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ABSTRACT

Understanding of the hydrodynamic characteristics and flow

limitations 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 m/s and 0-163 mm/s, respectively. Bed porosity,

mean particle diameter, flooding limits, 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 limit were

also studied. The results of these hydrodynamic 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 liquid ' low

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 limit through the bed,i

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

i 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

1 j
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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 particle 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 beds 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 lir.'it in particulate beds

and then apply this to determine dryout heat flux in bnttom 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.

2
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Chapter 2

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus was designed so that the porosity,

mean particle diameter, limiting 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 velocities

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

a plexiglass test section, a water reservoir, and a centrifugalare:

pump. Instrumentation consists of water manometers, air and liquid

flow meters, and an inlet air pressure gag (. 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

3
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diameter copper tubing wound in the form of a spiral is placed.

On the top side of the spiral, 0.794 nun 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

placed along the bed height at 15.2 cm intervals and are connected

to water manometers. Ten additional pressure taps are placed at 2 cm

intervals near the top of the bed. Short glass tubes, measuring

2.0 mm in outside diameter and 1.0 mm in inside diameter, with glass

wool loosely glued to the outside surface are inserted into the

pressure taps. These porous plugs act to dampen oscillations in

|
local pressure 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 drainage valve. A 30 cm long pipe 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.

In order to simulate 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

5
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used, each spaced by 15.2 cm. These locations correspond to the

first five pressure taps. Each injection location was connected to

a separate air flow meter and then to a common source of compressed

air.
.

2.2 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

initially half filled with water. Particle mean diameter was deter-

mined by measuring the minimum and maximum diameters of 40 samples

from each particle size using a one inch micrometer.

A certain amount of particles was then weighed and poured

into 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, bed weight, 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 liquid

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

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

6

. .
.

.. .



--
- .

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:

"p
(2-1)p=-

p gy

where M is the volume of liquid displaced by a known mass of
g

particles m . The porosity of the particulate bed was calculated
p

as

be=1- (2-2)
p AL

p

where m is the total mass of particles in the bed, p is the particle
p p

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

For an overlying layer of known hydrostatic head, LP , andarea. g

depth, H , the average void fraction within the overlying layer, E ,gg

!
7 -l

I
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was obtained from the equation
APg

*L gH
~

E= (2-3)
o -og g

The active void fraction, discussed in reference (6_), is defined as

the fraction of pore area occupied by moving gas. The fraction of

theporeoccupiedbynon-movinggasistermedin(6_)astheinactive

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 implied. The average activo 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,
l

the average active void fraction was calculated by the equation

_ (H -H ) - Hg 1 og
ac " (2-4)a

cl

The frictional pressure gradient was calculated from a known total

pressure gradient by the following equation:
B

dP dP

dz " dz (1 ac)# + acg]g (-5)P
-

1

8
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Chapter 3

RESULTS OF HYDRODYNAMIC STUDIES

Pressure drop, void fraction, porosity, and flooding data

were obtained for beds composed of uniform size spherical particles,

mixtures of spherical particle sizes, and mixtures of spherical

particles and non-spherical " sharps".. Glass particles with nominal
i

diameters of 1, 3, 6,10,15, and 19 m were used. The sharps were

passed through a sieve with a 5.66x5.66 m cross-section but were

retained on a sieve with a 4x4 m cross-section. The porosity varied

between 0.38 and 0.42 for beds composed of uniform size spherical

particles and between 0.18 and 0.38 for beds composed of mixtures of

spherical particles. Particulate bed heights of between 80 cm and

98 cm were used. Superficial velocities were varied from 0 to 19.5 mm/s

for water and from 0 to 163 m/s for air.

3.1 Mean Particle Diameter

3.1.1 Mean Particle Diameter for Beds Composed of Nearly Uniform
Size Spherical Particles

The observed frictional pressure gradients for single phase

liquid flow through beds composed of 3, 6,10, and 19 m nominal

diameter particles are shown in Figure 3.1. The single phase liquid

frictional pressure gradient is given by the Kozeny-Carmen equation

as
dP

f " 150(1-c)2 d + 1.75(1-c) P d 2
dz 3 2 "t t 3 etc0 cDp p

9
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The arithmetic mean particle diameter for each nominal particle

( size was determined by measuring the diameters of a set of 40 particles

and taking an average. Another value for mean particle diameter

can be obtained by using the experimentally obtained frictional

pressure gradient and solving for diameter in equation (3-1).

A comparison between these two methods for determining the mean

particle diameter is given in Table 3.1. In Table 3.1, the measured

arithmetic mean particle diameters are seen to be within 14% of

those calculated using equation (3-1). The range of variation of

measured diameters in Table 3.1 is simply the minimum and maximum

of the micrometer readings for each nominal particle size. The

solid lines in Figure 3.1 represent the pressure gradients predicted

from equation (3-1) using the measured arithmetic mean particle

diameters, and the dotted lines represent a best fit to the data.

The diameter measuring technique was not very accurate for small

diameter particles, thus the predicted pressure gradients are slightly

higher than the observed pressure gradients for 3 mm and 6 m

nominal diameter particles.

3.1.2 Mean Particle Diameter for Single Phase Liquid Flow
Through Beds Composed of Mixtures of Particle Sizes

The mean particle diameter for single phase liquid flow

through beds composed of mixtures of particle sizes may be calculated

by imagining the bed to be formed of stratified layers of each

cu..stituent particle size. In selecting a mean particle diameter

|

|

11

_

.
. .

.
.

.

.



- - - - _ . _ - _ -.. ..- . . . .. . - . . - -. -

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
j (m) (m) (m) (m)

i

3 2.1 2.8 1.9-3.4
!

; 6 5.0 5.8 5.6-6.1
i

10 10.0 10.0 9.8-10.3
i

:

15 13.0 14.7 14.4-14.9
"

i

: s
: 19 21.7 19.1 18.4-19.7
i

i
|

i3

:

i1

|
4

i

a

!

!

|

i <

I *
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for the mixture, the pressure gradient through a bed composed of

uniform size spherical particles of diameter equal to the mean particle

diameter of the mixture and with a porosity equal to the actual

mixture porosity must be the same as the actual pressure gradient

through the mixture at any given superficial liquid velocity.

UsingtheKozeny-Carmenequation(3-1)andequatingthepressure

drops through the layered bed and the mean diameter bed, we get
,

the relation

150(1-c)2
"t t + 1.75(1-c)

2-AL d Odcg23 3c6 tt
p p .

N

= [ AL 150(1-c ujg g + 1' $(1'*} pj (3-2)9 gg
i=1 - c D ,9 ,3 '

0 ,jp
p

From the definition of the volume fraction, we can write

y=[ALx (3-3)

Dividing (3-2) by 1.75(1-c)p j 2fe , the following relation can bes
gg

obtained for the mean diameter:

"

86(1-c)u"k=[.xI 86(1-c)u" x,3
-

-+ + (3-4)
Pd 2-

p tt p i=1 D ,9 od D ,9p tt p

Notice that in equation (3-4), the mean diameter is a function of

the liquid superficial velocity. Defining the Reynolds number as )

13
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i

,

ojD '

EED
Re (3-5)=

g ,

L,

equation (3-4)canbewrittenas

1 + 86(1-c)" L, g,86(1-c)k'*i (3-6)Re p Re D D
| g p,j , p,j. g ,

p j,},

! .

Ia

For Re n 86(1-c), equation (3-6) can be approximated as'

g

N

k=.{ DI (3-7)
| O

p j,g p,j
t
'

Alternatively for Re u86(1-c), equation (3-6) becomesg

N

I
- 2 '- (3-8),

D D) p j,1 p,9
l

! Equations (3-8) and (3-7) represent the bounds of the mean particle-
'diameter as j goes to zero and infinity, respectively.g

. The experimental values of the mean particle diameter from
i

the Kozeny-Carmen equation are compared with the predictions of-

I, equations (3-7)and(3-8)inTable3.2. The experimental values
t :
1 of the mean particle diameter represent an average of data taken '

for superficial liquid velocities ranging from 1.9 to 19.5 m/s.
I

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

as86(1-c);thusthemeanparticlediameterisexpectedtobefound
i

; somewhereinbetweenthepredictionsof. equations (3-7)and(3-8).
i
! In Table 3.2, the predictions of equation (3-7)-are seen to be
1

| between 4% to 50% higher than those of equation (3-8). The exper-
.

.*

8 ,

L

i 14 [
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Table 3.2 Mean Diameters for Mixtures of Sperical Particles

,

j 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)
] (m) (m) (m) (mm) ~ t

,
,

M

i vi

6,10 0.28,0.72 7.8 8.3 8.0 !
!

6,15 0.16,0.84 10.3 11.9 10.7
,

1

j 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 ' 2.80.15,0.10
:

1

.

! I

1

7

d

j E
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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 Composed 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

~150(1-c)2 2 150(1-c)2"g g * 1.75(1-c) O dd d
3g gg 3g 2 "t t-

. , c g 2,3
q

N

1.75(1-c) D d 2" '150(1-c)2
d*

2 "g g~

y ,3D it, i
g,3D.g

t p g,g p,9

+ 1.75(1-c) D d 2 150(1-c)2
3 gg 3 2 "t td ~ 1.75(1-c) "t t (3-9)

2-
d~

3
"ge D ,y eeD ncO -

p g p,4 g p,j

In ecuation (3-9), the superficial liquid velocity is taken as

positive for counter-current flow. Dividingequation(3-9)by

ncpj2/1.75(1-c)andrearranginggives3

g gg

16
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86(1-c)nu - 86(1-c)n u -

(n o d
-

qq 3 gg 3get
2)(eoj g2 g.

_

od g2 g..
K

jggg gggg ,9 9 P P

_

tP P

N

-86(1-c)nu)-~y 86(1-c)nu
(nod

qq 1- gtt gt 1 1 ~?-(eoj l+D .

p,9 p,9 ggg
-(eoj

2+Dp , j),
i *i" -

2npj ggt D .

i=1 - ggg D
p,9

(3-10)

The results of numerous studies (6,_,J_) indicate that n /c and n /ci

g g g g

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

oj6
90DRe (3-11)

=
g ,9

i

The relative importance of the gas and liquid phases in evaTuating
; the mean particle diameter is determined by a two phase weighting

parameter B, defined as
1 2

9"*i Bs (3-12)2noj-

ggg
. .

Usingequations(3-11)and(3-12)andassumingthatn/c = n /c = 1.
g g g g

3
equation (3-10) can be rewritten as

}g,86(1-c))-B(1+86(1-c)j' L|
Re Re;; g g g. .

-c) -c)
x4'(1+86 P'I)-B(1+86 P'I ) D

=
(3-13)

i=1 9 A P 'i
i

This is the general mean diameter equation for two phase flow.

For p j 2ap j 2, the two phase weighting parameter B goes to zerogg gg

,

17
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andequation(3-13)canbewrittenas
N

' ~3 ,86(1-c)' 1_ , -y ,86(1-c)
- *ip (3-14)

DD ,9 p,4Re'g -D 9,3
- g p-

p

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
g

Re << 86(1-c). Similarly for p j 2>>p j 2, B becomes very large andgg ggg

equation (3-13)canbewrittenas

1 + 86 -c)~{, 3 , 86 -c) p
~ i'

(3-15)
- t D - t p.i - p,i

p 4,3
,

This equation is equivalent to equation (3-6) for single phase

liquid flow. Thelimitsofequations(3-7)and(3-8)areagain

obtained for Re >>86(1-c) and Re <<86(1-c), respectively. The
g g

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
t

superficial gas and ifquid veloc'ities, one can determine an appropriate

mean particle diameter using either the general weighting equation

(3-13)oroneofthelimitingequations(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
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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<1mm)duetobridging. This study will be restricted to "large"

particles (0 >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

j 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

19
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particlesize(D 1 mm) is independent of the particle diameter.1

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
!

yn[D
:

(3-16)
1

; where Dg>D. Since D is always greater than D , the diameter2 1 2

| ratio varies only between 0 and 1. Another important parameter is

; the number ratio, defined for mixtures of two particle sizes as

Br (3-17)
I

where N is the number of particles of diameter D present in theg j
th'

bed. The volume fraction of i size particles is defined as
v i

(3-18)
g = E v,

x

. t=1
!

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

(f)3 (3-19)8=

Let us first assume that the particulate bed is in a perfectly
|
1

21
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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 equ'al to one. Had we added part-

icles 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 s greater than one. If B is used to denotesat

the number ratio at which saturation occurs then for 8 > esat, the

.

smaller particles would separate out of the mixture, and for 8 < 6 sat'

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 is a tendency for the

;

1
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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 x2 1 *1*
For each saturated mixture, there exists a saturated porosity,

Since the saturated numbersat, which is a function of y and esat.c

ratio, 8 sat, is a function of y only, the saturated porosity may be

determined by y alone. A further discussion of e and e issat sat
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 1

5$'(0.40)+ sat c,, (3-20)81esat; e=
t t

Case 2
V V

S$'(0.40)+= sat c,3 (3-21)8<8,, sat; e=
t t

The volume of the saturated mixture, the volume of separated particles

of diameter 0 , and the volume of separated particles of diameter
1

0 are denoted by Vsat' sep 1, and Vsep.2, respectively, and are given2
*

by

3
+ N sat g ) (3-22)Vsat"(1-c ) IN 0 0

2. sat 2 1sat

23
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.

3
sep.1 " 0 60 {(N1 ~ "1, sat) Dg (3-23)V

sep.2 " 0 60 h("2 (3-24)2, sat)D2-NY
|

in equationThe total volume, V , is given simply by Vsat + Ysep 2t

inequation(3-21). It should also be(3-20)andbyVsat * Ysep.1

noted that N = N in equation (3-20) and N = N in equation
1 1, sat 2 2, sat

(3-21). Dividing equations (3-22), (3-23), and (3-24) by V and
t

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

relation:

2(1-csat) S + 3csatc= (3-25)

5(1-esat) S + 3

where the weighting factor S is defined as follows:
.

Case 1

(8-Bsat)Y
8>B i 3" (3-26)

_ sat 3
1+8 Ysat

Case 2
(8 /8)-1

t
i S*818 sat 3

. I+8 Ysat

The values of y, B, and c are known from experimental data,

and it is desired to solve for e and e Equation (3-25)provides
sat sat.

one equation relating e and esat, and since there are two unknowns,sat
one additional equation is needed. For y > 0.48, it 1*s known from

equals one. For y 1 48, a0simple geometrical models that osat

cubic geometry can be assumed to obtain a second equation relating

24
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and s as
* sat sat

(3-28)* sat =0.40-[8saty
v

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.

and e wereUsing equations (3-25) and (3-28), the values of csat sat

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

=0.40-0.24(y-1)2 (3-29)c sat,

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

for 8 can be w @ en assat

= 0.458 (Y- (3-30)8sat y

Equation (3-30) is plotted in Figure 3.4 and is seen to fit the data

well. The er.cipoints of the curve in Figure 3.3 may also be predicted
,

and the porosityapproaches D1theoretically. As y approaches one, D2
4

must go to that of a bed composed of uniform size spherical particles,

approaches zero, or y approachesor 0.40. Alternatively, as D2

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

effect upon the smaller particles and the saturated porosity should
|

t

|
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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

1
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approach (0.40)x(0.40), or 0.16. The data for e n 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,c sat
one may correlate e acd s as functions of diameter ratio andsat sat
shape factor. These expressions 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 8 U#sat
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 D , the largest particle to fit intoy

the intersticial region would obviously occupy the pore volume in

the center of the cubic lattice. This center located pore will

29



be referred to as a "first level" pore. The diameter ratio of the

largest particle that can barely fit into a given pore level of the l

cubic array is referred to as the " critical ratio" of the pore

level and is denoted by y Simple ge metrical arguments yield
crit.

a value of one for s and 0.732 for y f r first level pores.
sat crit

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 D and will fit into the pore volume in the center of each
1

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 8 of second level pores is, therefore, onesat;

! 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 0.130 D . These particles fit into the pore volumes between each
3

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

8 and a critical ratio of 0.138. Notice that third level pores
sat

have no meaning if the first level pore is not filled. Obviously

an infinite number of pore levels exist, each with increasing B sat

and decreasing y Due to the increasing complexity of higher
crit.

pore levels, this study will be limited 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

30
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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 particle 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

s 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 i

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

31
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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,
I

volumetric weighting by the layer volume within the bed becomes j

extremely complicated since the definitions of 8 and 8 are basedsat

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.aed 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 volume

fraction and label this diameter Dmax'

C. Mark boundaries of the regions as follows:*

D = 0.732 D (3-31)1,2 max

D = 0.414 D (3-32)2,3 max

D = 0.138 D (3-33)3,4 max

|
t Details in Appendix A
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II. Dete gine Mean Diameter, Volume Fraction, and Number Ratio
,

of Eai:n Region

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

E x$ $D
i=nj-1+I

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

n.
J

{ x$

i=nj-1+I

The variable n is simply a counter in the particle diameter
3

array, with the difference between nj and n ,7 being the number3

of particle sizes present in the region j. This notation is

equivalent ta stating that the sumation should only be carried

out in the specified region j.

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

equation

n
j

3 { x$
where j=1,2,3,4 (3-35)x =

i=n _1+13

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

6.= ( ) (3-36)
J x

i j

III. Determine the Mixture Set and the Layer Porosity

A. Set values of s for each region as follows:sat

B =1 (structuring particles)
sat,1

(3-37)
8 =1 (first level pores)
sat,2
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8 =3 (second level pores)sat,3

8 sat,4 = 12 (third level pores)

8. Calculate the ratio 8 /8 for each region. Determine 'the3 sat,j

minimum B /8 ratio which is greater than zero and labelj sat,j

it B r, min'

C. Define a mixture set array M such that

If B /8 sat,j * 0, then Mj=2j

else M =1
3

This array indiates which regions compose the mixture set

and will be used in calculating the saturated layer porosity.

D. If the mixture set is not full (i.e. M is not equal to 2 for
3

all j), then the values of B given in III.A may be incorrect.
sat,j

Corrections should be made for the mixture sets given in

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

d

Yjj = (3-39)

The corrections for B are seen to come directly from thesat
equations for mixtures of two particle sizes. Further details

on the derivation of these equations is given in Appendix B.,

If any correction in B was made in this step, one mustsat

return to III.B and recalculate the 8 /8 ratios. If no3 sat,j
! correction was made, one can proceed to the next step.
|

| E. Determine the fraction of the remaining particles, by volume,

that has been used in the mixture set and label this fraction

34
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Table 3.4 s Corrections for Non-Full Mixture Sets *
i sat

f

Regions . Correction
_

Present

.(Y -1)14
14 s = 0.458

, sat,4 3
|

Y 14
,

(Y -1)13
; 13 s = 0.458

sat,3 3
Y13

(Y -1)213
134 s = 0.458

sat,3 3
Y13

(Y -1)234
O = 0.458 Bsat,4 sat,3 -3

Y34

(Yp4-1)
O = 0.458 ssat,4 sat,3 3

Y24
4

(Y24~1)= 1.374 since s =3
3 sat,3

Yp4

t Details are given in Appendix B
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XUT. This fraction can be determined from the equation

4

UT = { [8 , min (8 /8 sat.j)) *j (3-40)
r j

j=1
'

Mp1
.

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

j such that M =1, as indicated, because when M =1 the region
j j

was empty originally. Obviously no particles could have been

used from a region which was originally empty.

F. The layer porosity, esat, 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
,

c=c + XUT(1-XUTT)c (3-41)
sat

where XUTT represents the total volume fraction of particles

used by all of the previous mixture sets.

G. Update XUTT using the following equation

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

|
IV. Update Volume Fractions

A. The volume fractions of the true constituent particles can be

updated by the equation
4

x -XUi 3 (3-43)x =x
4 g-

In equation (3-43), the index i indicates the true particle
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Table 3.5. Saturated Porosity *

i
I
|

|
'

Mixture Saturated Porosity
Set -

-

1,2,3,4 e = 0.40sat
(single size

, ,

porosity)

sat =0.40-0.24(y12-1)212 c

| 13 csat = 0.40 - 0.24 (y13~1)

= 0.40 - 0.24 (y34-1)214 c sat

= 0.40 - 0.24 (y12-1)2123 c
T13

~. sat

| sat =0.40-0.24(y12-1) - 0.719 y12 (y 4-1)124 e p

=2.5[0.40-0.24(y13-1)2][0.40-0.24(y34~l)]134 c
; sat

3 |sat = 0.40 - 0.24 (y12-1) ~hy13 - 2n y341234 c

t Details are given in Appendix C

.
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size and the index j represents the region to which particles

of size D belong. The variable XU is the volume fraction
$ 3

of the remaining particles of those used in the mixture set

belonging to region j. The value of XU can be obtained from
3

equation (3-40) for any j.
thB. Normalize the updated volume fractions of the i particle

size by the equation

J x

(3-44)xg= N

E *Li

'

t=1

where N is the total number of particles present and x is theg

volume fraction of unused particles of size 2.

C. If 99% of the original particles, by volume, have bean used,,

then stop the iteration. If less than this have been used,

then go to I.B and repeat the procedure. This step can also
;

be stated as follcws:
i

If XUTT > 99%, then stop
|

; else go to I.B

For a perfectly continuous particle distribution, the procedure

would repeat indefinitely had we demanded 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.

1
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I
The results of this procedure for several particle distributions

are given in Table 3.6 in comparison with experimental results.

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 e 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, w 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 e of 0.6 gives excellent
*

agreement with the experimental results, as shown in Table 3.6.

This value of 0.6 for e also agrees with estimates made from

visual observations of the surfaces of various particulate beds.

A FORTPJLN 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

39

_ _ _ _ _ .
- -



_ . - . _. - _-. . - _ _ _ _ . . _ _ _ _ _ _ _ _ . . _.. _ . _ _ _ . _ _ . _ . . _ __ _. _ . _ . - . .

i

t

f

; -

t

.

Table 3.6 Comparison Between Observed and Predicted Porosities for Beds Composed of
Three or More Size Particles

.-

! Constituent Constituent Experimental- Predicted Predicted- 'i
Particle Particle Porosity Porosity Porosity
Diameters Volume

(m = 0) (e = 0.6) [Fractions( ,)

$,

! .

; 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 -

i

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

0.15,0.10
<

i
<

i

\
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I diameters less than 1 mm. These two conditions avoid complications

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

4

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.) found1

that flooding data can be collapsed onto one curve by a plot of

versus (j /j )(p /pg)b . This plot clearly(j 2 /gc )(p /pg)pa 3 o.2
g g g g g

shows that the effect of varying particle geometry upon the flooding

limit can be correlated by the surface area per unit volume, a.

Dell and Pratt (R), in a study of flooding limits of

immiscible liquids, found that flooding velocities can be correlated

by the equation
4

j b+j =C (3-45)g 2

where the constant C is a function of porosity, surface area,

and phase densities and 1 and 2 represent the two phases or immiscible

fluids present. The value of C was found to be negligibly affected

by changes in viscosity or surface tension of the phases.

Wallis (1_3) defined dimensionless superficial velocities3

as follows:

41
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, - 3-g
g/ g(p-p)p_ (3-46)j =j p g gg g

3-g*

g/ g(p -pg) { _ (3-47)j =j o gg g

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 = 6( -c) (3-48)
p

.

By nondimensionalizing equation (3-45), Wallis (13) determined

the following correlation for the flooding limit:

j *b+J *b=C (3-49)
g g

where C is a universal constant. Upon comparison with the data

of Sherwood et al. (11) and Lobo et al. (14), Wallis (1_3) 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 oorosity, mean particle diameter, and

the phase dondHas,

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
i
'

rate was increased in increments to the flooding limit. As the gas

flow reached approximately 50% of the flooding limit, the overlying

liquid height began increasing at a very slow rate, indicating slight

liquid accumulation above the bed. Increasing the gas velocity to

near the flooding limit, 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 slightly 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
i 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

1s reached, should have no effect on the water height at the flooding|

point. The experimental detemination of the flooding limit was

the gas velicity at which, upon opening the water drainage valve

and thus drastically reducing the resistance to water flow downstream
i

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
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C

within the overlying layer. This method allowed determination

-of the flooding point with a. minimum accuracy of 15%.r

A plot of j *b versus j *b at the' flooding limit is
g g

shown in Figure 3.5 for beds composed of uniform size spherical'

particles with nominal diameters of 3, 6, 10, 15, and 19 un.

; Figure 3.6 shows the same plot for various mixtures of these
s

particle sizes where the mean diameter from the Kozeny-Carmen

equation (3-1) was used in calculating the dimensionless+

.

! superficiel velocit.ies. It is evident in figures 3.5 r.d 3.6
:

j that the flooding limit occurs slightly higher than that predicted ;

f byusingavalueof0.775forCinequation(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

j * b + j * b = 0.875 (3-50)
4 g g
b

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 j , this change in C from 0.775 to 0.875 results in

g

a 27% increase in j at the flooding limit. Beds composed of
g

i 3 mm nominal diameter particles show a slightly lower flooding

limit than that given by equation (3-50). One possible explanation

for this observation is that the flow is laminar when flooding occurs-

f for small diameter particles, whereas the dimensionless superficial
e

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

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

.

B
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Figure 3.5 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 m 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 m nominal diameter particles

plotted as a function of j *b and j *h are given in Figure 3.8.
g g

Upon comparison of Figure 3.8 with Figures 3.5 and 3.6, the flooding

limit 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

does 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 m diameter particles.

The slight increase in flooding limits for the stratified bed

over that predicted using equation (3-50) for a bed composed of 6 m
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Figure 3.7 Flooding Data for Mixture of Sharps and 6 m
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Figure 3.8 Flooding Data for Bed of Uniform Size Spherical
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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 stratifica

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.,

L
;

'

3.4 Void Fraction and Pressure Gradient at Flooding

I

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
J
'

various superficial liquid 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
1

other particle sizes. The pressure gradient is defined here as

positive if the pressure increases in the downward axial direction.

i With this definition, it is clear from Figure 3.10 that the total
!

j pressure gradient decreases with increase in liquid and gas

j superficial velocities. The dotted lines in Figure 3.10 represent
I the observed rapid reduction in total pressure gradient as the

superficial gas velocity is increased above the flooding limit.

j An interesting experimental result is that the total pressure
i

gradient at flooding seems to have a constant value of about

i 4.6 kPa/m. This observation can be seen both from the data listed
3 i

:
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Table 3.7 Conditions at Flooding for Beds Composed of Uniform4

Size Particles

dP dP
t f

D c j j p
p g i ac dz dz

(mm) (mm/s) (mm/s) (kPa/m) (kPa/m)

2.8 0.42 97 1.95 0.27 5.14 -2.00

l 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 -3.154

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'

i 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

j 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

4

.

i

r
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Table 3.8 Conditions at Flooding for Beds Composed of Mixtures
of Various Size Particles

__

d d
_.

dP dP
t fO *

p g i "ac dz dz

(un) (mm/s) (mm/s) (kPa/m) (kPa/m)
c

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

f
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4

' Table'3.8 (continued)
,

1-

dP dP
t f

D c. j j a
.p g g ac dz dz

4

(m) (m/s) (t=/:) (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

i 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
;
f

e

f

1

<

;

1

i
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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 (D < 6 mm), for which the pressure
p

gradient changes extremely rapidly near the flooding point. It

has not yet been determined whether this result is of some importance

or is merely coincidental.

Void fraction is plotted in 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 m/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

9s= (3-51)
ac 31s D,g(p -p ) Vo/g(p -py)g g gcC (j j) + C (3,g) Dyg g g

L p

|

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 C and C were found from data with zero'

1o

superficial liquid velocity to be 2 and 3.44, respectively, for

s1 0.30 and 4 and 5.24, respectively, for 0.30 < Eac $ .60.0
ac _
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b
c

:

h

Accordingtoequation(3-51),thevoid.fractionshouldincrease
,

with. increase in the liquid superficial velocity for counter-current

flow. In this study, however, the void fraction data taken with

j increasing j were found to scatter around that taken with j equal tog g

zero in a band of width 0.02. For most of the range of jg.' studied,'

the' change in void fraction with superficial liquid velocity is very
.

i small; however, for large particle diameters and high j the predictionsg

obtained from equation (3-51) are significantly higher than the data. i

i

If the value of j in equation (3-51)-is set to zero, the void fraction-
g

predictions are found to match the data to within 15% for all super--

ficial liquid 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 coupling of the bed with

the overlying layer. This coupling is incurred because the absolute

value of the total pressure gradient cannot change instantaneously from;

the low value within the bed to the relatively high value within the
;

|

overlying layer. A diagram illustrating this effect is given in'
,

,

f Figure 3.12. Pressure data at sarious locations along the length of the

f 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,

|
' 58 '
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p

:

- with gas and liquid superficial velocities of 245.3 m/s and
'

I

3.89 m/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 m. Similar plots for other liquid and gas superficial,

I velocities, given in Figures 3.15 through 3.18, show a variation in

the coupling height-of between 65 m and 90 m for beds composed

of 10 m diameter particles.

Physically, the increase in pressure gradient induced by4

i overlying layer coupling is caused by an acceleration of the gas
!.
i phase, and therefore a decrease in void fraction and liquid-particle

i drag, in the coupling layer. As the pressure gradient is increased
.|

j the downward liquid flow will experience a greater driving force,
!

thus increasing the flooding limit over that given by equation (3-50)

! near the top of the bed. If vapor is produced within the t.ed,

i as in volume heated beds, this increase of the flooding limit
i

j within the coupling layer will increase the dryout heat flux of
1 the bed.
:

:
f
j

i
e

.

!

(
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Chapter 4

APPLICATION TO TOP FLOODING 0F 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

I showninFigure4-lb(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.

i

j 4.1 Dryout Heat Flux of a Liquid Saturated Bottom Heated Bed
1

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

l 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

q=o j h (4-1)g g fg

.
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l
|

!

!

The amount of downward liquid and upward vapor flow through the

! bed is restricted by the flooding limit. For bottom heated beds, ,

i
'

| thefloodinglimitisgivenbyequation(3-50). Conservation of
|

*

mass provides a third equation, written as

o j (4-2)o j =
g g g g

! Solvingequations(3-50),(4-1),and(4-2) simultaneously

for q, j , and j , a relation for dryout heat flux of bottom heated
g g.

beds composed of arbitrarily shaped particles can be determined as

i 9(0 -8 )* ?0.766 h Pfa t 1 0 (t-3)
-

,

q=[1+(p/pg)S] 2 g, |

-

L
g

1 i

j For spherical particles, the surface aret of packing per unit volume

} is given by equation (3-48). Equation (4-3)canbewrittenfor
.

| spherical particles as
1

L 9IP ~P )* &p '0.313 h fo O t t a
(4~.4)q = [1+(p /p )k] 2 '} p (1-c)

1 '

g g g

,

!

! The flooding data for the mixture of sharps and 6 m nominal diameter '

i

j 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

e and 6,and the flow parameters pg, p , and hfg. For beds composed
g

i 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.

;

i 69
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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,

predictionsmadeusingtheconstants0.875and0.775inequation(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.
e

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
2particles. An assumed cross-sectional area of 15 m and porosity

of 0.40 were used to obtain the re wits in Figure 4.3. The maximum

energy removal rate is seen to obtt.in 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

70
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l

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 Bed

.

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 limit

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 h asy

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 h have a value hy yt

in the main portion of the bed of height L - h andavalueh
c v2

in the coupling layer of height h at the top of the bed. At a
e

height L - h , the vapor and liquid superficial velocities aree

limited by the flooding limit. If the superficial vapor velocity
t obtained by solving the flooding limit equation (3-50) and the
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. conservation of mass equation (4-2) is denoted as jg,f), an expression
for Q can be obtained asyt

,

d .fl hf , "9 o fg

v1 L-h
c

.

The average volumetric heat flux is written as

v L-h h.

O O + (4-6)"
v L v1 v2

At steady state, the energy flow into the bed must equal the energy

removal rate. For uniformly heated beds at steady state, we can

thereforeseth equal to h . Applying this condition, equationv2 v1

(4-6)becomes

v .

Q=Q (4-7)y y1

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

gives dryout heat flux of a bottom heated bed as
;

o jq=h
fg g g,fj (4-8)

For volume heated beds, an additional term must be added to equation;

? (4-8)toaccountforthevaporgeneratedinthecouplinglayer.

This additional heat flux is given as

v
q dd = h Q (4 9)-

a e y

Substitutingequation(4-5)and(4-7), equation (4-9)canbewrittenas

b
9 add = hfg go j

g,fj (L C) (4-10)
.
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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

h

o jg,fj (1 + g. ) (4-11)q=h
fg g

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

b
jg(p-Do)c D, p h Il0.313 h ofg g t c

p (1+ ) (4-13)q=
,

g (1-c)[1+(p/pg)N] 2
1-h IlL p 2

cg
>

Notice that as the bed length L becomes much larger than h , the
e

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

| that for a bottom heated bed.

r

,

a
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Chapter 5

CONCLUSIONS

1. For beds composed of mixtures of various size particles, a mean

particle diameter can be defined which can be used to predict

the flooding limits.

2. A semi-empirical procedure to determine porosity of beds composed

of mixtures of various size spherical particles has been devel-

oped which can be used to predict the available porosity data

to within i 12%.

3. The flooding limits are found to depend upon the bed porosity,

the mean particle diameter, and the fluid densities.

4. The Wallis correlation underpredicts the flooding limit by

about 25%. A better correlation is obtained by changing Wallis'

constant from 0.775 to 0.875.

5. The pressure gradient near the top of the bed is found to be

significantly increased due to coupling of the bed with the

overlying layer. This overlying layer coupling causes the

flooding limit to increase near the top of the bed.

6. The flooding limits for beds with axially injected gas flow

are found to be the same as those for beds with bottom injected

gas flow as long as no gas is injected within the coupling layer.

7. The flooding correlation obtained in this study can be used
I

to predict the dryout heat flux for bottom heated particulate

beds to within i 17% of the data in the literature.

8. The dryout heat flux correlation derived for bottom heated

beds can be modified to apply to volume heated beds.
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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.I. The

structuring particle diameter is denoted as D , and the diameter
1

'of the particle filling the first level pore is denoted as 0 . From
2

the Phythagorian theorem, we known that

D + 2D 2=(D1+D}1 g 2

(A-1)D2 = 0.732 D3

i

| A.2 Second Level Pores

i '

A face of the cube is shown in Figure A.2. If D denotes'

3

j the diameter of a particle filling the second level pore in the center

of a face of a cube, we have
.

D 2+D =(D1+D)g 1 3

(A-2)D3 = 0.414 D3

It should be noted that D can also be calculated from Figure A.1,
3

when a particle of diameter 0.732 0giving a value of only 0.268 Dg 3

is filling the central pore. However, since perfectly cubic arrays

rarely form with very large diameter central particles, the ch6racter-

istic diameter of the second level pore will be governed by the
i

<
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structuring particles and not the central particle.
.

A.3 Third Level pores

The diagonal plane is again shown in Figure A.3. If D denotes j

4

the diameter of a particle filling the third level pore located f

between any two adjacent structuring particles of the cubic array
,

and the central particle, we can write

2
3 - y)2 + (D /2)2 = x( D y

where
'

3+0
D 4

*"2 2
,

!

i

and,

y= +

!

| Solving quadratically for D4 gives
.

(A-3)D = 0.138 D
4 1

;

i

.

I

i

4

82

i
.

- - . _ . _ - , -. . , . . - --~ - _ _ _ - . - _ _ - . . _ - - _ - . - - _ _ . . . _ , _ _ _ . , . . _ _ . - _ . _



_ . _ - _. . - ________-

:

@D
1

.N
. s,(%

X

Y
D D- - - - - - -

1 Im
w

.

x

E fo'

Is ,

'

D)e

WD
3

Figure A.3 Third Level Pore Located in Diagonal Plane of Cube

!



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 s for mixtures of particles from regionssat,

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 8 sat,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

(Y24~ }
8 = 0.458 (B-1)sat,24 3

Y24

by the number of second level pores in each cubeMultiplying Ssat,24

gives 8 sat,4 as!

(Yp4-1)
= 1.374 (B-2)ssat,4 3

Y24
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B.3 Mixtures of Particles from Regions 1, 3, and 4

If we 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 8 is given by the equation
sat,3

(Y13-1) (-}8 sat,3 = 0.458 3
Y13

In the pore of each small cube formed of particles of region 3

there are esat,34 particles of region 4 present, where 8 sat,34
is given by equation (3-30) as

(Y34-1)
8 = 0.458 (B-4)sat,34 3

Y34

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 s by esat,34, thussat,3

(Y34-1)
8 sat,4 = 0.458 B (B-5)'sat,3 3

T34
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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

= 0.40 - 0.24 (y12-1)2 (C-1)c sat,12

The change in saturated porosity when particles from region 3 are

added can be calculated by assuming a cubic model as

(C-2)^* sat,3 *'hOsat,3 Y13

Since s is equal to three, the final saturated porosity is
sat,3

given by

= 0.40 - 0.24 (y12-1)2 (-3)
Y13

-csat,123

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

The change in esat,123, given by equation (C-3), when particlesf
from region 4 are added can be calculated by again assuming a cubic

model as

!
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w 3
A* sat,4 " ~ 6 8sat,4 Y14 (C-4)

Since 8 is equal to 12, the saturated porosity for this mixturesat,4

is given by

* sat,1234 = 0.40 - 0.24 (y12-1)2 y13 - 2x y14 (C-5)-

,

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

The change in e when particles from region 4 are added,sat,12

sat,4, is given by equation (C-4). For this mixture set, anac

expression for B is given in equation (B-2). Substitutingsat,4
'

this expression for 8 into equation (C-1) results in an expressionsat,4

for saturated porosity of this mixture set as

sat,124 = 0.40 - 0.24 (y12-1) - 0.719 y12 (y 4-1) (C-6)e
g

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

* sat,13 = 0.40 - 0.24 (y13-1)2 (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

region 3 lying within the larger cubes can be assumed to be 0.40.
.r

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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sat,34 = 0.40 - 0.24 (y34-1) (C-8)c

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

is thus reduced by a factor esat,'34/0.40 upon addition of particles
from region 4. Multiplying e by this factor, the saturated

sat,13

porosity for this mixture set is obtained as

sat,134 = 2.5 [0.40 - 0.24(y13-1)][0.40-0.24(y34-1)3e
'

1

I

(C-9)

,

i

1

:
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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-

i
' 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

with small particles of diameterlarge particles of diameter D7

D filling the pores of four of the cubes, as shown in Figure D.1,
, 2

the porosity of the filled and empty cells is given by
3 3

D DI -k 3
(D-1)

=1-{Dc illed 3f
D

1 1

3
D

=1-{1 (D-2)c 3empty
1

The maximum value of the diameter D is 0.732 0 . Substituting this
2 1

value for D into equation (D-1), the porosities of the filled and
2

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:

c=h(0.2727)+f(0.4764) (D-3)

89
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1

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:

f(2/6) VrVi'2 + (4/6) Vg'33 3$'1*

j(0.2727) + 1 |(0.4764)c= 1

/ 'Yi,1 + Yi,2
' \ Vj,1 + Vi,2

(D-4)

where V and V are the initial volumes of the particles of sizes
$,3 i,2

1 and 2, respectively. The values of V and V are simply
i,1 i,2

=6{(D/2)3 =wD (D-5)V
1 3g,7

=4{(0.732D/2)3 = 0.2593 w D (D-6)V
1 1i,2

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 D is decreased below 0.732 D , the percent weighting
2 y

error would also decrease. For instance, for a value for D Of
2

-0.6 D , the error caused by initial volume weighting is only 1.2%
i

when the cubic model in Figure D.1 is assumed. Weighting of the

layer porosities by the initial volumes of the constituent particles
1

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 listed 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 e 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. Dmin/D,,x) is not less than 0.05 and where no more

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:

* JOB
C POROSITY CALCUEATION FOR MIITURES OF M PARTICLE SIZES
C

IMPLICIT REAL*8 ( A-5,0-Z)
DIME NSION D (6) ,I (6)
N=6
N=0.6
E=0.
R E A D , (D (I) , I= 1, N)
R E A D, (I(I) . Is 1, N)
C ALL POR (D,I,N, E,N)

| NEITE(6,998) E

| 99S F0EM AT (11,8 7HE POROSITY IS ',F14.6)
i STOP
| END
| C

SUB ROUTINT. POE (D,1,N, E,N)
IMFLICIT F EAL*8 ( A-H,0-Z)
INTEGER FLA G1,FP1
DIhE NSION D (N) ,1(N) ,DM (4) ,IM (4) ,IU (4) ,B S AT (0) , BR (4) , B (4) ,5 (4)

C
C OEDER DIAPETERS FROM LARGEST TO SMALLEST

*
C

IUIT=0.
DC 1 I= 1,5

Do 2 JmI,N
IF (D (I) . GT. D (J) ) GOTO2
TE M P D= D (I)
TE M FI= I (I)
D (I) =D (J)
I (I) = I (J)
D (J) =T EMFD
I (J) = TEMPI

2 CONTINUE
1 CONTINUE

C
C DETERMINE MAIIMUM FA RTICLE SIZE, BOUNDAR Y REGIONS, AND
C MEAN DIAMETECS
C

250 DO 3 I=1,N
IF (I(I).EJ.0.) GO TO 3
DM AI=D (I)
GO TO 111

3 CONTINUE
111 D12=0.732*DMAI

D2 3= 0. 414* DM A I
D34=0.138*DMAX
DO 4 K=1,4 .

D M (K) = 0.
IM (K) =0.

4 CONTINDE
DO 5 J = 1, N

IF (D (J) . LT. D12) GO TO 162
DM (1) =D M (1) +I(J) *D (J)
IM (1) =IM (1) +I (J)

5 CONTINUE
162 DM (1) = DM (1) /IM (1)

FLAGla4
IF (J . L E. N) GO TO 161
FLAG 1=1
GO 70 261

93.-

. .



.

161 DO 6 I=J,N
IF (D (I) . LT. D23) GO TO 163
DM (2)=DM (2) +D (Ij *I(I)
IM (2) =IM (2) +I(I)

6 CONTINUE
163' IF (I M (2) . EQ. 0.) GO TO 170

DM (2) =DM (2) /IM (2)
170 IF (I . L E. N) GO TO 164

FLAG 1=2
GO TO 261'

164 DO 7 J=I,N
IF (D (J) . LT. D 34) CO TO 165
DM (3) =D.M (3) * D (J) *I(J)
IM (3) =IM (3) + I (J)

7 CONTINUE
165 IF (IM (3) . EQ.0.) Go TO 171

DM (3) =DM (3) /IM (3)
171 IF (J . L E. 5) GO TO 166

FLAG 1=3
GO TO 261

166 DO 8 I=J,5
DM (4) =DR (4) +D (I) *I(I)
IM (4) =IM (4) +I(I)

8 CONTINUE
IF (I M (4) . EQ. 0.) GO 70 261
DM (4) =DM (4) /IM (4)

261 DO 9 I=1, FLAG 1
IF (DM (I) .NE.0.) GO TO 156
B (I) =0.
GO TO 9

156 B (I) = (IK (I) /IM (1) ) * (D M ( 1) /D E (I) ) * * 3
9 CONTINUE

IF (FLAG 1.EQ.4) Go To 262
FPl= FLAG 1+1

| DO 1D I=FP1,4
B(I)=0.

10 CONTINUE
C
C DETEBMINE KIITURE SET AND MIITURE SET POEOSITY
C

262 FLAG 1=0
E=1.
BS AT ( 1) = 1.
BS AT (2) = 1.
BS A T ( 3) = 3.
BS AT (4) = 12.

123 DR (1) = 3 (1) /BS AT (1)
BRMI4=B5(1)
Do 11 I= 2,4

BB (I) = D (I) /BS AT (I)
IF (BR (I) . EQ.C. ) GO TO 11
IF (BR (I) .G E.BUMIN) CD TO 11
B RMI5= BR (I)

11- CONTINUE
Do 12 I=1,4

M (I) = 2
IF (B R (I) . EQ.C. ) M (I) = 1

12 CONTINUE'

IF (F L AG 1. EQ.1) GO 70 124,

I IF (M (2) . EQ. 2) GO TO 125
IF (M (3) . EC. 2) GO TO 126
IF (M (4) . EQ.1) GO TO 124

|
!

| 94

.- _ _ __



BS AT (4) =0.4 5 8* (DM (4) /DM (1) -1.) * * 2/(DM (4) /DM (1) ) * * 3
FLAG 1=1
GO TO 123

126 BS AT ( 3) =0.45 8* (DM (3) /DM (1)-1.) **2/(Da (3) /DM (1)) ** 3
IF (M (4) .50 1) GO TO 127
BS AT (4) = (0. 4 53* (DB (4) /D5 (3} - 1.) * * 2/ (DM (4 ) /DM (3)) * * 3) * BS AT (3)

127 FLAG 1=1
i GO TO 123
l 125 IF (5 (3) .EQ. 2) CD TO 311
| IF (9 (4) . EQ.1) GO TO 124

BS AT (4) =3.*0.458 * (DM(4) /DM (2)-1. ) **2/ [D5 (4)/DM (2) ) * *3'

| FLAG 1=1
GO TO 123

311 R=1.-V
DR= D9 (3) /DM (1)
BS AT ( 3) = P* BS AT (3) + (1. -R) * 0. 4 58* (DP-1.) ** 2/DR * * 3
BS AT (2) =E*ES AT (2)
FLAG 1=1
IF (M (4) . EQ. 2) GO 70 312
GO TO 123

312 D R = Di (4) /DM ( 3)
BS AT (4) =R* BS AT (4) + (1.-E) * BS AT (3) * 0.4 5 8* ( DR-1.) ** 2/D R* *3
GO TO 123

124 IUT=0.
DO 13 I=1,4

IF (M (I) . EQ.1) GO TO 13
IU (I) = (DR MIN /DR (I) ) *I5 (I)
IUT=IUT +IU (I)

13 CONTINUE
CALL S ATE (ES AT,M,DM)
ETEM P=IS AT
M2T= M (2)
5 (2) = 1
CALL SATE (ES AT,4,DM)
5 (2) =M2T
ES AT= R *ETEMP + (1.-B) * ES AT

C
C CALCULATE POLOSITI
C

E=E+1CT* (1.-IUTT) *ES 4T
I UTT = I UTT+ 10T * (1. -IUTT)

C
C UPD ATE VCLUME FR ACTIONS
C

SUMI=0.
Do 14 J=1,K*

IF (D (J) . LT. D12) GO TO 181
1 (J) =I ( J) -IU (1) * I (J) /IM (1)
S UM I= S U MI +I (J)
GO TO 184

181 IF (D (J) . LT. D23) GO TO 182
IF (M (2) . EQ.1) GO TO 182
1 (J) =I (J) -IU (2) * I (J) /15 (2)
S UMI= S U MI+ I (J)
GO TO 184

j 192 IF (D (J) .LT. D34) C0 TO 183
' IF (M (3) . 20 1) GO TO 183

I (J) = I (J) -IU (3) * I (J) /IM (3)
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S U MI=S U MI + I (J)
GD TO 184

183 IF (M (4 ) . EO.1) GO TO 184
I (J) =I (J) -IU (4) * I(J) /IM (4)
S UMI= S U MI * I (J)

184 IF (I (J) .GT. 0.001) Go TO 14
I UTI= IUTT * I (J)
I (J) =0.

14 CONTINUE
Do 15 J=1,N

I (J) =I(J) /S UMI
15 CONTINUE

IF (I UTT.GE. O. 99) EETUEN
< GO TO 250

END
C

SUDTOUTINE S ATE (ESAT,M,D3) |

C
C CALCULATE SATUEATED POPOSITY
C

IM PLICIT R E A L* 8 (1-5,0-3)
DIME 3 SIDE DM (4),M (4)
J= M (2)
K=M ( 3)
L= M (4)
Go TO (300,310), J

300 GO 70 (302,303), K,

302 GO 70 (304,305), L
304 ISAT=0.40

SETURN
305 ES A T= 0. 40-0. 2 4 * (DM (4) /DM ( 1) - 1.) * * 2

BETUB5
303 GO 20 (306,307), L
306 ES AT= 0. 4 0-0. 24 * (DM (3) /DM (1) -1.) * *2

EETUEN
307 ES Ai= 2. 5 * (0. 4- 0. 2 4 * (D M (3) /DM ( 1) - 1. ) * * 2)

ES AT= ES AT* (0. 4-0. 24* (DM (4) /DM (31 -1. ) ** 2)
BETU3N '

310 GO 70 (312,313), K
312 Go To (314,315) , L
314 ES AT= 0. 4-0. 2 4 * (DM (2) /DM ( 1) -1.) * * 2

BETUEN
315 ES AT= 0. 4-0. 2 4 * (Di [2) /DM ( 1) -1. ) * * 2

. ES AT= ES AT-0. 719 * (DM (4 ) /D M (2) -1.) * *2 * (DM (2)/DM (1) ) * * 3
* RETURN
'

313 GO To (316,317), L
316 ES A T= 0. 4- 0. 2 4 * ( DM (2) /DM (1) -1. ) * * 2-1. 57* (DM ( 3) /DE (1)) * * 3

RETUSNa

317 ES AT= 0. 4-0. 2 4 * (DM (2) /DM (1)-1.) * * 2-1. 57* ( EM (3) /DM ( 1) ) * * 3
ES AT= ES AT-6. 28* (DM (4) /DM (1)) ** 3
BETUBN
IND

*EUh

i

j

4
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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

j active void fraction, total pressure gradient, and frictional pressure

gradient are given in Figures F.1 through F.15 for beds formed _ of
|

I 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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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 x, for each constituent particle

size, where the subscript i denotes the particle nominal diameter.

132
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i

Table G.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particlesj

|
1

j Bed Characteristics: Run Number: 00300

$pherical Particles: 3 m Nominal Diameter Superficial Liquid Velocity j = 0.0 m/sg

1 Mean Particle Diameter: 2.8 m Superficial Gas Velocity at Flooding j = - m/s
g

1 s

U!

w Overlying Average PressureParticulate Bed
Superficial Liquid Layer Gradient

Gas
! Velocity
I Average Average Total Frictional

j B_d Porosity Active Height Void

c Fraction -
[dP [dP

9 Depth Void Fraction( ,)(m/s)
!

g ,)
a,e o (kPa/m) (kPa/s)

!

| 13.1 980 0.42 0.061 119 0.12 9.43 0.255
.

29.5 977 0.42 0.12 143 0.15 9.25 0.612

50.0 984 0.42 0.17 165 0.19 9.53 1.43
*

4

i 77.7 982 0.42 0.21 193 0.26 9.68 1.95
i

115.4 985 0.42 0.26 235 0.32 9.73 2.51

162.9 984 0.42 0.33 278 0.36
i'
i

1

i
i

_.
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4

~'

Table G.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particles (continued)

:

Bed Cnaracteristics: Run Number: 00301,

i

! Spherical Particles: 3 sus Nominal Diameter Superficial liquid Velocity j = 1.95 sui /sg

| Pean Particle Diameter: 2.8 sur Superficial Gas Velocity at Flooding j = 97 sui /s
g

1

U.

*
1 '#I '"I "'*"'"S*""IParticulate Bed

rficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional '

j Bed Porosity Active Height Void dP #4

! 9 t fDepth Void Fractiong ,)
-

p 7
' (set /s) e Fraction1

{ ,)
e,c "o (kPa/a) (kPa/m)

0.0 994 0.43 0.00 154 0.00 9.49 -0.281

13.1 980 0,52 0.072 254 0.092 8.50 -0.572

29.5 978 0.42 0.12 343 0.13 8.41 -0.238

I 50.0 974 0.42 0.18 348 0.15 8.05 0.036

'

77.7 972 0.42 0.24 259 0.20 7.92 0.531

i

97.0 867 0.42 - 5.14 r

.

|

i

_ _ - _ . - _ _ - _ _ . . _ _ _ _ _ .
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Table G.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal Diameter Particles (continued)4

|

4

t

j Bed Characteristics: Run Number: 00303

Spherical Particles: 3 m Nominal Diameter Superficial Liquid Velocity j,= 5.84 m/s
Mean Particle Diameter: 2.8 m Superficial Gas Velocity at Flooding j = 30 m/s

.

g

i U
' *

Overlying Average Pressure
} Particulate Bed

Superficial Liquid Layer Gradient
i Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP,9 tDepth Void Fraction( ,) p 7(m/s) c Fractiong) g
.

"

o o (kPa/m) (kPa/m)g

0.0 993 0.42 0.00 79 0.00 8.82 -0.951 '

i

i 13.1 980 0.42 0.080 271 0.069 5.82 -1.07

29.5 983 0.42 0.13 245 0.15 3.45 -5.05

I
;

I

;

) -

_______ _ _ _ _ _ _ _
-

_ - _ _ - _ _



|

!

Table G.1 Void Fraction and Pressure Drop Data for a Bed Composed of 3 mm
Nominal. Diameter Particles (continued)

Bed Characteristics: Run Number: 00304

Spherical Particles: 3 m Nominal Diameter Superficial Liquid Velocity j,= 7.78 m/s

Mean Particle Diameter: 2.8 m Superficial Gas Velocity at Flooding j = 16 m/s
g

+

U
N Overlying Average PressureParticulate 3ed Liquid Layer GradientSuperficial

Gas
Ve'ocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t g9 Depth Void Fraction( ,)
e Fraction -

y y
(m/s) g ,) *o (kPa/m) (kPa/m)my

0.0 978 0.42 0.00 53 0.00 8.43 -1.34
1

10.0 963 0.41 0.097 326 0.056 5.58 -3.24 |

|
13.1 981 0.42 - - 4.77 ,

16.0 981 0.42 - 4.13
_

_ _ _ _ _ . _ .

..

... . . . . . .
.

- . . . . . . . . . . . . . . . .
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Table G.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 m Nominal Diameter Superficial Liquid Velocity j = 0.0 m/s
4 g

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = - m/s,

i

e .*

$ Overlying Average Pressure
Particulate Bed Liquid Layer Gradient,

Superficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
f9 Fraction; Depth Void ( ,) p g

' (m/s) ( ,) e Fraction
-"o (kPa/m) (kPa/m)a,e

5 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

4

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

I 115.4 803 0.39 0.33 346 0.26 7.36 0.820

)
i 162.9 803 0.39 0.35 372 0.28 7.18 0.845
| )
!

.|

_ _ _ _ - - _ _ . _
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Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 60601

Spherical Particles: 6 m Nomimal Diareter Superficial Liquid Velocity j = 1.95 m/sg

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Fiooding j = - m/s |g

~

c
Particulate Bed Overlying Average Pressure

!
i Superficial Liquid Layer Gradient
'

Gas
| Velocity \

|Average Average Total Frictional
j Bed Porosity Active Height Void dP dP,9 Depth Vofd Fractiong ,) y p(m/s) c Fraction

-"o (kPa/s) (kPa/m)
g ,)

ii,c
j

0.0 802 0.39 0.00 234 0.00 9.71 -0.065

13.1 799 0.38 0.11 217 0.074 8.70 -0.017

29.5 799 0.38 0.16 357 0.11 8.20 -0.027

50.0 799 0.38 0.22 345 0.16 7.59 -0.086

I 77.7 799 0.38 0.28 380 0.17 7.09 0,023

115.4 799 0.38 0.35 366 0.21 6.71 0.349

162.9 799 0.38 0.37 510 g 0.25 6.42 0.214|

__ -
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Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
flominal Diameter Particles (continued)

Bed Characteristics: Run Number: 00602

Spherical Particles: 6 m Nominal Diameter Superficial Liquid Velocity j,= 3.89 m/s ,

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = - m/s
g

5
O we y ng A m age PressureParticulate Bed Liquid Layer GradientSuperficial

Gas ,

Velocity
Average Average Tot Frictional

j Bed Porosity Active Height Void cP dPi

{ ,) g'- [9 Fractit,nDepth Void,

(m/s) c Fraction'

g ,) p
o (kPa/m; (kPa/m)E,e

0.0 802 0.39 0.00 178 0.00 9.54 -0.227

13.1 802 0.39 0.083 465 0.056 8.46 -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 5?S 0.33 F.77 -0.668
r

- _ _ - - - - -. --
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!

Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 un
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 00603

] Spherical Particles: 6 m Nominal Diameter Superficial Lfquid Velocity j = 5.84 m/sg

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding J * - m/s'

g

4

5
Particulate Bed # '#'"I ^#8" '"5 5""

Superficial Liquid Layer Gradient
Gas

Velocity *

Average Average Total Frictional,
'

j Bed Porosity Active Hetght Void dP dP9 t fDepth Vold Fractiong) p 7(m/s) c Fraction
-"o (kPa/m) (kPa/m)

{ ,)
a,e

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 0.57 5.47 -1.85

162.9 795 0.38 0.35 495 0.33 4.12 -2.28



_ _ _ _ _ _ _ _ _

Table G,2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 00604

Spherical Particles: 6 m Nominal Diameter Superficial Liquid Velocity j,= 7.78 m/s |

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = 135 m/s
g

|
= . _ _

E
N ' I "9 #89' '85"''

,Particulate Bed Liquid Layer Gradient
Superficial j

Gas
'

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dPg
9 Depth Void Fraction( ,) p 7

c Fraction(m/s) g) g
o (kPa/m) (kPa/m)a,e

|
'

0.0 808 0.39 0.00 184 0.00 9.27 -0.496

|

13.1 805 0.39 0.090 234 0.060 7.78 -1.21
|

29.5 808 0.39 0.16 273 0.11 6.77 -1.46

50.0 810 0.39 0.20 502 0.14 6.04 -1.76

77.7 808 0.39 0.26 497 0.17 5.35 -1.90

115.4 810 0.39 0.30 440 0.21 4.82 -2.03

___- . __ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ .
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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: 00605

Spherical Particles: 6 m Nominal Diameter Superficial Liquid Velocity j = 9.73 m/sg

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = 83 m/s
g

5
W Overlying Average PressureParticulate Bed

S rfW Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Vold dP dP
t p9 Depth Void Fraction( ,) p 7(m/s) c Fraction

-"o (kPa/m) (kPa/m)
(") s,e>

0.0 802 0.39 0.00 221 0.00 9.06 -0.712

13.1 8.16 0.40 0.096 509 0.053 7.64 -1.20

; 29.5 816 0.40 0.16 506 0.090 6.54 -1.71

50.0 798 0.38 0.20 475 0.17 5.15 -2.66

77.7 804 0.39 0.22 379 0.23 4.82 -2.76

|

|

I

_ - - - - _ _ _ _ _ - _ _ _ _ _
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Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Run Number: 00606Bed Characteristics:

Spherical Particles: 6 m Nominal Diameter Superficial Liquid Velocity j = 11.67 m/sg

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = 50 m/sg

5 Overlying Average Pressure
e Particulate Bed Liquid Layer Gradient

Superficial
Gas

Average Average Total Frictional'

j Bed Porosity Active Height Void dP dP
t g

Fraction y p9 Depth Void ( ,)
-

(kPa/m) (kPa/m)
Fraction(m/s) ( ,) c

cs,e

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.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
Nominal Diameter Particles (continued)

Bed Lharacteristics: Run Number: 00607

Srherical Particles: 6 m Nominal Diameter Superficial liquid Velocity j = 13.62 m/s
g

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = 30 m/s
g

; I
* Overlying Average PressureParticulate Bed

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP ,9 fDepth Void Fraction( ,) y g |(m/s) c Fraction
-"o (kPa/m) (kPa/m)

g ,)
3iy

0.0 805 0.39 0.00 158 0.00 8.63 -1.14

13.1 806 0.39 0.087 346 0.077 6.23 -2.69

29.5 CO2 0.39 0.19 435 0.12 4.75 -3.15

:
___ _ ____ __- '
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i

Table G.2 Void Fraction and Pressure Drop Data for a Bed Composed of 6 mm
f40minal Diameter Particles (continued)

Bed Characteristics: Run Number: 00608

Spherical Particles: 6 m Nominal Diameter Superficial Liquid Velocity j = 15.56 m/s
g

Mean Particle Diameter: 5.8 m Superficial Gas Velocity at Flooding j = 16 m/s
g

5
cn

Particulate Bed Overlying Average Pressure
.

Superficial Liquid Layer Gradient
Cas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP9 t gDepth Void
{ ,) Fraction g 7(m/s) c Fraction

-"o (kPa/m) (kPa/m)
( ,)

li,c

0.0 805 0.39 0.00 160 0.00 8.33 -1.45

13.1 805 0.39 0.088 305 0.074 5.59 -3.33

l
|

|

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

Bed Characteristics: Run Number: 01000

Spherical Particles: 10 m Nominal Diameter Superfit.ial Liquid Velocity j = 0.0 m/s
g

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = - m/s
g

_

b
Particulate Bed Ovedying Average Pressure

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP9 Fraction fDepth Void
{ ,)

c Fraction -
p 7(m/s) g ,)

"o (kPa/m) (kPa/m)ay

13.1 837 0.40 0.10 246 0.079 9.09 0.324

29.5 837 0.40 0.18 252 0.11 8.53 0.492

50.0 834 0.40 0.26 302 0.16 7.91 0.648

77.7 832 0.40 0.31 320 0.22 7.47 0.758

115.4 832 0.40 0.38 353 0.25 6.97 0.939

162.9 830 0.40 0.43 500 0.29 6.45 0.910

_ _ _ _ _ _ _ _

. . .
. . .

... ...
. . . . . . .. . . . . . . . .
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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: 01002

Spherical Particles: 10 m Nominal Diameter Superficial Liquid Velocity j = 3.89 m/sg

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = - m/s
g

|

$ Overlying Average Pressurecn Particulate Bed Liquid Layer Gradient
$ g

has
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t f9 Depth Void Fraction
{ ,) y y

c Fraction
-"o (kPa/m) (kPa/m)

(m/s) ( ,)
Ei,e

0.0 830 0.40 0.00 203 0.00 9.71 -0.065

13.1 830 0.40 0.095 269 0.082 8.77 -0.074

29.5 830 0.40 0.18 290 0.14 8.01 -0.046

50.0 830 0.40 0.24 354 0.15 7.47 0.026

77.7 830 0.40 0.32 326 0.22 6.68 -0.016

115.4 830 0.40 0.37 474 0.24 6.33 0.117

162.9 830 0.40 0.45 587 0.28 5.61 0.258

-_ _____- _ ____________ - ____ - . - - _ _ _ _ _ _ - _ _
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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: 01004

Spherical Particles: 10 m Nominal Dir. meter Superficial Liquid Velocity j* 7.78 m/s
g

Mean Particle Olameter: 10.0 m Superficial Gas Velocity at Flooding j = - m/s
g

-a.

b
$

Particulate Bed Overlying Average P. essure
Superficial Liquid Layer Gradient

Gas
,

!

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP9 Depth Void t 7Fraction( ,) g y,

(m/s) c Fraction
-*o (kPa/m) (kPa/m)

p 4 ,)
a,e

,

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

77.7 830 0.40 0.33 442 0.22 5.97 -0.617

115.4 830 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

l

!

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _
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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: 01005

Spherical Particles: 10 m Nominal Diameter Superficial Liquid Velocity j * 9.73 m/sg

Superficial Gas Velocity at Flooding j = 163 m/s jHean Particle Ofameter: 10.0 m g
|

I

ut
O Overlying Average Pressure

Particulate Bed Liquid Layer Gradient
$ g

Gas
,Velocity

Average Average Total Frictional i

j Bed Porosity Active Height Void . dP dP |

t f
Fraction9 Depth Void ( ,)

-

g y
Fraction(m/s) ( ,)

Gi o (kPa/m) (kPa/m)
c

ac

0.0 830 0.40 0.00 145 0.00 9.54 -0.226

13.1 830 0.40 0.10 257 0.086 8.31 -0.454

29.5 830 0.40 0.20 268 0.14 7.25 -0.557

50.0 830 0.40 0.26 352 0.16 6.47 -0.724

77.7 830 0.40 0.34 425 0.20 5.53 -3.930

115.4 830 0.40 0.40 480 0.25 5.05 -0.859

162.9 830 0.40 0.46 507 0.28 4.35 -0.979

.

_ _ _ _ _ _ _ _ _ . _
-

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

Bev C>aracteristics: Run Number: 01006

| Spherical Particles: 10 m Nominal Diameter Superficial Liquid Velocity j * 11.67 m/s
g

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = 115 m/s
g

a

3
Particulate Bed Overlying Average Pressure

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Heloht Void dP dP9 t gDepth Void Fraction{ ,)
e Fraction -

p y(m/s) g ,)
E,e o (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

-___ _ _ _ _ _ _ _ _ .
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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: 01007

Spherical Particles: 10 m Nominal Diameter Superficial Liquid Velocity j = 13.62 m/sg

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = 90 m/s
g

)

-

m
' N Overlying Average PressureParticulate Bed Liquid Layer GradientSuperficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t f9 FractionDepth Void
e Fraction -

p y( ,)
(m/s) g ,)

o (kPa/m) (kPa/m)j E,e

| 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
1

,

29.5 833 0.40 0.20 326 0.14 6.68 -1.11
1

50.0 833 0.40 0.30 428 0.16 5.44 -1.41,

77.7 830 0.40 0.37 465 0.20 4.58 -1.61;

>

-_ --
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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: 01008

Spherical Particles: 10 m Nominal Df ameter Superficial Liquid Velocity j= 15.56 m/sg

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = 71 m/s
g

a

Overlying Average Pressure
Particulate Bed Liquid Layer Gradient

Superficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t f9 Depth Void Fraction( ,) p y

(m/s) { ,)
c Fraction

-"o (kPa/m) (LPa/m)Ei,e

0.0 832 0.40 0.00 164 0.00 9.25 -0.518

13.1 832 0.40 0.12 303 0.082 7.47 -1.09

29.5 832 0.40 0.21 356 0.12 6.29 -1.41

50.0 832 0.40 0.30 418 0.16 5.03 -1.79

l

_
._ . .

.

.

. .. . . . .. .
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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: 01009

Spherical Particles: 10 m Nominal Diameter Superficial Liquid Velocity j,= 17.51 m/s
Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j = 60 m/s

g

5
& Overlying Average PressureParticulate Bed*

Superficial Liquid Layer Gradient
Gas

Velocity
Average * Average Total Frictional

j Bed Porosity Active Height Void dP dP
9 fDepth Void Fraction( ,) y y(m/s) e Fraction

-"o (kPa/m) (kPa/m)
g ,)

iiry

0.0 832 0.40 0.00 210 0.00 9.16 -0.615

13.1 832 0.40 0.10 338 0.082 7.26 -1.51

29.5 832 0.40 0.20 397 0.11 6.00 -1.82

50.0 832 0.40 0.22 496 0.17 5.42 -2,19

_



. _ _ _ - _ _ _ - _ _ _ _ _ - .
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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 m Nominal Diameter Superficial Liquid Velocity j * 19.46 m/sg

Mean Particle Diameter: 10.0 m Superficial Gas Velocity at Flooding j * 38 m/s
g

s

$-
O m lying A m age PressureParticulate Bed Liquid Layer GradientSuperficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t f9 Depth Void Fraction( ,) y y
(m/s) e fractiong ,) "o (kPa/m) (kPa/m)og

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



-- _ _ _ . . _ _ _ _ _ _ _ . . _ . _ _

i

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 m Nominal Diameter Superficial Liquid Velocity J * 0.0 m/sg

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Flooding j = - m/s
g

-

*
Particulate Bed Overlying Average Pressurem

Superficial Liquid Layer Gradient
Gas

Velocity
Average | Average Total Frictional

j Bed Porosity Active Height Void dP dP9 Fraction gDepth Void ( ,)
c Fraction -

p 7(m/s) I"I
o,e o (kPa/m) (kPa/m)

13.1 848 0.42 0.11 318 0.051 8.93 0.239
i

29.5 848 0.42 0.19 415 0.10 8.31 0.379,

50.0 848 0.42 0.26 468 0.15 7.75 0.496

77.7 848 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
I

162.9 843 0.42 0.44 592 0.30 6.31 0.803

.

|

i
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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 m Nominal Diameter Superficial Liquid Velocity j * 3.89 m/sg

Mean Particle Olameter: 14.7 m Superficial Gas Velocity at Flooding j = - m/s
g

us,

N Overlying Average Pressure'

Particulate Bed Liquid Layer GradientSuperficial
Gas

Velocity
Average Average Total Frictional

j Ded Porosity Active Height Void dP dP
f9 Oepth Void Fraction

{ ,) p p
(m/s) e Friction

-*o (kPa/m) (kPa/m)
g ,) Ey

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
.

.

77.7 843 0.42 0.32 486 0.20 6.81 0.192

115.4 C43 0.42 0.38 521 0.25 6.21 0.130

4

162.9 843 0.42 0.46 545 0.29 5.59 0.260

|
- _ _ _ _ _ _ _ _ _ _ _



.. . . ..

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-

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

Bed Characteristics: Run Number: 01504

Spherical Particles: 15 m Nominal Diameter Superficial Liquid Velocity J * 7.78 m/sg

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Flooding j = m/sg

$
co

Particulate Bed Overlying Average Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

)Average Average Total Frictionalj Bed Porosity Active Height Void dP dP9 Depth Void
c Fraction ( ,) Fraction f

(m/s) p 7g ,)
-*o (kPa/m) (kPa/m)

ay

0.0 845 0.42 0.00 219 0.00 9.69 -0.081

13.1 845 0.42 0.11 310 0.093 8.53 -0.221

29.5 845 0.42 0.20 311 0.14 7.73 -0.096

50.0 845 0.42 0.27 401 0.16 6.99 -0.157

77.7 845 0.42' O.32 429 0.20 6.39 -0.219

115.4 845 0.42 0.36 487 0.24 5.99 -0.270

162.9 845 0.42 0.41 471 0.30 5.68 - -0.084

-



_ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ . . - .
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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 m Nominal Diameter Superficial Liquid Velocity j* 11.67 m/sg

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Flooding j = - m/s
g

1

-

$ Overlying Average PressureParticulate Bed Liquid Layer GradientSuperficial
Gas

| Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t f9 Depth Void Fraction{ ,) y y

(m/s) ( ,) c Fraction
-"o (kPa/m) (kPa/m)a,e

0.0 845 0.42 0.00 176 0.00 9.58 -0.194

!

| 13.1 845 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

.

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ . _ _ _



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

I

Bed Characteristics: Run Number: 01508

Spherical Particles: 15 m Nominal Diameter Superficial liquid Velocity j 15.56 m/s

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Flooding j = 153 m/s*

g

a

cn 3
o E

Particulate Bed # #I"9 '#89' '5 5""
Superficial Liquid Layer Gradient

2 Gas
t Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP9 Depth Void t pFractiong ,)

c Fraction -

p 7(m/s) ( ,)
iii,e o (kPa/m) (kPa/m)

0.0 845 0.42 0.00 195 0.00 9.46 -0.307

13.1 845 0.42 0.14 297 0.069 7.93 -0.488

29.5 845 0.42 0.20 286 0.13 6.99 -0.870

50.0 845 0.42 0.28 324 0.18 6.21 -0.836

77.7 845 0.42 0.35 412 0.22 5.60 -1.19

115.4 845 0.42 0.42 449 0.26 4.87 -1.07

153,0 845 0.42 0.46 494 0.31 4.59 -1.47



.
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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: 01509

Spherical Particles: 15 m Nominal Diameter Superficial Liquid Velocity j * 17.51 m/sg

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Floodin9 j = 124 m/sg

-

e
Overlying Average Pressure"

Particulate Bed Liquid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dPg

Fraction9 Depth Void ( ,) y p
c Fraction(m/s) g ,) iir o (kPa/m) (kPa/m)y

0.0 845 0.42 0.00 186 0.00 9.41 -0.356

13.1 845 0.42 0.091 301 0.072 7.83 -1.05

29.5 845 0.42 0.21 317 0.14 6.86 -0.833

50.0 845 0.42 0.28 342 0.19 6.28 -0.926

77.7 845 0.42 0.33 557 0.21 5.52 -1.17

124.0 845 0.42 0.37 625 0.26 4.87 -1.26

__
. . . . ..

.
. _ . .

.

.

.
.
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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: 01510

Spherical Particles: 15 m Nominal Diameter Superficial Liquid Velocity j = 19.46 m/s
t

Mean Particle Diameter: 14.7 m Superficial Gas Velocity at Flooding j * 99 m/s |g

a
cn

O m lying Amage Pmssum- Particulate Bed
Suprficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Vcid dP dP

9 gDepth Void Frastion( ,) p y(m/s) g ,)
*o (kPa/m) (kPa/m)

c Fraction
a,e

0.0 845 0.42 0.00 158 0.00 9.35 -0.421

13.1 845 0.42 0.12 290 0.085 7.68 -0.928

29.5 845 0.42 0.22 398 0.12 6.66 -0.964

50.0 845 0.42 0.31 423 0.17 6.07 -0.675

77.7 845 0.42 0.36 464 0.21 5.40 -0.857

99.0 845 0.42 0.43 415 0.26 4.64 -0.934

. .

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

i

Bed Characteristics: Run Number: 01900

Spherical Particles: 19 m Nominal Diai.eter Superficial Liquid Velocity j = 0.0 m/s
g

Mean Particle Diameter: 19.1 m Superficial Gas Velocity at Flooding j " m/sg
i

; &

I $ Overlying Average PressureParticulate Bed
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

9 t fOepth Void Fractiong ,) y y(m/s) c Fraction
-*o (kPa/m) (kPa/m)

g"I
iiry

13.1 823 0.40 0.12 215 0.060 8.82 0.239

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

77.7 823 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

_ . _ _ _ _ _ _ _ _ _ _ _ _
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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: 01902

Spherical Particles: 19 m Nominal Diameter Superficial Liquid Velocity j,= 3.89 m/s
Mean Particle Diameter: 19.1 m Superficial Gas Velecity at Flooding j = m /sg

-

$
Particulate Bed Ovedying Avera9e hessum

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP9 Depth Void t gFraction( ,) y p
(nun /s) c Fraction

-"o (kPa/m) (kPa/s)
( ,)

a,e

0.0 820 0.40 0.00 176 0.00 9.75 -0.016

13.1 820 0.40 0.11 238 0.079 8.62 -0.046

29.5 820 0.40 0.19 304 0.12 7.96 -0.006

50.0 820 0.40 0.27 317 0.17 7.28 0.134

77.7 820 0.40 0.31 356 0.23 6.89 0.165

115.4 820 0.40 0.37 402 0.28 6.29 0.084

162.9 820 0.40 0.45 513 0.30 5.73 0.308

_ _ _ _ _ _ _ ___ _. -_______. _ _ _ _ _ _ _ _ _ _ _ _ - - - _ _ _ _ - - _ _ _ _ _ _
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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 m Nominal Oiameter Superficial Liquid Velocity j = 7.78 Wsg

Mean Particle Olameter: 19.1 m Superficial Gas Velocity at Flooding j = - m/s
g

a

cn
Overlying Average Pressure

Particulate Bed Liquid Layer Gradient
$ rficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dPg f9 Depth Void Fraction( ,) p y

c Fraction
-"o (kPa/m) (kPa/m)

(m/s) ( ,)
BI,e

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 d20 0.40 0.27 358 0.17- 7.13 -0.041

77.7 820 0.40 0.31 320 0.25 6.58 -0.191

115.4 820 0.40 0.36 426 0.28 6.03 -0.204

|

| 162.9 820 0.40 0.43 387 0.34 5.35 -0.220

.

- -_ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ .
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Table G.5 Void Frac. tion and Pressure Drop Data for a Bed Composed of 19 m
Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 01906

Spherical Particles: 19 m Nominal Diameter Superficial liquid Velocity j " 11.67 m/sg

Mean Particle Diameter: 19.1 m Superficial Gas Velocity at Flooding j = - m/s
g

-

cn

Particulate Bed Ovedying Amage Pressum
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP9 Depth Void Fraction 7( ,) p y(m/s) c Fraction( ,) 7

E,e o (kPa/m) (kPa/m)

0.0 817 0.40 0.00 188 0.00 9.64 -0.129

13.1 817 0.40 0.13 292 0.098 8.19 -0.273

29.5 817 0.40 0.21 336 0.13 7.49 -0.202
.

50.0 817 0.40 0.26 366 0.16 6.89 -0.313

77.7 817 0.40 0.32 405 0.24 6.21 -0.416
_

115.4 817 0.40 0.38 422 0.27 5.68 -0.404

162.9 817 0.40 0.43 485 0.30 4.93 -0.640
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Void Fraction and Pressure Drop Data for a Bed Composed of 19 mm' Table G.5
Nominal Diameter Particles (continued) .

?
*

.

\

8ed Characteristics: Run Number: 01908.

Spherical Particles: 19 m Nominal Diameter Superficial Liquid Velocity j,= 15.56 se sc
Hean Particle Diameter: 19.1 m Superficial Gas Velocity at Flooding j = - m/s

g

a

m
,

-

" Overlying Average PressureParticulate 8ed Liquid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional
j 8ed hrosity Active Height Void dP dPg9 Depth

f, Void ( ,)
-"o (kPa/m) (kPa/m)

Fraction y y
(m/s) g ,) c raction

ay

0.0 817 0.40 0.00 188 0.00 9.54 -0.227
|

13.1 817 0.40 0.12 283 0.10 7.96 -0.621

29.5 817 0.40 0.21 354 0.13 7.23 -0.529

50.0 817 0.40 0.27 366 0.16 6.54 -0.600

77.7 817 0.40 0.33 385 0.22 5.95 -0.646

115.4 817 0.41 0.40 444 0.26 5.05 -0.839

162.9 817 0. 8 ' O.47 503 0.29 4.48 -0.713

.

. . .

. .. . .

__ _
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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 m Nominal Diameter Superficial Liquid Velocity j = 19.46 m/s

g,

Mean Particle Diameter: 19.1 m Superficial Gas Velocity at Flooding j = 191 m/s
g

--,

C

Particulate Bed ver ying verage Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictionalj Bed Porosity Active Height Void dP dP9 Depth Void
{ ,) Fraction fy y(m/s) e Fraction

-"o (kPa/m) (kPa/m)

g ,) (
0.0 817 0.40 0.00 193 0.00 9.45 -0.324

13.1 817 0.40 0.11 315 0.12 7.72 -0.973

29.5 817 0.40 0.18 350 0.15 7.02 -1.01

50.0 817 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

-_ _ _ _ . . - _ - _ _ _ _ _ _ _ - _ _ _ _



. _ _ . _ . . . _ _ _ - _ _ _ _ _ _ _ _ _ _ _

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

Bed Characteristics: Run Number: 61000

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j * 0.0 m/s
g

Diameter Mixture
Mean Particle Diameter: 7.8 m Superficial Gas Velocity at Flooding j = - m/s

g

a

m
Overlying Average PressureParticulate Bed

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total . Frictional

j Bed Porosity Active Height Void dP dPg9 Oepth Void Fraction
c Fraction -

y p( ,)(m/s) g ,)
E,e o (kPa/m) (kPa/m)

13.1 854 0.36 0.12 195 0.056 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 0.825

77.7 854 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

- _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _
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Table G.6 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 m and 10 mm Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 61002

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j = 3.89 an/sg

Diameter Mixture
"P' ''* '' # #* " "I 9' ~ "# 5Mean Particle Diameter: 7.8 m

x = 0.280 x = 0.720
6 10

.*
N
o Overlying Average Pressure

Particulate Bed I! quid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional -

j Bed Porosity Active Height Vold dP dP
t g

9 Depth Void Fraction
c Fraction -

p y{ ,)
(m/s) {"I si *o (kPa/m) (kPa/m)g

0.0 852 0.36 0.00 172 0.00 9.59 -0.178

13.1 852 0.36 0.12 254 0.075 8.48 -0.147

29.5 852 0.36 0.20 331 0.10 7.83 -0.036

50.0 852 0.36 0.25 347 0.15 7.20 -0.101

77.7 850 0.36 0.31 483 0.22 6.36 -0.401

115.4 854 0.36 0.38 588 0.25 5.76 -0.342

162.9 849 0.36 0.43 543 0.29 5.13 -0.479

I
. . . . . . . . .. . . _ _i - - - . . .

.. . .. . . _ . . ._ _
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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 (continued)

Bed Characteristics: Run Number: 61003

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j* *0 "/S
t

Diameter Mixture
Superficial Gas Velocity at Flooding j = 163 m/s

Mean Particle Diameter: 7.8 m g

x = 0.280 x = 0.7M
6 10

-

u
Overlying Average Pressure-*

Particulate Bed Liquid Layer GradientSuperficial
Gas

Velocity
Average Average Total Frictional

j 8ed Porosity Active Height Void dP dP
t g

9 Depth Void Fraction( ,) p 7
(m/s) { ,)

c Fraction
-*o (kPa/m) (kPa/m)ay

0.0 849 0.36 0.00 159 0.00 9.53 -0.243

13.1 845 0.36 0.12 251 0.095 8.22 -0.397

1
'

29.5 845 0.36 0.19 337 0.12 7.36 -0.586

50.0 845 0.36 0.25 412 0.18 6.58 -0.793

77.7 845 0.36 0.31 471 0.23 5.97 -0.803 ,

115.4 845 0.36 0.34 550 0.25 5.31 -1.13

162.9 845 0.36 571 4.70

_

.
. . . . . . .

.. . . .. .. . _ .
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'|

! Table G.6 Void Frac. tion and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm and 10 mm Nominal Diameter Particles (continued)

i

Bed Characteristics: Run Number: 61304

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j = 7.78 m/s
1Diameter Mixture

Mean Particle Ofameter: 7.8 m Superficial Gas Velocity at Flooding j = 115 m/s
g

x = 0.2 % x = 0.720
6 10

m

v
Overlying Average PressureParticulate Bed Liquid Layer GradientSuperficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t g9 Oepth Void Fraction( ,) y p3(m/s) e Fractiong ,) p
o (kPa/m) (kPa/m)E,e

0.0 848 0.36 0.00 142 0.03 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 0.11 6.97 -0.898

50.0 845 0.36 0.26 343 0.17 6.15 -1.08

77.7 845 0.36 0.32 464 0.22 5.23 -1.46

115.4 845 0.36 0.41 569 0.24 4.42 -1.34

|

|
|



_ _ - _ _ _ _ _ _ - _ - _ _ __ _ _ - _ . .

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

i Bed Characteristics: Run Number:

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j = 9.73 m/s
1 E
1 Diameter Mixture

Mean Particle Diameter: 7.8 m Superficial Gas Velocity at Flooding j = 83 m/s'
g

'
a = 0.280 n = 0.720g gn

_

| U Overlying Anrage PmssumParticulate 8ed Liquid Layer GradientSuperficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dPg9 Depth Void Fraction
c Fraction -

p 7( ,)
(m/s) g ,)

lii,e o (kPa/m) (kPa/m)

0.0 845 0.36 0.00 158 0.00 9.27 -0.502

'
13.1 845 O.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

__ __ _



- - - _ - _ _ ___ ___ _ _ _ _ _ _ _
. - . _ - - . . . _ .

;

;

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: 61006
4

Spherical Particles: 10 m and 6 m Nominal Superficial liquid VelocM y j " 11.67 m/s
g

Diameter Mixture
Superficial Gas Velocity at Flooding j = 65 m/sMean Particle Diameter: 7.8 m g

j

j x = 0.280 x = 0.720
6 10

N
A Overlying Average PressureParticulate Bed,

Liquid Layer Gradient,

Superficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t f9 FractionDepth Void ( ,) y 7(m/s) c Fraction

-*o (kPa/m) (kPa/m)
g ,)

E,e
>

0.0 845 0.36 0.00 166 0.00 9.03 -0.679

i 13.1 845 0.36 0.14 270 0.11 7.20 -1.25
4

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

|
65.0 849 0.36 0.34 476 0.20 4.25 -2.21

1

>

_ - _ _ _ _ _ - _ _ - _ _ _ _ _ . -
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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 (continued)

Bed Characteristics: Run Number: 61007

Spherical Particles: 10 m and 6 m Naminal Superficial Lig':1d Velocity J = 13.62 m/sg
Diameter Mixture

Superficial Gas Vel city at Flooding j = 46 m/sMean Particle Diameter: 7.8 m g

x = 0.280 m = 0.7206 10

Particulate Bed ver ying verage ressure
N Superficial Liquid Layer Gradient
*

Gas
Velocity

Average | Average Total Frictional
j Bed Porosity Active Height Void dP dP,9 Depth Void Fraction{ ,) p 7(m/s) Fraction

-*o (kPa/m) (kPa/m)
g ,)

ay

0.0 844 0.36 0.00 154 0.00 8.95 -0.825

13.1 844 0.36 0.13 288 0.11 6.71 -1.79

|

29.5 844 0.36 0.22 404 0.15 5.39 -2.28

46.0 844 0.36 0.27 470 0.19 4.58 -2.64

..
. .

, ,



- _ - - - . _ _ . - -. . - - - .

4

i
a

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

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

I

Bed Characteristics: Run Number: 61008

!,
Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j,= 15.56 m/s

Diameter Mixture

Mean Particle Diameter: 7.8 m Superficial Gas Velocity at Flooding j = 30 m/s
gy

x 0.280 x = 0.7206 10
-
N
* Overlying Average PressureParticulate Bed

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
9 Fraction t fj Depth Void ( ,) y y(m/s) c Fraction

-"o (kPa/m) (kPa/m)

4 ( ,)
ay

!
'

0.0 844 0.36 0.00 161 0.00 8.75 -1.02;

13.1 844 0.36 0.13 338 0.092 6.16 -2.34

i

29.5 844 0.36 0.24 420 0.15 4.80 -2.62
,

1

i

e

f

_ . _ ___ _ _________ - ____________ - . _-_ _ _- . - . - - _ _ _ - - _ _ - _
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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 m Nominal Diameter Particles (continued)

Bed Characteristics: Run Number: 61009

Spherical Particles: 10 men and 6 su Nominal Superficial Liquid Velocity j= 17.51 nun /s
Diameter Mixture I

Mea'i Particle Diameter: 7.8 sun Superficial Gas Velocity at Flooding j = 21 sun /s
g

x = 0.280 s
6 10= 0.720

* II"9 ''''"'"5S""Particulate Bed
Su rficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP #

t f9 Depth Void Fraction( ,) p 7(sun /s) c Fractiong ,) g
e,e o (kPa/m) (kPa/m)

0.0 844 0.36 0.00 148 0.00 8.49 -1.28 |

13.1 844 0.36 0.13 307 0.11 5.69 -2.85 |

21.0 844 0.36 0.21 , 336 0.11 4.41 -3.19

\

- ..



-
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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 (continued)

Bed Characteristics: Run Number: 61010

Spherical Particles: 10 m and 6 m Nominal Superficial Liquid Velocity j= 19.46 m/sg
Diameter Mixture

Superficial Gas Velocity at Flooding j = 14.3 m/sMean Particle Diameter: 7.8 m g

x = 0.280 x = 0.720
6 10

a
w
C Overlying Average PressureParticulate Bed Liquid Layer GradientSuperficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t g9 Depth Void Fraction
{ ,) y p

(wn/s) ( ,) yc Fraction
o (kPa/m) (LPa/m)a,e

0.0 844 0.36 0.00 170 0.00 8.10 -1.67

10.0 844 0.36 0.14 319 0.088 5.58 -2.86

13.1 844 0.36 0.13 319 0.14 5.13 -3.39

14.3 844 0.36 0.18 545 0.084 4.58 -3.47

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ ___ - _ _ _ _ _ - _ _
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Table G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a
| Mixture of 6 m and 15 m Nominal Diameter Particles

!

|

| Bed Characteristics: Run Number: 61500

} Spherical Particles: 15 m and 6 m Nominal Superficial Liquid Velocity j = 0.0 sen/s
g

Diameter Mixture
* * * * #* ~ "I ~ " '

Mean Particle Diameter: 10.3 m g'

;

x = 0.156 x = 0.844
~

6 yg
;

! 5 Overlying Average Pressure
Particulate Bed Liquid Layer Gradient

Superficial,

j Gas
! Velocity

Averaga Avreage Total Frictional'

I
j Bed Porosity Active Height Vold dP dPg

9 Cepth Void Fractiong ,) p y
;

(sun /s) g ,) gc Fraction
E o (kPa/m) (kPa/m)g

13.1 858 0.38 0.13 203 0.048 8.90 0.366

29.5 853 0.37 0.21 253 0.12 8.28 0.527

i

50.0 851 0.37 0.27 294 0.16 7.72 0.614

| 77.7 850 0.37 0.33 340 0.21 7.25 0.726
:

115.4 850 0.37 0.39 387 0.27 6.76 0.817

i

| 162.9 849 0.37 0.45 444 0.32 6.47 1.08

:

,

!

- - - - --- - - - - - - - - - - - - 1._ .
'



I

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

Bed Characteristics: Run Number: 61502

Spherical Particles: 15 m and 6 m Nominal Superficial Liquid Velocity j = 3.89 m/s
g

# - " 'Mean Particle Ofameter: 9

x = 0.156 x = 0.8446 g

5
O Overlyin9 Average PressureParticulate Bed

$ gg Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t f9 Oepth Vold Fraction

c Fraction -

p y{ ,)(m/s) I") ~ "o (kPa/m) (kPa/m)y

0.0 847 0.37 0.00 173 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

_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ - - _ - _ _



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

{ Bed Characteristics: Run Number: 61504

Spherical Particles: 15 m and 6 m Nominal Superficial liquid Velocity j= 7.78 m/s
g

" # "9 "*Mean Particle Diameter g

z = 0.156 x = 0.8446 15

-

O m lying Amage PMssumParticulate 8ed Liquid Layer GradientSuperficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t f9 Depth Void Fraction{ ,) y y

(m/s) c Fraction
-"o (kPa/m) (kPa/m)

{ ,)
siig

0.0 847 0.37 0.00 163 0.00 9.53 -0.243

13.1 847 0.37 0.12 247 0.075 8.10 -0.456

29.5 847 0.37 0.21 319 0.12 7.30 -0.465

50.0 847 0.37 0.28 403 0.17 6.41 -0.681

77.7 847 0.37 0.35 464 0.22 5.92 -0.454

115.4 847 0.37 0.40 449 0.26 5.06 -0.853

144.0 847 0.37 0.53 468 0.28 4.79- -0.589
.



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

Bed Characteristics: Run Number: 61505

Spherical Particles: 15 m and 6 m Nominal Superficial liquid Velocity j = 9.73 m/s
g

Diameter Mixture
"' ' #* " "I "*Mean Particle Diameter: 10.3 m g

x = 0.156 m
6 g5= 0.844

$
" O m lying Amage hessumParticulate Bed Liquid Layer Gradient

Superficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void

[dP [dP9 Cepth Void Fractiong ,)
(m/s) c Fractiong ,) g

o (kPa/m) (kPa/m)a,e

0.0 844 0.37 0.00 152 0.00 9.45 -0.324

13.1 844 0.37 0.16 248 0.088 7.72 -0.503

29.5 844 0.37 0.21 304 0.12 6.86 -0.901

50.0 844 0.37 0.30 405 0.16 6.03 -0.790

77.7 844 0.37 0.39 440 0.21 5.32 -0.603

106.0 844 0.37 0.37 489 0.22 4.64 -1.54

_ _



_____-_ _ __ _ _. . _- ._ . _ _
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! Taole 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)

!
:

!
i

; Bed Characteristics: Run Number: 61506

Spherical Particles: 15 m and 6 m Nominal Superficial Liquid Velocity j = 11.67 m/s
Diameter Mixture g

Mean Particle Diameter: 10.3 m Superficial Gas Velocity at Flooding j = 78 m/s
g

z = 0.156 x
6 15= 0.844

cn

Particulate Bed er ying mage Pressum
| Superficial Liquid Layer Gradient

Gas
! Velocity
j Average Average Total Frictional

j Bed Porosity Active Height Vold dP dP,

9 g
| Depth Void Fractiong) y y(m/s) e Fraction

-*o (kPa/m) (kPa/m)

, ( ,) Ty

0.0 846 0.37 0.00 172 0.00 9.33 -0.437

|

| 13.1 846 0.37 0.17 271 0.088 7.54 -0.573

|
~

j 29.5 845 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

|

77.7 846 0.37 489 0.18 4.82j
\

|
|

|

:
- _

- - _ - - _ -
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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: 61507

Spherical Particles: 15 m and 6 m Nominal Superficial liquid Velocity j = 13.62 m/sg
Diameter Mixture

Superficial Gas Vel city at Flooding j = 55 m/sMean Particle Diameter: 10.3 m g

x = 0.156 m $= C.M46 g

co Overlying Average PressureA Particulate Bed
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP,9 Depth Void Fractiong ,)(m/s) c Fraction -

p 7
,

g ,) "o (kPa/m) (kPa/m)ay

0.0 844 0.37 0.00 156 0.00 9.22 -0.550

13.1 844 0.37 0.16 260 0.10 7.15 -1.11

29.5 844 0.37 0.24 335 0.11 6.24 -1.24

50.0 844 0.37 0.29 429 0.17 5.34 -1.65

55.0 844 0.37 433 4.80

|

- _ _ _ _ _ _ _
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Table G.7 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 m and 15 mm flominal Diameter Particles (continued)

Bed Characteristics: Run Number: 61508

Spherical Particles: 15 m and 6 m Nominal Superficial liquid Velocity j= 15.56 m/s
g

Diameter Mixture
uper icia as e city at Hooding j = 41.5 m/sMean Particle Ofameter: 10.3 m g

a = 0.156 m = 0.8446 gg

-

co Overlying Average Pressurem Particulate Bed Liquid Layer GradientSuperficial

Gas |

Velocity
Average Average Total Frictional

i
j Bed Porosity Active Height Void dP dP

t g9 Depth void Fraction{ ,) y y(m/sj e Fraction
-"o (kPa/m) (kPa/m) )

ig"I I,e
!

0.0 844 0.37 0.00 152 0.00 9.08 -0.696 |

13.1 844 0.37 0.13 304 0.10 7.00 -1.49

29.5 844 0.37 0.21 401 0.13 5.89 -1.79

37.5 B44 0.37 440 5.11

.

_

- .

. _ .

- .
..

.

.



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

Bed Characteristics: Run Number: 61509

Spherical Particles: 15 m and 6 m Nominal Superficial Liquid Velocity j = 17.51 m/sg

* " * "'' Superficial Gas Velocity at Flooding j = 30 m/s
Mean Particle Diameter: 10.3 m 9

m = 0.156 z = 0.844g g

Overlying Average Pressureco Particulate Beda Liquid Layer Gradient
Superficial

Gas
'

Average Average Total Frictional

c Fraction -
[dP

dPj Bed Porosity Active Height Void g
9 Depth Void Fraction( ,) g

(m/s) g)
Ei "o (kPa/s) (kPa/m)y

|

0.0 844 0.37 0.00 199 0.00 8.90 -0.873

13.1 844 0.37 0.14 392 0.088 6.49 -1.88

29.5 844 0.37 0.23 413 0.13 5.14 -2.39

.

e

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

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

Bed Characteristics: Run Number: 61510

! Spherical Particles: 15 m and 6 m Nominal Superficial liquid Velocity j* 19.46 m/s
gDiameter Mixture

Mean Particle Diameter: 10.3 m Superficial Gas Velocity at Flooding j = 23 m/s
g

z = 0.156 x = 0.M4
6 15

4

co
Overlying Average PressureParticulate Bcd Liquid Layer Gradienti Sup rficial

j Gas
Velocity

,

Average Average Total Frictionalt

j Bed Porosity Active Height Void

c Fraction -
[dP

dPg9 Depth Void Fractiong ,) y
| (mm/s) g ,)
| iii,e "o (kPa/m) (kPa/m)

!

| 0.0 844 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

23.0 844 0.37 0.24 443 0.11 5.14 -2.29

|

___ _ _ _ - - .,



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

Bed Characteristics: Run Number: 00AMI

5pherical Particles: 6,10.15,19 m Nominal Superficial Liquid Velocity j,= 0.0 m/s
Diameter Mixture

uper icial as Velocity at Fl M ng j = - W5Mean Particle Diameter: 9.9 m 9

x = 0.20x $= 0.30 39
x = 0.20 x = 0.30

6 10 3

~
* m ly ng verage Pressu mParticulate Bed Liquid Layer Gradient

Superficial
Gas

Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP,
9 Oepth Void Fraction

c Fraction -

y 7 4{ ,)
(m/s) g ,) *o (kPa/m) (kPa/m)a,e

13.1 855 0.35 0.14 305 0.039 8.93 0.546

29.5 852 0.34 0.23 341 0.056 8.40 0.897

50.0 852 0.34 0.31 385 0.11 7.67 0.895

77.7 852 0.34 0.37 424 0.15 7.09 0.945

115.4 B47 0.34 0.45 477 0.19 6.57 1.21

1
._ . _ _ _ _ _ _ _ _ _ _ .

. .

________
\
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Table G.8 Void Fractio'n and Pressure Drop Data for a Bed Composed of a
Mixture of 6,10,15, and 19 m Nominal Diameter Particles

(continued)
,

|

Bed Characteristics: Run Number: 02AMI

Spherical Particles: 6.10.15.19 mm Nominal Superficial Liquid Velocity j= 3.89 m/s
g

Diameter Mixture
I " # * * * #* '"I 9" - 'Mean Particle Diameter: 9.9 m

x = 0.20 x = 0.30 x = 0.30 x = 0.20
| 6 10 15 yg

o Overlying Average PressureParticulate Bed
Supedicial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t g9 Depth Void Fraction( ,) y y(m/s) g ,) c Fraction
-*o (kPa/m) (kPa/m)my

0.0 850 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

77.7 848 0.34 0.36 358 0.18 5.97 -0.270

115.4 848 0.34 0.42 472 0.23 5.39 -0.324j

i



Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6,10,15, and 19 m Nominal Diameter Particles

(continued)
i

Bed Characteristics: Run N.arter: 04AMI

Spherical Particles: 6.10,15,19 m Nominal Superficial liquid Velocity j * 7.78 m/sg
Diameter Mixture

Superficial Gas Velocity at Flooding j= 115 m/s
Nean Particle Diameter: 9.9 m 9

z = 0.20 m = 0.30 m = 0.30 x,,= 0.20g in g
-

o
o Ove.-lying Average PressureParticulate Sed Liquid Iaver Gradient| Superficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void

[dP
dP,9 Depth Void Fraction gg ,)

(m/s) c Fraction
-"o (kPa/m) (kPa/m) i

|I") ay

0.0 848 0.34 0.00 196 0.00 9.46 -0.307

13.1 848 0.34 0.14 305 0.070 7.81 -0.648

29.5 845 0.34 0.23 328 0.12 6.84 -0.702

50.0 845 0.34 0.30 438 0.14 5.95 -0.917

77.7 845 0.34 0.35 473 0.18 5.32 -1.01

115.4 845 0.34 0.42 545 0.21 4.85 -0.844



.- , _ _ _ . _ . ._ - . . - . .__ _ . . - . ___ _ _ _ - _ _ _ _ _ _ - _ . _ _ . _ . ._ _

!

Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6,10,15, and 19 rxt Nominal Diameter Particles

(continued)

t

A

Bed Characteristics: Run Neter: 0M=1
' Spherical Particles: 6.10.15.19 m Mominal Superficial Liquid Velocity j= 9.73 m/sg

Diameter Mixture

j Mean Particle Diameter: 9.9 m 9
'

"6= 0.20 x10= 0.30 "15= 0.30 sig= 0.20

$
Overlying Average PressureParticulate Bed

Superficial Liquid Layer Gradient
. Gas
i Velocity ;

Average Average Total Frictional
i j Bed Porosity Active Height Void dP dP

t g9 Depth Void Fraction,

[ ,)(m/s) c Fraction -

p y i
'

!
g ,)

3r *o (kPa/m) (kPa/m)
|

y
,

| 13.1 843 0.34 0.14 278 0.082 7.45 -0.%6

i

1 29.5 843 0.34 0.22 334 0.10 6.57 -1.07
l
! 50.0 843 0.34 0.30 425 0.16 5.60 -1.27
|
|

| 83.0 843 0.34 0.38 541 0.19 4.84 -1.25



. .

.

_ _ _ _ _ _ _ _ _ _ -_- --__-__ _

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: Rua Nurber: 06AMI

Spherical Particles: 6.10,15.19 m Nominal Superficial Liquid Velocity j = 11.67 m/sgDiameter Mixture
' " " ' ' ' ** #* " '"I 62 m/sMean Particle Diameter: 9.9 m 9

x = 0.20 x = 0.30 x6 10 15= 0.30 gg= 0.20m

-.

e
N

* #'"8 "#* " "SS""* articulate Bed
Superficial Uquid Layer Gradient '

|

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void

[dP
dP, |9 Depth Void Fraction p |g ,)(m/s) c Fractiong) g

s,e o (kPa/s) (kPa/m)

0.0 847 0.34 0.00 213 0.00 9.22 -0.550

13.1 847 0.34 0.15 355 0.066 7.09 -1.18

29.5 847 0.34 0.22 386 0.10 6.11 -1.49

50.0 843 0.34 0.30 492 0.14 5.06 -1.80

62.0 843 0.34 0.37 568 0.15 4.29 -1.86

_ _ - _ - . - _



_ _ _ _ _ _ - _ _ _ - . . - -. __- . . . . -_ .

!
4

i Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 5,10,15, and 19 m Nominal Diameter Particles

(continued)
.i

.

!

Bed Characteristics: Run Number: 07AM1

Spherical Particles: 6.10,15,19 m Nominal Superficial liquid Velocity j* 13.62 m/sg.;
' Diameter Mixture

Superficial Gas Velocity at Flooding j = 44 m/s
Mean Particle Diameter: 9.9 m g

.

] 39= 0.2015= 0.30x = 0.20 x
6 10= 0.30

xx

i a

b erly ng verage P mssu n
Particulate Bed Liquid Layer GradientSuperficial

! Gas
Velocity

Average Average Total Frictional
,

j Bed Porosity Active Height Void dP dP
t f| 9 Depth Void Fraction 7g ,) p .

c Fraction
-"o (kPa/m) (kPa/m)

(m/s) { ,) sy

0.0 843 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 0.34 0.22 413 0.11 5.58 -2.10

44.0 843 0.34 0.27 442 0.14 4.85 -2.32
._

e

|
,

1
_ _ _ _ _ _ _ _ _ _ - _ - _ _



Table G.8 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6,10,15, and 19 m Nominal Diameter Particles
(continued)

Bed Characteristics: Run Number: 08AMI

Spherical Particles: 6,10,15.19 m Nominal Superficial Liquid Velocity j = 15.56 m/s
g

* "

Superficial Gas Velocity at Flooding j = 30 m/sMean Particle Diameter: 9.9 m 9
x = 0.20 x = 0.30 x6 10 yg= 0.30 39= 0.20x

so
*

Particulate M Overlying Average Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictionalj Bed Porosity Active Height Void

[dP [dP
9 Depth Void Fraction( ,)(m/s) c Fractiong ,) p

E,c o (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

'T
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ - - --- --"
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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: 10AMI

Spherical Particles: 6.10.15.a9 m Nominal Superficial Liquid Velocity j = 19.46 m/s
Diameter Mixture g

Mean Particle Diameter: 9.9 m Superficial Gas Velocity at Mo@ng j = 13.1 Ws
g

x = 0.20 x = 0.30 x6 10 15= 0.30 g9x = 0.20
m

e
*

Particulate Bed Overlying Average Pressure
3 gg Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictionalj Bed Porosity Active Height Vold

[dP
dP9 Depth Void gFraction( ,)(m/s) pc Fraction( ,) g

a o (kPa/m) (kPa/m)y

0.0 843 0.34 0.00 172 0.00 8.38 -1,39

13.1 843 0.34 0.12 388 0.10 5.21 3.39

,

.



___ _ . _ _ _ _ _ _ _ _ - __ -

Table G.9 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 3, 6,10,15, and 19 mn1 Nom,inal Diameter Particles

8ed Characteristics: Run Number: 00AM2

Spherical Particles: 3,6.10.15.19 m f ominal Superficial Liquid Velocity j= 0.0 m/sg
Diameter Mixture

" ' * ** '"# * " "I 9" ~ " *Mean Particle Diameter: 5.4 m

x = 0.21x = 0.16 x = 0.21 x
3 6 3n= 0.21 jg= 0.21 g9x

a
e

O m lying Average PressureParticulate Bed
Superficial Liquid Layer Gradient

Gas.

! Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP,9 tDepth Void Fraction( ,) y y,

(m/s) c Fraction
-"o (kPa/m) (kPa/m)

( ,)
E,e

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

50.0 846 0.28 0.23 555 0.11 8.48 0.960

77.7 841 0.28 0.30 606 0.17 9.12 2.31

I
-

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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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 Particle ;

(continued)

Bed Characteristics: Run Number: 01AM2

Spherical Particles: 3.6.10.15.19 m Nominal Superficial Liquid Velocity j= 1.95 m/s
g

Diameter Mxture
Superficial Gas telocity at Flooding j = 115 :::a/s

Mean Particle Diameter: 5.4 m 9

x3= 0.16 x6= 0.21 x10= 0.21 xis= 0.21 xig= 0.21

$
Particulate Bed O w lying A m age Pressure

Superficial Liquid Layer Gradient
Gas

Velocity
Average Average Total Frictional

j B?d Porosity Active Height Void dP dP9 t fOepth Void Fractiong ,) p y(m/s) c Fraction
-"o (kPa/m) (kPa/m)

( ,)
age

0.0 845 0.28 0.00 166 0.00 9.48 -0.291

13.1 836 0.27 J.14 220 0.005 7.81 -0.619

29.5 836 0.27 0.19 243 0.11 7.33 -0.551

50.0 836 0.27 0.23 274 0.18 6.96 -0.543

77.7 836 0.27 0.33 315 0.22 6.28 -0.270

115.4 845 0.28 0.37 446 0.28 5.76 -0.41 r



_ _ _ - - _ .

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
(continued).

Bed Characteristics: Run Number: 02AM2

Spherical Particles: 3.6.10.15.19 m Ncminal Superficial liquid Velocity j= 3.89 m/sg

Diameter Mixture
9Mean Particle Diameter: 5.4 m

x3= 0.16 x6= 0.21 xio= 0.21 x g= 0.21 xin= 0.21
a
e
* ver y ng m age Pressure

Particulate Bed Liquid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional

c Fraction -

[dP [dP
j Bed Porosity Active Height Void

Fraction9 Oepth Void g ,)
(m/s) { ,) E *o (kPa/m) (kPa/m)y

0.0 848 0.28 0.00 170 0.00 9.17 -0.599*

13.1 846 0.28 0.11 269 0.065 7.13 -1.54

29.5 846 0.28 0.17 341 0.11 6.45 -1.62

50.0 845 0.28 0.26 409 0.16 5.08 -2,11

|

|



._. __

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
(continued)

|Bed Characteristics: Run Number: 03AM2

Spherical Particles: 3.6.10.15.19 m Nominal Superficial liquid Velocity j = 5.84 m/s
g* * "* i

Superficial Gas Velocity at Flooding j= 30 m/sMean Particle Ofameter: 5.4 m 9
x = 0.16 x = 0.21 xto= 0.21 x g= 0.21 xig= 0.213 g

o
O

Particulate 8ed Overlying A m age Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total FrictionalJ 8ed Porosity Active Height Void dP dP9 Depth Void
{ ,) Fraction f

(m/s) c Fraction -
p yg ,)

a,e "o (kPa/m) (kPa/m)

0.0 836 0.27 0.00 204 0.00 8.43 -1.34

13.1 836 0.27 0.095 359 0.050 5.90 -2.94

29.5 836 0.27 0.22 523 0.11 2.78 -4.83
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Table G.10 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

Ded Characteristics: Run Number: 00AM3

Spherical Particles: 1.3,6.10,15.19 m Nominal Superficial Liquid Velocity j = 0.0 m/sDiameter Mixture g

Mean Particle Diameter: 3.1 m Superficial Gas Velocity at Flooding j = - m/s
g

*1= 0.10 x = 0.15 x = 0.25 x = 0.25 x3 6 10 15= 0.15 39= 0.10x

$
N

Particulate Bed Overlying Average Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictionalj Bed Porosity Active Height Void9

7
- [dP [dP

Depth Void
( ,) c Fraction { ,) Fraction(m/s)

3c o (kPa/m) (kPa/m)

13.1 765 0.2/ 0.069 524 0.044 9.16 0.063

29.5 765 0.27 0.11 580 0.071 8.88 0.183

50.0 768 0.27 0.15 619 0.13 8.93 0.614

77.7 770 0.27 0.18 658 0.18 8.91 0.857

115.4 770 0.27 0.22 551 0.25 9.14 1.47



_ _ _ _ _ _ _

Table G.10 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
(continued)

Bed Characteristics: Run Number: OlAM3

Spherical Particles: 1,3,6,10,15,19 m Nominal Superficial Liquid Velocity j = 1.95 m/s
t

'
9

Mean Particle Diamete :
x = 0.10 x = 0.15 x = 0.25 x10= 0.25 xis- 0.15 x39= 0.10j 3 g

o Overlying Average PressureW Particulate Bed Liquid layer Gradient
$ rf W

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dp

f
Fraction9 Oepth Void

Fraction -

y yg ,)
(m/s) { ,) E "o (kPa/m) (kPa/m)

c
g

0.0 767 0.27 0.00 408 0.00 8.90 -0.874
|

13.1 767 0.27 0.089 318 0.055 7.33 -1.57

l 29.5 767 0.27 0.18 446 0.092 5.55 -2.46

1

_



- _ _ _ _ _ _ _ _ _ . _ ____-_ . _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _

',

Table G.11 Void Fraction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm Nominal Diameter Spherical Particler. and

,

Non-Spherical Sharps j
,

Bed Characteristics: Run Number: 06500
' ' **

D$a"
" Superficial Liquid Velocity j = 0.0 m/sr er ca ar ce M ur g

Mean Particle Diameter: 3.4 m Superficial Gas Velocity at Flooding j = m/sgx = 0.50 x = 0.503 6

o

Particulate Bed Overlying Average Pressure
Superficial Liquid Layer Gradient

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP9 Fraction fDepth Void ( ,)

c Fraction -

p y(m/s) g)
E,e o (kPa/m) (kPa/m)

13.1 379 0.38 0.084 507 0.043 9.19 0.234

29.5 376 0.37 0.12 551 0.10 8.96 0.395

50.0 373 0.37 0.14 460 0.16 8.74 0.353

77.7 373 0.37 0.22 499 0.21 8.31 0.675

115.4 373 0.37 0.26 542 0.26 8.41 ; 1.16

!
153.0 373 0.37 0.30 564 0.28 8.31 1.43



- _ _ - _ _ _

|
!

|

Table G.11 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)

Bed Characteristics: Run Number: 06501
Particles: Non-Spherical Sharps and 6 m Nominal

Piameter Spherical Particles Mixture Superficial Liquid Velocity j= t.95 m/sg

Mean Particle Diameter: 3.4 m Superficial Gas Velocity at Flooding j = - m/s
9

x = 0.50 x = 0.50g 6

o
vi Overlying Average PressureParticulate Bed Liqui ayer GmdientSuperficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP g9 Depth Void Fraction

e Fraction -

p p (( ,)
(m/s) g ,) 1

s o (kPa/m) (kPa/re)y

0.0 36S 0.36 0.00 311 0.00 9.51 -0.259

13.1 369 0.36 0.044 370 0.068 8.67 -0.676
~

.

29.5 369 0.36 0.077 406 0.12 8.25 -0.769

50.0 369 0.36 0.13 471 0.17 7.89 -0.600

77.7 369 0.36 0.18 538 0.23 7.67 -0.385

115.4 369 0.36 0.23 573 0.23 7.60 0.065

153.0 369 0.36 0.28 649 0.29 7.54 0.513

-



_ -_-_-_

|

Table G.11 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)

Bed Characteristics: Run Number: 06S02
Particles: Non-Spherical Sharps and 6 m Nominal

Olameter Spherical Particles Mixture Superficial liquid Velocity j,* 3.89 m/s
Mean Particle Diameter: 3.4 m Superficial Gas Velocity at Flooding j= 115 m/s

g

x = 0.50 x = 0.50
3 6

$
*

Overlying Average PressureParticulate Bed
Superficial Liquid Layer Gradient

Gas
velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

9 fDepth Void Fraction( ,) g g(m/s) c Fraction
-"o (kPa/m) (kPa/m)

( ,)
isy

0.0 373 0.37 0.00 288 0.00 9.32 -0.153

13.1 373 0.37 0.068 364 0.060 8.19 -0.926

29.5 373 0.37 0.12 428 0.11 7.51 -1.14

50.0 373 0.37 0.16 481 0.16 7.02 -1.16

77.7 373 0.37 0.22 548 0.22 6.66 -0.936

115.4 373 0.37 548 0.32 6.79

_ ._ . .

E
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Table G.11 Void Fraction and Pressure Drop Data for a Bed Ccmposed of a
Mixture of 6 mm Nominal Diameter Spherical Particles and
Non-Spherical Sharps (continued)

Bed Characteristics: Run Number: 06503

Particles: Non-Spherical Sharps and 6 m Nominal ~ Superficial liquid Velocity j= 5.84 m/s
Diameter Spherical Particles Mixtura 1

Mean Particle Diameter: 3.4 m Superficial Gas velocity at Flooding J * 78 m/s
g

x = 0.50 x = 0.50
5 6

$
N O m lying A m age 'ressumParticulate Bed Liquid Layer Gradient

Superficial

i Gas

j Velocity
Average Average Total Frictional

j Bed Porosity Active Height Void dP dP
t g9 Depth Void Fraction

c Fraction -

p g( ,)
(m/s) g ,)

o (kPa/m) (kPa/m)E,c

0.0 365 0.36 0.00 329 0.00 8.99 -0.776

13.1 365 0.36 0.063 390 0.079 7.47 -1.69

29.5 365 0.36 0.14 458 0.11 6.66 -1.71

50.0 365 0.36 0.15 490 0.15 6.24 -2.07

77.7 365 0.36 530 0.25 6.50
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Table G.11 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)

Bed Characteristics: Run Number: 06504

'' 'CI'' "jh'r Superficial liquid Velocity J * 7.78 m/s
h p "

rc Pa t c e Mi re g

Mean Particle Diameter: 3.4 m Superficial Gas Velocity at Flooding J * 42 m/s
g

x * 0.50 x ' O.50
3 6

$
Overlying Average Pressure

Particulate Bed Liquid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

t f
9 Depth Void Fractiong ,) y y

c Fraction
-"o (kPa/m) (kPa/m)

(mm/s) ( ,)
E,e

0.0 372 0.37 0.00 311 0.00 8.73 -1.04

13.1 372 0.37 0.041 383 0.082 6.89 -2.48

29.5 372 0.37 0.13 476 0.12 5.63 -3.84

41.8 372 0.37 0.14 550 0.16 5.24 -3.77



c) _ _ _ _ _ .
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Table G.11 Void FFaction and Pressure Drop Data for a Bed Composed of a
Mixture of 6 mm Nominal Diameter Spherical Particles and
Non-Spherical Sharps (continued)

Bed Characteristics: Run Number: 06505
Particles: Non-Spherical Sharps and 6 m Nominal Superficial Liquid Velocity J * 9.73 m/sDiameter Spherical Particles Mixture g

Mean Particle Diameter: 3.4 m Superficial Gas Velocity at Flooding j* 23 m/sg

x3= 0.50
x = 0.50

6

o Overlying Average Pressure* Particulate Bed Liquid Layer Gradient
Superficial

Gas
Velocity

Average Average Total Frictional
j Bed Porosity Active Height Void dP dP

f
Fraction9 tiepth Void ( ,) p p

Fraction
-"o (kPa/m) (kPa/m)(m/s) 7 ,)

c
a,c

:
0.0 369 0.36 0.00 342 0.00 8.44 -1.33

13.1 369 0.36 0.018 419 0.080 5.95 -3.64

22.9 369 0.36 0.12 559 0.10 4.27 -4.28

.

. . . . . . .
. _ . . . _ _ .
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