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In cross-flow microfiltration {CFMF), the suspension is pumped tangentiglly over the filtration
medium. Clear liquid permeates the {iltration medium and is recovered as the permeate, while
the solids accumuiate at the filtration barrier 1o form a louling laver, or cake. The cake,
constituting an increase in hydraulic resistance, decreases the permeate flux. However, the
tangential suspension flow tends {0 limit the growth of the cake. Thus, after an initial rapid
increase i cake thickness, cake growth ceases, and the cake thickness becomes limited to some
steady-state value. Correspondingly, alter an initial rapid decrease, the permeste {lux tevels
off and either attaing a steady-state, or exhibits a slow, long-term decling with time.

Design and optimisation of CFMF systems necessitates a knowledge of the {actors that govern
CFMF behaviour. More specifically, it is necessary to know the effects that the operating
variables, system variables and suspension propertigs have on the permezte flux. Although
various models have been proposed for CFMF, there still exists a lack of knowledge of the
basic mechanisms that determine CFMF behaviour, especially for systems operated under
turbulent {low conditions.

This study constitutes a contribution towards the understanding and the modelling of the
turbulent CFMF of particulate suspensions. The primary objective was to mode) the steadv-state
cake thickness and permeate {lux in terms of the operating variables, equipment variables and
suspension properties. The secondary objective was to investigate the inflluence that the cake
characteristics have on the system behaviour. These objectives were accomplished as described
below,

In the experimental study, the characteristic flux-time curve, fTects of inlet velocitv, bulk
concentration and pressure on flux, and system responses to step-changes in operating conditions
were obtained for a limestone suspension cross-flow filtered in a 25 mm woven hose tube. Inlet
velocities investigated ranged from 3,85 m/s to 1,98 m/s, bulk concentrations from 10,0 g/8w0
77,6 g/f, and pressures from 100 kPa to 300 kPa. The steady-state flux was found to be a
function of all the operating variables studied, over the ranges investigated. However, it was
also found that the {lux is not uniguely determined by the operating conditions, but can exhibit
a dependance on the eperating path taken to reach the operating point,

A qualitative model of the mechanisms that determine cake growth and limit was then developed,
based on an analysis of the likely particie transport processes in the system. The obsarvations
from the experimental study were utilised to infer the controlling processes. Three significant
particle rransport processes were identitied - convection of particles towards the cake, shearing
of particles off the cake and into the adjacent suspension fayer, and diffusion from this laver



back to the bulk suspension. This back diffusion is effected by shear induced hydrodynamc
diffusion, entrainment by turbulent bursts, and entrainment by turbulent eddies. The limiling
or steady-state cake thickness js controlled by the convection-diffusion processes.

The gualitative mode! was then formulated into a mathematical model of the steady-state. The
appropriate steady-state squations were identified. Functions required for the solution of the
squations were then formulated from current fluid and particle dynamics technology and
correlations.  Four model parameters result, and these were subseguently guantified by
computational experiments and a regression technigue. An ilerative, nested finite dif ference
solution procadure was developed, permitting the prediction of the steady-siate [lux, czke
thickness and concentration profile, for specified operating and sysiem variables.

Predicted steady-siate fluzes exhibit a notably good correspondence with experimental
observations, and on average are within {0 % of experimentally observed values, The model
also predicts a unique concentration profile, indicating that cake growth and limit is most
probably controlled by a thin, distinct, concentraied suspension layer adjacent (0 the cake.

There are however significant limitations to the model. Firstly, the model is only applicable
to systems where the limiting cake thickness is convection-diffusion controlied. Secondly, the
inclusion of a shear induced hvdrodynamic diffusivity in the model restricts its applicability
1o particulate suspensions that do notexhibit significant non -Newtonian characteristics. Further,
the mode! parameters cannot be easily quantified from either current knowledge or simple
laboratory tests, thereby limiting the prediciive ability of the model

(Observations in the experimental study indicated that some system behaviours, Le. the Jong-term
flux decline and dependence of {lux on the operating path, weare sesmmgly determined by the
characteristics of the cake. Accordingly, the nature of the cake and itz influence on system
behaviour was mvestigated, Three phenomena contributing 1o changes in the cake characteristics
were addressed, viz. hydraulic compression, the preferamial deposition =ffect and the fines
infiltration effect. The mechanisms of these processes are discussed, iogether with their
individual effects on the cake characteristics.  Mechanisms proposed for the preferential
deposition effect and fines infiltration effect are partally based on the gualitative model of
cake growth and himit. The individual effects were then combined to indicate the net effect
on cake characteristics during the cake growth period as well as during the slow decline in flux

period. This was then applied 10 explain the seemingly anomalous behaviours observed in the
sxperimental study,
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L1 BACKGROUND

The technique of cross-TNow microfiltration (CFMF) potertially enables the continuous liltration
of particulate wuspensions. The suspension is pumped into a poroud tube (Figure 1.1).

Parmealte

FIGURE 1.1 Description of CFMF Process

Clear liquid permeates the tube wall, driven by the preswure difference acrom the wall, and is
recovered a8 (he permeate. Thit fMow of Muid sormal 1w the wall convects particles 1o the wall
where they sccumulate 1o form a polarised layer, the cale. The cake, comtituting sn increase
in the hydraclic reslstance, decreases the permeste flun. However, the Now of the bulk
uspension taagential 10 the cake teads (o limit s growth, eventually resulting in a cake
thickness. and hence permeate Mux, that is relatively constant with tume - the seadv-sicle
condition. This can be contrasted 1o standard dead-ended Miltration techniques where the cake
thickness increases continuwously with time, resulting in a permeate flux thar decreases
continuously end rapidly (Figure 1.2), Permeste production rates obiained in CFMF systems
are thus substantially higher than that obtained in equivilent dead-end filiration systems.
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The technique of utilising a tangential MNow 0 minimise the growth of the polarised layer is,
of course, also used in other memhrane separation processes e.g. reverse osmosls (RO),
manofiltration (NF) and uitrafilirstion (UF). Differentiation amongst the processes essentially
resolve to the size of the rejected species, and in general can be represented by Figure 1.3
[Schoeider and Klein (1982)).
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Porous supports ulilised in CFMF include stainless steel, ceramic, rigid plastic and woven fibre
tubes [Henry (1972), Kraus (1974)]. The major advantage of stainless steel, ceramic and rigid
plastic tubes is that they maintain their geometric integrity and can thus be back-fMushed. They
glso enable operation at elevated pressures. Woven (ibre tubes can be produced relatively
inexpensively in large lengths [Dalheimer et al. (1970), Kraus (1974)). This potentially extends
the economic viability of CFMF to large-scale high-volume applications.

In considering the rigid tubes, the tube wall is usually the liltration barrier, and the formation
of a cake is undesirable, In the woven fibre tubes the actual filtration barrier is invariably the
cake that forms on the tube wall. The close packing of the cake can enable the retention of
particles that are often orders of magnitude smaller than the pores in the tube wall. This system
thus affords the advantage that tubes with relatively large pores may be used, enabling easier
cleaning and minimising irreversible fouling of the pores [Kraus (1974)).

Applications of CFMF range widely, from the filtration of beer and wine to the recovery of
bacterial cultures. Of interest are the current attempts by the Pollution Research Group at the
University of Natal 1o investigate the visbility of CFMF for the large scale filtration of water
for potable use, as well as the filtration of waste water. If proved viable, this could be of
major significance to the water industry and CFMF could replace a substantial fraction of
conventional water treatment facilities. The use of CFMF for the provision of potable water
is of special significance in the Southern African context. Rapid growth of informal settiements
in peri-urban areas has created an almost overnight demand lor potable water, a demand that
cannot be mel in the immediate future by the existing conventional water treatment facilities
[Umgeni Water (1990)]. CFMF, being relatively simple in concept, could potentially fulfil a
substantial fraction of this demand.

Various models have been proposed to deseribe CFMF behaviour, and in general attemplt to
describe the mechanisms responsible for the eventual limiting of cake growth!, Most models
are restricted to systems operating in the laminar flow regime. Of the models specific to
turbulent flow systems, there are discrepancies between model predictions and experimentally
observed trends. Further, various contradictions exist between model assumptions and known
uid and particle dynamics. Effectively, there is a distinct lack of knowledge of the fundamental
mechanisms that determine particle transport, and hence cake growth and limit, in turbulent
CFMF systems.

In most real systems, the permeate flux does not remain constant after the limiting (or
steady-siate) cake thickness has been achieved, but continues to show a slow decline with time.
This is generally attributed to changes in the characteristics of the cake. Although some studies
have been initiated into the nature of these changes, no major attempt has been made 1o fully
describe the effects that changes in cake characteristics have on the system behaviour.

1 Thoawe will be dincusasd in o later chapter of this thesia,
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determine the Mux-time behaviour of 8 CFMF system opersted in the turbulent flow regime.
mpﬁﬂiﬂﬂhhumﬁﬁlf“-ﬂ-“ﬂhfuuhlm
and limit in turbulent Mow sysiema, and heace 1o develop a model of the steady-state condition,
The secondary intention is to investigate the nature of changes experienced by the cake and
the effects that this has on system behaviour,

12 OBJECTIVES

The specific objectives of the study are as follows

il To develop a realistic, qualitative model to describe the steady-state condition in
turbulent CEMF systems, from current knowledge of (luid and particle dynamics in
turbulent Mows.

1) To investigate the mathematica! formulation of this qualintive model, identilying
parameters that may, snd may not, be quantified from eaisting knowledge of Muid and
particle dymamics and tuspension properties.

i) To investigate changes expesienced by the cake structure, for the system under study,
and the effect that these have on system behaviour,

13 APPROACH AND THESIS ORGANISATION

The starting point in modelling the system is 10 establish the charscteristic behaviour of the
system vir. the Mux-time behaviour and the effects of operating conditions on Mux. Although
numerous studies on CFMF behaviour do exist, there are olten contradictions in réported trends
For the effects of operating conditions on flux, as will be shown |n Chapter 2, Further, the
global processes responsible for the MMux-time behaviour (ie. cake growth, cake compression,
cake ageing, Mines infiltration) seemingly differ from system to system. The (irst task in this
stody thus resolved 1o obmining 3 consistent damset of rypical CFMF behaviour, prior 1o
attempting to model thia behaviaur. Acssordingly, thia theeis devistes from the wiual thesin
organisation iLe. /miroduction - Literature Swurvey - Theory - Experimenial - Discussion -
Conclusions. Here, the experimental study is presented first, and the subsequent model
development is based on thess saperimental observations. Further, reporting of literature s
not conlined 1o a single chapeer, but i interspersed throughout the study, where appropriate.

Chapter 2 concerms the experimental study. The characteristic Mux-time behaviour and the
effects of operating variables on fux are obtained for a limestone suspenzion, and system
responses 10 Mep-changes in opersting variables are monitored. From this, the comtrolling
processes responsible for the Mux-time behaviour (ie. cake growth and Mines infiltration) are
conflirmed, and the trends thai the steady-state flux exhibits with respect 1o inlet velocity, bulk
concentration and pressure are characterised,
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In Chapter 3 a qualitative mechanistic model of the steady-state condition is developed. Existing
CFMF models are critically reviewed in terms of the experimental observations. An overview
of particle transport mechanisms in a turbulent CFMF system is developed, based on current
knowledge of fluid and particle dynamics in turbulent flows. This is then consolidated into a
qualitative model of the steady-state condition. This qualitative model is translated into a
mathematical model of the steady-state in Chapter 5, The reason for the separation of the
qualitative and quantitative aspects of the model will be addressed in Chapter 3.

Changes in the cake structure and characteristics, and the effects that this has on system
behaviour, forms the topics of Chapter 4, Three phenomena that effect changes in the cake
characteristics are addressed - hydraulic compression, fines infiltration and the preferential
deposition of smaller particles. The mechanisms by which these occur are discussed, together
with their individual and combined effects on the cake characteristics. Mechanisms proposed
for fines infiltration and the preferential deposition of smaller particles are based on the
qualitative model of particle dynamics developed in Chapter 3. These are then applied w0
explain various "anomalies” observed in the experimental study.

In Chapter 5 the gualitative model of the steadyv-state developed in Chapter 3 s formulated
inte 2 mathematical model. The appropriate steady-state equations are identified. Model
functions required for the solution of the equations are then formulated from existing fluid
and particle dynamics technology and correlations. A numerical solution procedure is developed,
enabling the prediction of the steady-state cake thickness, permeate flux and concentration
profile for specified system and operating variables. Model predictions are then evaluated in
terms of experimental observations,

Finally, in Chapter 6, the major findings of this study are summarised, shortcomings of the
models are discussed, and suggestions for future research are made.

The overall thesis organisation is depicted pictorially in Figure 1.4. Note that Chapter 4 does
not form a part of the mainstream of the thesis,
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2.1 INTRODUCTION

The objectives in this chapter are as follows :-

¥ To identify the characteristic behaviour of a cross-flow microliltration (CFMF) system
operated in the turbulent flow regime, including Mux-time behaviour, effects of
operating variables on steady-state flux and the operational path dependence of
flux-time behaviour,

2) To identify the global processes (e.g. cake growth, compression effects) responsible for
the characteristic flux-time behaviour of the system under study.

It is recognised that the effects of operating variables on Mux have been widely studied and
reported [Saw et al. (1985), Dalheimer et al. (1970), Hunt et al. (19687b), Rawtenbach and
Schock (1988)), and lurther that some studies have identified the global processes responsible
for characteristic flux-time behaviour [Baker et al. (1965)]. These experiments are repeated
in this study in order to ascertain whether previously reported observations are applicable
the system under study, and to obtain an internally consistent dataset for the evaluation of
proposed models,

22  EXPERIMENTAL SYSTEM
2.2.1  Apparatus

A schematic diagram of the experimental CFMF apparatus Is presented in Figure 2.1,

Feed from either of two feed tanks is pumped into the CFMF tube by twoe HYDRACELL®
D25 triplex positive displacement pumps driven by a single 15 kW AC motor. The speed of
the motor, and hence of the pumping rate, is controlled by 8 CCL TRIDENT® AC frequency
invertor. The sequence of the pump diaphragms are ofTset by 60° from esch other and this,
together with the downstream accumulator, results in smooth delivery of pumped Muid. The
feed anks are well stirred and are fitted with heating and cooling colls linked to & temperature
controller, enabling constant temperatures to be maintined during experiments.






A view glass downstream of the CFMF tube permits observation of the reject stream.
Back-pressurisation is accomplished by a 5aunders diaphragm valve downstream of the view
glass, The reject siream may be returned to either of the feed tanks. Permeate flows down
the permeate guitér into a permeate tank from which it is pumped back into the appropriate
feed tank by a centrifugal pump controlled by level probes in the permeate tank. The permeate
gutter is covered with perspex, reducing evaporation of permeate.

The system operates on a closed recycle basis ie. all streams are returned to the feed tank,
maintaining & conitant feed tank volume. Further, the flowrate, pressure and concentration

may all be varsed independently.

2221  [Instrumentation

(a) Flowrate - Feed Mowrate is measured by a KROHNE® magnetic induction flowmeter.
Empirical ealibrations indicated that the flowmeter i accurate to greater than 99 % of
actual flow, and is insensitive 1o feed concentration over the range considersed here.

(k) Pressure - Pressure tappings are positioned at the enmtrance to, and the axit of, the
CFMF tube. These are connected via a single switching valve 1o a WIKA® pressure
sensor. A lacility exists to purge the pressure lines with water to remove any solids
which may have entered during experiments,

{c) Concenlralion - batch samples are obmined from the Feed tank and the concentration
is then ascertained by a gravimetric method. Although sample valves exist upstream
and downstream of the CFMF tube, these were not used during experiments. The
reason for this will be addressad in Section 2.5.3.1

(d) Temperature - The temperature of the feed tank is indicated on the temperature
controller. During ench experiment the temperniures of the feed, permeate and reject
streams wiere alio monitored with a thermometer, to ensure consistency.

223 CEMF Tubes

The tube consists of a single length of woven polyester hose of outside diameter 25,2 mm (under
pressure) and length 4.5 m. The diameter of the tube was insensitive to pressure over the range
:unsfdﬂ?ed here. The first 1,2 m and last 0,3 m of the tube s rendered impermeable by the
apphication of a commercial resin, SHOEPATCH®. These non-porous regions serve to reduce
spurious entrance and exit effects. The effective length of the porous tube is thus 1,0 m,
yielding an effective Miltration area of 0,238 m?,

In imitial experiments, the SWISS SILK tube (Schweiz Seidengazefabrif AG Thal), as used by
Hunt (1987a), was used. However, it was found that for at Jeast the first 20 hours of a run,
suspension flowed readily through the pores of the tube and & very long run time was required
before a stable cake formed and the permeate became clear, Further these tubes exhibited
very little pressure integrity, expanding significantly in diameter with any increase in pressure,
resulting in destruction of any cake that had formed. Investigations indicated that the poor
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performance of the tubes was due to a gross mismatch between the size of the pores in the
tube wall and the size of the particles used, making it difficult for particles to bridge stably
across the pores to form a cake,

Subsequently the TRIPLE SEAM WOVEN POLYESTER HOSE supplied by HTW High Tech
Water NV was tested. These tubes had been treated with a resin, INDOSOL®, which reduced
the effective pore size of the tube and increased its pressure integrity. With this tube a stable
cake and clear permeate were obtained within a minute of start-up and the tube diameter was
insensitive to operating pressure. This type of tube was subsequently used for all experiments
reported in this study. :

The pure water flux of the bare tube is extremely high {> 8 000 £/m2h at a pressure of 10 kPa).
Since this flux is orders of magnitude greater than fluxes obtained with the suspension, it was
assumed that the resistance of the tube wall could be regarded as negligible in comparison to
that of the cake.

2.2.4 Suspension

The suspension consisted of pulverised limestone, available commerciallyas KULU 5, suspended
in reverse osmosis (RO) permeate. Limestone particles were chosen due to their relative
inertness in water, relative resistance to abrasion and shear and cheap availability [Hunt (1987a)].
RO permeate was used as the suspension medium in order to ensure consistent feed quality and
to minimise the probability of any secondary membrane being formed [see Leger (1985)].

The physical properties of the limestone are given in Appendix 1.

2.3 EXPERIMENTAL PROCEDURE

2.3.1  Feed Preparation

The feed suspension was prepared by mixing a weighted quantity of limestone with a known
volume of RO permeate, calculated to yield the desired concentration. A new batch of feed
was prepared for each experiment.

Initially, repeatibility of the flux-time curves was poor. Investigations indicated that this poor
repeatibility was possibly due to feed suspensions being made up from different batches of
limestone which seemingly had different particle size distributions. To obviate this and ensure
aconsistent feed for all experimenis a large quantity of limestone was purchased and homogenised
manually.  All experiments reported here were performed with this homogenised batch.

2.3.2  Start-up Procedure

The tube was washed out with RO permeate and the suspension flow started with the back
pressure valve open. The flowrate was then set to the desired value by adjusting the speed
of the pump via the frequency invertor. This operating flowrate was generally achieved within
15 seconds. For the first minute, the permeate and reject were discharged to drain, to clear
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out any RO water in the process lines. The permeate and reject streams were then switched
back to the feed tank. The downstream pressure was then increased rapidly up to the desired
operating pressure by closing the downstream back pressure valve. The flowrate did not change
substantially during this pressure increase and the operating pressure was generally reached
within 15 seconds. Initially the pressure tended to increased rapidly and had to be continually
adjusted to the operation point by adjusting the back pressure valve. After about 5 minutes
the system settled and only occasional adjustments to the back pressure valve were necessary.
In all experiments reported here the permeate was clear to the eye from start-up.

The downstream pressure was selectively chosen as the control pressure on the presumption
that the long non-porous entrance region would have resulted in the upstream pressure probe
indicating a pressure significantly higher than the actual pressure in the porous zone. Since
the pressure drop along the non-porous entrance region will be a strong function of velocity
it would thus be difficult to maintain a constant operating pressure at different velocities. It
subsequently occurred that this precaution was not really necessary since, at worst, the pressure
drop along the tube was less than 5 % of the operating pressure, for the experiments reported

here.

2.3.3  Measurement Techniques

(a) Permeate flux - The flux was monitored at 5 minute intervals by measuring the time
taken for the permeate to fill a 2 £ measuring cylinder.

(b} Cake thickness - An attempt was made to monitor the growth of the cake. Techniques
investigated included X-rays, gamma rays and ultrasonic scanners but all proved to be
unsuitable in their local commercially available form.

With respect to X-rays and gamma rays, the available industrial units are designed for
the analysis of steel structures and emit relatively high energy rays. Under these
circumstances, the image of the cake is relatively indistinct and the error in the
measurement of cake thickness is = 0,5 mm. A further problem is that the apparatus
is relatively cumbersome and a relatively long exposure time is required, thus excluding
the possibility of monitoring the growth of the cake.

Medical ultrasonic "body scanners” provided a cross-sectional view through the tube.
The first problem with the apparatus is that the depth of field in the commonly available
units is =~ 200 mm. In these circumstances, the image of the cake is merely a thin line
on the monitor, precluding accurate measurement of cake thickness. A scanner with
a small depth of field ( ~ 50 mm) was eventually tested. This provided some qualitative
observations on the cake thickness profile with time (see Section 2.5.1). However, the
apparatus is extremely expensive and since it was calibrated for the sonic density of
the human body could not be directly employed in the measurement of cake thickness.

It seemed that a substantial developmental time would be required before any of these
techniques could be successfully applied to the measurement of cake thickness, and
direct measurement of cake thickness was not pursued further in this study.
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24 PROCESSING OF PRIMARY MEASUREMENTS AND ERROR ANALYSIS

2.4.1 Primary Measurements

The primary measurements taken, and the experimental uncertainties therein, are summarised
in Table 2.1.

TABLE 2.1 Values and Uncertainties in Primary Measurements

Value Uncertainty % Uncertainty

Equipment Variables

Tube Radius (R) 0,0126 m 0,00025 m 2,0

Tube Length (L) 30m 0,005 m 0,2

Permeate Flow Measurements

Volume of permeate 2,0 ¢ 0,02 ¢ 1,0

collected (V erm )

Time to collect permeate range 20 s to 0,4 seconds range 0,6 to 2,0
(lperm ) 80 S

Operating Variables

Suspension Flowrate (Q ) range 1500 £/h to 50 ¢/h range 1.4 to 3,3
3500 £/h

Pressure (P) range 100 kPa to 3 kPa range 1,0 to 3,0
300 kPa

Bulk Concentration (Cy) range 10 g/€ to g/t range 1,3 to 10,0
80 g/¢
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2421

2422

2.4.3

Calculation of Permeate Flux and Superficial Inlet Velocity

Permeate flux

J 1/m2Ry = permeate flowrate 3 600 (1/5) {f)
w ( m ) - area l (mz) kh

- I/perm 1 3 ()OO

B t::erm 2nR1l H

. 20 ! -3 600

= Lperm 1{0.0252)(3.0) 1

_ 30 315.2

) ff}e(m

Superficial Inlet Velocity

G (my _ feed flowrate 1 1 (th)(fj\/;_{f
» (m/s) = oW area 3 600 1 000 (m2y\s )\ T
L
nR? 3 600 000
- Q 1
n(0.0126)2 3 600 000
_ @
1 795.5

Error Analysis

Let O(F )= % uncertainty in the measured quantity £

2.4.3.1

2432

Uncertainty in Permeate Flux

Q(J.)

f

max{O({permeate flowrate): O({iltration area)]

]

mMax[QV o n )t QU em ) QR ) Q(D)]

i

max[l : 2, 1.98 : 0,17}

]

2,0%

Uncertainty_in Superficial Inlet Velocity

U ,)

il

max[Qfeed {lowrate): Q{{low area)]
= max[(Q): 2Q(R}]

= max{3.3 : 4.0]

i

4,0%

(2.1)

(2.2)
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24313 Errors in Flux-Time Curves

There are two sources of errors inherent in the Tlux-times curves reported in Sections 2.5.1 to
253

{n Ungertainty in the flux value {see Section 2.4.3.1)

{i}) Uncertainty in the time at which the {lux is plotied - Assume that at time 7 after
start-up a period f .., was required {or the permeate to (il the graduated cylinder.
The flux so calculated has been plotted at time ¢, rather than the mean ume of
P+ (! erm/2) . The uncertainty in the time is thus 2 {0, /2 ‘

A rtypical Flux-time, with an error envelepe representing the uncertainty, 5 presented in
Figure 2.2, It Is seen that the uncertainties are insignificant when compared to the point values.
For clarity, error envelopes have been excluded {rom subsegquent presentations of (lox-tume
curves,

$200
i U, = £
Ng oo | Rusn 48 L«f 1.42 f’ﬂ,,ff‘i
L \ Ly o= 324 g/
D £ o= 200 kPa
¥ Reported
o0t & = Flux
® Uneegelainly
BT S Ervalops
i $
&= sk
S g0 b
&
&
Y 500k
(.
406} L e L §
n 70 40 a0 &0 143 126
Time {minutes)
FIGURE 2.2 Typical Uncerlainfies in Measured Flux Yalues
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2.4.3.4 Errors in Flux vs QOperating Variables Curves

There are two inherent errors in reported curves depicting the effects of operating variables

on flux :

(a) Uncertainty in the flux value (see Section 2.4.3.1)

(b) Uncertainty in the value of the operating velocity, pressure or concentration (see
Table 2.1)

Once again, the errors are small in comparison to the point values. In any event, if error bars
were employed they would be of similar size to the symbols used to represent the experimental
datapoints (see e.g. Figure 2.11). In effect, the experimental errors may be inferred from the
symbols used to depict the experimental datapoints, and hence error bars have been excluded
from all graphs depicting the effects of inlet velocity, bulk concentration and pressure on the
steady-state flux.

2435 Repeatibility

Flux-time curves obtained in separate experiments conducted at similar operating conditions
are depicted in Figure 2.3. Repeatibility is good. However, good repeatibility is subject to
the feed suspensions being made up from the same batch of limestone (see Section 2.3.1).

1200
T ool Cy = 39.4 g/I
= P = 200 kPo
;\ 1000 - U, = 1,42 m/s
e Symbol Run
900 |- —— 48

x

800 |

>

3
L 700 |-
L

O

£ e00

&

@
o s00

400 | I | | 1
0 20 40 60 80 100 120
Time (minutes)
FIGURE 2.3 Typical Repeatibility in Flux Measurements




2.5 RESULTS

2.5.1 Flux-Time Behaviour

A typical flux-time curve is presented in Figure 2.4.  Consistent with previously reported
trends [Baker et al. (1985), Knibbs (1981), Hunt (1987b), Saw et al. (1985), Le (1987)], the flux,
7., exhibits an initial rapid decrease followed by a slow, almost linear decrease with time.
This lohg—term slow decline is a feature of all results obtained in this study, and no true
steady-state fluxes were obtained. In the rest of this study, the initial period of rapid flux
decline will be referred to as Period I, and the subsequent slow decline period as Period 1.
The basis for the boundary between the periods is outlined at the end of Section 2.5.1.

1200 -

| Rundg  Ug= 142m/s
:E Cg = 394 g/
c ; E P = 200 kPa
~ 1000 + ‘
o :

800 |-

slow decline
i fHux

(Period 11)

rapid decline

Permeate Flux, J.
[+
<
O
T

in flux
(Period 1)
400 | 1 1 ! 1 ! 1 ! I I ! ]
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Time (minutes)
FIGURE 2.4 Typical Flux-Time Curve

On a log-log scale, the flux-time response typically exhibits a behaviour as in Figure 2.5. After
an initial highly negative value (= -0,47), the gradient progressively increases and the curve
eventually becomes almost linear, with a gradient of ~ -0,14, after about 35 minutes. This is
in contrast to previous studies where log flux vs log time plots yielded fully linear curves
[Dalheimer et al. (1970), Krause (1974)]. For a true steady-state, the log flux-log time curve
will vield a slope of 0, and for ideal deposition, where the mass of cake deposited is proportional
to the flux (e.g. dead-end filtration), the slope would asymptote to a slope of -0,5 [K rause (1974))].
Figure 2.5 clearly confirms that in CFMF systems cake growth becomes progressively less

dependent on the permeate flux, and hence the flux declines at a slower rate than in dead-end
filtration.
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L1} - | ¥ 1.3 1.4 il Ll

iog Time

FIGLRE 2.5 Typlcal Flux-Time Curve (log-log scale)

Since the driving force for permeate flow, ie. the pressure drop acroms the tube wall, remained
constant, & decrease in permeate flux mdicates an increase in the hydraulic resisance to MNow,
In the system studied here, the controlling hydraulic resistance is the cake of solids that forms
on the tube wall (see Section 2.2.3), A decrease in flux is thus due o elther a growth of the
cake or o change in the cake characteristics leading to a eake of lower parmenbility, Changes
in cake characteristics may Include compression and consolidation of the cake, infiltration of
finer particles (fines) into the cake, or chemical changes within the cake.

It is generally accepted that the initial rapid decline in Mux is camed by rapid cake growth,
Studies m which the mam of deposited cake was momitored with time coaflirm this
[DBaker et al. (1985)). An increase in cake mass could be due 10 an increase in cake thickness,
and/or the formation of @ more compressed, denser cake. Qualitative monitoring of the cake
uiing an ulirasonic imaging device indicated that during the period ol rapid decline in Mux,
the cake thickness increased rapidly and substantially (see Section 2.3.3). It is thus most likely
that for the system under study, the decline of Mux in Period | is due 1o an incresse in cake
thichness

The subsequent slow decline of flax (Period 11) could be due to & further, slow increase in cake
thickness, or a change in cake characteristics. The study of Baker et al. (1985) indicated that
the long term decline of flux is most probably due 1o 8 change in cake characteristics, In that
study, the mass and particle size distribution of the cake was monitored with time. For the
Fiest 20 to 25 minutes the decrease in flux is strongly correlated with & simultaneous incrense
in cake mass. Therealter, the cake mass remained approximately constant but the MNux continued



to decline. The average particle size in the cake, however, progressively decreased with time,
There is thus a strong indication that the long term decline in flux in that system was most
probably due to preferential deposition of finer particles into the cake, leading to a cake of
progressively decreasing permeability. In a later paper, Hoogland et al. (1988) found that the
~cake mass actually decreased with time, while the particle size also decreased. This further
militates against cake growth being the cause of flux decline in Period II.

Accepting that cake growth is not the cause of the slow flux decline in Period II, the task then
resolves to determining which of the following processes is responsible for flux decline in
Period II for the system under study - slow compression, chemical changes within the cake or
fines infiltration.

In the present study, the capturing of the cake was not feasible, and hence any change in
average cake particle size with time could not be monitored. There is however strong alternate
experimental evidence that the slow decline in flux in Period II is NOT due to chemical changes
within the cake or slow compression of the cake, for the system under study. The experiment
yielding this inference is described below.

The system was started up at a superficial inlet velocity (U;) of 1,42 m/s, pressure (P ) of

200 kPa, and bulk concentration (C3 ) of 77,6 g/¢ , and the flux-time behaviour was monitored.
This flux-time curve was highly repeatable. Thereafter, the system was started up as above,
but the feed was switched to a second tank containing RO permeate (Cz; = 0 g/¢) after 60
minutes. The resultant flux-time curves are shown in Figure 2.6.

1000
— \ Symbol Run Qoerational Path
(\f: curve 1| 5t base curve for startup at 77.6 g/i
£ 900 startup at 77.6 g/ and switch
~ g curve 2 | 71 feed to water after 60 minutes
o [Point A)
g

800 - =

Ug = 142 m/s
[P = 200 kPa
, |

e 700
<
=2
b 600 +
®
@]
Q
E o500 -
L.
(<]
a

400 [ i ] ; 1 | i \ i 1 I I

g 10 20 30 40 50 [s]e} 70 80 90 100 1o 120 130
Time (minutes)
FIGURE 2.6 Flux-Time Curve Obtained on Switching Feed Stream to Water




Curve | represents the (repeatable) flux-time curve obtained for the limestone suspension.
Curve 2 represents the flux-time curve obtained by starting up on the suspension and then
subsequently switching the feed to water.

On switching to water, the flux remains constant, and shows no noticeable decline. If the flux
decline in Period II was due to slow compression or chemical activity within the cake, this
deciine would have continued on switching to water. If however the decline was due to finer
particles from the suspension progressively infiltrating the cake, the decline would be arrested
on switching the feed to water. On the basis of the above argument, Figure 2.6 indicates that
the flux decline in Period Il is most probably due to fines infiltration into the cake, for the
system under study. (It is recognised that Figure 2.6 indicates other interesting aspects of
system behaviour. This is discussed in detail in Section 2.5.3.2.)

In summary, there are strong indications that the controlling processes responsible for flux-time
behaviour in the system under study are as follows :-

{a) The initial rapid decrease in flux is caused by an initial rapid increase in cake thickness.

(b) Thereafter the cake thickness remains relatively constant, but the cake is progressively
infiltrated by finer particles resulting in a slow decrease in permeability, and hence the
slow long term decline in flux.

It will be shown that the assumption that flux decline in Period 1I is caused by fines infiltration
yields viable explanations for various "anomalies” that were observed in the experimental study.

The expected cake thickness profile will thus be as depicted in Figure 2.7. In the rest of this
study, the maximum cake thickness i.e. that obtained at the end of Period I, will be referred
to as the steady-siate cake thickness, and the corresponding flux the steady-siate flux.

coke growlh
perigd

change in cake
characteristics

{Pericd 1)

{Periad 1}

© Usteady~state” cake thickness

Cake Thickness

{ L 1 1 i { ; ;
a ig 20 30 4 A0 B0 70 80 30 W1 1200 130

Time (minutes)

FIGURE 2.7 Expected Cake Thickness profile




The basis for the boundary between Periods | and 1l may now be outlined. The gradient of
the flux-time curve indicates the rate of decline of flux, or alternatively, the rate of increase
in resistance to permeate flow, It is expected that when cake growth becomes insignificant,
and [ines infiltration the dominant cause of increases in resistance, a significant change in the
gradient of the flux-time curve would be observed. A typical[2./,/72t) vs ( profile is shown
in Figure 2.8. The curve was obtained by fitting an equation of the form :-

& k k
NPT 2 .
(caron2.00)
J, = k!

w

(2.3)

to the experimental flux~time data, and nuomerically differentiating the curve (J, is the flux

at time fand k, 10 k, are regression constants).

o
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Y e}
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O L
x
=
o -8 -

Period i
— 100 I ! ! 1 ! ] i ; ; {
o 10 20 30 30 50 5 70 €0 e WD vie 120
Time (minutes)
FIGURE 2.8 Typical Flux Gradient Profile

The gradient changes substantially over the period (<30 minutes, and then remains
approximately constant.  On this basis, the flux at 30 minutes was designated the approximate
steady-state flux, and thus the approximate boundary between Periods | and 11.  For the
experiments reported here, this steady-state point varied from = 25 minutes to = 32 minutes.
For convenience, all steady-state values are reported at ! =30 minutes.



253 Effects of Operafing Variables on Flux

The objective here is to determine the trends that flux-time behaviour and the steady-state
flux exhibit with respect to the superficial inlet velocity (7,), bulk concentration (C5) and
pressure (A L

For all results presented in Sections 2.5.2.1 to 2.5.2.3, the system way started up at the specified
operating conditions, with a strong emphasis being placed on reading the operating point as
soon as possible.  Following the start-up procedure outlined in Section 2.3.2, the operating
point was generally reached within 30 seconds. The significance of this emphasis on start-up
procedure will become apparent in Section 2.5.3.

2521 Effect of Superficial Inlet Yelocitv on Flux

The effect of superficial inlet velocity, &, , on {lux-time behaviour is depicted in Figure 2.9

{(linear scale) and in Figure 2.10 (log-log scale). All experiments were performed at the same
pressure, concentration and temperature with only the inlet velocity varving., Consistent with
previous studies [Dalheimer et al. {1970), Schulz and Ripperger (1989), Rautenbach and
Schock {1988), Saw et al, (1985)], the flux increases with, and is highly sensitive to, inlet
velocity, Of interestis the observation that the flux-time curves in Period 11 are all substantially
parallel. On a log-log scale, the gradient appears 1o be a function of velocity up (o =35
minutes, wherealter all gradients are substantially the same. This is somewhat different from
the results obtained by Dalheimer et al. (1970), where the log flux vs log time curves were
wholly linear and the gradient was independent of velocity.
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FIGURE 2.9 Effect of Inlet Velocity on Flux-Time Behaviour
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FIGURE 2.18 Effect of (nlet Velocily on Flux-Time Behaviour
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The effect of Inlet velootty on the sieady-state flux, chosen at =30 miputes, s shown in
Figure 211
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FIGURE 2.11 Effect of nlet Velocity oo Steady-State Flux




The fiux shows a progressively greater dependence on velocity as velocity increases, and may
be represented by -

(2.4

There is general consensus in the fiterature that the steady-state fiux increases with increasing
infet velocity, although reported values for the exponents in squation 2.4 vary. In general
axponents are greater than | [Datheimer et ab. (1970} and Schulz and Ripperger (1987} -
J.=U"®, Rautenbach and Schock {1983) :- Jo,xU1 %], but Baker et al. (1985} obtained
exponents less than 1,

From Figure 2.11, the trend that steady-state flux exhibits with inlet velocity may be represented

as .-
oJ
et > ) (2.5)
ol
LN
— | > 0 (2.6)
o7 %

253272 Effecs of Bulk Concentration on Flux

The effect of bulk concentration, C;, on flux-time behaviour is depicted in Figure 2,12 (linear

scale) and Figure 2.13 {log-log scale). Here, runs were performed at the same infet velocity,
pressure and temperature, with only the concentration varying.

A significant dependence on concentration s exhibited. Once again, the flux curves in Period I
are substantially parallel. A further interesting observation concerns the rate of growth of
cake. For the highaest concentration, it would seem that most of the cake has already been
deposited before the {irst {lux measurement at 5 minutes after start-up. Thereafter, the curve
shows 2 siow decline and reaches the steady-state after = 20 to 23 minutes.  For the lowest
concentration it is apparent that very little ¢ake has been deposited during the {irst 5 minutes.
Therealter the {lux shows a substantial decline and eventually reaches its steady-state after ~
35 minutes. There are thus indications that the rate of cake growth on start-up is a strong
function of concentration,
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The effect of bulk concentration on the steady-state flux is shown in Figure 2.14. Although
the curves in Figure 2.12 apparently reach the steady-state at around 25 minutes from start-up,
it can be seen that very little error in trends or values resulis from chosing steady-state fluxes
at 30 minutes from start-up.
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FIGURE 2.14 Effect of Bulk Concentration on Steady-State Flux

A plot of steady-state flux vs log concentration yields a linear curve (Figure 2.15), indicative
of a convection-diffusion controlled process (see Section 3.2.2).

There appears to be little consistency in the literature regarding the trend that steady-state flux
exhibits with concentration. Hunt et al. (1987b) obtained trends similar to Figure 2.14,
Saw et al. (1985) and Bertera et al. (1984) observed that flux decreased linearly with the log of
the concentration, while Rautenbach and Schock (1988) observed a linear decrease of flux with
concentration. Further, Dahlheimer et al. (1970) observed that flux was relatively insensitive

to concentration, while Le (1987) found a non-linear relationship between flux and log
concentration.
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For the system under study, the flux exhibits a strong, but progressively decreasing dependence
on concentration which may be represented as ;-

oJ,

570, S 0 (2.7)
8

%7,

ez ) 0 (2.8)
B

2.5.2.3 Effect of Pressure on Flux

The effect of pressure, P, on flux-time behaviour is shown in Figure 2.16 (linear scale) and
in Figure 2.17 (log-log scale). Here, the inlet velocity and bulk concentration were held
constant for all runs, while the pressure was changed. Similar to the flux-time responses

obtained at different concentrations and velocities, the curves are substantially parallel in
Period 11,



221

[ ]
i
=
La
=
a
i
E
[
L
o
<00 | i [ & L | — m—
b 18 W 3N 40 N & T W W 10 0 W N
Tema (munules)
FIGURE 2,16 Effect af Pressure o8 Flux-Time Behaviour
i3z
|[Cy = 39.4 g/1
17 [y = 142 mfa
Symbial | Fun iF (kPa)
[ M Bl we |
30 o he 15|
. L0 8 | 0
= | Bt | Far, )
b :Zg [T 5E |
D = -
=
1B
I
8 -
0.8 0.8 1.9 i3 1.4 1.8 18 18 13
log Tirrg
FIGURE 2.17 Effect of Pressure on Flux-Time Behaviour

(log-log scale)




The effect of pressure on steady-state flux is shown in Figure 2.18. The steady-state flux
increases with pressure but shows a progressively decreasing dependence on it.
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FIGURE 2.18 Effect of Pressure on Steady-State Flux
Reported trends for the flux-pressure relationship also vary widely. Rautenbach and

Schock (1988) found that flux was independent of pressure, above a pressure of 100 kPa.
Saw et al. (1985) and Le (1987) noted that the flux actually decreased at high pressures,
presumable caused by compression and compaction effects. Harrison et al. (1981) observed a
local minimum on the flux vs pressufe curve, The trends observed by Henry (1972) are similar
to Figure 2,18 ie.,

(&Jw) -
5P A (2.9)

0%,
spz ) <9 (2.10)
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2.5.3 QOperational Path Dependence of Flux-time Behayiour

There are indications in the literature that the flux-time behaviour may not be a unique function
of the operating variables but may also be a function of the operational path taken to reach
the operating point.  Harrison et al. (1981), for example, noted that the flux obtained by
starting up a system at a lower velocity and then increasing the velocity is not as high as that
obtained when the system is started-up at the higher velocity.

This section (2.5.3) entails an investigation into the operational path dependence of the flux-time
curve. In Section 2.5.2, the system was rapidly taken up to the operating point on start-up.
Effectively then the system experiences a step change up to the operating point at time zero
(t=0). The flux-time responses obtained by starting up at the desired operating points will
hereafter be referred to as the base curves. In this section the system is started up at conditions
below (and above) the operating point and step-increased (or step-decreased) to the desired
operation point after some finite time has elapsed. The flux-time responses are then compared
to the base curves.

2.5.3.1 Dependence of Flux-Time Behaviour on Path to Reach Operating Velocity

The system was started up at U, = 1,13 m/s, P= 200 kPa, C;= 39,4 g/¢, allowed to run for 10

minutes and the inlet velocity was then rapidly increased to 1,70 m/s, while keeping the pressure
constant. The experiment was then repeated, but allowing a run time of 60 minutes before
the step-increase. These specific time lapses were chosen in order to assess if system response
would differ depending on whether the step-change is performed in Period I or Period IL
These flux-time curves are contrasted to the high and low velocity base curves in Figure 2.19.

Curves | and 2 represent the base curves (the data points for the base curves have been excluded
for clarity). Curves 3 and 4 represent system responses obtained by step-increasing the velocity
after 10 and 60 minutes, the step-increases occurring at points A and B respectively, Curve 4
is coincident with curve | for most points but they may be differentiated by noting that curve |
is a solid line while curve 4 is a dashed curve with data points included.

If the flux-time behaviour were not dependent on the operating path then it would be expected
that on increasing the inlet velocity at points A or B, the flux would rapidly increase to the
corresponding values on curve 2, and then follow that curve substantially. On increasing the
velocity during the cake growth period (point A), the flux declines at a slower rate and then
follows curve 2 approximately. On increasing the velocity at point B however, the flux continues
to follow the low velocity base curve. Clearly, starting up the system at the lower velocity and
then increasing the velocity yields a different flux-time response from that obtained if the
system is started up at the higher velocity.

The cake thicknesses at points A and B are greater than the corresponding cake thicknesses at
points C and D, by inference from the flux values at those points. In order for the flux to
increase in response to the velocity increases at points A and B therefore, the cake thicknesses
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FIGURE 2.1% System Responses to Step-Increases In Velocity

must decrease. The observed flux response indicates that the cake thickness did not decrease,
possibly implying that the cake formation is irreversible. The observation that curve 1 did
eventually follow curve 2 closely can be explained by noting that the cake thickness at point A
is lower than the steady-state cake thickness for curve 2, point E. Thus, in response 1o the
(owrate increase ot point A the cake merely grew at a slower rate and did eventually become
limited at the appropriate steady-state value [or the higher flowrate.

There are strong indications therefore that the system will not respond to a velocity change

requiring a decrease in cake thickness, but will respond to gne requiring an increase in cake
thickness.

Sysiem responses to a step-decrease in velocity are shown in Figure 2.20. Here, the system

was started vp at U, = 1,70 m/s, P= 200 kPa, C,= 39,4 g/t, and the velocity was reduced to
1,13 m/y after time lapses of 10 and 60 minutes.

When the step-decrease is performed in Period I, the MMux decreases rapidly and then follows
the low velocity base curve. By inference, the cake thickness increases and then follows the
cake growth profile of the low velocity base curve. When the step-decrease is performed in
Period 11, the flux once sgain decreates, but levels off at a value somewhat lower than the low
velocity base curve. By inference, the final cake resistance Is somewhat higher than that of
the low velocity base curve at that time. Clearly, the system does respond 1o a velogity change
requiring an increase in the cake thickness, but the response differs depending on whether the
change is performed during the cake growth period or the change in cake characteristics period.
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FIGURE 2.20 System Responses to Step-Decreases In Velocity

In Section 2.2.2 it was siared that feed samples were obtained directly from the well-mixed
feed ank, and not from any sample point upstream of the tube. The reason for this is clear
in the light of the above discussion. If a sample valve upstream of the tube is opened, there
will be an immediate dstorbance o the velocity and pressure in the tube. This disturbance
could irreversibly changed the Mux-time behaviour of the system.

System response 1o a step-decrease in concentration was ascertained by starting up the system
Mt #= 200 kPa, 7, = 1,42 m/s, €3 = 77,6 /£, and then switching the feed to water (Ch= 0 g/t)
alter periods of 10 and 60 minutes, while keeping the velocity and pressure constant (Figure 2.21),

If the cake formation was fully reversible, the cake thickness would have progressively decreased
on switching over to water, until the pure water flux was reached. Figure 2.26 clearly indicates
that the hydraulic resistance did not change appreciably, indicating conclusively that the cake
farmation was irreversible. The probability that the cake was removed and that the hydraulic

resistance was being provided by particles within the pores of the tube wall may be discounted
since on cleaning the tube it was confirmed that a substantial cake still existed in the tube.
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The observation that the cake Is irreversible is not unigue, Rushion et al, (1979), in an earlier
study also observed that on pumping water over a cake, some critical shear needs 1o be exceeded
before particle removal will occur, Krause (1974) notes that many filter cakes once lTormed
are not easily removed. Further, Baker et al. (1985) have noted that in some of their experiments,
the cake was sufficiently cohesive lo remain on the tube wall until backwashed.

Maonitoring the turbidity of the reject stream in the view-glaw during the course of the above
experiment led to some interesting qualitative gbservations, On switching the feed 1o water
the turbidity progressively decrensed, and the rejoct stream was cléar to the eyve after about 4
minutes. At the conclusion of the above experiment, the inlet velocity was progressively
step-increased in steps of approximately 0,28 m/s, with water as the feed stream, while
maintaining the pressure constant. With each step in velocity, a "pufl™ of slightly turbid water
appeared in the view-glass and then rapidly cleared away. The concentration of each pufl
seemed ta be very low, and further, no significant ¢change in the permeate mte was noted.
Each puff generally lasted for a few seconds and then the reject stream remained clear uniil
the next step-increase in velocity.

Clearly, with ¢ach step-increase in velocity, a few layers of particles were being stripped of
the cake. However, the resultant change in cake resistance was imsufficient to significantly
change the permeate rate.  This possibly indicates that the cake removal process was being
limited by the shear a1 the cake surface, and indicates that some critical thear siress needs to
be exceeded in order to remove cake particles. Thus, with each increase in velocity a few



layers of cake, whose critical shear for removal was now exceeded, were siripped ofT into the
bulk flow, Further, since only a few layers of particles were removed with each velocity
increase, it would seem that this eriical shear for removal is not uniform through the cake but
possibly increases towards the wall, At very high velogities it would be expected that sufficient
cake would be stripped of to significantly increase the flux. For the operating range investigated
here, however, this did not occur.

System responses 10 @ step-increase in concentration are shown in Figure 2,22, The system
was started up at & concentration of 19,8 g/¢ and the feaed was switched to a second Feed tank
containing a suspension of 77,6 g/¢ after periods of 10 and 60 minutes.

12e0

s Sy ot Dperatipnal Fatn
s cursn 1| 47 | baee gurvd lor alerl=wp of 775 B

E | ourer 3| 61 | bewe cores Tor slart-wp gl 155 @A I
. HI0G |- A =ule al 180 B EOIEESE
= sanapaans Cren 3| & | seesenireties b T8 A gfue

— 15 sunstan (Faird 4]

piteap w 1I8 g ot rroeia
e purwe 4 | B | gorcesveliea b TF8 oA ofe

¥ 530 ﬂ

i Uy = 1,47 m/fa

3 g EN
L doe L

- 1

o

E "‘M e 1

El 430 .L—'-"'—-rh._

o

R i i i | i i
& i 3 ¥ e 5 60 W M S0 t@ R M 1w
Time (renutes)
FIGURE 2.22 System Responses to Step-locreases in Bulk Concentration

The [ux-time responses are similar 1o those obtained by the step-decrease in velocity. When
the step-increase in concentration is performed in either Period | or Period 11, the cake thickness
increases with a corresponding decrense in flux, When the change is performed in Period 11
however, the flux drops to a level somewhat below the high concentration base curve.

System response to 4 step-decrease in pressure was investigated by starting up the system at g
prjmun of 200 kPa and then reducing the pressure to 100 kPa af ter intervals of 10 and 60
minules, while keeping all other operating variables constant (Figure 2,23).
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In both instances, the flux obtained after the step-decrease are substantially lower than the
corresponding values for the low presture base curve. On comparing the normalied fluxes
(i flux/pressure) before and after the step changes, it is s8¢n that they are similar (Table 2.2},
indicating that the hydraulic resistance did aot decrease significantly. This further confirms
the irreversibility of the cake formation,

TABLE 2.2

Lapsé time befare pressure

Normalised Fluxes Before And Afier Pressure Decreases

Normalised Flux

Mormalised Flux

decrease before decrease after decrease
(minutes) {(£/mh)/ (100 kPa) (&/m*h)/( 100 kPa)
0] 407
&0 298

System responses [0 step increases in pressure are shown in Figure 2.24, Here start-up occurred
ar 100 kPa and the pressure was step-increased to 200 kPa in both periods.
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In Period I, the Mux increases to a value higher than the high pressure base curve, decreases
rapidly, and then levels off at a value slightly below the high pressure base curve. If the
normalised Muxes are consldered (Flux/100 kPa = 608 at point A and 419 at point C), it is s2en
that the cake thickness at point A is actually smaller than the cake thickness at point C. Hence,
after increasing the pressure, the system experiences the same permeate driving force as at
point C, but has a lower hydraulic resistance, The flux thus increases 1o above point C. The
lines between points A and E (and points B and F) do not represent the actual path described
by the flux, but have merely been drawn in to indicate continuity between data points. Point
E represents the Mux value five minutes after the pressure increase ot point A, A more realistic
representation of the flux response may be obmined by extrapoiating curve 3 back to the line
f= 10 minutes (Figure 2.25). Here points A and A® represent the fux immediately before and
after the pressure increase. [t i seen that on doubling the pressure at point A, the flux
immediately doubles. Thereafter cake growth occurs, decreasing the fux, and the cake eventually
becomes limited at a value slightly higher than the high pressure base curve.

In Period 11, the flux exhibits a similar behaviowr, but drops to a value substantially below the
high pressure base curve, eventually approaching the low pressure base curve. Once again, as
in the instance of a flowrate decrease or a concentration increase in Period 11, the final resistance
obtained by increasing the cake thickness in Period 11 is greater than that obtained in the base
case. In the instance of a pressore increase, this difference is substantial,
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in Pressure

Curve 4 in Figure 2.24 indicates that approximately 60 minutes after the pressure increase, the
flux has dropped to the value it had before the increase. Further, it is clear that corve 4 is
asymptoting to the low pressure base curve, This could erroncously be interpreted as indicating
that Mux is independent of pressure. It must be noted however that this apparent independence
is uniquely obmined when a step-increase is performed in Period 11, When the system is started
up at different pressures, the fTux i3 most certainly a function of pressure, for the system under
study (Figure 2.16). Dahlheimer et al. (1970) performed an experiment similar 1o thar above
i.e. step-increased the pressure and monitored the MMux response, Afrter an hour, the flux had
returnéd to the value it had before the incrense, This was interpreted as indicating that the
flus was relatively insensitive to pressure, In view of the above statements, this could possibly
have been an erroneous conclusion.

2.6 H OF ]

The characteristic Mux-time curve may be divided into two regions - Period I, where the Mux
decrenses rapidly, followed by Peviod I, where the Mux exhibils a slow, long-term decline
with time. The rapid decrease in Period | may be attributed 10 a rapid increase in cake thickness,
Thereafter, the cake thickness levels off 1o some steady-state value, but changes within the
cake lead to the slow long-term decline. There are indications that, for the system under study,
the slow decline in Period 11 is due tn the progressive infiltration of fines into the cake, leading
to & cake of progressively decreasing permeability,



The limiting or sfready- stare permeate flux, is a Munction of inlet velocity, bulk concentration
and pressure. The trends that the steady-state permeate MMux exhibits with respect 10 these
operating variables are summarised in Table 2.3 :

Summary of Effects of Operating Variables on Steady-Sitaie
Permeate Flux

Operating Yariable Effect on Steady-state MNux

Inlel welacity

Concentration

o
L

() -
(=)

(40) | o
el >
\ a7 J

o

There are unequivocal indications that the flux-time behaviour is dependent on the path taken
to reach the operating point. If the apernating path includes a change in operating variables
that requires o decrease in cake thickness in order to be effective, the system will not respord
as expected  This i due to an apparent irreversibility of the cake formation. There a-e
indications that this irreversibility is due 1o the cake removal being limited by the shear stress
at the cake surface

If the change In operating varfables requires a further growth In cake, iystem response will
differ slightly depending on whether the change s performed during Period | or Period L If
the change o implemented during Period |, the final Nua, and hence cake resistance. will be
similar 10 that obained by starting wp at the “thicker cake” condition. When the change is
performed in Period 11, the final cake resistance is slightly higher than that obtained by starting
up atl the "thicker cake” condition. This difference is substantial in the instance of a presiure
incrense,



i1 INTRODUCTION

The major characteristic of a crom-flow microfiltration (CFMF) system s that after an initial
period of rapid decline the permeate MMux eithér remains constant or alteraatively decreases at
a relatively slow rate. This behaviour may be explained in terms of the cake growth dynamicy
On start-up the cake rapidly increases in thickness and then became limited at some maximum,
or steady-state vilue. This steady-state cake thickness, and hence the steady-state permeate
flux, is a function of the suspension velocity, suspension bulk concentration and ocperating
pressure. Alter the steady-state cake thickness has been attained, the cake experiences changes
i its characteristies resulting in the long-term slow decline In Mux,

This chapter concerns the development of a model to describe the steady-state condition. The
main objective here & 1o develop and present a clear, physically realistic and consistent picture
of the mechanivmi that determine cake growth and i eventual limit. To that end the model

15 developed and presented gualitatively. This qualitative mode! will be lormulated into a
mathematical model in Chapler 5.

311 A Note on Sigie and Measured Variabies

in Chapter 2, the global effects of superficial inlet velocity, pressure and concentration on
permeate fux were identified. This superficial velocity, [, , is given by :-
T Q

ST

(3.1)

where [/, = superficial inlet velocity (bulk average) (m/s)

¢ = suspension inlet flowrate (mY/s).
" = tube radius (m).
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The permeate flux, J,, was based on the circumferential area of the tube :-

;oo Y (3.2)
“ 2nRL

and is related to the permeate velocity at the wall, V, , by -

1 1 s [ )
= el e - (3.3)
Vi S 3600 1000 (h)(nﬂ
where J, = permeate flux at tube wall (¢/m2h)
Q, = permeate flowrate (m3/s)
L = length of tube (m)

Vi permeate velocity at tube wall (m/s)

il

If it is assumed that the cake grows until some form of hydrodynamic balance is established
at the cake surface, the velocities of significance in this balance will be the permeate velocity
at the cake surface, V., and the axial velocity in the free channel, U, , given by :-

voo- e (3.4)
2r(R-1.)L
g, - ¢ (3.5)
(R -1Lc)
where V. = permeate velocity at cake surface (m/s)
/. = axial velocity in free channel (m/s)
i, = cake thickness.

These velocities, V., and U, are the "true" velocities seen by particles at the cake surface, and

are referred to as the state velocities. These are related to the measured velocities, V., and

Usa by -

— _ RZ

UC = USER_:[_)_Z (3.6)
R

Ve = i/w(§t7_5 (3.7)

If the cake thickness is significant in relation to the tube radius, the state velocities and measured
velocities could differ appreciably in value. Implications of this are seen in, for example, the
experiments conducted to ascertain the effect of suspension concentration on permeate {lux,
Atlthough the experiments were conducted at a constant superficial inlet velocity, the steady-state
cake thickness would have increased with concentration, by inference from the steady-state
fluxes (see Figure 2.14). This implies that the free channel velocity, U, , increased with
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concentration. Thus, although the inlet velocities measured by the experimenter were constant
for all concentrations, the actual velocity that determined the system behaviour increased with

concentration,

Despite the difference in value between state and measured velocities, it is expected that trends
expressed in terms of the state velocities will be similar to trends expressed in terms of the
measured velocities, since V., and U, are positive, monotonic functions of V, and U,

respectively. Thus,

°r > 0 th (ap\ > 0
] T en g
Y, N,

8

oV aVcs}
’ v 5 0 th > 0
' ( ap} en [ oF

where F is some arbitrary variable. It is feasible, however, that the trends exhibited by the

second derivative may differ in certain instances, depending on whether V', and U, orV,
and U, are used.

The purpose of the above discussion is solely to highlight the fact that a difference may exist
between the velocities measured by the experimenter and the velocities "seen” by the system.
Clearly, the variables of practical interest are the measured variables and any model must
eventually relate V, to U,., P and C,. However, in developing the mechanistic basis for the
model, or evaluating the mechanistic bases of other models, it is invariably V', and U, that
will be significant in determining drag forces on particles, axial shear stresses on cake surface,
diffusion coefficients etc. Most previous modelling attempts reported in the literature have
concerned either planar systems, or systems in which the cake thickness is negligible in comparison
to the tube radius. In those instances, clearly, the state and measured velocities are equivalent,
In reporting literature in the present study, an attempt will be made to interpret variables as
being either state or measured, in order to ensure consistency with the present study. Thus,
in instances where a previous worker has merely referred to axial velocity, it will be interpreted
here as being either a superficial velocity, U, , or a channel velocity, U, . Similarly, where a
previous worker has referred to permeate velocity, it will be reported here as being either the
permeate velocity at the tube wall, V, , or the permeate velocily at the cake surface, V , .

3.2 STATEMENT OF PROBLEM AND LITERATURE REVIEW

The driving force for cake growth is the convection of solids towards the cake by the radial
fluid flow. Even after the steady-state cake thickness has been attained, solids will still be
convected towards the wall. Hence some mechanism must exist to offset this cake growth
driving force and prevent these "excess” particles from becoming incorporated into the cake
structure. It is the identification of this mechanism that poses the greatest problem in the
modelling of the steady-state in CFMF,



Earliest attempts at modelling CFMF-type of behaviour involved the solution of the
Fickian-diffusion equation using the classic Leveque solution for convective diffusion (film
theory) [Blatt et al. (1970), Romero and Davis (1988)]. In that approach, the steady-state is
attained when the convection towards the wall is balanced by a Brownian back-diffusion away
from the cake. However, when this theory is applied to the UF of colloids or the CFMF of
particles, using the Stokes-Einstein Brownian diffusivity coefficient, predicted fluxes are orders
of magnitude below that observed experimentally [Blatt et al. (1970), Reed and Belfort (1982)].
The possible reason for this is that the Stokes-Einstein diffusivity for even small particles is
extremely small, being inversely related to particle size. It was subsequently suggested that
either the back diffusion of particles was substantially greater than that predicted by the
Stokes-Einstein equation, or that the polarised layer did not provide the controlling hydraulic
resistance to permeate flow [Blatt et al. (1970)]. Porter (1972) showed that the latter argument
was highly unlikely and further proposed that the back diffusion of particles could be augmented
by a radial migration of particles away from the cake.

Subsequent modelling approaches may be classified into 4 main categories : force-balance models,
enhanced back-diffusion models, axial convection models and scour or erosion models. Significant
studies in this regard are reviewed below. Most of the models have been developed for laminar
flow CFMF. They are included here for completeness and since it is feasible that even in
turbulent systems the controlling processes may occur in the laminar sublayer.

3.2.1  Force Balance Models

In this category of models, the forces acting on individual particles are considered. The
steady-state is attained when some particular balance of forces is achieved.

3.2.1.1 Inertial Lift (Lateral Migration) Models

Neutrally buoyant particles in a laminar flow field tend to experience an inertial lift force
which causes a migration away from the wall to some equilibrium position between the wall
and centreline [Altena and Belfort (1984)]. The phenomenon has variously been termed the
Poiseuille effect, the tubular pinch effect and the inertial lift effect. Porter (1972) initially
suggested that this inward migration could offset the convection of solids towards the wall.
The most recent and comprehensive models based on the inertial lift theory are those of
Belfort et al. [Altena and Beifort (1984), Green and Belfort (1980), Belfort and Nagata (1985)]

In the inertial lift model it is proposed that particles are subject to two significant forces viz
a fluid drag force, F, , directed towards the wall and the inertial lift force, F,, directed away
from the wall. These correspond to a lift velocity, I/, , and a permeation velocity, V
(Figure 3.1). When the permeation velocity exceeds the lift velocity, particles convect to the

wall and cake growth occurs. Cake growth becomes limited when the lift velocity equals or
exceeds the permeation velocity.
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FIGURE 3.1 Inertial Lift Model

The general form of the lift velocity is given as [Green and Belfort (1980)] -

Ln
v, =k,HrEe(%] ho(r) (3.8)
&
where V, = lify valo=ity on particle {m/)
g, = guspension velocity in free channel (m/s)
Re « Reynolds Number (based on U/, and &)
R, = radius of free channel (m) (= R-¢.)

ra = particle radius {m)
f,{r) =some function of radial distance
ky.ky = constants (> 0)

It is seen that the lift velocity increases ms particle size Increases. Further, for a specified
particle size and permeation velocity, V., , some minimum axial velocity exisis above which
¥, >V, and hence no convection towards the wall will occur,

Grreen and Bellort (| 980) combined an inertial 1if't equation with an hydraulic resistance equation
and applied the model 1o the daw obtained on a latex suspension. The effect of cake growth
on I, , and henceon ¥, , was explicitly included. Predicted MMuxes were in order of magnitude
ppreement with experimental obsérvations, although the predicied cake thickness occupied over
70 % of the chanmel. The inertial lift model was also tested on the data of Thomas et al. (1973)
and Reed et al. (1980), who had measured the critical axial velocities necessary to prevent
catastrophic fouling in UF and HF systems. 1t was shown that the observed critical velocities
were consistent with the predictions of the inertial ift model,



The applicability of inertial lift theory to turbulent CFMF is questionable. As noted by Romero
and Davis (1988), most inertial lift models are generally limited to dilute suspensions of
non-interacting particles and cannot be applied close to the wall. Zydney and Colton (1986)
state that the "model fails to predict a dependence on bulk particle concentration”. This is not
strictly correct since the right hand side of equation 3.8 is a function of concentration via the
Reynolds Number. However, in general the Reynolds number would only show a significant
dependence on concentration at high concentrations, or for suspensions whose viscosity is a
strong function of concentration. Noting that the inertial 1ift effect is inapplicable under such
circumstances, Zydney’s statement is, in effect, valid. The lateral migration model has found
limited favour with Baker et al. (1985) and Hoogland et al. (1988), who note that the model
does explain their observations that finer particles are preferentially deposited as the axial
velocity is increased.

32.1.2 Critical Drag or Critical Shear Models

Rautenbach and Schock (1988) and Fischer and Raasch (1986) proposed that a critical force
balance condition existed for particle stability on a cake (or membrane) surface. Below this
critical condition particles which reach the cake surface will deposit stably. At or above this
critical condition, particles which reach the surface will be destabilised and will not deposit.
Conceptually, the work of Fischer and Raasch is not significantly different from that of
Rautenbach and Schock, and only Rautenbach and Schocks® model will be detailed here.

Rautenbach and Schocks’ critical condition is derived by an equilibrium of drag forces normal
and parallel to the membrane (Figure 3.2).

g = owial drog force
foq = permecte drog force
F = friction force
=¢ £ , .
pd axial velocity

profile

FOEMDIane  wm ey o o

N

permente

FIGURE 3.2 Critical Drag Force Model
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Co 30 U =5 2 ¥ Cozp Va7 (3.9)
where €, = drag coefficient for spheres

U/, = mean axial velocity over particle (m/s)

¥ = friction coefficient (or proportionally constant)

Vv, = permeate velocity (m/s)

d = particle diameter {m)

o = suspension density (kg/m?)
Rautenbach and Schock reduced equation 3.9 to the form

U, 2 v V, ‘ (3.10)

and utilised the Universal Velocity Profile for turbulent flow to evaluate U,. In the near wall

region, the universal velocity profile may be differentiated into three zones : the laminar zone,
the laminar/turbulent intermediate (or buffer) zone and the fully turbulent zone (see
Section 3.4.2). This led to three expressions for U, and hence V., , depending on the particular
zone being considered.

Laminar zone : v d
R 1.75 __] [___\J 3' 1 1
Ve = Re (2& >R (3.11)
Buffer zone : v d 04
R L%(-—)[——) 3.12
Ves @ Re SR\ 2R (5.12)
Fully turbulent zone ; { v d V7
vV, « R&“f——)(——) 3.13
where Ke = Reynolds Number
v = suspension kinematic viscosity {(m2/s)

It was found that the best agreement between experiment and theory was given by equation 3.12,

The correspondence between the model and Rautenbach and Schocks’ experimental observations
is quite impressive. Rautenbach and Schock obtained steady-state fluxes for clay/water and
quartz/water suspensions at concentrations ranging from 1 % to 15 % by volume in thin tube,
as well as channel, modules. When the fluxes are plotted against the right hand side of
equation 3.11, all points lie along a straight line. The proportionality constant, reported in
Schulz and Ripperger (1989), is given as 0,22 ™', with ¢y =4 680. Schulz and Ripperger (1989)
applied the model to various systems and found a good correspondence between predictions
and observations. Various workers [Harrison et al. (1981)] have observed that the average
particle size of the cake decreases as the operating velocity is increased. This is explicable in



3-8

terms of Figure 3.2 by noting that at a specific welocity, particles above a certain size will be
destabilised while particies below a certain size will deposit, leading 10 a preferential deposition
of small particles as the velocity is increased. In Section 2.5.3.2 it was observed that layers off
the cake were progressively removed as the velocity was step-increased. This i also seemingly
explicable in terms of a eritical drag force model,

A flaw with equation 3.12 is that no pressure dependence of fMux is predicted. This is conslstent
with Rautenbach and Schocks' experimental results, where Muxes were independent of pressure
over the range 100 kPa 1o 200 kPa. The results of the present, and other studies [Henry (1972,
Saw et al. (1985), Le (1987)). however, indicates that Mux can exhibit a dependence on pressure,
indicating that equation 3 17 may not be generally applicable. It is in principle feasible, however,
1o couple equation 3.12 with 3 hydraulic resistance equation potentially yiwelding a model that
will show a pressure dependance of Mux

Comparison between model predictions for the effects of concentration and velocity on
steady-state flus with the results of this study requires that the steady-state cake thickness be
known, Ke in equation 3.12 should be based on the suspension velocity in the [ree channel,
[, . and not on the superficial velocity, [, . Similarly V', in equation 3.12 is the permeaie
velocity at the cake surface and not at the tube wall, V.

Since the yteady-state cake thickness were not known, the model was tested al two extreme
Timits i.e. 8 minimum cake thickness of 0.0 mm and 3 maximum thicknews of 2.0 mm. A typical
comparison i shown in Table 311,

TABLE 1.1 Comparison Between Fluxes Predicted by Hautenbach and
Schocke’ Maodel and Experimental Results Obtained in This
Study
Assimed Cake thickness Flux at cake surface (J.,) |
(mm) (£/m%h)
Rautenbach and Schocks’ This experimental study
Sladel
0,0 141 63
2.0 141 758
Data for Run 48
7, - 1,42 m/s
Ch = 39,4 g/t |
’ = 200 kPa

1 Baspanaion phyural propertes wers cabenistbed ssing Uhe sngrevsssns in Section § 4 4.
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The fluxes predicted by equation 3.12 are considerably below experimental observations in both
extreme cases. It is possible that the poor fit may be due to the proportionality constant being
a function of the specific system, and hence inapplicable to the limestone system studied here.
It is thus more instructive to compare the trends predicted by the model with the trends observed
in this study. From equation 3.12 it is seen that V', and hence J , scales with U . This
trend is depicted in Figure 3.3 for the particle properties and velocity range considered here,
and exhibits a similar trend to that observed experimentally (equations 2.5 and 2.6).
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FIGURE 3.3 Trend for Effect of Inlet Velocity on Steady-State Flux, as
Predicted by Rautenbach and Schock’s Model

The trend predicted for the effect of concentration on steady-state flux (Figure 3.4) is however,
substantially different from observations (Figure 2.14, equations 2.7 and 2.8). Over the
concentration range considered here the model predicts that the flux is virtually independent
of concentration. From equation 3.12 it is seen that V., scales with v %%, This indicates that
the model would only predict a significant dependence on concentration at high concentrations
and for suspensions whose viscosity is a strong function of concentration. Further, noting that
the steady-state cake thickness increases with concentration (by inference from Figure 2.14) it
is seen that for a constant inlet velocity the channel velocity, U . , will also increase as concentration
increases. Since V., is a stronger function of channel velocity than of kinematic viscosity (V.
scales with U,"** and v"°2) it is most probable that if the increase in I/, with concentration
is incorporated into Figure 3.4, the model will predict an increase in flux with concentration.



Clearly, while the model predicts correct trends with respect to velocity, no trend is predicted
with respect to pressure and the predicted trend with respect to concentration is contrary to

experimental observations.
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FIGURE 3.4 Trend for Effect of Concentration on Steady-State Flux, as
Predicted by Rautenbach and Schock’s Model

A second criticism of the model stems from the observation that the best fit is provided by
equation 3.12, the buffer zone equation. Rautenbach and Schock also note that this is surprising
since with the small particle size concerned it would be expected that the demixing zone would
occur in the laminar region. This discrepancy is best visualised by comparing the theoretical
thickness of the laminar zone with the particle sizes used in their experiments. For the conditions
used in those experiments, the theoretical thickness of the laminar zone ranges from 40 to 80
um 2. In contrast the particles had an average size of 2 to 2,5 um. Further, particles "on the
surface” will in fact be embedded partially below the mean cake surface, further decreasing
their protrusion into the flow field. Thus, particles will unequivocally lie within the laminar
zone and very little physical basis exists for the application of the equation 3.12. Rautenbach
and Schock propose that the presence of particles may destroy the laminar zone and thus enable
particles to be affected by forces in the intermediate zone. In Section 3.4 it will be shown that
it is most likely that particles will dampen out turbulence and thus increase the laminar zone.

2 Calculated using equation 3.44 with suspension properties and operating velocities obtained from Rautenbach
and Schock (1988) )
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It is feasible, however, that the radial flow through the wall may reduce the thickness of the
laminar zone (this is discussed in Section 3.4). However, if any substantial change to the velocity
profile occurs then equations developed from the universal velocity profile may no longer be
applicable and the forms of equations 3.11 to 3.13 would have to change. It would seem
therefore that various contradictions exist between the best fit equation and the fluid dynamics
and particle geometry in the near wall region.

There are further conceptual inconsistencies with models based solely on a critical drag force
or critical shear stress concept. These form a major part of the discussion in the chapter on
Model Development, and are postponed to Section 3.6.

3.2.2 Enhanced Back Diffusion Models

In this class of models it is proposed that the convection of solids towards the wall is offset by
a simultaneous back transport from cake to the bulk suspension. The steady-state is attained
when these rates equalise, and may be represented by the one dimensional Fickian diffusion

equation ;
oC
Ve = D— (3.14)
er
where V = permeate velocity (or flux, depending on the units for D)
c = concentration
D = diffusion coefficient

In contrast to the simple concentration polarisation models, however, the diffusivity used in
the solution of equation 3.14 is not the Stokes-Einstein diffusivity, but some alternative
diffusivity that has a substantially higher value.

On integrating equation 3.14, a linear relationship between flux and log concentration is predicted
[Fane et al. (1982)]. This is consistent with flux-concentration relationship observed in this
study (see Figure 2.15). This point will be pursued further in Section 3.6, Medel Development,

3.2.2.1 Shear Enhanced Back-Diffusion

Prior to reviewing models based on shear enhanced back diffusion, it is instructive to briefly
review the concept. '

When a suspension is subjected to a viscous shear field, particle-particle interactions result in
a displacement of particles from the bulk flow streamlines. A marked particle will subsequently
exhibit a random walk behaviour, termed self diffusion. If a concentration gradient exists in
the suspension then a particle in any given plane will experience a greater number of interactions
with particles on its side that has the higher concentration than on its side with the lower
concentration. This causes a net drift of particles in the direction of decreasing concentration,
the drift velocity being proportional to the concentration gradient. This net drift down a



concentration gradienl may be characterised by an effective particle diffusivity, the skear
induced diffusivity [Davis and Leighton (1987)). This process has variously been termed shear
induced hydrodynamic diffusion and shear enkanced diffusion.

Ekstein et al. (1977) investigated this effective particle diffusivity by tracking labelled particies
in a Couette device. The diffusivity increased with the square of the particle radius and linearly
with the shear rate. It was also found that the diffusivity increased linearly with concentration
ep to 3 volume (raction of 0,2 and thereafter remaineéd constant at a value -

D, = 0,03r)y (4.18)

where D, = shear induced diffusivity of particle (m?/s)

rp = particle radius {m)
¥ = ghear rate (s°1)

Recently, Leighton and Acrivos (1987a, 1987h) showed that this apparently constant value above
3 volume fraction of 0,2 was due to a geomelric limitation in the apparatus of Ekstein et al,
With the elimination of these limitations the diffusivity was found to increase rapidly with
concentration, Their medsurements were repredented by an empirical correlation [Leighton and
Acrivos (1986))-

D, = ryyD (3.16)
with

D = 0,33 1+0,5" %) (3.17)
where C = volume fraction of solids.

Equation 3,17 was found 1o be valid up to € = 0,5.

Zydney and Colton (1986) proposed that the discrepancy between the simple concentration
polarisation model, using the Stokes-Einstein diffusivity, and experimental observations could
be attributed 10 an augmentation of particle back transport by the shear induced diffusion
mechanism. They incorporated Ekstein's expression for the diffusivity into the Leveque equation
for the local mass transfer coefficient yielding

%3
ko(x) = n.nsz(-’—:) Y. (3.18)

where &k, = moss trznsfer coefTicient (m/s)

¥« = shear rate at the wall {3-1)
* = axial coordinate (m)
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Substituting this into the Fickian Diffusion equation and integrating along the length of the
tube, L, yields :-

r\? C
V., = 0,078 J) Yo m(—‘”j (3.19)
L Cs
where V. = length averaged permeate velocity (m/s)
€. = concentration at the wall (volume fraction)
C, = bulk concentration {volume fraction)

Evaluation of equation 3.19 on twelve sets of data showed that the model yielded better agreement
with experimental observations than previous models.

Explicit in the model is the assumption that the flux has reached some pressure-independent
value. Zydney and Colton seem to regard this "pressure independence of flux" as a characteristic
behaviour of CFMF systems. Clearly equation 3.19 can only apply to laminar systems which
exhibit a pressure-independant behaviour. The shear induced diffusion mechanism could
however, apply in the laminar sublayer of turbulent system.

3.2.2.2 Turbulent Back Diffusion

Hunt (1987a, 1987b) proposed that in turbulent CFMF systems, particles will be transported
down a concentration gradient by turbulent eddies and their motion could thus be characterised
by an ef fective turbulent diffusivity. Following Flemmer et al. (1982), this diffusivity is given

as :-
D = ko, U’ (3.20)
where D° = particle diffusivity (kg/ms)
ko = proportionality constant
U" = friction velocity
] ﬁ
p
with T, = shear stress at the cake surface.

The turbulent diffusion of particles would result in a back transport from the cake to the bulk
suspension. When the rate of this back diffusion is exceeded by the rate of convection to the
wall, cake growth occurs. Cake growth is accompanied by both a decrease in the rate of
convection to the wall and an increase in the rate of back transport, leading eventually to a
cake thickness at which these rates are equal. This defines the steady-state condition, whereafter
no net particle transport to the cake will occur.



The Hunt model entails the simultaneous solution of the steady-state mass balance and the
hydraulic resistance equations :

mass balance : e - ) £ (3.21)
ar
pressure balance : Ap - n, Joot. (3.22)
K™ p,
where J = permeate flux (kg/m2s)
€' = concentration (mass fraction)
AP = pressure difference across cake (Pa)
Ly = fluid viscosity (PaS)
o = fluid density (kg/m3)
K~ = cake permeability (m?)
t. = cake thickness {(m)

It was assumed that the bulk of the mass transfer occurred within a thin concentration boundary
layer close to the cake surface. Based on the non-dimensional distance coordinate in turbulent
flows (see equation 3.43) it was proposed that the boundary layer thickness could be represented
by :-

v
& = ki - (3.23)
U
where & = boundary layer thickness (m)
k,, = a constant
v = suspension kinematic viscosity (m2/s)

Using the Blausius equation for friction factors in smooth tubes, the friction velocity required
in equations 3.20 and 3.23 was modelled as:

178
* — Vv
Uu = k U,| =
! C(UC ch (3.24)

where k,, = a constant

Integration of equation 3.21 over the boundary layer requires the relationship between flux and

radius. On the assumption that the axial velocity profile may be approximated by plug flow,
this relationship was given as :-

JAr) = Jo = (3.25)



where J (r)= Mux at radius ~ in the boundary layer (kg/ms)

J, = (ux at tube wall (kg/m%s)
[ ] = radiug of Mree core (m)

Substituting equation 3.25 into equation 3.21 and integrating over the boundary layer with
boundary conditions :-

at r = K=& £ = C,
r=R, c = C,
yields
e " is4 £,
ke UG [E:" n[:] ¥
Ja ® - (3.26)
| - — -
W IJ'I' ® Lo
(5] I
iip w8 20 ks (3.27)
P K

where ki3 = CORSIANS

Cu = boundary conceniration

The mode!l has four parameters (= k;, by, Coand X . Hunt evaluated these parameters for

a limestone suspension by regression on experimental resulis (Table 3.2). Comparison between
the regressed model and experimental observations was good excepl at low concentrations, where
predictions tended to be 100 high.

0 Sada5
3,752 & 10¥

4914 I

| :' = . 1,262 x 10°18 I

A comparison was made between model predictions and experimental Muxes obtained in this
study, using the regression parameters from Table 3.2, Evaluation of model predictions for
the effect ol inlet velocity on steady-state flux wad not possible since the model did not converge




for two of the velocities stadied here (the reason for this pon-convergence will be discussed
shortly). However, the general trend predicted by the model {Figure 3.5) is consistent with the
trend observed in this study (equations 2.5 and 2.6).
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FIGURE 1.5 Teend for Effect of Inlel Veloclly on Steady-State Flux, as
Predicted by Hunt's Model

The model also predicts the correct trend for the effect of concentration on sieady-state Mux,
although the predicted values are substantially below observations (Figure 3.6). Although the
regression paramelers were evaluaied on & limestone suspension, il is not unexpected that the
predicted and experimental Muxes differ since the limestone wsed in this study could possibly
have had a different size distribution and specific cake resistance from that used by Hunt.

The trend predicted for pressure Is not consistent with the trend observed in this stody
(Figure 3.7). Expeérimental fluxes show a decreasing dependance on pressure while predicted
Muxes show a linear, almost increasing, dependance, It has been shown by Pillay et al, (1989)
that the incorrect pressure trend could be doe 1o the model assumption that the eake is
incompressible. Incorporating a compressible cake resistance equation into the model doed yield
the correct trend for Mox dependance on pressure [Pillay et al. (1989)).
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Seemingly, the turbulent back diffusion madel can yield the correct trends for flux dependance
on velocity and concentration. Incorporation of a compressible cake expression into the madel
could result in the correct trend for the effect of pressure on flux. There are however, major
mechanistic inconsistencies with a model based on the assumption that particles experience a
turbulent back diffusion from cake to bulk suspension. This forms a major part of the chapter

on Medel Development and is postponed to Section 3.6,

There are, however, some significant errors with Hunts model, which will be detailed here.
For most of the data points on which Hunt's regressions were performed, the predicted boundary
layer thicknesses are greater than half of the tube radius, and in some instances greater than
the radius, Clearly boundary layer thicknesses that are greater than half the radius contradict
the entire concept of a concentration boundary laver, and thicknesses greater than the radius
are physically impossible 3. This unrealistic boundary layer thickness is the major cauze af the
non-convergence of the model in certain regions, the non-convergence occurring when the
boundary layer thickness exceeds the tube diameter.

Secondly, equation 3,25 is most certainly wrong, J, in equation 3.25 should be the Flux at the

cake surface and not the flux at the tube wall, For the typical cake thicknesses achieved by
Hunt (2 mm to 7 mm in a tube of radius 14 mm) a significant difference would exist between
the fluxes at the cake surface and tube wall. There has apparently been a confusion between
the state and measured varighles, Attempts to re-regress Hunt's model using the correct
formulation for equation 3.25 proved wnsuccessful, the regression package used being unable
to locate an aptimal set of parameters,

3.2.3 Axial Conveclion Models

The axial convection models propose that the convection of solids towards the wall is offset by
a simultanecus axial convection of solids along the wall and out of the tube (Figure 3.8).

Leonard and Vassilieff (1984) proposed a simple convection flow model in which analytical
solutions were oblained Tor the particle layer by ass uming that the velocity profile in the vicinity
of the layer was linear and that the layer could be regarded as either an immobile solid or a
Mewtonian fluid with the same effective viscosity as the bulk suspension, The permeate flux
was assumed 1o be constant in the axial direction.

The model was subsequently extended by Davis and Birdsell (1987), relaxing some of the
assumption made by Leonard and Vassilieff, Fully developed parabolic velocity profiles were
determined for both the suspension and the particle layer, permeate fluxes were allowed to
vary axially, and the particle layer was assigned & concentration-dependant viscosity greater
than that of the bulk suspension,

3 [t will be shown In Bection 5.3.1 that the one-dimensianal Fickian Diffuabem equation is anly applicable |f the
boundery Inyer thickness s small in compariion bo the radius of Bhe bube.
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To test model predictions and to visually monitor the convection phenomenon a CFMF channel
with transparent side walls wis constructed, At high Muxes it was observed that thick stagnant
cake yers were formed, Al lower [fuies thin layers Iormed within which it was observed
that particles did indeed Now axially. Theoretical predictions For the thickness of these Mowing
fayers were in order of magnitude agreement with observations, excepl ot high thicknesses.

The observation that axially flowing particle layers do exist could superficially be viewed as
prool of the mechanistic superiority of the convection model over other laminar CFMF models
{e.g. lmteral migration, shear enhanced diffusion). There are, however, a Few polnts which
militate agninst this conclusion. Firstly in Davis and Birdsells" experiments the resistance of
the particle layer was negligible compared 1o the membrane resistance, and thus not typical of
most CFMF systems. Secandly, for those data points where the theory approximates observations,
the thickness of the Mowing lavers ranged from 180 jm to 500 ym. Noting thar the particles
wsed had s size range of 130 to 212 pm, the MNowing layers would have only consisted of one
to three particles, hardly typical of CFMF. Lasily, there are indications that if particles fow
axially along the tube in preference to forming a cake, thit may merely be an effect associated
with particle size. In the present study an attempt was made 10 filter a suspension consisting
of spherical polystyrene beads of size range 100 yum to 400 um, 1t was found that the particles
did not form a cake but merely travelled along the twbe, eventually blocking up the reject line.
In contrast when limestone (d, = Spm) was used a1 the same operating conditions, & cake
formed readily, These are thus strong indications thar Davis and Birdsells' observation of
Mowing particle layers may only be limited to a narrow range of axial flow, Mux and particle
L 1F
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In an improvement over the simple convection flow model, Davis and Leighton (1987) introduced
the convection-diffusion model. A particle layer concentrated at or near its maximum packing
density will not flow easily. Davis and Leighton proposed that within the particle layer the
mechanism of shear induced hydrodynamic dif fusion will result in a fluidisation and resuspension
of the layer, which will then flow axially. The significant transport mechanisms in this model
are depicted in Figure 3.9. A “local” model was developed, enabling the prediction of the
particle layer thicknmess, velocity and concentration profiles with the layer and the wall
concentration at any point along the tube, for an assumed permeate flux. The improved viscosity
and shear induced diffusivity correlations developed by Leighton and Acrivos (1986) were
employed. The "local” model also predicts the conditions at which a stagnant cake layer will
form below the flowing layer.

The "local” model was subsequently incorporated into a "glebal” model by Romero and
Davis (1988). The global model enables the prediction of the thickness of the flowing layer,
thickness of stagnant cake layer (if any) and permeate {lux with axial distance. No direct
comparison with experimental observations has been made for either the local or global models,
although it 15 claimed that the model i5 in qualitative agreement with experimental trends,

deposilion § ]
» { H -
‘ j
i
. i )

i g * E : ' R
particle i ‘ .............................................
boundary | o el
loyer . . @l

‘

""""""" K | ol convection |

...... !dmusien |
g |

T R R R B
permeate

FIGURE 3.9 Axial Convection with Shear-Induced Back Diffusion




331

3.2.4  Secour/Eresion Models

In this cluss of models, correlations and models developed for the Melds of sedimentation and
slurry transport In pipelines are adapted o CFMF. It is instructive to (irstly briefly review
those fields and their relevance to the problem at hand.

Sedimentation includes the processes of erosion, entrainment, transportation, deposition and
compaction of sediment. Of major interest io workers in the sedimentation Cield are the critical
conditions at which a bed of sediment at the bottom of a river or canal will erode. This is
probably analogous to the critical conditions at which deposition will cease in a CFMF system.
The general approach adopted in sedimentation has been to define a erifical shear sirexy mt
which sediment motion i incipient. Notable amongst these is the work of Shields - the classical
Shields curve for incipient sediment motion [Ravdkivi (1967)). A review of these efforis is
presented by Simons and Senturk (1976) and Raudkivi (1967). A large body of wark has also
been performed on the turbulent dispersion of suspended sediment, analogous to the turbulent
radial mixing in CFMF systems. Good reviews of these dispersion models are presented by
Raudkivi (1967) and Yalin (1972).

The differences between CFMF and sedimentation are, however, significant. Sedimentation
correlations and models have been developed for length scales arders of magnitude greater than
that in CFMF, The driving force for deposition differs in each instance. Further, very little
hydrodynamic similarity exists between the system. These aspects preclude the direct application,
or easy adaptation, of sedimentation technology to CFMF.

Closer to the fleld of CFMF in terms of length scales is the field of slurry transportation in
pipelines. A vast body of work has been performed on the critical threshold velocity required
to maintain a bedload-free flow of suspension. This has resulted in a proliferation of
semi-empirical correlations which, in general, show very little correspondence to each other
[Turian et al. {1987)).

A good review and evaluation of the better critical velocity correlations is presented by
Turian et al. { /987) and Wasp et al. (1977). Recently, there has been a trend towards models
with » strong mechanistic and theoretical basis, especially for models to predict the velocity
and concentration profiles in a pipe. Significant amongst these are the works of Roco and
Shook (1985) and Hsu et al. (1989). In general, slurry transport models and correlations have
been developed for bulk concentrations substantially higher than that in CFMF systems,
concentrations al which particle-particle interactions and slurry velocity may exert a significant
influence on system behaviour,
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An example of a model developed [rom sedimentation technology is the Scour Model of
Fane et al, (1982). They proposed that at the steady-state the rate of convective transport
rowards the cake is balanced by the rate of scour away from it:

& 36,.\ .
Ve Cp = [ az} c. (3.28)

where (28,,7/21) = rate of scour

bulk concentration (mg/é)
wall concentration (mg/¢)

o

Cu

Following Raudkivi:

£a8 D
:dOSSJ = -K,¥ (3.29)
k ot

where K, = ercsion coefficient

function{concentration. nature of solids}

shear rate
function{&/, )

-
i

H]

Assuming a power law relationship between K, and Co:
v 3 ki-t -
K, = (C,) (3.30)
where k|, = a consiant

From equations 3.28 to 3.30, and noting that C; is a constant for a given suspension,

— 4
K {)’c IS
V., = _‘i___g_,:,m)m
_ o
e ko — k,y )
ke (Co) 7 (U T (3.31)

where ks, k,,.k;7; are regression constants.

The utility of the scour model is limited to the correlation of experimental results and does not
elycidate the mechanistic particle transport processes. As a correlation method it proves useful,
showing a good agreement between observed and predicted fluxes for a wide range of systems
[Fane et al. {1982)]. Since the main obiective here is to develop a mechanistic model, the scour
model will not be pursued further, It should also be noted that equation 3.31 predicts a log-log
relationship between flux and bulk concentration, in contrast to the semi-log relationship
observed in the present study {see Figure 2.15).
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An example of a model developed from slurry transport technology is that of Scarlett and
Treasure (1974), reported in Murkes and Carlsson (1988). The model is an adaptation of
Durand’s correlation for the critical velocity :

Uy = 2.43 ¢ [499’/“—1)}“2 (3.32)
cril ‘ C}:}/.q Kp!
where U, = critical deposition velocity (m/s)
C = bulk concentration (volume fraction)
Cy = drag coefficient for spheres
ps »p, = densities of solids and liquid (kg/m3)

= gravity (m/s?)
= pipe radius (m)

By ©

Scarlett and Treasure proposed that the gravity, g, in equation 3.30 could be replaces by an
equivalent gravity, g°, derived from fluidisation theory :
AP

9T O mG. oL (3-33)

where AP = pressure drop across cake (Pa)
B = cake voidage
¢, = cake thickness {m)

The hydraulic resistance equation is given by :

AP
V.o o= k —_—
T et (9:9%)

where kg = permeability constant
to = equivalent resistance of filter medium (m)
V, = permeate velocity (m/s)

Combining equations 3.32 10 3.34 and rearranging vields :

y ko AP ( h: AP o
w — — — + gﬁ
p (hs Ul + hy UZS + 0,28 U')'"? ’

(3.359)
where

4R 122
h, = 2,43 c'”(——)
z (1-B)p,
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Evaluation of the mechanistic basis of the model is difficult, The Durand correlation is highly
empirical. Further, the rationale for the combination of equations 3.32 to 3.34 is not blatantly
obvious and neither is the equivalens grawiiy concept represented by equation 333, Murkes
and Carlsson, however, assert that the above model is "_.. the only complete theoretical approach
known...",

33 MODELLING APPROACH

From the lilerature review in Section 3.2 it is ¢lear that proposed mechanizms for cake growth
and limit vary widely. The two models proposed specifically for turbulent flow, viz, the critical
drag force model and the turbulent back diffusion model, are based on cempletely different
controlling mechanisms, yet each provides a reasonable fit, in terms of trends and values, to
its particular experimental data set. It must be noted that in each instance there is an a priors
assumption for the mechanism responsible for limiting cake growih.

Clearly, there must be some 'common thread' in turbulent CFMF systems. The processes
responsible for the convection of the solids o the cake, the growth of the cake and transport
away from the cake must be similar in all systems. The controlling process could, however,
differ from system to system, and could be o function of the operating regime, suspension
physical properties, cake properties etc. The logical point of departure in modelling the system,
therefore, would be to [irstly develop a complete overview of particle transport processes in
turbulent CFMF systems, detailing the likely mechanisms by which particles may be exchanged
between the cake and the bulk suspension. Then system behaviour under the action of different
controlling mechanisms may be sssessed and compared to experimenial observations.

It was previously noted that for particles of size ranges typical in CFMF, inherent or Brownian
movement is negligible. Any particle motion which does occur is due solely to the fluid motion
and [uid-particle interactions (neglecting gravity effects). The point of departure in resolving
the particle transport processes in the system, therefore, i to examine the fluid dynamics and
fuid-particle imteractions in the systam.

In Section 3.4, the fluid dynamics of turbulent Now in a porous tube is examined and radial
Mow regimes identified. 1n Section 3.5 Muid-particle interaction and particle dynamics in these
various flow regimes are investigated. These are then combined In Section 3.6 and Section 3.7

to yield & description of particle transport processes in a CFMF tube and hence a qualitative
madel of the mechanisms responsible for cake growth and ity eventual limit.



34  FLUID DYNAMICS OF TURBULENT FLOW IN A POROUS TUBE

The objective here is to identify fluid flow regimes and transport mechanisms that are likely
to exist in turbulent CFMF systems. Most studies on the Muid dynamics of turbulent flows
have been limited to pure MMuids in non-porous tubes. Relevant concepts from these studies
will be outlined, and the effecis that flow through the wall and the presence of particles are
likely to have on the Muid dynamics will be investigated

Unless otherwise stated, the contents of Sections 3.4.1 and 3.42 may be referenced in
Brodkey (1967), Hinze (1975) or Schlicting (1968).

A.4.1 ion r

The major feature of tarbulent (Tows is the spontaneous, chaotic, random motion of lumps of
Muid, called rurbulent eddies or balls of turbulence, superimposed on the bulk flow. This
manifesia a3 a fluciuation in fMuid propertiea (velocity, pressure ¢ic.) superimposed on the
time-averaged mean values. The presence of these velocity fluctuations contribute a mean
x-directional momentum (Mux of p&f V", where " and V' ° gre the instantaneous (luctuating
components of the velocity in the x and y directions respectively, at the point being considered
{x refers to the direction of the bulk flow, and ¥ refers to the direction normal to the bulk
flow). In analogy to the microscopic exchange of momenium in viscous lows, rhhj macroscopic
exchange of momentum by turbulent eddies may be regarded as a turbulent shear stress :-

T=—pll (3.36)

where 1T, = furbulent shedar siréss (Pa)

U7 = time averaged value of U1 (m3/s?)
p = fluid density (kg/m?)

The effects of this macroscopic momentum transfer by eddies is most significant In the direction
normal to the bulk flow, resulting in velocity profiles that are substantially Flatter over maost
of the flow ficld than velocity profiles in viscous Mows.

Two phenomenological theories of turbulent transport that are of interest are Boussinesq's sddy
¥iscosity concept and Prandtl's mixing lengih concept. Boussinesg proposed that parameters of
turbulent transport could be deflined by anslogy with the parameters of molecular tramsport.
In analogy to Newton's viscosity relationship, he introduced the concept of eddy viscosity, i, ,
relating the turbulent shear stress to the mean velocity gradient ;-

_ at

T, H'E (3.37)

where O = time averaged axial velocity (m/s)
B, =eddy viscosity (kg/ms)
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Subsequent refinements led 1o the introduction of the eddy diffusivity of momentum, ¢ , defined
by :

g ol (3.38)
p
where & = eddy difTusivity of momentum (m?/3)
{also called eddy kinemaric viscosiiy)

Thus,

al
- —— 3&3?
Prandt] proposed the concept of minving length, akin to the mean lree path in molecular transport.
Packets of Muid would move through some distance in the longitudinal and transverse directions
while mainmining their v-momentum. Helative @ the surrounding fuid, the packet will cover

a distance, |, proportional to its diameler, before it loses its integrity and mives into the
surroundings. This miving length, {, is related 10 the wrbulent shear stress by :-

20| 20
. ) e e
T, pl |":f 5 (3.40)

The eddy diffusivity, is thus related 1o the mixing length by :-

ali
oy
Neither & nar { may be predicted independent of experiment, However, these phenomenological
concepts are valunbly utilised in the correlation of turbulent velocity profiles and subsequently
yield information on the turbulent transport in the system, In general, « and { are calculated
from measwered velocity profiles and known shear stress distributions, yielding the distributions
of « and ! acrom the Now Tield, and the effects of operating conditions an these distributions,

Phenomenologically the | distribution indicales the eddy length scales and the « distributions
the momentum diffusivity in the Now ficld.

(3.41)

342 Turbulenl Flowy in Non-Porgus Tubes

Prior 1o examining the Muid dynamics in tobes, it is necessary to clarify the concept
of wall. Fluid dynamics studies often refer o the wall, distance from the wall, and
the wall region, This wail refers 10 any solid surface that bounds the Mow field. In
normal pipe low, the boundary is the wall of the pipe iself. In CFMF systems,
however, the boundary to the flow field is the inner surface of the cuke, and not the
tube wall. Hence, when reference is made to the wall in the rest of this text, it is
importiant to note that this refers to the inner cake surface, if a CFMF system is being
considered. I it becomes necessary 1o refer to the wall of & CFMF tube, this will
specifically be relerred 10 as the jube wall,



Pipe flow is a specific instance of wall flows i.e. flows in which the turbulence is affected by
the presence of a solid boundary. The flow field may divided into three sub-regions (Figure 3.10).
At the solid boundary, the axial velocity is zero due to the no-slip boundary condition. Next
to the wall is a thin region, the viscous sublayer, where the velocity gradient is at its maximum
and where viscous effects dominate over inertial ("turbulence’) effects. Above this sublayer,
inertial effects progressively increase and are of the same order of magnitude as the viscous
effects.  This constitutes the buffer or imtermediale zone and 1s also the zone of maximum
turbulence intensity (U °/0) . Far from the wall the flow becomes fully turbulent with dominating
inertial effects and negligible direct viscous effects - the fully turbulent zone.

Centreline  commmmmmmcm e —————————— o
ETurbU!ent C/ \) /> J predominant
— Core \) turbutence !

, effects
C S5O0 C
C 7 c C D
C S D 2
@@ G 2 éz:;_)u«‘ence

viscous effects

Sublayer

predominontly
viscous effects

FIGURE 3.10 Sub-Regions in a Turbulent Flow Fleld

Various researchers have measured the velocity profiles in, and thicknesses of, these zones.
This has resulted in universal velocity profile for wall flows (Figure 3.11), in which a

non-dimensional velocity, U, has been correlated with a non-dimensional distance from the
wall, ¥, where :-

<+ U -
u o= E (3.40)
) Yy U’
YT = (3.43)
with U = axjal velocity (m/s)
Y = distance from wall (m)
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kinematic viscosity (m?2/s)

v =
U°® = f{riction velocity
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FIGURE 3.11 Universal Velocity Profile for Turbulent Flow
[from Welty et al. (1976))

The profile may be represented by three equations :-

laminar sublayer (Y <5) u =y (3.44)
buffer zone (S<Y <30) U° = S Iny'-3,05 (3.435)
fully turbulent zone (Y™ >30) - = 2,5 Iny +5,5 (3.46)

The universality of Figure 3.11 is seen in that it applies equally well to cartesian and cylindrical
geometries, and to gases and liquids [Nedderman (1961)).



A dimensional version of the velocity profile is presented in Figure 3.12, calculated at typical
gonditions used in this study. The viscous sublaver is typically one order of magnitude greater
than the diameter of the particles used in this study (d, = Sym). This indicates that the important
mechanism governing particle transport near the cake will occur in the sublayer and buffer

rones, warranting a more detailed investigation into those regions. This is pursued (urther a
few paragraphs henceforth.
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FIGURE 3.12 Dimensional Turbulent Velocity Profile

From the universal velocity profile, the radial distribution of « and ! may be calculated using
equations 3.37 to 3.40, and the well known distribution of shear stress in pipest :-

o, L
o b "L,,R (3.47)
where <t(r) = shear siress at radius »

t. =shear stress at wall
R = tube radius (m)

i It will be ahown ln Chaptar § thai ealeulstbon of ihe sddy diffusivity of momemium from the universal weloeily

profils  invalid. For the presenl purposs, whirs wnly brends wre required, this is accepinils.
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The radial distribution of {for high Reynolds Numbers is depicted in Figure 3.13 The distribution
is relatively insensitive to Re, and is almost independent of Re for values above 10% The
mixing length, and hence phenomenological eddy size, progressively increases from the wall
and levels off towards the centreline. This is consistent with statistically correlated eddy sizes
which also indicated that eddies are largest in the centre of the tube and progressively decrease
in size towards the wall, eventually vanishing in the sublayer. Statistical studies on turbulence
structure have, however, also shown that eddies at any point in the flow {ield do not posses a
unigue size but consist of a spectrum of sizes. For the purposes of this study, { may be assumed
to be the effective eddy size gs deflined by equation 3.40.

Q Q.08 +
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FIGURE 3.13 Radial Distribution of Prandtl’s Mixing Length

[from Schitcting (1968}

The distribution of ¢ in pipes is shown in Figure 3.14. The diffusivity of momentum is high
in the core, and progressively decreasss towards the wall, eventually vanishing in the sublaver
where the molecular viscosity becomes predominant.

What emerges clearly from both the ¢ and e distributions is that the core of the tube is highly
turbulent with relatively large eddies, and both the eddy size and the ef fective diffusivity that

results from the eddies progressively decreases towards the wall, eventually diminishing in the
viscous sublayer.
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FIGURE 3,14 Radial Distribution of Eddy Diffusivity of Momentum
Ifrom Schlicting {1968))

Classically, the wiscous sublayer has been regarding as & steady, laminar [low region
[Schiicting (1968)]. Various workers in the felds of heat and mass tranafer in turbulent systems
have noted that the assumption that« =0 in the sublayer leads to the calculation of wall Muxes
that are too low when compared to experimental values [Notter and Sleicher (1971)). This led
to the pastulation that some eddy activity does exist in the sublayer and resulted in a proliferation
af studies on the likely form of the eddy difTusivity relationship in this region [e.g Notter and
Sleicher (1971), Son and Hanratty (1967), Hoghmark (1968, 1971, 1973)). In general, the
proposed relationships have the form -

E = funaction (¥") (3.48)

The expressiont are all empirically evaluated, by fitting the equation to measured heat and mass
transfer rates.

Eecently, detailed visual observations of the sublayer indicate clearly that the zone is not lnminar
in the strictest sense, but that large scale, cyclic motions occur within the sublayer [Corino and
Brodkey (1969)]. The major feature of these motions is the sudden, violent ejéction of lumps
of fluid from the sublayer into the buffer zone, in a direction almost normal to the wall, This
phenomenon has been termed a turbulent burst, and consist of three phases (Figure 3.15),
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FIGURE 1,158 The Turbulent Burst Phenomenon

High -speed MNwid Mom the outer region enters the sublayer - the inruch phase. The Muid then
travels For some distance paraliel 10 the wall, progressively becoming more unstable - the sweep
phase. The Muid is then yuddenly ejected out of the zone in the form of a discrete Nuid lump
- the ¢jection phase. The ¢ection genérally originates from the region S < y" < |5, although
ejections have been observed down o y™ = 2.5 . Below y™ = 2. 5the velocity gradient is essentially
linear at all times, but with a widely varying slope, indicating that although this region is not
active in the ejection phase it is nevertheless affected by the events occurring above it The
outer penetration depth of the ejected (uid element s random snd the Muld h eventually
accelerated and ywept along with the axial flow, In terms of & 25 mm tube with water {Towing
at 2 m/s, the statistical average axial distance between bursts will be 6,35 mm and the Mrequency
about 100 Hz [Yung et al. (1989)). Although each burst may only cover a small fraction of the
sublayes, the high Mrequency of bursts will resalt in the entire sublayer being swept within a
short time.

Clearly the turbulent burst phenomena will result in transport rates (rom sublayer 10 bulfer
and turbulent zones being substantially greater than that predicted by purely viscous transport
mechaniimt.  This is consistent with the view noted earlier, ie. that the assumption of pure
viscous flow in the sublayer lesds 10 the prediction of heat and mam Nows that are o low.
Noting that the expressions for ¢ in the wall region are evaluated by comparison with measured
transport rates, it s most likely thar the final correlations implicitly include the contribution
of turbulent bursts to transport in the system. This will be addressed further in Chapter 5.

Davies {1975) expremsed the view thar rurbuleat bursity were merely turbulent eddies that had
managed to penetrate the sublayer. The author of this thesis is clearly inadequately equipped
to decisively comment on this. There are some superficial aspects, however, which mitigate
againit the equivalence of eddies and turbulent bursts.  Firstly, Davies® viewpoint has not been
reflocted in the recent papers published by workers in that field, who all still refer 10 “turbulent
bursts® [Yung et al, (1989)). Secondly it is difficuli 1o conceptualise how an eddy, n discrete



a lump of fuid, that penetrates the sublayer could result in the well defined three-stage activity
that has been observed in the wall region. It is feasible that the initial inrush of fluid could
be due to an eddy, but the subsequent sweep and ejection phases are not characteristic of eddy
behaviour. Tn that instance it could be stated that the burst is caused by an eddy, but is a
structurally different phenomenon. Finally, the burst activity has been observed to ooccur with
a statistical regularity, both in distance and time, that s not consistent with the occasionally
random penetration of the sublayer by an eddy. On the basis of these superficial comments,
eddies and burste will be regarded ai separate phenomens in the rest of thia study. Buriti will
refer to inrush-sweep-¢jection sequences that occur in the near wall region, and addies will
refer 1o large-scale random motions of lumps of fuid that ocour in the buffer and turbulent
Tones,

34.3 Fluid Dypamics in Porpus Tabes

The fMuid dynamics of turbulent Mow in porous tubes has not been stodied a5 extensively as
that of non-porous tubes. The most significant experimental work in this regard i that of
Weissberg (1955, 1956). This section wlli be limited to the identification of the major differences
betweesn turbulent Mow o porous and noo-porous tubes.

The obvious difference is that in porous tubes the flow has a radial component, ¥ , in addition
to the axial velocity comporent, £/, This radial velocity progressively increases from the centre
of the tube towards the wall, but shows a decrease in the immediate vicinity of the wall
(Figure 3.16). The effect of this radial flow on the fluid dynamics it seen in the axial velocity
profile, turbulence levels, as well as the shear siress distribution.

e [ e [ WA = 1 = ¥/, j

Qg -

FIGURE 3.16 Typleal Radial Velocity Profile
[from Kinney and Sparrow (1970)]
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The typical effect of radial flow through the wall (suction) on the axial velocity profile is shown
in Figure 3.17. Over most of the cross section, the velocity gradient is flattened by suction,
but is increased in the near wall region. Effectively, the shear rate at the wall increases, and
the boundary layer thickness decreases, as suction is increased. Attemptsto determine a universal
velocity profile in the normal U° vs ¥~ form were unsuccessful, the data points not falling
along a common curve as in the case of non-porous tubes [Weissberg (1955)]. Weissberg did,

however, correlate his results in an empirical form. This will be addressed in Chapter 5.
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FIGURE 3.17 Effect of Radial Fluid Flow on Axial Velocity Profile

[following Weissberg (1956)]

Beavers and Joseph (1967) have shown that for flow in porous tubes the no-slip condition is
not met at the wall since fluid can move axially within the porous wall. As noted by Belfort
and Nagata (1985), however, for most common instances the deviation from the no-slip condition
is negligible.

Weissberg observed that for all suction rates, turbulence levels across the entire cross section
of the tube were lowered as suction increased. By implication, transport levels are likely to
decrease with increasing suction. In the near wall region, however, the decrease in velocity
fluctuations would to some degree be offset by the increased velocity gradient and the net
effect on transport coefficients is difficult to ascertain. Skin friction coefficients for turbulent
flow in porous tubes are greater than that in non-porous tubes, and increases as the suction
rate is increased. This is in direct contrast to viscous flow in porous tubes, where the skin
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friction coefTicients are less than that in non-porous tubes and decreases a3 sudtion increases
[Yuan and Finkelstein (1956), Pillay et al. (19882, 1988b)}. The effect of suction on the stability
or frequency of turbulent bursts is not known.

Effectively then the major effects of radial flow through the wall are a decrease in turbulence
levels across the tube, an increase in the skin friction coefTicient and a thinning of the boundary

layer.

344 Elfect of Particles on Fluld Dynamicy

The effect of particles on turbulence is depedent on parlicle concentration and size
[Brodkey {1967), Soo (1967)]. If the particles are very small compared 10 the scale of turbulence
(*size of eddies”) they act as tracers, following the Muid elements closely, In this instance the
presence of particles does not alter the turbulence structure substantially. As particle size
increases relative 1o the scale of turbulence, a fraction of the available energy in the system is
lost in dissipation w0 the particles, effectively dampening the turbulence. This dampening
increases as the particle concentration increases. Eventually a total dampening of turbulence
occurs as the maxvimum packing density of the particles is approached.

The turbulent burit phenomenon i also afTected by the presence of particles. Grass (1974)
observed that, similarly to eddies, bursts are alio dampened by the presence of particles.

345 Summary of Fluid Dynamics

The major feature of turbulent MNows iz the presence of turbulent eddies which, inter alia,
promate good momentum transport in the direction normal to the bulk flow. This momentum
transport may be characterised by an eddy diffusivity of momentum, « . The length scale of
eddies, and & , is high in the centre of the tube, the turbulent core, and progressively decreases
towards the wall, eventually vanishing in the viscous zone neoxt to the wall, the sublayer,
Although predominantly viscous, the sublayer is periodically destabilised by the outward ejection
of relatively discrete lumps of MMuid, or furbwlent bursts. These bursts enhance transport out
of the sublayer, Above the sublayer lies 3 region where both viscous and terbulence effects
are significant, the buffer.

In 2 porous tube, the (uid also has 3 radial velocity componentl which increases towards the
wall. In general this results in the avial velocity profiles, turbulence levels and shear stress
distributions in porous tubes difTering from that in non-porows tubes, the extent of deviation
incremsing as the radial Mow increases. By implication, radial tramsport coefTicients in porous
tubes would differ from that in non-porous tubes.

The presence of solid particles within the flow field tends 1o dampen the level of turbulence,
the dampening increasing with particle size and concentration.
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The question of how particles a1 a wall may be re-entrained back into the bulk flow is somewhat
more problematic than may be initially perceived. Simplistically, it may be presumed that
turbulent eddies could directly re-entrain particles from a wall. Mechanistically this &
inconsistent with the known fluid dynamics n the near wall region which clearly indicates that
eddies die out at some finite distance from the wall, Consequently, investigations into the
re-entrainment process have focussed on developing alternative mechanisms for the detachment
of particles from a surface and transportation of particles across the sublayer.

Most workers have tended to use o SafTman=-type 1ift force to explain particlés transport across
the sublayer [see ¢.5. Soo and Tung (1972)]. Observations on the unsteady rature of the sublayer
have resulted in mechanistically more attractive models, significant among which are Sutherland’s
eddy entrainment model [Sutheriand (1967)), and Cleaver and Yates® updraff sader o bary model
[Cleaver and Yates (1971)]. Although Sutherland’s mode! is based on the questionable concept
of re-entrainment by addies, the model is reviewed here since the experimental observations
are of interest to the problem ad hand.

Sutherland's proposals were based on the observation of grain motion and sublaysr structure in
a laboratory fume. At low axial Muid velocities (well below the critical condition for particle
eiirainment eriterion used in the Geld of hydrology) isolated grains which protruded above the
mean bed surface were observed to move axially along the surface. At slightly higher velocities,
grains moved in the form of short intermitient bursts. With each bursi, many grains moved
timultaneously and then the motion subsided and the area remained relatively undisturbed untl
the next burst. The frequency of these bursts increased with increasing velocity and, st the
¢ritical condition, occurred about every two seconds at any specified poinl. At and above this
critical condition, grain motion occurred mainly in the axial direction, parallel to the bed
surface, with a few grains occasionally moving st a slight sngle away from the bed. In further
expériments, the structure of the sublayer was observed using a dye injection technique, A
major feature was the sudden ejections of lumps of fluid out of the sublaysr, The more violent
ejections resulted in particles on the bed surface being set into motion, wherealter they moved
axially with the flow®.

Sutherland proposed that the unsteady nature of the sublayer could be expluined in rerms of
eddy penetration into that region. Particle entrainment will occur by eddies disrupting the
sublayer and impinging onto the surface laver of arains. The swirling motion within the eddy
will increase the local shear stress and cause some particles to roll along the surface. This
defines the incipience of motion. This swirling motion within eddies will also exert a drag
force on exposed perticles, thereby accelerating them. The drag will consist of vertical as well
as axial components. If the vertical component is sufficiently large, the resultant force on
exposed particles will be inclined away from the bed resulting in these grains leaving the bed.
Since each eddy would cover a number of particles, motion sway from the bed would occur
as bursts of particles. Evaluation of Sutherlands mode! is pastponed 10 & few paragraphs hence.

[ 1 Ilhm:hlmunﬂﬂrbuhr.umnhﬂﬂﬂmmﬂnmuﬂ-hﬂuuﬂhﬂrqr
whether they merely rollsd over neighbouring particle ints s Now fald



Cleaver and Yates (1973) model is based on the turbulent burst phenomeénon described in
Section 3.4.2, There, Corino and Brodkey's observations on fluid flow in the near wall region
is described, Here, some of their observations on particle motion in that region will be outlined.

Their investigations into the structure of the viscous sublayer were based on the monitoring of
0.6 um tracer particles in the near wall zone [Corino and Brodkey (1969)). As noted previously,
results indicated that violent ejections of the fuid occurred from the region <" < 100 and
occasiopally occurred down to ¥"=2.5 . The fluid below "= 2,5 remained passive with
respect to the bursts. However, particles below y = 2.5 exhibited some motion "in sympathy®
with the ejection. Particles were observed to move axially at a slight angle away from the wall,
this ¢jection angle generally being ~5°. Particles rarely escaped the region y¥* < 2.5 during the
period of single burst. Particles then either moved back to the wall, presumably convected
there by a new inruth phase, or reached the region ¥ > 2.5 and were entrained by the next
ejection phase.

On the basis of these observations, Cleaver and Yates proposed at the instance of an ejection,
the Muid MNow around a single, isolated particle would be as in Figure 1.18,
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FIGURE 3.18 Lift Force Created by Updralt Under a Burst

The ejection would induce a quasi-steady updraft of Muid. Near the wall, the flow would
behave like a viscous stagnation point flow and would thus consist of both harizontal and
vertical velocity components. The particle would, under the action of this vertical force, be

lifted off the substrate and would subsequently describe a trajectory inclined slightly to the
horizontal,



It was noted that the theoretical 1ift force experienced by the particle was extremely small, and
orders of magnitude smaller than the axial drag force. However, this force was regarded ms
being sufficient 1o detach the particle from the substrate and move it through a vertical distance
of one particle diameter during the period of the burst. Phillips (1980) has expressed the view
that Cleaver and Yates proposal of a lift force created by the updraft under a bursi is the most
satisfactory model for re-entrainment in turbulenl flows.

Yung et al. (1989), however, have recently questioned whether the Iift force created by the
updraft would be sufficient to lilv porticles off the surface, In their experiments, the
burst-particle interactions in the sublayer were monitored using dye injection logether with
high speed photography and a dual laser beam illumination technique. Their observations
indicated that the lift force experienced by a particle during a burst is not as strong as suggested
by Cleaver and Yates. Generally, particle motion occurred axially along the surface. The
motion was intermittent, particles remaining stationary for a short time before resuming motion.
Particles did not generally exhibit any upward motion when a Muid lump was ejected out of
the sublayer. In 8 few instances, particles did exhibit an instanlaneous vertical velocity
component, but this was statistically rare. Their observations showed that al the incipience of
particle re-entrainment, the horirontal force is dominant in the entrainment mechanmm, in
contrast 1o Yates hypothests of an instantancous Eft force that would be sulTicient 1o detach
particles from the surface. They concluded that “_. the turbulent bursl activity i1 imsigm ficant
in the re-entrainment of deposited pardicles completely submerped ....___,-:._ the viscown tublayer”.

A further significant study on burst-particle interactions ks that of Gram (1974). In his
experiments, the boundary layer was Mormed on a flat plate towed through still water, and the
re-entrainment process recorded using o high-speed photographic technigue. His observations
indicated that the ejection events carried particles from the bed region through the entire
boundary layer in uingle, continuous motions. The detailed mechanisms by which this
re-entrainment occurred were not stated in the paper.

Clearly, diverse opinion exists on the role of turbuleat bursts in panticle re-entrainment. Prior
to attempting to resolve the role, if any, of bursts in particle re-entrainment, it I8 instructive
1o contrast the eaperiments of Sutheriand, 3nd Corino and Brodkey. In both instances, the
observations of Muid behavicur in the sublayer were similar. Sutherland stiributed this behaviour
to eddy penetration into the zone. Corino and Brodkey, in 8 more detailed examination,
identified a three-step turbulent burst event as the cause of the behaviour. It is significamt
that Sutherlands proposal of eddy penetration was made solely 10 explain how sublayer
destabilisation may occur, and further that his study was published two years earlier than the
more detailed sublayer study of Corino and Brodkey. It thus likely that Sutherland's observations
of the sublayer behaviour were in fact due to turbulent bursts, although he did not recognise
it in terma of & three-phase event distinct from the phenomenon of eddies,



The role of bursts in particle re-entrainment may now be addressed. Grass’ observations
indicated that the ejection events do transport particles out of the wall region. Conversely,
Yung et al. observed that particle motion occurs mainly in the axial direction, and particles
rarely exhibited any vertical motion that could be correlated with the ejection events. This
predominantly axial motion was also observed by Sutherland. It is difficult to identify specific
differences in experimental conditions that may have led to these contradictory results. The
particle size used by Grass (150 pm) falls between the sizes used by Yung et al. (50 pm) and
Sutherland (268 to 512 um). The bulk and friction velocities used in Grass’ experiment {{/ =
0,7 m/s, U™ = 0,029 m/s) are, however, slightly higher than that used by Yung et al. {&/= 0,1
to 0,5 m/s, U7 = 0,01 to 0,026 m/s). From the available experimental evidence, no unequivocal
conclusion may be drawn regarding the role of turbulent bursts in particle re-entrainment from
the sublayer.

An alternative approach to the problem would be to identify the various steps involved in the
re-entrainment of particles and to assess the possible role of turbulent bursts in these steps.
The re-entrainment process may be divided into two stages :-

{a) Step | - a particle must be detached from its stable position on the bed surface.
(b) Step 2 - the particle must be transported across the sublayer and into the buffer zone.

From the available experimental evidence, it seems that ejection events will be capable of
transporting particles that have reached the region y' > 2.5 across the rest of the sublayer,
providing of course that the particles are not too large. The problem then resolves to assessing
whether bursts can detach particles from the bed surface and transport them across the region
y <2,5.

Cleaver and Yates' proposal of a lift force created under an updraft that is capable of detaching
particles from a surface is highly idealistic. The experimental observations of Yung et al.
indicate clearly that this lift force, if it exists, does not manifest itself in terms of observed
particle motion. A second criticism of the model is that the lift force arises solely as a result
of the existence of the stagnation point. If a bed of particles is considered, it is seen that all
particles will be embedded below some mean bed surface (Figure 3.19) and the fluid flow
around each particle will differ from the simple picture presented in Figure 3.18. It is then
difficult to conceptualise how stagnation points, and subsequently lift forces, may arise. Clearly,
Cleaver and Yates lift force under an updraft cannot be the mechanism by which particles are
initially detached from a bed surface.



FIGURE .19 Expected Fluid Flow Patterns st Cake Surface

A possible mechanism for the detachment of particles from a bed surface is as follows, based
partially on Sutherland’s model. A particle on o bed surface will be held there by, inter alia,
its welght and various inter-particle forces, The axial Muid flow will exert an axial shear on
the particle which il in excess of same critical value will cause the particle to roll about its
point of contact with its neighbouring particles and thus of f the bed surface, Thus, the initial
step in the re-entrainment process is caused by the axial shear on the particles.

This proposed mechanism for the initial step in particle re—entrainment is consistent with the
observation of Yung et al. (1989) that “.. in the inftial sicge of particle re-entrainment, the
horizomial force i3 the dominant force octing on the particl=". Accepling this, it is scen tha
the only pre-requisite for this initinl detachment of the particle s that the shear stress at the
wall must exceed some critical value. Turbulant bursts may contribute to this by causing local
increases in the wall shear stress, but in principle this initial stage is not dependent on the
existence of burits.

A particle that has been removed from the bed surface is then exposed to the predominantly
axial Muid Now in the region ¥y <2.5, Now although the fuid in this regions seem= to be
passive with respect 1o the ejection event, the Muid will be accelerated by inrush and rweep
events and will subsequently decelerate when the ejection event occurs. This is confirmed by
the observation that the region ¥ <2.5 has an essentially linear velocity profile that varies
widely and randomly [Coring and Brodkey (1969)) Since the inrush event is directed towards
the wall and the ejection event away from it, the Muid in this region will experience a perindic
velocity component inclined away from the wall, Effectively then a particle in the region
y'<2.5 will experience a fMuctuating drag Force which is predominantly axial but with o
periodic component normal to the wall. If the particle is relatively large, it may not respond
to the normal compenent and will exhibit an intermittent axial motion. This is consistent with
the observations of Yung and Sutheriand. Smaller particles may respond to the periodic normal



drag and describe a trajectory inclined away from the wall. Such particles could then reach
the region ¥ > 2.5 and be entrained by ejection events. Thus, turbulent bursts could, indirectly,
cause the transport of smaller particles across the region y' < 2.5, whereaflter they may be
directly entrained across the rest of the sublayer.

It would seem then that the initial step in the re-entrainment of particles from a bed could
occur in the absence of bursts, but can be promoted by them, Larger particles which have
been removed from the bed surface will tend to move axlally along the surface and are not
likely to be transported across the sublayver by bursts, Smaller particles may be transported
across the region y° < 2.5 by the indirect action of bursts and may subsequently be transported
across the rest of the sublayer by direct entrainment by bursts.

In terms of the above model, re-entrainment, either directly or indirectly, by bursts will increase
as particle size decreases and a3 the frequency and density of bursts increnses, In typical CFMF
system, the particle size is substantially smaller, and the bulk and friction velocity somewhat
higher than that used in the studies of Yung, Grass and Sutherland, Since the frequency of
bursts scales with " and the density with U'" [Yung ef al. (1989)] it is highly likely that
transport of particles across the sublayer by turbulent bursts could be a significant transpart
mechanism in CFMF systems.

353  Summary of Particle Dyvnamics

Particles in the turbulent core and the buffer zone could also be entrained by eddies and will
thus experience a tramsport in the direction of decreasing concentration. This may be
characterised by an ¢f fective turbulear particle dif fusivity, D, , which will be s function of the
eddy diffusivity of momentom, ¢ .

Yarious mechanisms exist by which particles may be transported out of the sublayer and into
the buffer zone. These include shear induced hydrodynamic dif fusion, lateral migratron; and
turbulent bursts,

There appears to be little clarity on the mechanism by which particles are initially detached
from a surface. On the basis of a simple model, consistent with detailed observations of particle
motion in the near-wall region, it is most likely that the initial detachment occurs when a
particle rolls over neighbouring particles and into the fMow field, under the action of the axial
shear stress at the surface.



36  MODELDEVELOPMENT

In the Sections 3.4 and 3.5, the Muid dynamics in the tube and particle dynamics in the various
flow regimes were examined, Prior to combining these into an overview of particle transport
in the system, two “intuitively obvious® cake limiting mechanisms will be examined in greater
detail. Criticism ol these simpler models could possibly provide some indications as 1o the
significant mechanisms that must be included in the final overview of particle transport in the
system.,

The major effects of turbulence include high momentum transport rates in the direction normal
1o fluid flow and hence high shear stresses and shear rates al the wall. Particles may also be
transported by turbulent eddies and will thus also experience @ high rate of transport down
concentration gradients normal to the bulk flow, The two obviows cake growth limiting
mechanisms that may be deduced from this are as follows :-

{a) Critical shear/drag model - it may be assumed that the cake grows until the Muid shear
stross or dreg at the cake surface reaches some critical value. Thereafter all particles
which reach the cake surface will be unsiable and will be sheared of [ the surface, The
models of Rautenbach and Schock (1988) and Fischer and Raasch ( 1986) are examples of
thas,

{b)  Turbulent back diffusion model - it may be assumed that the convection of solids lowards
the cake is offset by an eddy-induced turbulent back diffusion 2f particles from cake to
bulk suspemsion. The limiting cake thickness is achieved when the rate of back diffusion
equals the rate of convection to the cake. An example of this type of model is that of
Hunt et al. (1987h)

As noted in Bectien 3.2, the eritical shear model explaing the obzarvation that smaller particles
are preferentially deposited as the operating velocity increases. Further, the observations made
in Section 2.5.3.2, when the feed was switched 1o water, seem 10 be consisten] with the postulation
that removal of perticles from the cake surface is controlled by the shear stress at the surface.
Predicted trends for the effect of velocity on steady-state fMux and cake thickness are also
consistent with expérimental observation,

The first criticism of the critical shear model 15 that it is not consistent with the Mux-time
behaviour obtained in Section 2.5.2. Assume that for some superficial inlet velocity [, , the
limiting cake thickness is¢,, . During the growth of the cake when ¢, <, , all particles convected
to the wall will deposit stably 8. the system should behave like a dead-end Nilter. Hence, the
cake thickness and [ux profiles should follow the dead-end filtration profiles uwntil ¢, is
reached, Therealer, the cake thickness will remain constant, but the Mux could decline due
tor Fines infiltration etc. Now assume that the system it operated at o velocity 7, such that

U<, . The limiting cake thickness in this instance will be ., and will be greater that r_, .
Once again, for 1, <1, the system should follow the dead-end (iltration MMux and cake thickness
profiles. Hence, the flux profile obtained st U',; should be the same a8 the profile obtained
ut 7, , up 1o the sieady-state point for I7,, . For all velocities therefare, the flux should follow
the tame dead-end filtration profile until the particular steady-state cake thickness js reached.
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This expected behaviour is depicted in Figure 3.20. Curve | represents the expected flux-time
curve for dead-ended filtration. Curves 2 to 6 represent the Nux curves that will be obtained
at different velocities if indeed the system behaved as inherently predicted by the critical shear
model. Taking into sccount preferential depasition of sizes at different velocities curves 2 1o
6 may deviate slightly from those depicted in Figure 3.20, but in principle the Nux decline
profiles and steady-state points should all derive from a common dead-end curve if indeed the

critical shear model holds,
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FIGURE 3. .20 Expecied Flux Decline Curves if Crltheal Shear/Drag Model
Appliey

This predicted behaviour has been observed in the CFMF of a Bingham plstic ender
laminar-flow conditiom [Fordham and Ladva (19903} This predicted behaviour is, however,
clearly different from the experimental flux-time responses obtained at difTerent velocities in
this study (Figure 2.9, repeated here for convenience). In the case of the experimental curves,
each curve exhibits o different rate of decline almost from start-up and the flux-time curves
up 1o the steady -state points clearly do mot derive flrom & commoa dead-end curve. It would
seem therefore that the rate of cake growth is a function of inlet velocity, and thus contradictory
to predictions of the critical shear model,
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The second faw in the critical shear model concerns the trend predicted for the effect of
concentration on seady-smite flux and cake thickness. The drag force on & particle at the cake
surface, or shear stress at the surface, will decrease as the concentration increases, indicating
carrectly that the cake thickness will increase with increasing concentration. In the mathematical
formulation of the surface shear or drag, the effect of concentration manifests in the viscosity
term [sce cg. Rautenbach and Schock (1985)). In general, the viscosity of a suspension s a
weak function of concentration at low concentration but increases substantially as concentration
is increased. This implies that stepdy-state MNux and cake thickness should show a weak
dependence on concentration at low concentrations, but a sirong dependence on concentration
at high concentrations. This is completely contradictory to the trends observed in this study,
where the Mux is strongly dependent oo concentration st low concentrations, but weakly so at
higher concentrations.

Finally, although nat explicitly stated in the critical shear model, some other back transport
meéchanism must be pccurring simultancouosly with the shearing mechanism at the cake surface.
Afer the critical thear or drag has been achieved at the cake surface, particles will still be
convected towards the cake by the radial Muid MNow, although they will not deposit. A mass
balance over any control volume next to the cake surface indicates that unless some mechanism
exists to remove particles from the volume at the same rate ot which they convect into it, then
the concentration in the control volume will increase continuously. Effectively then, the critical
shear model is only applicable if some other back transport mechanism exists, and occurs at a
rate equal to or greater than the rate of convection of solids towards the cake.



The turbulent back diffusion model, similarly to the critical shear model, predicts the corredt
trend for the effect of velocity on steady-state flux and cake thickness. With regards to
concentratios, any diffusion model (e.g. equation 3.14) predicis a lincar relationship byiween
flux and log concentration. This &5 consistent with experimental observations made in this
study, indicating the superiority of the turbulent diffusion model with respect to concentration
effects,

In the diffusion model, the cake will not grow at the same rate as in a dead-end filter, since
deposition of particles onto the cake is offset by a simultanecus back diffusion of particles
from the cake. The rate of growth of cake iy thus given as :-

Mel rate of deposilion = (rale of conveclion lo cake)

- f(rate of back dif fusion)
MNow,
rate of cenvection fo coke = funchoa(V _.C)
reto of back if fuston = functlon(U, sukpensian properfies)

Thus, the turbulent back diffusion model predicts that the rate of growth of cake should be o
function of I, and hence a function of I/, and t.. According to this model therefore the rate
of decline of Mux would be a function of inlet velocity and should differ appreciably from a2
dead-end curve, This i3 consistent with the exparimental obtained (lux-time responses
(Figure 2.9), once again indicating the superiority of the turbulent back diffusion model over
the critical shear model

The turbulem back diffusion model alone, however, Mils completely to explain the observation
that smallér particles are preferentially deposited as velocity increases, or that smaller particles
preferentially infiltrate the cake after i1y formation. Indeed, an opposite effect is predicted.
It was noted in Section 3.4.2 that a spectrum of eddy sires would exist at any point in a turbulent
flow Mield. For each eddy sizz range there would be a maximum size of particie that may be
entrained by those eddies. Thus, larger particles will only be tansported by the larger eddies
while smaller particles will be transported by a greater range of eddy sizes, leading 10 the
conclusion taat smaller particles will exhibit a greater diffusivity than larger particles.
Effectively, tmaller particles should experience a greater rate of transport away from the cake,
leading 1o a cake preferentially composed of larger particles. Clearly, a simple diffusion model
alone cannot explain the préferential deposition efTect.

A diffusion model alone also Fails to explain the apparent irreversibility of the cake. If the
only mechanims ol significance ware the convection of solids towards the cake and a difTusion
away from the cake, then on switching the feed over 10 water the rate of back diffusion would
have greatly exceeded the rate of convection towards the cake, resulting in progressive removal
of the cake. Similarly, when the velocity is increased, or concentration decreased, during a
run the imbalance in rates of convection and back diffusion would cause the cake 10 decrease
to the appropriate value, and the system would not exhibit any dependence on eperating path,
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A further flaw concerns the contradiction between the mechanistic basis of a simple turbulent
back diffusion model and the known Muid dynamics of the mear-wall region. Turbulent
back-diffusion models generally assume that back transport occurs by eddies transporting solid
from the high concentration cake to the low concentration bulk suspension. As stated by
Hunt et al. (1987b) and Flemmar et al. (1982), "...random eddies pemetrate the boundary [ayer
to scour the cake beneath”, In view of the known fuid dynamics in the near wall region, this
is clearly unlikely. It cannot be over emphasised that detailed studies of the near wall region
and of the re-entrainment process contradict the concept of direct re-entrainment by eddies.
Further, it should be noted that il any form of back diffusion occurs from the cake, the opposing
process of convection towards the cake and back difTusion away from it will result in a
concentration profile being established berween cake and suspension, the concentration increasing
towards the cake. The concentration of the sublayer, and probably a part of the bulfer zone,
will be substantially above bulk concentration, and will approach the cake concentration in the
layer adjacent to the cake. In Section 3.4.5 it was noted that the presence of particles tends to
dampen out turbulence, the degree of dampening being a strong function of concentration.
Thus, the effect of a high concentration in the near-cake region would be o dampen out
turbulence, increase the thickness of the sublayer and Murther redoce the probability of direct
re-entrainment by turbulent eddies. Clearly, the mechanistic preseatability of any turbulent
back-dilfusion model will be greatly improved if known transport mechanisms in the near wall
region (e.g. turbulent bursts, shear induced diffusivity) were incorporated into the model,

It emerges that neither the simple critical shear nor the turbulent diffusion models stands up
to eriticism in terms of experimenial observations and known fuid and particle dynamics. Each
model does, however, have specific merits. The global Mux-time behaviour up to the steady -state
paint, a5 well as the efTect of concentration on the sieady-state flox, seem to be “rate controlled™
phenomena, consistent with a diffusion madel. The preferential deposition effect and apparent
irreversibility of the cake are seemingly controlled by the shear at the cake surface, consistent
with the critical shear model,

In the following sections, the applicable elements of these simple models are combined with
the fluid and particle dynamics developed earlier, yielding an overview of plausible transport
mechanisms in the system and hence the gualitative model for cake growth and limit

47 PARTICLE TRANSPORT MECHANISMS

In this section, an overview of particle transport in a turbulent CFMF is developed, with
particular emphasis being placed on identifying the mechanisms by which particles miay be
exchanged between the cake and the bulk suspension. This is then applied to determine the
concentration distribution in the system and the mechanism by which cake growth occurs.

Firstly, the concept of cale must be clarified. In all filtration systems, solids accumulate at
the filtration barrier and form a densely packed structure. If the particles are of uniform size
and do nol exhibit any form of back-diffusion, a distinct interface will exist between the dense
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strocture at the wall and the bulk suspension. The concentration profile will exhibit a step
change at this interface (Figure 3.21 a) and it could be assumed that this interface delineates

cake [rom suspens.on.,

If, however, some form of back-diffusion does exist, the opposing pricesses of convection to
the cake and back-diffusion away from it will result in the establishmen ol a smooth, continuous
concentration profile from bulk to cake, Further, if the solids form a compressible cake the
concentration will increase marginally through the cake itsell (Figure 3.21 b). In this instance
the distinction between cake and suspension is nol as clear,
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The difference between rake and suspension may be determined by contidering how the mobility
or floidity of a flowing suspension changes as its concentration is increased, With ingrensing
concentration, the mean distance between particles decreases, particle-particle interactions
Ingrease and the viscosity of the suspension increases. Each particle &8 however, still suspended
in the fowing Muid. Further increases in concentration will result in further decreases in the
mean infer-particle distance until at some critical condition particles will be fully bounded by
other particles i.e. the particles will have reached their maximum rndom packing density.
Now, in contrast 1o being suspended in a flowing Muid, the particles form a coherent, stable
structure which is permeated by the flowing luid. This structure can be regarded as cake,

Formally then, cake may be defined as particles at a concentration corresponding to the maximum
random packing denaity for the specified size distribution and particle shape. In the case of
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compressible cakes, the packing density will be a function of the solids compressive pressure
(see Section 4.2). In this instance the minimum concentration that can be regarded as cake will
be that concentration corresponding to the random packing density at zero consolidation pressure.

In terms of this definition, point A in Figure 3.21b delineates cake from suspension, The
region above point A consists of suspension and is mobile. The region below point A consists
of cake, at varying consolidation pressures, and is stagnant.

Cake growth and limit may thus be viewed in terms of concentration. Mobile suspension will
consolidate into stagnant cake if its concentration reaches some critical value, C.., 8, Cake
growth occurs if accumulation of solids in the layer next to the existing cake leads to this layer
reaching this critical concentration. The layer of suspension immediately next to the cake, and
hence that which could potentially turn into cake, is referred to frequently in the discussion
that follows and will hereafter be referred to as the precake layer. Cake growth will cease
when, by mechanisms to be determined, the concentration of the precake layer is prevented
from reaching €. .

The particle transport mechanisms in the system may now be addressed. The discussion
that follows concerns a differential tube i.e. it is assumed that axial gradients are negligible
in comparison to radial gradients and hence only transport processes occurring in the
radial direction will be considered 7.

The tube is regarded as consisting of 3 zones - the cake, the precake layer and the suspension
zone (Figure 3.22).

The cake consists of solids at their maximum packing density. It will be assumed that the
particles are mono-disperse, spherical and do not form a compressible cake, so that radial
variations in packing density through the cake will not exist. Further, it will be assumed that
axial flow in the cake is negligible, so that {luid {low within the cake occurs only in the radial
direction. The precake is a hypothetical layer above the cake and consists of suspension flowing
axially over the cake. This layer is in fact a control volume that lies within the viscous sublayer.
It has been assigned a special significance since it is this region that will be involved in any
cake growth. Fluid flow within the precake layer occurs in both the radial and axial directions.
The suspension zone consists of the rest of the viscous sublaver, the buffer zone and the turbulent
core. Fluid flow in this zone also occurs in both the axial and radial directions. ‘

6 Althougb the cake is at the maximum random packing density, €.... could be slightly below this packing density.
This iz discussed further in Chapter 5.

7 The circumstances under which the above assumptions apply will be addressed in Chapter 5,
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Two inter-zonal particle exchange processes may be deflined - exchange between cake and
precake, and exchange between precake and suspension sone.

{a) Caoke - precake rxchange proceises

Firstly, the distinction between coke particle and precake particle must be drawn.
Camvidering the ¢cnke - precake boundary, particles may at any time occupy one of three

positions (Figure 1.23),
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If the resultant of these forces falls below the point of contact with neighbouring particles,
then the particle will remain stable (Figure 3.23a). If, however, the resultant is directed
above the point of contact with neighbouring particles, the particle is inherently unstable
(Figure 3.25b). Thus, the radial fluid drag and the inter-particle forces define some
critical shear stress. To , which must be exceeded in order to destabilise the particie,
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FIGURE 3.25 Stabdle and Unstable Cake Surface Particles

If the available fluid shear stress ar the surface is below T, , particles will remain stably
in the cake surface. If however, t.. is exceeded, the particle will roll out of its hole
and become a precake particle. The particle ¢could, once again, be convected back to the
cake,

it i3 seen that if the available shear stress is below v, a net transfer of particles from
the precake to the cake will occur, driven by the radial fluid flow. If T, is exceeded,
no net movement from precake to cake will occur, since all particles which are convected
io the cake, a5 well as existing particles in the cake surface, will be inherently unstable
and could be sheared of f back into the precake. In this instance there will be a continucus
exchange of particles between the [lowing precake and the stagnani cake, with no net
deposition occurring onto the cake (Figure 3.26).
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FIGURE 3.26 Particle Exchange Processes Between Cake Surface and Precake

(b)

Precake - suspension zone exchange processes

Particles are convected into the precake from ihe suspension zone by the radial (luid
flow. It is convenient 1o divide particle transport from the precake to the suspension
zone into two stages - transport from the precake across the sublayer and into the buffer
zone, and transport from the buffer zone into the turbulent core (Figure 3.27).

The most significant mechanism of transport from buffer to turbulent core is by turbulent
eddies i.e. turbulent diffusion of particles. Two mechanisms are likely to be significant
in transporting particles from the precake across the sublayer and into the buffer zone -
transport by turbulent bursts, for particles above v = 2.5, and shear induced
hydrodynamic diffusion, which could apply over the whole precake and sublayer zones.
The question of which mechanism will dominate will be addressed in the chapter on
Mathematical Modelling (Chapter 5). Lateral migration has not been included as 3 feasible
mechanism for transport out of the precake. The reason for this will be addressed in
Section 3.9,
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FIGURE 3,27 Particle Exchange Processes Belween Precake and Suspension
ZLone

It s important 1o note that the back - transport mechanisms mentioned above iLe. transport
by turbulent eddies and bursts and shear induced hydrodynamics difTusion, are dif fusive
processes and will only result in an effective particle transport from the precake to the
turbuleat core if the concentration of the precake is greater than the bulk concentration,

Effectively then, if the concentrition of the precake 15 the tame aé the TUiPehtida FoRHE,
the only significant particle exchange process will be the convection of solids into the
precake by the radial fluld Mow. If, however, the concentration of the precake is greater
than that in the turbulent core, a back-dillesion of solids from precake to turbulemt core
will occur simultanegusly with the convection of solids into the precake.

The effects of the above particle exchange mechanisms on concentration distribution in the
ivilem may now be examined,

IT the available shear stress at the cake surface does not exceed 1., ., 2ll particles which convect

10 the wall will deposit stably on the cake surface, The concentration of the whole Tree ¢ hannel
{ie. precake + suspension rone) will be uniform and will show a step-increase at the cake
surface {see Figure 3.21a). Since no concentration gradient exists between the precake and the
turbulent core, no back-difTusion can occur, The system will then behave like a dead-end
Filter and the cake will grow al o rate deflined by the permeate fux and the bulk concentration.



If, however, 1., it exceeded by the available fluid shear strem at the surface no net tramsport
from precake 1o cake will occur. A mass balance over the precake now indicates that the
concentration of the layer will increase and exceed the bulk concentration, as partiches are
convected into the precake from the suspension zone. The back transport mechanisms now
become ope rative and a back-dilTusion of particles will occur from the precake o the turbulent
core, via the viscous sublayer and buffer zone. The opposing processes of convection and back
diffusion will result in the establshment of a concentration profile, the concentration being a
maximum in the precake and progressively decreasing away from it to eventually reach bulk
concentration at the edge of some boundary layer (see Figure 3.21b).

If the rate of convection of solids into the precake is greater than the rate of back diffusion
out of it, the concentration of the precake will obviously increase, and wice wersa.  If the
concentration ol the precake increases, however, this will also cause the rate of back-dilTusion
to increase, due to the increased concentration difference between precake and bulk suspention.
Thus, increases in the precake concentration will result in simultaneous increases in the rate of
back -transport until 8t some concentration the rate of back-diffusion will equal the rate of
convection into the precake Now, no net tramsport into, or out of, the precake will occur and
the system will be in a dynamic equilibrium. The precake thus has a theoretical equilibrium
concentration, C,,, which will be attained when the rates of convection and back -difFusion
equalise,

For u differential tube, this theoretical equilibrium concentration may be evaluated from 3
one-dimensional Fickian DifTusion equation. The circumstances under which the
one-dimensional equation is applicable, and the assumptions inherent in its application, will be
addressed im Chapter 3. At any radius, -, within the boundary layer,

rafe of conveclion inlo precake = Vir) C (3.49)

rate of back-dif fusion from precake = D,(r) :—E (3.50)
r

where V{r) = radial velocity at radius r (m/s)
By(r) = particle diffusivity st radius r (m?/s)
c = concentration at radius - (volume fraction)

Equating equations 3.49 and 1.90, and integrating over the boundary layer, & , wiih boundary
conditions -

atl precake : r - K, £ =c,
at edge of boundary layer : r = K -b =i,
yiolds

., Viry c
oo 55 o = (3] @)



where R, = radius of {ree channel, or core {m)
{=R -1
& = boundary layer thickness {m]

theoretical equilibrium concentration of precake {volume fraction)
bulk concentration {volume fraction}
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o

§

It is seen that this theorsetical equilibrium precake concentration, C,,, 15 determined by the
V{ry/D,(r) distribution.  As V(r) increases refative to D,(r), €, will increase, and
conversely,

There is however a physical limitation to the concentration of the precake. As noted in the
beginning of Section 3.7, at some critical concentration, C., , 2 suspension will reach its
maximum packing density and consolidate into cake. If €, is less than €., , the equilibrium
may be achieved. If however, at the specified V(r) and D (r) distribution, C, is greater
than C,., , the equilibrium cannot be achieved. In this instance, the concentration of the precake
will increase up t0 C... , whereafter the precake will consolidate into cake. Effectively then
cake growth occurs when the conceniration of the precake, as determined by the radial fluid
{low and particle diffusivity distributions, reaches the critical concentration for consolidation,

n summary, the initial step in the back-transport of particles from the cake is the shearing of
particles off the cake surface. If this inital step does not occur, the system will behave like
z dead-ended filtration system, If the shearing of particles off the cake surface does ocour,
the systems behavicur becomes controlled by a convection-diffusion process. The radial fluid
velocity snd particle diffusivity distributions will determine the concentration of the precake,
and hence whether the precake will reach the critical concentration and consolidate nto cake.
Cake growth ceases when the equilibrium concentration of the precake falls below the critical
concentration for consolidation.

3.8

TIVE MODEL FOR THE GROWT

1t is proposed that the available shear stress at the cake surface always exceeds the critical shear
stress necessary to destabilise cake surface particles, except possibly for a short period
immediaiely after start-up,

On stari-up, the radial fluid flow convects particles to the tube wall where, faced with a barrier
o their motion, they aceumulate to form a cake. Particles are sheared off this cake surface
and the concentration of the laver immedintely adjacent to the cake {precake) subsequently
increases and exceeds bulk concentration, Back-difTusion of particles occurs from this precake
to the turbulent core and a concentration profile is established. This back-diffusion is effectad
by three mechanisms. Shear induced hydrodynamic diffusion and turbulent bursts transport
particles from the precake across the rest of the sublayer and into the buffer zone. Subsequently,
turbulent eddies transport particles {rom the buffer zone into the turbulent core.



Initially the radial fluid flow, V(r), is high and the theoretical equilibrium concentration of
the precake, C,,, exceeds the critical concentration at which suspension will consolidate into
cake, C., . Thus the concentration of the {lowing precake increases rapidly up to C, , at
which this flowing layer consolidates and becomes part of the stagnant cake structure. Now
particles are sheared off this "new" cake surface and a new precake layer develops. Thus cake
growth occurs by progressive precake layers reaching the critical concentration and consolidating
into cake.

The increase in cake thickness has 2 significant effects on the system :-

(i) the hydraulic resistance to permeate flow increases. Thus V(r) and the rate of
convection towards the wall decreases.

(ii) the free channel area decreases, causing an increase in the suspension velocity in the
channel. All the back-transport mechanisms are strong functions of velocity, and hence
D ,(r) and the rate of back-transport of particles increases.

Effectively, as the cake grows the theoretical equi]ibri-um concentration of the precake decreases,
and further, the time taken for the precake to reach C,, progressively increases. At some
cake thicknesses, V(r) will have decreased, and D ,(r) increased, to a level where C,., falls
below C.., . The rates of convection and back-diffusion may now reach equilibrium, the
precake will remain at a sub-critical equilibrium concentration, and no further cake growth
will occur. ’

Formally, the critical condition at which the limiting, or steady-state, cake thickness is attained
is given by :-

C < C

eq crit

where C,, is the theoretical equilibrium concentration of the precake, defined by the equilibrium

mass balance :-

fRC LA T (C‘“’j
Re-s Dp(r) Cp
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39  DISCUSSION

Stated simply, the model proposes that back transport of particles occur in two stages - shearing
of particles off the cake surface and subsequent back-diffusion to the turbulent core. If the
shearing siep does occur, system behaviour becomes determined by the convection and
back-diffusion processes i.e. it becomes raie-comtrolled.

Mathematically, the proposed model for the steady-state condition resolves to the same
convection-diffuslon mass balance equation employed in the simple diffusion models discussed
in Section 3.2.2, with the entire proposed mechanism for cake growth and limit manifesting
solely as o boundary condition to the equation. Mechanistically however the proposed model
Is more attractive than the simple turbulent diffusion model, being based on realistic particle
dynamics in the near-wall region. These particle dymamics will manifest in the specific
formulation of the particle diffusivity, D, .

In Chapter 4 i1 will be shown that the model is consistent with the phenomena associated with
shear stresaes ot the cake surface ie the apparent irreversibility of the cake and the preferential
deposition of ymaller particles as velocity increases. Further, since the steady-state condition
s determined by the coavection-difTusion processes, the predicied trends for the effects of
velocity and concentration on Mux will be consistent with experimental observations. This «
illustrated wn the chapter on Mathematical Modelling, Chapter 5. In order for model trends
for the eflect of pressure on Mux 1o be contistent with observations, however, the compressability
of the cake must be mken into account. This is also addressed Turther in Chapter 5.

In Section 1.7, it wad stated that lateral migration was not regarded as a viable mechanism for
the back-traniport of particles from the precake to the suspension rone, The motivation Tor
this is that the concentration of the precake will be substantial, and will approach the cake
concentration. In these circumstances, the basic assumptions of the latera) migration model i.e.
dilute suspension of non-interacting particles, are invalid.



4.1  INTRODUCTION

The limiting cake thickness, and hence steady-sigie flux, I8 primarily determined by the
hydrodynamics in the tube i.e. Muid-induced shears and particle transport. Hence, the observed
gffects of operating wvariables on the steady-state flux are explicable in terms of system
hydrodynamics. However, various system behaviours observed in the experimental study are
seemingly determined by the behaviour of the cake e.g. the observed path dependence of
flux-time behuviour, the long-term decline in flux. In this chapter an attempt s made to
explain these observations in terms of the cake Struciure and chiricreristics.

In Chapter 3, only spherical, uniformily sized particies were considered. In most real suspensions,
including the limestone system studied here, the suspension will consist of particles of @ wide
size distribution, The major effect that this will have on the system will be 1o change the
strocture and characteristics of the cake (i.e. voidage, permeability and critical shear stress).
In this chapler, three phenomena attributable to the presence of polydisperse particles will be
discussed - hydraulic compression of the cake (hypdraufic compression effect), preferential
deposition of smaller particles (preferential deposition ¢ffect) and infiltration of finer particles
into the cake atructure {fines fnfiliration effeci),

In Sections 4.2 1o 4.4 the mechanisms of these phenomena are discussed together with their
individual effects on the cake siructure. Mechanisms are proposed for the preferential deposition
effect and the fines infiliration efTect, based on the model of cake growth developed in Chapter 3.
In Section 4.5, these individual ef fects are combined to indicate the net efTect on cake structure
and characteristics during the cake growth period as well as the slow decline in flux period.
This is subsequently applied, in Section 4.6, 1o explain the various system irreversibilities and
anomalies observed in the experimental study,
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Most of the discussion in this chapter is of a qualitative nature. The major intention is o
determine how changes in cake characteristics may influence flux-time behaviour, and hence
to explain the various seemingly anomalous behaviours observed in the experimental study.

4.2 HYDRAULIC COMPRESSION EFFECT

The flow of fluid through a cake consisting of particles of 2 wide range of sizes could cause
a rearrangement of the particelate structure, leading 1o 3 cake of decreased voidage {Tiller and
Yeh (1987}]. This process s termed Apdraudic compression and arises by particles being forced
into the existing void spaces by fluid drag forces. It must be noted that this compression of
the cake is not due to the deformation of individual particles, but to a re-arrangement of the
particles. The extent of hydranlic compression at any plane in the cake, and hence the voidage
at that plane, is determined by the effective compressive force, F ., experienced by particles
in that plane,

A hypothetical solids compressive préssure, P, may be introduced, given by -

F,
F, = o (4.1}
where F, = compressive force experienced by particles at a plane in the cake (kN

A

#

superficial area of the plane (m?%)

Stated alternatively, the voidage decreases as the solids compressive pressure, 2, increases.

The fiuid flow around each particles generates friction and drag forces which manifest as a
decrease in the liquid hydraslic pressure, 7, in the direction of flow. These drag forces are
transmitted from particle to particle and eventually to the support medium. Al equilibrium,
the effective compressive force, F,, experienced by particles at a plane in the cake is equal to
the cumulative drag forces up to that plane (Figure 4.1), ie

£o- Z?Td {(4.27

where §, = [luid drag force on particle

Also, 3t any plane in the cake, the cumulative drag forces up to that point equal the tguid
hydraulic pressure drop up to that point -

SFy = (P - Py A (4.3)

where P = {iquid pressure at free cake surface {kPa)
{(i.e. operating pressure)
£, = liquid hydraulic pressure (kPa)
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FIGURE 4.1 Idealised Representation of Cumulative Drag Forces Through
Cake
From equations 4.1 to 4.3 :-
P, + P, = P (4.4)
Differentiating with respect to distance through the cake, w,
dpP dpP
s 2 = 0 (4.5)
dw dw
where w = distance through cake (m)

Equations 4.4 and 4.5 describe the variations in P, and P, through a cake formed on a flat
surface. For a cake formed on a radial surface, the force balance is somewhat complicated
since the drag forces are also transmitted in the azimuthal direction ("hoop stress") [Tiller and
Yeh (1985)]. The pressure balance equation for a cylindrical cake is :-

dpF, dFf, - P, o 46
+ + - —
dr dr ( ) r (4.6)
where FE, = earth stress ratio

lateral stress / radial stress
radial distance through cake (m)

~
i

Except for thick, relatively incompressible cakes, the P, and P, profiles described by
equation 4.6 do not differ substantially from that obtained from equation 4.5 [Tiller and
Yeh (1985)].  Stated alternatively, if the thickness of the cake s not great compared to the



radiut of the tube, the », and p, may be approximated by the flat coke equations, equations
4.4 and 4.5. In the rest of this discussion, it will be assumed that equations 4.4 and 4.5 adequately
represent the P, and #, profiles through the cake.

The hydraulic pressure, #,, is 3 maximoum at the cake surface and progressively decreases
towards the medium, due 1o MNuid drag losses. The solids compressive préssure, /,, Is zeéro at
the cake surfoce and progressively increases towards the support medium a3 the cumulative
drag forces experienced by the particles incresse, Hence, the local voidage, B , will progressively
decrease towards the medium. For a slightly compressible cake, and assuming that the hydraulic
resistance of the support mediom s negligible, P,, #,and A will typically exhibit profiles as
in Figure 4.7,

Praggurs Vosdogs
Frafiles FPrafjs
FIGURE 4.2 Pressure and Voidage Profiles Resulting from Hydraulic

Compression of the Cake

This hydraulic compression of the cake is highly irreversible ie. if 7, at a point is now
decreased, e.g. by decreasing the fluid flow through the cake, particles cannot retrace paths
out of the void spaces, and hence the voidage will remain at the level determined by the higher
Py As o cake grows, the £, and P, profiles will change. However, particles at any point
in the cake will always be exposed to an increasing #, (Figure 4.3).

The hydraulic compression and varlation in #,through the cake has two significant effects on

the cake characteristics - variations in permeability and variations in critical thear stress through
ihe cake.
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FIGURE 4.3 Change In Solids Compressive Pressure Profiles av Cake Grows

4.2.1  Radial Yariation in Permeability

The permeability at a point in the cake (K ) i related 1o the voidage at that point, and will
decrease as |he P, ot that point increases. The general relation between permeability, X , and
P, s given by [Foust e al. (1980}~

P (4.7)

where X = permeability (m?)
F, = compressive pressure (kPa)
K, = 3 constant
iy = & constanl (< 0)

Thus, the permeability decreases towards the wall.  Typical permeability profiles are shown
in Figure 4.4 Tor slightly compressible and highly compressible cakes.

A major significance of this permeability profile Is that most of the overall cake resistance is
offered by eake layers closer to the wall. On moving away from the wall, the contribution
that each layer makes to the overall cake resistance progressively decreases.
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FIGURE 44 Permeability Profiles Resulting from Hydravlic Compression of
Cake

4.1.2  Radial Variatign jn Critical Shear Stresy

In Section 1.7, the concept af critical shear stress, 1., . was introdoced, Thit ia the minimem

axlal shear stress required to destabilise particles at the cake surface, )i was further noted
that . is a fenction of the fluld drag Forces around the particle and Inter-particle forces
(particle friction) experienced by the particle. The inter-particle farces will increase as
particle-particle contact increases i.e. as the voidage decreases. The critical shear stress will
thus be 3 positive function of solids compressive pressure.

Tuuw = function [P, Fo) (4.8)

where ¢; = a constant (> 0)

F. = Muid drag force
This is analogous to the powder pield locus in soil mechanics, where the critical shear stress
for failure in o powder Is a function of the compressive stress being experienced by the powder
[Smith (1982)).
In the surfoce lnyers of the cake, P, is small and ©... will be determined predominanmtly by
the fluid drag force. On moving towards the wall, P, increases and is likely to be the major
determinant of v... By the earlier definition of =.. it could be argued that the concept

cannol be applied to particles within the cake. For particles within the cake 1. may be
conceptualised by noting that if particle layers above the layer being considered were removed,
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thereby making the layer a surface layer, the layer will remain at the voidage it attained when
it was an inner cake layer. Thus although the effective P, on the layer will now be approximately
zero, the T, for the Jayer will be determined by the maximum P, that it was exposed to
when it was an inner cake layer.

Hydraulic compression of the cake will thus result in the critical shear stress progressively

increasing towards the wall (Figure 4.5). It can be seen that if the available shear stress due
1o the axial fluid flow is ©,, only a fraction of the cake can potentially be destabilised and

removed,
J Flow
enoxirnum {raclion
of ¢coke that may
be rémoved f
ovoiloble sheor
slress = 7,
7,
Crilical Sheor Siress
Profile
FIGURE 4.5 Critical Shear Stress Profile Resulting from Hydraullc
Compression of Cake

4.2.3 Summary of Hvdraulic Compression Effect

Hydraulic compression of the cake results in a P, profile being established, the ~, being smal)

at the cake surface and progressively increasing towards the wall. This manifests as variations
in the permeability, K , and the critical shear stress, T.., , through the cake. The permeability
isat a maximum at the cake surface and decreases towards the wall. Resultantly the contribution
that each layer makes to the overall cake resistance progressively decreases on moving away
from the wall. The t,, is relatively small at the cake surface and increases towards the wall.



4.3  PREFERENTIAL DEPOSITION EFFECT

Various workers have observed that on cross-flow filtering a suspension containing polydisperse
particles, the cake would preferentially be composed of the smaller particle size fractions, and
further that the average particle size decreases as the operating velocity s increased
[Baker et al. (1985), Harrison et al. (1981)].  In this study, this phenomenon is termed the
preferential deposition ¢ffect. W should be noted that unlike the fines infiltration ef fect, iLe.
penciration of finer particles into the existing cake structure, the preferential deposition effect
dictates the size of particles deposited during the growth of the cake. In this section (4.3), the
mechanism of this preferential deposition and the effect that this has on cake characteristics
is investigated.

Baker et al. (1985) proposed a mechanism by which finer particles could preferennially be
deposited based on the inertial 1ify effect (see Section 3.2.1.1 for & discussion of the inertial
lift effect). The lift force on a particle is a function of, inter alia, the particle size. Thus,
at a given velocity larger particles could experience a net lift force directed away from the
wall while small particles would experience a net convective lorce directed to the wall, leading
to a cake preferentially composed of the smaller size [ractions.

An alternative mechanism for the preferential deposition effect is proposed here, based on the
cake growth and limit mechanism discussed in Section 3.7. The initial step in the back transport
of particles is the shearing of particles off the cake surface to [orm a layer whose concentration
is greater than the bulk concentration (the precake). This shear removal will occur if the Nuid
shear stress at the cake surface, © , is greater than some critical shear, ©,.; . If mono-disperse
particles are considered, all particles which reach the cake surface will be inherently unstable
and will be sheared ofT into the precake if 2., . If palydisperse particles are considered,
three scenarios are feasible,

Consider three particies, a, b and c, arriving at similar holes in the cake surface (Figure 4.6).
Under the action of the available shear stress, Particle @ will be inherently unstable and will
be sheared off into the precake.  Particle b, however, will be stable and will remain in the
cake surface. Particle ¢ does not perceive a barrier to its motion and will penetrate the cake
surface. The effect that particle penetration will have on cake characteristics s discussed in
Section 4.4. Here, the effects that particles a and » have on the cake farmation will be
addressed.

For simplicity, it will be assumed that the bulk suspension consists only of two sizes - @ and
k. Consider 4 control volumes, as in Figure 4.7 - around the cake surface (C.; ), the precake
(€4 ), the suspension zone {C,,) and the cake surface and precake combined (€., ).
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The number fractions of particles o and & in each 2one ure denoted by x,, and x, where i

represents the particular control volume.

Further, x,+x,=1. The significant particle

exchange mechanisms that occur are depicted in Figure 48,  Particles are convected from the



suspension zone into the precake and simultaneously a back-transport of particles occurs from
the precake to the suspension zone. Particles from the precake are convected onto the cake

surface and may be sheared off back into the precake.

suspension C
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FIGURE 4.8 Particle Transport Processes Between Control Volumes

Assume that initially all control volumes have the same size distribution i.e. x4, = X, = X4y and
Xp = Xpp = Xp3 . At some time, ¢, , particles of both sizes ¢ and b are convected onto the cake
surface. Assume further that at the given surface shear stress most particles of size b deposit
stably while all particles of size a are sheared off into the precake,.

At this instant, the fractions of a and b in the cake surface and precake will differ from the
bulk size distribution. However, the mean size distribution in the cake and precake combined
(C,s ) will be the same as the bulk i.e.

At time ¢, :
C, (cake surface) Xg1 €< Xy Xy > X g
€, (precake) Xap? Xy Xpp < X3
C,(cake surface and precake) Xoq ™ Xgg : Xipg = X g

Now there is a continuous convection of particles from C,, to C,, simultaneous to the
back-transport from C,, to C,;. During the cake growth period, the rate of convection into
the precake will exceed the rate of back-diffusion. The overall concentration of the precake
will thus increase until at some time ¢, + At the critical concentration will be reached and C.,
will consolidate into cake. The cake will now consist of both CuandC,, ie.C,,. The mean



size distribution of the cake will be indicated by x,, and x,,. The objective here is to
determine how x,, and x,, will compare to the bulk size distribution, immediately after C,,

has consolidated into cake.

Particles convected into C,, from C,; will have a size distribution of x,; and x,;. Particles

experiencing back-transport from C,, to C,; will have a size distribution of x,, and x,,. This
exchange serves to decrease the difference in size distributions between C,, and C,; . Thus,
at the instant of consolidation of C.. into cake, x,, and x,, will be determined by the extent
of particle exchange that has occurred between C,, and C,, during the period At .

The extent of this particle exchange between C,; and C,; will be indicated by the ratio (rate

o//back diffusion / rate of convection) i.e. (R,/%.y. During the cake growth period, of course,
this ratio will be less than 1. If the ratio is relatively small, then the time taken to reach the
critical concentration, At¢, will be small and very little gross particle exchange would have
occurred before C,, reaches the critical concentration.

Thus, if (R4 /R)-0,

R

(xaz)at time {,+Al (xaz)at time ¢,

o

(be)at time ¢+ At (be)at time f,

Hence

n

(xﬂ4)at time {,+A¢t (Xﬂ4)at time ¢,

= (Xaii)

(xb4)a! time f;+A¢ = (xb4>a! time ¢,

2

(X43)

Thus, for a small (R,/®,) the mean cake particle size will be similar to the mean particle size

in the bulk suspension.

If the ratio (R,/%,) is relatively large, At will also be relatively large and substantial particle
exchange would have occurred between C,, and C,,, minimising the differences in size
distributions between these regions.

Thus, if (Ry/R)-1,

(xaz)at time 1;+aA1 - (xafs‘)

?

(XDZ)at time {,«Atl (xb3)



However,

{rar]“ Cisna £y =&l {"" -‘;}-I TmE 0y

< (*a3)
G ne Ve i 440 - TV F——
> (¥42)
Hence,
(Xt dar tyme 1=84 < (Xa3)
(€7D Ry > (¥p3)

In this case, the mean particle size in the cake would be less than the mean size of the bulk
SUSPENSION.

The above discumion s simplistic, in thal vanations in size distribution through the suspension
zone have been neglected. The important point, however, is that the mean particle size in the
caoke may be close to or substantially less than the mean particle size in the bulk suspénsion
and will be determined by the relative rates at which the convective and back-diffusive transpart
mechanisms aoour,

I o summarise thus far, during the cake growih period particles below some critical size would
deposit stably omo the cake surflace or alternatively penetrate the surface, while larger particles
will be sheared off into the precake. This critical particle size will decrease as the surface
shear stress increases. The extent of particle exchange between the precake and suspension
zone will suksequently determine the size distribution in the precake and hence the mean particle
size in the cake, The ratio (%,/%,) indicates this gross exchange. I the ratio is low, the
mean cake particle size will be similar (o the bulk mean size. This mean cake particle size
will decrease as the ratio increases.

Both the suiface shear stress and the ratio (%,/%,) will increase as the sutpension velocity
increases. One implication of this is that the mean cike particle size will decrease as operating
velooity Is increased - the experimentally observed preferential deposition effect, A second
implication of this is that the cake will have a radial variation in particle size distribution. On
start-up the shear stress at the surface and the ratio (®,/%c) are relatively small. Hence, the
particle size distribution of the cake layers next to the wall will be close 1o the bulk distribution.
Al the cake grows, the suspension velocity in the free channel increases. Thus the mean
particle size in each cake layer will progressively decrease om moving away from the wall,
reaching & minimum at the surface of the steady-state cake. To the best of the authors
knowledge, no experimental studies into radial variations in cake particle size distribution have
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been reporied, and the above effect cannot be confirmed. The observation that the mean cake
particle size decreases with time [Baker et al. (1985), Hoogland et al. (1988)] could possibly be
a manifestation of this radial variation in particle size,

The variation in particle size distribution through the cake will result in the local voidage also
varying through the cake. It is thus expected that the local permeability, &£ , and local eritical
shear stress, 1, , will also exhibit profiles through the eake, The gualitative effect that the
preferential deposition of particles will have on cake characteristics during the cake growth
period is illustrated in Figure 4.9,
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In view of the preferential deposition effect, it is necessary to modify the conceptual picture
presented earlier (Section 3.8) of particle activity at the cake surface after the limiting cake
thickness has been reached.

After the limiting cake thickness has been attained, particles will still be convected to the cake
surface. If the particles are monodisperse, all will be sheared off back into the precake. If
polydisperse particles are considered, some fraction of the particles which convect to the surface
will deposit stably into holes in the surface. However, the number of holes in a cake surface
that may be stably occupied by particles of a particular size range is finite.  As these holes
become progressively occupied, particles of that particular size range will no longer be able to
deposit stably onto the cake surface. Thus, after the limiting cake thickness is reached,
preferential deposition of small particles will continue only until the cake surface becomes
*saturated” with these smaller size fractions. This will result in the 8, K and t. of the surface
layer progressively changing after the steady-state has been reached, until some saturation value
is attained (Figure 4.10).
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FIGURE 4.10 Effect of Preferential Particle Deposition on Cake Surface
Characteristics After the Steady-State




4.4 FINES INFILTRATION EFFECT

In Section 2.5.1 it was shown that, for the system under study, there are strong indications that
the slow long-term decline in flux is due to a progressive infiltration of finer particles into the
existing structure, leading to a cake of progressively decreasing permeability.  Here, the
mechanism of this infiltration and the effects that this has on cake characteristics will be
examined.

If the suspension consists of polydisperse particles, some of the particles which convect to the
cake surface may be smaller than the void spaces between the particles in the surface. In
contrast to depositing stably in the voids or being sheared off into the precake, these smaller
particles will penetrate the cake surface. These fines may travel for some distance in the pores
between the cake particles, eventually coming to rest at a smaller void space, when a group of
fines bridge across a void, or by adhering to other cake particles. The local voidage, and
hence local permeability of any layer in the cake will decrease as the layer becomes impregnated
with fines.

Fines infiltration will occur during the cake growth period as well as after the limiting cake
thickness has been attained. During the cake growth period, however, the increase in cake
resistance due to fines infiltration is likely to be insignificant compared to the increase in
resistance due to cake growth. Hence, the effects of fines infiltration on cake resistance will
be most noticeable only after the steady-state cake thickness is reached.

The volume of voids in the cake is finite. Further, the size of particles that may infiltrate a
particular pore in the cake is limited by the geometric arrangement of the cake particles. If,
for example, spherical particles of diameter < are considered, the maximum size of particle
that may penetrate the void is = 0,15 d . If this void is subsequently occupied by a particle,
the diameter of the new voids decreases to = 0,01 d (Figure 4.11).

FIGURE 4.11 Geometric Limit of Infiltrating Particles
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Thus, for any layer in the cake there exists some maximum, or saturation volume fraction that
may be occupied by fines. Effectively then, the fines content of a cake will increase with
time and asymptotically approach some value corresponding to a fully saturated cake. The
flux will thus decline and asymptotically approach some wultimate flux value,

The question arises as to whether fines saturate the entire cake volume, (volume effect) or
whether this saturation is limited to the layers near the cake's surface (surface effect). This
has significant implications for system behaviour, as will be demonstrated shortly.

There are strong indications that saturation by fines is limited to the surface lavers of a cake.
The first stems from the flux-time curves obtained at different operating conditions, as explained
below,

The time taken to approach full saturation will be proportional to the volume of cake to be

saturated and inversely proportional to the rate at which fines are convected into the cake.
Assume firstly that the full cake volume is to be saturated. The saturation volume, V', will

be given by -

Viw = T(RZ=(R=t)*)L (4.9)
where V., = volume of cake available for saturation by fines (m3)

R = radius of tube (i.e. outer radius of cake) (m)

i, = thickness of cake (m}

L = length of cake (m)

Thus, V,, will increase as the cake thickness increases.

If the system is operated at a high super{icial inlet velocity, the cake thickness will be relatively
small and the flux relatively high. Thus, V', will be relatively small and the rate of convection
of fines into the cake relatively high, indicating that the cake will rapidly approach its full
saturation level, The flux will thus asymptote to its ultimalte value shortly after the steady-state
cake thickness has been attained. Conversely, if the system is operated at a low inlet velocity,
the steady-state cake thickness will be relatively large and the flux relatively low. In this
instance, the flux should exhibit a long period of decline before asymptoting to its ultimate
value. Thus, if fines saturate the entire cake, the expected flux decline curves obtained at
different operating velocities will be as depicted in Figure 4.12.

Alternatively, assume that fines saturate the cake only to some depth w below the cake surface.
The volume available for saturation in this instance is given by :-

Vet = T[(R=1,+0) = (R=1,)?] (4.10)

where w = distance below cake surface to which fines penetrate (m)
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Equation 4.10 indicates that the volume availnble for saturation decreases ns the cake thicknes
increases, dee to the effects of the cvlindrical geometry. Hence both V... and the rate cf
convection ¢f lines into the cake will ingrease as operating velocily increases. Now Lhree
possible trends exist Tor Mux decline curves obtained al dilTerent velocities, depending an the
values of flux, ¢, and w.

Case 1 I at higher operating velocity the greater ¥ . is outweighed by the higher (Tux. the
time 1o reach full saturation will be less than if the system were operated at & lower
velocity. [In this instance the time to reach saturation will increase as operating
velocity decreases.

Case 2 If at the higher operating velocity, the higher Mux is ourweighed by the greater V.., ,
a longer time would be taken to reach the saturation value than if the system were
operated at a lower inlet velocity, Hence the time to reach saturation will decrease
as operafing velocily decreases,

Case 3 The last possibility is that higher V s are just offset by higher fluxes. Here the
time to reach saturation will be relatively independent of operating velocity.

These possible trends for flux decline at different opersting velocities are depicted in Figure 4,13,
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The experimental Mux-time curves in Period Il, obtained at difTerent inlet velocities, are
presented in Figure 2.9 (repeated here for convenience). The grend exhibited is contradictory
to Figure 4,12, but is relatively consistent with Case 2 and Case 3 of Figure 4.13, indicating a
strong probability that fines saturation is likely 1o be a surface effect,
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The second indication that saturation by Mines s likely to be limited to the surface layers
concerns the observed system response 1o 3 step decrease in velocity (Figure 2.20, repeated in
Figure 4.14). To recap, curves | and 2 were obtained by starting up the system at inlet
velocithes of 1,13 m/s and 1,70 m/s respectively, and curve 3 was abtained by starting up the
system at 1,70 m/s and then step-decreasing the velocity o 1,13 m/s after 60 minutes, The
likely cake thickness profiles for curves | and 2 (cake | and cake 2) are shown in Figure 4.14.

After an initial incrense, the cake thicknesses reach their steady-siate values and then remain
approximately constant. The cake thickness profile for curve 3 (cake 1) will follow cake 2 up
to f = 60 minutes. Al this point the velocity decreases, and hence the cake thickness will
InCrease.

Aflter the velocity decrease at point A, the axial and rad:al fluid velocities in the system will
be equivalent to those at point C. If cake 3 had not experienced any changes in its characteristics
during the period 1 = 30 minutes to 1 = 60 minutes, the cake would grow and eventually become
limited 1o the steady-state value for curve |, le.t,,.
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However, over the period | = 30 minutes to { = &0 minutes, the specific cake resistance of cake
3 would have increased to above that of 3 "lines free” cake. Hence, the Minal cake thickness
obtained after the velocity decrease, (., , must be somewhat lower than ¢, . It must be emphasised
that, due to the increase in the specific cake resistance of cake 3 over the period | = 30 minutes
to I = 60 minutes, 1., cannot be greater than ¢, .



Assume, firstly, that fines saturate the entire cake volume. Since i, €¢(,,, the final saturation

resistance for cake 3 will be less than or equal to the fina) resistance for cake |. Hence, the
ultimate flux for curve 3 should be greater than that of curve 1. This is inconsistent with
Figure 4.14, which clearly indicates that curve 3 drops 10 a value below curve |,

Alternatively, assumes that fines saturate only the surface layers of the cake. In this instance,
cross-sectional profiles through cakes | and 3 will be as in Figure 4.15,  Cake | reaches its
steady-state thickness whereafter its surface layers become progressively saturated with fines.
Similarly, cake 3 reaches its limiting value whereafter the surface layer becomes progressively
saturated with fines. At ? = 60 however, cake 3 experiences a growth in thickness. Now a
"fines free” cake grows above the existing partially saturated surface. This new surface will
now become progressively infiltrated with fines.

[ ] = unsaturated (“fines free”) coke
[ = coke soturating with fines
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FIGURE 4.158 Expected Cake Cross-Sections if Fines Saturate Qnunly The
Surface Layers of the Cake

On comparing cakes | and 3 at 7 = 90, it is seen that cake | consists of one region that is fairly
saturated with fines and a substantial fraction that js relatively fines free. Conversely, cake
2 consists of two regions tha_t are fairly saturated with fines. The resistance of cake 3 is thus
likely to be greater than that of cake I, indicating that the flux for curve 3 should be lower



than that of curve 1. This is consistent with Figure 4.14, indicating that the observed flux-time
response obtained by step-decreasing the operating velocity is consistent with the assumption
that fines saturation is limited to the surface layers of the cake,

Unequivocal determination of whether fines saturation is a surface or a volume effect will
necessitate sampling and analysis of the cake. On the basis of the above arguments, however,
it seems most likely that this saturation is limited to the surface layers. This progressive
saturation of the surface layers will change the voidage, and hence the permeability and critical
shear stress profiles, of the surface layers. The effect of fines infiltration on cake characteristics
may thus be represented as in Figure 4.16.
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4.5 RISTICS

During the cake growth period, the significant efTects thar will determine cake characteristics
will be the compression effect and the preferential deposition effect. The dominant effect ix
likely 1o be hydraulic compression. Preferential deposition may be regarded as distorting the
profiles that result from hydraulic compression, causing the voidage al the surface layers 1o be
slightly fower than that determined solely by compression (Figure 4.17).
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EIGURE 4.17 Effect of Preferentinl Particle Deposition on Profiles Resalting
from Hydraulic Compression of the Cake

Since the preferential deposition effect is g strong function of the rates of exchange between
the precake and the bulk, the observed influence on cake characteristics is likely to be small
during the initial stage of cake growth, but will increase as the limiting cake thickness is
approached. Hence, the likely voidage, permeability and critical shear stress profiles during
the cake growth period will be as in Figure 4,18,
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After the limiting cake thickness has been atiained, the main influences on cake characteristics
will be the preferential deposition effect at the cake surface and the infiltration of fines into
the surface layers. Both effects will eventually be limited by saturation of the surface and
surface layers respectively. Effectively, after the limiting cake thickness has been reached,

the change in cake characteristics will be limited to the surface layers and will be as in
Figure 4.19,
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4.6 APPLICATIONS

The effects of the various changes in characteristics on flux-time behaviour will be as follows i~

4.6.1 Long-term Flux Decline

The slow long-term decline in {lux has already been explamed in Section 2.5.1 and Section 4.4,
Fine particles progressively infiltrate the surface layers of the cake resulting in a progressive
decline in the cake permeability and hence in the permeate flux. However, there is some
maximum or safuration fines fraction that may occupy the surface layers. Thus, the fines
content asymptotically approaches this saturation value and the fiux will asymptotically approach
some wltimate flux valuel,

4.6.2  Irreversibility of Cake

The initial step in the removal of particles from the cake is the shearing of particles off the
cake surface. This will only occur if the shear stress at the surface exceeds the critical shear
stress of the laver.

The shear stress at the surface is determined by the suspension velocity and physical properties,
The critical shear stress exhibits a profile through the cake and in general increases towards
the wall. It is thus feasible that at 3 specified suspension velocity, only some fraction of the
cake may petentially be destabilised,

It is proposed that at normal operating conditions, the available shear stress only exceeds the
critical shear stress of a small fraction of the cake, This fraction will decrease with time, as
fines saturation of the surface layers progressively increases the t,,,, of these lavers{Figure 4.16).

Thus, when an attempt is made 1o decrease the cake thickness e.g. by increasing the velocity,
decreasing the concentration or decreasing the pressure, a fraction of the cake surface layers
will be removed. However, since the contribution of these surface layers to the overall cake
resistance is small {see Section 4.2}, the net effect on the measured permeate flux will not be
significant, Cake removal will eventually become limited when the avatlable shear is unable
to exceed the critical shear stress of the current surface layer.

Clearly, at higher axial shear stresses, the {raction of cake that is removed will increase,
eventually manifesting as an increase in permeate flux, For the operating range investigated
in this study, however, this did not occur. A further effect to be noted ic that the suspension
velocity in the free channel will decrease as cake is removed, thereby decreasing the available
axial shear stress at the surface. The effect of this would be to further decrease the fraction
of cake that may be removed by a specified increase in inlet velocity or decrease in pressure.

i This ultimate flux is probably not attainable in a system that operates on a closed recycle bagie, as in this study,
since the fines content of the feed strearn progressively decreases with time. Hence if a conatant flux i3 obtained

after soms tirne this cannot Unecquivocally be attributed to saturation of the cake but could merely be due to
depletion of fines.



4.6.3 Cake Growth in Period 11

In Section 2.5.3 it was observed that if the velocity is decreased, bulk concentration is increased,
or pressure is increased during the slow decline in flux period, the final cake resistance is
higher than that obtained by starting up the system at the lower velocity, higher concentration
or higher pressure. As noted in Section 4.4, this apparent anomaly is explicable if it is assumed
that fines saturation is limited to the surface layers of the cake.

A cross-section through the cake obtained by starting up the system at the "thicker cake"
condition indicates that the surface layers will be relatively saturated with fines while the rest
of the cake will be relatively fines free (Figure 4.15). Conversely, a cake obtained by starting
up the system at the "thinner cake" condition and then increasing the cake thickness after a
significant time lapse will consist of two regions that are relatively saturated with fines. Since
the permeability of a cake layer is a strong function of particle size, the total resistance of this
latter cake will be somewhat higher than the resistance of the cake obtained by starting up the
system at the "thicker cake” condition.

4.7 SUMMARY OF CHANGES IN CAKE STRUCTURE
AND CHARACTERISTICS

For the system under study, three phenomena that are likely to cause changes in the cake
characteristics are hydraulic compression of the cake, the preferential deposition effect and the
fines infiltration effect. These phenomena are mainly due to the presence of a wide size range
of particles in the suspension,.

Hydraulic compression occurs when fluid drag forces cause an irreversible collapse of the
particulate structure, leading to a cake of decreased voidage. The preferential deposition effect
concerns the deposition of smaller particles onto the cake, in preference to the larger size
fractions. This is explicable in terms of a simple model based on rates of transport to and from
the precake. The fines infiltration effect concerns the progressive infiltration of very fine
particles into the existing cake structure, until some saturation fines content is achieved. There

are strong indications fines saturate only the surface layers of the cake, and not the entire cake
volume.

The above phenomena change the voidage profile and hence the permeability and critical shear
stress profiles of the cake. The individual effects are summarised in Table 4.1,



TABLE 4.1 Individual Effects on Cake Characteristics
Effect on :
Voidage Permeability Critical shear stress

{3 K Tcn’z
Hydraulic Decreases towards Decreases towards Increases towards tube
Compression tube wall tube wall wall
Preferential Decreases towards Decreases towards Increases towards cake
Deposition cake surface cake surface surface
Fines Decreases in cake Decreases in cake Increases in cake
Infiltration surface layers surface lavers surface layers

Hydraulic compression is most likely to be the dominant cause of changes in cake structure
and characteristics during the cake growth period. The fines infiltration effect is most observable
after the limiting cake thickness has been achieved.

The apparent irreversibility of the cake, the long-term flux decline, and the observation that
the final cake resistance is dependent on the operating path taken to reach the operating point,
are explicable in terms of the above phenomena.
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MATHEMATICAL MODEL OF THE
STEADY-STATE CONDITION

5.1 INTRODUCTION

In Chapter 3 it was shown that, for the limestone system used in the present study, the steady-state
condition is determined by a convection-diffusion process. The radial fluid flow towards the
wall convects particles to the cake surface. The mechanisms of shear induced hydrodynamic
diffusion, entrainment by turbulent bursts and entrainment by turbulent eddies, effect particle
diffusion from the concentrated suspension layer next to the cake back to the bulk suspension.
The steady-state cake thickness is attained when the equilibrium concentration of this
concentrated suspension layer falls below the critical concentration for consolidation.

In this Chapter, this qualitative mechanistic model is formulated into a mathematical model of
the steady-state.

Convection-diffusion models for turbulent CFMF have been formulated by previous workers,
as discussed in Chapter 3. In general, previous workers assumed loose forms for model functions
(e.g. diffusivity) and mode!l parameters were subsequently evaluated by regression on
experimental results. Thus, despite mechanistic inconsistencies associated with those models,
their mathematical formulations do permit effective correlation of experimental results. In
view of this, the formulation of yet another model based on loose, albeit different, forms for
model functions and sufficient regression parameters to enable successful correlation with
experimental results will not necessarily be a significant contribution towards modelling of
CFMF.

The approach adopted here is to attempt to formulate model functions rigorously from existing
technology and correlations for fluid and particle dynamics, with minimum recourse to regression
parameters. Noting the considerable differences between a CEMF system and systems usually
employed in rigorous fluid and particle dynamics studies, it is recognized a priori that this
modelling approach is unlike to yield as good a fit with experimental observations as the previous
"full regression” models. However the evaluation of the applicability and short falls of current
technology is an important point of departure towards the ultimate aim of a fully predictive
turbulent CFMF model.
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In Section 5.2, the appropriate steady-state continuity and hydraulic resistance equations are
identified. The differences between a CFMF system and those systems usually employed in
fluid and particle dynamics investigations are briefly reviewed in Section 5.3, in order to identify
differences that may be ignored and those that must be explicitly accounted for when applying
existing transport correlations to CFMF. In Section 5.4, mathematical formulations are developed
for the various model functions needed to solve the steady-state equations. The numerical
solution procedure is outlined in Section 5.5 and the approach adopted in quantifying model
parameters is discussed in Section 5.6, Model predictions are presented and discussed in
Section 5.7. Finally, the model is evaluated and summarised in Section 5.8.

5.1.1 A Reminder on State and Measured Variables, and the Wall

In this chapter, frequent reference is made to fluid and particle dynamics technology and
correlations developed by other workers. Most of these previous studies have concerned systems
where no cake exists, and hence the superficial and channel velocities are the same. In applying
these correlations to CFMF, it must be realised that velocities should be based on the free
channel radius, R., and not on the tube radius, R. Accordingly, in reporting correlations,
their nomenclature has been suitably adapted to reflect this fact. Hence, where a correlation

refers to a bulk average axial velocity, U , this is reported here as a bulk average channel velocity,

U, and permeate velocities at the wall are reported here as permeate velocities at the cake
surface, V..

Reiterating the points made in Section 3.4.2, it should be noted that wall refers to the surface
that bounds the flow field. In systems where no cake exists, the wall resolves to the wall of
the tube or pipe. In CFMF, however, the wall is the inner surface of the cake, and not the
tube wall. This should be remembered when interpreting graphs and correlations in this chapter.
Where it becomes necessary to refer to the wall of the CFMF tube, this will be specifically
referred to as tube wall.

5.2 THE STEADY-STATE EQUATIONS

§5.2.1  Continuity Egquation

The one-dimensional continuity equation applicable to convection-diffusion controlled processes
ie.

Ve = 9‘3_‘2
er

is widely known and applied in the modelling of membrane separation processes. Here the

origin of the equation is briefly reviewed in order to highlight the assumptions inherent in the

equation and hence to ascertain whether the equation is applicable to the system used in the

present study.



The equation of continuity for the particles in radial co-ordinate systems Is ;-

éi{,: « F(CVY = ?»(DPVC) (5.1)
a1
where £ = parlicle concentration {volume fraction)
V = suspension velocity vector {m/s}
D, = particle diffusivity vector {m2/s)
? = time (%)

The foilowing simplifying assumptions are made :
(i) azimuthal gradients, Le. (2/48), are negligible.
(ii) the concentration profiles are at a “steady-state™ f je. 2C/31 = 0.

(iii) radial concentration gradients are cenfined to a thin concentration boundary layer, of
thickness & , next to cake surface.

With the above assumptions, eguation 5.1 reduces to;

ro< (K,-8)
S
ro> (B 6)
2 2l 1o f - Tolr-Toh R U -Tolar-To
L2 vy S8 - L2, (S sslees5ee s ) ) e
rar gz ror Wor 4z /j Az \ér 4z
whare C, = bulk concentration {volume fraction)
r = radial distance from iube centreline {m)
R, = coreradius (m){=R -1}
f24 = tube radius {m)}
1% = suspension velpcity in radial direction {m/s)
i = gyspension velocity in axial direction {m/s)
5, = particle diffusivity in radial direction (m?#/s)
B, . = particle diffusivity in axial direction (m#/s)
. = gake thickness {m)
1 MNote that the "steady-state” refetred to in apsurnption {ii) refers solely to time-invariant concentration profiles.

The steady-stake in CFMF is a unigue situstion where concentration profiles are time-invariant snd there iz no
net radial solids transport across the boundary layer. I3 s, however, antirely possible to have syalerms whare the
conegniration profile is time-invariant while a net solid Ltranaport does oggur.
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Equation 5.2 describes the concentration distribution in a tube of arbitrary length, exphcitly
including gradients in the axial direction. A substantial simplification may be made by
considering 2 differeniial element of a tube, where concentration gradients in the axial direction
are negligible in comparison with gradients in the radial direction.  Most systems may be
divided into differential elements fulfilling the above criterion. A model developed {or the
differential element may then be integrated to vield the approximate concentration distribution
along the whole tube [see e.g. Pillay et al. {1988)].

For such a differential element, {rom eguation 5.2, and denoting the radial particie diffusivity,
D, ,,simply as D, :

ro> (R.-8)
10 16/ 2CN
- ArVCY = ——\| 1D - 2.3
rar( ) 1‘arL Par g ( )
Integration of equation 3.3 yields
g’ ‘
VO-rip — = o.4
r T Qs (5.4)

The constant of integration, Q. , indicates the net solids flowratie across any unit length eylindrical

surface in the boundary layer.

Eguation 5.4 indicates an interesting implication of the differential element assumption. Siace
axial gradients are assumed 1o be zero, continpuimy must be observed in the radial direction.
Hence if a net solids transport does occur across the boundary layer {e.g. during cake growth),
the net solids flowrate across any unit length cylindrical surface in the boundary layer must
be constant, as mndicated by equation 5.4.

Rearrangement of equation 5.4 vyields

aC Qs
VE-Dym = 2 (5.5)

Here (VC - D, 3C/2r) indicates the net solids velocity at a particular radius ~.  Since the net

solids flowrate remains constant, the net solids velocity must decrease through the boundary
laver, due to the increase in circumferential area,  This is indicated by the term (Q,/r).
Hunt et al. {(1587¢), adopting a one-dimensional differential element approach in modelling
cake growth, assumed that the net solids velocity increases through the boundary layer. This
is clearly not feasible from the point of view of continuity,
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A further implication of equation 5.3 is that the concentration boundary layer cannot be large
in comparison with the tobe radius,  In the extreme instance, when the thickness of the
voundary layer approaches the radius of the tube, the net solids velocity at the inner edge of
the boundary layer approaches infinity, implying that an infinite source of solids exists along
the centreline. Thus, if the boundary layer is large, a dif ferential element analysis is inapplicabie
and axial gradients must be explicitly included in order 10 obtain a realistic solution.

At the steady-state in CFMF, the net solids velocity is zero. This is a unique instance of
squation 3.3 with .= 0. Hence

el

°ar

ve o= D (0.6)
It should be noted that Vv in equations 5.2 to 5.5 represents the suspension velocity, camprised
of both the net fluid and net solids velocities relative to the tube co-crdinate system.  For the
unique case of zero net solids velocity, V¥ in equation 5.6 reduces to the fluid velocity.

To summarise thus far, equation 56 is the one-dimensional convection-diffusion continuity
squation applicable 1o systems where the concentration profile is time-invarant, the net solids
velocity is zern and axial gradients are negligible in comparison with radial gradients.  The
auesiion arises as 1o whather equation 5.6 is applicable to the system used in the present study.

Fractional chapges in operating variables along the tube are presented in Table 5.1 (overieal),

Since the steady-state cake thickness is a function of pressure, concentration and velocity, it
folfows from Table 5.1 that this steady state thickness will exhibit only a small variation in the
axial direction. Further, the variation of concentration in the axial direction is indeed negligible
in comparison with the concentration variation in the radial direction {low bulk concentration
in¢reasing up to packing density).  Accordingly the tube used in the present study may
reasonably be modelled as a differential element,
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TABLE 8.1 Summary of Fractional Changes in Operating Variables along Tube
Run Number Change in Superficial Change in Bulk Change in Pressure
Yelocity Concentration AP Y%
AT % BLCH)%
55 5 8 3
53 ? 7 3
48 6 & 3
52 & 6 3
54 5 6 3
p P B 5 2
47 7 8 3
49 3 6 3
51 3 5 3
58 5 3 &
&0 3 & 4
61 6 7 2
58 6 7 2
AT % - 57,{1‘!1_}-«5,{0;1"{) X100
Ugin}
A% = C;(Qit;{;i;‘(m} x 100
APY% = W} X 100
where I/, = suparficial velocity {m/s)
g = bulk concenirgtion (g/8)
P = pressure (kPa)
{in} refers to inlet of tube
(outy refers to outlet of tube

T,iny, Caling, P(in) and Plout) were measured. U (out) and Calout) were caleulated

by mass balance,
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From the gualitative model presented in Chapter 3, the appropriate boundary conditions for

equation 5.6 are :

r = R ¢ c = Ccrft

r o= R.-0 C = C4
where R, = radius of free core (m)

& = boundary layer thickness (m)

C... = critical concentration (volume fraction)

¢, = bulk concentration (volume fraction)

Integration of equation 5.6 with the above boundary conditions vields ;

RC Cri
f Yoar = m[ j (5.7)
-8 Dy Cy

The steady-state continuity equation is thus given by equation 5.7. Note that ¥ and D, in
equation 5.7 are not constants, but are the radial distributions of the radial velocity and particle

diffusivity respectively across the boundary layer.

5.2.2 Hyvdraulic Resistance Equation

Following Darcy's Law, the hydraulic resistance equation for a planar cake (cartesian co-ordinate
system) is as follows :-

/
ar = M (5.8)
where AP = pressure drop across cake (Pa)
1, = permeate viscosity (Pa.s)
1% = permeate velocity (m/s)
i, = ¢cake thickness {(m)
K = permeability (m?)

Equation 5.8, however, cannot be directly applied to cylindrical co-ordinate or CFMF systems.
Firstly, although the permeate {lowrate remains constant through the cake, the permeate velocity
will change, due to the change in circumferential area. Thus V' in equation 5.8 will vary radially
through the cake.

The second problem concerns the cake permeability, K. Most real cakes are compressible to
some extent. Hydraulic compression, arising from fluid flow through the cake, will cause a
solids compressive pressure (£,) profile to be established through the cake (See Chapter 4).
In cylindrical cakes this £, profile is further complicated by the presence of "hoop" stresses.
The cake permeability is a function of P, and thus K is expected to exhibit some complex
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profile through the cake. There are also indications that the permeability (or conversely the
specific cake resistance) of a cake formed under cross-flow conditions may be a function of
cross-flow velocity, operating pressure and time from start-up [Baker et al. (1985),
Hoogland et al. (1988)]). It emerges therefore that K may be a complex function of distance
through the cake, velocity, pressure and time from start-up.

A hydraulic resistance equation which explicitly caters for all the various effects on K is beyond
the scope of the present study. For the present purpose it will be assumed that vanations in
permeability through the cake, the effect of cross-flow velocity on permeability and the change
in permeability with time are "second order” effects and may be ignored. Accordingly, the
permeability is only a function of the operating pressure in the system , P, and the dependence
of X on P arises solely from compression effects.

An approximate hydraulic resistance equation applicable to cylindrical cakes may now be
derived.

Q\
\ R R—t dP
t, ) r N /N
\ '
{
49
I \
b o <
| Qe
l permenis
’ flow
FIGURE 5.1 Section Through a Cake Formed on a Cylindrical Surface

Across a thin section of the cake at radius - (Figure 5.13,

Vir
-dp R_‘ﬁ(_)dr (5.9)

where V(r)= permeate velocity at radivs r {m/s).
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From a mass balance, for a cake of unit length in the axial direction :-

viry2nr = V,2nR

where V, = permeate velocity at tube wall (m/s)
R = tube radius {m)
Thus,
Viry = V,— (5.10)
r
Substituting equation 5.10 into equation 5.9 and integrating with the limits :-
r=R-1, P=P,
r=~R P=PF,
yields
£y ] R d,«
—f dP = L—/ll/wa —
Py K R-t, r
whence
“'II'/WR R
A = in 5.11
F K R-t, ( )

5.2.3 Summary of Steady-State Equations

The system used in the present study may be approximated as a differential element. The
steady-state condition is thus represented by the simulation solution of the following equations :

f& g | [—CC’“\ 5.7
R-6 Dy CBJ ( )
AP _ u!l/wR I R \

= < n R—tc) (5.1D)

In order to solve the above steady-state equations for the steady-state cake thickness {¢.) and

permeate velocity (V,, ) mathematical formulations for 8,1 and D, in terms of the operating
variables are needed, together with values for C,,, and K .



53 APPLICABILITY OF CURRENT FLUID AND PARTICLE DYNAMICS
TECHNOLOGY TO CFMF

The major aim is to formulate model functions that are required to solve the steady-state
equations from existing technology in fluid and particle dynamics. Direct application of a
correlation requires complete similarity between the system for which the correlation was
developed and the system to which it is to be applied. There are, however, significant
differences between CFMF systems and the systems used in most turbulent fluid and particle
dynamics studies. The first is that most transport correlations have been developed for
non-porous tubes, whereas in CFMF a significant radial velocity component exists. The second
difference is that most studies have involved systems where the viscosity is uniform across the
cross section of the tube while in CFMF the viscosity is expected to exhibit a significant radial
variation due to the existence of a radial concentration profile. This section (5.3) addresses
the issue of whether these differences must be explicitly accounted for, or whether they may
be ignored.

5.3.1 Applicability of Correlations Developed for Non-porous Tubes to CFMF

The obvious approach is to compare results obtained from studies of turbulent flow in porous
tubes with predictions from correlations developed for non~porous tubes, at the typical conditions
used in this study.

Probably the most significant experimental studies of the fluid dynamics of turbulent flow in
porous tubes are those of Weissberg (1955, 1956). Other experimental studies include those
of Aggarawal et al. (1972), Hirata et al. (1982a) and Mizushina et al. (1972). 1In a theoretical
approach, Kinney and Sparrow (1970) developed an integro-differential model for turbulent
flow in porous tubes. The model was subsequently extended by Merkine et al. (1971), and
Na (1972). A theoretical model, based on the extension of the mixing length concept, was
developed by Hirata et al. (1982b).  These theoretical models, although mechanistically
attractive, are somewhat difficult to implement. In any event, the models of Kinney and Sparrow,
Merkine et al., and Na, used Weissberg’s experimental results for model evaluation. Accordingly
only Weissberg’s studies will be referred to here.

Weissberg measured axial velocity profiles, turbulence levels and friction factors for air flowing
in a porous pipe, for a wide range of axial inlet and radial wall velocities. 1In contrast to
non-porous tubes, where the non-dimensional velocity, U, is well correlated with the
non-dimensional distance from the wall, ¥ * , no such universal relationship could be found for
porous tubes. Following the correlation approach of Laufer, Weissberg correlated the mean
(time-averaged) axial velocity profiles as follows :-

Y o< 20 {wall region)

o))

sy - 5’(su++'§j (5.12)




20

~
v

-

U

where

s

(inner region)

= hs*hglog(¥Y")

0,1037(1-2,486V"7)

E(sU”) = — "¢ ?

with v

s
Vs

Note that

E(x)

il

6,75 (1 - 7,67

i

W)

(Yu'/v)

= distance {rom the wall {or cake surface) (m)
= kinematic viscosity (m2/s)

friction velocity (m/s)

=\/T—w
P

1 X
5 erf f;}

where er f(x) is the error function.

3,07 (1 + 20,7 V)

177

non-dimensional axial velocity

non-dimensional distance from the wall

radial velocity at wall (or cake surface) (m/s)

(5.13)
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Comparison between friction coefficients in porous tubes with the standard Blasius equation
for smooth non-porous tubes yielded the following :

L o1+ 115.8 [i, (5.14)
fo U
where f = friction factor in porous tubes
fo = Blasius friction factor for smooth non-porous tubes
=0,079 (Re)®®
V. = radial velocity at wall (cake surface) (m/s)
[/, = bulk average axial velocity in free channel (m/s)

Note that for turbulent flow, friction factors in porous tubes are greater than those in non-porous
tubes (see equation 5.14).  As noted in Chapter 3, this is contrary to that in laminar flow,
where friction coefficients decrease as suction through the wall increases.

The typical effect of radial flow on the axial velocity profile is depicted in Figure 5.2 (a) and
(b). The profiles were calculated from equations 5.12 and 5.13. Figure 5.2(a) depicts profiles
over the whole tube, and Figure 5.2(b) that in the near wall region. Suction of fluid through
the wall results in a flattening of the velocity profile over the core with a subsequent steepening
of the gradient in the wall region.

0 0.2 0.4 0.5 o8 1.0

Y/R.

centreline

FIGURE 5.2(a) Effect of Radial Fluid Flow on Axial Velocity Profile
{whole tube)
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FIGURE 5.2(b} Effect of Radial Fluld Flow on Axial Velocity Profile
{near wall region}

In this study, as well as in most membrane systems, the radial velocity is generally small relative
to the axial velocity. The guestion grises as 1o whether, for low radial velogities, the actual
axial velocily profile in a porous tube would differ significantly from non-porous tube profiles.

in applving the above correlations 1o CFMF, the velocities based on the free channel radius,
e, ¥ and U, must be employed in place of velocities based on the tube radius, i.e. ¥, and
/.. Since the cake thicknesses obtained in the present study are not known, four worst case
scenarios were investigated (Table 5.2, overleaf). Axial velocity profiles calculated from
Weissberg's correlations for these scenarios are compared to a non~-porous tube profile calculated
from Von Karmans universal velocity profile correlations {equations 3.44 to 3.46) in Figure 5.3.
Note that over most of the graph the curves are co-incident, and hence show up as a single
curve,

Itis clear that at these low radial velocities the axial velocity profile does not differ substantially
from non-porous tube profiles. For the system under study therefore the axiat velocity profiles
may reasonable be approximated as non-porous tube profiles,

The axial velocity profile in a system is determined by the radial momentum transport processes
occurring in that system.  Figure 5.3 thus also indicates that radial transport correlations
developed for non-porous tubes may confidently be applied to porous tubes if the radial velocity
component i3 smalk
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FIGURE 5.3

TABLE 5.2 Velocity Combinations Investigated to Ascertain Whether Axial
Velocity Profiles at Low Radial Flows are Similar to Non-Porous Tube
Profiles
Assumed highest Flux at Tube Wall (U, ) {¢/m2h) I GO0
Assumed Superficial Axial Velocities (U, ) (m/s) 1,4 and 2,0
Assumed Cake Thicknesses {I.) (m) 0,0 and 0,002
Case Permeate Superficial Assumed Permeate Suspension
Velocity at Suspension Cake Velocity at Velocity in
Tube Wall Velocity Thickness | Cake Surface | Free Channel
Ve U, L Vi U,
(m/s) (m/s) (m) (m/s) (m/s)
B e —
} 2,78E-4 1.4 0,0 2,78E~4 1,4
2 2,78E-4 2,0 0,0 2,18E~4 2,0
3 2,78E-4 1,4 0,002 3,31E-4 1,98
4 2,78E-4 2,0 0,002 3,31E-4 2,83
25 .
HNE: Curves ore-wirtually ¢o-mcdentond cannel be indivducily annatgled
20
15
u* ]
10 -
S -
(see Toble 5.2 for cases investigated)

30

¥ I

\{+

1

100 300

Comparison of Axial Velocity Profiles Obtained at Low Radial

Flows, With Non-Porous Tube Profiles

1 000




5.3.2  Applicability of Correlations Developed for Radially-Invariant Viscosity Svstems
to CFMF

In most systems emploved in fluid dynamics studies, the viscosity is radially invariant. In
CFMF a radial concentration profile exists, the concentration increasing from a relatively low
value in the tube core to a value approaching the maximum packing density of the solids near
the cake surface. Resultantly, the viscosity is expected to show a radial variation, increasing
from a low core value to a value approaching infinity at the cake surface.

It is known that turbulence levels are significantly dampened by the presence of solids
[Hsu et al. (1989), Brodkey (1967)]. It is thus expected that turbulence transport coefficients
in regions of high concentration and viscosity will differ significantly from those obtained in
pure fluids. This will in turn result in a difference between the actual velocity profiles in
CFMF systems and those obtained in systems without a radial concentration gradient, at the
some inlet Reynolds numbers. Accordingly, the effects of the radial concentration gradients
may not be ignored and must be explicitly accounted for.

5.3.3 Summary of Applicability of Current Technology

The effects of radial velocity on radial transport coefficients is seemingly negligible at the
typical radial and axial velocities encountered in this study. Correlations developed for
non-porous tubes may thus be confidently applied to CFMF. The effect of the radial
concentration profile, however, must be taken into account. Thus, correlations developed for
non-porous, uniform concentration systems must be suitably adapted to take into account radial
concentration gradients before being applied to CFMF.

5.4 FORMULATION OF MODEL PARAMETERS

The steady-state is represented by equations 5.7 and 5.11.  Typically, the operating variables
U,,P and C, will be specified. The task then resolves to finding the cake thickness at which
equations 5.7 and 5.11 will be simultaneously satisfied. In order to solve the equations, the
following model {unctions are required :

H

D, particle diffusivity distribution over the boundary layer (m?/s)

| 28 radial fluid velocity distribution over the boundary layer {m/s)
Cew - the critical concentration for consolidation (volume fraction)
K average cake permeability (m?)

b boundary layer thickness (m)

H]

H

H

D,V and 6 are to be formulated from current technology. The approach adopted here is

to formulate these functions from correlations developed for pure fluids flowing in non-porous
tubes, based on the bulk viscosity, bulk density and bulk average velocity, and to then adapt

these to CFMF systems by inferring the effects of the radial concentration profile on the
resultant formulations.



5.4.1 Particle Diffusivity Distribution - D,

Particle diffusion arises from three mechanisms - shear induced hydrodynamic diffusivity,
transport by turbulent bursts and transpost by turbulent eddies,

5.4.1.1 Particle Diffusivity due to Turbulent Bursts and Eddies

(&) Introduction

In a fully turbulent flow field, particle dispersion is effected by the random motion of turbulent
eddies. Accordingly, the particle diffusivity due to turbulence, D, is related to the eddy
dif fusivity of momentum, ¢ [Soo (1967), Ni (1986)]. In analogy to molecular mass transfer,
an inverse particle Schmidt number may be defined [Im and Chung (1983)] :

. D
5. = & (5.15)
' €
where S§_. = inverse particie Schmidt Number
D, = particle diffusivity due to turbulence {m?/s)

eddy diffusivity of momentum {(m#/s)

€

Formulation of the D, distribution 1n a {ully turbulent {low field thus resolves to ascertaining

the distribution of the momentum diffusivity, ¢ , and the inverse particle Schmidt number S,

Cleaver and Yates (1986) modelled particle trasspost due to turbulent bursts by explicitly
considering the action of individual bursts. Each burst would sweep some {inite area of a
surface and entrain some small fraction of the particies covering that area. Hence the net
particle entrainment may be determined from the removal efficiency of a single burst, the
statistical distribution of burst frequencies and the statistical distribution of burst sizes.

The alternative approach to modelling bursts adopted here follows from the approach used in
modelling the particle dif fusivity ina fully turbulent zone. As noted n Section 3.4.2, numerous
investigations have focussed on developing eddy diffusivity distributions in the near wall region,
including the buffer and sub-laver zones. These studies were motivated by the observation
that the assumption of a zero eddy diffusivity in the sub layer leads to calculated heat and mass
transfer fluxes being lower than that cbserved experimentally. In general, diffusivity expressions
for the near wall region fake the {orm

€ .
— = Function(¥ )

and the exact {orms are determined by regression on experimental results.

In view of the current knowledge of the sub-Jayer, it is obvious that the assumption of purely
viscous transport mechanisms in that region will lead to fow calculated {luxes, since transport
in that region is substantiatly augmented by turbulent bussts. It also follows that the empirical
expressions developed for the eddy diffusivity in that region will implicitly include the



contribution of turbulent bursts to transport in that region. Inanalogy to the particle diffusivity
due 1o sddies, the particle diffusivity due to bursts may also be modelled from an inverse
particle Schmidt number and an appropriate momentum diffusivity distribution for the near
will region.

Modelling of D, due © both bursts and eddies thus respives 1o ascertaining the S, and the

¢ distribution over the entise {low leld.

{©) inverse Particle Schmidt Number -5,

The inverse particle Schmidt number is determined by the particle size and inertia, characterised
by a particle relaxation time and the characteristics of the underlying {huid turbulence [Im and
Chung (1983)]. At each point in a turbulence field there exists 2 spectrum of eddy sizes and
frequencies, If the particle is very smalt and light it will respond to every velocity fluctuation
and hence the particle diffusivity will approach the momentum diffusivity i.e.

5. — i as d = G s, o,

€

Conversely very heavy, dense particles may only respond to the larger eddies, resulting in the
particle diffusivity being substantially lower than the momentum diffusivity Le.

3. 2 O s d —e ;op, me

Prediction of $, from {luid and particle properties and bulk flow conditions is not at present

feasible.  Although this has been the topic of theoretical studies, selution of the eguaticns
requires a detailed knowledge of the underiving torbulence eg. the Evlerian and Lagrangian
time scales [Soo {1967), Ni (1986} Experimental studies of 5. include Calabress and
Middieman (1979), Snyder and Lumley (1971} and Ni (1986).  Calabrese and Middleman
investigated the dispersion of immiscible drops of liquid (d, = 600 to 900 um, p,/p, = 0,69
to 1,6) in water (lowing in a 50 mm tube. Inferred $. ranged {rom 0,5 t0 0,8, Snyder and
Lumiey obtained S, values ranging from 0.1 19 0,5, NI, studying the dispersion of dust particles
in air obiained a radial distribution for 5., At the centreling, S_ = 0,6, increasing to = | in
the near wall region.

In terms of current technology therefore, the @ priori prediction of 5, s not possible and &,

will have to remain an adjustable model parameter. 1In view of the high relative density of
fimestone particles { p.7p,=2.55) it is expected that . will be small,



()] Momentum Diffusivity Distribution - €

In turbulent flows, the total (laminar and turbulent) shear stress may be related to the gradient

of the time-averaged velocity by :-

T dli/
5 (v + € -&
where T = total shear stress (Pa)
el = density (kg/m3)
v = molecular kinematic viscosity (m?2)
€ = eddy kinematic viscosity (eddy diffusivity of momentum) (m2/s)
U = time averaged axial velocity (m/s)
Y = distance from wall (m)

Rearrangement leads to

T (E . 1} ay | (5.16)
Ty v ay’”
where T, = shear stress at wall (cake surface) (m/s)

In principle therefore ¢ may be obtained from a measured velocity profile and a knowledge
of the shear stress distribution. For example, using Von Karman’s universal velocity profile
(equations 3.44 to 3.46) with equation 5.16 yields the following [Notter and Sleicher (1971)] :

>

vy < 5 e = 0 (5.17)
5 < ¥ < 30 S - 0,2y -1 (5.18)
v
30 < ¥° £ - 0,4y - 1 (5.19)
Y

In practise, the above distributions are inconsistent with those inferred from measured heat
and mass fluxes, especially in the near wall region. The reason for the inapplicability of
equation 5.17 has been addressed in previous sections i.e. the universal velocity profile assumes
that purely viscous transport processes occur in the sub-layer, contrary to current knowledge
of that region, Notter and Sleicher (1971} attribute the failure of equations 5.18 and 5.19 to
the fact that ¢ is a sensitive function of velocity, and even the most rigorous measurements of
velocity show significant scatter. They also note that it would probably be impossible to
determine the ¢ distribution for the near wall region from measurement of velocity profiles

in that region, due to the practical difficulty associated with accurate measurement close to the
wall,



Consequently, the approach adopted by most workers has been to assume some function form
for & , and to evaluate function constants {rom measured heat and mass fluxes.  Strictly, these
studies vield distributions of the eddy diffusivity of heat, e, , and the eddy dif fusivity of mass,
ey. However, ¢, may be inferred from €, and ey, as discussed a few paragraphs hence.
Most studies have concentrated on the region ¥ <30 since in most cases of heal and mass
transfer the boundary layer lies in this region. A good review of studies in this regard is

presented by Norter and Sleicher (1971).
For the present purpose distributions of ¢ for both the fully turbulent and the near wall regions

are required. A summary of the better correlations, 1.e. those which show a good fit with their
particular experimental data, 15 presented in Table 5.3,

TABLE 5.3 Correlations for Turbulent Diffusivities
Referrence Correlation
Motter and ¥'og 45
Steicher
(1572) > 0,0009(y )°
= RTINS (5.203
v [1+0,0067(YY"
Y o» 4% and ¥ < 0.15
Ly .
= = 1304 1) (5.21)
¥y o> 0.15
€ 0,.25Reyf,/8 : s 5
v dh,/dr"? (5.22)
fw = MNoedy frictien lactor
Re = Reynolds Number
f, = welocity defect funclion
¥ YUK,
ro= iR,
Son and Yow 0O
Hanraity
{1887) €, .
v 0,00032(Y 73 (5.23)
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{continned)

Correlations for Turbulent Diffusivities

Referrence Correlation
Hughmark 4.3 < ¥V o< 12
{1971)
£ P |
- = (,00096(Y ) (5.24)
£
12 < ¥ < 35
EH e ce B9
- O,0105(Y ) {(5.25)
de Pinha whole (ube
and Fahbien
{igﬁi} 1 ] E
e (5.26)
EH gch th
€ m
# <y
<E€,> = average diffusivity over tube

= 0.0690'R,

er
#

o ditfusivity of heat for core region

#

F2301 02,3450 5 - )

g;”‘i = diffusivity of heat for wall region

#

0.000137 8 P17y




TABLE 5.3 Correlations for Turbulent Diffusivities
{continued)

Referrence Correlation

Hsu et al. whole tube

{1989)

. r\? r )
¢ = Ul 0,4(]—{;—) +(0,6-h8)(§—-)+n8 hohy, — (5.27)

he = 1.74-0,670Slog{Re)+0,0655[log(Re)]?

o
it

mixing length
[ Yy Y !
= R [0,14—0,08 l—w) —0.0é(l-—-—)i}
‘ k Rs }ec

correction for Re <10°

o
©
1

.12
0.14

= 1+ pl -0 04?5{-—@—‘3-—4)
B expL . L1000

ped
=Y
|

damping factor near wall
yu'
.0 ~exp| - -
[1o-enl-350)]

(NB : in Hsu's paper equation 5.27 is stated as follows :

. r\? {r
€ = U RC{O,%(;) +(0,6‘h5)\§:)+hs]h9hm

<

The units are inconsistent, and it was assumed that the first R . on the right

hand side was a misprint).
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In order to evaluate € {rom the correlations in Table 5.3, the relationships between € , €, and
€. arerequired. This has been investigated by, inter alia, Notter and Sleicher (1971). Typically
the approach was to assume that e=key, (or €=key,), where k is some constant, hence
calculate a velocity profile from an €, or €, distribution, and compare the calculated velocity

profile to known profiles.

It was found that, on average :

Yoo« 45 (near wall region)

i

€ e, = 1,3 ¢ (5.28)

¥' oz 48 {core region)

€y = &y T € (5.29)

Equations 5.28 and 5.29 may thus be used with Table 5.3 to obtain the radial distribution for
e . The question arises as ro which of the correlations should be used. A comparison between
the various correlations is shown in Figures 5.4(a) (near wall region) and 5.4(b) (rest of tube).

30
Re = 46 000
o)
e
-
60 -
£
20
Motter el of (eqns 5.20-5.22)
————— de Pinho {eqn 5.28)
Hgu et of {eqn 5.27)
n
~ T T T i T 1

o G027 0.04 005 0.08 Q. o012 G5.14

FIGURE 5.4(A) Comparison of Eddy Diffusivity Correlations
{near wall region)
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Re = 46 000 e
300 Pt
700 -
b
100 - ’ e
‘.' /f mmmmmm
.‘- /
e
| 27 e
/, Moller el al (gans 5.20~5.22)
| }i—-——— de Pinho (_eqr_\__é‘ZG)
l_—— Hsu et al {2qn 5.27)
50 T T T T
0.2 0.4 0.6 0.8 1.0
W canlreiing
%3
FIGURE 5.4(3> Comparison of Eddy Diffusihity Correlations
{core region)

In the near wall region, the ¢ distributions are simiiar. In the core, the correlation of Hsu et al.

differs significantly from that of de Pinho and Notter et al. 2,

The significant discrepancy amongst the correlations for ¥'> 0, 1515 not of major importance
here, since it will be shown that all boundary layers obtained in the mode!l fall well within the
region ¥ <0,15, With regard to which correlation should be used, that of de Pinho
(equation 5.26) is particularly attractive, since it is {airly recent, is based on a wide range of
data and consists of smooth, easily computed equations  Accordingly, eqguation 5.26 will be
used in the present study.

Theabovee correlations apply to systems of constant viscosity, The efTect of radial concentration
profifes on the ¢ distribution will now be addressed.

The presence of solids affects the turbulence level in a complex way. A good review of studies
in this regard is presented by Hsu et al. {1989). In general, it is found that solids tend to
dampen the level of turbulence, the dampening increasing as solids concentration and size
increases. This is, in part, due to the dissipation of the fluid turbulence energy to the solids.

2 Note the logarithmic vertical scale in Figure 5.4(B).
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Burst activity is also dampened by the presence of solids [Grass (1974)]. Thus the momentum
diffusivity in a region of significant solids concentration will be lower than that obtained in a

pure fluid i.e.

e = K,e€ (5.30)
where € = momentum diffusivity in a pure fluid (m?/s)
€ = momentum diffusivity in a concentrated suspension (m?/s)
K, = concentration attenuation factor (<1)

Pechenkin (1972), from experiments at relatively low concentrations, proposed that :

C
Keg =1 - (5.31)
Cmax
where C = solids concentration {volume fraction)

Cnax = maximum packing density of the solids (volume fraction)

Equation 5.31 has been applied by Roco and Balakrishnam (1985), assuming it to be valid for
all concentrations. Hsu et al. (1989) however have expressed the view that the solids dampening
effect is greater than that indicated by equation 5.31.

The dampening of turbulence by the presence of solids has not been sufficiently investigated
to enable quantification of K,. The expected boundary conditions for K, are consistent
with equation 5.31 ie.

Ko, = |1 s c - 0

K, = O s C = C,..

In practice, when real suspensions are considered, K, cannot be solely a function of

concentration. In considering 10 % {by volume) concentrations of limestone and bentonite for
example, it is found that the former is fairly fluid while the latter is a thick and viscous, It
is expected therefore that the dampening effect of a bentonite suspension will be substantially
greater than that of limestone, at the same concentrations. It should also be noted that for
most real suspensions, C .., 1s difficult to define. For uniformly sized spheres, the delimitation
between cake and suspension is relatively clear {about 0,6 volume fraction). For bentonite
however, this delimitation is difficult to define, the packing density being a strong function
of compressive pressure.
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Noting the limits for K., and in the light of the points raised in the above paragraph, it i3
proposed that

P [-j - J (5.32)

al
C max

where n > 1 and is a property of the suspension, and €., is evaluated af a compressive
pressure of U Pa {(gauvge}. Equation 5.32 15 depicted in Figure 5.3, for varigous values of n.
The proposed functional form should be applicable to most suspensions,  For example K, for
a suspension where significant dampening is expected at low concentrations could be represented
by n=5, while K, {or a suspension where less dampening is expected could be represented
byn=2,

00
b
<
5 0.8 -
fa.
=
2
*C"J' 0.5 - P
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- T2
<
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] 4
[
Q) r)
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[‘/(“!T}GX
FIGURE 5.5 Effect of Turbulence Attenuation Parameter on Turbulence
Attenuation Funclion

The attenuvation parameter, n, is an adjustable model parameier,



(d) Summary Of Particle Diffusivity due to Turbulence Effects

The particle diffusivity due to bursts and eddies is given by :

, c \"
s, (1 -z ) € (5.33)

D

ot

inverse particle Schmidt number (adjustable parameter)

where S,
turbulence attenuation parameter (adjustable parameter)
momentum diffusivity distribution

(obtained from a suitable "pure fluid" correlation)
concentration (volume fraction)

It

€

C
C ... = maximum packing density (volume fraction)

5.4.1.2 Shear Induced Hvdrodvnamic Diffusivity

The only significant studies of shear induced diffusion are those of Ekstein (1977) and Leighton
and Acrivos (1987a, 1987b). As noted in Chapter 3, Leighton identified a limitation in the
experimental apparatus of Ekstein and hence discussions here will be limited to the works of
Leighton and Acrivos.

The correlation of Leighton and Acrivos (presented in Chapter 3, and repeated here for

convenience) is :

A 2

Dy = D ¥y 7y (5.34)
with

A 2(/ 1 g 8¢ .

D = 0,338C° 1 + =e (5.39)

\ 2

where D, = shear-induced hydrodynamic diffusivity of particles (m?/s)

D = non-dimensional diffusivity

v = shear rate (s-1)

r, = particle radius (m)

C = solids concentration (volume fraction)
The above correlation is a result of two separate studies. In the first [Leighton and

Acrivos (1987a)], the diffusivity of particles in a shear field, in the presence of a concentration
gradient, was measured. Hence the measured diffusivity included the effects of both random
and non-random drift components. Volume fractions investigated ranged from 0,4 to 0,5 and
particle sizes from 46 um to 87 um . The second study concerned the measurement of particle
diffusivity in a uniform concentration field [Leighton and Acrivos (1987b)]. Here the measured
diffusivity only reflects the effects of random drift (i.e. self diffusion). Two particle sizes
were used, 645 pm and 389 pum, shear rates ranged from 1,55 s-1 to 65 s-1 and the volume
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fraction range investigated was 0 to 0,4. Equation 5.35 is a combination of the shear induced
diffusivity measured at the high concentrations and the self diffusivity measured at the low

concentrations.

Leighton and Acrivos (1986} note that since the shear induced diffusivity may be up to five
times greater than the self diffusivity, equation 5.35 would probably underestimate the shear
induced diffusivity at low concentrations. It should also be noted that although equation 5.35
indicates that the non-dimensional diffusivity, D, is independent of y and r ,, a significant
scatter exists in the data.

Equation 5.35 requires adaptation before it may be applied to the system used in the present
study. The particles used in Leighton's studies were spherical and of relatively uniform size,
in contrast to the highly irregular, angular limestone particles used in the present study. On
the assumption that the shear induced diffusivity of angular particles may differ from that of
spherical particles, it is proposed that :

b’ = K, D : (5.36)
where D = non-dimensional diffusivity for spherical particles (equation 5.35)
D" = non-dimensional diffusivity for angular particles

K, < |

Evaluation of the diffusivity from equation 5.34 requires the specification of the shear rate,
v . This may of course be obtained by differentiation of the velocity profile in the wall region.
As explained in Section 5.3, however, the attenuation of turbulence by the solids will result in
the velocity profile in a CFMF system differing from that obtained with a pure fluid. The
qualitative effect that turbulence dampening will have on the shear rate may be inferred from
Figure 5.6.

Curve | depicts a typical "pure fluid” turbulent velocity profile. Curve 2 is the well known
parabolic velocity profile for laminar flow, and thus represents the velocity profile for total
dampening of turbulence. The dampening of turbulence due to high concentrations in the
near wall region will thus tend to shift the velocity profile from Curve | towards Curve 2 e.g.
Curve 3. This will result in an increase in the shear rate over most of the core, but in the
region of the wall the shear rate must decrease. The shear rate in the wall region may thus
be represented by :

#*

Yy = K,y (5.37)
where v = shear rate calculated from a pure fluid velocity profile
2 = actual shear rate in a system with a radial concentration profile

K, < |



5-28

Umox

FIGURE 5.6

1.0
: 5
- increased
0.8 shear rote 2
0.6
pep
? o
a
5
o Q
o
0.4
turbulent velocity profile
1 for pure fluids
faminar velocity profile
0.2 2 | for pure fluids
expecled turbulent velocity
§ 3 profile if o radial ‘
concentration profile exists
0~ 1 i 1 }
0 0.2 0.4 0.6 0,8 1.0
wall centreline
Y/R .

Qualitative Effect of Radial Concentration Profile on Shear Rate

at Wall

Combining 5.34 to 5.37 yields :

with

<

2
P

v D r

shear rate calculated for a pure fluid

shear diffusivity parameter

KK,

I

non-dimensional diffusivity (equation 5.35)

(5.38)

The shear induced hydrodynamic diffusivity in a CFMF system may thus be modelled as

equation 5.38, with K,, being an adjustable model parameter.

In view of the fact that equation 5.35 underestimates the diffusivity at low concentrations, and

noting its exponential form, it is highly feasible that the equation may drastically overestimate

the diffusivity at concentrations greater than 0,5.
the current modelling effort, where concentrations of up to 0,6 will be encountered.

This may have significant implications for

It should

also be noted that the shear rates encountered in the sub-layer of a turbulent flow (of the order



of 10 000 s-1) are orders of magnitude greater than the shear rates used in the studies of
Leighton and of Ekstein. At present, however, there are no a priori indications as to whether
equations 5.34 and 5.35 are applicable to the system under study. By default they will be
applied and their applicability judged in terms of whether the final solutions seem realistic.

54.13 Effective Particle Diffusivity

It is expected that the shear induced diffusivity will predominate in the sub-layer while the
diffusivity due to eddies will dominate in the outer regions. In the buffer region both
diffusivities are expected to be significant.

It is proposed that the diffusivity over the whole flow field will be given by the algebraic sum
of the turbulent and shear induced diffusivities i.e. :

D, = D, + D (5.39)

P pt ps

with D

ot particle diffusivity due to turbulence (equation 5.33)

D,

shear induced hydrodynamic diffusion (equation 5.38)

5.4.2 Radial fluid velocity distribution - 1~

Noting the absence of empirical correlations for the radial velocity profile, the most rigorous
option to obtain IV would be the solution of one of the models mentioned in Section 5.3.1 e.g.
Kinney and Sparrow (1970). In view of the complexity of those models, however, an alternative
approximate method may be employed, based on the evaluation of V¥ from the fluid continuity
equation.

The continuity equation for fluid flow in a porous tube is :-

1 o ol
- —(rVv) + — = 0
r ar( ) 0z (5.40)
Rearrangement leads to :-
1 U
V{ry = - f r— d
(ry =~ O( 5z )4 (5.41)

where V(r) = radial fluid velocity at radius r .

Thus, the radial velocity distribution ¥ may be obtained from equation 5.41 if the radial
distribution of the axial velocity gradient (30U /92) is known.
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A global mass balance over a differential length, Az, of porous tube yields (Figure 5.7) :-

— - Z2Az
¢l - UCZ * R Vcs {542}
&
where U, = bulk average velocity in core (m/s) (I=in, 2=0ut)
v, = radial velocity at the wall (cake surface) (m/s)
R. = core radius (m)
Az
R DU SO AU SN S S S
o . —
Uc\ Re : U,
PP s e e e
(cake surfoce)
(3
FIGURE 5.7 Fluid Mass Balance across a Porous Tube

By specifying U, , R., V., and AZ, U,, may be obtained from equation 5.42. The axial

vetocity profiles, U,(r) and U,(r) may then be calculated from U,,, U, and a suitable
correlation for turbulent (low velocity profiles e.g. the universal velocity profile.

These axial velocity profiles may then be substituted into a finite difference analogue of
(dU73z) 1e.
U Ui(ry = Uy(r)

Ty (549

where (2U//2z},

axial velocity gradient at radius

Uy, U, inlet and outlet velocities at radius r

yielding the radial distribution of (20//4z). Equation 5.41 may then be integrated to yield
the radial fluid velocity distribution V' as a function of U,,, R., V., and fluid physical
properties.

A typical profile calculated by the above procedure, and using Von Karman’s universal velocity
profile, is compared to a profile from Kinney and Sparrow (1970) in Figure 5.8,
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v | From Kinney ond Sparrow (1970)
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FIGURE 5.8 Comparison of Calculated Radial Velocity Profile with that of
Kinney and Sparrow (1970)

The profiles are substantially similar, validating the above procedure as a method® to obtain
V.

Consistent with experimental profiles from Hirata et al. (1982a), V shows a moderate deviation
from the profile that would be obtained for a plug flow axial velocity profile i.e.

V Y

— = ] - — .44

7 R (549
and approaches the expected profile for a constant radial flowrate i.e,

v = 1 = y (5.4%5

Ve R. 49)

in the near wall region.

It was found that calculated V/V , profiles were insensitive to V., , and negligibly sensitive

to U, , at the typical velocities encountered in the present study. Further, the calculated
distribution was insensitive to the value chosen for Az, providing that the value chosen was
not too large.

3 Strictly, the universal velocity profile will only be valid for low wall velocities {see Section 5.3.1}.
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The I¥ profiles calculated by the above procedure are "pure fluid" profiles i.e. the effect of
the radial concentration profile is not taken into account. The qualitative effect of the radial
concentration profile is depicted in Figure 5.9. Curve | represents the VsV, ) profile fora
highly turbulent system i.e. where the axial velocity profile approaches plug (low. Curve 2
is the expected profile for a parabolic axial velocity profile (laminar flow). The existence of
the radial concentration profile will thus cause curve ! to shift towards curve 2 i.e. curve 3.
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G 1 T I T
@ 25 0.4 0.6 0.8 1.0
wall ¢cenlreting
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FIGURE 5.9 Qualitative Effect of Radial Conceniration Profile on Radial

Velocity Profile

Quantitatively, the effect of the radial concentration profile is not expected 1o be substantial,
Quantities like the shear rate, vy, are functions of the radial gradient of the axial velocity profile
ie.(aU/sr). This radial gradient 15 subsiantially affected by the concentration profile in the
near wall region, and hence the effects of concentration had to be explicitly taken into account
(see equation 5.37), V', however, 1§ a function of the axial gradient of the axial velocity profile
1e. (83U /2z), which is not expected to be a strong function of the radial concentration profile.
The insensitivity of IV to concentration effects may also be inferred from Figure 5.9. Even
if curve | was substantially shifted towards the laminar flow curve (curve 2) the difference in
point values for V' in the near wall region will be small. Accordingly, it will be assumed that
the effects of the radial concentration profile may be ignored and the ¥ profile in CFMF
system may reasonably be approximated as a “pure {luid” profile.

Note, once again, that when implementing the above procedures in CFMF systems, velocities
based on the core radius, ie. V', and U, , are used in place of velocities based on the tube
radius, ie. V, and U, .
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543 Boundarv Concentrations - C.., and Cpax

Following the discussions in Chapter 3, Cuax is the limiting cake concentration as the solids

compressive pressure, P, approaches 0 Pa. Thus Cpax is a property of the suspension and
may be evaluated experimentally.

Compression-permeability (CP) cell tests on the limestone used in this study indicated that

C - 0,6 (volume fraction) as P, = O

max

C.. is that concentration at which a suspension ceases flowing and consolidates into cake.

This concentration is not necessarily equal to C,,.. In considering uniformly sized spheres,
for example, C,,. would probably corfespond to the body-centre-cubic or hexagonal packed
state (volume fraction = 0,74), but the lowest concentration that may be regarded as cake is the
cubic packed state (volume fraction = 0,52). In this instance it is feasible that C,, will be
achieved at a concentration of = 0,52, whereafter the particles will rearrange themselves to
achieve a C,,, approaching 0,74,

For the present, since information on the packing states of limestone is not available, and noting
that the objective is to model the system from experimentally determined quantities and current
technology, it will simply be assumed that :-

Conw & Coae = 0,6 (5.46)

max

5.4.4 Cake Permeabilitv - X

The cake permeability is, fundamentally, a property of the suspension particles and a function
of the compressive pressure [Tiller and Yeh (1987)]. Due to preferential deposition effects and
the variation of solids compressive pressure through the cake, the permeability is also expected
to be a function of cross-flow velocity and distance through the cake, These latter effects
were discussed qualitatively in Chapter 4.  The study of Baker et al. (1985) provides a
quantitative indication of the effect of preferential particle deposition on the permeability (or
conversely on the specific cake resistance, a). For the mineral suspension used in their
experiments, the ratio (¢ - 100’ Qgeca-ene) Fanged from 2 to 3,3 over the pressure range 60 kPa
to 160 kPa,

Standard experimental techniques to evaluate X generally involve some form of dead-ended
filtration test e.g. compression-permeability (CP) cell. Baker’s results, and the findings in
Chapter 4, indicate that dead-end tests are most likely to overestimate the permeability of cakes
formed under cross-flow conditions. However, noting that the aim is to evaluate model functions
from experimentally measured quantities and current technology, and noting that no simple
test exists to evaluate K under cross-flow conditions, dead-end filtration tests remain the easiest
method to obtain an estimate for X . Note that the results of Baker et al. (1985) indicate, at
the very least, that the order of magnitude for K is the same under dead-end conditions.
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Accordingly, it will be assumed that the effects of preferential particle deposition and radial
compressive pressure profiles on cake permeability are second order effects and may be neglected.
Thus the cake permeability may be represented by an average value which is solely a function
of the operating pressure and may be estimated from dead-end filtration tests.

CP cell tests on the limestone used in this study indicated that over the range

101 kPa < P, < 303 kPu

the permeability could be represented by :

P -0. 1661
K = 2,6889( j (5.47)
101
where P, = compressive pressure (kPa)

The above permeability function will be used in the model. Errors arising from the use of this
(most definitely) over-estimated permeability will have to be "absorbed" in the adjustable model
parameters.

5.4.5 Concentration Boundary Laver Thickness - (&)

The basic assumption in a boundary laver approach is that the concentration field may be
roughly divided into two regions - the core where concentration gradients are negligible and
the concentration is approximately equal to the bulk value, and the boundary layer where most
of the concentration gradient occurs. Accordingly, analysis of the system is greatly simplified
by restricting considerations to this thin boundary layer. Note that in terms of this assumption
a system whose concentration profile is as in Curve 1 of Figure 5.10 lends itself to a boundary
layer approach while a system with a concentration profile as in Curve 2 does not.

centreline

r/R.

PO

§
§
{

boundary
layer
—

T
bulk wal
Concentration

FIGURE 5.10 Concentration Profiles Illustrating Validity of a Boundary Layer
Analysis
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One approach to the concentration boundary layer thickness, (8) , is to relate & to the momentum

boundary layer thickness 6, [Bird et al. 1960)] i.e.

8 -1
— = (5,)° (5.48)
b,
where & = concentration boundary layer thickness (m)
6, = momentum boundary layer thickness (m)
S. = Molecular Schmidt number

This approach cannot, unfortunately, be directly applied to CFMF. Firstly, in fully developed
pipe flow the momentum boundary layer theoretically extends to the tube centreline. Thus,
a boundary layer as defined above no longer exists. Equation 5.48 therefore is strictly applicable
to developing or unbounded flows only. It is of course feasible to arbitrarily define 6, as the
point were I/ = 0,99¢ ., {for example). This approach could yield success in highly turbulent
systems, where the velocity profile is {lat over most of the tube cross-section. For the typical
axial velocities encountered in this study, however, the velocity profiles are similar to curve 1
in Figure 5.6, and 0.990,,, once again approaches the tube centreline.

The second problem concerns the Schmidt number, 5. . Although the particle diffusivity due

to bursts and eddies is related to the momentum diffusivity, the shear induced diffusivity cannot
be simply related to the momentum diffusivity.  Thus, even if 6, can be evaluated, the
specification of S, is problematic.

An alternative approach is to formulate an expression for & based on the properties that & is
expected to exhibit. These expected properties are :

{1) as velocity increases, 6 decreases - (at higher velocities greater mixing in the core
results in an increased core region of uniform concentration, and hence a thinner

boundary layer).

(ii) As viscosity increases, & increases - (at higher viscosities, reduced turbulence levels

result in a decreased core region of uniform concentration).

These properties will be exhibited if the boundary layer thickness is expressed in terms of the
non-dimensional distance co-ordinate in turbulent flows, ¥ (see equation 3.43). Hence,
following Flemmer et al. (1982) and Hunt et al, (1987b), it is proposed that :

v )
b = K, U (5.49)

where K, = boundary layer parameter
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&, will be evaluated by computational experiments?, The factors that will govern the choice

for X, are:

{5 Particle size '~ & must be substantially greater than the particle diameter in order to
he physically realistic.

{1i} Calculated concentration profiles -  assume that for some K, the calculated
concentration profile over the boundary fayer is Curve | of Figure 5.11. By implication,
the profile over the tube will be as in Curve 2 of Figure 5.11.  In this instance, the
profile is consistent with Curve | of Figure 5,10, and hence K, is acceptable.
Conversely, if the calculation concentration profile over the boundary layer 15 given
by Curve 3 of Figure 5.11, the implied profile over the tube 18 Curve 4. Curve 4 is
not realistic since an obvious discontinuity exists at point A, In this instance, the
assumed value for X, is too low. Thus the validity of the choice for £, may be assessed
by observing whether the concentration in the boundary layer smoothly approaches the
bulk concentration before the edge of the boundary layer,

centreans fEnirahns
pradictag mplied ' éréé%c ied ©1 nphed
concantrotion | COMEnFOuon concentrolion ¢ O BTG LION
prafite over | I profile sver profile ovar i prefile over
baundary {1 chonnal Baundory i} chonnel
fayer : v layer :
P
k=)
=
T
o
. )
: =
™ : i
B [ 2 | N N
3 il LGl 7
b powndary tayer boundary layer 2
FIGURE 5.11 Concentration Profiles Iltustrating Validity of Assumed Boundary
Laver Thickness
4 This will be glzborated on in Section 5.8,
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The equipment and operating variables that will be specified as inputs to the model are:

v, -

€% - bulk concentration (g/¢)
P - operating pressure (Pa)
T - temperature { °C)

R - tube radius {(m)

bulk average superficial inlet velocity {m/s)

The cake thickness is then iterated until the steady-state equations are solved. For a specified
cake thickness, {., the various guantities required for the calculation of model functions are

obtained as follows:

5.4.6.1 Core Radius

R, = R-1, (m)

c

5462 Axial Velocity in Core

— — (R \?
i - —
- (&)
5.4.6.3 Permeate Velocities
" N AP K
w = = (m/s)
we R oin()
R
[/cs = [/w (-}?—C} (m/s)

5.4.64 Fluid Density  [from Hunt (1987a)]

p, = (999,83952+16,945176T -7,987041 x 107372
-46,170461 X 10°°T%+105,563%x10°°T*

-280,542X10°%*T%) / (1,0+16,879x107°T)

with  p, in kg/m3
T in °C

(m/s)

(from ©.11)

(5.50)



5.4.6.5

with

5.4.6.6

where

5.4.6.7

where

54.6.8

Fluid Viscosity  [from Hunt (1987a)]
= 2
_ 1 ,002X }01,3272(20T)—0.001053(T 203}
He 0,01(T+105,0)
b in Pas
2 in °C
Suspension Concentration (volume fraction)
Cl
C, = —
Ps
Ce = suspension concentration (volume fraction)
Cs = suspension concentration (g/f)
P, = particle density
= 2 550 kg/m?3 (from Appendix )
Suspension Concentration (mass fraction)
oo Cp
B . 1000
Cy( 152+ 1000
s J
Cs° = suspension concenitration {mass fraction)
Suspension Density

Ch <1—c;>}" .
S kg/
(ps pf (g m)
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(5.51)

(5.52)

(5.53)

(5.54)
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5.4.6.9 Suspension Viscosity  [from Wasp et al. (1977)]

wo= p,( 1,0 + 2,5C, + 10,05C; (5.55)

+ 0,0027exp[16,6C,]1 )

5.4.6.10 Suspension Kinematic Viscosity

v = 2. (m?/s)
p

54.6.}1 Turbulence Variables

() 20 U, R
Re = p & &

i

B 5, = 0,079(Re)"

L/CS
f = fo (1,0-‘-115,85) (5.14)

[

(For the low radial velocities encountered in the present study, f= /4 )

A

1 —
Tw - é f p U[:
= U = U, f/2 (m/s) (5.56)
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54.7.1

5.4.7.2
(1)

(i)

(iii)

(iv)

5.4.7.3
(1)

(i1)
(iii)
(iv)

5.5

Summary of Model

Steady-State Equations

Re Cri‘
[ Yo = ( ) (5.7)
R.-& Dp CB
VR R
- 5.11
AP % m(kf“) ( )

Model functions

6 = boundary layer thickness
=K,(v/U")
Cora = critical concentration for consolidation
=0,6
K = cake permeability (equation 5.47)
v = radial fluid velocity distribution (equation 5.41)
D, = particle diffusivity distribution (equation 5.39)

Model parameters

5. = inverse particle Schmidt number (equation 5.15)
K . = shear diffusivity parameter {equation 5.38)

n = turbulence attenuation parameter (equation 5.32)
K, = boundary layer parameter (equation 5.49)

NUMERICAL SOLUTION PROCEDURE

The objective is to determine the steady-state cake thickness (¢.), and hence the steady-state

flux, for specified superficial inlet velocity (U ,), operating pressure { P) and bulk concentration

(Cs).

The overall iteration scheme is presented as Algorithm I in Figure 5.12 (highly simplified) :
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(  BEGIN
:
INPUTS
U,.P,Cg

/

STEP |

Assume t

STEP 2 - v

Colculate T

FIGURE 5.12

Evoluote

STEP 3 ‘/Rt—é

/

/ OUTPUT
\/ W
'

( END

Algorithm I - Overall Iteration Scheme (simplified)

The radial velocity distribution, V', in step 3 may be directly evaluated using the procedure in
Section 5.4.2.  The diffusivity distribution, D, , however is a function of the concentration



profile, ¢ , in the boundary layer (see equations 5.33 and 5.35). The concentration profile
will, in turn, be determined by V' and D,. Thus step 3 requires a procedure that will yield
simultaneous solutions of the mutually dependent distributions of D, and C .

For this, equation 5.3 (repeated here for convenience) may be emplovyed ;

1 0 1o f ac)

-~ = (rv¢) = -— |rD,— (5.3)

roer (rve) ror o\ ar
The finite difference analogue of equation 5.3 is:

T, + T, + T35 - T
cliy = — 2 2 : (5.57)
Ts

where

T, = D;g" [C(i+1) + C(i-1)]

1 A ) . ,
T, = 41’8—2 [D,(i+1) - Ds)(z~l)] [Ci+1) - C(i-1)]
D) . ~ o
Ty = 5By [Ca+1) Ci-13]
V(i . .
T, = 22 ey - c- 1)
Va+1) - V{i-1) V(i) D (1)

Ts = 2B Tt 2

with ¢ = any INTERIOR mesh point
= mesh spacing
= radial distance from tube centreline.

The appropriate boundary conditions for equation 5.57 are :

r = R, ' i = N C(N) = C_4

r = R.-0 io= 1 C(l)y = Cq4

For specified V and D, distributions, therefore, equation 5.57 may be solved by a point

refaxation procedure, subject to the specified boundary conditions, to yield the concentration
profile in the boundary layer, C .

In the present instance, however, the diffusivity distribution is not known, since it 15 a function
of the concentration profile. Thus, a nested point relaxation procedure must be employed, to
obtain simultaneous solutions for D, and €. The algorithm for this nested procedure is
presented in Figure 5.13 (a) and 5.13 (b).
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( BEGIN )
!

INPUTS _
RC \/CS 6 UC

STEP

Divide boundary layer into (N+1) mesh points
spaced distence (B) apart.

Mesh point (i=1) is the edge of the boundary
layer, and (i=N) is the cake surfcce.

STEP 1t
Calculate FLUID VELOCITY distribution
V(i) i=1,N

(ezuation 5.41)

STEP i

Set boundary conditions for Concentration
c(1) = Cq
C(N) = C

crit

l
STEP v

Assume starting values for C(i), 1 <1 < N

i

STEP v |
Calculate initial diffusivity distribution,
D, () i=1.N

(equation 5.39)

7
®

FIGURE 5.13(a) Algorithm II - Nested Iteration Procedure to Obtain
Simultaneous Solutions for Concentration and Diffusivity
(used as Step 3 of Algorithm 1)




solve for cencentration
prafile

STEP wi
Recalculate concentration

c(i)

T <1<

N
(equation 5.57)

STEP wvil
Recalculate diffusivity distribution

Do(i)  i=1.N

(equation 5.39)

Yes

D, (i) changed

SOLUTION |

Simuttaneous solutions for

Dpond C

!

( RETURN )

FIGURE 5.13(b)

Algorithm II {continued)

It will probably be noted that Step (ii) of Algorithm I1 is seemingly inconsistent with equation 5.3.
V' in equation 5.3 refers to the suspension velocity distribution whereas IV in Algorithm II has

been specified as the fluid velocity distribution.
equivalent when the net solids flowrate is zero.

The fluid and suspension velocities are only
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The netsolids flowrate may simply be calculated from the output of Algorithm Il and equation 5.4
ie.

Q, = rvVC - er?—C- (5.4)

or

In general, the output from the Algorithm II will not yield a zero net solids flowrate. In those
instances the algorithm is inconsistent with equation 5.3 and the algorithm output is physically
meaningless. When Algorithm Il is substituted into Step 3 of Algorithm I, ¢, is iterated until
J(W/D ) =1In(C.u/Cs),ie. until the net solids velocity is zero. At this solution point, therefore,
the fluid and suspension velocity distributions are equal, and Algorithm Il is consistent with
equation 5.3. Thus the general solution to Algorithm II may not be consistent with equation 5.3,
but the specific solution obtained when Algorithm II is coupled with Algorithm 1 is consistent
with equation 5.3. ‘

The above algorithms were coded into Fortran and implemented on the Computing Centre for
Water Research (CCWR) mainframe computer. The values used for model parameters will be
discussed in the next Section. Computations were initiated by specifying an initial concentration
profile (Step iii, Algorithm II) of the form

F"Rl m
C(r) = (ﬁj (Coa=Cp)*Cy (5.58)
where C(r) = concentration ar radius r
R, =Fk_-6

m profile parameter

Note that m = 1 yields a linear initial concentration profile, m = 2 yields a quadratic profile etc.

The final solutions were insensitive to the starting profiles used. In general, m =3, i.e. a cubic
initial profile, seemed to reduce the number of iterations needed for convergence,

Computational stability was controlled by using appropriate relaxation factors e.g. in Steps (vi)
and (vii) of Algorithm II,

C(H™ = C) + RF(C(O) -ci))

Do(D)™" = D) + RF,(D, ()" =D, (D))
where RF,,RF, = relaxation factors

j symbolises the jth iteration

In general, computations were still stable if C(i) was over-relaxed (RF,=1,5). In initial

iterations, D, needs to be under-relaxed (RF,=0.4), but RF ,could safely be increased to 0.8
as the solution was approached.
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In Algorithm II, convergence was assumed, when at all mesh points,
Di‘l - D/
("—.——" < 1,0E-5
}
D Y
Y
—\ < ]1,0E-95
c’ J
Investigations indicated that decreasing the convergence criterion from the above value produced
no change in the final solution.

Algorithm I was assumed to have converged when

Jwrpyy = mccares
In(ccril/CB)

< 0,01

The influence of mesh spacing was also tested, by progressively increasing the number of mesh
points and comparing the predicted fluxes. Increasing the number of mesh points from 151 to
251 produced negligible change in the predicted flux, and all computations were subsequently
performed with 151 mesh points.

5.6 QUANTIFICATION OF MODEL PARAMETERS

5.6.1 Introduction

Computational investigations indicated that the boundary layer constant, K,, was not

significantly dependant on the diffusivity parameters (n, S, and K,, ) and vice versa. This
enabled K, and the diffusivity parameters to be quantified independently,

5.6.2  Diffusivity Parameters (n, S, K, )

Initially an attempt was made to quantify the optimal n, S_, K, combination by regression on

the entire experimental dataset. It was found that a wide range of S_, K,, combinations yielded
an equivalently good fit between predicted and observed fluxes. This prompted an attempt
at "manual” regression in order to better understand the interactions amongst the parameters.
This exercise, in turn, indicated the interesting result that n,S., K,, could reasonably be
estimated from a single experimental datapoint (i.e. a single steady-state flux measured at a
known velocity, pressure and concentration). The manual regression procedure leading to this
surprising observation is detailed below.



The dataset obtained in the experimental study is summarised in Table 3.4,
subsets, depicting the effects of velocity, concentration and pressure on the steady-state flux.

It is seen that datapoint 3 is the eentral datapoint in all subsets.
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it consists of three

TABLE 5.4 Summary of Experimental Dataset
Datapoint Run Number  Superfictal | Concentration Pressure Fiux
Inlet Veloeity
(&) (cy (P} (/)
{m/s} (8/8) (kPa) (¢/ m*h)

{a} Effect af Velocity on Flux

] 35 0,85 39,4 200 499

2 53 i,13 39,4 200 563

3 48 1,42 39,4 200 638

4 52 1,7 39,4 200 722

5 34 1,98 39,4 200 802
(b} Effect of Conceniration on Flux

6 50 I,42 9.9 200 886

7 47 1,42 19,8 200 749

3 43 1,42 39,4 200 638

bt 49 142 38,6 200 574

9 51 1,42 71,6 200 530
fc) Effect of Pressure on Flux

10 59 1,42 35.4 100 502

il 60 1,42 33,4 150 574

3 48 1,42 39,4 200 638

12 61 1,42 39,4 250 672

13 58 1,42 39,4 300 687
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For each datapoint, and for a specified &, , there exists innumerable combinations of 7, &,

K . that will yjeld an exact match between the predicted and observed flux for that datapoint.
These constitute a parameter solution surface for that datapoint. A two-dimensional
representation of a typical parameter solution surface is shown in Figure 5,14, Every point
on every curve represents an n, K. 5. combination that will result in an exact match between
the predicted and observed flux for the particular datapoint. The curves were generated using
the aigorithm in Figure 5.15 (overigaf).
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FIGURE 5.14 Two-Dimensional Representation of g Typical Selution Surface

It is seen that $, and K,, are highly correlated at low K, , but $, becomes progressively less
dependent on K,, as X,, increases. It is also clear that the solution curves become less
dependant on 2 as n s increased.  The significance of this will be addressed shortly,

The parameter sotution surface for each datapoint will, in genersl, be unique and differ markedly
from those of the other datapoints.  Ideally, the solution surfaces for all datapoints should
intersect at a single point, which then defines the optimal n. $,. K,, combination. In general,
however, the solution surfaces will oot intersect at a point.  The task then resolves to finding
the parameter combination that is "closest” to all surfaces t.e. that which results in the minimam
error between predictions and observations,



FIGURE 5.15

(_ BEGIN )
R
INPUTS
US s P y CB , Ké
\/W {from experiment)
{
STEP 1
[ STEP 1) t R vV
Calculate c o c cs
5 U
!
STEP 2 .
Specify  n K,
STEP 3 .
Assume S
STEP 4] R b Uses |
Evaluate / A ALGORITHM |
Re Dp L §

/

OUTPUT K .h Sc'
(one point on solution surface)
¥
( END )

Algorithm III - Algorithm to Generate Solution Surface




Manipulation of three-dimensional surfaces is not a trivial exercise. However, investigations
indicated that the solution surface is not very sensitive to . This is typically ilfustrated in
Figure 5.14, where it is seen that the S,. K,, solution curve is not very sensitive to n over
the range n=2,5 ton=5. Similar trends were observed for the solution surfaces for other
datapoints. This observation enabled n to be assigned a fixed value, thereby reducing the
number of manipulatable parameters to two and hence reducing each solution surface to a
parameter solution curve. From Figure 5.14, therefore,

n o= 3,5 (5.59)

It will be shown in Section 5.7.3 that the predicted fluxes are indeed insensitive to r.

It should be noted that although each point on a given S, K, solution curve will yield the
correct predicted flux for the datapoint, every point does not necessarily yield a realistic
concentration profile,  This is depicted in Figure 5,16, where concentration profiles predicted
at different S_, K,, combinations are presented. At Jow K,,, all the concentration gradient
is confined te an extremely thin region next to the cake. The thickness of this region is the
same order of magnitude as the particle diameter. Thus, the solution predicted at low values
of K., is not phvsically realistic. At moderate and high K, the thickness of the concentrated
region is orders of magnitude greater than the particle size, indicating a physically feasible
solution,
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FIGURE 5.16 Hiustraiion of Realistic and Unrealistic Concentration Profiles




Having fixed n the task then resolves to graphing the 5,. K. solution curves for all datapoints
and linding the 5, K, closest to all curves. The solution curves for all datapoints, forn=3,5,
are presented in Figure 5.17.
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FIGURE 5.17 Solutton Curves for all Datapoints

At low K. the curves are substantislly dissimilar, As K, increases most curves converge

and thereafier become similar for K _,>0.6. The most significant Feature of Figure 5.17 is
that the curves do not intersect in a discrete region, but are subsmantially the same over a wide
K, range. This indicates that a wide range of optimal §,. K, combinations will exist. The
second significance of Figure 5,17 i3 that, noting the coincidence of the solution curves at
moderate to high K, , the optimal values (or S,, X,, may be inferred from any single curve,
The curve for datapaint 3 is particularly attractive since dotapoint 3 is the central point in each
experimental subset (s¢e Table 5.4) and the solution ¢urve for datapoint 3 falls approximately
in the middle of the family of solution curves. Using the solution curve for datapoint 3 will
nlsa enable a more rigorous evaluation of the model since parameters evaluated for 8 median
velocity, concentration and pressure will then be applied o extreme concentrations, velogities
and pressures.



It cannot be determined a priori which of the 5,.K,, combimatioas from the range K, >0.6

should be used, The concentration profiles for all 5,. K, combination in this range are

expected to be realistic (see e.p. Figure 5.16). Accordingly, the model will be tested at various
5., K, combinations in the range K ,, > 0.6, using parameter combinations obtained from the

solution curve lor datapoint 3,

5.6.3 Boundary Laver Paramgler (£4)

Computational experiments were performed, involving changing the boundary layer thickness,
salving the model and comparing the resultant model owtputs. This was done lor various
"splution combinations" of the other model parameters, a1 oblained in Section 5.6.2.

These experiments indicated that Ky was insensitive to the other model parameters and also

indicated that the predicted steady-siate {lux and concentration profile was not very sensitive
to the boundary layer thickness, provide that & is greater than some minimum boundary layer
thickness. This is typically illustrated in Figures 5.18 and 5.19, where predicted fluxes and
concentration profiles for one experimental datapoint are shown as a Munction of K, .
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FIGURE 5.18 Effect of Boundary Layer Parameter on Concentration Profiles

It is seen that for K, greater than some (not very well defined) minimum value, both the
predicted flux and the concentration profile are almost independent of £, . The insensitivity
of the model to K, will be explained in Section 5.7.3.
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For all results presented here, it was found that a boundary layer thickness of 150(v/U") was
sufficient to fulfil the criteria specified in Section 5.4.5. Hence,

Ky = 150 (5.60)

5.6.4 Summary of Model Parameters

(a) Examination of the parameter solution surfaces indicates that the solution is not very
sensitive to n, over a reasonable range of n. Hence, from Figure 5.14,

n = 3,5

{b) Examination of the S,, K ,, solution curves indicate that a wide range of optimal Se. K

combinations possibly exists, and that these could reasonably be quantified from the
solution curve for a single datapoint. The S, K, combinations to be tested will be
obtained from the solution curve for datapoint 3, from the range K,,> 0.6.

{c) Computational investigations indicate that the model is relatively insensitive to K, .

From computational experiments,
Ky, = 150

Note that, in retrospect, the values of all the parameters could have been obtained solely from
computational experiments on datapoint 3.
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57  RESULTS AND DISCUSSION
5.7.1  Comparison Between Model Prediction and Experimgntal Observations

Model predictions Far steady-state Muxes and cake thicknesses were oblained for the walues for
K, and n ns decided on in Section 5.6, and three 5,. K, solution combinations, as obiained
from the solution curwe lor datapoint 3 from the range 0.7 <K, <1.4. These parameber
combinations are summarmed in Table 5.5.

Parameter Combinations Used in Model Predictions

1 150 1,5 0,7 0,00900

2 150 1,5 1,0 0,00725

3 |50 1.5 1,4 0,00609
—

The predicied elTects of inlet velocity, concentration and pressure on the steady-state flux are
shown m Figures 320, 521 and 5.22.

'-J - e A
Le ]
E ek (7 B |Fesisg - paramee e
x '_ - E Sormlal e =i waf 4
e e ! S Ml = Sormrreier wad 3 =
| S
W ey
- i 8
5 & |
- v
3 £a0 &
- "
p 433 |
L
E oy
ki)
L]

o [ e

i
8 I
[
=
il
- | Ered o lipe i m e S| magene et 12 M3 1
- p—— v : 4
——
3 o8 1.4 1.3 (! g I8 10 22

intet Vefocity, U | (/=)

FIGURE 5.20 Predicted Effect of Velacity an Steady-Siate Flux




5-55

W esperirnenial
----- B | oredicied - porometer set |
~we [} prodicied - porometer set 2
. | Eprodicled - poremeler sel 3

[ Ecror% = ((predicted- experimental}/expenmmentsi}}* 100 }

1000
= 1
oo
£ =
N
o W
R A

800
¥
-

B
3 00k
Lo
gv)
L
o 600
!
[+)
[,
a
500
5
Be
O iiiieenene
fas

O

Yo

L™

]

-1l

]

FIGURE 5.21

20 40

Bulk Concentration, C g

y

] &G

(g/1)

plees

Predicted Effect of Conceniration on Steady-Siafe Flux

750

700

(¢ /™)

650 -

7

&t

Predicted Flux, J.

450

experimaentcl

pradicted - poromeler el Y

predicled ~ porometer set 3

prediciog - porormeter ser 3

G

Error %

Ik

A
S

at

L

-
A

s

s,
hES

ot

FIGURE 5.22

-
150 200
Pressure, P

230 300

(kPa)

Predicted Effect of Pressure on Steady-State Flux

350




In all instances, the predicted fluxes are insensitive to the 5,. K,, combination used. This

confirms that & wide range of parameter combinations will yield equivalently good fits between
predictions and observations, The trends predicied with respect o the effects of operating
variables on steady-stote MNuxes are all contistent with experimental observations (see Chapter 2).
The largest errors are observed in predictions for the efTect of velocity on lMux. The predicted
curve straddles the experiment curve, under-predicting the Mux by = 20 % at low velocity and
over-predicting by = 10 % at high velocities. Predictions for the effects of concentration and
pressure on fMox are quite close to observations, except st high pressures where an over-prediction
of =35 % occurs.

The under-prediction at low velocities and over-prediclion at high velocities could possibly be
due to the neglect of the ¢ffects of preferential particle deposition. If preferential deposition
occurs to a significant extent, the cake permeability would decrease as operaling velocity @
increased (see Chapter 4). Employing a permeability Munction that i inversely dependeni on
velocity will result in an increase in predicted Muxes at low velocities and 2 decrease in predictions
at high velocities, leading to a closer match between predictions and observations.

The relatively good predictions with respect o the effect of pressure on flux possibly indicate
that compression effects outweigh preferential deposition effects in determining the
permeability-pressure relationship,

Predictions for the efTect of operating variables on the steady-state cake thickness are shown
in Figures 5.23 to 5.25. The cake thicknesses seem somewhat high, and in some instances are
up to a third of the twbe radius. These high values could possibly be due to the uwse of the
"dead-end” permeability. Without experimental meascrements it is impossible 10 evaluate
whether the cake thicknesses are realistic.  In all instances, however, the mass of cake as
calculated from the predicied cake thickness is substantially less than the mass of feed limestone
used in the respeciive run, indicating that these thicknesses are not impossible from a mass
balance point of view.
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The overall model performance is shown in Figure 5.26, where predicted fluxes are plotted
against experimental fluxes. With the exception of two datapoints, all predictions lie within
+ [0% of experimental observations.
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In light of the conservative expectations expressed in the introduction 1o Chapter 3, the model
predictions are surprisingly good. This will be discussed (urther in Section 5.8,

5.7.2  Characieristics of Typical Solutions

A typical steady-state solution is presented in Table 56 and Figures 5.27(n) and 5.27(b).
Figore 5.27(a) depicts the V. D, and C profiles over the entire boundary laver, while
Figure 5.27(b) shows a close up of the near wall region. The general characteristics exhibited
by O, , V and C were similar for all datapoints and all reasonable parameter combinations.

TABLE 5.6 Typical Model Predictions
—

Predictions for Datapoint 3 (Run Number 48)

T e ——

Specified Operating Variables:

_— —

Velocity (7, ) (m/s) |42

Concentration (C ;) (g/f) 3194

Pressare (P ) (kPa) 200

Temperature (T ) { "C) 10
Experimenial Obyervalions

Flux at Tube Wall (J, ) {(£/m*h) [}

[ |

Predictions

Flux at Tube Wall (/) (&fm?h) 619

Cake Thickness {1, ) {mm}) 2.96

Boundary Layer Thickness (6 ) {mm} 0,99
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The radial fluid velocity increases towards the cake, reaches a maximum and then decreases
slightly in the near cake region. The net particle diffusivity decreases rapidly, reaches a
minimum and subsequently increases rapidly towards the cake surface. The concentration
increases very slowly, undergoes an abrupt, step-like increase and thereafter gradually approaches
the boundary concentration.

The origin of the rather unexpected trends for D, and € may be ascertained from Figure 5.28.

The unattenuated ("pure fluid”) momentum diffusivity decreases towards the cake, eventually
becoming negligible close to the cake surface (Curve 1). Attenuation due to concentration
effects results in a more rapid decline in the near cake region (Curve 2). The low optimal
value for S, causes the particle diffusivity due to turbulence (Curve 3) to be substantially
lower than the attenuated momentum diffusivity. The shear induced diffusivity (Curve 4) is
a maximum at the cake surface, where both the shear rate and the concentration are at a
maximum. On moving away from the cake the shear induced diffusivity decreases very rapidly,
mainly due to the exponential dependence on concentration. The combination of Curves 3
and 4 yields the somewhat unique trend for the net particle diffusivity (Curve 5).
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FIGURE 5.28 Origin of Diffusivity Profile

The system adjusts the concentration profiles so that at all points in the boundary layer the
relationship VC = D_aC/dr holds (see equation 5.6). The concentration gradient at any
point is thus a function of the ¥/ D, ratio at that point. Accordingly a substantial concentration

gradient exists at the point of minimum D , and the gradient then decreases, as vV /D, decreases
towards the cake surface.



The guestion arises a5 (0 whether the above solution is realistic and meaningful. As noted
previously, the uncommon trends exhibited by D, and € were observed for all solution
parameter combinations, and lor oll data points.

The rend exhibited by I is consistent with the studies of Kinney and Sparrow (1970) and
Hirata et al. (1982). The trends exhibited by D, and D, are consistent with their correlations,
and thus by implication are consistent with the studies from which the correlations were obtained.
The resultant trend for £, , however, cannot be evaluated by comparison with previous studies.
To the best of the author's knowledge. the combination of £, and D, is unigue to the present
study, It was noted in Section 5.4.1.2 that the correlation for £,, would probably underestimate
the diffusivity at low concentrations and overestimate the same at high concentrations. II sp,
the gradient of the D, distribution will be less steep than that depicted in Figure 528. D,
however will most probably still pass through a minimum and the concentration profile will
still exhibit a sharp increase at the paint of minimum difTusivity.

MNoting that D, cannot be evaluated in terms of previous studies it will, by default, be assumed

that since the parts (ie. V. D, and D, ) are realistic, the swm of the paris (le. D and € ) are
also realistic,

One interesting interpretation of the concentration profile is that it indicates the exkstence ol
a relatively distinct thickened suspension layer, of sub-critical concentration, next to the cake
(Figurs 5.29),
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FIGURE 5219 Indication of Distinet Thickened Suspension Layer next to Cake
Surface
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The existence of such a layer is explicable in terms of the VV and D, distributions. The high
diffusivity at the cake surface promotes diffusion away from the cake. However, a significant
resistance to outward diffusion exists at the point of minimum diffusivity. Particles are thus
"trapped” between the cake surface and the point of minimum diffusivity. The radial fluid
velocity increases towards the cake surface.  This further increases the tendency for particles
to accumulate in the near cake region. On moving towards the core, past the point of minimum
diffusivity, the diffusivity increases rapidly and the fluid velocity decreases significantly. This
results in a substantial increase in particle dispersion, leading to a relatively homogeneous
suspension. The overall effect is that particle accumulation is confined to a thin region next
to the cake, manifesting as a relatively distinet concentrated suspension layer.

That a distinct concentrated layer has not been observed in other known mass transfer systems,
e.g. molecular mass transfer, is explicable, For molecular mass transfer in turbulent flows,
the overall diffusivity will be the summation of the molecular diffusivity and the diffusivity
due to turbulence, i.e. :

Do D+ €,

where D, = net diffusivity of mass (m2/s)
D = molecular diffusivity (m2/s)
€y = eddy diffusivity of mass (m2/s)

The molecular diffusivity, given by e.g. the Stokes-Einstein equation, will be constant across
a flow field. The eddy diffusivity of mass will exhibit a similar radial profile to the "pure
fluid" eddy diffusivity of momentum (Curve | of Figure 5.28). Thus the net diffusivity will
either decrease progressively towards the wall or alternatively decrease towards the wall and
then attain a constant value a short distance away from the wall. This will yield a concentration
profile that increases smoothly and progressively towards the wall.

Conversely, in particulate CFMF the equivalent of the molecular diffusivity, D | ie. D,, is not
a constant and decreases away from the cake. This, combined with the significant attenuation
of turbulent diffusivity in regions of high concentration, leads to the unique distribution for
D, depicted in Figure 5.27, and hence to a distinct concentrated layer.

For the entire feasible range for K., , this concentrated layer is 100 pmto 150 pm , ie. 20 to

30 particle diameters, thick (see e.g. Figure 5.16). It is seen that this distinct concentrated layer
issimilar to the hypothetical precake proposed in Chapter 2. The similarity is purely coincidental.
The strong probability that this layer exists does however place the proposed mechanism for
cake growth and limit (Chapter 3) and the preferential deposition effect (Chapter 4) on a firmer
footing. It is of interest to note that the solution of a full convection-diffusion model, as has
been attempted in the present study, indicates that the cake growth and limit is most probably
controlled by a distinct concentrated layer next to the cake. This indicates that modelling effort
could be considerably simplified by restricting analysis to this layer, and lends credence to
proposed moving layer models for CFMF [e.g. Fane et al. (1990)].



§.7.3 Sensitivity to Parameters

In Section 5.6.3 it was shown that the model is relatively insensitive to the boundary layer
constant, X, . Model sensitivity to the diffusivity parameters, ie. n, K, and 5., was tested by
choosing a parameter set from Table 5.5, independently changing each parameter by = 10%,
and comparing the predicted steady-state fluxes, Typical sensitivity analyses, for three
datapoints, are presented in Table 5.7,

TABLE 8.7 Typical Sensitivity Analyses
Base Case : Parameter Sei 2
n=3,5
K,=1.0
5.=0.00725
Yaried Parameter ? Change in Predicted Flux (%)
Datapoint 3 Datapoint 6 Datapoint 9
n
0,9 n 1.8 i ¢,3 2,1
.U n 2,0 0,9 2,6
S,
0,9 5, 4,4 4,4 3.9
L s, | 1 4,7 4,2
Ksh
06,9 K., 2.6 2,2 1,3
1,1 K., i.8 2.8 1,3
3 all other parameters are as in base case
b
redicted flux - i ¢
%Change = (p : pTEdlCted flux(basscase) X 100
predicted TIUX mase casey

The predicted flux is relatively insensitive to n, confirming the observation that the parameter
solution surface is not a strong function of » (see Section 5.6.2). The model is also relatively
insensitive 10 K,,, consistent with the observation that the parameter solution curve is not a
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strong function of &, for k,, > 0,6. A moderate sensitivity is exhibited with respect to 5.
Note that in many instances, the percentage change obtained by varying the parameters is
similar to the convergence criterion used in the outer iteration loop (1%, see Section 5.5},
indicating that the change is not significant. Overall, changing the parameter values by 10 %
results in a2 maximum 6% change in predicted fluxes, indicative of a model that is only moderately
sensitive to parameter values.

In general, the model exhibits a remarkable insensitivity to parameter values, for values within
certain wide ranges. From Figures 5.18 and 5.19, it is seen that predicted concentration profiles
and fluxes are not very sensitive to changes in K, over the range 100 < K, < 200. Figure 5.14
indicates that the solution surface is not very sensitive to changes in n over the range 2,5 < n
<5,0. This is confirmed in Table 5.7. Figure 5.11 illustrates that the solution curve is insensitive
to changes in K,, for K,, > 0,6.

The insensitivity to K, may be explained by noting that the concentration gradients are mostly

restricted to the region between the cake surface and the point of minimum diffusivity (see
Section 5.7.2). Thus, providing that the boundary layer is significantly greater than the thickness
of this region, the concentration profile, and hence model predictions, will be insensitive to
K,. In effect therefore, the insensitivity to K, is due to the unique form of the diffusivity
distribution.

Model insensitivity ton and K, is most probably due to the strong mutual dependence between

the concentration and diffusivity distributions, and the contrasting effects that concentration
has on D, and D, . (Recall that D, increases with concentration while D, decreases as
concentration is increased).

Consider, for example, system response when K ,,1s increased. The increase in D, will promote

the diffusion of particles away from the cake and hence tend to increase the concentration in
regions away from the cake (i.e. increasing K., tends to spread concentration away from the
cake). However, any spread of concentration away from the cake will tend to decrease the
local D, in those regions away from the cake. This effect will, in turn, restrict the diffusion
of particles away from the cake and hence arrest the spread of concentration away from the
cake. Effectively a self-dampening effect exists, within the system. Any tendency to spread
concentration away from the cake is attenuated by a simultaneous decrease in D, . Conversely,
any tendency to pull the concentration profile towards the cake will be attenuated by a
simultaneous increase in D, .

At low K, the concentrated layer is well within the sublayer and the local D, is low. Hence

the self-dampening effect is not significant, and the parameter solution curve is sensitive to
Ko . As K, is increased, the thickness of the concentrated layer extends to the buffer zone,
where D, is significant. Here, seemingly, changes in K, and n are completely offset by the
self -dampening effect, resulting in model predictions being relatively insensitive to changes in
Ksnand nover a wide range thereof. The greater sensitivity with respect to S may be explained
by noting that any change in S, results in a direct linear change in D, , in contrast to changes
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in n which affect p, indirectly, through the concentration profile (see equations 5.33). Thus
the self-dampening effect is less noticeable with respect to changes in 5., manifesting as a

greater sensitivity to that parameter.

Note that, similar to the uncommon concentration profile, the model insensitivity to parameters
is mainly due to the unique diffusivity distribution obtained by the combination of D, and
D

ps

57.4 Are the Parameter Values Realistic ?

5.7.4.1 Boundary Laver Constant - K,

Concentration boundary layer thicknesses for all datapoints, and for K,=150, are shown

Figure 5.30. 5 ranges from 0,8 mm to 1,5 mm, consistent with the boundary layer assumption
that concentration gradients are confined to a narrow region next to the cake. Further, in all
instances the concentration smoothly approaches the bulk concentration well before the edge
of the boundary layer (see e.g. Figure 5.21). Thus, K, is seemingly realistic.

~ 12 }
E -
& |
~ 10 A
(/) -
\ 4
<
g :
< ; 3
. 6 :
5 ¢ :
2> 2
o
— 4
>
5 |
3 ]
c 2
8 -
m
11003007337 3043
T T T T 1 T T 0
55 53 48 52 5S4 50 47 49 51 50 60 61 58
Run Number
FIGURE 5.30 Predicted Concentration Boundary Layer Thicknesses

5742 Turbulence Attenuation Parameter - n

The turbulence attenuation function corresponding to n= 3,5 can be inferred from Figure 5.5.

At the current state of knowledge it is not possible to ascertain whether this attenuation function
is realistic for limestone.



5743 Shear Diffusivity Parameter - K,

Following the argument in Section 5.4.1.2, it is expected that K, should be less than 1. As

noted in Section 5.7.1, it is impossible to ascertain an optimal K, since all S.. K ,, combinations
tested in the range 0,7 <K, < 1,4 yielded equivalently good fits between predictions and
experimental observations. It may be concluded that K, values in the range 0.7 <K, <1 are
realistic and consistent with expectations.

K, values > 1 are only feasible if the following apply :
{1) the diffusivity of angular particles is substantially greater than that of spherical particles

{i1) Leighton’s correlation (equations 5.34 and 3.35) drastically underestimates the shear
induced diffusivity of small particles

At the present state of knowledge, the validity of the above cannot be ascertained.

5.7.4.4 Inverse Particle Schmidt Number - S,

For the entire feasible range for K, the corresponding solution values for S, are at least one

order of magnitude below that reported in previous studies (see Figure 5.17 and Section 5.4.1.1).
Possible reasons for this discrepancy are :

(i) The particle Schmidt number in concentrated suspensions may be significantly lower
than that in dilute suspensions. All the studies reported in Section 5.4.1.1 concerned
systems where the particle concentrations were well below that encountered in the
concentration boundary layers here. Soo (1987) has stated that the particle diffusivity
seems to decrease as concentration increases.

(i) The underlying turbulence levels in systems having a significant radial concentration
(and hence viscosity) gradient may be substantially below that obtained with pure fluids.
Studies on turbulence have shown that the region of maximum turbulence intensity lies
within the buffer zone [Hinze (1975)]. From the model solutions obtained here it is
seen that regions of very high concentration extend well into the buffer zone. Noting
the significant attenuation of turbulence that will result in regions of high concentration,
it is therefore likely that the overall turbulence levels in CFMF could be well below
those reported for pure fluids, leading to the extremely low values for S, .

If indeed the turbulence structure in systems that have a significant radial viscosity profile is
substantially different from that of pure fluids then the modelling approach adopted in this
study, i.e. using a diffusivity correlation developed for pure fluids with some correction factor
to account for concentration effects, is invalid. However, the alternative would be to employ
a turbulence model that correctly predicts turbulence diffusivities as a function of local fluid
properties and global flow characteristics. To the best of the author’s knowiedge, such a model
is well beyond the scope of current technology in turbulence modelling.



5.8 EVALUATION OF MODEL

Predicted stescdv-state ftuxes show a good correspondence with experimental observations,
especially with repard to the effects of concentration and pressure on steady-state fiux, This
good correspondence i3 notable, in view of the fact that solution parameter combinations
evaluated for a singie datapoint were subsequently used to obtain predictions for the whole
dataset. The mode! also exhibits 2 remarkable insensitivity to parameter values, within certain
wide ranges thereof. The values for n, K, and K, are seemingly realistic, but the vatues for
5. are at least one order of magnitude below values reported in previous studies, The predicted
concentration profiles indicate that the concentration does not increase smoothly from bulk to
cake. Instead, a distinct thickened suspension layer, of sub-critical concentration, seems to
exist next to the cake. Seemingly, cake growth and limit is controlled by this 20 to 30 particle
diameter thick layer, consistent with the quatitative model presented in Chapter 3.

The good predictions obtained from parameters evaluated for asingle datapointare most probably
just another manifestation of the model insensitivity to parameter values. This insensitivity,
in turn, is almost wholly due to the unigue form of the diffusivity distribution, obtained by
the combination of shear induced hydrodynamic diffusion and a concentration-attenuated
turbuient diffusion.

The good mode! predictions are notable, in light of the reservations expressed 1n Section 5.1,
However there are varipus potential discrepancies which should be stated. The correlations
used to formulate the turbulent diffusivity function were developed for pure fluids, There ars
ro indications in the literature as to whether they can be confidently applied to systems having
significant radial concentration variationg, as in the present study.  The correlations {or shear
induced hydrodynamic diffusivity were developed Tor relatively uniformly sized spherical
particles, of large particie digmeter, sheared at low shear rates. In the system under study, the
shear rates are orders of magnitude greater, and the particles are considerably smaller. Further
for the limestone suspension used in the present study, charge effects etc. are likely 1o affect
inter-particle interaction at high concentrations. It is not known what effects this would have
on the shear diffusivity of the particles. Once again, there are no clear indications in the
literatare as 10 whether the shear induced diffusivity correlations are in fact applicable to the
system under study.

It is thug feasible that the unique form of the diffusivity distribution, and hence the modal
insensitivity to parameters, may be an artefact introduced by the application of fluid and particle
dynamics technology to a system vastly different from those for which the technology was
developed. From that point of view, the fundamental basis of the model is not beyond question.

Despite the reservations noted above, the good model predictions are indeed encouraging,
indicating that at the very least a reasonable correlative model may be developed from current
technology. The modet would have to be tested on other systems to assess its general validity
and predictive ability.
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The predictive ability of the model is currently restricted by the lact that most model para meters
cannot be specified a priori from suspension properties and flow conditions. This is mainly
due 10 the lack of definitive knowledge on wrbulence in concentrated suspensions. In the
present instance, the parameters could have been obtained from a single datapoint. If this is
the general case, then the model could prove 1o be a useful order of magmiude predictive tool
Once again, the validity of this approach can only be assessed il the model s tested on other
systems.

If, in general, model parameters cannot be estimated from a single dasmapoint, a set of best fir
parameters may be estimated from a regression on the entire experimental dataset. However,
due to the nested iteration loops, a regression on the whole dataset could prove 1o be extremely
demanding and expensive in terms of computing time, Thus if o model is required salely for
correlation of experimental results, and mechanistic inconsistencies are o be ignored, the simpler
models discussed in Chapter 3 may exhibit distinct sdvantages over the model proposed in this
study.

In applying the model to other systems the limits to its applicability should be taken into
cognizance. The mode! would only be applicable to systems where the limiting cake thickness
is controlled by convection-diflusion processes. 11 is entirely (easible that in some systems the
difTerentiation between stagnani cake and flowing sespension may be primarily determined by
the suspension rheology and (low conditions, and not by some critical concentration. Im those
instances, it is most likely that the limiting cake thickness will be determined by & shear
mechanism, and not by the convection dif fusion processes. Clearly, the model will be inapplicable
in such circumstances. Chapter 3 indicates some méthods by which the controlling process may
be inferred from the flux-time curves obiained mt different operating velocities.

The utilisation of & shear induced hydrodynamic diffusivity limits the model's applicability 1o
particulate suspensions, where luld Induced lorces on particles are substantially greater than
physico-chemical interactions between particies. This would preclude the application of the
model to suspensions which exhibit significant non-Newtonian characteristics.



Chapter 6

This study has concerned investigations into, nnd the modelling of , the cross-Mow microfiltraton
of particulate suspensions under turbulent flow conditions. The charncieristic [lux-time
behaviour, effects of operating variables on flux, and svstem responses W0 perturbalions in
operating variables were experimentally obtained Tor o limestone suspension cross-flow filtered
in 3 25 mm woven hose tube. A gualitative model of the steady-siate condition was then
developed, based on an analysis of the likely particle dynamics in the system. The quslitative
model was subsequently formulated Into a mathematical model of the sieady-state, with a strong
emphasis being placed on formulating model functions Mrom current (uid and particle dynamics
technology. The study also enmmiled qualitative investigations inwo the effects of cake
characteristics on system behaviour.

The shape of the chamcteristic flux-timeé curve may be attributed 10 two phenomens. On
start-up, the Mux decrenses rapidly, due 1o a rapid increase in cake thickness. Thereafter, the
cake becomes limited (0 some steady-siate thickness, but changes in the cake characteristics
lead 1o a slow, long-term decline in Mux. It was inferred that, for the limestone systéem studied,
this change in characteristics i most probably due to the infiltration of finer particles {fimes)
into the cake, leading 1o a cake of progressively decreasing permeability. It hax alsa been
inferred that fines infiliration s most likely 10 be a swrface ¢ffect, ie. Mines infiltrate, and
progressively saturate, only the surface layers of the cake, and not the entire cake volume.

The fMux-time curve is & function of the operating variables studied here, viz. inlet velocity,
bulk concentralion and pressure. However, the MMux may not be a uvnigque Munction of the
operating peint but may also be dependent on the operating path taken to reach the operating
point. This was explained in terms of an apparent irroversibility of the cake, due to frreversible
hydraulic compression, and the fines infiltration effect. The path dependence of the Mux-time
curve has significant implications for operation of CFMF systems, In practise, various strategies
may exist 1o start-up s plant, or bo change an operating point during operation. In light of the
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experimental findings in this study, some strategies could result in a considerably lower flux
than is expected at the final operating point. This necessitates a careful evaluation of possible
operational strategies. The general guide-lines in this regard are that operational changes that
require a decrease in cake thickness in order to be effective should definitely be avoided, and
changes that tend to increase the cake thickness should preferably not be implemented during
the slow decline in flux period.

Although the fines infiltration effect is likely to occur only in cakes formed from particulate
suspensions, irreversible hydraulic compression would most probably also occur in
non-particulate fouling layers e.g. colloidal gels formed in ultra-filtration systems. It is thus
highly feasible that ultra-filtration and non-particulate CFMF systems may also exhibit the
path dependence of flux observed in the present study. The extension of the present experimental
study to non-particulate systems could prove to be of practical significance.

The dependence of flux on the operating path, as well as the long-term flux decline, indicate
that system behaviour is determined not only by internal hydrodynamics but is also significantly
affected by the behaviour of the cake.

A qualitative model of the mechanisms that determine cake growth and limit was developed
from an analysis of the likely particle transport processes in the system, utilising the observations
from the experimental study to infer the controlling processes. In essence, there are three
significant particle transport processes - convection of particles towards the cake, shearing of
particles off the cake into the adjacent suspension layer (the precake), and diffusion of particles
from the precake back to the bulk suspension. This back-diffusion is effected by three
mechanisms, viz. shear induced hydrodynamic diffusion, entrainment by turbulent bursts and
entrainment by turbulent eddies. The convection - diffusion processes determine the
concentration of the precake, and hence whether the precake would reach some critical
concentration and consolidate into cake. The limiting, or steady-state cake thickness is thus
determined by the convection - back-diffusion processes, although the shearing mechanism is
an integral part of the back transport process. It was shown that this qualitative model explains
phenomena that are indicative of a shear controlled system (i.e. the preferential deposition
effect and the irreversibility of the cake formation), as well as phenomena associated with
convection-diffusion controlled systems (i.e. the effect of inlet velocity on flux-time behaviour,
and the semi-log relationship between the steady-state flux and bulk concentration).

The qualitative model was subsequently formulated into a mathematical model of the steady-state.
The appropriate steady-state equations were identified. Model! functions required for the
solution of the equations were formulated from either laboratory scale experiments, or from
fluid and particle dynamics correlations from the literature. Four model parameters resulted
which could not be quantified in terms of current technology. These were subsequently evaluated
by computational experiments and a manual regression technique, and were in effect evaluated
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from a single experimental dampoint. A numerical solution procedure was developed, which
enables the prediction of the steady-state cake thickness, flux and concentration profile for

specified operating and system variables,

The predicted steady-state fuxes show notably good correspondence with experimental
observations. Predictions are relatively insensitive to parameter values over wide ranges thereof,
The model plso predicts unique concentration profiles, indicating that cake growth and limit
are most probably determined by thin, distinct, concentrated suspension layers next to the cake.

There are however notable limitations in the model Firstly, the model 18 only applicable to
the cross-flow microfiltration of particulate suspensions that do not exhibit significant
non-Newtonian characteristics, and where the limiting cake thickness Is convection-diffusion
controlled. This may preclude the spplication of the model to many suspensions encountered
in practice. Secondly, the model paramerers cannot be quantified a priori from suspension
properties and flow conditions, ar simple lzboratory experiments. This may change as further
research 18 performed into turbulence in concentratd suspensions. For the present however,
model parameters must be quantified from regressive techniques, thereby limiting the predictive
ability of the model. In the present study, model parnmeters guantified from computational
experiments on 3 single datapoint vielded good predictions for the rest of the experimentl
dataset. The model needs to be tested on other suspension svstems in order 1o assess whether
this would be the general case.

Desplie the reser vations noted above, the guod predictions of the modei are indeed encouraging.
Thin indicates that, at the very lenst, a reasonable correlative model may be developed from
current fleid and particle dynamics technology and correlations, It is difficult to criticise the
model in terms of previous studies, noting that the medel is strongly based on current knowledge
of Muid and particle dynamics. Some of the predictions of the model however, e.g. the unique
concentration and difTusivity profiles, depart radically lrom other known systems. Unequivocal
evaluation of the wvalidity of the model may resclve to experimentally monitoring internal
quantities, e.g. the concentration profile, and comparing this 1o model predictions.

Modelling effort in this study has been restricted to the development of o steady-state model.
In practise, the long-term flux decline, albeit a slow process, way result in a significant reducticn
in flux over a period of time. Confident design and optimization of CFMF system would thus
also require some model of the slow flux decline. The steady-state model would be utilised 1o
determine the optimum operating and system variables for a specified application. Thereafter
the model of the long-term decline would be utilised to predict the true permeste production
rate, a3 well as to optimise operation-cleaning cvele times,

Rigorous modelling of the long term decline is likely to be complex, and would necessitate
knowledge of, inter alia, the size distribution of the suspension, the depth to which fines woulkd
penetrate the cake and the combined effects of hydraulic compression and radial size distribution
variations on the permeability of the cake. In the present instance, it was observed that the
pradients of the Mux-time curves during the show decline in Mux period were substantially
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similar, and relatively independent of operating conditions. In such instances, the long-term
flux decline may be modelled in a2 wholly empirical form, with time as the only independent
variable. This should prove adequate for design purposes,
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Alppendix 1

SUSPENSION PROPERTIES

Al-l



Al-2

A1l  Particle Size Distribution

The particle size distribution was measured on a Malvern E3600 Type E Particle Sizer. The
cumulative size distribution is shown in Figure Al.l. The mean particle size {d, ) was taken
o be the o5, size, ie. 4,99 upm .
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FIGURE Al.1 Cumulative Particle Size Distribution

AlZ  Particle Density

The particie density was measured by liguid pycnometry, vielding

p. = 2 550  kg/m’
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RESULTS
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SUMMARY OF EXPERIMENTAL RUNS

TABLE RUN RUN DESCRIPTION
NUMBER
A2-] 47 Effect of bulk concentration on flux :-
ch=19,8 g/¢ U,=142m/s, P=200kPa
A2-2 48 Effect of bulk concentration on flux (also central datapoint for
effect of velocity and pressure on flux) -
Cy=1394g/t, U,=1,42 m/s, P=200kPa
A2-3 48R Repeat of Run 48
A2-4 49 Effect of bulk concentration on flux :-
Chp=58,6g/8, U,= 1,42 m/s, P= 200 kPa
CA2-5 50 Effect of bulk concentration on flux :-
Cy=100¢g/8, U,= 1,42 m/s, P =200 kPa
A2-6 51 Effect of bulk concentration on flux :-
Cy=716g/8 U,= 142 m/s, P =200 kPa
A2-7 52 Effect of inlet velocity on flux -
U,=1,7 m/s, Cz=39,4¢g/L, P=200kPa
A2-8 53 Effect of inlet velocity on flux :-
U,=1,13m/s, Cy=1394g/¢, P=200kPa
A2-9 54 Effect of inlet velocity on flux ;- )
U,= 198 m/s, Cp=139,4g/¢, P=200kPa
A2-10 55 Effect of inlet velocity on flux -
U,=0,85m/s, Cp=139,4g/¢, P=200kPa
A2-11 58 Effect of pressure on flux :-
P==300 kPa, U,= 1,42 m/s, Cyp= 39,4 g/¢
A2-12 59 Effect of pressure on {lux :~
P =100 kPa, U,= 1,42 m/s, Cy= 39,4 g/¢
A2-]13 60 Effect of pressure on flux :-
P =150 kPa, U,= 1,42 m/s, Cyp= 39,4 g/¢
A2-14 61 Effect of pressure on flux :~

P =230 kPa, U,= 1,42 m/s, C,=39,4 g/¢

NB  All steady-state fluxes chosen at 30 minutes after start-up




SUMMARY OF EXPERIMENT RUNS (continued)

TABLE

RUN
NUMBER

RUN DESCRIFTION

A2-15

67

Syitem response to step-increase in concentration :-
start-up &1 CL= 19,8 g/L then incresse concentration to
77,6 g/t alver 10 minutes

A2-16

System response lo step-increase in concentration :-
start-up at C 3= 19,8 g/¢, then ingrease concentration to 77.6
g/t after 60 minutes

A2-17

70

System response to step-decrease in concéntration ;-
start-upat Cp = T7 68/L, then switch ta water alter 10 minutes

Al-18

71

System response to step-decrease in concentration ;-
stort-upatCy = 77,6 g/L then switch to water afier 60 minutes

A2-19

System response 1o Step-increase in velocity -
start-up at U, = 1,13 m/s, then increase velocity 10 1,7 m/s
after 10 minuotes

A2-20

14

System response 1o step-increase in velocity -
start-up at &, = 1,13 m/s, then increase velocity te 1,7 m/s
after 60 minutes

A2-21

75

System respomse 1o siep-decrease in velogity -
start-up at I, = 1,7 m/s, then decrease velocity to 1,13 m/s
aflter 10 minutes

76

System response to step-decrease in velogity |-
start-up at U7, = 1,7 m/s, then decrease velocity to 1,13 m/s
alter 60 minutes

A2-23

7

System response 1o step-decrease in pressure -
start-up 8l P = 200 kPa, then decrease pressure to 100 kPa
after 10 minules

A2-24

H

System response 1o step-decrease in pressure o-
start-up at & = 200 kPa, then decrease pressure 1o 100 kPa
after 60 minutes

A2-25

L1

System response to step-incresse in pressure o-
start-up at F = 100 kPa, then increase pressure to 200 kPa
alter 10 minutes

A2-26

System response 10 step-increase in pressure :-
sart-up 81 P = 100 kPa, then increase pressure to 200 kPa
after 80 minutes




TABLE A2-1 Flux Measuremenis - RUN 47

Start-up Conditions :
Bulk Concentration {C3) : {8/ 19,8
Superficial Inlet Velocity (&} 1 {m/%) 1,42
Pressure (P} {kPa) 200
Temperature ; { o) 30
Time from Start-up Permeate Flux (5.}
{minutes) {#/mTh)
0
5 13765
7.5 1144 5
1w 10394
12,3 985,7
15 8857
20 i h 835,9
2% 775,86
30 7450
35 7373
40 700,
45 6821
50 76,1
&5 B58.8
60 46,0
85 ' 637.5
70 6314
75 I 618,6
85 16,1
B& 8015
501 592,2
& 5809
100 58,8
105 576,5
10 5766
115 563,0
129 561,7




A2-5

TABLE A2-2

Flux Measuremenis - RUN 48

Start-up Conditions :

Bulk Concentration (Cj3) (g/8) 39,4
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P) (kPa) 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J,)
(minutes) (¢/m?2h)

0

5 1079,8

7,5 904,1

10 823,7

12,5 767,8

15 738,1

20 700,9

25 664,3

30 637,9

35 6238,6

40 608,7

45 599,2

50 589,9

55 579,8

60 571,2

65 563,8

70 557,6

75 554,6

&0 544,7

85 544,7

90 538,9

95 531,4

100 520,6

105 5232

110 517,9

115 516,2

120

513,6




A2-6

TABLE A2-3 Flux Measurements - RUN 48R
Start-up Conditions :
Bulk Concentration (Cg) (g/0) 39,4
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa) 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J,)
(minutes) (¢/m2h)
0
5 10574
10 812,7
15 732,8
20 700,8
25 665,7
30 647 4
35 628,8
40 611,2
45 602,7
50 595,7
55 586,5
60 579,8
65 571,2
70 566,9
75 562,8
80 5576
85 553,6
90 549,6
95 543,7
100 537,0
105 534,2
110 529,6
115 526,0
120

522,4




A2-7

TABLE A2-4 Flux Measurements - RUN 49
Start-up Conditions :
Bulk Concentration {Cjz) {g/8) 58,6
Superficial Inlet Velocity (U/,) (m/s) 1,42
Pressure (P) {kPa} 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J, )
{minutes) {¢/m2h)
0
5 878,1
7,5 763,9
10 714,0
12,5 673,1
15 6557
20 613,6
25 594,5
30 574,4
35 562,8
40 559,7
45 5476
50 536,1
55 532,4
60 528,7
65 523,2
70 517,9
75 511,0
80 501,8
85 496,1
80 42,9
95 483,5
100 486,6
105 4775
110 4775
115 471,6
120 4658




A2-8

TABLE A2-5 Flux Measurements - RUN 50
Start-up Conditions ;
Bulk Concentration (Cj) (g/8) 10,0
Superficial Inlet Velocity (U;) (m/s) 1,42
Pressure {7 ) (kPa) 200
Temperature {°C) 30
Time from Start-up Permeate Flux (J,)

{minutes) (¢/m2h)

0

5 1909,9
7,5 1575,1
10 1346,2
15 1131,8
20 1025,4
25 934,5
30 885,7
35 856,0
40 830,4
45 802,0
50 787.6
55 771,7
60 745,3
65 745,3
70 734.6
75 719,0
80 714,0
85 699,3
90 692,9
95 689,8
100 86,7
105 676,1
110 664,3
115 662,9
120 657,2




A2-9

TABLE A2-6 Filux Measurements - RUN 51
Start-up Conditions ;
Bulk Concentration (Cjy) (g/8) 77,6
Superficial Inlet Velocity (U.) (m/s) 1,42
Pressure (P) (kPa) 200
Temperature (°C) 30
Time from Start-up Perméate Flux (J,)
(minutes) (¢/m2h)
0
5 763,9
7.5 679,1
10 630,1
12,5 609,0
15 501,1
20 565,0
25 540,8
30 529,6
35 517,9
40 508,4
45 506,8
50 499,3
55 496,9
60 488,9
85 4835
70 478,2
75 476,0
80 469,4
85 468,7
20 463,0
95 461,6
100 456,8
105 454,7
110 452,0
115 448,7
120 4435




Az-10

TABLE A2-7 Flux Measurements - RUN 52
Start-up Condirions :
Bulk Concentration {C4) {g/2) 354
Superficial Inlet Velocity (/) Lo {m/s) 1,7
Pressure (P} {k¥a) 200
Temperature E ! 30
Time from Sfart-up Fermeate Flux (/. ]}
{minutes) {&/m®h)
i
§ 1183,1
7.5 1018,6
10 912,2
12,5 73,1
15 828,1
20 7736
25 7363
30 7224
35 8945
k24 579,1
45 5687
5¢ 860,08
55 652,%
80 644,7
&8 636,6
79 628,8
o oo
80 8124
§3 6027
#a 5582
95 597,2
102 5854
105 5821
110 5766
115 569.0
130 563,8




AZ-11

TABLE AZ-8 Flux Measurements - RUN 53
Start-up Conditions :
Bulk Concentration {3} ( (g/e) 39.4
Superficial Inlet Velocity (U, {m/s) [k
Pressure (P ) {kPa) 200
Temperature {°C 30
Time {rom Start-up Permeate Flux (J, )
{minutes) (£/m?h)
i3
5 1042,9
7.5 56,0
10 . 762,0
12,8 708,0
15 662,9
i 17,3
25 ) 581,
30 62,8
a5 5457
40 5287
45 51,5
50 512,7
55 5140
50 4927
64 4358
70 85,0
7% 4812
50 478,7
i 47186
20 468,0
9 4623
100 4595
10§ 4547
iia 454 1
15 450,0

120 4481




A2-12

TABLE A2-9 Filux Measurements - RUN §4
Start-up Conditions :
Bulk Concentration (C3z) (g/8) 39,4
Superficial Inlet Velocity (U,) (m/s) 1,98
Pressure {(P) {kPa) 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J,)
(minutes) (£/m2h)
0
5 1189,0
7,5 1064,7
10 979,4
12,5 914,9
15 888,3
20 851,2
25 830,4
30 802,0
35 777,6
40 762,0
45 756,4
50 739,9
55 725,8
60 715,86
65 712,3
70 694,5
75 683,6
80 677,6
85 674,6
90 665,7
95 652,9
160 648,8
105 644,7
110 640,6
115 635,3
120 628,8




AZ-13

paasanr

TABLE A2-10 Flux Measuremenis - RUN 55
Start-up Conditions !
Bulk Concentration {03} {g/8) 394
Superficial Inlet Velocity (0,) {m/s) 0,85
Pressure (P ) {(kPa) 200
Temperature {°C) 30
Time from Stari-up Permeate Flux  {/,)
{minutes} {(#/m%h}
()
5 1022,0
7.5 818,2
10 707 .4
12,5 B46,0
15 00,3
30 547.6
25 511,0
30 4985
5 4543
40 1745
45 460,2
50 454,1
55 450.0
£ 446,1
85 4347
70 4322
75 4767
80 4150
85 42,1
Hh 426 4
9% 418,6
00 416,3
105 §14,1
Hia 310,2
115 408,0
120 404,7




TARLE AZ-}11

Flux Measuremenis - RUN 58

Start-up Conditions ;
Bulk Concentration {C3) {g/8) 354
Superficial Intet Yelocity (U] {m/s} 1,42
Pressure {F ] {k¥a) 300
Temperature {7 30
Time from Start-up Permeate Flux {7, )
{minutes) {¢/m?n)

o

5 11937

10 09,5

15 7896

20 763,0

25 704,1

30 86,7

35 676,1

48 6614

e 54,2

50 644,6

55 6288

50 62,4

43 6075

70 6003

7§ 6015

80 5E7 6

85 §80.0

80 5843

93 5768

100 57,1

105 5617

116 5588

115 5564

120 553,6




AZ-1%

TABLE AZ-12

Flux Measurements - RUN 59

Start-up Conditions .

Bulk Concentration (Cz) (g/8) 39,4
Superficial Inlet Velocity (U, ) {m/s) 1,42
Prassure (P ) {kPa} 100
Temperatire (O 30
Time from Stari-up Permeate Flux (/)
{minutes} {¢/m?h)

a

§ 719,0

10 6124

15 560,7

20 536,1

25 537,9

30 sa1.8

H 458,1

40 4850

45 477 %

5 468,0

55 459 5

80 457,85

65 452,0

10 4487

75 447 4

80 440,3

85 439,0

i 432,2

95 4268

160 4723.8

108 a18 5

110 414,1

iis 416,0

120




A2-16

TABLE A2-13 Flux Measurements - RUN 60
Start-up Conditions :
Bulk Concentration (Cj) {g/8) 39.4
Superficial Inlet Velocity (U,) {(m/s}) 1,42
Pressure (P ) {kPa) 150
Temperature (°C) 30
Time {rom Start-up Permeate Flux (J, )
{minutes) (#/m?2h)
0
5 870,6
10 707,4
15 £650,2
20 613,6
25 589,9
30 574,4
35 558,6
40 555,6
45 550,86
50 533,3
55 524,1
60 517,9
65 506,8
70 505,9
75 504,3
80 493,7
85 4953
80 488,90
95 4775
100 476,0
105 4745
110 4687
115 467,2
120 465,1




A2-17

TABLE A2Z-14 Flux Measurements - RUN 61
Start-up Conditions :
Bulk Concentration (Cjz) {g/8) 39,4
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa) 250
Temperature {°C) 30
Time from Start-up Permeate Flux {J,.)
{minutes) (£/m?2h)
0
5 1161,9
10 880,6
15 771,7
20 734,6
25 686,7
30 671,6
35 652,9
40 643,3
45 632,7
50 623,6
55 811,2
60 603,9
65 584,3
70 586,5
75 580,9
80 573,3
85 566,9
90 564,8
95 558,6
100 553,6
105 549,6
110 540,8
115 541,8
120 539,9




AZ-18

TABLE A2-15 Flux Measurements ~ RUN 67
Start-up Conditions :
Bulk Concentration ({Cg} {g/8 16,8
Superficial Inlet Velogity (U/,) {m/s) 1,42
Pressure (P) {kPa) 200
Temperature ! { “Ch 30
Time from Start-up Permeate Flux (J,)
{minutes) (¢/mZ2h)

0

5 1358,1

10 085,7
Increase concentration to 77,6 g/¢

15 765,9

20 677,6

25 619,8

30 587,6

35 554,68

40 5314

45 516,2

50 503,4

83 4921

60 484,3

65 478,2

70 4738

5 4665

a0 461,6

85 4554

20 4527

95 4494

100 446,1

105 4429

110 4429

115 4365

120 4334




AZ-18

TABLE AZ-16 Flux Measurements - RUN 68
Start-up Conditions :
Bulk Concentration (T ) {g/£) 19.8
Superficial Infet Yelocity (&7, {my/s) 1,42
Pressure (P ) {kPa} 200
Temperature [ Y 3¢
Time from Start-up Permeate Flux {J,)
(minutes) {¢/ m2h)

0

5 1455,1

10 11318

15 952,0

20 65,7

25 $14,9

80 7815

35 745,3

40 717.3

45 BOE, 1

50 77,6

55 6541

60 630,1
Increase concentration to 77,6 g/é

a5 5798

70 41,8

73 5153

0 488.5

85 473,3

80 460,5

95 4494

100 4438

105 4353

110 4298

115 4180

120 4129

125 408,5

130 406 4




A2-20

TABLE A2-17 Flux Measurements - RUN 70
Start-up Conditions :
Bulk Concentration (Cj) (g/9) 77,6
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa) 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J.)
(minutes) (£/mZ2h)

0

5 770,6

10 637,6
Decrease concentration to 0 g/£ (switch to water)

15 635,0

20 635,4

25 636,5

30 636,5

35 633,7

40 635,4

45 634,8

60 632,6

55 630,9

€0 633,7

€5 833, 1

70 633,1

75 | 633,1

80 633,1

85 633,4

90 633,1




A2-21

TABLE A2-18 Flux Measurements - RUN 71
Start-up Conditions :
Bulk Concentration (C3) (g/8) 77,6
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa} 200
Temperature {°C) 30
Time from Start-up Permeate Flux (Jbu,)
{minutes) (¢/m2h)

0

5 760,4

10 630,9

1§ 590,5

20 561,4

25 5431

30 524,7

35 515,1

40 509,9

45 505,3

50 498,56

55 4946

60 4899
Decrease concentration to 0 g/¢ (switch to water)

65 489,3

70 489,3

75 489,9

80 4899

85 4922

S0 4927

95 487,9

100 189,6

105 484,8

1io 487,7

115 490,7

i20 490,4




A2-22

TABLE A2-19 Flux Measuremenits - RUN 72
Start-up Conditions : _
Bulk Concentration (€3) (g/€) 39,4
Superficial Inlet Velocity (U,) - {m/s) 1,13
Pressure {P) {kPa) 200
Temperature : { °C) : 30
Time from Start-up BPermeate Flux (J,)
{minutes) {&/m2h)

0

5 L0152

10 754,5
Increase velocity to 1,7 m/s

e —

— —

28 704,1

20 83,2

38 882,1

40 65,7

45 662,9

50 654,3

55 5433

€0 636,6

65 626,2

70 622,4

7% 611,2

80 5 607,5

" ; .

90 593.4

9% 5865

100 5777




AZ-28

TABLE A2-20

Filux Measurements - RUN 74

Start-up Conditions :
Bulk Concentration {C3s) g/t 39.4
Superficial Inlet Velocity (U,) {m/s) 1,13
Pressure (P ) | {kPaj) 200
Temperature ] {°0) 30
Time {rom Stari-up Permente Flux  {J.)
{minutes) (£/mZh)

o

5 10837

10 7564

15 6629

20 11,2

25 6854

30 555,65

s 544,7

40 528,7

45 s17,8

50 509,3

55 503,4

68 452,98
Increase velocuty 1o 1,7 m/s

65 | 4925

70 4881

73 4843

80 4775

83 4738

5a 470,8

i 4687

100 462,3

105 4534

Hie 4534

115 4494

120 146,1




AZ-24

TABLE A2-21 Flux Measurements - RUN 75

Start-up Conditions :
Bulk Concentration  {(Cp ) (g/8) 39.4
Superficial Inlet Velocity (¥} (m/s) 1.7
Pressure (P} {kPa) 200
Temperature { °C) 30
Time {rom Start-up Permeate Flux  {(J,. )
{rrrinutes) {#/m2h}

-~

5 1222,3

10 98,8
Decrease velocity to 1,13 m/s

15 ) 709,0

20 36,6

25 5832

10 8556

35 543,7

40 53%,4

45 516G,1

50 500,5

55 492.9

60 4889

85 485,0

70 481,2

75 4775

80 476,0

8% 471,8

90 470,1

85 4880

109 4644

1w 461,8

110 457 5

115 454,7

120 4527




A2-25

TABLE A2-22 Flux Measurements - RUN 76

Start-up Conditions .

Bulk Concentration {Cgz) (g/8) 39.4
Superficial Inlet Velocity (U,) (m/s) 1,7
Pressure (P ) {kPa) 200
Temperature {(°C) 30
Time from Start-up Permeate Flux (J,)
{minutes) (&/m2h)

0

5 1198,3

10 954,9

15 863,2

20 793,7

25 756,4

30 7278

35 709,0

40 92,0

45 879,1

50 664,3

55 647,4

60 636,6
Decrease velocity to 1,13 m/s

63 544,7

70 516,2

75 496,9

80 483,5

85 470,1

90 460,9

95 452,7

100 442,

105 436,5

1o 431,0

115 426 8

120 4244

125 419,7




A2-26

TABLE A2-22
(continued)

Flux Measurements - RUN 76

Start-up Conditions :

Bulk Concentration (C3) (g/0) 394
Superficial Inlet Velocity (U,) {m/s) 1,7
Pressure (P ) {(kPa) 200
Temperature {°C) 30
Time {rom Start-up Permeate Flux (/)

{minutes)

(¢/m2h)

{velocity was decreased to 1,13 m/s, 60 minutes after start-up)

130 415,8
135 411,8
140 408,5
145 405,8
150 403,7




A2-27

TABLE A2-23 Flux Measurements - RUN 77

Start-up Conditions :

Bulk Concentration (Cj) (8/0) 35,4
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa) 200
Temperature (°C)
Time from Start-up Permeate Flux (/)
{minutes) (¢/m2h)

0

5 1053,7

10 814,9
Decrease pressure to 100 kPa

15 434,1

20 431,0

25 4286

30 425,6

35 4232

40 4232

45 419,2

50 418,9

55 414,1

60 411,3




A2-28

TABLE A2-24

Flux Measurements - RUN 78

Start-up Conditions :

Bulk Concentration (g/8) 39,4
Superficial Inlet Velocity (m/s) 1,42
Pressure (P) (kPa) 200
Temperature (°C) 30
Time from Start-up Permeate Flux (J,)
(minutes) (¢/m2h)
a
5 1091,3
10 837,2
15 760,1
20 719,0
25 671,6
30 650,2
35 630,1
40 621,1
45 609,9
50 600,3
55 594,5
60 585,4
Decrease pressure to 100 kPa
o9 315,0
70 314,7
75 315,0
80 314,1
d 3134
| 50 3134
95 3131
100 312,1
105 311,8
10 3125
i 312,5
120 311,8




A2-29

TABLE A2-25 Flux Measurements - RUN 80

Start-up Conditions :
Bulk Concentration (Cg) (8/8) 39,4
Superficial Inlet Velocity (U,) (m/s) 1,42
Pressure (P ) (kPa) 100
Temperature (°C) 30
Time from Start-up Permeate Flux (J,)
{minutes) (¢/m?2h)

0

5 762,0

10 608,7
Increase pressure to 200 kPa

15 - 954,9

20 802,0

25 712,3

30 662,9

35 626,2

40 605,1

45 592,2

50 576,6

59 566,95

60 557.6

65 550,6

70 543,7

75 526,9

80 530,5

85 526,9

90 523,2

95 517,1

100 510,1

105 509,3

110 500,1

115 495,3

120 488,9




A2-30

TABLE A2-26 Flux Measurements - RUN 81
Start-up Conditions :
Bulk Concentration (Cj) (g/£) 39,4
Superficial Inlet Velocity (U, ) (m/s) 1,42
Pressure (P ) (kPa) 100
Temperature (°C) 30
Time from Start-up Permeate Flux (/)
(minutes) (£/m2h)

—

5 7736

10 676,

15 587,6

20 550,6

25 526,0

30 500,3

35 496,9

40 4848

45 471,6

50 463,7

55 456,1

60 450,7
Increase pressure to 200 kPa

65 692.9

70 608,7

75 564,8

80 526,9

85 513,6

90 498,5

95 483,5

100 470,

105 4616

110 452,7

115 446,1

120 439,7
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