
overlying layer. A diagram illustrating this effect is given in
Figure 3.12. Pressure data at various locations along the length of the
bed and the overlying layer are plotted as a function of axial distance
in Figure 3.13. The variation of pressure near the top of the bed was
plotted for the same flow rates in Figure 3.14 using an enlarged
scale. The data given in Figures 3.13 and 3.14 were taken

for 10 mm nominal diameter particles at the flooding limit,
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with gas and liquid superficial velocities of 245.3 mm/s and

3.89 mm/s, respectively. The coupling height, defined as the
distance from the top of the bed at which the pressure gradient

first deviates from a constant value, is seen in Figure 3.14

to be about 90 mm. Similar plots for other liquid and gas superficial
velocities, given in Figures 3.15 through 3.18, show a variation in
the coupling height of between 65 mm and 90 mm for beds composed

of 10 mm diameter particles.

Physically, the increase in pressure gradient induced by
overlying layer coupling is caused by an acceleration of the gas
phase, and therefore a decrease in void fraction and liquid-particle
drag, in the coupling layer. As the pressure gradient is increased
the downward Tiquid flow will experience a greater driving force,
thus increasing the flooding 1imit over that given by equation (3-50)
near the top of the bed. If vapor is produced within the ted,
as in volume heated beds, this increase of the flooding limit
within the coupling layer will increase the drycut heat flux of
the bed.
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Chapter 4
APPLICATION TO TOP FLOODING OF A DEGRADED CORE

In the event of nuclear reactor core degradation, several
scenarios can be envisioned in which the flow path of liquid coolant
supplied at the bottom of the bed is blocked and cooling of the core .
material can only be accomplished by liquid supplied at the top of
the debris bed. Such a situation would occur if an impervious
blockage were to form at the core inlet, as shown in Figure 4-la,
or if the core debris were to drop down into the lower plenum, as
shown in Figure 4-1b (1). If liquid coolant is supplied onto the
top of a debris bed, a downward liquid and upward vapor flow would
exist within the bed. The superficial velocities of the downward
liquid flow and upward flow of vapor would be constrained by the

flooding limit of two phase flow through the debris bed.

4.1 Dryout Heat Flux of a Liquid Saturated Bottom Heated Bed

Assuming that the debris bed forms in a pool of liquid so
that the bed is initially saturated, the core material can readily
be cooled provided that the energy generation rate is less than the
maximum possible energy removal rate. The maximum energy removal
rate is given simply by the dryout heat flux times the cross-sectional

area of the bed. The dryout heat flux can be written as

= i h -
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The amount of downward liquid and upward vapor flow through the
bed is restricted by the flooding 1imit. For bottom heated beds,
the flooding 1imit is given by equation (3-50). Conservation of

mass provides a third equation, written as

b 4y * °q Jg (4-2)

Solving equations (3-50), (4-1), and (4-2) simultaneously
for q, Jg. and J[. a relation for dryout heat flux of bottom heated
beds composed of arbitrarily shaped particles can be determined as

3 %
0.766 h's‘l 9(0l°09)t f1.3)
[1*(01/0 pl a

For spherical particles, the surface ares of packing per unit volume
is given by equation (3-48). Equation (4-3) can te written for

spherical particles as

. £
0.313 heo o, (9leo,=p) %, ) s
[l (o /Dg) ] l pl(l-c.) ‘

The flooding data for the mixture of sharps and 6 mm nominal diameter
spherical particles indicates that equation (4-4) can also be used
for non-spherical particles if a suitable mean diameter is defined.
The dryout heat flux is seen to depend upon the bed parameters

¢ and Ub and the flow parameters Pgs Pgo and h'q. For beds composed

9
of mixtures of spherical particles, expressions for mean particle
diameter and porosity obtained previously can be used to determine

dryout heat flux at a given system pressure.
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Figure 4.2 shows a plot of dryout heat flux versus spherical
particle diameter for both water and Freon-113 systems at atmospheric
pressure and with an assumed porosity of 0.40. The constant 0.875
was used in equation (3-49) for the solid lines in Figure 4.2 and
the constant 0.775 was used for the dotted lines. The data given in
Figure 4.2 was obtained by Barleon and Werle (5). For water systems,
the predictions obtained using the constant 0.875 very nearly represent
the mean of the data, whereas predictions obtained using the constant
0.775 underpredict the data by about 22%. For Freon-113 systems,
predictions made using the constants 0.875 and 0.775 in equation (3-49)
underpredict the data by 17% and 34%, respectively. The data given
in Figure 4.2 has an average uncertainty of 14%, which may account
for some of the differences between the predicted and experimental
results.

The dryout heat flux can also be plotted as a function of
system pressure at a fixed particle diameter. Figure 4.3 shows plots
of the maximum energy removal rate (dryout heat flux times cross-
sectional area) and the steam generation rate as functions of system
pressure for water cooled beds composed of various diameter spherical

2 and porosity

particles. An assumed cross-sectional area of 15 m
of 0.40 were used to obtain the re<ults in Figure 4.3. The maximum
energy removal rate is seen to obtuin a peak value at system pressures
of 6 MPa for all particle diameters. It can be seen from Figure 4.3
that for water cooling with a system pressure of 6 MPa and average

heat generation rate of 30 MW, beds with a mean particle diameter
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of 4 mm or greater and a porosity of 0.40 can be cooled assuming they
are initially saturated with liquid. These conditions are typical

for a degraded nuclear reactor core.

4.2 Dryout Heat Flux of a Liquid Saturated Volume Heated 3ed

It was shown in section 3.5 that the flooding is increased
markedly in the top portion of the bed due to coupling of the bed
with the overlying liquid layer. Since for bottom heated beds
no vapor is generated within the bed, the increase in flooding limit
near the top of the bed has no effect upon the dryout heat flux.
For volume heated beds, however, the overlying layer coupling will
increase the rate of vapor production within the bed, and thus the
dryout heat flux, above that predicted by applying the flooding 1imit
given in equation (3-50) at the top of the bed. A diagram illustrating
the increase in vapor generation rate due to overlying layer
coupling is given in Figure 4.4,

A more qualitative analysis can be made by defining Ov as
the maximum rate of energy removal per unit volume and q as the
maximum rate of energy removal per unit area, or the dryout heat
flux. Furthermore, for a bed of height L, let 6v have a value 6vl
fn the main portion of the bed of height L - hc and a value 6v2
in the coupling layer of height hc at the top of the bed. At a
height L - hc. the vapor and liquid superficial velocities are
limited by the flooding 1imit. If the superficial vapor velocity
obtained by solving the flooding 1imit equation (3-50) and the
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conservation of mass equation (4-2) is denoted as Jg £1° an expression
for 6v1 can be obtained as

 Pg g 1 Mg
G- g e s

c

The average volumetric heat flux is written as

- L-h_ . h .

= c -

Q T Qvl " {' Qv2 (4-6)
At steady state, the energy flow into the bed must equal the energy
removal rate. For uniformly heated beds at steady state, we can
therefore set 6v2 equal to 6v1' Applying this condition, equation
(4-6) becomes

—
)

QV - 6V1 ("7)

Turning our attention now to dryout heat flux, equation (4-1)

gives dryout heat flux of a bottom heated bed as

9% Meg °g 39,11 e

For volume heated beds, an additional term must be added to equation
(4-8) to account for the vapor generated in the coupling layer,
This additional heat flux is given as

%dd " e Yy (4-9)

Substituting equation (4-5) and (4-7), equation (4-9) can be written as

h
Yadd * "tg °9 Ig,11 (=) (4-10)
C
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Adding the additional heat flux (4-10) to equation (4-8), the dryout
heat flux for volume heated beds is obtained as

= L -

Sustituting equation (4-3) for dryout heat flux for bottom heated
beds into equation (4-11), the dryout heat flux for volume heated
beds composed of spherical particles can be written as

o 0.313 ﬁig:o ;

(1460, 70)%] 2

) (4-13)

9(ol-o x
p (1-¢)

Notice that as the bed length L becomes much larger than hc‘ the

ratio hc/L becomes very small and the dryout heat flux goes to

that for a bottom heated bed.
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APPENDIX A: Calculation of Pore Level Sizes

A.1 First Level Pores

The diagonal plane of the cube is shown in Figure A.1. The
structuring particle diameter is denoted as Dl’ and the diameter
of the particle filling the first level pore is denoted as 02. From
the Phythagorian theorem, we known that

2 2 2
0, + 20, = (Dl + 02)

0, = 0.732 0 (A-1)

A.2 Second Level Pores

A face of the cube 1s shown in Figure A.2. If 03 denotes
the diameter of a particle filling the second level pore in the center

of a face of a cube, we have

2,42 2
0," +0," = (D, +0y)

It should be noted that D3 can also be calculated from Figure A.1,
giving a value of only 0.268 Dl when a particle of diameter 0,732 Dx
fs filling the central pore. However, since perfectly cubic arrays
rarely form with very large diameter central particles, the character-

fstic diameter of the second level pore will be governed by the
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Figure A.2 Second Level Pore Located in Face of Cube



structuring particles and not the central particle.

A.3 Third Level Pores

The diagonal plane is again shown in Figure A.3. If D4 denotes
the diameter of a particle filling the third level pore located
between any two adjacent structuring particles of the cubic array

and the central particle, we can write

(%o, - 9%+ (02) = &
where

seghagh
and

Solving quadratically for D4 gives

D4 * 0.138 D (A-3)

1
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APPENDIX B: Calculation of Saturated Number Ratio for Non-Full
Mixture Sets

B.1 Mixtures of Particles from Regions 1 and 3 and Regions 1 and 4

An expression for Bsat for mixtures of particles from regions
1 and 3 and regions 1 and 4 can be obtained by using equation (3-30)

for mixtures of two particle sizes.

B.2 Mixtures of Particles from Regions 1,2, and 4

Each cubic structure has three second level pores, so esat.3
is equal to three. However, since no particles from region 3 are
present, the smaller particles of region 4 fit into the second
level pore spaces. Because second level pore spaces are approximately
equal in size to the pores formed by a uniform bed of particles
of region 2, the number of particles from region 4 needed to fit

into each second level pore can be taken as

: = (24 (B-1)
sat,24 3

Multiplying Bsat 24 by the number of second level pores in each cube

gives Bsat,d as )
(Y9a=1)
= 1.374 — 2 (B-2)

Bsat.4
Y24



es_from Regions 1, 3, and 4

assume that the particles of region 4 have no effect

upon the number of particles from region 3 that are present, we find

-\

from equation (3-30) that ¢ . 1s given by the equation

cube formed
there are - particles of region 4 present, where

is given by equation (3-30) as

The total number of particles from region present in each pore

of a lattice formed of particles from region 1 can be obtained by

multiplying ¢ . E , thus
u J v) Sﬂt, ‘ S




APPENDIX C: Calculation of Saturated Porosity

C.1 Mixtures of Two Particle Sizes

An expression for saturated porosity of mixtures of two

particle sizes is given by equation (3-29) in section 3.2.2.

C.2 Mixtures of Particles from Regions 1, 2, and 3

The saturated porosity for mixtures of particles from regions

1 and 2 is given by equation (3-29) as

3 2
€gat,12 0.40 - 0.24 (112-1) (c-1)

The change in saturated porosity when particles from region 3 are

added can be calculated by assuming a cubic model as

=S

o B 3
Becat,3 " "6 Psat,3 M13 (C-2)

Since Beat.3 is equal to three, the final saturated porosity is
given by

- . ;
€eat,123 = 0-40 = 0.2 (v1p-1)" - Fvp3 (c-3)

C.3 Mixtures of Particles from Regions 1, 2, 3, and 4

The charge in €sat,123° given by equation (C-3), when particles
from region 4 are added can be calculated by again assuming a cubic

model as
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A =-Z 8 ’
€sat,4 6 “sat,4 Y14 (C-4)

Since Bsat A is equal to 12, the saturated porosity for this mixture
is given hy

= kX3 3 e
€sat,1234 - 0-40 - 0.28 (y}o-1)" - 5 yiq7 - 21 vy~ (C-5)

C.4 Mixtures of Particles from Regions 1, 2, and 4

The change in fsat,12 when particles from region 4 are added,
Acsat‘4, is given by equation (C-4). For this mixture set, an
expression for Bsat.4 is given in equation (B-2). Substituting
this expression for Bsat.4 into equation (C-1) results in an expression

for saturated porosity of this mixture set as

. 2 3 2
€sat,124 = 0:40 = 0.24 (v;,-1)" - 0.719 v;, (yp4-1) (c-6)

C.5 Mixtures of Particles from Regions 1, 3, and 4

The saturated porosity for mixtures of particles from regions

1 and 3 is given by equation (3-29) as

& 2
Esat’13 — 0-40 -» 0-24 (Yl3"1) (C°7)

Since the particles of region 3 are much smaller than those of
region 1, the porosity of the small cubes formed of particles from
ragion 3 lying within the larger cubes can be assumed to be 0.40.

If we now add particles from region 4 into the mixture, the porosity

of the small cubes formed of particles from region 3 becomes
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- 2
®sat,34 0.40 - 0.24 (y34-l) (C-8)

The porosity of the large cubes formed of particles from region 1

is thus reduced by a factor ¢ 4/0.40 upon addition of particles

sat,3

from region 4. Multiplying ¢ by this factor, the saturated

sat,13
porosity for this mixture set is obtained as

. 2
®sat,134 = 2-5 [0.40 - 0.24(y,5-1)"] [0.40 - 0.24(y4,-1)"]

(C-9)



APPENDIX D: Example of Porosity Weighting Methods

In this study, the porosities of the particulate layers
were weighted either by the final volume of the layers within the
bed or by the sum of the initial volumes of the particles making
up each layer. The latter weighting technique was used as an
approximation to the former in order to simplify the required equa-
tions for mixtures of two particle sizes. The approximation can
be validated by assuming a simple geometrical array and comparing
the porosity results for the two weighting methods. Assuming a
partially filled cubic array consisting of six cubes formed of
large particles of diameter D1 with small particles of diameter
D2 filling the pores of four of the cubes, as shown in Figure D.1,

the porosity of the filled and empty cells is given by

3 3
D D
¢ s dy JB 8 (D-1)
filled 6 5‘? 6 5‘3
1 1
=1 -lﬁ (p-2)
“empty 6p.3 '
1

The maximum value of the diameter D2 is 0.732 Dl' Substituting this
value for D2 into equation (D-1), the porosities of the filled and
empty cubes are found to be 0.2727 and 0.4764, respectively. These
local porosities can be weighted by the volumes within the array

to obtain the total array porosity as follows:

o

p -
=
<

(0.2727) + %—(0.4754) (D-3)
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Performing the algebra in equation (D-3), the porosity of the array
is found to be 0.3406.

An approximation to this result can also be obtained by
weighting the local porosities by the sum of the initial volumes

of the constituent particles as follows:

V. , + (4/6) V, (2/6) V
. ( i,2 ’i‘) (0.2727) + (———21 )(0.4764)
Viat V2 Vii *VYy,2

(D-4)

where Vi 1 and Vi o are the initial volumes of the particles of sizes

1 and 2, respectively. The values of V_i 1 and Vi o are simply

’ b

" 3
i1° 6 3 (01/2) =7 Dl (D-5)

v

3

v

m .
j.2° 45 (0.732 D,/2)" = 0.2593 = D, (D-6)

Substituting these values into equation (D-4), the approximate
porosity obtained by initial volume weighting is found to be 0.3266,
which is 4.1% higher than the exact porosity determined earlier.

If the diameter 02 is decreased below 0.732 Dl’ the percent weighting
error would also decrease. For instance, for a value for 02 of

0.6 Dl’ the error caused by initial volume weighting is only 1.2%
when the cubic model in Figure D.1 is assumed. Weighting of the
layer porosities by the initial volumes of the constituent particles
can therefore be used to predict bed porosities to within 5% of

predictions made using the layer volumes within the bed.
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APPENDIX E: Porosity Computer Program

A FORTRAN computer program is given in the following pages
which can be used to determine the porosity of beds composed of
mixtures of various size spherical particles. The computer program
is based on the algorithm given in section 3.2.3. Unformatted
input statements are used for all data entry. The constituent
particle diameters should be 1isted in the first line of data
and the corresponding particle volume fractions in the second.
These data can be listed in any order; however, it is important
that the particle diameters and volume fractions correspond.

The parameter N is simply the number of particle sizes present.

The relaxation parameter « is written as W and is given the value
0.6 in the program. The program is quite general and can be applied
to any distribution of spherical particle sizes for which the

spread (i.e. D /D ) is not less than 0.05 and where no more

v . /U
min’ “max’

than about 15% of the particles have diameters less than 1 mm.
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The program used to calculate porosity is given as follows:

*J08
c POROSITY CALCULATION POR MIXTOURES OF ¥ PARTICLE SIZES
c
IMPLICIT REAL®S (A-8,0-2)
DIMEKSION D (6),X (6)
N=6
§=0.6
E=D.
READ, (D(I),I=1,¥)
READ, (X(I),1=1,¥)
CALL POR(D,X,N,E,§)
WFITE(6,998) E
998 POEMAT (1%, THE POROSITY IS *,P14.6)

sIn?
EXD
c
SUBRCUTINF PO (D,X,N,E,¥)
IMTLICIT FEAL®S (A-E,0-2)
INTEGER PLAG1,PP1
DINENSION D(K),X(N) ,Du(4) ,X¥(4),XU(4) ,BSAT(4),BR(4),B(4),N(4)
c
c ONDER DIAMETER?S FPOM LAEGEST TO SNALLEST
c
2UIT=0.
DC 1 I=1,N
DO 2 J=I,W
IFP (D(I).GT.D(J)) GO 70 2
TENPD=D (1)
TENFX=X (I)
D(Iy=D(J)
(I)=X(J)
D(J) =TC®PD
X (J) =TEMPX
2 CONTINUE
1 CONTINUE
c
c DETERNINZ MAXINUX PARTICLE SIZE, BOUNDARY REGIONS, AND
c MEAN DIAPETERS
c

250 DO 3 I=1,N
IF (X(I).22.0.) GO TO 3
DMAX=D (1)
GO TO 111
3 CONTINUE
m D12=0,.732¢DMAX
D23=0,414%DMAX
D34=0.138*DMAX
DO & K=1,4 .
DM () =0.
XA (K) =0.
L CORTINDE
DO S J=1,K
IP (D(J).LT.D12) GO TO 162
DR (1) =DM (1) +X (J) *D (J)
XM (1) =XM (1) +X (J)
5 CONTINUE
162 DM (1) =DN(1) /XN (1)
FLAG1=4
IP (J.LE.N) GO TO 161
FLAG1=1
GO TO 261
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161 DO 6 I=J, N
IF (D(I).1T.D23) GO TO 163
DX (2)=DM (2) +D (I) *X (I)
XN (2)=XA(2) +X(I)
6 CONTINDE
163 IF (X%(2).EQ.0.) GO TO 170
DR (2) =DA(2) /X4 (2)
170 IF (I.LE.N) GO TO 164
PLAG1=2
60 TO 261
164 DO 7 J=I,N
I7 (D(J).LT.D3&) GO TO 165
D%({3) =DM (3) +D(J) *x(J)
XM(3)=XN(3)+X(I)
? CONTINUE
165 IP (i%(3).E£0.0.) GO TO 171
DA (3) =DM (3) /X% (3)
171 IP (J.LE.¥) GO TO 166
PLAG1=3
GO TO 261
166 DO 8 1=J,N
DN (4)=DF (8) +D(I)*X(I)
X% (4)=XB(4) +X(T)
8 CONTINUE
IP (X%(4).50.0.) &0 TO 261
DN (4) =DM (&) /X% (4)
261 DO 9 I=1,FLAGY
IF (9%(I).NE.0.) GO TO 156
B(I)=0.
GG 10 S
156 B(1)= (XX (1) /X% (1)) *(DN(1; /DF (1)) ®e3
3 CONTINUE
1P (FLAGY.EQ.4) GO TO 262
PP1=FLAGT+1
DO 10 I=FP1,4
B (1) =0.
10 CONTINUE

DETEERINE KIXTURE SET AND MIXTIRE SPT POROSITY

262  FLAG1=D
B=1.
BSAT (1) =1.
BSAT (2) =1.
BSAT (3)=3.
BSAT (4) =12,
123 BR (1) =3(1) /BSAT(1)
BRMIN=BE (1)
DO 11 I=2,34
BB (1) =0 (1) /BSAT(I)
IF (BR(I).EQ.C.) GO TO 11
IF (BR(I).GE.ERAIN) GO TO 11
ERRIN=BE (I)
1" CONTINOE
DO 12 I=1,4
A(I)=2
IF (BR(I).CQ.C.) M (I)=1
12 CONTINUE
IF (FLAGY.FQ.1) GO TO 124
IP (M(2).BQ.2) GO TO 125
IP (M(3).2¢.2) GO TO 126
IP (M(4).EQ.1) GO 7O 128
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nNN

126

127

125

n

2

124

13

181

182

BSAT (4) =N.458% (DN (4) /DR (1) =1.) #*2/ (DA (4) /DA (1)) **3
FLAGYI=1
G0 TO 121
BSAT (3) =0.458¢ (D% (3) /DN (1) =1.) ®*2/(DN(3) /DR (1)) **3
IF (M(4).32Q.1) GO TO 127
BSAT (4) =(0.453% (DN (U) /DN(3)~1.)**2/(DN(4) /DN(3))**3)*BSAT ()
FLAG1=1
60 TO 123
IF (%(3).EQ.2) GO TO 311
IF (4(8).EQ.1) GO TO 124
BSAT (4) =3.%0.458% (DM (4) /DR (2)~1.) #*2/ (DY (4) /DN (2) ) **3
PLAG1=1
GO T0o 121
R=1.-%
DR=D™ (3) /DN (1)
BSAT (J) =P®ESAT (3) ¢ (1.~R) *0. 458 (DP-1,) #¢ 2/DRes)
BSAT(2) =R*ESAT (2)
PLAG 1=
IF (M(§).EQ.2) GO TO 312
GO TO 123
DR=D™ (4) /D% (3)
BSAT (4) =R*BSAT (4) ¢ (1.~F) *BSAT (3) *0.458¢ | DR=1.) 2/DR**)
GO TC 123
XuT=0.
DO 13 I=1,4
I?P (M(I).EQ2.Y) GO TO 13
XU (I)= (BRNIN/DR (1)) *X%(I)
1UT=XUT + XU (I)
CONTINUE
CALL SATZ(ZSAT,n8,DY)
ETZND=ZSAT
n2T=M(2)
B(2)=1
CALL SATE(ESAT,n,DM)
H(2)=n2T
ESAT=R*ETENP+ (1.-R) *ESAT

CALCULATE POROSITY

E=E+XTT* (1.~ XUTT) *ESuT
XUTT=20UTT+XUT® (1.-XUTT)

UPDATE VOLOME FRACTIONS

SUNX=0.

DO 14 J=1,K
IF (D(J).LT.D12) GO TO 181
X(J) =X (J) XU (1) *X (J) /ZN (1)
SUNX=SORX+X (J)
GO 10 184
IF (D(J).LT.D23) GO TO 182
IP (9(2).EQ.1) GO TO 182
X (J)=X (J)=XU(2) *X(J) /X8 (2)
SUNi=SUNX+X (J)
GO TO 184
1P (D(J).LT.D34) GO TO 183
IF (8(3).20.1) GO TO 183
X(J) =X (J) =XU (3) *X (J) /XN (3)
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183

184

14

15

nnn n

300
392
308
305

303
306

307
310
312
3
315
313
316
317

SRUN

SOMX=SURY+X(J)
GO TO 184
IF (H(8).EQ.1) GO TO 184
X (J) =X (J) XU (4) *X (J) /XK (4)
SUNX=SUNX+X (J)
1P (X(J).GT.0.001) GO TO 14
X0TT=X0TT+X(J)
X (J)=0.

CONTINUE

DO 15 J=1,N
X (J) =X (J) /SOAX

CONTINUE

IF (XUTT.GEL.0.99) EETUBK

G0 TO 250

END

SUGFOUTINE SATE(LCSAT,N,DN)
CALCULATE SATUBATED POROSITY

INPLICIT REAL®B (a-8,0-2)

DIMESSION DB (4),M(4)

J=F(2)

K=r(3)

L=¥(4)

60 TO (300,310), 3

GO TO (302,303), K

GO TO (304,305), L

ESAT=0.40

BETURN
ESAT=0.40-0,24% (DN (4) /DR(1)=1,)®e2
RETUAN

GO 70 (396,307), L
ESAT=0.40=0.26% (DN (3) /DN (1) =1,) *92
RETURN
ESAT=2.5%(C.4=0.24% (DN (3) /DA(1)~1,)%e2)
ESAT=ESAT® (0, 4-0,2us (DN(4) /DA (I)=1,)*e2)
BETUGN .

GO TO (312,313), X

G0 10 (314,315), L
ESAT=0.4=0,.24% (DN (2) /DN (1) =1.) #e2
RETOURN
ESAT=0.4-0.24% (DY(2) /DB (1) ~1.)ee2
ESAT=ESAT-0.719% (DN (4) /DM (2) =1,) ®*2% (D% (2) /DN (1)) **]
RETURN

GO TO (316,317), L

ESAT= 0,4-0,24%(DN{2) /DN(1) =1.)®*2-1,57% (DA (3) /DX (1)) *#*3
BETUSN

ESAT=0.4-0,206% (DN (2) /DN (1) =1.)®¢2=1_57% (LN(3) /D™ (1)) **3
ESAT=ESAT=6.28¢ (DN (4) /DN (1)) **)

BETURN

END
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APPENDIX F: Plots of Void Fraction and Pressure Drop Data
at and before Flooding

In this section, plots of all the counter-current void fraction
and pressure drop data obtained in this study are given. Plots of
active void fraction, total pressure gradient, and frictional pressure
gradient are given in Figures F.l through F.15 for beds formed of
uniform size particles and in Figures F.16 through F.33 for beds
formed of mixtures of various size particles. All data is plotted
as a function of the superficial velocity of gas at and before the
flooding limit. Different curves are drawn in the plots of
total and frictional pressure gradients for various values of
the liquid superficial velocity. A common key, given in the
following page, is used for all plots. In this key, different
symbols are used for different values of the liquid superficial

velocity.
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Key for Figures F.1 through F.33:

(mm/s)

0.0

5.84

9.73
11.67
13.62

15.56

17.51

$L$oDODDPDOOO

19.46
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APPENDIX G: Listing of Void Fraction and Pressure Drop Data
at and before Flooding

In this section, all void fraction and pressure drop data
obtained in this work are listed. Data for beds composed of uniform
size particles are given in Tables G.1 through G.5, and data for
beds formed of mixtures of various size particles are given in
Tables G.6 through G.11. When flooding of the particulate bed is
observed, the superficial gas velocity at flooding is given for
a particular superficial velocity of liquid. For beds formed of

mixtures of various particle sizes, the composition of the bed is

given by the particle volume fraction xi for each constituent particle

size, where the subscript i denotes the particle nominal diameter.
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Table G.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particles

Bed Characteristics: Run Number: 00300
Spherical Particles: 3 mm Nominal Diameter Superficial Liquid Velocity Jt' 0.0 mm/s
Mean Particle Diameter: 2.8 mm Superficial Gas Velocity at Flooding Jq- mn/s
Overlying Average Pressure
Particulate Bed .
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jq B.d Porosity Active Height Void d’t 0'
Depth Void Fraction
(mm/s) (o) . Fraction (wem) 5 @ da
;,4F [ (kPa/m) (kPa/m)
13.1 980 0.42 0.061 119 0.12 9.43 0.255
29.5 977 0.42 0.12 143 0.15 9.2% 0.612
50.0 84 0.42 0.17 165 0.19 : 9.53 1.43
7.7 98?2 0.42 0.21 193 0.26 9.68 1.95
115.4 985 0.42 0.26 235 0.32 9.73 2.51
162.9 3R4 0.42 0.33 278 0.36 —— ——
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Table 6.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particles (continued)

Bed Cnaracteristics: Run Number: 00301
Spherical Parcicles: 3 mm Nominal Diameter Superficial Liquid Velocity 3= 1.95 m/s
Mean Particle Diameter: 2.8 mm Superficial Gas Velocity at Flooding j’- 97 mm/s
y Overlying Average Pressure
Particulate Bed
s rficial Liquid Layer Gradient

Gas

Velocity

Average Average Total Frictiona)
3’ Bed Porosity Active Height void 0! 0'
Depth Void Fraction
{mm/s) tad € Fraction () : é az
s 4] (kPa/m) (kPa/m)
a5

0.0 EER) 0.43 0.00 154 0.00 $5.49 -0.281
13.1 980 0.%2 0.072 254 0.092 8.50 -0.572
2%.5 978 0.42 0.12 343 .13 8.41 -0.238
50.0 974 0.& 0.18 348 0.16 8.05 0.036
7.7 972 G.42 0.24 259 0.20 7.92 0.531
ST .0 867 0.42 ——— — —— 5.14 _
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Table 6.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particles (continued)

Bed Characteristics Run Number: 00303

Spherical Particles: 3 mm Nominal Diameter Superficial Liquid Velocity jl- 5.84 mm/s
Mean Particle Diameter: 2.8 mm Superficial Gas Velocity at Flooding jg- 30 vm/s

: Overlying Average Pressure
Particulate Bed
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
“g Bed Porosity Active Height Void cot Of
Depth Void Fraction
(mm/s) (o) . Fraction (mem) : ar dzr
N (] (kPa/m) (kPa/m)
35
0.0 993 0.42 0.00 79 0.00 8.82 -0.951
13.1 380 0.42 0.080 an 0.069 5.82 -3.07
29.5 383 0.42 0.13 245 0.15 3.45 -5.05




Ave age Pressure

radient

Average
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Table 6.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles

Bed Characteristics: Run Number: 00600
Spherical Particles: 6 mm Nominal Diameter Superficial Liquid Velocity 0.0 mm/s
Mean Particle Diameter: 5.8 mm Superficial Gas Velocity at Flooding j = —— mn/s
: Overlying Average Pressure
Particulate Bed -
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
j9 Bed Porosity Active Height Void (ﬂ’t de
Depth void Fraction
(mm/s) (mm) € Fraction () N dz dz
a (4] kPa/m kPa/m
Sac (kPa/m) (kPa/m)
13.1 808 0.39 0.10 199 0.046 9.12 0.372
29.5 808 0.39 0.18 235 0.090 8.59 0.547
50.0 808 0.39 0.22 303 0.16 8.22 0.604
77.7 806 0.39 0.28 300 0.20 7.73 0.724
115.4 803 0 39 0.33 346 0.26 7.36 0.820
162.9 803 0.39 0.3% 372 0.28 7.18 0.845
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Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of € mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 00602
Spherical Particles: 6 mm Nominal Diameter Superficial Liquid Velocity 1> 3.89 mm/s
Mean Particle Diameter: 5.8 mm Superficial Gas Velocity at Flooding jq- — mm/s
" Overlying Average Pressure
Particulate Bed : .
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Tot Frictional
Jg Bed Porosity Active Height Void af d’f
Depth Void Fraction P
(mm/s) (mm) € Fraction () I d -
;I.F o (kPa/m) (kPa/m)
0.0 802 0.39 0.00 178 0.00 9.54 -0.227
13.1 802 0.39 0.083 465 0.056 B.46 -0.505%
29.5 802 0.39 0.15 269 0.13 7.80 -0.559
50.0 802 0.39 0.22 270 0.14 7.04 -0.621
77.7 799 0.38 0.24 362 0.20 6.73 -0.670
115.4 799 0.38 0.30 422 0.29 5.71 -1.05
162.9 798 0.38 0.34 515 0.33 L b ) -0.668
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Table G.2

Bed Characteristics:

Spherical Particles:

6 mm Nominal Diameter

(continued)

Run Number: 00603

Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles

Superficial Liquid Velocity J.' 5.84 om/s

Mean Particle Diameter: 5.8 mm Superficial Gas Velocity at Flooding Jg' mm/s
Overlying Average Pressure
Particulate Bed
Superficial viquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt dP'
Depth Void Fraction
(mm/s) () € Fraction () R dz- az
a (] kPa/m kP
T ( ) (kPa/m)
0.0 808 0.39 0.00 148 0.00 9.45 -0.321
13.1 799 0.38 0.079 236 0.061 8.12 -0.876
29.5 802 0.39 0.15 331 0.090 7.20 -1.16
50.0 802 0.39 0.19 317 0.18 6.55 -1.35
77.7 796 0.38 0.23 467 0.22 5.87 -1.61
115.4 798 0.38 0.29 448 0.27 5.47 -1.85
162.9 795 0.38 0.35 495 0.33 4.12 -2.28




re Drob |
Drop Dat f
Ua a nr

~les (
(continued)
ued

Avera e r
verage Pr <
Ssure
yradient

Average




32

Table G.2 Void Fraction and Pressure
Nominal Diameter Particles

Bed Characteristics:
Spherical Particles: 6 mm Nominal Diameter

Mean Particle Diameter: 5.8 mm

Drop Data for a Bed Composed of 6 mm
(continued)

Run Number: 00605

Superficial Liquid Velocity jt' 9.73 mm/s

Superficial Gas Velocity at Flooding "g' 83 mm/s

Overlying Average Pressure
P i
Sierticiel srticulate Bud Liquid Layer Gradient
Gas
Velocity
Average Ave-age Total Frictional
Jg Bed Porosity Active Height Void P, P,
Depth Void Fraction
(mm/s) (mm) € Fraction (mm) . dz dz
a (] (kPa/m) (kPa/m)
A5
0.¢ B02 0.3% 0.00 221 0.00 9.06 -0.712
13.1 B.16 0.40 0.096 509 0.053 7.64 -1.20
29.5 216 0.40 0.16 506 0.090 6.54 -1.71
50.0 798 0.38 0.20 475 017 5.15 -2.66
77.7 804 0.39 0.22 379 023 4.82 -2.76
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Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 00606
Spherical Particles: 6 mm Nominal Diameter Superficial Ligquid Velocity Al 11.67 mm/s
Mean Particle Diameter: 5.8 mm Superficial Gas Velocity at Flooding jg= 50 sm/s
Overlying Average Pressure
Particulate Bed diza 4
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
_)9 Bed Porosity Active Height Void dl’t de
Depth Void Fraction P
(mm/s) fom) p Fraction (mwm) N dz dz-
;“ 0 (kPa/m) (kPa/m)
0.0 802 0.39 0.00 206 0.00 8.83 -0.938
13.1 814 0.39 0.090 352 0.080 6.79 -2.10
29.5 814 0.39 0.16 419 0.10 5.63 -2.59
50.0 812 0.39 0.20 449 0.15 4.40 -3.46
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Table G.? Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Bed tharacteristics: Run Number: 00607

Spherical Particles: 6 mm Nominal Diameter Superficial Liquid Velocity 3. 13.62 mm/s

Mean Particle Diameter: 5.8 mm Superficial Gas Velocity at Flooding jg' 30 mm/s

’ Overlying Average Pressure
Particulate Bed :
superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
J Bed Porosity Active Height Void dPt de
9 Depth Void P Fraction & P
(mm/s) (mem) € Fraction . z
& 0 (kPa/m) (kPa/m)
3c
0.0 805 0.39 0.00 158 0.00 B.63 -1.14
13.1 806 0.39 0.087 346 0.077 6.23 -2.69
29.5 £02 0.39 0.19 435 0.12 4.75 -3.15




Void Fraction and Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particle (continued)

Run Number D608

Bed Characteristi
mm Nominal Diameter Superficial Liguid \ﬂ‘0/1’y
1

Superficial Gas Velocity at Flooding

Overlying Average Pressure
Gradient

Particulat ed
articulate Bed Liquid Layer

Superficial
Cas
Velocity
Average Average t Frictional
Active Height Void dff
Void { Fraction
Fraction ) : dz
:
(kPa/m)

C

Porosity

X
- 19

-1.45




Void Fraction and Pressure Drop Data for a Bed Composed of 10 mm

Nominal Diameter Particles

Bed Characteristics Run Number: 0100(
Spherical Particles 10 mm Nominal Diameter Superficial Liquid Velocity j.= 0.0 mm/s

Mean Particle Diameter 10.0 Superficial Gas Velocity at Flooding

Particulate Bed Overlying Average Pressure

uperficial o \ Liquid Layer Gradient
Gas

Velocity

Average Average Frictional
Porosity Active Height Voia " dP{
Void P Fraction -
Fraction . dz
3

ac




Drop Data for a Composed

s A
voi1dQ

Nominal Diamete les (continued)

Run Number

ameter Superficial Liquid Velocity
i

Diameter Superficial Gas Velocity at Flooding

Overlying Average Pressure

) - p

) Particulate Bed Liquid Layer Gradient

Superficial
’as

Velocity

Average Average Frictional
Porosity Active Height Void dP'

Void Fraction

(mm)

Fraction \fm)

> "0 (kPa/m)

3¢

dz

0.00
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Table G.3 Void Fraction and Pressure Drop Data for a Bed Composed of 10 mm
(continued)

Nominal Diameter Particles

Bed Characteristics:

Spherical Particles: 10 mm Nominal Diimeter

Run Number: 01004

Superficial Liquid Velocity j.’ 7.78 mm/s

Mean Particle Diameter: 10.0 mm Superficial Gas Velocity at Flooding jg* —— mm/s
Overlying Average P,essure
Particulate Bed TR
Superticial PTRICHIEE. . Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dPt de
Depth Void Fraction -
(mm/s) (rm) € Fraction (mm) 5 da dz
J;C "o (kPa/m) (kPa/m)
0.0 830 0.40 0.00 165 0.00 9.59 -0.178
13.1 830 0.40 0.11 254 0.087 8.41 -0.321
29.5 830 0.40 0.19 303 0.13 7.51 -0.371
50.0 830 0.40 0.25 342 0.19 6.65 -0.648
7.7 830 0.40 0.33 442 0.22 5.97 -0.617
115. 830 0.40 0.38 543 0.27 5.03 -1.06
162.9 830 0.40 0.45 463 0.33 4.12 -1.24




Drop Data for a Bed Composed of 10 mm
(continued)

verlying Average Pressure
1d Layer Gradient
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Table G.3 Void Fraction and Pressure Drop Data for a Bed Composed of 10 mm
Nominal Diameter Particles (continued)

Bec “raracteristics: Run Number: 01006
Spherical Particles: 10 mm Nominal Diameter Superficial Liquid Velocity P 11.67 mm/s
Mean Particle Diameter: 10.0 mm Superficial Gas Velocity at Flooeding jg- 115 mm/s
Overlying Average Pressure
Particulate Bed k-
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Veid dl‘-'t dP'
Depth Void Fraction
(mm/s) (mm) € Fraction (mm) ~ @ L
6“ (] (kPa/m) (kPa/m)
0.0 830 0.40 0.00 144 0.00 9.46 -0.307
13.1 830 0.40 0.12 250 0.084 7.96 -0.606
29.5 830 0.40 0.22 347 0.12 6.92 -0.721
50.0 830 0.40 0.27 439 0.16 6.03 -1.11
77.7 830 0.40 0.34 480 0.20 5.19 -1.27
115.4 830 0.40 0.39 447 0.26 4.30 -1.67




Table G.3 Void Fraction and Pressure Drop Data for a Bed Composed of 10 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 01007
Spherical Particles: 10 mm Nominal Diameter Superficial Liquid Velocity jl= 13.62 mm/s
Mean Particle Diameter: 10.0 mm Superficial Cas Velocity at Flooding jgt 90 mm/s
;; Overlyi A P
9 ! verlying verage Pressure
_ Particulate Bed Liquid Layer Gradient
Superficial
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt de
Depth Void Fraction e
(mm/s) () € Fraction (o) = a2 &
e a 0 (kPa/m) (kPa/m)
0.0 833 0.40 0.00 207 0.00 9.37 -0.404
13.1 833 0.40 0.12 299 0.087 7.81 -0.813
29.5 833 0.40 0.20 326 0.14 6.68 -1.11
50.0 833 0.40 0.30 428 0.16 5.44 -1.41
77.7 830 0.40 0.37 p 465 0.20 4.58 -1.61




Pressure Drop Data for a Bed Composed of 10 mm

Particles (continued)

Run Number: 01008
Superficial Liquid Velocity ) 15.56 mm/s
4

Superficial Gas Velocity at Flooding

Overlying Average Pressure
Liquid Layer Gradient

superficial

Average Average Frictional
Active Height Void ¢ dpf
Void \ Fraction
Fraction dnal dz
(kPa/m)
)




Void Fraction and Pressure Drop Data for a Bed Composed of
Nominal Diameter Particles (continued)

Run Number: 01009
Superficial Liquid Velocity 3" 17.51 om/s

Superficial Gas Velocity at Flooding \q

Overlying Average Pressure
Liquid Layer Gradient

Average Average
Active Void
Void . Fraction
Fraction
|

ac
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Table G.3 Void Fraction and Pressure Drop Data for a Bed Composed of 10 mm

Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 01010

Spherical Particles: 10 mm Nominal Diameter Superficial Liquid Velocity 3" 19.46 mm/s

Mean Particle Diameter: 10.0 mm Superficial Gas Velocity at Flooding Jg’ 38 om/s

, Overlying Average Pressure
Particulate Bed .
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt de
Depth Void Fraction —
(mm/s) tomd £ Fraction (mm) . dz dz
. 2 (kPa/m) (kPa/m)
0.0 832 0.40 0.00 201 0.00 8.96 -0.809
13.1 832 0.40 0.084 347 0.095 6.97 -1.98
29.5 832 0.40 0.21 444 0.11 5.32 -2.44
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Table G.4 Void Fraction and Pressure Drop Data for a Bed Composed of 15 mm
Nominal Diameter Particles

Bed Characteristics: Run Number: 01500
Spherical Particles: 15 mm Nominal Diameter Superficial Liquid Velocity j(' 0.0 mm/s
Mean Particlie Diameter: 14.7 mm Superficial Gas Velocity at Flooding jg- —— mm/s
Overlying Average Pressure
Particulate Bed
Superficial Liquid Layer Gradient
Gas
Velecity
Average 4[ Average Total Frictional
jg Bed Porosity Active Height Yoid dPt de
Depth Void Fraction —
(mm/s) (am) € Fraction L s dz dz
aac 0 (kPa/m) (kPa/m)
13.1 848 0.42 0.11 318 0.051 8.93 0.239
29.5 848 0.42 0.19 415 0.10 8.31 0.379
50.0 848 0.42 0.26 468 0.15 7.7% 0.496
77.7 B4g 0.42 0.32 463 0.21 7.21 0.596
115.4 848 0.42 0.39 614 0.25 6.71 0.710
162.9 843 0.47 0.44 592 0.30 6.31 0.803
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Table G.4 Void Fraction and Pressure Drop Data for a Bed Composed of 15 mm
Nominal Diameter Particles (continued)

Bed Characteristics. Run Number: 01502
Spherical Particles: 15 mm Nominal Diameter Superficial Liquid Velocity Jl‘ 3.89 mm/s
Mean Particle Diameter: 14.7 mm Superficial Gas Velocity at Flooding jq= — /3
; Overlying Average Pressure
Particulate Bed aie
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jq Bed Porosity Active Height Void dPt @,
Depth Void Fraction
(mm/s) () € Fraction (mm) 5 dz dz
a (¢ (kPa ‘m) (kPa/m)
ac
0.0 843 0.42 0.00 171 0.00 9.74 -0.032
13.1 843 0.42 0.11 239 0.083 8.70 -0.033
29.5 843 0.42 0.20 312 0.093 8.06 -0.227
50.0 843 0.42 0.27 329 0.15 7.36 0.205
7.7 B43 0.42 0.32 486 0.20 6.81 0.192
115.4 £43 0.42 0.38 521 0.2% 6.21 0.130
162.9 843 0.42 0.46 545 0.29 5.59 0.260




Void Fraction and Pressure

Nominal Diameter Particles

Nominal Diameter

P r?d ta ff(‘r
continued)

Run Number

Superficial Liquid Velocity 7 IR

L

Superficial Gas Velocity at Flooding

Partic

ilate Bed

Overlying Average Pressure
Liquid Layer Gradient

Average

Active

i
YO <

Fraction

Average C Frictional
Height Void dap
\ Fraction f

mn dz

(kPa/m)

X
0
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Table G.4 Void Fraction and Pressure Drop Data for a Bed Composed of 15 mm
Nominal Diameter Particles (continued)

Bed Characteristics Run Number: 01506
Spherical P ~ticles: 15 mm Nominal Diameter Superficial Liquid Velocity jt- 11.67 mm/s
Mean Particle Diameter: 14.7 mm Superficial Gas Velocity at Flooding jg- — /s
Overlying Average Pressure
Particulate Bed -
Superficial Liguid Layer Gradient
Gas
Velocity
Average Average Total Frictional
.19 Bed Porosity Active Height Void dP' de
Depth Void Fraction -
(mm/s) tod € Fraction () e az dr
;ag (1} (kPa/m) (kPa/m)
0.0 845 0.42 0.00 176 0.00 9.58 -0.194
13.1 84S 0.42 0.12 248 0.088 8.19 -0.404
29.5 845 0.42 0.22 319 0.14 7.36 -0.312
50.0 845 0.42 0.29 337 0.16 6.63 -0.357
77.7 845 0.42 0.34 416 0.22 6.07 -0.443
115.4 845 0.42 0.43 449 0.27 5.65 -0.605
162.9 845 0.42 0.47 436 0.32 5.11 -0.588




Number

nerfici 3 1
uper ( quid Velocity

werficial Gas Velocity at

erage Pressure

wradient







Data for a Bed Composed of 15
continued)

Run Number

Superficial Liquid Velocity j.= 19.46 mm/s
‘ L

Superficial Gas Velocity at Flooding

mm

Overlying Average Pressure
Liquid Layer Gradient

Average Average | Frictional

Active Height ¥V id dp
Vold (om) Fra. tion : i

Fraction e °

kPa/m
lﬂL ( )
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Table G.5 Void Fraction and Pressure Drop Data for a Bed Composed of 19 mm
Nominal Diameter Particles

Bed Characteristics: Run Number: 01900
Spherical Particles: 19 mm Nominal Diameter Superficial Liquid Velocity j‘= 0.0 mm/s
Mean Particle Diameter 19.1 mm Superficial Gas Velocity at Flooding Jg‘ — mm/s
) Overlying Average Pressure
Particulate Bed e
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
J Bed Porosity Active Height Void dPt dP'
9 Depth Void Fraction P P
(mm) dz dz
(mm/s ) (o) £ Fraction ~3
= 0 (kPa/m) (kPa/m)
ac
13.1 823 0.40 0.12 215 0.060 8.82 0.23%
29.5 823 0.40 0.20 256 0.12 8.17 0.313
50.0 823 0.40 0.26 298 0.17 7.60 0.380
.7 823 0.40 0.32 338 0.21 7.07 0.431
115.4 823 0.40 0.38 404 0.29 6.55 0.528
162.9 823 0.40 0.43 446 0.33 6.07 0.492




Drop Data for

: L

(continued)

Run Number

Superficial |

Superficial Gas Velocity at F)

Ligquid Velocity

a Bed Composed of 19 mm

1.89 mm/s

oding Jq:

Average Pressure
Gradient

Average
Active
Void

Fraction

Average
Void
Fraction

Total Frictional
dpt dp(

dz dz
(kPa/m)

7%
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Table G.5 Void Fraction and Pressure Drop Data for a Bed Composed of 19 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 01904
Spherical Particles: 19 mm Nominal Diameter Superficial Liquid Velocity j" 7.78 mm/s
Mean Particle Diameter: 19.1 mm Superficial Gas Velocity at Flooding jg- — /s
) Overlying Average Pressure
Particulate Bed
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dPt de
Depth Void Fraction
(mm/s) (mm) € Fraction (mem) . dz dz
a o (kPa/m) (kPa/m)
a5
0.0 820 0.40 0.00 160 0.00 9.71 -0.065
13.1 820 0.40 0.11 218 0.65 8.41 -0.246
29.5 820 0.40 0.20 310 0.12 7.73 -0.086
50.0 420 0.40 0.27 358 0.17 7.13 -0.041
17.7 820 0.40 0.31 320 0.25 6.58 -0.191
115.4 820 0.40 0.36 126 0.28 6.03 -0.204
162.9 820 0.40 0.43 387 0.34 5.35 -0.220




for a Bed Composed of 19

4

nued)

Run Number: 190¢
11

Uiameter Superficial Liquid Velocity

Superficial Gas Velocity at Flooding

Overlying Average Pressure

P ticulat Bed ..
articuiate ve Liquid Layer Gradient

Average Average Frictional
Porosity Active Height Void de
Void Fraction a7

(mm)
Fraction -
0 (kPa/m) (kPa/m)

0.00 9.64




Average Pressure

sradient

Average
Void

Fraction
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Table G.5 Void Fraction and Pressure Drop Data for a Bed Composed of 19 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 01910
Spherical Particles: 19 mm Nominal Diameter Superficial Liquid Velocity jl' 15.46 mm/s
Mean Particle Diameter: 19.1 mm Superficial Gas Velocity at Flooding - T 191 mm/s
Overlying Average Pressure
Particul
Superficial b v Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
J Bed Porosity Active Height Void dp dP,
9 Depth Void () Fraction J—-'- P
(mm/s) (o) ¢ Fraction e . dz
& 0 (kPa/m) (kPa/m)
0.0 817 0.40 0.00 193 0.00 9.45 -0.324
13.1 817 0.40 0.11 315 0.12 1.72 -0.973
29.5 817 0.40 0.18 350 0.15 7.02 -1.01
$0.0 817 0.40 0.25 417 0.18 6.31 -1.03
77.7 817 0.40 0.32 518 0.20 5.56 -1.08
115.4 817 0.40 0.40 566 0.26 4.64 ~-1.19
162.9 817 0.40 —_ 638 0.29 4.35 a—




691

Table G.6 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 10 mm Nominal Diameter Particles

Bed Characteristics: Run Number: 61000
Spherical Particles: 10 mm and 6 mm Nominal Superficial Liquid Velocity j. = 0.0 mm/s
Diameter Mixture
Nosn Particle Dissster: 7.8 sm Superficial Gas Velocity at Flooding jg’ — mm/s
) Overlying Average Pressure
Particulate Bed : :
Superficial Ligquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dF't aP,
Depth Void Fraction
(mm/s) (mm) € Fraction (mm) v & dz
. 0 (kPa/m) (kPa/m)
13.1 854 0.36 0.12 195 0.05%6 9.08 0.497
29.5 854 0.36 0.20 232 0.10 8.51 0.716
50.0 854 0.36 0.27 277 0.17 7.96 0.82%
17.7 854 0.36 0.34 324 0.23 7.39 0.979
115.4 854 0.36 0.41 370 0.27 6.88 1.06
162.9 851 0.36 0.45 420 0.32 6.62 1.22




haracteristi

Mear

Part{

Overlying

quid Layer

Average Pressure
Gradient

Average

void
Fraction




mm Nomina)

frw‘

Run Number
Superficial

e .
superficial

Bed Composed of a
iameter Particles

(continued)

Liquid Velocity

Gas Velocity at

Average

Overlying
Liquid Layer

Average Pressure
Gradient

Active
Void
Fraction

a

Average
Height Yoid

) Fraction
mm

1

Frictional
dt(
dz

(kPa/m)
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Table G.6

Bed Characteristics:

Spherical Particles:

10 mm and 6 mm Nominal
Diameter Mixture

Mean Particle Diameter: 7.8 mm

Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 10 mm Nominal Diameter Particles

(continued)

Run Number: §1004
Superficial Liquid Velocity j.- 7.78 mm/s

Superficial Gas Velocity at Flooding jg- 115 nm/s

g 0.280 10" 0.720
- Overlying Average Pressure
Particulate Bed
Superficial Liquid Layer Gradient
Gas
Velocity
Averaye Averave Total Frictional
"9 Bed Porosity Active Height Void dP! de
Depth Void Fract on -—
(mm/s) (o) € Fraction (mm) 5 dz dz
a 0 kPa/m kPa/m
26 ( ) (kPa/m)
0.0 848 0.36 0.00 142 0.00 9.35 -0.421
13.1 847 0.36 0.12 231 0.11 7.91 -0.724
29.5 847 0.36 0.20 306 0.14 6.97 -0.898
50.0 845 0.36 0.26 343 0.17 6.15 -1.08
17.7 845 0.36 0.32 464 0.22 5.23 -1.46
115.4 845 0.36 0.41 564 0.24 4.42 -1.34
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Table G.6 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 10 mm Nominal Diameter Particles

Bed Characteristics:

Spherical Particles: 10 mm and 6 »m Nominal
Diameter Mixture
Mean Particle Diameter: 7.8 mm

Xg® 0.280 *10” 0.720

Run Number:
Superficial Ligquid Velocity Jt- 9.73 mm/s
Superficial Gas Velocity at Flooding qu 83 mm/s

g Overlying Average Pressure
Superficial Furtientste e Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jq Bed Porosity Active Height Void dPt d?,
Depth Void Fraction
(wm/s) (nm) € Fraction () 5 dr dz
:‘“ (<] (kPa/m) (kPa/m)
0.0 845 0.36 0.00 158 0.00 9.27 -0.502
13.1 845 0.36 0.12 250 0.10 7.57 -1.00
29.5 845 0.36 0.22 398 0.13 6.47 -1.15
50.0 845 0.36 0.28 424 0.17 5.63 -1.42
83.0 845 0.36 0.37 457 0.21 4.59 -1.57

(continued)




vil

Table G.6 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 10 mm Nominal Diameter Particles

Bed Characteristics:
Spherical Particles: 10 mm and 6 mm Nominal
Diameter Mixture
Mean Particle Diameter: 7.8 mm

g™ 0.280 10 0.720

Run Number: 61006

Superficial Liquid Veloci*y ;.' 11,67 mm/e

Superficial Gas Velocity at Flooding jq- 65 mm/s

Particulate Bed

Overlying

Average Pressure

Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dPt de
Depth Void Fraction -
{(mm/s) () " Fraction (mem) 5 dz dz
Sac 0 {kPa/m) (kPa/m)
n.0 845 0.36 0.00 166 0.00 9.09 -0.679
13.1 845 0.36 0.14 270 0.11 7.20 -1.25
29.5 845 0.36 0.21 397 0.14 5.97 -1.75
50.0 845 0.36 0.25 447 0.20 5.10 -2.29
65.0 84r 0.36 0.34 476 0.20 4.25 -2.21

(continued)




e :
Lomposed OTf a

les (continued)

Overlying Average Pressure
Liquid Layer Gradient

I Average
Void
Fraction
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Table G.6

Bed Characteristics:

Spherical Particles: 10 mm and 6 mm Nominal
Diameter Mixture

Mean Particle Diameter: 7.8 mm
= 0.280 = 0.720
Xg 0.280 *10

Run Number: 61008

Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 10 mm Nominal Diameter Particles

Superficial Liquid Velocity jl- 15.56 mm/s

Superficial Gas Velocity at Flooding jga 30 mm/s

Particulate Bed

Overlying

Average Pressure

Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
39 Bed Porosity Active Height Void dPt de
Depth Void Fraction P
(mm/s) tam) ¢ Fraction (wem) 3 dz dz
a [ kPa/m kPa/m
2 (kPa/m) (kPa/m)
0.0 B44 0.36 0.00 161 0.00 8.75 -1.02
13.1 844 0.36 0.13 338 0.692 6.16 -2.34
29.5 844 0.36 0.24 420 0.15 4.80 -2.62

(continued)




Table G.6 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 10 mm Nominal Diameter Particles (continued)

Bed Characteristics Run Number: £1009
Spherical Particles: 10 mm and 6 mm Nominal

Superficial Liquid Velocity j = 17.51 mm/s
Diameter Mixture .

Mean Particle Diameter 7.8 o» Superficial Gas Velocity at Flooding _)q’ 21 mm/s
xg" 0.280 *10" 0-720
~4
~ Rerticulate Bad Overlying Average Pressure
Superficial Ligquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
h Bed Porosity Active Height void dap dpP
‘ 9 Depth void (um) fraction (T»t a,_'_
(wm/s) (sm) € Fraction v - : z
a X
& o (kPa/m) (kPa/m)

B.49

1.28




and Pressure Drop Data for a Bed Composed of a
Diameter Particles (continued)

mm and 10 mm Nominal

un Number 6101
mm and 6 mm Nominal Superficia’ Liquid Velocity j
fameter Mixture

L

uperficial Gas Velocity at Flooding
8 mm

Overlying Average Pressure
Ligquid Layer Gradient

Average Total Frictional
Void { LU
Fraction %

a
4]




Table G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 15 mm Nominal Diameter Particles

Bed Characteristics: Run Number: 61500

Spherical Particles: 15 mm and 6 mm Nominal
Diameter Mixture

Superficial Liquid Velocity j!' 0.0 mm/s

” 1 ‘ ‘ b [ J—
Mean Particle Diameter: 10.3 mm Seporficiel e Wlectty ¢ View vy jq -
xe* 0.156 %15 0.844
: Overlyi L) P
O verlying verage Pressure
o Particulate Bed Liquid Layer Gradient
Superficial
Gas
Velocity
Average Average Total Frictional
jq Becd Porosity Active Height Void cvt dP'
Cepth Void { Fraction
(om/s) (o) e Fraction ) 5 dz dz
a (] kPa/m kPa/m
2 (kPa/m) (kPa/m)
13.1 858 0.38 0.13 203 0.048 8.90 0.366
29.5 853 0.37 0.21 253 0.12 B.28 0.527
50.0 851 0.37 0.27 294 0.16 71.72 0.614
77.7 8BS0 0.37 0.33 340 0.21 7.2% 0.726
115.4 850 0.37 £.39 387 0.27 6.76 0.817
162.9 R4S 0.37 0.45 444 0.32 6.47 1.08
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Table G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 15 mm Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 61502

Spherical Particles: 15 mm and 6 mm Nomina!
Diameter Mixture

Superficial Liquid Velocity ‘jt' 3.89 mm/s

S ficial Gas Vv i Floodi LY
Mean Particle Diameter: 10.3 mm FEVTIER R e LT "9 e
16' 0.156 ll,‘a: 0.844
Overlying Average Pressure
P icul
gl erticulate Bod Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt d"f
Depth 31d Fraction
(mm/s) () ¢ Fraction (=) - d dz
a (4] kPa/m kPa/m
e ( ) ( )
0.0 847 0.37 0.00 1735 0.00 9.69 -0.081
13.1 847 0.37 0.12 263 0.086 8.44 -0.116
29.5 847 0.37 0.22 326 0.11 7.76 0.141
50.0 847 0.37 0.27 309 0.19 7.12 0.002
77.7 847 0.37 0.34 402 0.23 6.41 -0.056
115.4 847 0.37 0.38 409 0.26 6.02 0.054
162.9 847 0.37 0.42 538 0.28 5.45 -0.181
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Tanle G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 15 mm Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 61506

Spherical Particles: 15 mm and 6 mm Nominal
Diameter Mixture

Mean Particle Diameter: 10.3 mm

Superficial Liguid velocity J!' 11.67 mm/s
Superficial Gas Velocity at Flooding j’- 78 mm/s

xe* 0.156 IIS‘ 0.844
Overlying Average Pressure
Particulate Bed
Superficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictiona)
jg Bed Porosity Active Height Void d’t dif
Depth Void Fraction
(mm/s) () £ Fraction (wm) N dz dz
3 o (kPa/m) {kPa/m)
i
0.0 B4f 0.37 0.00 172 0.00 9.13 -0.437
13.1 Bas 0.37 0.17 n 0.088 7.54 -0.573
29.5 245 0.37 0.22 313 0.13 6.55 -1.10
50.0 846 0.37 0.31 366 0.15 5.73 -1.03
72.7 R4k 0.37 —_— 48¢ 0.18 4.82 —_
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Table G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6 mm and 15 mm Nominal Diameter Particles

Bed Characteristics:
Spherical Particles: 15 mm and & mm Nomina!l
Diameter Mixtyre
Mean Particle Diameter 10.3 mm
x.=* 0.156 x,.* C.544

Run Number:

61507

Superficial Liquid Velocity J‘= 13.62 mm/s

Superficial Gas Velocity at Flooding jg- 55 mm/s

6 15
Overlying Average Pressure
Particulate Bed
; ficial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt 6?'
Depth Void Fraction
(WS) (-) 3 Fraction (-) - ( fl— ) ( :—Z—- )
a ({] kPa/m kPa/m
i’ -
0.0 44 0.37 0.00 156 0.00 9.22 -0.550
13.1 544 0.37 0.16 260 0.10 7.15 -1.11
29.5 A4a 0.37 0.24 335 0.11 6.24 -1.24
$0.0 Ra4 0.37 0.29 429 0.17 5.34 -1.65
55.0 44 0.37 —— 433 —_ 4.80 —_—

(continued)
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Tabie G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 15 mm Nominal Diameter Particles (continued)

Bed Characteristics
Spherical Particles: 15 mm and 6 s Nominal
Diameter Mixtyre
Mean Particle Diameter: 10.3 mm
x.= 0.156 x, .= 0.884

Run Number: 61510
Superficial Liguid Velocity B 19.46 mm/s

Superficial Gas Velocity at Flooding Jq= 23 mm/s

[
: ¥ Overlying Average Pressure
Surtictl Particulate Bed Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dP! d’f
Depth Void Fraction e
(mm/s) () € Fraction () s dz a
3 o kPa/m) kPa/m
Sac ( (kPa/m)
0.0 B44 0.37 0.00 174 0.00 8.77 -1.00
13.1 844 0.37 0.15 398 0.092 5.86 -2.42
23.0 Ra4 0.37 0.24 443 0.11 514 -2.29
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Table G.8

Void Fraction and Pressure Drop Data for a Bed Composed of a

(continued)

Bed Characteristics:

Spherical Particles:

6,10,15,19 s Nominal
Diameter Mixtyre

Run Number: O02AM]

Mixture of 6, 10, 15, and 19 mm Nominal Diameter Particles

Superficial Liquid Velocity 3° 3.85% mm/s

Superficial Gas Velocity at Flooding j'- — -/

Mean Particle Diameter: 9.9 mm
Xg™ 0.20 10 0.30 15" 0.30 19" 0.20
r : Overlying Average Pressure
Particulate Bed
Super*icial Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height void dl't dP'
Depth Void Fraction P
(mm/s) (am) € Fraction () B dz az
a o (kPa/m) (kPa/m)
0.0 859 0.34 0.00 175 0.00 9.66 -0.113
13.1 850 0.34 0.13 236 0.047 8.36 -0.192
29.5 847 0.34 0.21 304 0.10 7.55 -0.192
50.0 850 0.34 0.29 389 0.14 6.79 -0.162
7.7 ELE] 0.34 0.36 358 0.18 5.97 -0.270
115.4 Bag 0.34 0.42 472 0.23 5.39 -0.324
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Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6, 10, 15, and 19 mm Nominal Diameter Particles
(continued)

B8ed Characteristics: Run Number: (Sam]

Spherical Particles: £,10,15,19 = Nominal Superficial Liquid Velocity .73 /s

Diameter Mixtyre
Superficial Gas Velocity at Flooding J = 83 mm/s
Mean Particle Diameter: %9 9 mm 9

Xg® 0.20 Nep™ 0.30 Xs® 0.30 X19* 0.20
Overlying Average Pressure
Particulate Bed . -
Superficial Liquid Layer Gradient
Gas
velocity
Average Average Total Frictional
Jg Bec Porosity Active Height Void dF! ®,
Depth Votd ¢ Fraction
(mm/s) (o) £ Fraction (o) : & &
oy N 0 kPa/m) kPa/m)
s { (
13.1 843 0.34 n.14 278 0.082 7.48 -0.966
29.5 843 0.34 0.22 334 0.10 6.57 -1.07
S0.0 843 n.34 ¢.30 425 0.16 5.60 -1.27
83.0 843 0.34 0.38 541 0.19 484 -1.28
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Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of B, 10, 15, and 19 mm Nominal Diameter Particles
(continued)

Bed Characteristics: Run Number: Q7aM]

Spherical Particles: §,10,15,19 nm Nominal Superficial Liquid Velocity jt- 13.62 mm/s

Diameter Mixtuyre . rictad
Misk Sirtiete Slenubert 5.0 w0 uperficial Gas Velocity at Flooding Jg' 44 mm/s

x.= 0.20 X.n® 0.30 X185 0.30 19" 0.20

6 10
N Z Overlying Average Pressure
Superficial PPC Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
jg Bed Porosity Active Height Void dPt dP'
Depth Void Fraction =
(mem/s) (o) ¢ Fraction () B dz dz
3 o (kPa/m) (kPa/m)
I
0.0 B43 0.34 0.00 170 0.00 9.01 -0.760
13.1 843 0.34 0.12 279 0.086 6.86 -1.70
29.5 843 D.34 0.22 413 0.11 5.58 -2.10
44.0 B43 0.34 0.27 442 0.14 4.85 -2.32
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Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 6, 10, 15, and 19 mm Nominal Diameter Particles
(continued)

Bed Characteristics: Run Number: (8AM]

Spherical Particles: 6,10,15,19 mm Nominal

Superficial Liquid Velocity j!= 15.56 mm/s
Diameter Mixture

Superficial Gas Velocity at F) i = 30 mm
Mean Particle Diameter: 9.9 mm s y ooding /s
:ﬁ' 0.20 10" 0.30 X16® 0.30 X19" 0.20
Overlying Average Pressure
o Particulate Bed Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictiona)
Jg Bed Porosity Active Height Void dP! 49'
Depth Void Fraction —
(mm/s) () € Fraction (mem) 3 az dz
;“ [} (kPa/m) (kPa/m)
0.0 843 0.34 0.00 182 0.00 8.75 -1.02
13.1 843 0.34 0.12 317 0.085 6.47 -2.16
29.5 843 0.34 0.23 498 0.10 4.63 -2.91
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Table G.9 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 3, 6, 10, 15, and 19 mm Nominal Diameter Particles

Bed Characteristics: Run Number: DOAM2

Spherical Particles: 3,6,10,15,19 mm Nominal Superficial Liquid Velocity j = 0.0 mm/s
Diameter Mixture

Mean Particle Diameter: 5.4 mm
Xq* 0.16 Xg= 0.21 = 0.21 X.c= 0.21 X:0® 0.21

Superficial Gas Velocity at Flooding jq' — mm/s

*10 15 19
. Overlying Average Pressure
P 1
Superficial Ao g Liquid Layer Gradient
Gas
Velocity
Average Average Total Frictional
Jg Bed Porosity Active Height Void dp, P,
Depth Void Fraction > g
(mm/s) () . Fraction (mem) = dz dz
o 0 (kPa/m) (kPa/m)
13.1 850 0.29 0.12 486 0.037 8.96 0.307
29.5 850 0.29 0.18 512 0.067 8.61 0.596
50.0 Ba6 0.28 0.23 555 0.11 8.48 0.96C
77.7 841 0.28 0.30 606 0.17 9.12 2.31
115.4 841 0.28 0.37 646 0.20 B.56 2.35
162.9 844 0.28 0.42 690 0.24 8.72 3.09
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3ed Composed of
Jiameter Particle:

Void Fraction and Pressure Drop Data for a
Mixture of 3, 6, 10, 15, and 1€ nal
(continued)

m1

19 mm Nor

Run Number 1AM;

Characteristics
1 ¢ 0 15 10 men N 1 Superficial " Vel
10,15,19 mm Nominal uperficial Liquid Velocity
Superficial Gas ‘elocity at

Bed

Particles
Diameter Mixture

Particle 4 mm
).21 ).21 19

Mean
0.21 X10

Spherical

Diameter
X2 1€ ¢
Overlying Average Pressure
id Layer Gradient

Liqu

Particulate Bed

Average
Void
Fraction

Superficial
Gas
locity
Average
Porosity Active
Void
Fraction

X

Vi

25




Void Fraction and Pressure Droj for a Bed Composed of a
) |
i

Mixture of 3, ¢ 10, 15, and 19 mm Nomina

S ’ »

L

)Jiameter Particles

(continued)

o A
Run Numbs

uperf i

Superfic

erage Pressure
Particulate Bed Eraidlans
vuperfic
Las
Veloci ty

Average

Porosity Active Height
Vold ()
Fraction

1

25




Drop Data for a Bed Composed of a
and 19 mm Nominal Diameter Particles

Bed Ch te < - D
1 aracteristi Runn Number ) IAM

Spherical Particles: 3 65,10,15,19 nm Nominal Superficial Liquid Velocity
Diameter Mixture

Sunerficial Cac Voln
Sitn Perttela Sienatis 5 4 erficia Ga Yelocity at Flo

IL)

ticulate Bed Overlying Average Pressure
Superficial Liquid Layer yradient
c c
bas

Velocity

Average Average
Porosity Active Void

Void Fraction
Fraction

x
25
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Void Fraction and Pressure Drop Data for a Bed Composed of a

Mixture of 1, 3, 6, 10, 15, and 19 mm Nominal Diameter Particles

haracterist Run Number NAM

Spherical Particles: 1 3 ¢ 15,19 mm Nominal Superficial Liquid Veloc ity

Diameter Mixture

c Firid . y
. - uperficial Gas Velo« at
Mean Particle Diameter 1.1 m YU a 2as Velocity at

] 18§

Overlying Average Pressure

Part t
articulate Bed Liquid Layer Gradient

Superficial
Gas
Velocity

Average Average tal Frictional

Porosity

Active
Void
Fraction

1
4<

Heiaht

(mm)

Void
Fraction

|

dpP,
dz
(kPa/m)




Pressure Drop Data for a Bed TQWPHQGQ‘C' :

] 15, and 19 mm Nominal

~ 2

Diameter

Number
in Numbe

‘Af\r“"‘v'd‘\ l‘.;“j.v’ Vp“s;‘oy
Superficial Gas Velocity at Flo
Diameter

16

19

Overlying Average Pressure

Particulate Bed Liguid Layer o

Superficial
Gas
Velocity

Average Average

Porosity Active Height id
Void () Fraction

Fraction

25
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Void Fraction and Pressure Drop Data for a Bed Composrd of a
Mixture of 6 mm Nominal Diameter Spherical Particlec and
Non-Spherical Sharps

Bed Characteristics Run Number 6500

Particle Non-Spheri

Diameter
Mean Particle Diameter

Average Prassure

Superficial Liquid Gradient
Gas
locity

Average

Porosity Active Void
Void o Fraction

Fraction

:
-1

0.084




Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm Nominal Diameter Spherical Particles and
Non-Spherical Sharps (continued)

Overlying Average Pressure

ilate Bed -
Superfici Liquid Layer sradient
Gas

Velocity

Average Average
Porosity Active Void
Void Fraction
Fraction
L ln
aC




Void action and Pressure Drop Data for a Bed Co

<

Diameter Spherical Particl
Non-Spherical Sharps (continued)

M > & £ Y AMAam s -]
1Xture m Nominal

fia

Non-Spher i

Diameter

iamete

Avnrdqp Pressure
Superficial Gradient
Gas
Velocity

Average Average ot Frictional
Active Height Void ) Aap
we
Void 4 \ Fraction
mm
Fraction
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Void Fraction and Pressure Drop Data for a Bed Cocmposed of a

N

Mixture of 6 mm Nominal Diameter Spherical Particles and
Non-Spherical Sharps (continued)

Superficial Liquid Velocity

Superficial Gas Velocity at Floo«

Overlying Average ®ressu-e

Particulate Bed -
e Liquid Layer Gradient

Superficial
Gas

Velocity

Average
Active fe1ght

Void P
mm)
Fraction

|

-1




Bed f‘r\l"(‘ﬂ\’wq‘f

N 2 1
rarticl

es and

Superfi

Superfic
iper

Overlying Average Pressi

Particulate Bed .

) ' articuiate bed Liquid Layer sradient

uperficia
Gas

ty

Average Average
Active ght Void

Void P Fraction
Fraction

X

s




Table G.11 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm Nominal Diameter S pherical Particles and
Mon-Spherical Sharps (continued)
Bed Characteristics Run Number 06505
Particles Non- Spherical Sharps and 6 mm Nominal : .
Diamster Spherical Particles Mixture uperficial Liquid Velocity . 9.73 mm/s
Mean Particle Dimeter 1.4 mm Superficial Gas Velocity at Flooding 23 mm/s
9
X.= 0.50 xg* 0.50
o
o
O Overlyin A P
Particulate Bed > WM ying V“'d?? Are%:ure
Quic . Cor
Superficial Liqu Laye yradient
Gas
Velocity -
Average Average Total Frictional
J Bed Porosity Active Height Void d“‘ dP,
9 iepth Void tam) Fraction - 3
(mm/s) " Fraction e - :
mm) a, (xPa/m) (kPa/m’
B C { \
ac \ / al/
0.0 169 0.36 .00 34 0.00 8.44 1.33
p—
13.1 369 0.36 0.018 419 0.087 595 -1.64
22.9 169 0. 36 ). 12 0.1 4.27 .4 28
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Evaluation

)

|

200 woras or less)  Understanding of the hydrodynamic characteristics and flow 1imita-
two phase flow through porous media is necessary to evaluate the coolability of a
flooded degraded nuclear reactor core. In the present work, an analytical and experi-

£

pental investigation of counter-current two phase flow through 80-100 cm deep porous layers
composed of both uniform size spherical particles (nominal diameters 1-19 mm), mixtures of
spherical particles and nonspherical "sharps" has been performed. The porous layers were

ha
20 cm diameter plexiglass tube. Water and air were used as the test fluids,
uperficial velocities ranging from 0-19.5 mm/s and 0-163 mm/s, respectively. Bed
ty, mean particle diameter, flooding limits, and void fraction and pressure gradient
ooding were investigated. An analytical approach based upon geometrical models was
fr(j *‘16’!’"1¢w

iformed 1n a
{

with

expressions for perosity and mean particle diameter. An empirical correla-
tion has teen found for the flooding data which is slightly different than that found in
ithe literature. The effect of coupling of the overlying liquid layer with the bed and of
@xi1al gas injection upon the flooding limit were also studi The results of these hydro-
gaynamai( Investigations were d;,’l-‘ilt,‘d LO ODta. aryout neat tiw n pottom dH(j

volume heated
"'\?Y‘{]~ .],!.‘“ t"t’(j'..







