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INTRODUCTION

In Méy 1576 a proposal was solicited by Separation Process
Services for research t; be carried out into the forced gas
deliguoripg o? filter cakes. This particular. area had been
identifiea by.a filtér manufacturer as one ih wﬁich significant
economies and improvements in operation might be achieved. The
filter cakes considered are tﬁose formed in pressure filters
using horizontgl leaves with facilities for forced gas dewatering
and automatic cakq discharge. Satisfactory design proqedures for
estimatiné thelrequired amounts of gas are not afailable and this
situation frequently result; in over expenditurelon blowing
equipment or embarrassingly high demands on work; gas supplies,

Normal opgrating practice is that after the filtration
cycle the cake is initially blown with gas at the final filtration
pressure. On gas breakthrough the permeability of the filter cake
to gas increases rapidly and, therefore, large volumes of gas
would be required to maintain the pressure drop. Since the use of
large volumes of gas is uneconomical the practice has been to
switch over to the use of high volume blowers which can maintain
a moderate pressure drop (approximately 70kN/m2) across the
filter cake,

The mechanisms proposed for filter cake deliquoring suggests
that the commencement of the deliquoring involves piston flow in
which the gas.drives the wetting phase before it, As already
indicated, once gas breakthrough has occured the gas permeability

increases and two phase flow is established, The moechanisms

proposed for this period of deliquoring are, firstly, the flow of




a film of the wetting phase brought about by the cocurrent flow
of the gas and, secondly, the entrainment of wetting fluid in the
gas stream. Although mass transfer may prove to be an important
mechanism in some:deliquoring operations_sucﬁ as where steam is
used, it is notlintended to lock at this mechanism in any detail
during this thesis. i

(The litetatgre available is not\specific to the equipment
being considered.,, While the areas of general interest cover a
considerable range of operations the most directly applicgble
area of research work is the investigation of deliquoring in
rotary vacuum filters; This operation VAries in several important
aspects from deliquoring in pressure filéers. The mosé‘iﬁportant
of these is!the change in the overall pressure profile from the
near constant vacﬁum developed in rotary Qacuum filters té the
rapidly decreasiné pressure drop which operation of the pressure
filter ent'ails)

G; comprehensive fanga of experiments has been carried out.‘
These are intended to simulate industrialloperations. The variables
considered are saturation, pressure drop, gas consumption, time and
viscosity and a range of three test materials have be;n used,
Saturation - time profiles developed from experimental data are
used to develop design procedures. Comparisons with previous
work have begn atempted but form no part of the désign procedures.
Although the main aim of the work has been to find practical
solutions to the problems of deliquoring a tentative theory for the
deliquoring mechanisms has been suggested.

During the development of experimental procedures a technique
was found by which more rapid deliquoring could be obtained. This

technique, which will be refered to as intermittent deliquoring, was



investigated further. It will be shown that it is possible to
include the intermittent deliquqring technique in design procedures
and that, consequently, large savings during the deliquoriqg in
terms of both time and gas consumption may be obtainablg.

\ At prosont the toghniques employed in obtaining data méan that
limitétions are placed on the data to be obtgined from éachf
e#periment. An assessment of experimental techniques and possible
improvemonts has been made. A small numboer of pilot scalo tests
will play an important: part in the design procedures,

(The conclusions drawn from this work can bring about considerable
improvements in the design procedures.for the deliquoring operation
in pressure filters, further work will be proﬁosed which will help
in clarifying certain points of the design procedure. It will be
seen that the proposed deliquoring method varies in several

important aspects from present practice.\ '




CHAPTER 1

Review of Literature

1.1 1Introduction

- The dewatering of filter cakes is an operation in which the
simultaneous flow of twa immiscible phases through a porous medi;
is consiaeréd.' Thezareé-which will be of interest in this review
are, therefore; literature in whipp porous media are described and
cha;acterised and investigations of fhe characteristics of single
and two phase flow in porous medja. Apart from specific information
obtained frém past studies'of‘filter cake deliquoring operations,
subjects which have proved rel Qg;t to thé project include so0il >/
mechanies, 611Aresefvoir engineering and coal dewatering.

Having indicatgd methods of characterising porous media,

which includo capillary pressure and rolative permeability curves,
the application of fhesa characteristics to correlations will be
discussed, The correlations which have been developed were intended’
to predict the saturation and gas consumption during a range
of deliquoring operations. The operations varied from determining
saturation levels in countercurrent two-phase flow in packed
towers to the prediction of filter cake deliquoring characteristics.
An assessment of the importance of variables has been made from

the past studies of two-phase flow. 1In conclusion the applicability

of the available literature to the specific deliquoring operation

being considered will be discussed,.




1.2 Quasistatic Displacement.

1.2.1 Capillary Pressure

In the period 1925 to 1930 Haines (20) developed a theory
which estimated the energy requirements for desaturation and imbibition
in porous media using a model consisting of regﬁlarly packed equisized -

\ .
spheres, He .accounted for residual moisture present in the system

1
il

by assuming that the iiquid existed as pendular rings at the point’
of contact betweeﬁ the spheres. The residual moisture in this case

" wag defined as the irreducible level attained by s}ow desaturation - ¢
using ; fine pore block to obtaiﬁ the high pressure drop required.
Haines said that the pressure required to displace liquor from a

pore in a pack of spheres could be calculated using the relationship:-

Pc = X 1 + -1
ry r2 Egn. 1.2.1.1.

Above this pressure the pore beyond the constriction would be emptied.
In a similar way it was shown that if the pressure was reduced once
‘the pore had been emptied there was a second pressure limit below
which the pore would fill again.
By desaturating a porous media slowly using a fine pore block
the relationship between saturation and pressure for the media can
be determined. The relationship obtained is known as the capillary
pressure curve. The general form taken by these curves is
indicated in Figure 1.2.1‘.1.. The hysteresis obtained is due to
the differing curvature of meniscii during deliquoring and imbibition.
More recent work by Morrow (28, 29) and by Mason (24) has géne
into the concept in much greater detail, More complex models have
been developed., Morrow saw the need to look further into the way in

which wetting phase is retained in a porous media. He investigated

the effect of changes in various parameters on the level of the



FIGURE 1.2.1.1
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irreducible saturation. The conclusion reached by Morrow in this
investigation was that the residual saturation level was independent

of particle size and shapé, po}osity of the packing and particle size
distribution. 'Overall, the parameter. effecting the irfeducible.
saturation most is the manner in which pores of different sizes'are
distributéd.aﬁd ﬁhtefconne?tedéwithin:the porous matrix. The pfoperties
of the wetting and-dispiacing fluids were seen to have littlé effeét

on the residual saturation. For example, it was shown that viscosity
variation effects:only the time taken to reach the irreducible
saturation and not ité actual value,

Mason {24) proposed a° model for the drainage of packed beds
based on a stétisficai and probabilistic approach to the a'dvaﬁcemc.ant of
menisé;i through the porous bed. In this way he was able to relaté
the residual ﬁ&isture to the inter-connectivity of the pores in the
bed and the probability of fluid filled pores being isoclated from
the lines of flow of fluid. Using this model estimates of residual
moisture level were found to be considerably more accurate than
those obtained by Haines. However, in soﬁe cases the residual moisture
level was overestimated. The author suggested that this wés due to
continued flow through the pendular rings.

Harris and Morrow (21) and Mason (24) found that the volumes
of cells trapped full totalled approximately 2 - 2,8% of the void
space. Pendular moisture, which in the work of Haire s was thought
to account completely for the residual moisture, accounts for
approximately 5% of the void space. This gives a final residual
moisture content of the region of 7% - 8% which is a frequently
obtained value for packings of discrete particles.

Examination of the work on capillary pressure curves and guasistatic



displacement of wetting fluid.indicates the pressures required to
displace liquor from pores and has also shown that there is a
minimum level to which the satqrafion of a porous media can be

" reduced using air'displaceﬁent. This level of residual saturation
is generally approximately 8% of the void space. \

1.2,2. Pore 8Size Distributions

b

The relationship between bore size and capillary pressure has
already been stated (Eqn. 1.2.1.1.). Fr;m this relationship and
that of saturation to capillary pressure several observations can
‘be made about the pore size distribution of a porous medium..
Scheidegger (44) indicated some of the drawbacks in trying to
obtain accurate pore ;izé diétributions from capillary préssure

.' \v/

curves, Capillaggg godels on which calculations are hased are simple -
in comparison with the complexity 6f the porous media, Therefore,
the calculated pore size distribution can not be expected to accurately
reflect the true pore size distribution, Attempts have been made
to iﬁprove the accuracy of predictions by making corrections for .
large pores connected to the surface of the porous medium by small
pores thus filling at relatively high pressures. However, even
with these corrections the best that can be expected is a good
qualitative indication of the nature of the por; space,

A brief look ﬁas been taken at the deliquoring of porous
media under ideal conditions., Under these condi?ions the saturation
level reached is the minimum possible for that particular porous
medium. Therefore, limits of deliquoring have been laid down and

the first steps in characterisation of the porous medium have

been taken.




1.3. Relative Permeability

1.3.1. Darcys Law

Through the oxperimentation of Darcy in 1856 it bLecamo
possible to relate the pressure drop and flow of fluid in a
porous medium. The factor used to relate these two quantities was

known as the pefmeability and the relationship took the form:-

Lo, _ .
¢ q = -l I{_‘. AP Egn., 1.3.1:.1._

This'relationship is valid fof lamingr flow conditions. The:
permeability of porous media has been investigated in detail for
single phase flownand several Solutions o; barcy's Law have been
proposed for specifié conditions (445. The importance of Daécy'é
Law and permeability to two phase flow must now be considered.
When considering the permeabilify of a porous medium under
conditions of two-phase flow a permeability for each fluid must
bg derived by modifying the equation to allow for the effects of
one fluid on the other, Therefore a new quantity, the relative
permeability of a porous media to each fiuid, must be defined.
The flowrates of each of the two phases in flow can be

defined by extending Darcy's Law.

W Egn, 1.3.1l.2.

ie]

n

1
=
o

nw * “RNW AP Eqn. 1.3.1.3.

Equations 1.3.1.2. and 1.3.1.3. define relative permeability. The
flowrate of each phase through the porous media is modified by the

presence of the second phase, The relative permeability is the




fractional flow of the -phase compared to its flow as a single
saturating flow under the same driving force, It can be seen from
this definition that the relative permeability is dependent ppoh
the saturation of the porous media.

In 1942 Buckley and Leverett gave one solution to Darcy's
Law for immiscible Ilqids.. They ﬁssu@ed that gravity, capillarity and
variations-in density could be négiected. They. defined the fractional

flow of one-pﬁase as:-
||
= ' Eqn. 1.3.1.4.
19
u(s) being a function of saturation and viscosity only, Taking
into consideration the assumption already stated the fractional

flow, u(s), becomes:-

u(s) = \qll Kpw/uw

‘q1]+lq21 - Frwan, * Ky
By Pw

Eqn., 1.3.1.5.

Considering flow in one dimension:-

€ .as + ul(S). qx Bs‘
St ox

{l
o

Eqn. 1.3.1.6.

= 0 Eqn., 1.3.1.7.

24a
5}(

Note that q is a function of time and it, therefore, follows
X .

that:-

1
=]

€ 35 + ul(S) q (&) ds
x 9 x

Eqn. 1.3.1.8,

10



Equation 1.3.1.8. can be treated by considering the characteristics
.of first order differential equations and this 'treatment' gave the

equations proposed by Buckley and Leverett.

1 )
d¥X == u (s) gq_(t)/e Eqn, 1.3.1.9.

dt \
ds = O . Eqn. 1.3,1.10. |
dt : : L

Figure 1.,3.1.1. gives plots of the fractional flow and its first
order differential against saturation,

1,3,2, Breakthrough Saturation

Brinkman (4) in 1948 showed that,the'Bgékley-Leverett case had a
solution in the form of a shock wave, i.e. a finite discontinuity in
saturation proceeds through the poro;? ﬁedia at a speed, ¢, This
solution supports the idea of a piston flow.regime. By lecoking more
closely at the work of Brinkman and subsequent work by Welge (59) 1952
the level to which saturation is reduced during piston flow can be estimated,
For displacement left to right the conditions are such that to the righ

—
of the shock wave saturation is 100% and to the left of the shock wave
the level of saturation can be determined.

The shock condition is given by the Hugoniot equation;-

ec(l's).qu (1-uw) Eqn. 1.3.2.1,

from this the speed of shock can be obtained:-

c - qx ( 1 -LL) Eqn. 1-3.2.2-
€ (1-5s5)

where u & 5 refer to the displaced fluid. In 1552 wWelge (59) showed
that a tangent could be drawn to the curve of u (5) against saturation
as shown in Fig. 1.3.}.1.. This solution is valid as the saturation
immediately behind the sﬁock travels more slowly than the shock. This
reduces the size of shock until an equilibrium between saturation and
shock is obtained, Thig "equilibrium" saturation travelling at the

11




FIGURE 1.3.1.1.
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same speed as the shock is ther?fore the saturation of the porous medium
at breakthrough. Brinkman in 1848 also showed that a second construction
in Fig. 1.3.1.1. could give the breakthrough saturation, This is based
on equal areas above and below the u (S) function. The solution,
through elementary integral properties, oan be shown to be directly

equivalent to the tangent construction.

1,3.3, Relaéivg Permeability Curves

In 1936 Wyckoff and Botset (62)‘carried out experiments to determine
the shape of relative permeability against saturation curves, Figure
1.3.3.1. shbws the typical form of rela%ive permeability curves.

However, the shape of these curves can be altered by variation of external
, . g o . . ‘

parameters. In 1956 Wilson (60) showed that changes in applied pressure

altered the relative permeabiiity curves,

Seyerai observations can be made from a study of the Wyckoff and
Botset curves. Consi@ering the wetting phase it can be seen that the
permeability drops sharply as the saturation is reduced from 100%, At
GO% ;aturation the relative permeability is of the order of 0.5 and at
50% saturation is approximately 0.1l. The curve reaches zero permeability
at a saturation of about 10% which corresponds to the residual saturation.
The non-wetting phase relative permeability is similar in form. At
high wetting phase saturation there is no non-wetting phase continuity
and hence permeability is zero., This situation exists down to a wetting
phase saturation of about 90% and again below this level there is a rapid
change in the permeability of the porous media to the non-wetting phase.
When the wetting phase saturation has reached éhe level of residual
saturétion no siénificant increase in non wetting phase permeability is
obtained,

If the curves are added to obtain the total permeability it will be
seen that between the two extremes of saturation where the relative

permeability is 1.0 there is a pronounced minimum. This occurs in the
13
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FIGURE 1.3.3.1
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region of saturation where the permeability of the two phases are
roughly equivalent, At this point the total permeability is about
'1/3rd the value of that for the media saturated with either phase,

In an attempt to reproduce these characteristics of relative
permeability models have been devefgped: In 1961 Millington and Quirk
(27) pfobosed a model of the capilﬂ?ry tube type for flow in poréus media.
They d;rived an expression for permeability of the form:~

2 2 2 2
KSAT‘ = ( e.st) 4/3 {rl + 3r2 + 5r3 +__.{2N-1) . }
8 N™ .

Eqn. 1.3.3.1.
Lloyd and Dodds (23) developed thislideq further and adapted the
equation to yiéld relative permgability‘for the wetting Qnd non—wefting
phases.

For the non-wetfing phase:-

1
= E. S 4/3 -
K NW ( Nw ) 4/ , Nﬁig:(gi-l) riz //KSAT Egn. 1.3.3.2,
2
8N i=1
for the wetting phase:-
1 4/3 N . 2 .
Ky = C € 5 é(h 1 Ty /KSAT Eqn. 1.3.3.3.
2
8N
N,

where there are N equal pore size classes each with.a mean or average
ius r,.
radiu i
The curves obtained were similar to those obtained by Wyckoff and

Botset (62) and the main properties are incorporated.

1.3.4. Pore Size Distribution Index

In 1975 Wakeman published a book on filtration post-treatment
processes (51)., This book reviewed previous work carried out in the
field of two-phase flow as related to filter cake deliquoring. At the
" same time the basis for the future development of Wakemans ideas on

deliquoring was laid down. Referring to the work of Brooks and Corey (5)

15



the concepts of pore size distributiop index and  threshold pressure were
introduced. These two factors were to be used to try to generalise
relationships for a wide variety of particle size distribution and
packing characteriétics.

The threshold pressure is that pressure which is reduired io force
thée firet drops of watting fiuid from the cake,’ Retérriég to Pig. 1.3.4.1.
this corresponds to the point B at which air begins to penetrate the
largest surface pores. However, Wakeman (54) proposed a modified threshhold
pressure corresponding to point 1~,the intersection of the extrapolated
lines AB and DC . The modified threshold pressure was said to be a
more predictable qugntity as it was less dependent upon the variations
between randomly deposited cakes. Correlation of data showed that the
modified threshold pressure could be represented by the equation: -

p* - a6 (1L -€)Y¥

b Eqn, 1.3.4.1.
de

This is compared to a value of the constant equal to 6.0 as developed
by Carmen in 1941,

Wakeman in the same paper (54) reintroduced the concept of pore

S - Sr
size distribution index. Plotting reduced saturation, defined as e’
. - Sr

against pressure drop across the cake on logarithmic coordinates data
was found to form a straight line except as the reduced saturation
approached unity. The straight line could be represented by the
equation:-

s = P A Eqn. 1.3.4.2.
AP

* ' \-\—6.(
Pb was found by extrapolation to igﬂd-the value of AP at the point

where Sf equalled unity. A, the pore size distribution index represented

the slope of the line,

16
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The advantage of the pore size distribution index was that it
depended on relative arrangement of particles in the porous bed as well
as on the particlé size and size distribution; In a later paper (56)
it was stated that values of A varied Between 2 and 8 and that most
of the data gave values lying between 3 a%d 6.5.

1.3.5. Relative Permeability Models

‘Having develoﬁed_the concepts of pore size distribution index and
threshold pressure Wakeman (56) attempted to apply these to the consideration
of relative permeability. As.Wakeman stated earlier models had failed in
somé respect or other to reproduce the characteristics of the relative
.permeability~cu}Ves. The simplest and most -effective models dgveloped
up to that time w;re those of the type developed by Lloyd and Dodds

(23). The generél form of the relative permeability equations ‘was:~

S¢
Rw = Sf a5

2
0 (Pc(sf))
1

4s Eqn, 1.3.5.1,

—
sy

1 .

dsS
2 f
I{RI\IW = (l"‘Sf) j"(p—(g—))-—ﬂ
[ c £
Tl
de

Using the relationship Eqn. 1.3.4.2 already developed for the reduced

Eqn- 103.5.20

[»]

saturation Wakeman showed that a relationship of a much simplified

form could be obtained. The relative permeability equations became: -

- 5 (2+3A)/A
KRW - f Eqn. 1.3.5.3,
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(24A)/A

. ) Eqn. 1.3.5.4.

Ky = (17507 (3-8
A plot of the relative permeability curves using these equations

is shown in Fig. 1.3.5.1. Wakeman claims that this is only the first
step in ;howing the usefullness of the pore size distribu;ionzindex as

a parameter for the interpretation of cake characteristics.

\
1.4 Pipe Flow

, 1.4.1. Hagen-Poiseiulle

"Capillaric'" models have been the source of the most important
theories developed for porous beds especially in the field of filtration.
The foundation for this wo}k was laid down by Hagen and Poisieulle in

the development of the well known relationship for laminar flow down

a straigﬁt circular pipe:- o
Q=_m"_  dp Eqn. 1.4.1.1,
128y dx

From this beginning Kozeny, and later Carmen, went on to consider
the flow properties of a bundle of capillaries, They stated that for a

bundle of N capillaries each of diameter, d :-

flow/unit area = q, = Q = d2 . ‘dE ‘Egn. 1.4.1.2.
of pores A - 32p dx

Furthermore, Kozeny suggested that a hydraulic diameter should be
defined such that:-
d = volume of voids

total intermal surface area of bed

AN

\

This can be developed to give:-

d = [ Eqn. 1.4.1.3.
A :
B
Therefore, q, = €2 . dp Eqn. 1.4.1.4,
sszBQ dx

Further, if the bed specific surface is related to that of the individual
particles it is found that for particles in point contact:-.

AB = AP(I -&) Egn. 1.4.1.5.
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2
Therefore, q, = E gig Egqn. 1.4.1.6.

BpAz(l-E)z d>

Finally, converting flow per unit area of pore to flow per unit area

of bed, q can be defined as :-
3
q =q,€E= E ! dp
Bpa® (1-€)° |

4~

'EEqn.: 1.4.1.7.
Experimentally B is found to range'between 3.5 an; 5.5 and is not
32 as the derivation suggests.

If Equation 1.4.1.7. is gompared with Darcys Law as indicated in
Equation 1.3.1.1. it can be seen that:-

3
K = c , : Eqn. .1.4.1.8,

BA2' (1 -6)2

This relationship is walid for low Reynolds numbers. The major equations

take this form, The constant, B, is often considered to equal eoz

where €, is a shape factor for the capillary and Z represents the
tortuosity.

1.4.2, Brownell and Coworkers

In 1947 Brownell and Katz produced three papers (10-12) on the
flow of fluids through porous media. In the first of these papers the
flow of a single homogeneous fluid was discussed and the relationship
between pipe flow and fiow through porous media was proposed, In the
second paper the simultaneous flow of two phases was considered and a
correlation was developed for the calculation of the flowrates of each
phase. Finally, the correlations were applied to the problem of the
deliquoring of filter cakes formed on rotary vacuum filters. These
papers were the basis of further work on deliquoring theory by Brownell
and his coworkers and have since been used as the basic references for
work on this subject.

The first paper (10) commenced with a statement of the proposed
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Reynold's number and friction factors for single phase flow in the

porous media and also for each of the two phases unéer the two-phase flow
conditions. As for pipe flow the Reynolds numbers are in a dimensionless
form.

In accounting for the difference between pipe flow and flow through

porous media the authors stated that four - factors were-of‘importaﬁce.

These were the sphericity, diameter and roughness of particles and the
bed porosity. The roughness factor is only significant when considering
the turbulent flow regime. Therqforé, for laminar, single phase flow,
the system could be defined in térms of a modified Reynolds number and

friction factor._

' Re. = d V|_ E!
B

[ ) T i Eqno 1-4.201..
= peh .

£ _gﬁ_(_i_é_f____ Egn., 1.4.2.2,
L'Vu /01. '

The exponents m and n are a function of both particle sphericity and

cake porosity. Using experimental data on pressure and flow in porous
media values of m and n were deterﬁined. It was claimed that a unigque
set of values of m and n exists which defines a porous medium. The basis
of the relationship by which m and n were calculated was the ratio of
sphericity to poréSﬁfy. Fig., 1.4.2.1., indicates the nature of this
relationship.

1.4.3. Residual and Effective Saturation

The concepts of residual and effeetive saturation are important
in the development 6f the Brownell and Katz correlation. The level of
saturation so far defined was the irreducible saturation, the best
attainable under ideal deliquoring conditions. In defining residual
saturation Brownell and Katz {11) were attempting to parallel the
irreducible saturation with a value of saturation which was the mininum
level attainable under the prevailing deliquoring conditions. In an

attempt to predict the residual saturation over a range of porous media
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and operating conditions dimensional analysis was employed. As a

result of this the capillary number, the ratio of forces driving fluids
from the bed to the forces retaining fluid, was developed. ft was found
that a reasonable'corfelation.could bé obtained between the capillary

numnber and the/ residual saturation.. The correlation togk the form:-
Stk tuhsinhut X .

5. = 0.0116 K AP ] ~0.264 ‘
Eqgn.

R gL ¥ cos o 1.4.3.1.

The value of the initial’ébﬁgfzﬁfd;;;—;;;;ge with bed thickness since
for rotary vacuum filters with cake dgpth below 2" the value is thought
to be about 0.025 (6).

Having defined the loﬁest_gttainable level of saturation under
prevailing conditions the cbnceét of éffect;ve saturation was.introduced.

The effective saturation represents the wetting fraction of the total
I

fluids in flow and is defined by equation 1.4.3.2..

Eqn. 1.4.3.2.

.--"—_—_’
P S S
+ g |
S -2s5_+ S8
¥ 1 o R /
This term is used for saturation in the Brownell and Katz flow

relationships.

1.4.4, Two Phase Flow,

The Reynolds numbers and friction factors, proposed by Brownell and\“\
Katz (10), for two phases in flow have already been indicated in Section
1.4.2,.. In defining these factors the independence of the two phases has
been assumed, The wetting phase is best described with reference to
laminar flow in pipes. The fluid will have zero veleocity at the pore
wall and the same velocity as the non-wetting fluid at their interface,
Over the annular flow channel the wetting phase will have the same velocity
profile as it wouid were it filling the whole of the pore cross—section,
Similarily, the non-wetting fluid flows as if in a pipe of wetting fluid

its velocity being zero relative to the wetting fluid at their interface.
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Thus the phase moves with a minimum velocity relative to the porous bed
which is equal to the interface velocity.

Using this concept Brownell and Katz (11) attempted to find a
‘'velocity distribution for each phase. For the wetting phase the
‘'velocity was integﬁated'between zero and the interface velocity. The

" average linear velocity could then be found in térms of saturation for a’

pore. This gave:-

2 2
VvV = gd AP S Eqn. 1.4.4.1.
32uL
For a porous bed the velocity was believed to be proportional to SE2‘

as indicated in the previous section, 'From_experimeﬁtal data,'however,
the exponent of effective saturation, y; has been found to be a
variable dependent upon particle size. Using this relationship Eqn.
l.4.4.1, was developed a stage furthor'such that a new Reynolds number

and friction factor could be defined,

Re = ﬂﬁ_V Eqn. 1.4.4.2,

]

—
uesE

f = 2icd APE S¢ 2y Eqn. 1.4,4.3.

LovZp
The oxponent, y, was dotermined from experimental data on the basis
of these equations,

The physical model of the flow of the non-wetting phase was treated
in a similar way to that of the wetting phase, The properties of the
porous media were said to be modified by the presence of the wetting
fluid. In the work of Brownell and Katz (11) these modifications took
the form of adjustments to the porosity and éphericity of the medium.
New quantities'were defined on the b;sis of the wetting phase saturation

These were the wetted porosity and the wetted sphericity.
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1.4.5. Wetted Porosity and Sphericity

I
The wetted porosity, € , is a measure of the proportion of pore

space which is occupied by the wetting and non-wetting fluids.

7 .
E: = (Voids occupied by non-wetting fluid + voids occupied by
wetting fluid eliminated from flow)

Volume of bed

= (1—'s)€

Egn, 1,4.5.1.
. (1 - SR) :

Therefore, at 100% wetting phése saturation the wetted porosity is
zero while when saturation is eﬁual to the ?esidual saturatioﬁ the
wetted porosity becomes equal to the dry bed-porosity,'e + The wetted
po;osity is used in piace of thé dry bed porosity whenever the non~wetting
phase is being considered.

The wetted sphericity has no such exact method of derivation, It
is, as its name suggests, a measure of the sphericity of the wetted

particles, Dry sphericity is defined as follows:-

?1 = surface area of sphere of same volume as particle
surface area of particle

and so lies in the range O - 1.0, In a similar way the wetted sphericity
may be defined:-

1)
Y = BSurface area of sphere of same volume as wetted particle

Surface area of wetted particle,
Brownell and Katz have plotted several sets of data (1l1) setting out
wetted sphericity as a function of effective saturation. The curves
plotted show no consistent form and the authors suggest that this may be
because the wetted diameter of the particles has not been removed from
the relationship between wetted sphericity and effective saturation.

1.4.6. Porosity exponents

The relationship of the exponent m and n to sphericity and porosity

as shown by Brownell and Katz has already been indicated. This relationship
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was extended to permit consideration of the porous bed during flow of the
non-wetting phase. The wetted equivalents of porosity and sphericity

- were used in the determination of the wetted values of the two exponents
These new exponents were m' and n'®., Using these walues which were
representativé of a porous media modified by the presence of wevting

f fluid the ?elationship for flow of the non-wetting phase qould %e

A

- developed in -terms of the Reynolds number and friction factor:-

) dv .
Re = __4%7 Eqn, 1.4.6.1,
M €

nl
f = 2gd AP (€") Eqn, 1.4.6.2.
vip L
The correlation on which the values of the exponents are based has

been questioned during discussion (11). It.was pointed out that Rose
(41-43) had done consideréble work on the porosity exponent. The
relationship as found by Rose was considerably different from the value
of n - m calculated by Brownell and Katz. This was particularly evident
at high porosity. A comparison of'the work of Rose with the Brownell and
Katz value of the exponents is given in Figure 1.4.6.1.. This comparison
also includes the equation for the relationship developed by Carmen:-
n-m=(3- €)/(1-~&) Egn, 1.4.6.3.

This equation overpredicts the exponent obtained in

from experimental data by a considerable amount at low cake porosity.

1.4.7. Gas Deliquoring

In their first two papers (10, 11) Brownell and Katz have developed
equations which are said to predict the flow characteristics of two
phases flowing in a porous media. Equations 1.4.4.2, and 1.4.4.3, apply
to the wetting phase while the Reynolds number and friction factors for
the non-wetting phase are represented by equations 1.4.6.1, and 1.4.6,2,
respectively, The third of this series of papers (12) attempts to apply
the correlations to the deliquoring of rotary vacuum filter cakes., The

initial part of this paper discusses the application oi the single phase

27



FIGURE 1.4.6.1

Exponent

Y

Porosity

'

Porosity Expononls

Rose & B & K

28




-

flow correlation‘tq the filtration cycle. It is the second bart of the
paper which sets out to predict.deliguoring rates and gas consumption that
is of interest to this study.

In the majority of cases deliquoring occurs in the laminar flow
regime, Therefore, the Brownell and Katz approach could be further
simplified using fhe relationship of Reynolds number to friction factor
for lamiﬁar flow. The ve1§ci£y-of'wettingifluiq was g&ven as:=~

_ - Y L 2 n-m ¥y
v..”KwAPsE - = gd € -Aps,‘E

, Eqn. 1.4.7.1.,
pL . 32pL.

' Developing this by considering a material balance and manipulating
the equation using the definitionslof!individual quantities Brownell and

Katz -arrived at the following relationship for the rate of deliquoring

. 1 =5, Eqn. 1.4.7.2.
y ds
KAPSy 1 - 58 E
R°E

" The volumes of air flowing through the filter cake wzre calculated
in a similar way using the Reynolds number and'friction factor for the
non=wetting phase., The non-wetting phase was assumed to completely fill
the voids of a modified p;rous media. The modifications, as already
indicated wé}e io take the presence of the wetting phase into
consideratiocn.

Although originally laid déwn in the third paper of Brownell and
Katz (12) the method of calculating gas flow from this correlation is put
forwérd more clearly in a later paper by Brownell and Gudz (9), Further
approximation and simplification of the correlating procedures led to the
description of a graphical correlating technique for which the two basic
parameters calculated were the volume and time constants which were

defined as follows:-

29



2
Ct = ].lwe, L
Eqn, 1.,4.7.3,
KAP
C, = c Pyl Eqn. 1.4.7.4.
Fany

1
\

It was c¢laimed that graphicél correlations on the basis of Figure
1.4;7.1.'wou1d permit rapid detefmination'of‘the accummulativé air flow
undér laminar flow conditions. However, values of exponents uséd in
developing the curves plotted were average values for granular
and crystalline materials forming cake having a porosity in the region
of 0.4, |

I A fourth paper (8) in the series on two phase flow attempted to
make some slight modifications to the correlations developed in previous
papers. These alterations were concerned with three of the parameters;
particle diameter, interstitial velocity and the length of fluid flow

pafhs. They were intended to improve and simplify calculations., The

modified form of the correlation is laid down in a book by Brown et al (6).

1.5 Empirical Correlations

1.5.1. Bombrowski and Browneil

The zim of empirical correlations.is to describe the important
variables in a system and to predict their influence on the overall cake
conditions. In attempting to describe two phasé flow in porous nmedia
Dombrowski and Brownell (16) took into account static and dynamic effects
as well as possible end effects., They did this by splitting porous media
into five categories,

These were:=-

1. Thick beds with no end effects

2. Thick beds with static ena effects

3. Centrifugal beds with static end effects

4, Thick beds with static and dynamic end effects




FIGURE 1.4.7.1.
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5. Thin beds with static and dynamic end effects

Thick beds were those thicker than the capillary drainage height
gf the poroué bed being considere@. The cakes fo?med ;n pressure
filters fall almost exclusively into the category éf thin cakes. In
these cakes the end effects control the saturation. To permit
calculation of the drgin height of a filter cake fhe cpmbined effects of

ﬁermeability, dénsity and surface tension were correlated in the form of

a drainage number:-

(E)é _ { Pt pe } = Drainage No. Eqn. 1,5.1.1.
¥ cos o ' ‘

B

It was found that a relationship existed between drainage number and
drainage hejight;-

Ld = _0,275 Egn. 1.5.1.2,

Drainage No,

The paper set out to modify the correlations previously developed
and in particular the mefhod of obtaining the residual saturation. This
was to allow for the increasing importance of end effects as the bed depth
decreased, For a bed of constant L/Ld ratio the average residual
saturation was found to be proportiocnal to the square of the dynamic to
statiec driving force ratio, In a similar way the averapge saturation
was found to vary as the permeability to the 1/3 power. These two terms

were combined to give the product:-

(5 ¥ e

2

Figure 1.5.1.1. shows the graph obtained by plotting this product agéinst
average saturation at various L/Ld ratios, It was suggested that fron
this plot the residual saturation of thin cakes could be obtained with

much greater accuracy. End effects were taken into account in contrast

to the previous correlations developed by Brownell and coworkers .
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1.5.2, Dahlstrom and Coworkers

From 1952 to 1972 Dahlstrom and his coworkers published a number of
papers on fiitration_and deliquoring using rotary vacuum filters., Several
of the papers have discussed specific systems (17, 34) while others (18,
32, 46) discussed the general characteristics of moisture level reduction
in rotary vacuum filter cakes., U;ing tﬂe work of Brownell and Katz as
a baéis fu;th;r methéds of correla?ing moisture content with operating
conditions were proposed and the individual effects of some variables
were also investigated. '

In the first of their papers (37) Dahlstrom and his coworkers reasoned
that the final moisture content should be a.function of four variables.
These variables were air consumption, deliquoring time, pressure drop and
filter cake depth. The authors claimed good results for specific materials
in scale-up tests, however, for fine materials the final moiéture was
considerably higher than for coarser fractions. Thus at least one further
variable describing the materials being used would need to be introduced.

Apart from this several other variables were found to warrant investigation.

1.5.2.1. Viscosity and Surface Tension

Silverblatt and Dahl;trom (45) studied the effects of viscosity and
surface tension on the final moisture content of filter cakes and the
rate at which this value was approached, Referring to the work of
Brownell and Katz (10 - 12) two main suggestions as to the effects of the
two variables were made. Firstly, surface tension appeared to determine i
the lower limit of saturation attainable whereas viscosity was considered
to have no effect on this level. Secondly, changes in viscosity affected
the rate at which the residual saturation was approached, Experimental
work was carried out to test these theories and the relative importance
to the deliquoring rate of the two variables was estimated. The conclusion

reached was that surface tension eifects were "relatively unimportant' as a
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source of variation in moisture content. The wetting phase viscosity

was said to be inversely proportional to the deliquoring rate. On the

N

IS

other hand Né et al (33) showed that the non-wetting phase viscosity was
directlylrelated to the deliquoring rate yhen considerfiné thé mobilisation
" of blobs_ isolated in packs of spheres., This suggests that viscosity

rat?o would be a better correlatipg factor.

i Nevértheless, as a'result of their sfudj of wetting ﬁhasé viscoéity
the corrélating factor previously suggested (37) was modified to include

the term l/pw.

The new correlating factor was:~-

v t . J AP _]'__‘ = Fc ' . Eqno loslzlll’
L ty

1

Although the quﬁ is thought only to apply to air flqw in the
turbulent flow regime‘no'firm statement as to the power for laminar
flow was given. However, in the following paper (32) the pressure drop
term reverted to OP ,

1.5.2.2. Filter Cake Solids

As mentioned earlier in this section the correlating factor developed
by Silverblatt and Dahlstrom could not be applied to a wide range of
particle sizes. In their paper Nelson and Dahlstrom (32) referred to
several solids properties believed to be of importance in determining
final moisture content, These included size distribution, particle shape
and surface characteristics. It appears that the correlation was intended
to apply to individual system each of which would have a unique correlating
factor, No attempt was made to unify varying systems by correlation of
the three variables mentioned,

It is recognised that, in general, the finer the solids the more
difficult the reduction in moisture content becomes (19). The most

consistently used method of relating particle size distribution to

35



deliquoring rates has been via Fhe capillary pressure curve. The most-
recent of this work has been that of Wakeman (54) in his development of
the pore-sizé distribution index (section 1.3.4.). This index was an
attempt to descripe all the characteristics of a particle system using a
single parameter. T

The work of-Brownell:and Katz (10-12) showed Fhat pgrticle diameter

and Spheficity tOgethér with bed porosity were interreléted in'a more-
N —

complex way that envisaged in the early stages of their correlation

development. . In the correlation porosity and particle diameter had

not been obtainedlas indeﬁendent variables, |

The conqept.of pore size distribution Would seenm to be more directly
applicable to the deliquoring properties of a filter cake as it is the
properties of the flow channels which are of prime importance in
determining the flow characteristics of the two phases,

Little reference has been made by Dahlstrom and coworkers to the
effects of so0lid properties oﬁ the level of residual saturation obtained.
This would seem to be the main deficiency in the correlating technique.
However, the next development they were to suggest'was the introduction

of an approach factor which was intended to indicate the rate at which

.

e
the level of residual satyyaﬁion was approached during the deliquoring
~ ‘

cycle. Rt

1.5.2.3. Approach Factor

The development of the approach factor (32) was based on the
equation derived by Brownell and Gudz (9) for the rate of change of
effective saturation with time, Equation 1.4.7.2.. From this it can be
seen that the cake saturation could be represented as a function of three
factors, These factors were the exponent y, the residual saturation and

the approach factor. Thus the approach factor was defined as:-

x Ap
E___E?—- = F Egn, 1.5.2.2,
€17y, :
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The factor was further developed by use of basic filtration and flow
equations to permit application’to leaf test or pilot plant data. For
cakes havingia similar residual saturation i.,e. those of identical solids
being formed,@nder closelg matching conditions a value of the approach
factor was said to be discernable at which the equilihrium saturation
was reached. For the two sets of data quoted thé value of approach
factor, obtained waé aﬁp&qximétely 30. Fur£her énaly;is of data usiﬁg a
separate system of corn gluten as compared with the taconite concentrates
used in the initia; tgsts shqwed that a graph of moisture content versus
the log of approach factor gave a.straight line plot. Although unclear

" the ﬁoisture content is_beligved to be that moisture over and above the
residua} moisture éonteﬁt. Thus the residual moisture level is never

attained under constant deliquoring conditions.
|

1.5.2.4, Steam dewatering, Y

It was indicated in an earlier section (45) that reduction in

wetting phase viscosity led to a significant increase in deliquoring

\/W

rate and also a reduction in the residual moisture level. As a result
;EH¥EI§—35;;;;§tidﬁ_DEHlstrom and coworkers, in two papers (18, 46)
investigated the properties of steam dewatering using steam as a means
of reducing the wetting phase viscosity,

o o]
By increasing the cake moisture temperature from 60 F to 180 F the

\f'\_,.—
viscosity was reduced by a factor of three. This increase in temperature

could not be quickly obtained using hot gases due to the limitations of

cake permeability and sensible heat available in the gas. Results in the
’ S T
later paper (18) indicate that the improvement in deliquoring by use of

steam was considerable. It also showed that viscosity was an important
e

factor in determining the residual saturation.
A very pood thermal efficiency was claimed for steam deliguoring
In addition very little mass transfer was believed to occur in comparison

with the increase in flow ¢f the wetting phase. Thus the technique, on
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the basis of this investigation of Dahlstrom and coworkers, would appear
to be worthy of consideration if a considerable number of deliquoring

operations. .

\.-——-—-_—J-n—-.

1.5.2.5. The Correlating Factors.

_.___

Two main factors have been developed in thé work of Dahlstrom and
coworkers.\ These were the cofrelating factor indicated in section
1.5.2.1. and the approacﬁ factor as deséribed in seéfioﬁ 1;5.2.5. While

.- the first of these was intendéd to describe the lower limit of éaturation
obtainable under given deliquoring conditions the second was said to
reflect the rate at which this level would be approached. Thus, by use
of these two factors the deliquoring operation was thought to be full}
described, However, it must Se made clear that the situation béing
considored is one in which tho prossuro drop oxisting at tho ond of
the filtration is usually maintained during deliquoring.. Any variation
between the pressure drops over the fwo parts of the operation is generally
small. As with the majprity of literature being considered the filtration
operation being considered is that iﬁvolving rotary vacuum filters.

1.5.3. Wakeman

Some of the work of Wakeman has already been described earlier in
this chapter., In an attempt to define porous media in a more usable way
he developed the pore size distribution index (54). This variable was
used in conjunction with the residual saturation to predict the relative
permealyility curves for porous media., The curves obtained were similar to
the experimental curves ;btained by Wyckofi (62},

While earlier publications (51, 52) were concerened with the general
aspects of filtration post-treatment processes having introduced the
concepts of threshold pressure and pore size distribution index a full

correlation based on the use of dimensionless groups was developed.

1.5.3.1, Dimensionless Groups

- The dimensionless groups used in the correlation are those for
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pressure, flowrate and time., They were defined as follows:-

Pw* = Py / By Eqn. 1.5.3.1.
P * : : .
NW - Poy / Py - Ean, 1.§.3.2.
Vi '
W = VL / KP | Eqn. 1,5.3.3.
* . .
Vw0 Vﬁw“mvlﬁ / KBy , © Eqn. 1.5.3.4.
£ KP, t /7 L26( 5.)
- ' = b Hy 1=Sq

Where * indicates the dimensionless form of the variable.
Wakeman (56) developed Darcys Law to give the flowrate for each phase

using the relative permeability relationship already discussed.

V. = - KK ° 3P
W SR . Eqn. 1.5.3.5.
My dx
= - KK __ ‘3P
Vo W NW Eqn. 1.5.3.6.
- ax

These equations were manipulated to give the dimensionless form:-

o _ o (2430)/A 0P ¥
Yy = g S Eqn. 1.5.3.7.
o( X /L)
V. = —1- s )% - s (BHIAA )aPNW*
N R R

. o (x/L)

Eqn., 1.5.3.8,

The pressures in the two phases can be calculated using the relationship.—

Nw W : R Eqn. 1.5.3.9.

In his most recent paper Wakeman (58) has applied these theoretical
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developments to practice and used them in the construction of a series
of design charts. A worked example of each stage has been
givén.' The main aim of the design procedure was to calculate the size

of filter, the moisture level attainable and the quantities of air used.

1.5.3.2, Applicability of Wagemans Correlations x
- }
. The examples used-agaih cbnsidered the use of the rétary'vacuum
| .
filtfation operation. This sbmeﬁhat limits the range of conditions
over which the correlation has been tested. On observing the examples
quoted in Wakemans papers (56—58) it was noted that the porosity of
cakes tested were normally-about 0.4 - 0.§ and the range of mean particle
. : diameters was 50 - 230 pum, -The‘pressﬁre drop developed was, 6f course,
limited by the vacuum pump in use and was normally about 13.6 kN/mf .

It might be expected that ﬁith such limitations on the sjstems
being considered that greater accuracy would be cobtained, However, the
graphs comparing theoretical and experimental results show that the
agreement is not as pgood as that cbtained using the Brownell and Katz '
correlations and that the tﬁeory can overpredict the saturation by 100%
or ynderpredict the average air flow rate by 25%.

Theoretically no gas flow should occur at dimensionless gas pressures
less than 1.0 as this is how the gas breakthrough is defined. However,
the modified threshold pressure is so defined that flow is possible thfough
large pores at that preséure. Therefore in figure 1 of the most recent
paper (58) values helow 1.0 have been used in the design procedure.

It can be seen that the results of the theoretical development do
not give a significant improvement on therpredictions using the Brownell
and Katz correlation. However, the theoretical approach attempted may
prove to be an important step in understanding the deliquoring operation.
1.6: Conclusions,

The literature which has been used in this study has covered a

wide range of subjects, The link between all these has been the
0

“



consideration of porous media. Thus the ways in which porous media are
characterised have been investigated. Once the mediaz has been characterised
the nature o¥ single aﬁ@ two-phase flow can be more clearly seen., The
picture of two phase flow which has developed is one of a series of
deliquoring stages.\
The first stage in dellquorlng is EEE,E5Efffailgf_zggigg~szfi25q

whlch the non—wettlng phase forces the wetting phase through the porous
media, This continues until breakthrough of non-wetting phase at the exit
face of/the porous media occurs. The extent of desaturation at this . :point
depends upon the nature of fhe porous media and the forces applied, Once'
breakthrough of the non-wetting phase occurs true two-phase flow

cﬁmmences. This will continue in the form of film flow until the film
breaks down and further minimal flow will occur through a small number

of channels still in motlon Dellquoring will cease when insufficient
force is being applied to retain the movement of the wetting phase,

The cerrelations déveloped have been for a specific range of conditions.

In general these have fallen outside the range of conditious with which
this investigation of pressure filters will be concerned. The size
distribution, in particular, involved in pressure filters is far lower
~than the sizes investigated by Brownell and Katz (10-12) and by Wakeman
-(56-58). The most important factor which is of concern in the operation

of the deliquoring cycle in pressure filters is the range of pressure drops
being used. The volumes of gas required to maintain the pressure drop

at or close to the level during the latter stages of the filtratien cycle
are excessive and the general practice is to continue deliquoring at a
considerably lower flow and pressure drop. Thus the range of pressures
being considered varies by a much greater amount than in the situations
examined in the literature. This indicates that problems may well be

encountered in attempts to apply the correlations developed in the literature

to the specific operation being considered,
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CHAPTER 2

EXPERIMENTAL APPARATUS

2.1 Introduction

During the course ;f the project tbe e%perimen;al apparatus has
been changed by édditipn:and:ﬁodifiéatioé to ;uit the experiments
to be carried out. The éxpérimehtal appé%atug descrgbed.in figures
2.1.1.1 (a) - (d) was used‘in the majority of the experimental work.
A brief outline is also giveh.offthé design ahd development'of the
apparatus and reasons for major modifications are explained.

2.2 Design Tests

Iﬂitiul tosls woro carried oul using (wo sopurate piccos of
apparatus. The aim of yhe tests was. to obtain the information required
to be able to design the maiﬁ pieces>of experimental equipment and to
size thermeasuring instrumenfs. The'order ofrmagnitude of pressure
and air volumes had already been obtained by consideration of full scale
equipment on several visits to inaﬁstrial locations, The information
obtained about present practice will be described later.

The first of the two pieces of test apparatus was a bench scale
fluidised bed which was modified to form a filter cell, The filter
cakes formed were 4 cms in diameter and ranged between 0.5 and 3 cms
in depth, The equipment was not suitable for high pressure operation
but pressure and air flow measurements were made up to the level of
pressure permissible.

The second piece of test equipment was constructed on a larger
scale. The mild steel cylinder used had a volume of approximately
10 litres and the filter area was 175 cmz. Cakes of diatomaceous
earth 1 cm in depth were formed. Basic measurements were taken.

The pressure was measured using a manometer and the flow was controlled
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using a pressure regulator and measured using a rotameter. These

were, of course, rough measuremenfs. A attempt was made to estimate
the rate of deliquoring by using a strain gauge to measure the rate

of reduction 6f weight of the whole system . A methdd of taking samples
of cake in situ at prgdetermined times during the deliquoring cycle

was glso employed.

No significant results we;e ob£ained ffom:tﬁ% strain gauge
measuremeﬁts. This was considered to be due to the relatively small
fluctuations expected duriﬁg deliquoring compared to the total weight
6f the equipmeht. There was also thought to be a large holdup of
wetting fluid in the support'media. The sampling probes used were
ih tﬁe fo#m of hollow cylinders which were pusﬁed:verti;ally into the
filter cake., It was intended that thé technique, with further
development, might be used to take accurate satur;tion samples. The
sample prohes were incorporated in the design of the experimental rig.

The experiments carried out indicated that the test filter would
need to be 12 to 15 cms in diamqter. The sealing system was found to
be awkward and on seveéral occasions concave cakes were formed indicating
excessive filtration around the edges of the filter cloth. The filter
cloth itself blinded very quickly. This was due both to the general
unsuitability of the particular cloth used and to the effects of rust
on the purity of the filter liquor,

From the information gained during these tests a design for the
main experimental rig was drawn up. The following pages describe the

apparatus as used in the majority of experimental tests.
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2.3 Filter Cylinder °

Due to the problenms encountered whilst using mild steel in the

;_ design tests and the requirements of work;ng at pressures up to 450 kN/m
if was decided to‘construct the main cyliﬁder in stainlesé steel. The
c&linder, 1l metre in height, was constructed of 9 m.m. wall thickness
sgainless steel pipe ahdvhad an internal Qiameter of 15.2 cus. The
volume éf éhélcylindef was 18 litres.i

- 2.4 Filter Block

As can be seen, the cross sectional area of the cylinder was
180 cmzr The filtér block was constructed so that it fitted into the
base of the cylinder as indicated in figure 2.4.1.1., The base plate
was machinedifrom é 25 mﬁ thick piece of stainless steel. ;This had
the effect of raisiég the filter to approximately 15 mm above the
flange level; |

During the first month after construction of the equipment
several cloth support systems were tested together with techniques
for sealing the cloth into position. The requirements of the support
system were that it should withstand pressures upto 430 kN/m2whilst
allowing proper drainage of liquor from ‘the filter cake. Directly
below the filter cloth was placed a stainless steel wire gauze of
approximately 20 ﬁesh. This facilitated good drainage while a 6 mm
thick, drilled stainless‘steel plate supplied the support required.
This thickness of plate was required because of the amount of drilling
needed to give good drainage. ¢ m.m. holes were drilled on a
triangular matrix with 6 m.m. between centres, The holes were slightly
countersunk on the filter cloth side.

The technique developed for sealing the filter media in position
coﬁsisted of trapping the cloth between the top rim and the support
plate. Initially silicone rubber was used as a liguid gasket. Once

the cloth was set in position it was trimmed and the "filter block" was
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fitted fo the base plate and sealgd into position using silicone
rubber. This technique was employed whilst textile filter cloths were
peing used. Latgr woven wire cloths were employed. The improved life
of these cloths permitted the permanent positioning of the cloth and
support media which were glued into the attaching rim.

--The'}inal area éf filter clothAobtained ﬁa§ dgte;mined principally
by the requiremenfs of sealing. The diameter of the filter cloth wasi
12 cm giving an actual filter area of 112 cmz. This was found to be
sufficient to give a good filter cake where the edge effects were
not excessive,

Below the suppoft plate a recess of 2 mm wasrleft before the
base sloped, at an angle of 15° to the horizon%al, to a central drain
hole of 2.5 cms, in diameter. A gate valve was fitted to the filtrate
outlét to permit élosure of the filter cell.

2.5  Pressure Tappings

The purpose of the pressure tappings was to allow for measurement
_of the gauge pressure at various positions above, below and also
within the filter cake. For this reason holes were drilled in the
cylinder as indicated in figures 2.4,1.1. and 2.5.1.1. A pressure
tapping was also positioncd in the basc plate so that the pressuro
directly below the cloth and supports could be measured.

Fine stainless steel tubing was used to transmit the pressures
to the pressure transducers used. The tubing had an outside diameter
of 2.5 mm and an inside diameter of 1.75 m%. Fine tubing was uscd
in order to keep the volume of fluid in the tubing to a minimum,

The tubing extended approximately 4-5 cms. towards the centre of the
filter cake so that the pressure readings were taken above or

within the main body of the filter cake.
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2.6 Top Plate

Two top plates were made fo; the experimental work. The second
of these was made of 1.6 cm perspex. This plate was used to
facilitate observation of the filtef cake during deliquoring and it
enabled time lapse photography of the deliquoring to be carried out.

The facilities available on this top were lim?ted by the open area
required for lighting Pnd bh;tography. Air a;d liquid inlets weré
positioned in one quadrant of the top. The first top was made of
stainless steel.

As can be seen from éigure 2.6.1.1. there are several inlets on
the top of. the plate. .These consist of four sampling positions, one
opening for a stirref,,the_air and watér inlets ana a position for a
pressure relief valve. In the case of the perspex top the pressure
relief valve was positioned on the water inlet pipé.

The stirrer took the form of perforated plate. The diameter of
the plate was just less than the diameter of the cylinder and it was
attached to a 1 metre long stirrer handle which was not attached
.centrally. The stirrer was used by a reciprocating movement from top
to bottom of the tank. Once stirring was completed the perforated plate
was positioned at the top of the tank and sealed using a compressed 'Q’
ring. In this position it also acted as a distributor for the air flow,

The sampling probwos, as already mentioncd, wore previously cmployed
on the test rig used for design tests, The samplers were small hollowed
cylinders of about 3 cms in depth, open at one end, with a threaded
section at the top by which they were attached to the sampler rods.
These rods held the samplers at 20-18 cms above the filter cake surface
until they were required. A guide for the rods was welded in at
approximately 20 cms above the filter surfiace., As with the siirrer,
while not being moved, the sampler rods were sealed into the 1lid using
compressed '0O' rings. A plate was welded to the underside of the top
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plate when it was di500vered.that_tho majority of air leakapgo from tho
cylinder waus along the scrow throwds used in tho tightening of the
~stirrer and sampler rods :into:the top plate.
The description given to this point has been of the design and
construction of the batch filter aqd of the equipment directly coﬁnected

. to the filter cylinder. The following sections describe, firstly,

the supply and control systems for air and water and, secondly, the
o _systems for collection ‘and processing of data.

2.7 I'eed Systems

“I.I 2.7.1. Liquid_Feed.

e The mains water available in the university was found to contain’

?L o a considerable amount of impurities. It was, therefore, decided to use
distilled water in all experiments. This was transferred érom a'still
to the base tank and was then pumped into the top storage tank which
could hold enough water for two batch tests. The water was fed into
the cylinder as reqﬁired ensuring that the air supply line was
removed to permit escaﬁe of air Trom the cylinder. Once filtered the
water, in most cases, was allowed to go to the drains,

2.7.2. Air Feed Systemn.

Air is supplied at pressures of 550-600 kN/m2 from the mains air
supply. Figure 2.16141@Qshows the layout of the air supply system,
The first air tank had a volume of 100 litres and was held at a pressure
of 450 kNsz by use of a pressure regulator., Before passing to the
air feed controlling system the air was dried by passing it through
a tower of silica gel. TEE,EPWEF'WEE—EQ_EETLﬁEEE-and—q CQ§~EE%EifWQEEr'
The air supply pipe had a diameter of 0.9 cm.

S —

A Saunders valve was used to turn the air supply on and off and

directly downstream a pressure regulator controlled the pressu;e at

the level required for the particular test. The first volume measurement

was made using a rotameter which had been calibrated, at several pressures,
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to give the flowrates of air at s.t.p.. The second volume measurement

.@as made using orifice plates. The plates had orifice diameter of 1

to 2.5 mm and were calibrated for individual flow ranges. The signal from
the orifice plate was also used to control the bpening of the needle

valve placed downstream of the orifice plate. The air éloweé into the

' ’ v

fiiter cylinder at the centre off the top plate.

2.8 Measurement.

2.8.1. Pressure Transducers,

As already described the pressure tappings were positioned at the
base of the filter cylinder. Fine bore stainless steel tubing was used
to transmit the pressure to the transducers, Th;ee transducers were used
so that three tappings could b? employed for any er test. S,E., Labs (EMI)
Ltd, type SE21/V transducers were used with a pressure range of 450 kN/mz.
The transducers were supplied by an unstabilised 24V de¢. supply and the
output was 0-1 Volt over the range 0-450 kN/mz. The maximum linearity
and hysterisis error for all transducers was 0.1%.

Calibrations were carried out between the three transducers, The
transducers were connected to the cylinder and the voltages were recorded

. for each at several cylinder pressures. In this way it was possible to

ascertain the offset in voltage values between the transducers as they
were connected for experiments,

2.8.2. Flow Control

As has already been mentioned a rotameter calibrated at pressure
was used for flow measurements. A second measurement was also taken by
use of an orifice plate. The pressure drop across the orifice plate was
calibrated against the voltage output (0-10V) of a transducer constructed
in the department. The orifice plate signal was also used as the input

to -a second transducer.
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The second transducer was a Taylor Instruments Differential
Pressure Transducer, Taking the iﬁput-signal from the orifice plate
in the range 20-200" water gauge its output to the controller was in
the range 3-15 p.s.i. The controller was a Foxboro, two term controller
and the signal of, 3-13: p.s.i. output from the controller determined

\

the opening of thé needle valve setting the air flow,

.

; ‘ . The three air flow readings which can be obtained are the rotameter,
N b the controller indicator and the voltage from the transducer. Each of
these had to be calibrated together. This was carried out by mounting
a second rotameter downstream of the needle valve, This rotameter was
open to the atmosphere. As mentioned earlier the system was calibrated .
* at several pressures and a number of orifice plates were used each
covering a specific flow range.

Over the initial tests with the ekﬁerimental equipment a certain
amount of ai{«iﬁfﬁfge was observed. This leakage was gradually reduced
by improvements in sealing and jointing. By the time the bulk of the
experimental work was commenced the leakage of air from the filter
cylinder while at pressures up to 300 kN/mz had_been reduced to a
negligible amount.

No attempt was made to measure the outflow of air from the base
of the cylinder ?E_Eﬂiiiifffii_Pf-m9EEEE£Efi“ the_gizqfizfam would

—_— e

have made such measurements difficult and inaccurate.

2.9, Data Logging Systems

The method of obtaining pressure and flowrate measurements in
the form of voltages has already been described. The signals from
the transducers were recorded on paper tape. This was done by means
of one of two data logging systems, The first of these consisied of
a Solatron digital volt metef with timer and autocorrelator. The data
tape was punched on a data dynamic tape punch and took the form of

a channel number,6voltage and scaling ractor. Each channel was read
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at equal time intervals predeterm%ned by the setting of the timer.

After this data logging system had been used for the first
eighteen months of.the -project, prqblems developed in the operation
of both logging system ‘and tape punch. Due to the unreliability of
the equipment an effort was made to cobtain another system. After a
;hort period a new deta logging syétem ﬁas bor?0wad. This system
ﬁas been used for the majority of fhe experimental programme and has
proved to be more reliable and versatile than the previous data
19gging systen,

The second logging system consisted of a Schlumberger data transfer

unit and a ?%cit tape punch together with a Solatron digital volt meter,

The head units were capable of taking in upto 20 channels but a
ma?cimum of five were recorded at any time. Three recorded pressure
ﬁéasurements, a fourth recordea floﬁrate measurements while the fifth
wag a spare channel,

The voltages on the five channels were scanned together. The
rate at which the scanning could be repeated was determined by the
speed of the recording instrument, in this case the tape punch. It
was found that the recording of the five channel scan took approximately
1-2 seconds and thereifore the maximum scan rate used was one, five
channel scan every two seconds. The clock, which controlled the
scanning was set at zero for the start of filtration. The scan rate
could be adjusted at any time during the running by switching off
the scanning and adjusting the scan command before recommencing the
scanning. On adjusting the scan command the next scan was carried
out at the next muliiple of the scan rate from zero time. eg. scanning
changing from 10 second to 1 minute intervals may scan at 3 minutes
20 seconds and next at 4 minutes., The scan rates employed ranged

Ifrom every 2 seconds to once every hour on the longest tests,
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The digital volt meter could cope with voltages up to
100 volts and the reading range could be adjusted to suit the
v?ltages being measured. ‘The voltage rénges on the channels being
uséd were O-1 volt from the pressure transducers and 0-10 volts
from the flow metering transducer. To scan on the 0-10 volt\yangé

w@uld have considerably reduced the accuracy of measurements. Therefore,

the automatic range finder was used.

The data transfer unit was interfaced to two output units, These
were the tape punch already mentioned and a paper reader. The rate
ii . - of recording was fﬁrther reduced if both units were operating in
-~ . parallel reducing the scanning rate ob;ainable to one every 10
seconds. For this reason the paper feader.was used in calibration
or checking of the system.

The output of this system took the form of six lines for every
scan. The first line was the time of scan and the following five
lines consisted of channel numbers, voltages and ;cale factors for
the five channels being scanned. This had the advantage of giving
& time output. For the first system.used time had always been taken
as a function of the number of scans completed since the start of
recording.

2.10 Computing.

'The information obtained from the experimental work was put onto
file on the university's ICL 1900 computer. The data was processed
on several different computer programmes edch to obtain a separate
set of resulis. The details of the computer programmes will be given
in a later section. The data fed into the computer came from two
sources. The first of these was the paper tape the format of which
has already been described. Supplementary data Qas typed directly

into cne of the computer's filing systems.
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Two methods were used to transfer data to the main university
filing system.., The method first dsed was to feed the tape onto the
Modular 1 terminal unit. Frop there the file of data could be
trénsferred between the Modulér 1 temporary filer and the main.filing
system as required. The Modular 1 files could be edited or added
to as necessary using a éeries of simple editing commands.

After two yearé of the pfoject a new inferactive comﬁuter.syséém

I .

- c¢alled Prime was introduced. This system was much more

reliable than the Modular 1 as with the Modular 1 the date tape was

S fed in at a terminal., The operation was somewhat faster (a factor

of 2) on the Prime. The fiiing system on the Prime was permanent

;nd so files were retained on:the Prime'until‘;diting had been completed.
At any stage a full copy of the file could be obtained for detailed
Lhecking. The files were transferred to the 1900 filing system by

use of two small computer programmes. The first of these transferred

the file to a magnetic tape while the second completed the transfer

to the main computer filing system.

The University ICL 1300 computer worked on the George 2 system
and several computer languages were available. For all the computing
carried out the language used was Fortran. All computer programmes
wvere stored on files and called up for use by card commands as
required.

2.11. Time Lapse Photography.

The design of a perspex top for the filter cylinder has already
been described. The perspex top was used to facilitate the photography
of the f;lter cgke during the deiiquoring cycle. Some forty experimental
tests were filmed using time lapse photography.

The iighting of the filter cylinder was a major problem. DBoth

camera and lighting had to be positioned close to the top of the




cylinder and roonr was very limited. To obtain an even light
without shadows being cast on the filter cake a hooded spotlight
was used. This was positioned approximately 20 cms. above the
perspex top. The light Qas directed at éhe sﬁde of fhe cylinder
just above the filter cléth. The side reflected sufficient light
to give an even brigﬁtne;s across the whqle o? the céke. The light
was screened-dowﬁ to the-levéi of tﬁe peéspe%itop thus preventing
reflection of light directly‘intb the caﬁera iens. The spot light
was not designed to be used while mounted vertically and so forced
convection had to be supplied to cool the bulb. This was done by
directing a stream of air from the compressed air supply through the
spotlight casing.

The system used for the time lapse photography consisted of a
Bolex camera fitted with a synchro-stepping camera motor which was
connected to a Paillard-Wild variometer, The varicmeter consisted
of a coﬁtrol unit and a timef unit., A piéturé of the time lapse
photography system is given in PFig. 2.1.1,1(a) and some individual
frames of film are shown in Figg. 2.11.1.2 (a)-(h).

The camera motor was directly attached to the wind-on system
of the Bolex camera which was loaded with Kodax Plus-X Reversal film.
The control unit was capable of giving expcsure times in the range
O.3vsecs. while being set automatically. With manual control longer
exposure times are possible. The timer was used to set the time
betweén expospres. The time intervals attainable could be varied
between 0.3 seconds and 6 hours. A counter on the control unit kept

a record of the number of frames taken.
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CHAPTER 3

3.0 Experimental Procedure

3.1 Developaent of Procedures

The initial stageg in developing the experimeétal procedures
were carriedAout on the early design rig.f Obsérvafions from this
rig, apart from enabling the full experimental rig to be designed,
indicated several requirements of the operational procedures, These
wére mainly related to the positioning and sealing of the filter cloth
and the seali#g of the fiiter cell., The methoa of sampling first
used on the dgsign rig was put into use on the experimental rig and
procedures fof taking samples were deﬁeloﬁed fﬁ;ther. A series of
twenty experigents were carried out on thg experimental rig and it
was during this period that the experimental pfocedure was fully
developed.

The major decision made during the initial series of tests was
to discontinue the useé of the sampling probes, The construction of the
sampling probes has already been indicated in the description of
experimental apparatus. The procedures for use of the probes were
developed considerably‘during the experiments. At a pfedetermined
time during deliquoring the sealing plate on an individual probe was
loosened and the probe was pushed into the filter cake. A mark on
the sampler rod indicated the position of the rod when fully inserted.
The sealing ring was then tightened., When the filter Cylindef was
opened the sample probes were removed and the sampleé emptied from
them. Saturations were determined by drying. Large errors were
incurred with this sampling system and the inaccuracies of readings
were such that samples of sigiigfi}y deliguored cakes varied in

saturation by 10% or more, The main sources of error were thought to
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be moisture held on the probes after the end of filtration and the
crackéﬂg of the cake as tﬁe_probe'was inserted. Although the number
of experiments required was greatly increased due to the decision

" not to emﬁloy ;his saﬁpling technique phe increased acggracy_of results

more than compensated.

3.2 Filter cake preparation .
R . . . I T

After’ the initial series of twenty (experimental tészé further .
. oo

::i: tests were carfied cut to determine the %EiﬂfififfifﬂﬁijﬁﬁfLPf solids
ﬂi;; to be used in the main series of tests, During this period the woven
?ﬁi metal cloths were introduced with a corresponﬁing increase in the

%@Fi rate at which tests could be carried out, The following description of
?i%?— experimentéi procedure is that used once the metal filter cloths had

4 : :

e

been introduced.

At the start of each day the air and electriéal supplies werce
connected., The pressure transducers required a 25 volt unstabilised
supply connecteﬂ to a maiﬁs supply while the flow transducer was connected
directly to the mains supply. The data transfer unit and tape punch
also used a main§ supply and h;Qing switched these on the interface
between the two pieces of egaipment waé connected, Air at 150 kN/mz,
was supplied to the controller, the differential pressure transducer
and the pressure to voltage transducer, This air supply was routed from
the mains supply and not from the supply tank held at 450 kN/mz_

3.2.1. Filter base

The individual runs were commenced by the iEEEEEiX of the clean
filter uniz. As already mentioned the majority of tests were
carried out with the metal cloths permanently sealed into the sealing
disc. A gasket was placed between the base plate and the sealing disc.
The sealing disc was clamped down firmly using counter sunk screws.
Care was alsc taken to fasten each down evenly to obtain a conplete

seal, The plate and disc were set in the same place Ior each run by

the use of aligning marks,
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In 2 similar way the base section was positioned below the
cylinder. The base could be plac;d only in the one orientation and was
a‘yery tight fit. To help in the location. of the base two long bolts
were used to hold the base Sem.below its eventual position. The base was
raised into position on these two bolts before the other six bolts were
fitted and then sealed to the cylinde#'on the ‘0’ ring seal. The base
ocutlet valvé ﬁas ciosed and the pressd&e tépping below the cloth
‘connected to the transducer.

3.2.2. Filling

To carry out the fiiling operation the liquid feed valve was
opened and thg air ;ine disconnected. Disconnecting the air line allowed
air to escape-from fhe cylinder as the liquid was fed in, Opening the
base valve of the top storage tank distilled water was fed via a
funnel into the filfer cylinder. The volume of the filter:cylinder
was 18 litres and, therefore, a maximum volume of 17 litres was used.

The initial amount of liquid fed into the filter cylinder was 14 litres,
ithe remaining liquid was used to slurry the solids and to wach the

solids into the cylinder. These operations were carried out after several
other operations in preparation for the filtration had been completed.

3.2.3. Preparatory Operations

The controls of the data logger were set to those positions

"

required for the start of the run. The time clock was "set" at zero

on the data transfer unit. The control in the "set" position held

" 11

the clock at zeroltime until switched to "run The rate control
was also set at the initial recording rate required. This was
generally one scan every ten seconds. A short section of tape was run
through the puﬁch and the_run number was written on this section orf
Tape,
The pressure reducer Jjust upstream of the air flow control circuit

was set at the pressure reqguired for the filtration operation, This was
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éone by opening the air valve upstream of the reducer while keeping the .
needle valve closed. Having done this the needle valve was opened

fully by setting the confroller to give maximum flow. Tp;s permitted
the set pressure to be oStained during the filtrafion cycle,

3.2.4. Slurry Feed,

} As mentioned earlier the initial feed.of .distilled water was
14klitr§s and a furthé? 3 litres was to se Qsed to compl;te the liquid
feed. Of the 3 litres up to 1 litre was used to slurry the solids in
a beaker using a spatula to stir in the solids. Once the solid had
been slurried it was pb@red into the funnel to feed it iﬁto the filter
cylinder. The remaining distilled water was used to wash any retained
solids from the beaker:c;r the funnel into the cylinder,

Immediately the liquid from the feed line had drained into the
cylinder the air suppl&tline was connected aﬁd the liquié feed valve
closed., The slurry was .then stirred in the tank using the reciprocating
stirrer, The stirrer was moved vertically over the top 75% of liquor
depth four or five times as rapirly as possible., The samplér rod
locating bar restricted further movement. The stirrer was retracted to
the top of the cylinder and §ealed in position by tightening down three
screws. Once stifring had been completed the filtration was started

as quickly as possible to minimise settling of the solids.

3.2.5. Pressurisation.

Having completely sealed the cylinder the air inlet valve was
opened and the pressure increased to the level set on the reducing valve.'
The cylinder was assumed to be at the correct pressure wheén the air
rotametér showed no flow, During early tests there were some problems
with leakage of air while the cylinder was at pressure. The leakage
was indicated by the continued flow of air into the cylinder. The air
rotameter was, thereiore, used as a check for excessive air leakage
in subsequent tests.
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Once pressurisation was thought to be completc the timing

switch on the data transfer unit was set to “run" and the recording
switch was switched from "off"™ to "on'. After the initial scan
pe;iod a scan oif the channels was made, thus recording the pressure

in the cylinder. This_was the last operation to be carried out

before the stdrt of the filtration cycle.

" 3.2.6. Filtration

As soon as the recording of the pressure in the éylinder had been

made the filtration cyéle was commenced. The stop watch was started
and the valve at the base of the filter cylinder was openéd.' After an

initial drop in the filtration pressure the pressure approached a

" value slightly lowér th;n that set on the reducer, This was within
the first few seconds of the filtration.

While filtrgtion continued the clarity and temperatﬁre of the
filtrate were checked. In some instances excessive bieeding of solids
gave a cloudy filtrate this was generally caused by bad sealing arcound
the filter disc. The run was diﬁé&érded in such caseés. Bleeding of
solids generally showed as in the cake formation as channels in an
otherwise even cake, The temperature of filtrate was fairly constant aJ'f§°c
with seasonal changes in ambient conditions giving a 50C range of
filtrate temperatures.

The air flow inta the cylinder dropped off during filtration
until it fell below the air flow rate required for the deliguoring cycle.

This was the case for all the deliquoring conditions considered, Therefore,

at a point during the filtration the air control system was set to

the level of coﬁ?fol required for the deliquoring phase. The filtration

generally took 1 to 2 minutes the time for this phase being noted as
the first signs of air flow were seen at the base of the cylinder,

3.3 The deliguoring cycle,

At this stage the procedures were split into two distinct operations.
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The first of these was for deliquoring by continuous air flow. This

is the form of deliquoring in general use, The second form of deliquoring
was the intermittent flow of air throuéh the cake, Early tests had

shown that this technique might give certain advantages.

3.3.1. Continuous Deliguoring,

With the air control system being used\for?the deliquoring
o i .
it was found to be best to control the air flow manually during the early

!
stages. In this way excessive overshooting of the required value was

prevented and proper control was obtained more rapidly. To retain the

_reproducability‘of the contrbl system a standard procedure was used for
y}%*’ the manual contrﬁl. This consisted of setting the manual control fo 80%
y A

%@ of the flowivalu? required-and then raising it slowly to the required
level once a maximum had been reached.

Once a relatively steady flow had been obtained, generally
after about 10-20 seconds the control was switched-to automatic,
Occasionally, over the next 1-2 minutes some drifting of air flow
occured. Tﬁis ﬁas éheckedAfor and corrections were made as necessary.
At 3 minutes after the start of the filtration (i.e. 1-2 minutes into
the deliquoring cycle) the scanning control was resél to scan once
every 2 minutes,

The overall length oif test was determined by the deliquoring time
required and one minute before the end of the deliquoring time the
scanning control was again resct to record at once every 10 scconds.

At the end of the delifquoring time the supply valve wus turncd off,
However,'recording continued for 30 seconds while the pressurised air

in the cylinder continued to flow through the cake, Within this thirty
seconds the pressure dropped to 5% of the contreolled flow gauge pressure,

3.3.2. Intermittent Deliquoring.

For the tests carried out on intermittent deliquoring the air

supply valve was shut off at the first signs of air iIlow Through the
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cake. Air flow through the cake was first indicated by an increase of
air flow into the filter cylinder: The pressure was allowed to drop off
to a maximum of 10% of the filtration pressure before the base valve
was closed, The'air supply valve was then openﬁed and the cyiinder was
pressurised to a predetermined level. and the air supply valve shut:

1
again, gcanning gnd recording were continued at the same rate as ?he
filtration cjcle until représsurisation was sfartéé. At-this?stag; the

recording was stopped. Scanning was continued so that the pressure level

iﬁ the cylinder could be observed. If the pressure attained exceeded

" the required lével'thelpressure was allowed to fall very slowly using

a valve connected to one of the upper pressure tappings. In the case
of pressures ;xceeding theose required ﬁy 10 kN/m? or more the éxperiment
was redefined to use a still higher pressure.

Once the pressure required was attained scanning was recommenced
and the time was noted. Imnmediately after the next scan the base valve
was opened thus releasing the bressure by air flow through the filter
cake. The pressurisation/pressure release cycle was repeated upto
three times during any one experiment and each time the same pressure
was used.

After the last pressure release air flow was commenced and
controlled as for the continuous deligquoring. Once the flow was controlled
measurements were recoréed for one minute before shutdown procedures

were carried out as previously described, A check was made to see that

_ the cylinder pressure attained during this period was well btelow the

pressure used in the intermittent deliquoring.

3.4. Dismantling the Cylinder.

Once recording was stopped the air line was removed from the top
of the cylinder and any remaining air was released. The valve on the
liquid feed line was not touched as on opening this vaive dripping fron

the line frequently occured. These could bhadly damage the rfilter cake.
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Next the base -pres'sure tapping was disconnected and the base was
unbolted, The nuts were retained.on the two long bolts hut were
loosened off to the ends.. The tight fitting base was then

gradually prised down until i£ dropped onto these two remaining_nuté.
The nuts were then removed anq the filter base was lifted onto its
support which consisted of a modified gas cylinder stand.

3.5 Saturatiqﬁﬁﬁamples : _ ;

The sampling probes having been disguarded, saturation samples
had to be taken oﬁcerthe cylinder base had been removed. Geperally
the cake was cut inté quadrants to give the samples. However, for
special tests more specific portions of the cake were used, The
samples were placéd ih foii dishes which had geen weighed ana numBered
some time earlier. The dishes with wet samples were then immediately

|

weighed and ﬁlaced in an oven to dry. The drying period required was
of the order of 2 - 4 hours. However, it was convenient to leave samples
in the oven overnight and to weigh all the dry samples from the previous
days tests first thing every morning.

While taking the samples of cake several measurements and
observations were made. Firstly, the thickness.of the cake was noted.
The greatest accuracy obtainable for this measurement was to the
nearest 0.5 mm. and as such it was used as a check on the quality
of the filtration. The extent of cracking and the friability of the
cake were also noted. Further to these observations a qualitative
assessment was made of the cake/cloth interaction. The ease of
removal of the cake from cloth was noted as was the gquantities of

solids sticking to the cloth.

3.5 Cleaning of the Equipment.

After the removal of the filter base the cylinder could be
¢leaned, The liquid feed valve was opened and the line was flushed

with the distilled water, The top ¢f the cylinder was only
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occasionally removed as no greéat, problems with solids hold-up
occured here. The base'of the cylinaer was washed to remove

any clinging solids ana the pressure tappings were checked to see
that they were not blocked by any solids.

The filter base was cleaned thoroughly. The eariier cloths

had to be replaced after every test so that it was a question of

1Y

discarding the cloth aﬁd cutting and fitting a new cne. TFor the
permanent filter units a set cleaning procedure was developed.

Firstly, all the parts were rinsed after the sealing ring had been

‘unscrewed from the base unit. This removed any solids sticking to

the surface of the filter cloth. Secondly, the cloth and support

unit was backwashed usiﬁg a jet of mains water to dislodge sclids
trapped in the cloth and supports, This process of dislodging

solids was continued by submerging the.unit in an ultra sound bath

which contained water with a small amount of teepol. Finally, the

unit was thoroughly rinsed with distilied water before being fitted onto
ihe base again.

3.7 Subsidiary Procedures.

The main procedures for the operation of the experimental rig
have been described. Several other operations were carried out as
required. These included the drying of the silica gel in the
drying tower, the fitting of new roles of papar tape and the refilling
of the distilled water tanﬁs. The procedures for the taking of time
lapse photography once the equiprent had been set up were simple,
Once filtration had commenced the spotlight was furned on and the
time lapse system was switched on. This was set to take one
exposure every second with an exposure time of 0.3 seconds., The
camera was allowed to run until deliguoring had finished and was

switched off about the same time as data recording was stopped.
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Between runs 100 blank frames were run off to give a short gap.

The air cooling the spotlight was put on well before each run and the
spotlight was switched off immediately after each run to avoid
overheating. While the perspex itop was on the cylinder for
photographed experiments the condition of the cake was checked at
frequent intérvalg thrbugﬁout the run.’

No stir?ing fécilify existed on the perspex top and therefore
filtration was commenced_as soon after slurry input as possible. The
lack of stirring did not appear to adversely effect the quality of:cake -
formed. i,e. the evenness-of the cake was unaffected and no size

segregation could be detected.
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CIHAPTER 4

Experimental Programme

4.1 Introduction
A considerable number of experiments were used to develop. the
- apparatus and procedures involved: in the project., Once the opérating

procedures had been refined a full experimental programme was laid

down. The aim of this programme was to provide a ﬁull set'of data
‘on the deliquoring cHaracieristics of é range of materials., The
conditions and time scale of experiments were intended to parallel
"the operation of industrial equipment.: Testé carried out using the
intermittent deliquoring technique already described had showed
improved deliquoring rates over the continuous deliguoring technigue.
for this reason a set of experiments on intermittent deliquoring was
darried out in parallel with contihuoug deliquoring tests,

4.2 Filter Cloth

During the develcopment of equipment several filter cloths were
tried. At first multifilament nylon and terylene cloths were used.
However, these cloths tended to blind very quickly and hgd to be
replaced after only one or itwo experimental runs. Cloth permeability
varied widely between runs thus reducing the reproducibility of results.
On observing the used filter cloths under a microscope it was found
that the flow paths between individual filaments of the multifilament
bundles had been blocked by small particles. It was, therefore, decided
to change to monofilament c¢loths and a number of wire woven ¢loths
were obtained for tests.

The cloths tested had apertures ranging from 30 um to 120 um,

The weaves tested included HF, Hollander and Panzer types. The cloths
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of 75 um and iargér did not retain solids sufficiently well, A
cloudy filtrate was obtained. The cloth [inally chosen for the
:bulk of experimental tests was a 50 um aperture stainless steel
cloth, Satisfactory filtration of ali the tests slurries was

obtained with negligible bleeding -of solids. Being stainless steel

the cloth was very hard wearing. Furthermore, by thorough Jgshiﬁg

'
i

the original permeability of the cloth could be regained prior to
each test, This. added both to the reproducibility of results and to
the speed with which experiments could be made. Three to four tests

per day could be carried out as opposed to the previous one or two,

4.3 Solid Materials

A variety of materials were considered for use in the egperimental
tests. It was.decided that those cpbsgn should be the same as those
used for incompressible cakes as this wouid remove one variable from
consideration thus simplifying the system being considered. The three
chosen were a diatomaceous earth, a silica test dust and crushed -
anthracite. The choice of thece materials gave a wide range of
porosities as well as a variety of material types,

Hyflo~-Supercel filter aid was the diatomaceous earth used. Full
information on the characteristics of this and the other solids used is
given in Appendix A, The average porosity of the filter cakes formed
using the filter aid waé 85%. The mean particlé size based on the
particle surface area was 3.8 um. The particles varied widely in their
shape.

The silica test dust was HPF3 silica sand, a fine grade foundry
sand. To improve the filtration characteristics of the sand the finer
particles {(those below 10 microns) were.removed using an Alpine Classifier.
The modified silica sand formed filter cakes of 49% porosity. The

mean particle size of the material was approximately 20 pz. The solid
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particles were roughly spherical in form,
The third solid used was crushed anthracite. Pellets of "anthrasorb"

a proprietary activated carbon from anthracite were crushed using-a
small ‘cone crusher. The coarse fraction (above 250 microns) wés remove&
using a sieve, In crushin the anfhracite a certain amount ofvvery

. fine Gust.was obtaiﬁad. ;furtﬁer processing using traditional techniques
would have caused more si;e reduction due to the nature of the solid
and, therefore, to remove the residue of very fine material the crused
material was tossed in a light stream of air, A single batch of the
solid was prepared which was sufficient for ail the planAéd tests.

~ The porosity of the cakes formed was 60% while the average particle

size was 43 nm, The particles had an angular:shape.

| The majority of experiments were to-be carried out uéing'fhe'first

two solids. ‘It was found that these solids h#d almost identical wetting
phase permeabilities. This simplified‘the comparison of the two solids
by removal of the ratio of the two permeabilities as a variable to be
ccnsidered.

4.4 Wetting and Non-Wetting Phases

The non-wetting phase used.throughout the experimental programme
was air., This was supplied from the departments compressed air
system. To ensure a constant quality of air supply the air humidity
was controlled using a silica gel tower. The pressure of the supply
was about 500 kN/mz. However, to ensure a stable supply a large buffer
tank was held at a pressure of 450 kN/m2.

For the majority of tésts distilled water was used as the wetting
phase. However, in a small number of tests a sugar solution was employed
to vary the wetting fluid visceosity. The temperature of the wetting
fluid was also noted for each test so that variations in viscosity

could be recorded.
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4.5 Time Scale of Experiments

In deciding on a time scale for the experimental programme it
was intended to follow.thg,operation of ;ndus;rial equipment. The
experiments on intermittent deliquoring were independent of time in
the deliquoring phase and, therefore, onl& the continuous flow experiments
needed to be considered, Initial tests wére carried out with deliquoring
periods ranging from 4 t; S-minutes and ;he results of these tests
were used to decide the deliguoring times for subseguent tests. The
4 to 8 minutes.deliquoriﬁg period reflected the shorter end of the
time scale for industrial deliquoring opefations.

The time scale deéided on for the maiﬁ group of test was 15 to
60 minutés for the silica test dust and 10 to 30 minutes for the
diatomaceous earth. These time scales permitted saturations down to
0.25 to be obtained without the cake; beiﬂg allowed to dry ocut
completely., The average deliquoring time .of 20 to 30 minutes was
comparable to the length of time allotted in industrial situations.

4.6 Ranpe of Cake Depths

The three cake depths chosen for the experimental programme were
0.45> cm, 0.9 cm and 1.35 cm. In general cakes of 0.5 cm to 2 cm are
formed in pressure filters. However, it was felt ithat the major variations
in cake characteristics would manifest themselves in cakes of 1 c¢m
and less and, therefore,; emphasis was laid on an examination of cake
beloﬁ 1.5 em in depth. The weights of solid were chosen so that cakes
of as near as possible equal depth would be formed.

4.7 Non-Wetting Phase Flowrate.

Silverblatt and Dahlstrom quoted a value of superficial gas velocity
of approximately 4.3 cm/sec at vacuum for the maximun vaiue in the
deliguoring of a rotary vacuum filter cake. In choosing the range of
operating conditions for experiments this was taken into consideration.

Air rates of 20, 30 and 40 1/min of air at atmosphéric pressure were
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used which represented superficial gas velocities at the outlet face
of the filter cake ranging from'2.5-to 5.0 cm/sec.

4.8 -Filtration and Intermittent Surge Pressure

During the- initial tests on 'the experimental rig several levels

of filtration pressure were used which ranged from 100 to 200 kN/mz.\
‘Due ﬁo théxincom?ressibilityrof the'fil?erécgkes yeing formed tpere {
.was little variation between the cakes formed ‘under the different \
pressure conditions. The value of 150 kN/m2 for the filtration pressure

.was chosen for two main reasons. Firstly, using higher pressures

‘caused more bleeding of solids through the filter cloth during the

early stages of the filtration cycle, _Second;y, the range of filtrations
“Limos for thu throo citke dopths vardiod from 1 minutu Lo 1 minuto 15
seconds when operating at 1350 kN/m2. This lqngth of filtration ideally
suited the operating requirements of the equipment.

During the intermittent deliquoring tests the air flow through
the filter cake was characterised by the pressure to which the filter
cell was raised prior to pressure release, The pressures used in these
tests were decided on the basis of several initial tests at the lowest
cake depths., At very low pressures (less than-SO‘kN/m2 3 little
reduction in saturation was obtained. Above pressures of about 1i0 kN m2
little further desaturation was obtained, The four pressures at which
the majority of tests were carried out were 30, 50, goand 110 kN/mz.
These were the nominal values of pressure planned for the experiments;

accurate. measurements of pressures obtained were made for each run.

4.9 Experimental Duplication

In early experiments it was found that there was considerable
variation between saturation obtained under identical conditions on
separate runs. Having examined the saturation measurements obtained

in these experiments it was decided that to obtain mean values of
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improved accuracy for each set of conditions two runs should he

carried out. 1In all the intermittent deliquoring tests at the main
programme conditions three parallel tests were carried out. However,

for the continuous flow tests onif occasionally were three runs attemptedl/Kﬁ

In the majority of these tests one. or two runs were carried out while
- for the 30 1/min air flow tests the central point of the programme
matrix was not used due to the limited time available for experimentation.

- 4,10 Further Experiments

The main groups of experiments with silica sand and diatomaceous
earth having been completed a considerable number of further experiments
were carried out. These experiments consisted mainly of those with
crushéd anhracite and those in whidh the wetting ﬁhasé viscosity had
been modified. In each of ;hese cases a small number of runs were
carried out.in an attempt to obtaiﬂ an indicationléf the characteristics
of the system used. Gfoups of experiments were also carried out to
investigate the effects of varying the filter cell volume on intermittent
deliquoring characteristics. fnce some indications of trends in deliquoring
had been found a small number of experiments were carried out with cakes

at other depths to those used in the main test programme.

4.1]1 The Total Programme

The -development of an experimental programme has been described
in considerable detail, Thé full extent of the experiments made is
indicated in Appendix B which gives a tabulation of all experiments
cﬁrried out once the experimental rig and procedures had been fully
developed, Some earlier experiments have been used in analysis of
results and checking the extent of errorxs in various procedures. These
experiments will be described as they are used. No overall description
of these earlier testican be given which is applicable to the main set

of experimental runs as the tests were designed to improve procedures.
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Only in a limited number of experiments is it felt that a comparison

with subsequent tests is viable.
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CHAPTER 5

Discussion and analysis of results,

+

5.1. Introduction

The ‘basic data collected during the experimental progranme \

.consisteé of flowrates, pressures and saturations. Other
information obtained included approximate cake depth measurements
W as well as qualitative assessments of the condition of the filter
cake formed. The flowrates measured were those taken for the non-
& wetting phase. Attempts to measure the outflow of the wetting
phase diréctly were unsuccessful. The pressure transducers, the
- ‘ first positioned directly above the filter cake ana the second
_positioned below the cage support system, gabe the two pressure
values used in célculations. The saturation of the filter cake
was measured once the equipment had been dismantled at the end of
an experimental run. In situ saturation measurements could not be
developed to give the required accuracy. All numerical information
logged on paper tape was put onto computer files and edited before
being processed on the University's ICL 1900 computer. A full
description of the data and processing files employed is given in
Appendix C.

This chapter describes the trends indicated by the hasic data
for the continuous and intermittent deliquoring flow tests._ A
statistical analysis of these results has been made. An investigation
of the relative importance of the main variables leads to the proposal
of a theory which accounts for the trends in cake behaviour during the

deliquoring operation.
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5.2 Continuocus Flow.

5.2.1 Saturation-Time Profiles

The saturation results for continuous flow tests are given

in Appendix D. These consist of nine classes of run for each of

- | : .
together with a small number of othe? continucus flow tests. A

the two main solids, as indicated in\the éxperimental programme,

typical set o; results for two of the classes is plotted in

Figure 5.2,1.1,. Examination of the saturation-time profiles
indicated that, as a first approximation, each class of éiperiments
" appeared to follow a straight line relationship. As a first step
in testing this reélationship a "least squares fit" for each class
of data was-calcuiated. In the majority éf classes the variations
of data points from the best straight line do not change with time.
i.e. little bias towards curvature was detected. However, as a {
further test of the validity of a straight 1line constructibn a more (g

complex curve fitting exercise was attempted. :&'

The computer programme employed was developed by Drott (Appendix

C) to fit concentration-time data to a curve of an exponential form. 5
[
Written in Basic Plus and run on a PDPl1 computer programme

developed the best fit by use of the differential equation fi.

dt Egn., 5.2.1.1,
Integration and rearrangement of this equation gives

+ k(1l-n)t Egn. 5.2.1.2,
n-1 ’

1
n-1

i
s s

o]

Sample input and output for the programme is given in Appendix E which
also includes the results of the curve fitting computations for the

two main solids. As can be seen from éhe sample run a full statistical
assessment of the data used and the accuracy of the curve fit is

obtained. There is also the facility to compare any specific
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FIGURE 5.2.1.1.
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model with the best fit. For each class of data a best fit and
comparison with the best straight line were computed.

Table 5.2;1.1. shows the exponents obtained froy the curve
fitting programme for the nine classes-of each solid. It can be seen
that there is a much wider variation in exponents for the Hyflo-Supercel
than for t?e HéFs test dust. The configence ;im;ys for‘the.exponents
are corresbondingly wider for the Hyflo-Supercel. iThe.reason for
lack of confidence in the Hyflo-Supercel tests is that the extent
of deliquoring over the continuous deliquoring period 1is of the

same order of magnitude as the experimental variations. In the

case of the HPFS test dust, although experimental variations are

larger than for the Hyflo-Supercel, the rate of deliquoring is
considerabiy higher ig all classes, This gives atbetter ratio
of pe¥centége saturation reduction to experimentai variétions.
Thus experimental error is of much'less significance in the tests
with HPF5S test dust.

‘ On examining the exponents obtained from the curve fitting
of the HPF5 test dust data it can be seen that the majority of values
are close to zero. This value represents a straight line. The two
classes as defined in Appendix A which vary most from this are HP4 and
HP7. These are thg classeﬁ in which thick cakes have been deliquored
at low gas flowrate. This.trend is mirrored in the eqguivalent Hyflo-
Supercel classes. As a first step in the analysis of the saturation-
time profiles a straight line relationship for the constant flow
deliquoring can initiﬁlly he assumed. However, it will also be
uséful at this stage to note any trends in the exponents computec

in the curve fitting programme. The method used to detect any trends

which may exist was to form a matrix of the exponents computed for the
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HPFS Corﬂ-rol\e’d gas Flow:.

. Chxe 20 30\ 40 Mean
Deprn ' ’ Values
0:45 - - -=2.49 - 0.55 - 0.04 . -0.63
0.9 11.7 1.0 0.58 4,43
| ,
3 1.35 22.0 2.8 -0.12 8.23
Mean 10,40 1.45 0.17 ‘ 4.01
Values )
HYFILO Controlled gas ' ﬂow’.
CAKE 20 30 40 Mean
DePTH Values
0.45 -5.,56 7.69 " =3.,18 -0.35
0.9 31.5 -6,93 ~3.36 7.07
1.35 36.2 -6.0 -15.0 5.07
Mean 20.71 ~1.75 -7.18 11,79
Values .

Ex OI\-EU\.H
Table 5.2.1.1. } from curve fitting exercise
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nine classes. The roﬁs and ‘columns of these matrices were
summed. The result of this operation was that two trends

became evident. Firstly, as fhe air flow used is inc;easéd, the
value of the exponent obtained decreasés from a large p051t1ve
value to a value close to zero. Secondly, as the thickness of

/ : . . . . : ;

%ake formed was increased,- the exponent also increased. This
second trend becomes less evident as the air‘fiowrate is inéreased,
such that at.the largest flow value it appears to be no longer
significant,

Having assumed a straight line relationship for the constant
flow deliquoring period the two values ernumerated by thls f1rs£
calculat1on can be exaﬁlned The two values obtained for each
class of experiment are the intercept value of saturation and the
gradieht of the saturafion—time straight line.

5.2.2. Deliguoring Rates

The rates of deliquoring calculated from the straight line
fitting exercises for each experimental class are given in Table
5.2.2.1.. The extent of experimental variations has already been
indicated in considering the curve fitting operations., However,
it is possible to gaiﬁ an assessment of the general relationships
between cake depth, gas flowrate and deliquoring rate.

In considering the changes in deliquoring rate with cake depth
it can be seen that more rapid deliquofing is gained with thinner
cakes., When exanining classes HP3, HP6& and HP9 it was found that
the relationship approached one of equal volume of filtrate removal
per unit time at constant gas flowrate. On this basis Table
5.2.2.2, was drawn up which gives the ratio of wetting phase flow
to non-wetting phase volume flowrate at s5.t.p.. In this table

variations with depth in classes HP3, HP6 and HP9 are no longer
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HPF5

Controlled gas flow.
Chxe 20 30
Depmn,
0.45 0.0036 0.00665
0.9 . 0.00342 0.00275
1.35 - 0.00055 0.00183
HYFIO Controlied gos How.
Cake . 20 30
Der TH.
0.45 C.00057 0.00181
0.9 0.000616 0.00082
1.35 ~0.0004G3

0.00062

Rate of desaturation in %/minute

T 40

0.0163

0.0051

0.00328

40

0.00267

©.00171

0.000828

Table 5.2.2.1. Gradients of best straight line
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HPFS
Coni-rp\\éd gas Flow.

Caxe
2 3 .
DEPTH | © ° 40
0.45 0.00519 0.00639 ,\ 0.00742
N {
SR 0.9 .  0.00986 0.00528 0.00735
AN
N 1.35 0.00238 0.00556 0.00709
HYFLO
Corﬂ-r‘o\ \ec\ gas Q\ow .
Caxke 20 ) 30 40
Deprtw .
0.45 0.00144 0.00305 0.00337
0.9 : 0.00311 0.00276 0.00432
1.35 (-1.00351) 0.00313 0.00314

. 3
Wetting phase removal (cm )/litre non-wetting phase at s.t.p.

Table 5.2.2.2, Two-phase flow ratio.
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clearly outlined. To locate any further variations the deliquoring
rates were averaéed for each row i.e. all classes at a given depth,
By considering these averages it can be seen that a . further relationship
exists. However, the major variations that exist are those related
to change? in:gas flowrate as shown in Table 5.2.2.2,. The
relations%ip éf gas flowrate to deliquoring rate will now be
looked at more clearly.
The gas flowrates used in the calculations so far have been based

on the volumes of gas at atmosphefic pressure. A pressure differential

exists across the filter cake.and cloth and therefore the actual

volume flowrate through any level .of the -cake is modified by the

pressure at that level. The ﬁressure differential is a function
of both the cake depth aﬁd tﬁg gas superficial velgcity and it
follows that the mean pressuré is also a function_éf these two
variables, Thus; for each condition of cake depth and superficial
gas velocity a filter cake will have a different mean pressure
which will médify the mean gas flowrate.

To adjust the correlation for this factor the first step is to
define the mean pressure. It should be noted that the pressure in the
cake varies from the pressure at the filter cake surface to that at
the cake/cloth interface. Without any firm evidence to support
thé use of a specific mean the pressure at a point haliway between

these extremes will be used. This gives a mean pressure of the form:-

r‘- - LGN ~
I A~
= P
P JEAN (APgy *+ AP Eqn. 5.2.2.1.
2

Therefore, the correction to gas flowrate will take the form:-
N T . -

- - = e

Q \Eqn. 5.2.2.2,

MEAN Q@ %
Y "ot PEa /

v o
X:
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Having found a mean pressure for each of the experimental classes

a new gas flowrate for each class can be calculated. It was on the

basis of tpis gas flowrate:thaf further correlation Waglattempted.
Table 5.2.2.2. has alfeadj been used as a first step in

introducing the gas flowrate to the qgg;glg&}gg;; This gave the

ratio of wetting phase reméval:rate to gas flowrate at é.t.p.;

On adjusting the gas flowrate to obtain a value at the mean cake

pressure it was found that a satisfacto;y cor%elation could be obtained

by-increasing the power of 'gas flowrate to two. In this way the

b
correlating factor becomes:- fﬁ o Yw

t&‘\rﬂ"ﬂz /A;. SN }Q:P’J | Ean. 5.2.2.3.

* The results of this stagé of the correlation are indicated in

Table 5.2,2,3.. As can be seen the adjustments made to the gas
flowrates included in the correlation have modified the correlating
factor in terms of the cake depth so that overall agreement is
obtained for both cake depth and gas flowrate except for the tests
at 201/min where experimental erfor was large. The mean pressure
chosen appears to give excellent agreement over the range of
conditions being considered. With the data available no more

detailed correlation for these two variables can be supported.

5.2.3. Intercept Values.

The second parameter calculated on the assumption of constant
rate deliquoring was the saturation extrapolated to zero time, At
first sight this would appear to be an unusable value as it seems
to represent a discontinuity in the saturation—-time profile. The
parameter may be explained without the consideration of such a

discontinuity by reference to Fig. 5.2.3.1.. In effect it is
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HPFS

Con\"r‘oued gas 'Y"IOW

Chxe 20 30 40 \
DeeTH. ‘ ¥
0.45 2,748 : 2.,400 - : 2.159 {2.432
' !
0.9 6.709 2.596 2,810 . 4,04
1.35 .1.640 © 2,750 2,786 2.39
3.94 ‘ 2.79 C 2,77 3.17
|
HYFIO '
Con\‘ro\\Ed -qu 1C\ow.
{AkE
DepTe . 20 30 40
0.45 0.926 1.336 1.157 1.140
0.9 2,107 1.276 1.555 1.616
1.35 -2.297 1.507 1.152 0.121
0.215 1,373 1.288 0.959

Values = k1 x 106

Table 5.2.2.3. Best Correlation for depth and gas flow,
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proposed that the intercept values should be thought of as
representative of a capacity of the filter cake to be deliquored
over the initial minutés of the deiiqu;ring cycle. It will be
-shown in the intermittent deliquoring tests that the intercept values
of saturation calﬁulated in continuous flow tests were not reached
immediatel& on gas-bre;kiﬁg tﬁrougg thé cake, ' The théory of the
mechanisms which bring about Fhe various regimes in the deliquoring
cycle will be expounded later-in this chapter. For now the
development of a correlation relating the prevailing filter cake
conditions to the subsequent saturation level attained will be
indicated, The intercept values calculated from the straight line
e#trapolat;on are given in table 5.2,3.1.. These values include all
experimental p;ints for which .a deliquoring of ten minutes of greater
was used. A limited number of tests were carried out over shorter
déliquoring periods but have heen excluded at this stage to obtain :
a uniform time scale of tests for the various classes,

The filter cakes having been formed using a reproducible
procedure the first stage qf the deliquoring cycle is the flow of the
wetting~phase up to the point where gas breaks through the bottom
or outlet surface of the cake. As a first part of the investigation
of the intercept values this portion of the cycle was examined more
closely. A successful correlation was found between the initial
gas flowrate and the intercept saturation for cakes of 0.9 and
1.35 cms.. The timescale of data collection was such that the
important parameters could not be measured accurately for the
thinnest cakes.

The initial calculation carried out was to ascertain the volume

fiowrate of gas passing through the base of the cake at the time of I
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HPFS Test Dust

Chake

DeEpTH . 20
0.45  0.893
0.9 0.633

1.35 0.547

HYFILO - SUPERCEL

ST
0.45 0.715
0.9 0.538
1.35 0.500

Table 5.2.3.1.

Con‘rr‘o\\ed‘. gos Flow

- 30
0.880
0.587

0.505

Qnrrc\ fed gas flow

30
0.670
0,527

0.498 .

Extrapolated Intercept Values - ;\
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40

0.872

0.565

0.483

40
0.639
0.501

0.458




breakthrough. This was accomplished by measuring the rate of fallbff
in pressure in the filter cylinder and then relating the pressure

drop tq the gas outflow. The fall off of pressure from -the filtratien
value {o the controlled flow value generally took 30-40 seconds but
was much less for very thin cakes.. Because of this rapid rate of
pressure loss as compared &o the scanning time of every 10 secon@s
'rélativély few data ﬁointsiwere obtained for each run. Therefore,

- to gain a hetter assessment of the value of pressure loss a i
composite curve was constructed_for each of the experimental classes. i
From this curve it was foupd that experimental data gave a roughly ?
log-linear fall off in pressure as indicated in Fig. 5.2.3.2., Using
fh;s reiationship the initial rate of fall 6f pressure was calculated f

and from the known dimensions of the filter cell this was converted
1

into a gas flowrate as indicated in Egqn., 5.2.3.1.,

av = - - -
v av, (PF D) . at

dt PA

Eqn. 5,2.3.1.,

Having c¢alculated the initial gas flowrate for each of the
experimental classes where a composite curve could be constructed

a plot of these values against the intercept saturation was made,

The points plotted, as indicated on Fig. 5.2.3.3., fall roughly on
a straight line. As Qith other attempts at obtaining correlation
the results for Hyflo-Supercel are more scattered that the
corresponding results for HPF5. The point pilotted for the thin
cakes of HFP5, however, does show a marked deviation for the straight :
line correlation. This may well mark the breakdown of this technique
for thin cakgs or at high initial gas flowrates.

The saturation values at zero flow obtained from Fig. 5.2.3.3.

show a conéiderably higher saturation for
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FIGURE 5.2.3.2,
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FIGURE 5.2.3.3. -
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the Hyflo—Supercel than for the HPF5. The significance of zero

gas flowrate is that it corresponds to displacemen; unQer near
equilibrium cﬁnditions. Therefore, it is suggested that the value of
saturation found by extrapolation to zero flow cor;esp;nds in some
ﬁay to the residual saturation obtained in capilla?y p%essure tests.
The nature of such a relationship may. possibly be aete;mined by more
detailed experimentation on a wide range of splids. Considering the
two solids used in the majority of experimental tests a much higher
saturation at zero flow i; obtained for Hyflo*Supefcel;

Having examined the results of the correlation closely it was

1

decided to attempt a further development by recalculating the data

points in terms of the void volume displacement rate. Fig. 5.2.3.4.

shows the resultant graph. The three full lines reflect the correlation

already developed with each line now representing a specific cake
depth. The broken lines drawn in show an interesting characteristic
of this plot. For the HFTS test dust the experimental points
corresponding to the sum controlled gas flowrates appear to follow
lines which parallel each other through the points of varying cake
depth, It is suggested that these parallel lines represent a
characteristic of the overall system which determines the range of
initial gas displacement rates which can be obtained for a given cloth
and cloth support system. The cloth and cloth support system is
helieved to be the main factor which modifies the pressure, flow
and permeability relationships of the filter cake thereby affecting
its deliquoring characteristics.

As a further test of this step in the correlating procedure a
graph of intercept saturation against the reciprocal cake depth was

plotted as shown in Fig. 5.2,3.5,. It can be seen that three distinct
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FIGURE 5.2.3.5.
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lines are present, one for each controlled gas flowrate used.

This off setting over a range of gas flowrétes:may be due fo oﬁe

of two factors. Firstly, the effect of thé coﬁtrolled flow over the
firsﬁ few minutes of deliquoring may be to reduce the inte?cepé
Asatu%atioé. Secondly, tﬁe initial.inflow intaAthé cyiinde; att

the énd of the filtration cycle, although assumed to be eqﬁal fo'the
end filtration rate, may also need to be adjusted to allow for the
immediate response of thé%air supply system td the size of'signél
received. The size of signa; is, of course, dependent upon the

eventual control level sought,

It is the firét of;fﬁeée factors which would tend to reduce the
intercept values for higher gas flowrate but it must still be noted
that it is the cakg depth ﬁhich is by far the ﬁore important of the
variables over this stagerbf the deliquoring cycle. Using the nine
.points available as indicated on Fig., 5.2.3.5. a curve fitting
exercise identical to that used in establishing the basis for these
correlations was carried out. The power obtained for this curve fit was
1.9 as shown in Appendix E, The value 2.0 represents the straight
line plot as assumed from Fig. 5.2.3.5,. This coincides with the
extension of the corrclation from consideration of gas flowrute to the
rate of void volume displaceéement.

The preceding development of a correlation for continucus flow
deliquoring is a simplified form which has brought into consideration
the variables of cake depth and gas flowrate, Brief reference has
also been made to the filter cloth characteristics. The correlating
techniqué is intende& to be simple at this stage. Several

refinements will be suggested to improve the accuracy of prediction
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later in this chapter. Having defined the structure of the
correlation it is now intended to look at the further tests
carried out at varying viscosities, at the tests on the third
s50lid and the tests in which humidity measurements were taken.

5.2.4, Viscosity

A.tptal of tweive e?perimeptal tests were carried out at two
different viscositiés using the HPFO test dust. The sugar solution
used gave relative viscosities to the distilled water of 1.47 and
1.65. The number of tests carried out was insufficient to be able to
fully determ;ne the:nature of the relationship between the extent
of deliquoringland the wetting_phase Qiscosity. However, as a
general rule over the initial stages of £he deliquoring it was found
that an increase in viscosity was beneficial. In all cases studied
for deliquéring over a ﬁeriod of 15 minutes the greater the viscésity
the greater was the .reduction in saturation obtained.

The explanation for this somewhat unexpected result is thought
again to lie in the consideration of the initial deliquoring
conditions. By increasing the viscosity of the wetting phase
one consequence is the reduction in the initial gas flowrate which
on the basis of the correlation already developed would have the
effect of reducing. the intercept saturation. The construction of the
time-saturation profile required to obtain the deliquoring rate and
intercept saturations could not be completed due to ?he limitations
on the number of experiments carried out. However, it is possible
to draw some conclusion from the data available, The fall off in
pressure at the end of the filtration cycle is noticably slower
with increasing viscosity. The total effect of an increase in
relative viscosity to 1,65 is less than the effect of increasing

cake depth from 0.45 cm to 0.2 cm but for cakes increasing from
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0.9 to 1.35 cm the reduction in.intercept saturation is of the
same order as the reduction cobtained in increasing the viscosity

by the factor of 1.65. =

This would suggest'that a-good initial estimate of the effect

of changing the wetting phase viscosity was that ﬁhe result of
. ’ '

doubling the viscosity would be much the same as doubling the
! ; :

) \

cake depth in terms of the’change in the intercept saturation.
In order to fully determine the effects of changing viscosity

further tests would be required. The experiments carried out so

" far have indicated a tentative relationship. It is possible on the

basis of these experiments to be much more specific about the
requirements of a fufure'investigation.

5.2.5. Anthracite Test Material.

The filter cake formed by the anthracite test material has
a porosity which falls between that of the other test materials
used. However, the permeability'of this filter cake is considerably
higher., Due to this higher cake permeability the rate cf fall of
pressure at the end of the filtration cycle is very rapid., The
implication from the correlating methed already developed of this
rapid pressure loss is that the initial reduction in saturation as
representéd by the intercept saturation will be much less than
for thé other two materials. This deduction is supported by the
results obtained as indicated in Appendix D.

Again the time scale of pressure measurements is not in the
correct range to be able to construct an accurate pressure profile
oéer the first 20-30 seconds of the deliquoring cycle. It is
only by noting that fall off of pressure is rapid and by considering

the actual saturations obtained that assessment of the deliquoring
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characteristics of this material can be made,

The sat;rations have been estimated from the results obtained.
These values indicate that virtually no deliquoriﬁg is attributapie
to the initial conditions until the cake depth increases to 1.25 cms.
However, frqm the two valugs calculated'for the constant rate
deliquoring ?egime the correlation would appear to still be validz
because the resuit of using the.correlation tends to unify the |
values calculated. The experimental variations are, as with the
other materials, large and therefore no further clarificaﬁion of the
correlation can be obtained oﬁ the basis of present data,

5.2.6. Humidity Tests

r

Three tests were carried out under varying conditions of
solid,gas flowrate and cake depth to find out how much mass
transfer occured in the test equipment and to test for drying from
the filter cake. The inlet humidity of the gas was retained at a
constant level, as for all tests, by use of a silica gel tower.
Tﬂis did not completely dry the air. During the humidity tests
the outlet humidity was measured at intervals of five minutes by
the use of a wer and dry bulb thermometer. The increase in moisture
content of the air at outlet was calculated. An example of the
humidity test results is given in Table 5.2.6.1..

It was found that in all cases the take up of moisture
exceeded the rate deliquoring of the filter cake during the period
correlated as "straight line" deliquoring. The reasons for this
cannot beé fully determined but the main point to be considered is the
poin; at which the mass transfer occurs. The moisture takeup in
excess of the level of deliquoring attained can be accounted ror by

assuming some drying of the sides of the filter c¢ell or by evaporation
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Humidity of air at inlet = 30% = O.

Time Air Satn

2 85 o.
5 85
10 85
15 80 0.
30 - 80
45 75 0.
60 70 0.
75 70

0.45 ¢m,cake deliquored at 20 1/min. HPF5 solid.

Final saturation of 0.5705

Table 5.2.6.1.

Humidity Tests
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of the moisture once it has flowed out of tﬁe cake and is held
on .the support media.apart from the possibility of mass transfer
occuring in the c;ke:itself. - It is believed that each of these
factors contributes to the final humidity of the gas. The fact
that humidity falls off while the deliquoring rate remaihs cénstant
: . S . : l :
would suggest that the first twoiregimes of drying gradu\ally
contribute less if all the cake deliquoring is attributed to mass
transfer, On the other hand it may be that the flow of moisture from
the cake to the support meaia is maintaining this socurce of
evaporation,

With the equipment available it is not possible to detect
the points of evaporation but by consideration of the filter cake
in terms of the variables which would effect evaporation rate it
would appear that this is the part of the system in which the
evaporation is most likely to occur, This assumption is based on
the consideration of surface area which is far larger within the
filter cake,

A final point that was noted in the humidity tests was that
over the extended deliquoring periods used the deliquoring rate
appeared to increase.. As with other tests the overall deliquoring
rate for the straight line period wés calculated and for all humidity
tests this was found to be considerably higher that the values
calculated for the shorter test runs. The reason for this is not
known. It is possible that reducing the saturations through the
levels being considered opens more of the cake to film flow or
that, as the moisture film thickness in the cake is reduced, the
area which is open‘to mass transfer is increased. The important
fact is that over the time scale being considered deliquoring rates

may, if anything, be slightly underestimated.
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5.2.7 Further Experiments,

The remaining experiments carried out under continuous gas
flow conditions consisted of the tests used in developing the
experimental apparatus and procedures together with a small number
of tests where.thin cakes were formed., The experiments on thin
cakes confirmed the form of correlation'previousiy discussed. However,
it should bé noted that for very thin cakgs ihe intercept saturations
predicfed exceeded the maximum i.e: a completely saturated cake.

It is felt that below a.certain cake thickness the full structure
of the filter pake is not established thus causing a breakdown

in the deliquo&ing regimes. Another poss;ble explanation is that
the deligniation between the two regimes has not been properly
defined for this lower range of cake depths,

The tests carried out in developing the equipment and procedures
consisted mainly of tests with a second filter cloth under various
filtration conditions, The nylon and terylene cloths used in
early tests had lower permzability and blinded more quickly than
the metal cloths. They also gave quicker, more extensive deliquoring.
QE,EE_EE}EEEEE_EEQLvthe;permgébiiiﬁxm9fnEEEMEEOth is_a significant

factor in determining the intercept saturation. The few experiments
e —————

~

that can be used in comparison with the main set of tests show lower
saturations throughout, Furthermore, the experiments carried out
with an old cloth, on its second or third run and considerably
reduced in permeability, exhibited an even larger initial reduction
in saturation,

Having described the outcome of the experimental programme
and the subsequent correlation development it 1s now intended to
lock at the theoretical aspects of the filter cake deliquoring.

The theory developed will not necessarily coincide with the
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correlation proposed at this stage as the correlation is intended

. as a method of attaining a best possible estimate of the
deliquoring characteristics of the filter cake_whiie the theory
L is intended to reflect the mechanisms which are acting in the

el deliquoring process.

PR ) 5.3 Continuous Deliquoring Theory
- The correlation developed in section 5.2 has given considerable
insight into the factors of importance in deliguoring filter cakes.

A signijficant fact in this investigation has been that considerable

gt

constraints have been placed on various parameters so that operations

—ap .1"_5,: .

_coihcidefas much as possible with those-pfevailing in industrial
r“situaltzi_on.r,. This, in particular, applied to the volume of gas
consumed in the deliquoring operation. As when developing the
experimental programme, and later the correlating technique, the
theaory proposed must ‘be breoadly based on the area in which industrial
operations are carried out. In this case the conditions attainable
are far from those which would ideally be sought for the most rapid

or the most extensive saturation reduction. It is intended to propose
a theory on the basis of the observed filter cake deliquoring
characteristics in an attempt to visualise the route of the deliquoring
operation,

It has been indicated that a slow displacement of the wetting
phase from the point of 100% saturation to the point of gas breaking
through the bottom surface of the cake enhances the initial reduction
is saturation obtained. Although not immediate this initial
reduction would appear to be developed in the first 2 to 10 minutes
of deliquecring. Over the next periocd of time deliquoring appears to

follow a straight line rclationship, However, some trends towards
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an exponential rate of deliquoring have been detected., A
limited number of Tuns over longer periods have suggested
that later in the deliquoring cycle deiiquoring rates would
tend to increaée again. These trends in deliquoring indicate
a saturgtion-time profile of the %orm éhown in Fig., 5.3.1.1..
Can fhis profile be supported and explained ?
The conditions under which gas breakthrough occurs havé been
shown to be of considerable importance in determining the level
of saturation initially obtained. On reaching the top surface of the
filter cake the wetting phase Boundary with the gas phase will begin

to extend into the pores., The experimental evidence shows that it

o

is the speed of advance of the boundary which is of most importance.

The faster the advance the smaller the initial reduction cbtained.
o e e

The theory of 0il reservoir engineering (44) indicates that rapid

displacenent can cause instability in the boundary between the two

phases causing more rapid advance in the slightly larger peores. It

is on this fact that the theory of this first stage will be based.

However, for a fuller explanation the structure of the cake and the

mode of advance of the boundary must be examined more closely.
m“""‘——-—.

t i 1 th .
At 100% saturation the boundgrxfgf at the surface of the filter

At

cake. For all the cakes being considered the capillary drainage
height is much greater that the cake thickness so0 that without a
pressure differential béing applied neo desaturation would occur,

As a differential pressure is applied the pores with largest d&ameters
at the cake surface will begin to empty. If this process is slow

i,e, the differential pressure is of the same order as the capillary
pressure this emptying will cease i1f a constriction is reached where
the capillary pressure is significantly larger. At the same time
other pores across the cake will be emptiying leaving a film of

1oz
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moisture on the pore walls. Tﬁis film will be dependent upon the
surface characteristics of the solid and the interface properties
of the solid, wetping phase and'gas phase.

The picture so far has been of a boundary of moisture
advancing at varying rates through pores of different shapes and,
tﬁerefﬁre, resistahces; The flow is slowed or checkéq dependent
upon constrictions, By the time the boundary reaches the filter
cloth 1ev§l in one pore others have alsc been emptied to a large
extent. However, once breakthrough has occured and gas flow

through one pore is established this flow detracts from the forces

being appiied to déliquor other pores. Pores near to being opened

to flow at this stage would generally have sufficient flow

momentum in the gasvphase to complete the breskthrough, On the

other hand as more pores are opened to flow the pressure differential
rapidly decreases consequently stopping the flow in partially emptied
pores. In somé cases imbibiticn of wetting phase from the holdup

on cloth and supports may even occur.

The pores opened to gas Ilow wiil be those exhibiting least
resistance and, therefore, in general the larger pores. VWhile sone
pores will be too fine to be deliquored at all others may be partially
emptied before being isolated, This isolation can be defined as a
condition in which insufficient pressure drop can be developed across
a pore to cause the flow of its wetiing phase. The initial saturarion
level reached is a measure of the range of pore sizes over which
the ﬁecessary differential pressure has been attained to emptly
or partially empty that pore.

As zlready stated the faster the initial advance of gas through
the filter cake the smaller is the initial saturation reduction and,

consequently, the narrower the range of pore sizes opened to flow.
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This would appear to be due to the increased instability of the
advancing boundary. This instability can be defined as a condition
in which ihe nomentum forces existing in the larger pores are
considerably greater than any resistance to Flow;to be encountered
in those pores, Thus the displacement rate ;n tﬁe larger pores is
relatively greétef than fbr the slishtiy smaileriporea. The .
breakthrough in the larger pores occurs more rapidly with a result
that there is a faster fall off in pressure diffe;ential across other
pores. The fall off iq differential pressure again causes a slowing
of the pore opening process but this occurs before such a wide range
of pore sizes have been oﬁened to flow, .In this ﬁay a smailer
initial reduction in saturation is obtained,

It will be seen in the consideration of intermittent deliquoring
that the intercept saturation is not immediately attained on
breakthrough but that this saturation level is reached after a
period of several minutes, This sugpgests that breakthrough creates
a condition under which drainage of the filter cake can proceed to the
level of intercept saturation. The?e are several mechanisms by which
this may occur., The first of these would be a continuation of the
pore opening process. The extent of this would be dependent upon
the overall level of ﬁressure drop developed across the cake after
breakthrough and more specifically on the pressure drop developed
across the full or partially emptied pores., The second mechanism
is thought to be one of film flow where the opened pores, still
having wetted walls, are further desaturated. The rate of film
flow iéHAependent upon the force applied to the film wetting phase
by the central core of gas flowing éhrough the pore, This will,

of course, depend upon the friction between the two pnases and the
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gas flow conditions. This mechanism is analysed in great detail
by Brownell and Katz (10, 11)., A third mechanism possibly
contributing to the desaturation at this stage is the drainage
of pores in?o opened channels. This could be considered as a

situa#ion bgtweén the previous ﬁwé mechanisns where Séth'preésurei
drop conditicné and gas flow assist in the movement of wetting phase
from a pore connected to an open channel. A certain amount of
mass transfer will occur at this stage but this. is of minor
importancg.

The time period ©oveér which the intercept saturation is obtained
has been estimated. It was found in analysing the resulfs tﬁat
there was a tendency towards curyature in the predicted straight

lines particulurly at low flows and high cake depth., “The time

period over which the curve Tfitting was attempted was similar for

i

each class of resulis. Based on these facts it is proposed that

the time taken to obtain equlibrium conditions for this first

e T e

regime is dependent upon gas flow and cake depth, DBoth reduction

in gas flowrate and increase in cake depth will have the effect of

et N )

reducing t@e pressure drop developed across the cake, Apari from
reducing the desaturation attainable this will reduce the rate of
film flow and therefore extend the périod over which this
mechanism operates.

Having determined the intercept saturation through the
consideration of the initial deliquoring conditions ii has been
shown that desaturation continues at an almost constant rate over
the next 20-30 minutes, .The two main mechanisms which can be proposed
for this part of the cycle are thqse of continued film flow and an

mass transfer. Each of these mechanisms would be individually b
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c;pable of maintaining a constant rate of deliquoring, However,
it is felt more likely that the two mechanisms both contribute to the
deliquoring. The means of diétinéuishing between the effects of the
two mechanisms were not avaiIable.during the experimental
investigation. |

Finally, it was noted th;t during extended periods of
deliquoring the earlier estim;tes of deliquoring rate were considerably
less than those actually obtained. It is felt that this is due to an
increased ra;e of mass t?ansfér in the filter cake. It is proposed
that at the poin£ where ‘film flow can no longer be maintained and
the thickness of films is decfeasing,the surface area of contact
between the two phzses increases allowing this increase in mass
transfer rate. The surface area will also increase as pores are
opened by evaporation of the contained moisture. This mechanism
will later cause a slowing in the desaturation rate again once a
maximum has been reached.

The mechanisms proposed for all stages of the deliquoring
process are beleived to be those to which the majority of desaturation
can be attributed. A further possible mechznism is the novement Qf
droplets through the filter cake once they have been detached from the
solid surface, However the gas velocity is such that this mechanism
is not thought to contribute any significant momentum to the

deliquoring operation.

'5.4 Intermittent Deliguoring.

The aim of the intermittent deliquoring technigue is to reduce
the quantities of gas required to achieve a filter cake saturation
of a predetermined level, The greater efficiency in gas usage is

gained by improving the pressure conditions under which deliquoring
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takes place while reducing the toéal time of gas flow by a considerable
amount. The difference between this and normal deliquoring operations
is that a high préssure drop is developed across the cake after the
.point at which two—phase- flow is established in the cake.

The saturation-pressure tests carried out are tabulated in
Appendix B and tho basic rasults'in Appendix D, PFig. 5.4.L.1 sﬁéws
these ;esults graphically, The tests were carried out over a range
of pressures upto the pressure used in the filtration cycle and the
saturations obtained in this'process were of the same order as the intercept
saturation for fiiter cakes of the same depth formed under the same
conditions. This level of saturation would not generally be attained
until 5 minutes or more into the deliquoring cycle with the
resultent greater consumption of éas. The fime scale of the
deliquoring operation is dependent upon the gas supply available as
this will be determine the time required for repressurisation,

5.4.1. Experimental Reproducibility

The results of the intermittent flow tests, in contrast to
the continucus flow tests, are more reproducible for the Hyflo-
Supercel than for the HPFS test dust, This is thought to be due
to the differing nature of the two solids., The HPF5 having a more
rounded particle form gives a less cohesive filter cake which is prone
to damage under the changing pressure differentials. (Cake damage
can be defined as the alteration of the structure of the filter cake
after the end of the filtration cycle and is characterised by
excessively high permeabilities of the filter cakes under conditions
of gas flow., On the other hand the varying particle shapes, which
make up the Hyflo-Supercel, form a much stronger cake structure
which is less likely to be damaged under the varying pressures. This

view of the differing cake structures is supported by the time lapse
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photography of the deliquoring éycle taken over a number of both
continuous and intermittent tests, While during continuous tests
little or no cracking was observed while gas flow was maintained an
increasing amount of cake cracking was obgerved as the pressure of
intermittent deliquoring was increased. However, it was at the point
when the rilt;r cake had no pressure differential across it that the
surface cake cracks most frequently aépeared.’ This would suggest that
the cracking was a consequence of the loss of a positive pressure drop
across the filter cake and thérefore due to mechanical consideration
related to the flexing of the filter cloth. In addition tc this the
reduction in saturation of the cake would bring with it a reduction

in cake strength as the wetting-phase acts as a binding force.

The filter cake cracks appeared to seal themselves on
reapplication of the differential pressure. It can only be assumed
that the original structure was virtually regained but that there
would still be a channel larger than previously which would accomodate
greater gas flowrate thus reducing the overall efficiency. Some
individual frames from the time lapse photography were shown
earlier in Fig, 2.11.1.2,

5.4.2., Saturation-Pressure Profile,

The general trends indicated by the experimental data are that
the cake depth is again an important parameter. The increase in cake
depth gives an increase in attainable saturation reduction. For. the
Hyflo-Supercel a similar treatment to that used in the continuous Ilow
correlation was attempted. The saturation was plotted against the
reciprocal depth as shown in Figure 5.4.2.1.. It can be seen that the
curvature of the lines joining the data points varies from negative in

two cases to slightly positive in the other cases, It would be the best
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FIGURE 5.4.2.1.
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estimate to assume that this plot would give a strainght line if
.experimental variations could be removed.
Gas breakthrough of the filter cake occurs under the same

conditions as for the filter cakes deliquored by the continuous flow

\
technique and it is only after thiﬁ stage that the operations diverge.
Thereforé, ?here are two specific phrts to this operation and one aim
of this analysis must be to determine the amount of desaturation
attributable to_each of the two sections. However, before attempting
this analysis the overall trend of results must be observed.
Fig. 5.4.1.1, shows the plot of saturation versus pressure for
the main group of experiments on both sets ‘of solids. As with the
continuous flow data a curve fitting exercise was attempted using the
programme described in section 5.,2.1.. The results of fhis curve
fitting are indicated in Appendix E. It can be seen that the confidence
;N
interval for/ﬁ is at a minimum for the thin cakes and that the mean
value of exponent for the two solids is gpproximately 3.6, On all
other classes the expconents calculated had much greater confidence
limits. There are two possible reasons for this increasing
uncertainty in results. Firstly, the cske structure would appear to
be more easily. eracked the thicker the cake thus making the effectiveness
of the pressure surges variable. This increasing damage fér thicker
cakes was indicated from observation of the cake and from the time-
lapse photography carried out., Whether this is also a function of a
saturation has not been determined. Secondly, one section of the
experimental procedure used may introduce errors in the experiments.
The section of procedure referred to is the short period of
constant rate gas flow used in an attempt to determine the non-wetting
phase permeability of the deliquored cake. Overall this measurement
succeeded in showing that the structure of the cake was damaged during
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the intermittent deliquoring operation. The non-wetting phase
permeability was generally calculated to be greater than the
permeability of a dry cake indicating a difference in cake structure
‘from the cake deliquored slowly using the continuous flow technique,
_However, in ad@ition to this the.conpinuous'flpwiperiéd may contribute
_to the deliquoring of the cake even though a minimal amount of gas is
used, This is evident particularly in the thicker cakes when low
deliquoring pressuré has been used.

No overall relationship for the individual saturation pressure
.profiles has been determined and the experimental variations are such
that the curve fitting does not clarify thelexact trends of the data.
However, a relationship between the different cake depths has already
been proposed aﬁd this relationship is of the same nature as the
saturation—depth relationship for continuous flow tests., This leads
to the suggestioq.that there may be some further comparison to be
drawn bevween the two deliguoring operations,

The first step in this comparison was to examine the pressures
at which the continuous flow intercept saturations would ke obtained
during the intermittent deliquoring operations of comparable cake
classes. A trend has been observed in these values and is indicated
in Table 3.4.2.1.. This shows that in general the pressure required in
intermittent deliquoring surges to obtain the comparative saturation
for continuous flow is in direct ratio to the depth of cake. It would
appear that it may then be the pressure drop per unit depth which
determines the extent to which the initercept saturation is approached

or the exterit to which the saturation level obtained falls below tiis

value,
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fo
A
HPF5
Intercept ' Cake Pressuge Reqgd.
Saturation. Depth kN/m".
\
0.893 - 0.45 27,
- ©.880 0.45 28
0.872 0.45 31
0.633 0.9 29
0.587 ) C.9 90
0.565 0.8 85
0.547 1.35 54
0.505 1.35 110 '
i
'
0.483 1.35 " 145
i
Table 5.4.2.1. Continuous -~ Intermittent Comparison ‘
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Table 5.4.2.1. (continued).

HYFLO-SUPERCEL - \

Intercept k : Cake X Pres§ure

Saturation ' Depth kN/m
0.715 0.45 47.5
0.670 10.45 . 59
0.639 0.45 ‘ 69
0.538 0.9 78
0.527 0.9 88
0.501 0.9 108
0.500. 1.35 73
0.498 1.35 92
0.458 . 1.35 163
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5.4.3. Viscosity .

During the viscosity tests carried out using the continucus

fiow techniqﬁe one test was completed on the intermittent flow
technique. This was carried out at a pressuré developed in the filter
cell of\BO k&/mz on a HPFS test dust cake of 0.9 cm, in-depth. _The
relatiﬁq viscosity compared to the otﬁer intermitfent teéts w%s 1.65.
The saturation obtained in this test is below the level of saturation
obtained in aﬁy of the other HPF5 test dust intermittent experiments.
The wvalue algo falls below the saturations obtained in continuous flow
tests at this higher viscosity. On the basis of the correlation developed
for continuous flow in relation to viscosities an estimate of the
expected saturation has bgen made, This has been done b} extrapolating
on the basis of cake depth assuming that the effects of the two
variables were comparable as for the continuocus flow corrclation. The

saturation obtained by extrapolation was in the region 50-52% while

the test gave a saturation of 47%. Even when considering the possible
experimental error this difference seems exceptiocnally large. Therefore,
it is believed that some further mechanism may be operating and that

in the casce of intermittent deliquorving incrcasing ol viscosity has a
benefit to deliquoring greater than that of increasing cake depth.

5.4.4,. Surge Repetition

Several tests were carried out where the number of surges
were varied from the normal two surges at near identical pressures.
When one or three surges were attempted no significant change in
saturation was noted., The final saturation level would, thereiore,
appear to be attained after a single surge. This observaiion was
supported by the fact that a smaller experimental error was found
in correlating the saturations to the Ffirst surge pressure as opposed

to & maximum or subsequent surge préssure. It is for this reason that
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b, -
the pressures tabulEed in Appendix D are the initial SUIrpe pPressurcs

for cuch oxperiment,

5.5 Intermittent Deliquoring Theory

The intermittent flow technique of filter cake deliquoring is
characterised by short bursts of air flow during which a high pressure
drop is &éveloped acréss fhe caké. The main variables t@ ﬁe considered
are céke depth, surge pressure and wetting phase viscosity. A further
factor ‘ _of importance would appear to be the cake strength.

The condition of the filter cake on gas breakthrough will be
identical to that of a cake to be deliquored by the continuous flow
technique as procedures have not yet diverged. However, at this
point the pressure is allowed to fall off with no air being §upplied.
It is believed that this may be an initial cause of cake damage as it

was at this stage that cracks appeared in the filter cake suriace and

were recorded by time lapse photography. The saturation at this stage

of the operation has been reduced only slightly but it is the distribution

of the opened or partially opened pores which is believed to be of grea:
importance in determining future deliquoring characteristics.

Once‘the pressure in the filter cylinder has been raised to the
required level it is released by flow through the cake. On commencing !
flow a large pressure drop is developed across the cake. During the
time no pressure differential has been applied some rearrangement of the
wetting phase may have occured by Iilm flow in partially opened pores.
This will, in general, inﬁrease the resistance to flow through these

- pores, Thus on reapplication of a pressure differential all pores will
again have a large pressure drop developed across them. In the case of
most partially opened pores this will be sufficient to effect consicerazblie
further deliquoring while pores previcusly unaffected could now be cpened

to flow due to the pressure drop developed across them. The extent oI
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the deliqueoring at this stage will be dependent upon the pressure

used and upon the ‘condition of the filter cake just prior to the
surge, This condition is controlled by the initial gas breakthrough
characteristics as in the continuous flow technique and, therefore,

i
it is believed that a gonsiderable amount of the e#perimental variation
can be attributed to this initial condition.

The second important factor is that of cake damage. The greater
the damage and, therefore, the unused pressure of a surge the less the
cake will be deliquored.” The filter cake is thought to be extensively
damaged during gas surges such that further surges at the same pressure
will prove ineffective, However, a higher - pressure may be effective if
allowance is made for the amount of effective damage caused by preceeding
surges, Also if cake damage could be reduced or avoided further surges
may be of benefit.

The single test on viscosity variations showed a lower than
expected saturation level being reachked. It has been assumed that, as
" when considering cake depth, part of the variation during intermittent
deliquoring is atiributable to the pre-surge condition of the filter
cake, If a further relationship for'viscosity does exist it is thought
that this must be of the same nature as that assumed in the initial
breakthrough stage.

Having loocked at a proposed theory for the intermittent deliquoring
technigue 2 considerable nunmber of comparisons have been drawn between
that and continuocus flow, In the two technugues there would appear to
be two extremes, one of large air volumes and another of high pressure

drop. It is, therefore, reasonable to assume that some optimum condition

may exist.
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5.6, Optimum Operaticon of Deliquoring.

It has been suggested in the previous section that some optimum
condition for deliquoring may exist between the two technigues
discussed. If this is so what factors influence the determination
of the optimum and can the optimum be accurately assessed ? As
stated éarlie} the conditions'undér which the deliquoring can #e cafriéd
out are restricted by cother parts of the process and overall process
efficiency. Therefore, a generally applicable optimum cannot ?e stated;
on the other hand for a specific operation a particular optimum may be
obtained,

The damage to the filter cake during'intermittent deliquoring
is the main constraint on this technique but this may be reduced
by maintaining a certain level of ﬁressure drop across the filter
cake. (The actual level is unknown but could be as little as 1OKN/m2).
This would be possible as the initial breakthrough is the important
factor as opposed to the total flow during this part of the gperation.
The pressurisation to the surge level could the;efore be commenced

y.
well before the pressure level in the filter cell had fallen too
low. The pressure to which the filter cell is raised is the second
important factor and this again could be determined by checking the
damage incurred by permeability measurements on the deliguored cake,
The best condition here would be one of minimum damage to the cake
structure. At the same time it is important that the repressurisation
does not take an excessive period as some of the advantages of intermittent
deliquoring would be lost,

Multiple surges to deliquor a filter cake are not thought to be

either efficient or practicable as tne amounts of desaturaticn odtained

falls rapidly with each surge. At the point where the first surge is
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instituted it is proposed that the éontinuous filow technigque should
begin to be cmployed not allowigg tgc pressure drop across the cake
to be completely lost. The levélnof air flow during the continuous
flow period would be calculated by reference to the analysis of those
results earlier in this chapter. However, in some cases it will be
found that to oEtain a sufficieﬁtly'low levél of saturation ﬁo
cont;nuous flow regime will be required,

The requirements of equipment and operational procedures in the
optimisation of the complete deliquoring operation will be discussed
in Chapter 7.

5.7 Conparison of Solids

Having succeeded in finding a correlation for each of the two

test materials individually some attempt should now be made to obtain

a correlation which will cover a variety of materials. This may

prove difficult as the correlation consisting of two regimes may not

be applicable to some solids over the time scale of deliquoring
envisaged. Only by experimentation will it be possible to determine the
time scale of the initial regime. Considering the two materials used

in the majority of tests a simple extension to the correlating factor

for the "straight line" cdeliquoring period has proved to give suprisingly
good agreement between the two solids. This extension is the inclusion

of the porosity of the cake in the correlating factor given as Eqn. 5.2.2.3..

This gives a new factor which takes the form:-

2
As x AL X E; = K Egn. 5.7.1.%L. ]

At Q

The mean values of the constant obtained for the itwo solids
-8 . -8 -1 . - . ¥
were 1.131 x 10 and 1.348 x 10 {sec. em ). for Hyflo-Supercel

and HPF5 respectively. These means again exclude the tesis at flow of
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20 1/min. The validity of this correlating factor c¢an not be
:established without further experimental investigations,

The second part of the comparison is that of the intercept
saturation calculated for the two solids. The relationship bet?éen
{solids in this case would apprear to b¢ far more complex. The %hird

\
.501id results may help to indicate the trends. The factors which are

bgiieved to'be of greatest importance are the cake porosity and the

initial gas flowrate obtained. The second of these will, furthermore,
depend on both the filter cloth and support resistance and the permeability
_of the cake itself, The actual re;atignship can ﬁot be obtained on the

basis of the available data.

5.8. Further Calculations |

Buring attempts at correlation of data several basic quantities
ware calculated from the experimental tests. These calculations
included the relative permeability of the filter cakes throughout the
period of deliqucring. A typical relative permeability profile for a
filter cake is shown in Figure 5.8.1.1,., As can be seen the relative
permeability of the filter cake remains virtually constant over the
first twenty to ithirty minutes of the deliquoring operation before
climbing steadily. The gradient of this portion of the relative
permeability versus time graph is dependent on the cake depth and the
gas flowrate, Over the initial period of the deliquoring operation relative
permeability remains almost constant, and therefore, correlation of this
parameter with saturation is not practicable.

The correlating Jactors developed by other workers on éhis
subject have been calculated and the details of this investigation

are described in Chapter 6.
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CHAPTER 6

State of the Art

6.1 Introduction

This chapter discusses the extent to which the deliquoring
cycle of 'the filtration operation in preséure filters has been
devéloped in_industrial ;pplicatibns.: It‘will be shown that on
the industrial sites examined no attempt has been made to measure
the volumes of gas consumed, Eu;fhermore, measurements of the
final saturations of cakes are not generally taken but a purely
qualitative assessment of the cake anq its performance during
discﬁarge is made,

In a later section the correlations developed in previous
work'are discussed with reference to the experimental work carried
out during this project. The comparison of the experimental work
with correlations has not given a clear agreement between the results
of this preject and previous work. However, this will'be explained
in relation to the range of operating conditions being considered.

6.2 Industrial Practice

Three tyﬁes of rotary discharge pressure filters which
form the core of equipment to which this investigation can be
applied directly are represented by the Funda, Schenk, and Udhe
filters, The Udhe filter is shown in Figure 6.2.1.1.. Zach is
capable of dry discharge of filter cake after & period oi gas
flow through the filter cake. During an examination of industrizl
practice the filters available for the survey were exclusively of
the Funda type. Wnile a small filter was examined thoroughly and the
cake observed in situ at the start and during the deliquoring
operation larger filters were observed in copceration on two industrial

sites. The small filter was later loaned to the Chemical Engineering
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Pepartment for use in some scale-up tests.

6.2.1. Filtration of carbon from plasticiser

A visit was made to Scott-Bader at Woolaston, Northamptonshire

where acfivated-carbon was used to remove impurities from a

plasticiser. A.single filter was Bping-utilised to filter batches

of the plasticiser. Tﬁe operating‘température was initially 150°C-2OOOC‘

\

_and this dropped to 110°%¢-120°C during the deliquoring. The
temperature of the wétting phase was felt by the operators to be an
important factor in determining the extent of deliquoring attainable.

Nevertheless, the filter had not been insulated.

Precoating of the filter was carried out once every three

batches of plasticiser. This operation consisted of thé circulation
of & kgs of filter aid mixed into a small quantity of plasticiser.
The gquality of the preccoat layer at the commencement of each
filtration could only be assessed by observatiocn of the pressure
and flow at that point in the operation. Deterioration occured, as
expected, with each run as blinding and damage to the precoat increased,
2-3 kgs of Tilter aid werce zlso used as body feed and together with
the solids already in the plasticiser it is expected thatr in general
the precoat and main filter cake would have’approximately equal
depths.

During the first year of operation a considerable number
of problems were encounierad. However, on reduction of the filter
area by approximately 45% a noticeable improvement in the discharge
of filter cake was observed. The adjustment would have the effect
cof increasing the depth of filter cake formed. As seen in the
previous chapter doubling the cake depth can have a considerable
effect on thé level of saturation feached during the initial moments

of the deliquoring cycle.
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A S0pm filter cloth has been used throughout the life of

~the filter and filtration took place at pressures in general

2
increasing to 350 kN/m at the end of the filtration cycle.

2
.Occasionaly pressures of 480-550. kN/m were obtained. The

filtration could take as little as 30 minutes but normally took

60-75 minutes, Rest volume filtration tock 45 minutes and at the end

of this periocd deliquoring was commenced at a pressure}of 280_Kn/m2.
Nitrogen was usgd as the inert gas. 1t was supplied from the mains
line which had a pressure of 280 kN/m2 and was %" in diameter. No
instrumentation was available for flow measurement, Over the
deliquering period:which was generally 20‘minutes (lenger if time
was available) the pfessure in the filter cylinder fell to 35-48
kN/mz.

Considerable problems occured over the initial period of
operation of this filter. These problems were found to be related to
the poor deliquoring of the filtercake leading to unsatisfactory
discharge. The steps taken to remedy the problem were to increase
filter cake depfh and the frequency of renewal of the precoat,

These measures are consistent with the experimental observations
made in-Chapter 5. Although the viscosity was felt to be oi
importance no direct evidence of the effects on the deliquoring
operation alone was available.

6,2,2. Filtration of Mercury from Caustic Soda.

The second industrial visit made was to I.C.I. Mond
Division at Runcorn to examine the Funda filters being used in the
removal of Meréury from sodium hydroxide produced LSy clecetrolysis.
Other impurities in the 350% NuO¥ included small quanalitics ol

curbon., It was required to reducce the mercury content from 20 ppm to
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0.5 ppm. Seven filters have been commissioned since 1969 to be

used in this operation.

The filtration and subsequent deliquoring operation used
on this process varies considerably from the normally accepted
operatiocn of ;hg filters. A technigue known as "shuffling"
has been employed which grea?ly increases the 1engﬁh of the filtration
operation. The generai outline of the operation was as follows:-—
(i)  Precoating using wood carbon
(ii)} Filtration until limiting pressure drop is attained
{(iii) Washing of the filter cake with hot water
‘(iv) ~ Resultant increase in cake bermeability

(v) Repeat of the filtration and washing stages

{vi) . Progression to deliquoring when washing does not
effect significant permeability increase. ;
(vii ) Deliquoring for 30 =120 minutes depending on time '1
available. #
(viii )Cake discharge and recovery of mercury
The recurring filiration operation would last for
approximately one week and prior to each wash cycle the heel was
renoved, The quantities of air consumed during the deligquoring were not
not known, The air_was supplied Irom the compressed air mains and A
pressure varied with demand in other parts of the plant. The
guality of cake at discharge was unpredilctable and this is thought
to be due to the lack of information available on the condition of
the filtercake just prior to the deliguoring, This condition will
depend on a wide range of variables including the concentration of the

mercury at each filtraticn stage and the effectiveness of each of the

washing stages. !
:
Two further cbservations made were that, firstly, the
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filters were connected to a common outlet header and, secondly,

the deligquoring improved slightly when an aged cloth was in use.
The first of these observations points to the fact that the

backpressure on each filter varied and wes dépendent on the

operating condition of the other filterq. The improved deliquoring

)
5

observed on older filter cloths has been observed in the experimental

work carried out, This would appear to he an effect of thg
decreasing permeability of the filter cloth leading to improved
deliguoring conditions in the initial stages of the deliquoripg
cycle.

6,2.3. Manufacturers small scale rig.

The twol industrial processes.discussed have involved

. . . 2 C s

filters with a filter area of the order of 30 m , On a visit to
. . . 2

Alfa-Laval a small filter with a filter area of 0.12m was seen
in operation, After the filtration cycle the filter was opened
up at various stages of the cycle to observe the condition of the
filter cake. At the commencement of the deliquoring of the
filter cake the wetting phase is still evident at Ehe surface
of the filter cake and if disturbed some flow the the "slurry"
may occur. However, once the Ifilter cylinder has been pressurised
to the final filtration, the usual procedure after filtration
or removal of the heel, and gas flow has commenced the filter czke
quickly assumes a much drier appearance, The gas used for the
deliquoring was again supplied from the compressed zir available

and no direct measurement of gas consumption was made.

6.2,4, Scale-up tests.

The test equipment described in section G.2.3. was

loaned to the Department of Chemical ZEngineering for a period of
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six weeks during 1979 so that a series of tests could be carried

out by a pair of final year students, under the direction of the

R A

author. The aim of these tests was to compare the Funda filter:

with the ekperimental rig and to obtain a better idea of the
1 . .

v problems in?olved with deliquoring oh the specific filtér eqhipm;nt.

| Problems found by the students in operating the filter
meant that the results of the tests were inconclusive. Considerabie
instrumentation had been added to obtain the required data. Possibly
the most iﬁﬁortant variaéle was found to be the conditions under which
the deliquoring was commenced. The rate of deliquoring over the initial
period of déliquoring was high in comparisén to any subsequently
cbtained rate if a high initié& pressure drop was developed. .

Some conclusions can be drawn from the experimental work

carried out. These are observations of a general nature made in ﬂ
an examination of the project report. The first of these observations
is that the trend of results is similar to those trends observed in the ;
main experimental work, Table 6.2.4,1. shows the comparisons
obtained, However, the experimental procedures had not been
sufficiently well deveioped so that experimental variations tended to N
be large. Secondly, by carrying out & deliguoring c¢peration using the
intermittent deliﬁuoring technique it was azain shown that a rapid
reduction in saturétion level could be cbtained. A single pressure 1
surge reduced the saturation level to that generally obtained after
sustained air flow over a pericd of 10-15 minutes, Finally, & trend in

saturations from plate to plate was observed during the tests. Considerable

variation was observed over the five filter plates and the sane
trend persisted over a number of {ests., The cake depth appeared

tobe even across all plates. However, the plate second from the top

. = ) L o
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Experimental Class

HYS
HP4 .

HBP-I2

Table 6.2.4.1.

Experimental

Rig Saturation

47.4
55.3

§6.0

Scale Up
Comparative
Saturation
1
50.0
54.1

63.2

Comparison of Scale-Up Tests

s ——" e




was generally 2% or more lower in saturation than the other cakes,
The lowest filter cake had the highest saturation once the problem
of thin éakgs on this plate had been solved. This particular

\ .
fact in the deliquoring of large area of cake may be?important
rand is worthy of further investigation. Preferential flow may
accantiate
extonvete the differences in saturation observed during the tests

on the small scale equipment.

6.2.5. Conclusions

Examination of industrial practise has shown that little
has been done to measure gas consumption or the saturations obtained
during the deliquoring operation. Some nodifications have been made to
operaticns in order to oﬁtain better discharge of the filter cake.
Tbese modifications can be said to agree with the correlation and
theory developed in ihis project. Due to the lack ol duta on ihe
industrial operations no detailed comparison could be made.

The small scale rig used in scale-up te;ts has given some

data on deliquoring in Funda filters. With this Iimited amount

ol data it is cvident that the same Lrords obscrved tn Lhoe
Lrporimental programme may oxist in the operation ol the undu
Tilter.

5.3 Correlating Techniques

During the course of the project comparison of experimental
resuits with correlation developed by previous workers in this [ield
wus developed., In general the conparisons carricd out did not give
close agreement between prodictions and the experimental results.
The correlations considered included the work of Brownell and
coworkers, Dahlstrom and coworkers and Walkeman. During early tests

no information was availablie on the wetiing phase flowrnte and,
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therefore, comparisons depended on the individual values of gas

flow, saturation and pfessure drop measured during an experimental
run. Once the full deliquoring profile was determined more detailed
\
comparison could ﬁe attempted. The extent of agreement between results.
obtained and the éorreiations examined was insufficient to.warrant use

of the correlations as a basis for the design procedure being developed.

6.3.1 Brownell and Katz correlation

The results of the initial set of experiments carried ocut
were used to calculate the gaé and liquid velocities as predicted by the
Brownell and Katz correlations. The cérrqlating technique invdlves, as
indicated in Chapter 1, the initial calculation of the residual
saturation level, Values obtained for:the residual saturation as
calculated from the gas flows and pressure drop once constant flow
had been establised varied widely from test to test. The general
level of residual saturation was found to be 18% to 10%.

The main test of the correlation was the comparison of the
actual and calculated gas and liquid flow rates, This comparison
was carried out using an initial set of experiments nat discussed
in the main experimental programme. The conclusions drawn
were that the gas and liguid flow rates coul:r . -+ predicted with
the necessary accuracy.

In predicting the gas flow it was found that use of the
correlation could not give resulis éonsistent with the experimental
procedures, As constant gas flow was being used at 21l saturation
and pressure differentials the correlations should have predicted a
constant gas flow. However, a disiinc: relationship was ifound between
the level of saturation and the calculated gas flowrate. The nature

of this relationship is indicated in Figure 6.3.1.1. An investigation
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by final year students as part of equipment design tests had also
indicated that the gas consumption could not be accurately predicted.
On these tests the calcuiated gas consumption grossly underestimated
the experimental flow. \
Similarily,.on calculating the liquid flowrate it wasifound
tﬁat the Qalues in no way reflec?ed the actual rate of desatu;étioﬁ
obtained in the experimental tests, The values throughcut the
desaturation period were underpredictions in the majority of tests
carried out. The fiﬁal year students in their examination of the
correlating technique followed the route indicated by Brown
et al (6) for calculation of the wetting phase velocity. Howevgr,'
attempts to calculate tﬁe velocity were unsuccessful as the correiation
broke down before a resulit could be obtained.
Attempts were made to modify the correlation of Brownell
and Katz so that a satisfactory agreement could be obtained between
the calculated and experimental flow values, The modifications
took the form of the insertion of modified exponents for eifective
saturation and reassessment of the values of wetted sphericity.
Other random constant changes were mgde. While some oi these stéps
improved the applicebility of the correlation it was étill felt that
the Brownell and Karz correlation could not be used as a basis for the
development of deliquoring relaticonships in this project.

G.3.2. Dahlstrom and Coworkers.,

As with the correlations of Brownell and Katz a series of
experiments were used tc assess the applicability of the work of
Dzhlstrom and coworkers to the preblem being considered. The
two parameters considered by Dahlstrom and coworkers were the

correlating factor as described in equation 6.3.2.1.
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vt Ap 1 = Fc Eqn. 6.3.2.1.

and the approach factor, equation 6.3.2.2,

t KAP = Fa| : Eqn. 6.3.2,2,

2
EL B, K

It was found that the runs carried out at varying depths
and deliquoring times could not be correlated. The correlations take a
gimilar form to those ¢f Brownell and Katz in thgt two parameters were
being considered. These were the attainable saturation level under -
the prevailing flow conditions and the rate .. ..ch this level was
being approached., However, at different displaceﬁent conditions the
nature of the displacement will vary chgnging the intermediate
~ character of tﬁe filter cake. This character will vary considerébly
with cake depth, The condition of the filter cake at any time during
deliquoring is a function of the deliquoring history of that filter
cake,

Thus, considering the correlating factor, Eqn. 6.3.2.1, it
can be seen that the pressure drop can be varied indepeﬁdently of the
saturation and all the other system variakles employed by varying
the deliquoring history of the filter cake. This was found to be
the case for the filter cakes deliguored to similar saturations
by different "routes".

Tho corrclation using the aprproach factor was to b applicd
by dJdeterminingg the value ol that ;':u;_t.or ab owhich thoe cauialibiriuin
moisture contont was rcuched. 'This cyuilibrium moistura s
predicted by the correlation of the residual saturation wuas always

considerably lower than the saturation levels reached and as wiin
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the correlating factor a large scatter in results did not permit
any graphical correlation to be cbtained.
8.3.3.. Wakeman

In the most recent paper on the ?ubject of filter caxe
deliquoring by Wakeman (58), several worged examples of the correlating
technique hé héd deveioped during his préviOus papers were gziven,

Using these as a basis a range of the correlating factors were
calculated to give values for the various intermediate steps

through the correlation. In general it was found that the basic values
nmeasured lay ﬁutside the range of conditions gnvisaged by Wakeman

in his work. This can most easily be seen in the particle sizes

used, While in the majority of tests the mean particle dianeter was
below 30gm the gxperimental work of Wakeman was concernced with mean
particle sizes from SOpm upto 200pm,

The values calculated from this correlaticn include the
reduced cake saturation. Figure 1 of the Wakeman paper (38) was
used to obrtain predictions of reduced saturation at variocus
dimensionless times and pressures. The reduced saturation obtained in

q?yery case underpredicted the reduced saturation obtained fron K
direct calculation of the residual saturation. Furthermore, the
dimensicnless air flow rate calculated did not coincide witn the
graphical correlations supplied.

The pore size distribution index as described in chapier 1
was also calculated. The expected value of this irndex was in the
ranze 3.0 to €.5. However, the values cbtained varied from J9.1 in

the case where Tinal saturation was as high as 90% te 1.5 when

saturation in the region of 50% were obtained. The ireatmen

J1
ot
i
t

gnvisagscdé by Wakeman was intended to characterise a systen by a




single pore sigze distribution index.
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\ The problems encountered in applying the available

correlations to the specific opérating conéitiéns ére t@ofoid.
Firstly, the particle size range is well below those generaily
under consideration. Secondly, there is a large variation in the
overall pressure drop from the end of the filtration to the

controlled portion of the deliquoring cycle. This variation is

much larger than any allowed for in the development of the correlations

6,3.4. Conclusion

It can be seen that while industrial application of deliquoring

in pressure filters have not been developed beyond obtaining
satisfactory operating cond1t10ns the information and correlating
techniques already available cannot be applied directly 1o this
speciiic problem., Therefore, it is felt that considerable
improvements are possible through minor modification to the present
deliguoring practice.

While Chapter § discussed the experimental results and their
implications for deliquoring operations Chapter 7 will look at how
the dosign of the deliquoring cycle can be strengthenad and the

specification of plant be made with greater confidence.
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_CHAPTER 7

Design Procedures

7.1 Introduction

Ap analysis of results has been completed and a correlation
developed for the:expefimental systems. In this chapter it is
intended to show how, on the basis of the correlation, the design

of the filter cake deliquoring operation can be carried out, Where

new solid/liquid systems are being investigated small scale tests will

play an important part in the design procedure,
This chapteriwill commence with a fully worked example of the
design procedure. Once this procedure has been laid down the

requirements of test apparatus for evaiuating the deliquoring

characteristics of an unknown material will be stated. After a general

discussion of the optimisation of deliquoring procedures the areas
which the design procedure needs strengthening and clarifying will
indentified,

7.2, A Sample Operation

The example which is to be developed in this section will be
based on materials already used in the experimental investigation,
However, the way in which procedures vary dependent upon the
information already available will be indicated. In defining this
example the intention.was to keep as close to the known industrial
applications as possible,

7.2.1, Setting The Example

The sample process and equipment is as followg:-

Number of filters = 4

2
Filtration area per filter = 2n

Volume of filter tank 1,000 litres
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Operating Cycle:-

Precoating = 30 minutes
Filtration : -=  60-90 minutes
Rest Volume = 45 minutes
Deliquoring _ = 30 minutes
Cloth Wasﬁing .: = 36 minu%es
Approximate Total Time N = 240 minutes

S0lid for filter cake:-

Formation Rate (precoat) = 1 cem/hr
-(filtration) = _1 cm/hr
Range of Cake Depths = 1.5—2.,0 cm.

The characteristics of tho filtor cake are assumed to bu those of
Hyflo-Supercel,

2
The total pressure drop at end of filtration = 350 kN/m

2
Pressure drop over cake and cloth filtration cycle = 220 kN/m

Approximate I[iltration rate =  4000-6000 1/hr.

6000 1l/batch,

. Saturation level required = 0,42

It is assumed that normal plant services are available including a
supply of high pressure.inert gas,
The solid residue is to be processed after discharge from the

pressure filter,
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7.2.2. Intermittent Deliquoring.

The aim of initial smell scale tests on the intermittent
deliquoring techn;que is to determine whether the'level of saturation
required can be obtained by employing this technique on its own.
Therefore, for unknown materials two exﬁerimental runs would be carried
out to obfaid a value of saturation attainable using the techniqueiand ;
fifst estimate of.the amount of experimental variation to be expecied.
These experiments would be carried out using the final filtration pressure
and the minimum expected filter cake depth.

In the example being considered these initial tests are not
require& as sufficient information is available to make an accurate
prediction of the saturations attainable under conditions of intermittent
deliquoring. Although the opening conditions are slightly outside those
considered in the experimental programme extrapolation using the
correlations developed for cake depth and surge pressure will give ﬁn

accurate assessment of the deliquoring characteristics,

The values of saturation obtainable in a filter cake of Hyflo-

Supercel under the conditions set in the example can be calculated as

follows:- l
1, Extrapoiation of the pressure-gaturation profiles for cakes ﬂ
of equal depths (Section 5.4.2.) gives saturation at the three depths

tested using a pressure drop developed across the cake of 220 kN/mz.

0.45 cm = 0,47 .

0.9 cm = 0.452 3

g

1,35 ¢cm = 0.445 i

2, Extrapolation of the graph of saturation against reciprocal f

cake depth (Section 5.,4.2,) gives saturations at the two extremes of

cake depth being considered. "
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1.5 cm C.444

2.0 cnm 0.441

1]

The saturation .levels predicted from these steps in the correlation

are subject to considerable experimental variation as indicated by the

results listed in Appendix E, The Gariations to be expected are of the

(I

R

+ -

order of - 2% saturation, Thus, using the intermittent deliquoring
+

technique saturations in the range 0,4425 -~ 0.02 have been predicted. te

This -value is higher than that required by this operation and therefore

L gt S 2 AT

a period of continuous gas flow is necessary.

7.2.3. Continuous-Intermittent Optimum.

It has been suggeéted'(Section 5.4.2.) that cake damage can
prevent successful deliquoring. The next stage of the design tests is;to
determine the best deliquoring conditions in terms of the transfer from

one technique to the other., The optimum condition will, in the main,

consist of a maximum surge pressure above which excessive cake damage may
occur. The remaining requirments will be concerned with procedural
modifications.
For this example it . is assumed that successful transition between
. . 2
the two techniques can be attained upto a surge pressure of 140 kN/m .,
Using the steps indicated in the previous section the two limits of

saturations over the range of cake depths can be calculated,

1]

1.5 cm filter cake 0.479

2.0cm filter cake 0.475

Again allowing for experimental variations the range of saturations
to be expected‘is 0.455 - 0,50, This value may replace the intercept
saturation and may eventually be calculated using a similar form of

correlation, The determination of this optimum condition should be an

aim of future work. Having determined the level of saturation attainable
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using the intermittent technique the next stage is to progress to ' ]

considering the continous flow regime.

7.2.4. Intercept Saturation

The existence of an optimum between the two distinet techniques
investigated is still a matter of conjecture. However, during the
analysis of experimental results a firm correlation was proposéd for the
saturation level obtained during a limited period at the commencement
of constant flow doliquoring oporation.. Tho main point to bo notod in
this correlation is ?hat the initial breakthrough condition is of
great importance in determining the subsequent level of saturation
reached,

Using the present example the intercept saturation can be calculated.
It is assumed that the flow characteristic¢s of the equipment are
identical to those of the experimental apparatus. The main variable to
be considered from this.point of view is the filter cloth, The relationship
between cloth permeability and intercept saturation canpot be predicted ;s
only one cloth has, so far, been used in a significant number of tests.
As a general rule increasing the cloth resistance will improve the
initial desaturation.

The saturations attainable will vary with both the cake depth and
the controlled gas flowraté. The variation with controlled gas flow will
be somewhat dependent upon the response of the gas supply system to
changes in pressure in the filter Gylinder., The basiq saturation
measurement for a given cake depth will be under a condition of no flow
into the filter cylinder the gas flow through the filter cake being
purely in response to the pressurised gas volume in the cylinder.

The saturations predicted from the experimental results are:-
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0.45 ¢cm filter cake = 0,72

0.9 cm filter cake = 0,54

1.35 cm filter cake

]
o
(2]
H

Extrapolating using the correlation developed in Section 5.2.3.
Values for the new cﬁke depth are calculated:-

1.5 cm.cake ) . = .506

2.9 cm cake | = ,495
These are the basic values of interceptlsaturation which, as already
noted, may be adjusted by. the initial gas ‘input to give marginally
lower saturation levelas,

Thds, there may be an extra deliquor%ng capability of upto 0,06
saturation using the maximum intermittent deliquoring pressure over the
desaturation attained during a Qhort perioﬂ of time after breakthrough
using the continuous flow technique., Apart from this the intermittent
technique appears to remove the time dependence of the step during which
the intercept saturatiog is attained. Therefore, future developments
should seek to take advantage of this enhanced rate of deliquoring.

The optimum saturation calculated in section 7,2.3. will be used in the

remaining parts of this example.

7.2.5, Continuous Deliquoring

The desaturation_reéuired during the continous flow deliquoring
period has now been determined. This.is the difference between the
required saturation and that obtained under the optimum conditions in the

Previous section.
Further deliquoring required _ = 0,087
This desaturation is required if the experimental variation of - 0.02
is acceptable in the final cake saturafion. The gas flowrate required
for a fixed deliquoring can now be calculated, The time period available

for continucus gas flow deliquoring will be approximately 25 minutes as
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5 minutes is estimated as the time necessary to carry out a pressure t g
surge. | ‘*
The correlating factor for Hyflo-Supercel as given in Section ;hi
5.7.. - ' g
3 = 4
-6 i -
0.896 x 10 = - =-A8 A2 e? L = K ~ 14
' . At Q7
AS = - 0.00228 'desaturation/min.
= At
, 2
A = 20,000 cm
€ = Q.85
L = 1,5 -2.0 cm2
Q= A € [-as . L _ Eqn. 7.2.4.1.
At K

9,400 litres/min,

282 ma/hz/hr.

This value of gas flow is measured at the mean filter cake pressure,
The to*al pressure.drop can be calculated but it is far easier tc use . fﬂ
the quantities measured in the test experiments. This requires a
knowledge of the relative permeability of cake and cloth. Through -g

calculation of the total pressure drop required to maintain the desired )

I
]
|
optimisation a range of deliquoring times can be considered using the 7

) R
flow the sizing of the blower is completed, To carry out further f
' i
!

correlating equation 7.2.4.1, .i
1

i
[

. 7.2.6 Comparison with Industridal Practice.
Present industrial operation is believed to be based on a gas
; 3,2 . )
consumption 0of-50 - 100 m /m /hr, At this level, for the example
quoted, deliquoring due to the constant rate regime would be of the 5

s
order of 1-2% per hour. EJ

e e L
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Superficial gas velocity (industrial) = 1,4 cm/sec.

Superficial gas velocity (example) = 7.8 cm/sec.
Tﬁe position at which the industrial gas flow is measured is believed .
to be the inlet pressure. However, even with pressure correction the
ratio-of_the calculated flow to that at present in use is 5,. OnXthis:

|

bésisfit must be assumed that industrial'déliquoring can attributé very
‘little to what hgs been termed constant ra;e deliquoring, On the contfary
the flowrate is in . the region where the initial regime during which the
intercept saturation is attained over a considerably lengthened period
of time still contributes most to the overall deliquoring. It must.
be concluded, therefore, that the whole of the:deliquoring period is
allocated in order to reduce the saturation level to a value virtually
equal to the intercept saturation. In this case it must be pointed
out that a single pressurisation and surge at the final filtration
pressure would be required to attain an equal amount of deliquoring.

The implication is that deliquoring using large volumes of inert
gas should not be considered as a mechanism by which large amounts of
deliquoring can be accomplished. While the intermittent deliquoring
technique is believed to be capable of bringing about the necessary
desaturation in most operations as a result of the observations made
here other mechanisms such as steam deliquoring may be shown in an even
better light than in the past when further desaturation is required, '

7.3 Test Apparatus

The prerequisites of a test cell are the measurement devices
necessary for the collection of data and also the physical compatability ?
with the full scale equipment. The operations used in the test i
equipment should, as closely as possible, mirror those to be used on the i

plant,

145 )



7.3.1. Instrumentation

The main piece of instrumentation required for data collection
is a single pressure transducer, This would be a differential
pressure transducer capable of making accurate measurement of the pressure

i
drop between the filter cake top surface and a position directly below the

-¢cloth support system, The most important pressure measurements made-

are those about the time of gaé breakthrough wﬁich indicéte_the initial
gas flowrate, . The experimental investigation showed that pressure loss
is very fast and, therefore, both the responsé:of the transducer and the
speed of recording have to be able to accommodate this rapid change in
pressure drop. The time scale'being consideréd would be at least one
pressure reading every two seconds and idéally once every second over
the first 30 seconds to 1 minute of the deliquoring cycle. The same
would be required over the initial period of an intermittent gas surge
while at other times a scanning period of 20 -.30 seconds would be
acceptable,

Other measurements 'to be taken on the test equipment would be gas
flow and cake saturation readings. Gas flow has been shown to be the most
important factor in determining the rate of deliquoring over extended
periods.of the operation. In the tests carried out the flow of gas
into the filter cell has been measured. This would again be sufficient
in the test equipment as long as adjustments are made for flow due to
changes of pressure in the filter cell. The response of the gas control
system would be of importance as this could have considerable effect on
the time, pressure and flow relationships during cake breakthrough thereby
modifying the initial condition of the filter cake. In all of these
considerations the rule is that a maximum flexibility should be obtained
so that tests can be carried out to check the sensitiv?ty of a given

system to possible control response fluctuations.
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The final main piece of .-instrumentation which would add to the

effectiveness of a test rig is an in situ method of saturation measurement
During this project a survey was made of téchnihues available, It

was found that most needed development followed by lengthy calibration
work, There were several pieces of equipment 5eing marketed which may
have ‘bheen capablg df'giving the saturétionidataﬁrequired. However, due
both to time available and financial considerations these techniques
could not be persuéd during ?his projeét. Successful development of an
in situ saturation measuring techniqué would have the effect of reducing
drastically the number of tests required fér the characterisation of a
deliquoring system,and is, therefore, worth considering as a possible
area for further investigation. o

7.3.2. Filter Cell

It is essential that the filter area of a test cell should have a
minimum value of about 100 cm2. Below this level edge eifects would
become evident and as a result the reliability of measurements taken would
be considerably reduced., The filter area used in experimental tests has
proved adequate and, therefore, a cylinder of the same or a slightly
larger diameter while having an area considerably above the minimum
suggest would not be of an ;nmanagable size, The volume of the cell would
be controlled by the solids concentration of liguor required and the
thickness of cake to be formed, Flexibility in both of these could
be obtained by having the facility to change.the filter area. By reducing
the area thicker cakes could be formed without increasing the liquor
solids concentration.

Circulation of the, liquor could be accomplished by use of a pump.
This would modify the overall desién considerably. On the other hand

the main reason for doing this would be to improve the cake formation

and the cake formed in the tests already carried out have been of
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excellent quality. It would appear that the ideal situation would be to

carry out the small scale tests on a small filter of the type being

considered. - Thisgtogether with the necessary instrumentation would be -

able to supply all the primary ‘information required together with
secondary information on the problems of discharge, scale-up and
.'distributioﬁ of .saturations over a stack of filter plates.

7.3.3.. Further Reguirements

There are three main further fequirements of a test cell. The first

two are related to the control of operations while the third is
" concerned with the coﬁparability of small scale to large scale tests,

Firstly, coﬁtrol of the liquor and filtrate temperatures is
essential. This can also be extended to the gas temperature, As
temperature can drastically effect viscosity -of the wetting phase in
particular the temperature should be controlled whenever it is felt
that large fluctuations may occur., For some systems it may also bhe
necessary to operate the filter at high temperature.

Secondly, in some éircumstances it will be neccessary to control
the inlet vapour piessure of the‘wetting phase material in the gas
phase., This is done to reduce errors due to fluctuations in the
amount of mass transfer which may occur within the filter. This is,
of course, more important with the more volatile wetting phase fluids.
Furthermore, a measurement of the outlet vapour pressure would add
considerably to the data available.

Finally, it is important that the cloth and cloth support system

should be as close as possible to those used on the full scale

equipment. In particular the overall permeabilities should be identical.

The importance of the filter cloth in determining the deliquoring

characteristics has already been discussed, Further to this a similar
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backpressure should be maintained across the cloth during_operations.

A general outline of the requirements of test equipment has been
given. The ope?ation ;f the equipment should,:as far as possible, mirror
the operation of full scale plant and again occasional checks on the

. \ .

sensitivity of operations to various proéedural modifications should- be

carried out, It would be an integral part of the design procedure to

carry cut a sensitivity analysis on both procedural modifications and
operating variables until more information . is available on a wider range
of materials.

7.4 Experimental Programme

The example worked in Section 7.2 has indicated the infofmation
required to be able to design the deliquoring operations. In this
séction the numSers and extent of experimental tests required to obtain
the information will be discussed in more detail.

7.4.1, Intermittent Deliquoring.

Using two experiments carried out under the mean operating
conditions on a given system é large amount of information can be obtained
about the deliquoring characteristics of the materials being used. This
information will consist:of the initial gas flowrate at the point of
breakthrough, the saturation attainable using intermittent deliquoring
and an assessment ofrthe strength of the filter cake. The pair of
experiments will also permit an initial estimate of experimental
variations.

The value of saturation obtained in these initial tests will
indicate whether the required level can be obtained using the intermittent

deliquoring technique alone. If this saturation can be reached

consideration of the continuous flow is not necessary. This being

A

the case the remaining tests would be devoted to accurate assessment

—

of experimental variations and prediction of desaturation over a range

of cake depths and surge pressures, As indicated in Section 5.4.2
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while the accurate prediction of saturation variation with cake
depth can be made the accuracy of prediction of the pressure-saturation
relationship is, at present, not good. Therefore, the méjor number of

experiments would be concerned with obtaining this relationship over the

raége in which operations will occur.
. Thus, for an unknown material the maximum number of intermittent

deliquoring tests required will be six tests to determine the saturation-

pressure profile at a singie cake depth and a further two tests to

check the variations ih'desaturation with cake deptb. If more accurate

assessment of experiméntal variations is required further tests may be

necessary.

7.4.2., Continuous Deliquoring

Where deliquoring over and abave that attained during intermittent
operations is required ?his fact will become apparent after the first
intermittent deliquoring test, Further inte?mittent tests will then
have the aim of locating the best surge pressure prior to use of the
continuous gas flow technique. The form of the tests will be similar
to those already indicated but will be based around an estimate of the
condition under which a minimum amount of cake damage would be incurred,
Thus, using.the same number of tests as for puyely intermittent
deliquoring the condition of the cake at the commencement of the
continuous gas flow period will have been determined.

The correlation for the continuous gas flow period has been

developed in Section 5.2.2,., It will be noted from this that the required
gas flowrate can be calculated once a single saturation-time profile has
been accurately determined., This determination would require !
approximately eight to ten points on a single saturation-time curve.

If in situ measurements could be made this would involye a single

o

experiment . However, at present each point requires an individual

.

150 !



test. The conditions set for the test would be estimated by consideration .

of the time available, the necessary desaturation and the nature of the
material which is being L;sed.: '

Were the intermittent deliquoring not employed and the basic
qontinuous dgliquor;ng operat}on was in use the number of tests required
would increase.. A furthér séturatioh-time profile at a secbnd'gag floweate

*would be required. As indicated in Section 5.2.1, at low gas flow and

for thicker cakés deliquoring down to the intercept saturation level i
takes a considerably longer period. The extent of this time dependence ;é
will need to. be determined if intercept saturation is being used as i
the first step in the cofrelation. |

Tests have shown (section 5.2.6.) that the straight line deliquoring
period predicted tends to under estimate the rate of desaturation over
extended deliquoring periods. The underestimation was apparent when L {8
éomparing the bulk of tests with those carried out using deliquoring
pericds extending to 3 hours. Although this is a considerable advéntage
in the case where extra deliquoring timeé may occasionally be available
it must be kept in mind that at some level of sgturation the rate of
deliquoring attainable will again fall off rapidly. No indication of

this level has beén found in the tests carried out.

7.5 Oygrall Design Strategy

In general.rigid constraints are placed upon the deliquoring
operation by the requirements of other areas of the process being
considered and especially by the requirements of the filtration operation.
Therefore, few variables remain to be considered in the optimisation
of the deliquoring operation. The main variables are the time, gas flow,
attained saturation and the non-wetting phase characteristics, While

the upper limit on saturation (that permitting "dry" discharge) will,
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generally, be easily attained the lower levels required will be more
flexible, The minimum time and gas-flOW requirenents will almost
exclusively be met by yse of the intermittent deliquoring technique.
While the effects of varying the noﬂ-wetting phase\in terms of viscosity
and interfacial tension have nof been investigatedfit is a reasonable
assumption that deliq;oriﬂgsover the period of intérmittent operations.
will be improved by increasing the viscosity ©f the displacing fluid.
The optimisation relies heavily on the decision as to whether
intermittent deliquoring can bhe used exclusively. In a large number of.
cases this technique will pro&e to give sufficient'desaturation such . -

that the obvious course of action is to employ it as the sole means of

cake deliquoring. In this way large savings will be made in capital
outlay, time and gés consuﬁption.

Having shown that an improved initial reduction in saturation can
be obtained it has also become evident that subsequent deliquoring
under a reduced pressure drop gives only a si0w rate of desaturation.
Furthermore, this desaturation involves the use of large volumes of
gas, It is felt that where further desaturation is essential the use
of other techniques such as steam dewatering should be sericusly
considered,

7,5\ Development of Procedures

The procedures indicated in this chapter have been developed from o
consideration of a limited number of experimental tests on two distinct
methods of cake Qeliquoring. The conclusions drawn from these tests
have been moulded inteo a design procedure for the overall development of
deliquoring operations.. Each point in these correlations can be given
an individual degree of confidence., While some steps in the procedure
can be strongly supported by experimental evidence otheéer stages fall

between the areas of experimental investigation and as such are still
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matters of conjecture. This section is intended to identify the areas
which can be firmly stated and t& suggest methods for strengthening the
uncertain areas of the design procedure.

Intermittent deiiquoring tests have indicated the general t;end :
of saturat%ons obtain using this technique when considering the varigbles
of pressur; and cake depth. While the cake depth re;ationship is
believed to be ;eliable wide ekperimental va?iationé appear in tﬁe
saturation-pressure ﬁrofilé. Suggestions for improving experimeﬁtal
procedures may reduce these variations. The effocts of v150051£y have
been proposed on the basis of a single test at a sccond viscosit; and
by considering the genéral trend of-the comparable continuous flow tests,
Thus, the main improvements to be made iﬁ considering the intermittent
deliquoring technique cons;st of modifications to the experimental
procedure which will result in the optimum cycle of pressure being
achieved,

The continucus flow tests have resulted in a two-tier correlation
being developed to predict the final saturation obtained. These parts
of the procedure are felt to be well supported by experimental data.

The variables considered in the experimental programme being time,
gas flow conditions, viscosity and cake depth, Two solids have been

investigated in detail and the general form of the correlation was found

to apply for each individually. Some attempts have been made to correlate

the results for the two solids but only a tentative relationship has been
suggested,

The remaiping part of the design procedure consists of the
determinatipn of the optimum operating condition between the two
tecﬁniques. This determination and the existence of an optimum is a
matter of conjecture at present, However, if the optimum can be

evaluated the intercept saturation developed with the continuous low
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correlation will immediately be superceded and new correlations
based on the initial reduction.due to intermittent deliquoring will
be required, This is the area in which a major effort should be madeée

to improve the reliability and effectiveness of the overall design

procedure.
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CHAPTER 8

Proposals for future work

1. Techniques for in situ measurement of saturation should be
. 1

1

}
investigated further.

- vThe satisfactor& development of an in situ saturation measurement
technique would'Be of great advantage in the further study of the
'deliquoring operation, It would bring about a large reduction in the
extent of design tests required.

: 2. A range of solid materials should be tested to ascertain their
deliquoring characteristics.

Onlywthree solids have been studied so far in this project, No
information has been obtained which is of sufficient clarity to
indicate the characteristics of other materials used. The effects of
variables such as particle size, porosity and sphericity can only be
determined by the investigation of a further range of materials,

3. Tests on a variety of wetting and non-wetting phases should be

carried out,

The project has investigated only the water-air system with the
use of sugar solution to vary the wetting phase viscosity. A range of
wetting and non-wetting phases in tests will help to determine the
extent of mass transfer occurring in the deliquoring operation. For this
purpose the wetting phase should be of low volatility. Also the relative
viscosities of the two phases can be varied to a far greater extent,

4, Tests over a wider ranée of gas flow should be attempted.
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Superficial gas velocities upto 5 cm/sec. have been used. Although

this is the order of gas flows in general use in some cakes the pressure
drop developed is low and the required flow is relatively greater,
Therefore, superficial gas velocities upto 10 - 15 cm/sec, should also
be investigated over ?horter deliquoring periods.

S. Detailed investigation of the relationship between initial gas

velocity and saturation reduction should be made,

In the experimental apparatus used during this project full
scanning of the pressure transducers took 4 seconds and in the majority
of tests a 10 second scan periocd was used.:_The significance of the fi?st
moments of deliquoring has already been noted, A further investigation
of this portion of the deliquoring cycle ié warranted. ’This would
require the recording of pressure aifferential at intervals of about
1 second.

6. The cptimum operating conditions which are believed to exist

should be examined in more detail.

If, as supggested, excessive pressure causes cake damayre the oplimum

conditions will be dependent upon the strength of cake formed and the stress

built up in the filter cake as deliquoring progresses.
7. Tests on the interaction between cake and cloth as related to cake

discharge will be valuable,

In centrifugal discharge the saturation level is of considerable
importance., An initial level at which clean discharge is attainable is
thought to exist at 80 - 90% saturation for a range of cake types. In

the tests carried out some thin layers of cake (approx. 1 mm) were observed
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to stick to the cloth particularl} at higher saturations. Once a cake has

been formed satisfactory discharge will be attainable only when cohesive
odhelore ' : ' o

forces exceed oehesé#e_forces. .

8. A major area not investigated in any depth in this project is

equipment scale-up.

The extent of investigafion in this project was the supervision of
a 5 week project carried out by final year undergraduate students who
worked on a small Funda filter., In the small number of tests that it
was possible to complefe several areas of interest were indicated.

{i) Vvariations between saturations from plate to plate.

(ii) The method of.emgtying the filter of filtrate heel,.

(iii) Variations of cake formation from plate to plate.
In general the-sgale‘up will be purely on the basis of filter area.

However, the effects of the three variables indicated require clarification.
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Conclusions

During this project it has become evident that considerable

modifications to the present practice of deliquoring pressure

formed filter cakes may prove to be advantageous. Using the

{
\

;technique of intermittent deliquoring considerable savings in
ibotﬁ time and gés consumption have been §howh to be possible. The
design procedures propésed have included this technique and.as a
result of this innovation scope for further research has been
created. l

The conditions under which gas breakthrough of the filter
.cake occurs have been shown to be of paramount importance in
determining the levels of saturation obtained. A correlation
between the conditions at gas breakthrough and the subsequent
saturation le;el has been developed., This correlation relates the
void volume displaced rate to the cake depth and the saturation
obtained. The effects of other variables such as viscosity and the
type of filter cloth need have been discussed. The saturation
value calculated using this stage of the correlation was termed

'_A

the intercept saturation, Rather than being an immediately obtained
value of saturation the intercept saturation level is a value that
could be a£tributed to an initial flow regime.

The theory proposed for this flow regime is that at gas

breakthrough a range of pores are fully or partially opened to gas

flow. During the subsequent period of gas flow partially opened pores

are further desaturated. The level of saturation attained after
this further desaturation has been termed the intercept saturation.
This value has been successfully correlated with the conditions at
gas breakthrough. The only uncertainty is the extent to which this

part of the deliquoring operation is time dependent. The major

158



mechanism operating at this stage is believed to be film flow in
pores fully opened to flow at gas breakthrough.

The second regimé which has been referred to as the constant
rate deligquoring period has\been assumed to operate in parallel

'
with the first regime and continue over a longer time span., The
mechanisms operating during this deliquoring phase have not been
ciearly identified. Both film flow and mass transfer are believed
te play a part in deliquoring at tﬁis stage. As the deliquoring
period increases the latter will become the more important factor.
Several tests over extended deliquoring periods have shown that
the rate of deliquoring predicted by this straight line relationship
under predicts the mean deliquoring rate measured over the longer
period of gas floﬁ.

The intermittent deliquoring tests have shown that deliquoring
to a lower level than the intercept saturation can be accomplished
by a single surge of high pressure gas through the filter cake.

The implicatiocns of this are that considerable economies can be
made by a series of simple modifications to the deliquoring
operation. During this research an attempt has been made to
incorporate the intermittent deliquoring technique into the design
procedures. Full optimisation of the two deliquoring techniques
has not been possible but this has béen proposed as an important
aim of future work,

Examination of the gas flows used in pressure filters as
obtained from literature and manufacturers information has shown
that a majority of operations are carried out at gas flows lower than
those which have been calculated in this project to give reasonable
deliquoring rates., The flows used would mean that the level of

intercept saturation already defined would be reached after a
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considerable deliquoring period-this regime being time dependent.
As this level can be obtained rapidly using tbe intermittent
technique the use of low constant gas flow deiiquéring may, in
many cases, no longer be considered-economicai.

In investigating the deliquoring of pressure formed filter
cakes a new technique has been bfought into the désign procedures,
The design procedures developed form a firm basis on which future
work can be carried out. The optimisation of the deliquoring
operation and the collection of data on other systems should be

the main aims of future work in this field.
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Classification of Test Materials

I Particle Size Distribution

(1) Hyflo-Supercel

' Stokes Diameter Cumulative %
pwm undersize
150% ' 97.0
106% 92.4
75 : 84.6
74.62 . 80.63
52.48 ' 78.08
42,36 73.67
36,49 ' 70.12
25.5 62.93
17.79 ’ 55,49
12.65 42,78
8.69 25,42
6.14 2Q.18
]
|
1
i
¥
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(ii) HPF-3 Test Dust

Stokes Diam;ér : Cumulative %
pm undersize
150% \ 99.0
106* . E 95.0

75% | 79.0
54,54 64,24
38.57 45.24
27.27 . 26.27
19.28 T 11.75
14.75 ' 4.8
10.84 0.2
1.48 © 0.05

(iii) Crushed Anthracite

150% 78.0
106* 41.0
75% 15.0
64.16 14.67
44.76 8.98
31,21 3.37
21,75 0.41

All measurements made using an Andreason Pipette except those

marked * which are sieve points. HPF-5 Test Dust was modified by

removing the fines. A cut was made at lipm using an 'Alpine’

classifier. 't
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II Mercury Porosimeter Measurements

Internal porosity of samples were measured on a mercury

2
intrusion porosimeter at 300 kg. cm .

‘ . 3 -1
\ (i) Hyflo-Supercel - 0.468 cm g
3—
(ii) HPF-5 Test Dust - .. . 0,106 em' g
i ' . ' 3 -1
(iii) Crushed Anthracite - 0.024 cn g

Some difficulties were experienced in forcing mercury into
the interparticle spaces in the Hyflo-Supercel sgmple. This can
iead to inaccuraces in the porosity measurement as pressure is
used to fill up scome interparticle spaces at the same time as
intraparticle spaces are being filled uﬁ.

Figure AII indicakes the pore radius distribution measured

from the Porosimeter tests.

III Porosity

The porosity of the cakes formed using the three test
materials varied by a negligible amount from test to test as
the cakes were virtually incompressible, Therefore, the average

porosity for each material could be found.

(i) Hyflo-Supercel .- 0.85
(ii) HPF5 Test Dust - 0.485
(iii) Crushed Anthracite - 0.6

IV Solid Density

=3
(i) Hyflo-Supercel - 2.2 gm cm
-3
(ii) HPF5 Test Dust - 2.65 gm em
(iii) - Crushed Anthracite - 1.6. gm e
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Vv _ Further Parameters

(a) Mean Diameter
There are many methods Of obtaining a mean particle
diameter. The method used to obtain the values\giveh is

that employed by Brownell and Katz (10)-:-

The calculated diameters are as follows:-

(i) Hyflo-Supercel : - 3.8 um

(ii) HPFS Toest Dust = 20.5 pm
|

(iii) Crushed Anthracite - 43.0 um

These represent the particle having the average area
(b) Particle Sphericity
Particle sphericity has been estimated using the correlations

of Brownell and Katz as described by Brown et al (6).

(i) Hyllo-Supercel - 0.22
(idi) IIPF5 Test Dust - 0.52
{iii) Crushed Anthracite - 0.7

{(c) Modified Breakthrough Pressure

The modified pressure calculated is that employed by
Wakeman (58) in an example of the use of his correlating
technique.

P = 4.6 (1 -¢€)
d

The modified breakthrough pressures are:-

. 5 2
(i) Hyflo=-Supercel - 1.5%4 x 10 dynes/cn,
. ' 5 2
(ii) HPF5 Test Dust - 1.72 x 10 dynes/cm
4 2

(iii) Crushed Anthracite - 5.14 x 10 dynes/cn
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(d) Cake Permeability
There are several methods of obtaining a cake permeability.
The methods include theoretical approaches using the.parameters
already developed. ‘However, the values given are those obtained during tbe
\
during the expe}imental programme. The measgrements used_

gave total pressure drop and flow relationships at three cake

~depths. Therefore, the permeability of the cake and cloth could

each be measured.

The cake permeabilities were as follows: -

: : -8 2
(i) Hyflo-Supercel - 1.587 x 10 8 cm
. -8 2 i
(ii) HPF5 Test Dust - 2.25 x 10 cm
- : . -8 2
(iii) Crushed Anthracite - 8.0 x 10 cm
!Q
L] I
I
|
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APPENDIX B

Classificatigp of Ex

Continucous Flow Tests

Hyflo-Supercel

TIME (MINUTES)

CLASS HY1

CAKE DEPTH = 0,45 cm.

i

20 1/min.

AIRFLOW

(ét s.t.p.)

CLASS HY2

CAKE DEPTH = 0.45 cm.
AIRFLOW = 30 1/min.
(at s.t.p.)

CLASS HY3

CAKE DEPTH. = 0.45 cm.
AIRFLOW = 40 1/min,

(at s.t.p.)

167

periments,

4

8

10

20

30

10

30

10

20

RUN Nos.

92
90
123,
118,

124

131,

129,

146

144

149

153
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Hyflo-Supercel (cont.)

‘s

o b i et TS A A TR TP T T Pttt o B, T

CLASS HY4

CAKE DEPTH

AIRFLOW

CLASS HYS

CAKE DEPTH

AIRFLOW

CLASS HY6

CAKE DEPTH

AIRFLOW

0.9 cm.

20 1/min

{at s.t.p.

0.9 cm.
30 1/min.

(at s.t.p.)

C.2 cm
40 1/min

(at s.t.p.)

TIME (MINUTES)

)

4

8

10

20

30

10

30

10

20

. 30

l4s

RUN Nos.

91

"t

89

121,

120,
125,
130,

128,

86
87

113,

116,

147

143

151

154

156

138

139

109, 134




Hyflo-Supercel {cont,)

CLASS HY7

CAKE DEFTH = 1,35 cm,

AIRFLOW = 20 1/min.

{at s.t.p.)
CLASS HY8
CAKE DEPTH = 1.35 ecm
AIRFLOW = 30 1/min.

(At s,t.p.)
CLASS HY9
CAKE DEPTH = 1.35 cm
"AIRFLOW = 40 1/min

(at s.t.p.)

TIME (MINUTES)
10
20

30

10

30

10
20

30

169

RUN

122,

119,

128,

132

127,

112
117,

110,

Nos.

148

150

152

157

137
140,

133

142

- ————
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HPF5 Test bust (cont.)

CLASS HP1
CAKE DEPTH
AIRFIOW
CLASS HP2
CAKE DEPTH
AIRFLOW
CLASS HP3

CAKE DEPTH

AIRFLOW

11

]

0.45 cn.

20 1/min,

0.45 cm.

30 1/min,

0.45 cm.

40 1/min,

(at s.t.p.)

(at s.t.p.)

(at s.t.p.)

TIME (MINUTES)

170

4

6

30

45

30

45

RUN Nos,

70
68
69
206,
204,
203,
72
74
77
199,
231

200,

106
100,

58

219
208

205, 207

202

201

224

225




HPF5 Test Dust (cont.)

TIME (MINUTES) RUN Nos.

CLASS HP4 | 4 ' 71

8 o 73 \
CAKE DE?TH ; 0.9.cm. . 15 216, 221
AIRFIOW = 20 l/min (at s.t.p.) 45 214, 218
CLASS HPS _ 15 233

45 230
CAKE DEPTH = 0.9 cm E
AIRFLOW = 30 1/min (at s.t.p.)
CLASS HP6 4 80

8 79
CAKE DEPTH = 0.9 cm 15 104, 227
AIRFLOW = 40 1/min (at s.t.p.) 30 108

45 101, 223

60 97
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HF5 Test Dust (cont.)

TIME (MINUTES) RUN Nos.

CLASS HP7 15 215, 220

30 213
CAKE DEPTH = 1.35 cm. \ 45 - 212, 217
AIRprW . = 20 1l/min (at s.t.p.)
~CLASS HP8 | 15 228, 234

45 229, 232
CAKE DEPTH = 1.35
AIR PLOW = 30 Y/min (at s.t.p.)
CLASS HP9 | ' 15 103, 228

30 107
CAKE DEPTH = 1.35 45 © 102, 222
AIRFLOW = 40 1/min (at s.t.p.) 60 99
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Carbon

(Class conditions as defined for Hyflo Supercel and HPF5)

CLASS TIME (MINUTES) RUN Nos.

3 ca 15 _ 260, 262
30 : :261

- cé | : 15 ' | 265, 266
30 267
c7 A 15 263
c9 15 264

HPFS Test Dust - Viscosity Tests

CLASS TIME (MINUTES) RELATIVE RUN

VISCOSITY Nos.
HP1 15 1,47 252, 254
HP1 15 1,65 255, 238
HP3 15 1,47 248, 249
HP4 15 1.47 251, 253 .
HP4 _ 15 1.65 256, 257
HPE 15 1,47 247, 250

,
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HPFS Test Dust - Thin Cakes

RUN Nosg.

CAKE DEPTH (cm) TIME (MINUTES) RUN Nos.
0.2 : 10 277
20 279
0.3 10 278
20 280
0.6 16 281
(Airflow used in these tests was 32.6 1/min. at s.t.p.)
Humidity Tests
C'LASS CAKE DEPTH AIRFLOW TIME(MINUTES)
HY3 0.45 40 75 274
HY7 1.35 20 180 272
HP4 0.9 20 75 273
Drying tests
SOLID CAKE DEPTH RUN NOS..
HY 0.45 95
HY 0.9 96
HP 0.45 93
HP 0.9 94
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II Intermittent Flow Tests

Hyflo-Supercel

PRESSURE( kN/mz.) RN Nos,
CLASS HY - Il 3G \ : 159, 172, 180
[

50 81, 170, 183
CAKE DEPTH = 0;45 cm 80 83, 166, 179

110 163, 174, 187
CLASS HY - I2 30 160, 173, 182

50 84, 168, 184
CAKE DEPTH = 0.9 cm. "80 _ 82, 167, 178

110 : 162, 175, 186
CLASS HY - I3 30 _ 161, 171, 181

50 158, 169, 185
CAKE DEPTH = 1.35 cm, - 80 165, 177, 189

110 164, 176, 188
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HPFS Test Dust

CLASS HP - 11
.\

CAKE DEPTH = 0,45 cm. .

CLASS HP-I2

CAKE DEPTH = 0.9 cm.

CLASS HP-I3

CAKE DEPTH = 1.35 cm.

CLASS HP-12

- RELATIVE VISCOSITY (1.65)

17

PRESSURE (kN/m>) &
20
30
50
80
110

140

30
30
80

110

30
50
80

110

80

RUN Nos.

192, 194

59, 60, 62
63, 64, 66, 190

191, 196, 197

183, 195
235, 244
58, 61

65, 67, 211
241, 237
243, 245
236, 242
239, 246
238, 240
259
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APPENDIX C

Use of Computing Systems

I Data Files

Data used in the computer programmes included the pressure a

and flow data supplied on punch tape and the subsidiary data
. . , : 3
including cake characteristics and operating conditions, While . j

the punch tape was fed onto a file before being edited the

subsidiary data was typed directly into a file.
(i) Modular 1 System

This system was used for data input during the early stages

of the project. Th% tapé was input at fhe terminal and could

be edited before ﬁeing transferred using a linking operation to

the main computer filing system. Recall and re-editing was also

possible whenever necessary. i
(ii) Prime

This system was used for data input and editing once it

e

came into oﬁeration as part of the Universitys computing faciiities.
Its advantages over the Modular 1 system were its reliability
and speed even through transfer between the operation and the ICL '
1900 was a more complex operation than the Modular 1 to 1900
transfer,

The data from each experiment existed as two small parts
of separable data files and could be called for use in processing

operations by reference to the line numbers in the files. A

* INCLUDE command in the running instructions permitted location
of the required data.
Small sections of the two types of data files are

illustrated on pages 179 and 180.
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: ' EXAMPLE OF EDITED PunNcH TAPE DATA
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EXAMPLE OF SUPPLEMENTARY DATA FILES .
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II Processing Files

Over the period of this project a series of computer
programmes have been written to process the experimental data.
These programmeé have fallen into two distinct categories.

(i) Processing of intermittent flow data

(ii) Proéessiné of éontihuous f%ow data

While each programme included the calculation of pressures
r

and flowrates from the voltage data supplied they varied in the
cé&relating factors and other parameters which were computed.

During the early stages of the project the correlations
of Brownell and Katz were included in thé computations while
during the later stages more attention was paid to the basic
data and the correlating parameters indicated by Déhlstrom and
coworkers and Wakeman,

The processing programmes for the intermittent and continuous
flow tests are given on pages 181-187, Sections for input of
data are identical for the two programmes.

The programme, written in Fﬁrtran, was processed on the

University's ICL computer.
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OGO Sl DTAM DIFF,SPAL 1T
Reap (1,940 Ly

FORDATOL )
REAGCT, LTI A, DYFF, sPH
FURDGAT(IREY 2 L)

N TAavYn, Iz = VLIV |

T R R X R R

THF CALCULATTIUN NnF paRAMETERS
«RELATED T prLIQUIZING THEORY

PR R R R o B B R A TR I R R R I

DML s Yoy iru(ﬁg),IT4(5ﬁ)'iT§(60), ATNCL)

1

MUHOR /"ipjT‘l/ ,‘11(':\\1),1\/ ((’J)"Vq(""o)rl\'l*(bﬂ)rl\l‘u((,{))

oV fanautd/ I\.'(D()'I_S"-(:’U)‘Isf(ér))rlsit(t‘tﬂ),ISS(SO)

EOMEAN /TRPUTS, STapS PR, FR,ABDSICF,TSTTFITD, TE,PDRY,/PCLO, PWET, OK,
COMaN FTHTRTI T(o0y,1,PR1¢60),PR2(60I7PRI(H0)Y,PRAIZI(AD)Y

T r.. S(HT) PRy

COtLINE JRELINS FLCODY L FLA FLANSFLAS  FLTOTVLA M NAFLMC60) s RATINCS0)
1.FL3<03)

SN /PER/ EADHF LIV, PTU, PTHU PIW(OD) /PINW(AT) FPRUCSD) ,PANY
P50 !

Co N AviSe/s VisWavISA,pLI o PRl SAVE

i\)

AT

FuR AT(F1 00

FOR ATLOAG)

FAOTHATIORY 2 4D

FuR At it S 214aVERAGE SATURATION = 59 . 56/)

FOR AT OIHT)

FHRIAT 00s L 14HRE #Huben I3/ 16 ikt wnvniinbnrxf)
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AT uT) TTEIY T TNy TR
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REAILT 8 onRY,pCln, PHET
READCT DT SATHSAYE
AT FECT, 90 QAVE
MRITEST,A2INR,SHLID, CLOTH
T08. = n - TF
hilg = 1 uid2 = (2.75+4 « CFy
po G o1 = 1,928 Voo
TH T¢I ) N
ARBEER TS S D)
Th,= [T35CE0) .
Ty = 74 « 63,0 &+ THM + Ty/50.90

> opIf o TS-T(192
TF{ptr.o7.0.05)3) Ta &

LI VAR i R

4 OCAL PRESNIRES
Cal: Fioied
dERITECS LAY TREL,FLA
JRI;?(E,R?)QN
SIS, S o 73N % 1 _0Ead
vIS ) = 1 473 * 1 0tw?
JRITE(2,85)
fAaiL Pipts
WRITE(S , re) -
CaL. Cogriw
T V(’ 7%

1Haud nJJ‘.

STO.;
FaD

SUBROUTiNE pRESSURES

) R TS R FNRE LT LR XTI

; CALCULATION OF PRESQURE nKop
y ACRJISS THE FILTER CAKE

; AR kW R g N e TRk k¥ T hork Wk ok

COMMON JINPUTT/ TVI(40),1V2(¢60),IV3CA0)IVLL60),1VS5(6M)
COMHON JINPUTE/ 31S9(¢40),182¢60),183¢60),154(66),185¢40)
cOMION JINPUTS/ STinBePRFR,AB DS CF. TS, TF/TP(3),TC . TELPDRY, PCL
TLPUWZT, 0N .
COMHON JINTRIMN/ T(20),1,PRI(A0),PR2(6UY,PRI(E0) PRATI(SL)Y .
TORDCEOY ,pRYCH0D) , PHL3Y ¢y PHAK, 41

90 ,aanAT<1u JIZV3R,EY12, 6/

G- FORUATLSH L 23HNUMARER GF AlR SURGES = ,13/%

a

O
o] :DR':AT(TH !I3f‘£:‘(l3&160£/)
nd 7 It o= 1.1
TEEEN A NG
S = 18T (51
PRI(I1) = {y * 10,0 w2 (=S) ~0,00<¢3) w4 13658¢6
vos IV2{i)
s = I5z¢l1)
PRZ{INY = (Vv * 13,0 #x(=5) =0,0058; =4 _13684F6
v o= (Vi1
S o= 1S35.1%)
SRICIIY = (v % 10,0 #%(~8) +0,0G0G32) «L_ 1368856
PRAVI(TTY F (PRI¢ITY + pud(iiyy/e.n
PRDCIGT) = PRATICIN)A-PRE¢IT)
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URITE<2.88)11rPRn(111.PRA13(11)

1 CONTINYE
1F¢-P(2). 6T YEIGD TO 2
1E¢TP(3) . GT.TEXGD TO 3
1SUNGES = 3
G0 TO 4

2 ISUKGES = V
60 70 & .

3 ISURGES = 2

A W= 1.

*pUAX = 0,0
no 5 12 = 1,1
IF(aBS(TcIZ)-TP(N));5T.0,05)Go 70 5
pHINY = PRAIZ(IZ)
TF(PMAX.GT.0,. 1260 To ¥
41 = 12

9 plf = PrH(i) =PHAX
WRITECZ2,903N7TRH(ND
1F¢pIF.LT.0.02G60 TO &
pHAX = PMND

5 TF(N.EQ.ISURGES)GO TO 8

N = N + 4

CONTINUE

URITEC2,90 30, PHAX d1

WRITECZ2,89) ISYRGES

RETURN

STQP

END

[$ =18,

 QUBROUTINE FLOWS

*i*+**i********#**ﬁ*

CALCULATION OF ALR FLOUWS ;
SURTIG DELIQUORING TESTS'

**w**w**********kt**&*«****

(H0), (VECHD) TV (80D

cCHitoN /rupu11/1v1(631,1v£(50),1v§
CcOMON /Iupu7z/151(50),1@’(50)axsicéo),isL(5o).szcog)
COHHON /INPUT§/STrDBoPBa;RJAE;DSJCF;TS.TF;TP(S)rTC,TE;?DRV.JCLU

4, PWET N

¢ OMIION /INTRIH/Tcéu).I.PR1(50).pR2(so>.pRS(éOS,PRA13<SG>,

1pRD(60),pR%(6U);PM(3)
¢ OM10N JELIUS FLLOVY

95 FORMAT(AH 4 2REND QF
83 fORMAT(TH
L= 0
M= 0
y = 0
LT = 9.0
50 1 11 = 1,1
IF(T(Ei),GT;TF)Go Th
1E¢7¢11) .67, 75260 T
sLez1) = 0,0
6o o 1
3 FLE:1) = FR
Y = 11
63 70 1

'qux'\].l E:

FLA,FLTOT:L,H,N.Niqu-FLM<60>,?LS(50>

FLOWS /)

W N
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2 IF(TC~T(I1) 6T, 0,05y60 TG 14

TFCABSCTCITS=TEY  LT.3,65)60 70 45

b v = 1VLECIT)

§ = 1S4(¢11)
Ng = 11 .
VOLYTS = v & 10,0 =% (a5}
TON. = N :
60 TO¢8,9410,71,12),10N

8§ 4 = 1.14

9 .

10

11

12

-

13

B = 15.31
0 1o 13
A= 1,4
8 15,31
O 10 13
1,14
22,13
60 1O 13
1.14
22413
C TO 13
A 1.8
R = 37T.25
TFCYOLTS LT.1.9360 1O 8
IF(VOLTS,GT 8,860 126
FLCIT)Y = A« VOLTYS + B
FLT = FLT + FL(T19)
R = N + 1
6O 1O 7 )
FLEDY) = (A = VOLTS ¢ 8Y/2.0

i

QP
LH ]

by 5 IS 2
nu

1}

) = (A & VILTS « gy=1,%

1.0ES + 2RMC(I1)))

FLeli) = 0ES/¢(
05/C1,0E5 *+ PRAI3CINY)

(
ELeLty = ¢

- 3
St e e
non -

14 WRITE(Z2,87)

1
15

COHTINUE
WRITEC(Z,90)
RETURN

STy

END

SUBROUTIHE pERMS

IR ENEREEE R LR R

CALCULATION OF CrKE PERMEABILITIES
THRIUGHIUT TEST RUNS

P R A AL R AR R L IR TR B PR R T

COMHON JINPUTS/ §T/n3:P8,FR,AB/ DS/ CF, TS, TF/TP(3),TC TE1P03Y,PCLy

1L PWET Dy

COMEON JINTRIMS Y{unyr1,8R9(40),PR2(E0)PRI(E0) - PRAYI(AGS

TLPRHCE0, PRxLOD) 2, nHAY, 31

COMMON JrLOW/ FLCSUY  FLAELYOT (LM, N R2 FiMCO0) ¢
cOMION /PERM/ ERDR:flLIU, PTU,PTNW,PTILOI) PINMCGED)Y 1PR

TPRN(OD)
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COMMON /yI5c/ VISH,VISA,DLIQ,PRDL,SAVE
cOMMON /aLt/ DIAM,DIFF,SPH, 15 .
90 FORNATOIH S13/2X,E12.4,4X0E12.4,4X,E12.4,4%X,E12,4/6%X,2E12.47)

FQDB = pa + 0.7 \
PTNY = ppRY :
PTN = puET

FLIU » 1 0E-4

p0 1 IT = 1,1

STFCYCLYY LT TS2G60 To 2
TFCr¢d1Y LETTFIGD Ton &
TFCTE~TCI1)6T.0.05%Y60 T 2
TF(ABSCTE=T(11)),LT.0,0536G0 10 2

60 YO 3 '
4 PINCIT) = (16.7 * FR = VISW * EQDB)/C(PRDCI{) w» AB)

PRDL = PRPCINI/ERDR

pINWUCITY = 0.0

PRW(I1) = pId(I1)/pT¥

PRN:(¢IT) = 0. 4U

WRITECZ,90) 11 /7P1WC i) PINWCTIT Y+ PRW(I1),PRNW(IT) PRD(IT)

60 to 1 . -

I PIWCITY = (16,7 * ELIU % V]SW w EQDRY/ (PRD(¢I1Y * aB)
PINGCITY = (16,7 % FLM(IT1Y « VISA &« EQDBY/(PRD(IT) « AB)
PRW{TIT) = pidlIsy s0TY

PRNYCIT) PINUCIT) /2TNY
WRITECZ,90)11/P1WCI1) (PINWCIT) 4 PRW{ 1), PREWCIN) ,PRD(I1)
GO T0 1 :

2 PIHCIM)
PINWCIT)
PRW{ITY
PRNU(IT)
WRITEC(Z,?

S onouoy ot

SURROUTINE CORREIY

TR A AR E'E R RECR A & BUER ]

CALCULATION OF OTHER CORRELATING
FACTORS FROM THEORY

PR R EEE R o R o R R N AR T L AN

SOMNON JIRPUTS/S STynB8,Pp,FR,ABIDS,CF, TS, TF,TP(3),TC TE,PpoRY, PCLY
1 PUET Y _

COMHON JINTRIM/ 1(60)+1,PRI(AD3),PR2Z(H0Y,/PRI(LEGY PRASZIGDS
T,PRUIBIY,PRYLEV) ,PIA(HI,PHAX, 4T _

cOMION JrLOuwy FULSDY , Fi g, FLTOT h L B, RNTNT N2 FLMAA) s FL5(30)
COMYON /PERM/ EGDBepLIW, PYW, rTNULPY JC(63) ,PINN(EN) (PRWLSDY,
1PRNLEDD ’

coMpni /uvIscs VISU,VISA,DLIN.PRDOLSAVE

COMIION JaLu/ DIAM . DIFF,53P0,18

nIMENSTan CorT{AN)0nK2AVY L CORZ{ED) , CORA (D0, 0NR5 AN,
TCORGEOI),COx7CO0:,DIvT¢H0) , niT(00) ,THEL(E0),PRUECED)
DIMENSTON SROT(S0D,SRO2¢HUY,CAPLCOD), CAPN(OO), VELA(SO),
1PRAT(OD) ,DIpR (S0, DT YE(40)

Q0 FORIATCOIH ,4E890.,4/71




L
2

3

4 FORIATCIH

O U0~ un

FORMATY
iRATIOS/
FORMATS
TES/ )Y

FORHAT(

(VR _
FORIMATH
FORMAT(
FORHAT(
FRRMATC

P FORMATC

FORHMATS
PTWi3
PTRY 2
visSa
DRN:Y
DRHT
HTR L
HTRE
BPRIH
CAPA
RESP
DIAY
PMOD
vCoH
VCON2
PRAF
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50 1
IF(I1.E
YECT It
YFLT ¢
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14
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pTd =% 0.5 -

viSA/VISw
pPT442 * pLlq »» 81,0 / s7
0.275 / DRHY
pk /DRAT
£GDg /DRHT
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13,4 % SQRT((%,0 ™ PBY/(RESP » pS§ w
(DIaM *% 2,0 * PR #« DIFFY/ 32.¢
(P3 » DBY/VTISR
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(P¥¢1) % EQp3 = (VIGW~(20,0-CF)x»
= 1.1
Q41364 Tg 92
YLLTTCYGO To
YT TEIGD Ton 1
) o= TC¢I1) - TF
y = prOLIS)Y/EndR
(T1YTLELD.0)GgD 70 17
p ((oLIQ » pRpECIY)
) PTHTZ » cnRY¢ 'T)
p) 287T.0 % pLIN Puped1i)
CAPA & Capd(i4)

6.155 = ¢1,0
0.U25 w caPN(11
PINJ(IY) « ppDE
pepRY 7 Pan(id)

(PTA % 306 « THEDIIGID/(VISY # EQDR »% 2.0 % pp ¢
(147))
ITI¢I%y & £EQbB ww 2
PRDCIY) 4 BprM
1560
(16,67 =4
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10

1

o

1

60 70 11

URITE(Z,10D)

YRITE(Z,21) .

WRITE(Z, DU)DRNW,QRHT HTRLsHTRE
WRITE(Z,9¢)

WRITE(CZ2,20)DIAM, 2TY, DI AN,PHMOD

URITE(Z, 73 :

WRITE(Z, ?0)5901(18>.RED1.SRUZ(Ia):REDZ

WRITE(2,04) )
-URITE(E.QO)BPRH,ALAN,DISPJDIPOC18)

YRITE(2,96)

n0 2 14 = 1,1

IFCI&,ER, 41360 TO 13 7

TF(T¢I4) LT 7C)Go Ton 2

TFLTCILY GTTEXGD To 2

WRITECZ,99) 14 ¢THEDCIAY ,DITY(14),D1T72¢14),DIPOC¢CILYDIVELTIL)
CONTINUE

WRITE(Z2,97)

p0 3 1% = 1,1

IFCISJEQ J15GO TO 14

1FC7¢l5)y LT 1060 Tn 3

TFCTCISY.GT TEXGD Tn 3 :
KRITEC2,95)15,THEDCIS) ,CORN, CORSCIE),CoR6CIS),LORT(IS)

CONTINUE
WRITE(2,98)
p0 4 16 = 1,1

CTFCI6L,EQ,ITIGY TO Y5

TFLTCISy LT 7CiGgo To &

1F(7CI5).GT TEIGO To &

WRITECZ,99)16THEDCTIS) ,PRAT(16),PRDECISY,VELACIG)
COMYTINUE

WRITE(Z2,99)

o 5 I7 = i1t

IFCI70E0,d100 7o 14

IF(TeI7y Lrivdan Th B

TFCT(I7y ST 786y Tn 5

WRITE(E,35)17¢TREDCIPYZSRUT (I7),SRO2¢LI7),CAPNCI?Y COR2(1I7)
CONTINUE

RETURN

$TOP

END
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III PDP 11 Computer.
A siagle computer programme was employed on this system
during the project. The aim of the programme was to carry out
a curve fitting operation on the experimental data. The programme,
)

developed by Dr. Drott to fit concentration-time data to a curve

of an exponential form, was written in Basic~Plus. It was split

into four main sections:;-
(1) Filing of data
(ii) Input of data
{iii) Basic calculation
(iv) Qutput of results
Dr. Drott 1s a lecturer in the Department of Chemical Engineering

at Loughborough University.

Appendix E includes a sample input and output from the

curve fitting programme,
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APPENDIX D

Basic Saturation Results

Continuocus Flow Tests

C}ass'

HY1

¥

HY2

HY3

Time

10

20

30

10

30

10

HY4

HY3

HYG

20

30

10

20

30

10

30

10

20

189

0.4453

Saturations

0.7100

0.7145

00,7037 0.7247

0.6892 0.7169

0.6940 0.7069

0.6741 0.6322

6.6922 0;604é

0.6176

0.5887

C.6033 0.6084

0.585¢ 0.5680

- 0.5537 G.5347

0.3332

0.5335

0.5413 0.5240

0.5245 0.5303

0.5789 0.5222

0.5308 0.5088

G.5118 0.488C

0.5007

0.4966

0.4773 0,4952

0.4707 0.4690
0.4667

R o s

e - -

e, -

JroTe
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Continuous Flow Tests (cont.)

Class

HY7

HY8

HYS

v

:Timé
10
20‘
30.E
10
30

10

20

30

190

Saturations
0.5052 0.5021
0.5051 0.5118
0.5260 0.4998
0.4875 0.4985
0.4872 0.4740
0.4556 0.4475
0.4444 0.4424
0.4326
0.4190 0.4510

J——

P
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Continuous Flow Tests (cont.)

Class

HP1

HP2

HP3

Time

15

30

45

15

30

45

30

45

60

3
0
[

Saturations

0.9084
©.8928
0.8946
0.8262
0.8305
0.7926
0.7244
0.8440
6.8905
0.8828
0.8226
0.6860
0,5772
0.8108
0.9002

0.7582

0.6985

0,5863

0.3785

0.2473

" 0.8495

0.7869

G,7311

0.7588

0.6429

0.7270

0.4797

[ —



Continuous Flow Tests {cont.)

Class

HP4

HP3

HP6

HP7

HPS

Time

15

45

15

45

15

30

45

60

15

30

45

15

45

15

30

45

60

192

Satﬁrations

0.7066 |
0.7124

© 0.6048 -6.6669
0.5483 0.5580
0.5454
0.4630
0.6030
0.5485
0.4871 0.4854
0.4605
0.3347 0.3808
0.2879 |
0.5276 0.5425
0.5496
0.5156 0.5216
0.4661 0.4830
0.4226 0.4109
0.4465 0.4137
0.3914
0.3291 0.3467
0.2796




Continuous Flow Tests (cont.)

Class

Cc4

cé

c7’
Cco

(i) Viscosity Tests

Class

HP1

HP3

HP4

HPG

15

.30

15
30
15

15

Time

Viscosity

1,47

1.65

1.47

1.47

1.65

1,47

(ii) Thin Cakes - HPF5 Test Dust

Cake Depth

0.2

Time

10 .

20

10

20

10

193

0.

Q.

0.

0.

0.

0.

0.

0.

0.

O.

0.

0.

Saturations

9646

9309

B776

7767

8832

7727

0.9573

0.8726

Saturations

7654

6740

6181

5477

5485

4452

0.7396

0.7025

0.6624

0.3740

Saturations

1.0473

0.98692

0.8821

0.8723

0.6329
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Continuous Flow Tests (cont.)

{(iii) Humidity Tests

Class
HY3

HY7

P4

Time 'Saturations
75 0.3034
180 0.3579
75 ) 0.5705




II

Intermittent Flow Tests

Class
HY - X1
HY - I2

Pressure
0.3024
0.3273
0.3211
0.532#
0.5244
0.5326
0.8500
0.7685
0.8409
1.117
1.149
1.161
0.3099
0.3258
0.3276
0.3276
0.5330
0.5387
0.5138
0.8626
0.8402
0.8836
1.139
1.153

1.132

ékﬁfmg)

glfos-hﬁﬁm‘)

1585

Saturation

0.8072

0.7805

0.7841

0.6672°

0.6977

0.6847.

0.6020

0.5882

0.6029

0.5640

0.5724

0.5424

0.5473

0.5529

0.5643

0.5643

0.5608

0.5604

0.5681

0.5587

0.5281

0.5466

0.5044

0.4922

0.5047

eeme e s




Intermittent Flow Tests (coni.)

, Class Pressure -(-icﬁ;‘?.r%') : ' Saturations
- _ (: fa‘f hf/...,\ 1-) ) i
HY - I3 0.3193 C.5188

0.3089 : : 0.5186
0.3258 : ? G.5446
0.4854 , 0.5191
0.5047 0.5055
0.5307 0.5371
0.7553 | 0.5122
b.864o 0.5109 .
0.8609 ' 0.5106
1.108 0.4904
'1.135 | ‘ 0.4869
1.155 0.4790

196
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Intermittent Flow Tests (cont.)

iClass

HP - I1

. 2
Pressure (ee—

0.2237
0.2203
0.2271
0.3367
0.336%
G.5287
0.5233
0.5341
0.8317
0.8268
0.8218
0.8650
1.136

1.127

(v

.fo: N/Iw\")

Saturations

0.9847

0.9913

0.92687

0.8529

0.8593

0.6915

0.8237

0.7765

0.6936

0.7018

0.6376

0.6947

0.7362

0.6741

0.6791

0.6138

0.6988




APPENDIX E

Stastical Analysis of Results

I Best fit to data - Continuous Tests

Test . Approxinate , Approximate
Class N 90% |\ K 50%
Limit - : Limit
R - L -4 -3
HY1 . =5.6 + 37.4 .8 x 10 + .117 x 10
= HY2 7.7 £ 21.5 .59 x 10} £ 112
-3 ' -3
HY3 ~3.2 + 9.5 .46 x 10 + .142 x 10
HY4 31.6 + 25.0 2091 + 2.54 x 10°.
-5 -4
HYS -6.9 + 33.5 .78 x 10 + .26 x 10
-3 -4
HY6 -3.4 + 10.3 .14 x 10 + .5 x 10
7 8
HY7 36.2 + 45.3 .92 x 10 + .34 x 10
' -5 -4
HYS -5.0 + 45.6 .82 x 10 + .16 x 10
-8 -8
HY9 -16.0 + 26.0 .15 x 10 + .22 x 10
-3 -2
HP1 -2.49 + 5.5 .22 x 10 + .63 x 10
. -2 -2
HP2 0.55 + 2.5 .79 x 10 + .18 x 10
-1 -2
HDP3 0.04 + 0.6 .11 x 10 + .16 x 10
HP4 11.69 + 4.1 1.42 + .29
-2
* HPS5 1.0 - 0.55 x 10 --
-2 -
HP6 0.58 + 1.2 . .84 x 10 +.15 x 10
HP7 22.0 + 38.0 719 + 1070 i
HP8 2.8 + 10.0 .19 x 10 + .9 x 10
-2 -3
HPS -0.12 + 2.0 .29 x 10 + .7 = 10

* Insufficient data to carry out fitting exercise




II Best fit to data - Intermittent Tests

Test N Approximate K Approximate

Class 90% 90%
' Limit ¢ & Limit

HY-I1 4.3 + 1.9 1.72 o+ .21

HY-12 ~7.9 + 11.4 0.46 x 10> "4 .20 x 1077

HY 13 4.7 + 9.5 o 1T g .a3

HP-I1 2.9 + 2.42 0.50 : + .15

HP-12 | Curve fitiing impractical due to excessive

HP-13 scatter of results

I¥T Best Straight Line ~ Continuous Tests

Test (€ x 10°) Intercept at

Class gradient x 10 zero time

HY1 0.57 ) 0,715

HY2 1.81 0.670

HY3 2.67 0.639

HY4 0.862 0.538

HYS 0.82 0.527

HY6 1.71 ©0.501

HY7 (-0.46) . 0.500

HYS 0.62 0.498

HY9 0.83 0.458

HP1 3.6 0.853

HP2 G.63 0.880

HP3 0.872

HP4 3.42 0.G633

HPS 2,75 0,587

HP6 5.10 0.585

L I



IIT (continued)

Test : : (X x 103) Intercept at
Class gradient x 10 Zzero time
HP7 S 0.56 0.547
HP8 = ' ' 1,93 G.505
HPY : 3.28 0.483

IV_Best fit for Depth/Intercept Saturation

Power Gradient

Hyflc Supercel

HPF5 1.9 0.91
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IY'Samﬂ& tngul and sutput of curVe'{L&jnS Programme..

CASTE NO. .1

TITLZ=? HYGA52H

NMO. OF haTa FIL,T8=7 | \
SOURCE FILE=? DATANZ i
4 T« 1005~n1

2 SN EE Te1a85¥-01 .
10 . ., T« NR7T=-m '
1a T.24TF~1n1

20 ’ A« A0P2T= 1N

20 7« 189E=-01

3n A. 9408~

30 7. HAOT=-1N1

1n AeTHIE=-Q1

10 He 3208~

3n He« 299~ N1

30 _ A. NAPE=-D1

6+ 17AF=-01

5.827%~

e NIS3T~N1

A8 47- 01

5«839%-n1

5.A%0Z-11

S5«537E~=-1n1

S5« 347F-01

Y -

‘s

""""“"\D.D‘HJG\UI
o= D

w

—
-~J

WD NN e e DN
=20 D

o B o S ]

NFW N NLN=-=BONTTT

FIT: O PANIMUM LIKTLTHAND TeTivA

-

PRINT FILE COVTENTS? M. AF naszZes? o

LASE ND.
TITLE=? WEDESAT

Nl AF DaTA FILNS=? 4

SHURAT FILR=? NATADS

EATNTS TN PR OOSED:LFIFST NO,LAST NA3=2 1,9

TU4E SCAN FOF GRAPH:[ START, FINTEN, €T2p
Crapy OF §9 ERFOM US NRNER:TYIS/NAT? yo:
ISFORVEN DATA ANALYSTS: (YIS /N3] 2
5% CUNF. INTERUAL:fYIS/NAJ? vas
TONAL MOIDEL: (YRS/NAT? vaS

Jﬁ&.m? Q
ThY AN anNNITIINVAL MOINITL:fy@e/aNI17 NG

PANG SING DATA TRANGEOE4ATIAN




1\ ?rg%\&ﬁ\ ou¥$ot.

FIT: HPR&Sal

\ NO. OF DATA SETS= )
DATA SET N2- 1

NO.  OF PDINTS=z 9
"DATA:L TIME.SATN.)
T 8.3 B.10385-81
2.00 9.882BE-01
4. po 7. 53 22E-01
11.00 6-99 SPE-B1
11.00 7. 278RE-81

26.23  S.BA3BE-BI I§

41.80  3- 1358E-81 - ¥

45.88 4. 79 TRE- @1 ¥

S6.88 2. 473BE-21 )

b

) . . )

N st2 . SUM OF SDIARES ( TRANSFORMED VARIABLE)
———————————————————— v.“t..’.‘.._."““‘.‘.."-..---.-lv“.'..
-1.2 -181827 . . -
1.1 -9 263326 - . .
-1 -BS3683E-) . . -
-.9 . .78315825-1 - . “
-.8 - 719 352€-1 . - “
-7 « 6633 62E-1 . - -
-6 <« 615R42E~1 - - - .

-5 « 5728 74E- 1 - . -
- «5374345=1 - -~ . b
-3 + 503 TaaE-1 - . -
-2 - 43 70672E~ LR “
-.999999E=] .- 4T72AZRE-1 - *. v
+119289E-6 - 046579 .. .
| - 86K9 44E~ ] .. hd
.2 - 276623E~] .. .
-3 - 495473E-) . . .
.a - 52425651 . . .
.5 ‘ +563356E~1 - . -
< «A15331E-1 = - -
-7 -4799G7E-1 . . . -
-8 + 759 PBAE~Y ., . ’ . -
.9 -854275E-1 - - +
1 -9 &7615E-1 . . -
et 118122 . .
PO TR R AR EE PR PP RY PN AP ARNET AR el

BEST VALUES ARE:
N= . 358 (24E-1
K= -@1@8522

CONFIDENCE INTERVALS FOR N:
CONFI1DEVCE

LEVEL NEMIND NEMAK)
981 - 623792 -« 522035
951 --7390%7 - Jas1? ~.
991 ~1.315575% 1-20392 ?




Fl_ T: dAPDasag

PRIPISED MIDEL:
OKDER= .0B36
K= +185233E-1 .

CONFIDENCE INTERVALS FOR Kt
CONF1DENCE :
LEVEL . KCMIND KOMAX)

-
901 .89 4278-2 - 121033E-)
95% SB5SA54E-2 . .D1P494

9912 « TARAJE-2 « 13442281

UN TRANSFOR1ED DATA

T .oreecaLo ClEXPER.) RESI NuaL I OF STD DRV
8 : © «5a1322 - «+51683 . --2305219E- 1 =A3.3%a
2 820435 -9Ra2 - 79 THA3E- | 163,147
4 -« 799548 . . 7532 . =.4l13277E-1 O -87.163
11 - 7266 - 6989 -.2%9@99 7E-1 -59.235
11 - 7266 - 727 « AGRA3ALE-D P.Baa
26 -5712063 - 5843 - 1509 67E- 1 A1.824
43 - 4173232 -37135 -.A33532 -81.859
41 - + 417332 - 2197 . .BAR3IES 131472
S6 - 265521 2473 -.1922R5F-1 ~33.418 i

DATA STANDARD DEVIATION= .« 474375E-1
ANALYSI S OF VARIANCE:

. SiM OF DEGREES OF T MEAN
S21RCE SQUARES FREENDY sonage
UN TRANSFORYED DATA 3.83733 9
YNTRANSFOR4ED MODEL 3.6212% 2 1-91062
UNTRANSFORMED RESI DAL -157522E-1i 7 -225M3PE-2 '
MEAY SQUARE RATIO= 847.047
TRANSFORAED DATA
T TCCALCD ZLEXPER.) RESi DAL T OF STH NTw
e -« 240346 -+ 294022 - 5281 476-1 A3.B21
2 - A} 2459 =. 52323 6 = 135647 ~16b6.35 2
% -+ 3788 al -« 3BA274 . TOSKRTIE~1 . g A. 555
11 -. 252249 -. 202135 a3} 56.B13
11 . 252249 -.25273a -+ 48 29 47E-3 0.5 4R
26 «127331E-1 - - 11383 4E~1 - 2604 7E- ) - -31.943
al . .23173i5 ) .3:9612 - 6739 63E=1 83.231
4] - 231715 . -173i35 '-193‘59‘ ~133.184
56 - 543 698 531844 - 323A57E-1 39. 708

" DATA STANDARD DEVI ATIONZ ~815265E-1

AVALY S1 5 OF VARIANCE: .
sSu% OF "DEGREES OF MEAN

S3URCE ' SQUARES ~ FREEDOM SCUARE
TRANSFORYED DATA 1- 145645 9 -
TRANSFORED “0DEL 1.168:2 2 -SSROBA2
TRANSFORMED RESI DUAL -BakRS2A 7 “hELASTE-2

MEAN SQUARE RATIO= 832-755%
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‘s

*
I

FITt HPBA4S 4B ;

EEETE R N

DATA SET NO 1 \
ORDER: @ I
Cé= .822354 _ !
T =4 s, SATN. ' T« GATUORATION
--------- 3 -—---—"'.-_— ;t..‘i'..“‘.O.ﬁ‘.‘.‘t".‘..!‘l’t.*‘.t...'t.
e -8 4B354 = t X . i
2 819764 - 1 . . X1 oe
4 - 729173 - 1 X . 1 .
6 - - 773583 . 1 . i .
8 - 757992 - 1 . 1 v
18 - 737482 . I X X 1 .
te - 71681} . 1 . 1 .
14 - 69 6221 * 1 . 1 .
16 - 67563 - 1 . I -
18 « 65504 * 1 - 1 -
23 s 638449 * 1 J. 1 =
22 - 613359 * 1 .. ? *
24 « 593268 - 1 . 1 -
25 -« 572673 * 1 X 3 -
es - 55208 7 s 1 . 1 -
30 « 531497 Timg 1 . 1 »
32 -51B708& Ai * 1 - 1 -
34 - 47B316 . 1 - 1 *
36 - 469 725 - 1 .- 1 -
ag - 449135 - 1 . 1 *
ag o - 428544 - 1 X « X 1 *
a2 ) - 437954 = -1 . 1 -
s4 - 337353 . 1 . 1 *
46 - 366773 » 1 - 1 .
43 -326182 - 1 - 1 »
56 !.1325591 - 1 - 1 .
52 - 335601 - 1 - i =
54 - 23 44 " ! . 3 -
56 -26322 | X 1 *
598 -« D83289 - 1 - -1 -
6@ - 222639 -1 . 1 »
’ .’ll"‘.““t“!"'-.".‘.t""..““.‘..."
A . . )
LEGEND

A LHDPIPGRE-1
Nz .y LAl
X=DATA
+=HEST ESTIMATE
«SPRIPISED MODEL
1 1=957 CONFINENCE INTERVAL. FOR FPROPOSED MODEL .
(ASSUMING COVSTANT VAKIANCE OF TRANSFOK4AED VARIARLED

ECbra )
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NOMENCLATURE

a Centrifugal force
A Filter area A
A, Specific surface (particles)
AB Specific surface (bed)
B Kozeny constant
c .FSpeed of shock
Ct Time constant
CV " Volume constant
- ﬁ Particle diameter
eo Shape factor
£ - Friction: factor
Fa Approach factor “
Fc Correlating factor
g Acceleration due to gravity
K Permeability (W = wetting phase, NW = non wetting)
L Bed depth L
L, Drainage height
n Exponent of sphericity/porosity ratio
m1 Exponent of sphericify/porosity ratio {wetted particle)
n Exponent of sphericity/porosity ratio
n1 Exponent of sphericity/porosity ratio (wetted particlc)
N A peneral number
Pb Breakthrough pressure
Pb* Modified breakthrough pressure
PC Capillary pressure
AP Pressure drop
q Flow rate/unit area
Q Volune Zflowrate
—_— R
ri’z Radii of meniscii
Re Reynolds number
S Saturation
SE Effective saturation
S Reduced saturation
SR Residual saturation
t Time
U Fractional flow
VL,G Liguid or gas velocities
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v

Toe M

m

Qo M

-

- G

Distance

Porosity exponent

Tortucsity

Surface tension
Viscosity
Porosity

Wetted porosity

- Pore size distribution index

Density
Contact angle
Sphericity

Wetted sphericity

b
O
[}
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