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4HBSTRACT.

A new technigue for countercurrent contacting of
fluidized sclids and liquid has been studied. TLiquid
flow through a cascade of stages gives fluidized or

spounted beds of sclids, This flow is periodicelly reversed
to convey solids in dense flow between adjacent stages.
Conditions under which solids hcld—-up in the stages of a
cascade would be stable have been determined by studying
reverse flow with a single stage, The effects on solids
transfer between stazes of reverse flow rate, volume of
reverse flow, and of ellowing =2l1lids to settle before
reverse flow hsve been investigated. Silver sand snd ion-
excnange resin have been used sgs solids.

The vertically upward dense phase flow of -36+452
BsS.S. mesh silver sand snd ballotini in % inch and 2 inch
pipes has been investigated. It has been shown that, at
solids velocities of less then about 2 feet/sec., the
pattern of pressure drop of conventional scolids conveying
with up to 35 percent by volume solids is followed. That
is; the absolute pressure drop less that due to static
head of s2lids and liquid is the same s the frictional
pressure drop of pure liquid flowing at the mean velocity

of solids and liquid. 4t solids velocities of greater

than 2 feet/sec., & s0lids - wall frictional mechanism



has been shown t» acccunt for linearly increasing
pressure drop with increasing sslids veloccity. The
veloexty of the slip water for any combination of
solids and pipe diameter has been shown to be a constant
- fraction of the solids velocity at sll but the lowest
sclids velocities, The difference in slip velocities
between the two pipe sizes has been accounted for by

the difference in the opposing forces applied to the

solids.
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Nomenclsture,

Dense phase flow — flow of sclids and liguid which is
initisally vertically downward cut of 2 vessel and
wnere the soiids fraction is not less than in the
free~-scttled staie,

Dilute phase flow -~ flow of snlids and liquid where the
g0lids fracticon is less than that of frece-settled.

Unitss C.g.s, tnits nhave been used wherever pessible in
Part I though where f.pes, units applied {c manufecturers
dimensicns, ete., these have been retained, In Part II,
foms Se Units have been used to be consistent with the
existing data on dilute phase flow. One exception to
this hes been in the cslculation cf s-lids fraction in
the ¥-ray attenusticn density gauge where the con-
ventional c.g.s. units have been used.

Symbols for Paru I.
A - volume of the retainer plus transfer lines (litre)

c - constant element of volume (litre)

- water fraction by volume of dense phasse flow

[N

delivered from the single stage,
- voldaege or water fractirn by volume in the retainer.
P - forward flow rate (litre/min,)
H - free-settled volume of solids initi=2lly present in

the single stage (litre)



H, it~ the smellest velue of H to give V . (litre) o
m - operating gradient, the average slope of the almogt’

linear secti-n of the sloping part or the V versus

H plct

- size of a2 reverse flow volume (1itre)

s

- g - A (livre)

reverse flow rate (litre/min.)

0 W D
!

slip ratio, i.e. The absc-lute veleocity of slip water

relative to s211ds as a percentage of solids velocity,

settling time between forward and reverse flow (scc.)

=]
t

U - fractisn ~f retainer v-olume filled with free-settled
solids at the end of reverse flow with an initisl
hold-up of splids of Haopit

the volume of free-gsettled solids transferred o~ut

<
t

of the single stage in ~ne reverse flow perind (litre)

maximum free—-settled volume of sclids which can be

max
transferred cut of s stage in one reverse flow
pericd when all varisgbles other than sclids hold--up
are constznt (1litre)
Symbols for Part II.
Ly ~ relative attenuati-n ~f ¥-rays by water in test
secticn compared to the attenuatiosn with a vacuum

in the test section.
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, 2
- cross-sectional area of the test line (ft.7)

B ~ number of right angled vends in the test line
C - tatal ccunt of V-photons in one counting operation
OD - drag coefficient on an individual sclids particle

(¢imensionless)
D -~ pipe dismeter (fi.)
DP -~ measured pressurc drop between PIl and P12 (fig. 31)

(crm. Hg/Heo)

dp - particle diesmeter (ft.)
€4 ~ Wwater fracticsn by volume of delivered dense phese flow
€ai1 water fraction by volume of delivered dilute phase flow
e, ~ volidage or water fraction by vclume in the teet line
Fd ~ drag force ~n an indivicdusl s~lids particle

(1b. ft./sec,?)
fb - free-settlcd solids fraction by volume of ballotini

h - height (£t,)

I — paralysis corrected count rate of ¥ —phcotons with 2
vacuum in the test section (count/sec,)

I ~ paralysis corrected count rate of T—-photons with
dense phase flow in the test secticn (count/sec, )

I - paralysis corrected count rate of ¥—photons with water

in the test section (count/sec.)

L, - change in liquid level in metering cylinder (cm.)

LS - change in solids level in metering cylinder (cm,)
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N - nmumber cof solids particles
ODP - measured pregsure at P13 (fig. 31) (1bo/in.2 gauge)

HDP, - measured pressure at PI_ corrected fur water statie

head (1b,/in.% gauge) ’
P3 - measured pressure at PI1 (fig. 31) (lb./ino2 gauge)
PBt - measured pressure at PIl corrected for water static
head (1b,/in.? gauge)
PS - so0lids pressure exerted by dense phase flow on the
pipe walls
/

Re ~ particle Reynoldes number

S ~ slip ratio, i.e, The absolute velocity of slip water
relative to solidas as a percentage of solids velocity

S, - solids static pressure between PIl and PI, (fig. 31)

(cm, Hg/Hzo)

£ - duration of a dense phase flow run (sec.)
tp -~ peralysis time of counting eguipment (psec,)
Vdil - dilute phase mean velocity of solids snd liguid

(f£t,/sec,)
s - free-settling velocity of solids particles (ft./sec.)
- mean absolute velocity of solids particles (ft./cec.)
—- meéan abgotute veloecity of liguid past splids particles
(ft./sec, )

Waen — work done in l1lifting solids in dense phase



o)
A‘di]

APQ- -

'S

work done in 1ifting solids in dilute phase
path length in the density gauge test section (cma)
"depth" of solids in the density gauge test secticn

(cma)

®"depth” of water in the density gauge test section(cm.)

dynsmic pressure drop. i.e. The messured pressure
drop over the verticelly rising section of the test

line less the static head of liquid and solids (ft,

- water head/ft., pipe length)

water frictional pressure drep in dilute phase flow
(fts water hesd/ft, pipe length)

total pressure drop. iaee. The measured pressure
drop over the vertically rising section of the

test line less the static head of liquid (ft. water
head/ft, pipe length - except in deriving drag
coefficient when 1b,/ft. sec? is used)

coefficient of sliding friction between dense
phase sclids and the pipe walls

mass abscrption coefficient for Co-60% ~rays
sttenuated by bellotini (cm.2/gm.)

mess absorpticn coefficient for Co-60 ¥ —rays

attenuated by solids (cmez/gma)



Pa

1z

mass absorption coefficient for Co-60 T -rays
attenuated by woter (cm,z/gma)

density of ballotini (gm./ml,)

density of mercury (am./ml.)

density of liquid @m/ﬂlﬁ

density of colids ( egm./ml,)

density of water (gm./ml.)

Symbols for statistical anslyses.

d

X ?
m

X 1y
m

=

divisor of total square eifech to give mean square
effect

the standard variance rastio

number of reaﬁings pooled

the statistic

statistic transformed for analysis

degrees of freedom of an effect

degrz2es of freedom of a residual

signifies 2 multiple of the average of the
statistics at all levels of X with other independent
variables constant, |

signifies an mth order effect of X

C s . . th
ﬁ' - gignifies an interaction af the m order
-

effect of X with the nth order effect of Y.



It
()

% th
X, ¥ % - signifies the 2" el of factor X, the n

th
level of factor Y, and the o level of factor
Ze It indicaies the setting of independent

variables in an experimental run,
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HYDRODYIMaKIC STUDIES OF A NEW TECHNIQUE OF

SOLIDS -~ LIQUID CONTACTIMNG,



1, INTRODUCTION,
1.71. Origin of the technique.

The concept studied is a techniquz for the
continuous treatment of pariiculate solids with s
countercurrent liquid siresm using a series of fluidized
bede., It wss devised by Cloete and Streat (1,2,3),

originally fto deal with the problems associatced with
highly radioactive solutions.

Initially, the concept was also considered for

s0lids-gas contaciing, Solids-liquid contacting was
selectad for lnvesiigasion since, firstly, this was a

simpler system being free from significant changes in
the fluid volume with pressure drop across the unit, In
1tself, the wariation of volume with pressurec mskes it

seem unlikely that the technigue would be widely
applicable to solids~gas contacting. Secondly, settled
solids were krown to be difficult to move in a solids~-
gas system and %o give rise to- large pulsesing pressure

drops (4.
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1.2, Developments in solids-liquid contacting.
1.2.1» Fixed beds,

Conventionally. sonlids-liquid contecting has
been carried out with fixed beds of particulate solids
through which the liguid stream flows downwards. This is
essentially a discontinuovs technigue with solids being
progressively treated and with most of the solids-liquid
exchange vccurring in a fairly narrow band in the bed.

A degrze of exhaustion of the unused solids capacity is
always reached beyond which further exchangs becomes
increasingly difrficult and the liguid output consequently

deteriorates. In conditions of unfavourable equilibrium

of’ the exchange process, deterioration begins scon after
the start of passing liquid through an untreated column.
Similarly, the latter part of regenerstion of the solids

in a fixed bed is wasteful of reagents, However, fixed

bed treatment is completely satisfsctory for many
brocesses where large guantities of liguid have to be

passed through the bed to exusust it and interruptions
are relatively rare. Fixed beds are also satisfactory

if the reacting materiels are cheap and a continuous
liguid output of constant composition is not essential,
Continuity of output and fairly constant com-

position can be achieved with groups of identicsl fixed



beds, The various liquid streams are rotated betweer beds
and tne same liqguid streams may be passed through two or
more beds in differcnt states of exhsustion of exchange
capecity, This multiple grouping of fixed beds is widely
used in industry and is most satisfactory for many
prccesses, However, the solids inventory is nany times
larger than the guantity of solids involved in exchange
with liquid streams at any one time. This becomes a
significant conslideration with high cost materials such as
icn-exchange resins. Understandsbly, the development of
syntl.etic lon-exchange resins after the Sccond World War
has led to nany designe of plent to give more truly
continuous solids-liquid contacting.
1.2, 2. MNoving beds,

The most widely developed type of conlinuous
soiids-liquid contactors are thosebased on moving packed

bteds of eolids with counter-current liguid flow., It is

usaai in those processes where solids are continuousiy
cycled to use two moving beds (5) but, unlike the fixed

bed tcchnigue, seversl different solids treatment oper-

ations can be carried out in s single moving bed. (6).
A well-designed moving bed would have a much higher

prorortion of the splids inventory engaged in mass transfer
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et any time than would occur with the corresponding fixed
bed. '
The simpliest arrangement of moving packed beds

are descending solids beds moving under gravity and the
many variations of this technique are primarily concerned

with methods of solids withdrawal from the base of the bed,

Interest in thie %echnique dates back to the vork of

Matthiessen in 1885 (7)., A rotating disc (7), a valve
for hendling and metering solids (8), a screw ($), and
varipus methocds of weter ejection (5, 10, 11, 12) have

peen used %o effect so0lids withdrawal. But, simple

)

descending teds are very limited in liguid throughput
rates since the liguid stream must not fluidize the packed
bed. Fluidizavion rapidly mixes the solids and destroys
the countercurrent nature of the technique. This
difficulty may be overcome in two ways. Either the

svlids may be restrained at the top of the packed bed

or an ascending solids bed may be used, Porter (10)
follows the former approach and uses a screen at the top
of the sonlids bed, Liguid flow is regulerly stopped to
move so0lids downwards, The Sun 0il Company (13) are the
patertees of a novel technique of ramming solids downwards
agaiinst a countercurrent liguid stream by surmounting this

processing section with a section in which there is 8 high
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velocity ligquid stream co-current with solids movement,
The allernative approach of ascending solids
heds is typified by the Higgins contactor (6,1iL) and
that ol BEricksen and Pike (15,16)° In “he Higgins
contactor, the downward liguid flow is periodically
stopsed and the sclids bed hydraulically jerked upwards.

ricksen and Pike uses alternating

=i

The iechnigue of

movenent of solids upwerds and liquid downwards at between

\

2iid 15 cyeles per minute andg although rather simpler
than #he Higgins couiactor would probably be less suitable
for simultaneous processing of several liguid streams in
different s=2ctions of lhe same column of solids.

In general, it would be desirable with moving
bed techniques to avoid any mechanically moving parts

such as valves and screws in conhact with nacked solids
since hard solids would csuse wear and frisble materisls

woulid Yend to ke broken, Friability is an important con-
sideration Tor lon-exchange resins and favcirs the use o.

techniques where the solids are moved hydraulically (5,
10, 13, 16). The Higgins contactor has been compared

with fixed bed techniques using jon-exchange resins and

is clzimed to be economically attractive where high purity
or high recovery is required (17).

All techniques using packed beds - both fixed

" and moving - sulffer to some degree from reduced solids-



ligaid contact due to channelling .r the beds This is
aggravated if fines ars present in the liquid stream and
permanent fixed beds must be periodically backwashed
(fluidized) to fres them from accumilatesd fines. Where
the "ines are pariicularly prolific and fifficult and
expengive to removz by filtration, even moving packed
beds may be unsuitable and other technigues have been
devised tn deal with these circumsiances,
1.2.3. Jigged or teelering beds.
Jigged or teesvering beds have been developed by
Weiss and Swinion (18, 19, 20, 21) to process solutions
derived Iprom crushed ores containing as much as 15 percent
by weight of less than 200 mesh solids. The principle of
the ftechnigue is to apply a high frequency pulse to beds
of solids to give them characteristics akin to fluidized
solids bint without the solids mixing of normal fluidization.
The original ides used a mineral jJigging screen
to app.y the high frequency pulse but this required
repeet:ed pumping of the liquid stream. Two variants
were devised, In the simplest form (21), a packed bed
of solids was hydraulieally pulsed and jigged solids
coliiq easlily be removed from either the top or bottom

of the bed. The lack of relative moiuion of the particles



was shown by comparing the cuatput of the Jigged bed
with the output when it was nperated as a packed and

ss a rormally fluidized bed (19), Ko solius were with-
drawn or added during Ghese cvomparisons. The secoad
variant (18) used a column with screens inserted at
intervals and each of these supported a discrete bed of
s0lids. Solids overflowed through downcomers.

The second variant seems o have been devised
to increase the liguid throughput nof jigged beds., This
iz the main disadvantage of Jjigged beds since the lignid
veloclties must be sufficiently low to avoid normal
fluidization and mixing of solids. However, this dis-
advantage may be dnimpurtant in certesin difficult

processes, For exampi.e, it was showr that the yield of

streptomycin in its culture broth could be increased fifty-
fold but that the advantage was offset by the difficulty
of filtering the more fibrous broth prior to extraction
of the streptomycin onto ion—-exchange resin., A teetering
bed was able to handle this broth and eliminate the
filtration step (22),
1. 2.4, lilscellancous techniques.

Two other techniques capable of handling fines

in the liguid must be mentioned. Worris (23, 24) designed



2 mixer-settler in which so0lids and liquid flowed cotnter-
currently through specially designed channels between s
series of horizontal cells, The vigorous stirring in the
mixer-settlers would b2 expected %o cause serious
attrition of ion-—-exchange resins and is ssid to give very
low efficiency of solids-liguid contacting (17).

In the "resin-in-pulp" technique (25), resin was
contained in a series of perforated basskets which were

vibrated to improve contact with the liquid in which they
were lmmeised, The contscting was cyclic and there was no

dischargze ol resin from the apparatusb Continuity of
opevation and countersurrent fiow for each of the several
processes carried out during the cycle was attained by
moving the liquid feed ponints. Tris is s promising
technique where fines must be handled though it is rather
complicated,
1265, Fluidized becs.

Fluidized beds would seem to give the advantages
of Jjigged beds and also allow higher liguid throughput.

jMiultistage techniques are required to give countercurrent

contaciing and such were devised by Perry (26) and by

Turner and Church (27). These use columns which are very
simiiar to JVeiss and Swinton's second variant, Since the

downcomers through which the solids pass end below the
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surface of the next lower fluidixed bed,liynid bypassing
tarough the downcomers is insignificant, However,; this
sifuavion does not opbtain at starc-up when the column
is empty of solids and the columa appears to be dirficult
to start-up snd rather unstsble to operate.

It was hoped that the technique investigated in

this study would be able to apply mulitistage fluidization
with completely stable solids hold--up. In contrast to the

developments outlined in section 1.2.4, the new technique
arpeared tn be comparatively cimple and free from moving

parts in the processing sections
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1, 3. The technigue investigated.

Fig. 1 shcws a flow sheet of the technigue in its
simplest form, Tssentially, this consists of a number of
stages through which there is an overall countercurrent flow

S

of solids and liqguid, In practice, it was considered to be
desirable to use a rather more complicated type of stage of
the type shown in fig. 12 The instantaneous liguid flow is
cyelic (fig. 2) and in the first psrt of the cycle, liguid
flows in the forward direction fluidizing the beds of solids,.
Trhere can fthen follow a period of no flow to allow solids to
setiles, Settling is not essential if the fluidized bed
settles in Zess time than that of reverse flow. Next,
reverse flow carries solids in dense phase flow from the
contasder to the retainer from which 2 proportion is over-

flowed to the next contactor, Finally, forward flow is

resumed and the solids in the retainer are returned to the
contactor from which they originated. The average rate or
liguid throughput is given by the difference between the
feoward flow volume, P, and the reverse flow volume, G,
divided by the total cycle time, t,, Similarly average
solids throughput rates can be pbtained if the solids
throughput per cycle is known. Since the velume of solids

transferred is independent of the forward flow volume, the









ratio of soplids to liquid throughputs is variable from
zero bto infinity.in any apparatus by adjusting only the
forward and reverse fluow volumes,

The operasion of the unit ILs controlled by these

volumes of forward and reverse flow and they can be
regulated by altering the direction of flow to the
apparztus with the three-way valves before and after the
pump, The velves can be operated by volume measurement
using float switches in the ligquid feed tank or, if a
positive displacement pump is used, by a cycle timer.
The horizoutal arrangement of the stages in

fig, 1 is arbitrary snd vertical arrangement in a column

would function similarly.

1.4, The Scope of the Experimental Investigation.

Part I of this study is concerned with the
hydrodynamics of a contactor using this technigue, The gense
phase flow of solids in liguid was suffici:ntly important
and unusual to warrant separate investigation in Part II,

The hydrodynamic study of the contecting technique
was focussed on the reverse flow pasrt of the operating
cycle since fluidization has been widely studied.
Brperiments on reverse flow were designed, firstly, to

prove the operating feasibility of the technigue and,
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secondly, to investigate and correliate the parameters
controlling sclids movement in the apparatus. To
achieve the first objective, it was necessary to show
that so0lids nold-up would be stesble throughout a melti-
stage unit when the controlling parsmeters were suitably
arranged,

A decision had to be mmsde at this stage as to
whether the effect of retsiners should be investigated
since they sre not absolutely necessary to the technigue,

The main function of retalners was to give control and

stability of solids hold-up in each stage during reverse
flow, A variant of the technique - as in fig, 1 - could

be envisaged which might have operated without retainers

if an entire stage hold-up were transferred in a reverse
flow period. However, retainers were essentisl for the
transfer of smaller quantities of sollids in a reverse

pulse, Reteiners were also expected to prevent any

tendency for solids to move back through two stages in a
single reverse flow period, Accordingly, the retainer
was considered to be an integral pert of the technique

and investigation of reverse flow was confined to 2 design

incorporating these,

Tne volume of a solids~-liquid system 1s sub-

stantislly independent of absolute pressure and the



shtage would be typicel of the

[¢}]

pehaviour »f & giagl
functioning of all stages in a cascade. Therefore, solids
reverse flow was sindied with only one typical stage.
This greatly simplified sccurate meacsurement of soiids’
mcverent and allowed extension of the investigation to
gbove the soilds nuld-up of normal multistage operation.
Turtherrore, a relatively iarge scale was possible with
ore scage without the necessity for large quantities of
solids and the resulis could therefore be more relevant
te infustrial applicesiions.

The systems invostigated were silver sand - water
and Lol—exchange rasin -- water. 8ilver sand was used

ince it was cheap s2.ad was representative of a wide range

4]

of soiids-liquid contacting processes such as the treat-

crushed ores, Ion-exchange resin was studied in

H

D

bl

men
latsr experimertc since the techinigue offered advantages

tu several processes using this materisl,
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2, EXPERIMENTAL.
2.1. Experimental =2quipment.
2.%1.1. Experimental plant,
The flow shest of the experimental plant is shown

ir fig., 3 and a photograph is shown in fig. L.
The parit of the apparatus representing a typical
stage of a multistage contactor was the contactor and

retainer and these are shown to scale in fig, 5. This
anit was fabricated in standard Q.V.F. parts (Q.V.F. Ltd.,
Stoke~on-Trsnt, ®ngland). The contactor was constructed
from two similér glass scctions of 12 inch nominal diameter.
A rigid polyethylene 60° cone (Baird and Tatlock I td.,
ILondon, England) was fitted in the lower section with the
cone outlet fitting tiglitly into the base outlet from the
glass vessel, The. 1ip of the cone fitted tightly between
the two glass sections. Hence, this cone and the top
glase section effectively formed the contactor. The
contactor had a capacity of about 26 litres., The top
outlet from the contactor was fitted with a candle filter
to prevent the escape of solids.

The retainer wes constructed from a 12 inch
lnong by 6 inch diameter pipe section joined by two 8

inch long reducing sections to the 1 inch diameter
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trancfer lines. The capacity of the retainer plus
transfer lines was 10,35 litres,

Tc allow solids to be comnletely &nd easiyty
tranci’erred out of the contactor, a2 1 inch line was

fitt=d to bypass the retainer, All the lines between
the contactor, the retainer, and the cyclone were 1

inzh nominal bore and 1 inch bore cocks were fitted to
divert flow through the bypass (valve G open) or through
the retainer (valve H open). Standard Q.V.F. glass was
used throughout this section except for a short length
of 1 inch flexible P.V.C. line just before the cyclonse.
Thc cyclone and the recelver were standard
spnerical Q.V.F. vessels of aprroximately 135 and 20

litres capacity, respectively. Agaln, a candle filter

was fitted to prevent solids from being carried beyond
the cyclone, This line carrying water from the cyclone
also passed through a short section of 1 inch flexible
P,V.C. line,

Solids could be transferred from the receiver
te the contactor by appropriate isolation of the cyclone-
receiver assembly (valves G, H and J closed) and
pressurising it with mains water to eject solids through

the & inch polyethylene line from the base of the receiver
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to the contactor. Dense phase flow of solids in this
% inch line proved to be difficult to achieve with the
20 1b./in.% pressure limit on the large glsss vessels
and a small water bleed was added close to the oputlet
from the receiver,

The volume of sand in the receiver was déter-
mined by weighing the cyclone-receiver assembly - hence
the flexible links in the lires to the cyclone, Weighing
was done witn a spring balance capable of weighing 200

1lb, This balance could be loaded or unloaded by moving

it up and down using 8 reversing geared electric motor.
The small density difference between ion-exchange
resin and water made weight determination of solids volume
unacceptably insensitive, Instead, the solids in the
receiver were trensferred to a metering column., This was
a 4 inch dismetsr by 8 foot long pipe section of about 20
litres capacity, A flow sheet of the modification is shown
in fig. 6. Solids were pumped from the bottom of the
receiver in dense phase flow through a % inch P.V.C. line
by & small centrifugal pump operating on a closed loop
between the receiver and the top of the metering columa,
Jith the velocities used, the selids disengaged by gravity

(at the top of the metering column) from the circulating
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flow. As a precaution. a screen filter was fitted azross
the entry to the return ¥ inch ¥,V.C. line., The
circulating pump was a small centrifugal.

Flow in the main loop through the contactor,
retainer, snd cyclone was produced by a centrifugal
pump with an output ranging from 850 gal./br. sgainst
a 45 font head of water to 2000 gal./hr. against a b
fooct head.. Tne direction of flow around the loop conuld
be reversed by appropriate operation of valves B, C, D
and Tl. The velocity of reverse flow was controlled by

valve A. Forward flow velocity was controlled by valve

P. (Although forward flow passed through both valves A
and ¥, reverse flow velocity was always at least double
that of forward flow.) A safety velve was fitted between
the pump and the contactor and set to open at 20 lbo/inq2
to protect the 12 inch glass vessels.

The lines between the main pump, the tanks, the
cyclone, and the contactor were all of 1 inch nominal bore
galvanised steel except for the section containing valve

F which was -- inch nominal bore.

The tanks were made of gslvanised steel sheet,
The capacity of the main tank was approximately 50 litres

and that of the metering tank about 25 litres.



Forward flow could »e coniinued indefinitely
with water overflowing from the metering tank to the main
tank. With reverse flow, water wase withdrawn from the

metering tsnk and delivered to the main tank.
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2.%,2, Characterisation of the solids msterials,
2:1.2.,1. Silver sand,

The silver send was initially screened by a
Ruesell screen to a nowminal -3%6+52 B.S.3. mesh size,
Fig, 7 shows a sample of the screened sand with a
magriification of zlli., On a similar photograph the sizes
of 175 particles were measured to the nearest & cm,
(equivalent to an actual size interval of 0.018 cm. )
using a graduated perspex "V%, The statistical diameters
technigue of itartin (32) was followed and the "diameter"

of a particle was m=2asured as the projected length on a
fixed =2xis cf a line estimated to bisect the visible area

of the particle, The number found of any given statistical

diameter was then multiplied by the cube of the statistical

diameter to give an estimate of the weight of that fraction
and the cumulative estimated weight was tsbulsted against
particle size in the csnventional meanner of size distribu-

tion chsracterisation.

The absolute density was found to be 2,646 gm./ml.
from density bottle determination., The frec~settled
vcidage was measured by weighing a messured volume of sand
and water and was found to be 0.489 while the tap settled
voiiage was 0, 383. The fluidization characteristics were

observed directly by measuring the pressure drop over s bed






L1

cf splids in & 2 inch dismeter column in which the
liquid flow wss distributed by a cloth distributor, The
details of fluidization snd size distribution are given
in Appendix 1,
2,1.2. 2, Ion-exchange Resin.

The ion-exchange resin was Zeocarb-225, 8%
D.V.B., cross-linkeéd, sodium form, -1L4+52 B.S.S. mesh,
(The Permutit Co., Ltd., London, ¥ngland,) Figures 8 and
9 show th:z resin megnified by x L3.. Figure 8 is resin
in unhused condition and figure 9 shows resin which had
been used throughou® the experiments. One hundred
particle diameters were measured to estimate the size
distribution in the same way as for silver sand, Spheres
conld be measured without recourse to statistical dismeter

sechniques and fewer measurements were considerad necessary.

The absolute density of resin which had been used throughout
the experimental work and from which adhering water had bean

removed by centrifuging was 1,295 gm, /ml. which was not
significantly different from the density of the unused
resin which had been equilibrated in distilled water for
2l houvrs. This had a density of 1.297 gm., /ml, This &8
not unexpected sincé the principal ion absorbed from the

meins weter used in the experiments would be calcium with
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an equivalent weight of 20 compared to that of sodium of
23 The free~settled voidage was 0,325, ®ull details
of cheracterisation of fluidized resin and size

distribution are given in Appendix 1.
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2.2, Planning of experiments.

2.2.%. Dependent varisosles.

Pigure 10 shows dlagrammatically an 1dealised
plot of the volume cf solids; V, transferred out of a
stage in one reverse flow volume as a function cof the
independent variable of initial stage hold-up, H.

This plot would arise at very low flow rates wnich were
insufficient to fluidize the sclids in the retsiner,

The volume of scolids represented dy 0A would f£ill the
retainer and if the hold-up of sclids was less than

or equal to OA, no splids would be transferred beyond
the retainer regardless of the size nf the reverse flow
volume,; Q. With hold~ups of s»lids greater than 0A, the
excess 0f the hold-up over QA would be trensferred out of
the stage until the hold—-up equalled the reverse flow
volume, This would give rise to the AB section of the
plot with a gradient of unity. Further increases in
hold-up beyond B would remain in the contactor through-
out reverse flow and the volume of solids transferred
would remain constant,

Before the full experimental programme was
planned, some preliminary experiments were made to
determine the general characteristics oI the results,

An actusl plot of V versus H with the much higher reverse
flow rates used in the experiments is slso shown in fig, 10,

This illustrates the choice of the dependent variables.
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The sclected dependent variables were:

Vmax’ the greatest volume of solids which could

be transferred out of the stége;
(2) Hcrit’

solids wronsfer ouit of the stage of V ;
max

the lowest initisl solids hold-up to give a

(3} U, the retainer utilization. That is, the free—
settled volume of solids in the retainer at the end

of reverse flow with an initisl hold-up of Hcrit’
expressea as a fraaction of the retainer volume

. - . o .
B EURE LA

(4) m, the cperating gradient. That is, the slope of the

scction of the graph where V increases with increasing

H.

Considering the choice of these variasbles in

devail, V. was of obvious importance since it must be
known to determine the solids throughput of a contactor.

Departure of Vmax from the idealised case might be
expected to arise partly due to an absence of settling
time before reverse flow and partly due to the effect of
glip. In moving svlids by the drag force of a flowing
liguid, the liquid must move faster than the solids and

the excess liquid passing is referred to as slip.



by

To show the significance of ©

lopite consider two

stages of a multistage unit of which one is the solids

H

>2d stage. The feed stage has an adequate supply of

3p0lids and provides the only source of splids to the other
stage. Assuming that initially the dependent stage contains
only liquid and that the two stages go through a number of
idealised flow cycles,; the dependeni stage will acquire more
solids from the feed stage than 1t discharges uptil the hold-

up in the dependent stage is Hcr3t° H is the normal

crit’
operating aold-up for a stage.

While the dependent stage is filling with solids,
reverse flow out of this stage ends with a period of dilute
phase flow, Vmax is reached when all this dilute phase
fiow is replaced by deuse phase flow, However, at Vhax
dilute phase flow will be on the peint of replacing dense
phase flow out ol the stage and dilute phase flow will have
entered the retainer some time before, The retainer
utilization, U, is & measure of the vclume of dilutirng water
in the dilute phase entering the retainer. U is useful in
determining the actusl volume of a retainer to hold back a
desired volume of solids through a reverse flow period.

The operating gradient, m, is an indicator of the

variation of solids transferred, V, with solides hold-up, H,
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when the latter jis leass than H With ion-exchang=2

erite

resin, the variation was linear over most of the hold-up

below H In some cases with the silver sand, the

crit-
variation was less uniform., For :he purposes of statistical

analysis in such cases, s gradient closely representative of

at leasi iwe--thirds of fthe sloping section was used.
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2. 2.2 The factorial experimenta,
e 202:1, Factorial experimentation.

To assess the effects on the statistics of the
independent varisbles; a factorial experiment was devised,

This form of experimentation was pioneered by Flsher and

his co-workers (28, 29) in the Nineteen-thirties during
their work in agricultural research.

For meny years, experimental work in chemical
engineering was carried out by the classical method of
studying a dependent varisble by varying one independent
variable and hplding =211 the other variables constant.

This has many disadvantages. N¢ idea of the accuracy of
the experiment could be derived from the results unless
experiments were replicated, Uncontrnlled variables could
ﬁrofoundly affect the results - for example, in the present
experiments, solids breakage could perhaps have caused s
gignificant effect, And, finally, no information on the
effects of interactions between the variables could Le
derived.

In a factorial experiment, the effects of un-
controlled variables are allowed for and largely eliminated
by randomisation of the experiments. No expériments need

be replicated since information con the effect of experimental



50

error can be derived from apparent interactions of small
magnitude and statistical non-significance. Of course,
this wethod would fsil if almost all the interactions

were significant but this is unlikely and in sny case

the classical method conceals the very existence of inter-
actions. Hinally, factorial experimentaticn is superior
in interpreting all but the most definite effects of
independent variables in that factorial analysis provides
an estimate of the probability that a measured effect is

real and does not arise by random chance,

Factorial anal!ysis is not a technique which is
universally applicable since it cannct deal adequately with
results where there is 2 sharp discontinuity in the effect
of one of the independent variables {(or factors,.in
statistical terminology) on the dependent variable (or
statistic). RBIfective factorial analysis is also limited
by the requirements of stringent randomisa“ion of
experiments and equal spacing of factorial levels. The
errors in the statistics deriveda from the factorial
cxperiment must be normally distributed which would not
occur, sayy if the error in making measurements varled
imarkedly ecreoss the range of levels of one factors

However, non-normal statistics can frequently be transformed



into a normal distribution and cven with analysis of non-
normal dats, the conclusions can usually be accepted unless
the departure from normality is very severe or the N
significance of a conclusion very marginal.

It must be emphasired that the results of
faztoriszl anslysis should be examined criticelly since

there is always a small probability tiast an apparently

cignificent result may have arisen by random chance.
special scepticism is advisable if the residusl error
is much smaller then the anticipsted error, . Factorial

analysis is particulerly useful in dealing with statistics
which sre influenced by a large number of variables.

2¢2.2.2, DTesign of the factorial experiments used,

To allow full randomisstion, a factorial
experiment must be planned fully before any experimental
work is performed, Investigations of the effects of
factors (independent variables) on the reverse flow of
solids in the present work could have included reverse
flow rate, forward flow rate, settling time, reverse flow
volume, retainer volume and shape,and initial stage hold-
up. Arn experiment covering all these variables would have

been cxcessively large.

Solids hold-up could not be included in the

experiment since its effect was sharply discontinucus
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at H Therefure, i{ wass decided to make each

S Lo
crly

experiment of Ythe fachiorial design include a series of
runs cver the full range of initial solids nold-up to
obtain the depenlient variables discussed in section 2.2.,1.
and %o use these variablss as the statisties of four
simul teneous factorial experiments, >

Retainer volume and shape were not included in
the experiments, KNething was "nown of how changes in the
retainer design might affect the stasistics end it was not
considered important enough to justify the complications of
glternative retainers in the experimental equipment.

Forward flow rate was not included since its
effect on setiling time would be expected to be predictable.
An increased forward flow rate would be expected to increase
the magnitude of any difference between runs with no
settling time and those runs with full settling of sclids
beforc reverse flow,

The remaining factors; reverse flow volume, Q,
reverse flow rate, R, and settling time, T, were selected
for investigation. Settling time was set at two levels -
no settling, or substantislly complete settling which was
taken as 50 seconds. Reverse flow rates of 30,3 and 60.6

litre/min, were used for silver sand and of 30,3 and L5.L
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lisre/min. for ion~exchange resin. A high pressure
drop with ion-exchange resin made 60,6 litre/min,
unsbiainable, Three levels of reverse flow volume were
used of 13,1, 16.3, and 19.5 litres T™his gave a

2xex5 fachorial design of twelve experiments - one each

for every combination of the variables,
Reverse flow rates were set before a series of
experimental runs using the main throttling valve, A

(fig. 3)0_ Forward flow was set at a fixed rate throughout
of i5r1 1iére ‘min. This was leower than would normslly be
used in practice but enabled the contactor to be loaded
with solids to far beycad the neormal coperating volume
without large quantitiec of solide collecting on the
candle filter at the top of the contactor.

It would have been desirablz to use one
2x2x3x2 design of experiment including the solids material
ag the fourth facter, However, to infer-bandomise the two
sels of experiments would have reguired considerable
enlargement of the apparatus and elaborate precautions
wonld have been required to prevent intermixing of the
twb solids which would have been mest undesirable on even

the smallest scale., 8o twe factcrial experiments were

carried ou* in succession for silver sand and ion-eXchange



resin,
The details »of factorial analysis are given

in Apperdlix 2.

n
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2.3, Ixcerimental methods,
2:3-1, Measurement and control sf variables,
2.5¢151s Volume of reverase fiow,

The volume 01 reverse flow had to be accurstely
controlled as well as accurately measured, The change in
level in the metering tank could be followed nn a carbon
tetrachloride—-water maanometer but there was a marked lag
in operation and it could not te used tc give reproducible
reverse flow volumes, After some moderately successful
attempts to produce an instantaneous indication of a
particular level by using a mercury float switch, a reed
switch device was fitted and gave excellent reproducibility.
The reed switch is 2 magnetic proximity switch which can
make an electrical circuit. The maximum distance at which
a particular magnet closed the contact reeds was found to
be aubstantially constant.

In its use as a float switch, the reed switch was
mounved in a brass tube which was graduated in 1/20 inch
units, (Fige. 11.) Using these graduations, this tube could
be porcitlioned inside another wider brass tube fixed in the
metering tank. A small permanent magnet was mounted inside
a hollow polyethylene float which slid up ana down the fixed

brasss tube, When the proximity of the magnet closed the



rezd switen, the circuit through a small light was
completed and the reverse flow of the pump was stopped

by manuslly operating one pair of linked vslves (B and C)
controlling the direction of flow round the main pump.

This gave excellent reproducibility of reverse flow volume,
Reversz flow was always started with the metering taenk full.
A small correction was applied to allow for the difference
of l2vels when reverse flow immediately followed forward
flow snd when a settiing pericod of no flow intervened.

The volume of reverse flow was set vefore each
series of runs makiag up one combination of levels in the
factorial experiment by location of the reed switchs
For the experiments with silver sand, the required level
in the metering ftank was set by reference to the carbon
tetrachloride-water manometer conrnected between the

metering tank and a constant level reservoir., On
analysis of the resulfs Br silver sand, it appeared

that tire volume setting must have been rather erratic

and, for the experimenis on ion-exchange resin, level
settings were made by direct reference tc the graduations
on the rod containing the reed switch, This was completely
satisfaciory. Use of the carbon tetrachlcoride-water
manometer should have given a level measurement of about

double the sensitivity of direct meassurement and the poor
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gualilsy of the results arose through the unnoticed effects
of direct sunlight on the csrbon tetrachloride which has a
coefficient of expansion of 1,236 x 10~ and could be
observed visibly to expand if shielding from sunlight was
removed.,. All manomeiters were subsequently shielded from
direct sunlight. There was alsc & progressive tendency
for carbon tetrachloride to cling to the manometer walls
which was absent during initiasl testing.

2o :’:» 1« 20 FlDV\f re teS';
Flow rate in either directivn through the system

could be measured by a calibrated orifice meter located in
the position chown in fig. 3. The orifice was made from
1/20 inch brass plate with a 0,72 inch diameter crifice

and was corner tapped. The size of the orifice and its
general design were based on British Standard specificetions
{30) though thesc¢ were stated to be rigidly aspplicable for
pipe dismeters of 2 incnes and upwerds. However, the
orifice was calibrated in situ and pressure drop was found
to vary quadratically with velocity, This celibration was

done +y timing a fixed change in level in a 20 litre tank

and the relationships were found to be V = L461,7./AP for
forward flow and V = 502.6./4P for reverse flow,

where AP

il

pressure difference in cm. ethylene dibromide-water,

V = flow rate in litres/hr.

i
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2.5:.1: 3. SBettling time,

Small varigtions in settling time produced no
gigniticsnt =ffect on results end it was quite satisfactery
to time the 50 seconds allowed for full settling with a

wrist wateh,

2¢ 3 1vle Eo0lids hold-up arnd volume transterred,

The volume of solids céuld only be determined
in the receiver (for silver sand) or in the metering
column (for resin), Hence, hold-up was determined by

measuring the total volume of so0lids in the sppropriate

meiering vessel and the wvolume subsequently transferred
to the contactor wan found by difference from a second
volume measurement, Thz volume transferred out of the
retainer in reverse flow was determined by differerce
hetween this second measurement and a third measurement
after the reverse flow periocd,

The absolute volumes of silver sard could readilLy
be obtgined by weighing since its density had been deter-
mined (ecection 2,%,2.). This was expressed as free-settled
volume using the messured free-settled voidage, The absolute
volume of ion—-exchange resin wes determined from observation

of %he chenge of levels in the metering column, Simple

observation of the levels proved unr<liable since the resin
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tended to compact slowly on settling and rapidly if it

experienced any vibration, It wss found that reproducibility
could be cbtained bykfluidizidg the resin in the metering

column with an approximately constant volume of water snd
meassuring the level immedistely after sll movement of
solids ceased., This was a direct measuremecut of the free-
settled volume,

2.3:.2. Operating details,

Before the experiments on reverse flow were begun,
visual observations were made of the behaviour of a bed of
sclids particles during forward flow. This was observed
to follow the pattern observed for single inlet éas fluid~
ized solids beds with ccnical bases observed by Leva (31).

With increasing liquid flow rates and increasing bed
volumes, the behaviour of the bed moved from that of a

spouted bed to a fairly evenly fluidized bed.

With the retainer full, it was found that solids
would not flow in dense phase at rates of less than ahout
'éﬁ litre/min. at pressures tolerable in 12 inch diameter
glass vessels. The upper limit, governed by the available
pressure on the suction side of the pump, was found to be
about 65 litre/min, for silver sand but when the experi-

ments with resin were carried out it was found that the
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upper limit was 50 litre-/min, As the flow rate
approached the lower limit, pressure rose rapidly, the
safety valve opened, and flow ceased. The bypass line
was used to clear such blockages since it was not
difficult to apply sufficient pressure to move the
stationary solids over the short section between the
bottom of the contactor~ and the start of the bypass line.
With the limited pressure available on the suction
side of the pump, a small water bleed through the bypass
line was essential when returning sclids from the retainer
to the contactor at the end of reverse flow. Pressures
of sbout 8 1b./in,? across the gland of the pump

admitted air to the impeller chamoer, By returning

snlids to the contactor from the retsiner, a series of
runs could be carried out with diminishing solids hold-
up without having to transfer solids from the receiver

to the contazctor,



Zs 44, HExperimental Errors,

The error in measuring the reverse flow volume,
@, was only about + 0.0L litres, The quartity of solids
transferred in a reverse flow volume could be measured to
an accuracy of about + 0,025 litres by weighing (silver
sand) and to about + O0.O4 litres by volume measurement
(ion-exchange resin). The stage hold-up, H, was measured
to the same accuracies as the volume of splids transferred.
To safeguard against any instrument drift, the silver sand
inventory of the system as indicated by the cpring balance
was noted berfore and after each of the factorial runs,
If the readings differed by more than + O,1 1lb. (4+0.025 1.)

the run was rejected snd repecated, There was no purpsse in

measuring the settling time to a high degree of sccuracy
and this was only accurate to about one second. S8Similarly,
ths liguid flow rates did not require high accuracy adjust-
ment and the manometer setting across the orifice plate

would have allowed errors of 4+ 0.4 1.,/min,
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3. RESUITS.
3.1, DNomencleture and terminology,

The experimente within the main factorial
experiments are designated by the lgvels of the factors,
Q3R1T2 designates the experiment carried ocut with
the highest reverse flow volume, {Q, the lower reverse

Thus,

flow rate, R, and ihe longer settling time, T,

Effects of the factors are designated as X!,
Thus @' designates s first order effect on the statistic
of the reverse flow volume, Q. If only two levels cof the
factor are investigated, Xl' would designate an effect of
unspecified order. X5!' would generally denote a second
order effect on the statistic of the factor; However, as
only three levels of the reverse flow volume were used in
these expsriments, Qz' dencotes an effect of any order above

first crder,
Effects of inueractions of factors sre denoted as

<z

X X ’Yn'ZO', ete, Thus, Q 'Rl' designe tes an inter-

lY i
m n’ “m 1
acticn of reverse flow volume, ¢, end reverse flow rate, R,

A positive value of the effect of this interaction would

mean vhat the effect on the statistic of increasing ¢ is

numeirically more positive at the higher level of R.



The levels of significance of effects are
indicated in brackets., Thus, (1%) implies that the

effect was significant with s prcbability of less than
one bercent that this could have arisen by random chance.
The threec main levels of significance are taken as 0, 1%,
léy and 5. These levels are referred to as very highly
significant, highly significant, and significant,
respectively.
3,2, Results of the factorial experiments,
3,2:1. Pactorial experiment on silv=zr sand.
The results for the twelve experiments within
the statistical experiment are shown in fig. 13 to 16,
There was a discernible difference in the shape
cf the plots for the twu reverse flow rstes, R. At the
lower flow rate of %0,% litre/min., there was a region of

low initisl hold-up, H, when no solids were transferred

out of the stage during the reverse flow period. This
gave a minimum stage hold—up.which would be maintained
indefinitely in the absence of solids feed. The minimum
hold-up would not be maintained during continuous reverse
flcw as distinect from the normsl cycling of forward and
reverse flows This is cbviocus, since this minimum solids

hoid-up decreased =s the reverse flow volume, Q, was

increased (fig. 13 and 14). At the higher reverse flow
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rate of 60.6 litre/min., the initial minimum hold-up
volume did not occur though there was a slight curve in
the plot close tu the origin indicstive of o tendency
for the sclids to be held selectively in the retainer.

The general structure of the plots was outlined
in section 2.2.1., and analyseS wers made, as indicated in
chat section, of the maximum volume of solids transferred
out of the stage, Vpixsi of the minimum stage held-up,

Hopite £1ving a transfer volume of V of the operating

max’
gradient, m, and the retainer utilization, U. The values

of these statistics are listed in Appendix 2 with the

factorial analyses.

The statistical analysis of E showed the

crit
effectsof Q' and Q1'Ry' to be highly significant (1%)
and the effect of Ty' to be significant (55,. All these

effects were positive., That is, the significaent effects

69

of the independent variables of reverse flow rate, reverse

flow volume, and settling time on Hopit 2re that a linear
increase in reverse flow volume will prcduce a linear

increase in H that this effect is greater at the

crig?
higher reverse flow rate than at the lower, and that

ellowing settling causes an increase in Hcrit'
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Statistical analysis of tune operating gradient,
m, showed Q' and R,' to be highly significant (1%) and
Rq'T;' to be significant (5%)s The effect of Q was
pesitive end the other effects were negative, That is,
m appeared to be linearly increased by increasing @ and
decreased with increasing flow rate. This lacst effect
was more marked when settling was allowed.

Statistical analysis of V. gave Q' as very
highly significant (0.1%&), T,' end QW'Tl' as highly
significant (1%), and Qz'Rl' as significant (actually
less than 23%)., All effects were positive., The
significance of Qz'Rl' seemed extremely unlikely and that

of Ql'Tl' seemed rather improbable, The test discussed

in section 3.4 on the normality of the d&ta raised
suspicions about the settings of § and checks on the

value of Vmax showed some to be irreproducible and led
to the discovery of the errcrs discussed in section
2.5.1s 1.

Neither H, ;¢ nor m seemed particularly sensitive

to small changes 1ia Q ano in the analysis of these
statletics, the residusl error was at lesst as brge as

estimates of experimental errcr, However, the residual
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error in the Vmax analysis is rather less than the
anticipated experimental error,
Since it was desirable to have en accurate

knowlegge of Vmax’ a geconé series nf experiments were
cerried out with the initisl stage hold-up appreciably
greater than Hcrjt so that all volumes of s~lids trans-

ferred would be V. (fig. 10). The reverse flow

%+
volume, 7, was varied and Vﬁax measured at constant

levels of settling time, T, end reverse flow rate, R.

This was performed for both levels of settling time at
each of the two levels of reverse flow rate, The results
are plotted in fig, 21. The aztuzl levels of reverse flow
volume, ¢, which had occurred in the factorial experiment
versus ¢ plots.

could be read from these Vmax

The variation of Vhax with Q appeared to be linear
with the marked exception that the results at the higher
reverse flow rate, R,, seemed tc change slope at a value
of ¢ of about 16,8 litres, Straight lines of best fit
(based on least squares on the Voo axis) were calculated,
making separate calculations for the higher reverse flow
rate results above and below ¢ equal to 16.8 1litres,

When § was less than 16,8 litres, the nutstanding

feature of the plots was ‘the relatively high level of
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V. at the higher reverse flow rate and without settling,

max
Rg?lo This was observably attributable ts the solids and
wauver becoming mixed in the retainer. With these con-
ditions of reverse flow, sclids passed in o jet up the
cencre of the retainer and left the vessel before sll the

water which was initially present had been dieplaced., 1In
all other cases, the sand rose smoothly in the retainer.
The change in slope presumably indicated the point at
which water initially bypassed in the retainer had been
completely expelled and the sand fraction in the retailner

equalled that in the line.
The fact that the plots T Vmax versus Q for

fully settled solids, T,, intersected the @ axis at close
to the retainer plue transfer lines volume (10,4 1itres)

substantiated the observation that little mixing of the

dense phase solids flow and the water initially present in
the retainer took place. It also indicasted that there was
negligible slip of water in the dense phase flow while the
retainer was filling with solids,

The inflexion in the plot for the higher reverse
flow rate and with full settling, R2T2, at sbout Q equel
to 15.8 litres might indicate the expulsion from the

retainer of s small volume of initislly bypassed water



gimilar to that which wss observed when there was no
settling of scolids, R2T1. With fully settled solids,

nelow Q cqual to 16,8 litres, V was increased slightly

max
with increased reverse flow velocity, This also would
sugeest a small amcunt of initial bypassing of water in
the retainer,

If this interpretaticn were correct, it would
help ©to explain the small inieraction between reverse
flow rate and reverse flow volume when the reverse flow
volume was greater than 16.8 litres., This interaction
colld only be interpreted as dve to a slight incresse in
slip at the higher reverse flow rate. It would be
reasonable for the change in slip to occur when the
retainer became filled with dense phase solids.

A small constant effect of settling time on Vmax
Wwasy shown except where the effect was masked by water
being bypassed by dense phese flow in the rztsiner,

It wes observed that at the higher reverse
flow rate, Ry, solids remained in the contactor at the
end of dense phase flow to the retainer., This was a
confounding effect and rendered meaningless the analysis
of *he retainer utilizsticn, U, based on solids not

transferred out of the stage. Hence no analysis of these
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resulis is queted. The values of U Tor silver sand are

listed in Appendix 2, At the lower flow rste, Rl’ these

could be used for design purposes,
342.2. Factorisl sxperiment on resin,

The results of the twelve experiments of the
stetistical experimeni on ion-exchange resin ere plotted
in fig. 17 to 20,

Ion-exchange resin showed no zone of low solids
hold-up, H, at Which no s8olids were transferred out cf the

stage in reverse flow. At the lower reverse flow rate,
30s3 litre/uin., & negligible deviation towards retention

of solids did occur, The effect was entirely absent at
the upper flow rate, L5.L4 litre/min,

The statistical analysis of Hcrit showed the
positive linear effect of Q, Ql" to be very highly
significant (0.1%) and the negative linear effect of
R, Rq', to be significant (actually less than 25%),
Analysis of the levels of Vmax showed the positiVe linear
effect of Q, Q', to be very highly significant (O.l%)
and there were no other significant effects,

Ion-exchange resin gave a much closer approach
to linear operating gradients, m, than silver sand.

Analysing m indicated a very highly significant (O, 15)
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positive effect of @, Ql', and a highly.significant
negative effect (1%) of g, Q>'s Analysis of retainer
utiliszation, U, indicated only the negative linear effect
of R, R,', to be highly significant (1%). The values of

1
the statistics are listed in appendix 2 with the factorial

analyses,
5¢3. Results expressing V as a function of Q.

The behaviour of solids in reverse flow can
be summariZed'graphically using V versus Q co-ordinates
and drawing in lines of equal hold-up as well as Vmax'
These replots are shown in fig, 22 to 25 for silver sand
and 26 to 29 far ion-exzhange resin,

The plots for ion-exchange resin show that Vmax
varies linearly with Q. In all cases, the intersection of
these plots with the velume, @, axis is cleose to the velume
of the retainer plus transfer lines, This indicates that
there was negligible slip before the retaircer was filled
with dense phase sclids and that very little mixing
occurred in the retainer between the dense phase flow
and the water which it was d;5p1acing.
3.l4e Normality of data. |

Bartlett tests were carried oul to check the

normality of the error distribution between the different
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levels 2f Q. None of the six tests - of Vﬁax’ H

crit’?

and m for silver sand and for resin - were significant,
However, in the case of Vmax for the silver sand the
probability of the errcr distribution being random fell
te almost 10% which suggested tne tendencies of non-
normal error distvibution associated with setting @
discussed above, By ciomparison, Bartlett tests on the
normality of errors in the two populations of Vﬁax at the
two levels of settling time and of reverse fiow rate gave
95 and 99.5% probabilities that the departures of the
error distributions from normality were purely random.
The corresponding tesi of normality of errcr between
different levels of ¢ populaticns of Vﬁax fer the ion-
exchange resin gave a greater than 70% probability of
normal distributicn of error.

Hence, with one exception, the error distributions
for tne various statistics éppear to be normal and the
results of the factorial analysis can be accepted with
confidences The exception is V for silver sand and no

max
conelusions have been drawn from the factorial analysis

of this statistic,
3,5. 8lip ratio.

S1lip ratio is defined throughout these experiments



90

as the aobsolute liguid veloedty past the solids expressed

as a percentage of the solids velocity. That is:

(linear velscity,liquid ~ linear velociﬁusdmﬁﬂllék

Slip ratic = linear velocity, solids
o0 [Bs:%a _ Ss(1 - eq) ]
At. ey At(L - ety .
- &
Al - e
b S
At(1 - )
100(ey - et)
= el - ey)

where Qg = total volume of solids and liquid delivered
in time, t,
A = cross-sectional area of the pipe,
ey = true voidage in the line,

€., = fraction of water in Qs’

The delivered voidage, €gs could easily be
calculated since the volume of solids conveyed in a
reverse flow volume was measured, This was usually

expressed as a free-settled bulk volume but could be
converted tn an absolute volume since this was a constant

fraction of the free-settled bulk volume for any cne
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material. Qg was taken to be the %otal reverse flow
volume, Q, less the volume of the retainer plus trunsfer
lines since only solids leaving this section were measured,
Slip before this section was filled with solids could be
ignored since it has been shown to be negligible. (Sections
3.2.1, and j})

The true voldage, €., was messured in the retainer
by stopping reverse flow suddenly when the retainer was full
of dense phase flow. The free-settled volume could then be
measured from the height‘of the solids in the retainer
Using s previous calibration of the volume of the upper
reducing section of the retainer,

S1ip ratios of between 17 and 22% were noted for
silver sand and of between 15 and 17% for the ion exchange
resin, These values would provide only an approximate
indication of the slip ratios since they were based sn the
voildage of solids in the retainer which is not hecessarily
an accurate measurement of voidage in the 1 inch 1link

lines.
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. DISCUSSION AND CONCLUSIONS,
Lho1. Discussion of the =nalysis of the results.

The less complex results of the analyses for
lon~exchange resin reveal a very simple situation, 1In
fact, no gffects were detected which could not have been
foreseen before the experiments had been performed,
The absence of certain cther effects which might also
hsve been anticipated is at least as useful a result
of the experiments. This is one of the advantages of
factorial experimentation whereby effects can be shown
to be insignificant when compared with the residual
mean squares estimate of error,

The only significant effect on retainer

utiligation is that of reverse flow rate, To understand

the mechanism of retainer utilization, consider the
hypothetical case of an infinitesimal reverse flow rate,
When reverse flow has emptied the contactor and the
transfer line to the retainer of s-lids, water will

enter the bottom of the retsiner, At the moment when
water enters the retainer, this vessel is filled with
dense phase snlids, Since the flow rate is.infiniteSimal,
no dense phase s0lids will leave the retainer while the

water is penetrsating upward from the bottom tc the top of
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the reveiner. By defiunition, retainer utilization is
determined at the point when dense phase flow out of
the retainer is ending0 Tence, with an infinitesimal
flow rate, retaines utilization will be one,

If the reverse flow rate is increased, some
dense phase solids will leave the retainer before water
-~ or dilute phase flow in actual conditions -~ penetrates
through the dense phase snlids and the retsiner
utilization will be less than cne. The rate of upward
penetration of dsnse phase flow would be expected to
be relatively constant referred tc the frame of reference
of the moving dense phese sclids. Hence, the quantity of
solids displaced from the retainer before the penetration
ol dilute phase flow to the top of the retainer will be
increased by reverse flow rate. This is the effect shown.

The volume of dense phase which has passed cut of
the stage prior %2 the entry of dilute phase flow to the
rztainer would not be expected to affect retainer utilization.
Hence, there is no effect ~f reverse flow volume, Q.
Similarly, if, in the absence of settling, some dense
phase flow was replaced by water at the heginning of
reverse flow, this water would have been expelled from

the retainer before dilute phase flow entered this vessel
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unless the reverse fliow volume was very small,
Therefore, no effects of settling time would be
expected from the analyeis of retainer utilization,
Hcrit is also reduced by increasing reverse
fi-w rate since there is a smaller solids volume in the
retainer at the end 2f reverse flow and since snalysis
of Vﬁax shows that the volume transferred osut of the

stage is not significantly different at the two reverse

flow rates, The linear increases in Vhax and Hcrit
with increasing reverse flow volume; @, would be

expected,

The two effects of reverse flow volume on the
cperating gradieut, m, would be expected, However, the
absence of any other effects is of interest, Apparently,
the retainer belied its name and there was completely
uniform mixing of solids and liquid in the retasiner,

If this had not been so, an effect of reverse flow rate
would have been expected sirce any tendency of solids to
settie would have been influenced by the reverse flow
rate,

The absence »f any effects of settling time,

T, on any of the statistics is surprising and its

significance is 'discussed below,
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The effects orn the statistics for silver
sanC are more complicated,

The effects on Vmax are interpreted in section
3 2.1 Hewever, it is worth noting that the predominant
effects of @ and T appear in the analysis of the factorial
experiment despite the errors in setting the reverse flow
volume, @ The apparently spurious significant effects
indicated by this gnalysis are all less significant than
the effects of ¢ and T,

H shows the expected effect of the reverse

crit
flow volume, 9, The effect on HCPit of settling time, T,
is easily explained sirce water in an expended fluidized
ved could replece sand in the volume of sand and water
passing through the retsiner at the start of reverse
flow, The interaction of reverse flow rate, R, and
reverse flow volume, @, is ceusecd by the water bypassing
sand in the contactor at the higher revérse flow rate,
This interaction indicstes that the bypassing was greater
with larger reverse flow volumes,

The opersting gradient, m, is influenced by ¢
in the same predictable way that was noted for ion-exchange

regcin, However, the effect of reverse flow rate, R, only

appears with silver sand and indicates that there was some
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preferential retention of sclids in the retainer at the
lower flow rate, The interaction of R and T can be
interpreted as an effect of tne shorter mixing time in
the retainer of small quantities of hold-up when the
snlids enter the retainer in dense phase flow, Without
settling snd the smsll hold-ups ~f less than Hopits
most of the solids flow to thevretainer would be in
dilute phase, The importance of the duration of dilute
phase flow thrsugh the reteiner on the volume of so0lids
retained has already been noted in the reduction, as @
is lncre=zsed, of the level of hold-up giving a Vﬁax of
ZETO,

A1l these effects on H and m are fairly

crit
dafinife and seem unlikely to have arisen from non-
norimality of error distribution,

The most marked difference between the sand -
water and the resin - water systems is the ccmplete
absence of any effects associated with settling time, T,
with the icn-exchange resins This is particularly
surprising when the fluidization characteristics of the
twe solids (Appendix 1) sre examined, While the

characteristics are simlilsr, the increase in vcidage with

increasing flow rate is rather more rapid and begins at a
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slightly lower velocity. . with the ion-exchange resin,

Both selids were fully settled at the end of
the seitling period allowed, so the difference in the
effect of settling time must arise 1rom a difference in
the fluidized beds which would sppear when no settling
was allcowed, If the fluidization was evenly distributed,
the plots of voidage against fluidizing velocity indicate
that the resin would show at least as large an increase
in void volnme as would the silver sand, However, the
absence of an effect of gettling time with resin implies
that there is a much smaller increase in veldage with this
material thaen with the silver sand., Suych a difference
would be particulerly importsnt close to the apex of the
c¢cone since solids in the upper parts of the bed have some
time to settle between the start of reverse flow and their
leaving the contactor,

There is cne large difference between the two
solide, The silver sand has an apparent density in water
more shan five times as large as that of ion-eXchange
resin, Hence, the force exerted by water flow on unit
volume of silver sand to support it against gravity is
very much greater than the force on the same volume of

resin, With sand, interacti~n between water flow and
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solids wculd be likely to result in wmuch greater
rratardation and deflection of the water flcw than would
oscetr with resin, Hence, it seems prcbable that with
resin, there is 1little damping of water flow and that a
high velocity Jjet of Water.can penetrate far into the

bed, The water in such a Jjet would have a relatively
short residence time sné the increase in voldage in the
bed - at least close o the epex - would be slight.

On the cother hand, with silver 59nd, the jet of water into
the base of the s0lids bed wruld be expected to be rapicdly
slowed and diffused across a much wider sross-section of
the bed with increased residence time and vosidage.

gtvrdies o spouted beds by Mathur and Gishler (%) indicate
that a bed of sclids cof high density requires much higher
fluid velccities to cause spouting than would be required
for a bed of low density solids but which was otherwise
similar,

The other marked d.fference between the sand -
water snd the resin - water systems is in the performance
of the retainer,

With resin the linear relaticnship of the
volume of solids transferred, V, to the initial solids

hold-upy; Hs; shows that mixing is complete in the retainer
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and that the vsiume of s0lids transferred out of the
stage depencs conly on the volume present in the retainers
With sand, retainer performance is more
gomplicated. The phenomenhon is best expressed as a
delay in lifting solids through the height of the
reteiner, Where there is no sclids transfer from the
stage, the maximum level of solids hold-up is certainly
dependent on the reverse flow volume -f water, @, and,
at these low levels of solids hold-up, the much expanded
fluidized bed in the retainer was cbserved to have an
upper surface which rose stecadily during reverse flow,
This last phenomenon was not observed with ion-exchange

resin, The interaction «n operating gradient between

settling time and reverse flow rate, discussed above,
also suggests a mechanism of seolids transfer through the
retalner which is time dependent,

It may be that a high velocity jet of water
entering the base of the retuiner is less slowed by the
resin than by the sand, The higher velocity jet might
be more effective ir 1lifting solids to the top of the beds

However, no data are available on the free-
settling velocities cof the two s2lids and this is a

characteristic of sclids which is very difficult to
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compare unless the sclids particics are unif&rm in
shepe and size., All that can be said sbout settling
velocities for the twe materials is that they appear
qualicatively tc be not wicdely different, In the
absence of an effective comparison of settling velocities,
the explanation based on jet effects must be treated with
scepticism,
L.2, Discussion ~f the feasibility and operation

of the multvistage technique.

The wider wsisnificance of the results is to
the operation ~f a sclids-liquid multistage fluidized
countercurrent ccntactor,

The most importsnt sspect of the results is the
existence of the platesu section in the V versus H plot
in every case of the two factorisl experiments, This
region in which the sclids hold-up has no effect on the
velume of solids trensferred by a given reverse flow
volume is vital to establishing the stsbility of a multi-
stege system, If the volume transferred had shown any

decrease in the plauveau section with increasing reverse

flow volume, a disturbance in the stage hold-up wculd
havz> started a continuous upwards divergence from the

desired stage solids inventory.

Operating with an H t hold-up in all stages,

cri

a multistage system compnsed of identical steges would



be stable. Heowever, there is no mechanism to inhibit

a drift towards increasing hoid-up, In practice, this
would almost certsinly arise through even the smallest
variation in the volumes of the retsiners plus transfer
lines of the individual stages.

On the ciher hand, the system is completely
stable to small decresses in stage hold-up from Hipngg
since this diminishes subsequent sclids transfer from
that stage, By reducing the input of solids per cycle
to the apparatus to rather less than Vmax’ the stages
wruld coperate with a hold-up of slightly less than

H and a emall gquantity of dilute phase solids

erit
reverse flow put of the stage would occur at the end
nf the reverse flow period,

The maximum possible throughput of sclids of
the multictage contsctor is the throughput of solids of

the stage with the largest retasiner plus lines volume,

The volume of reverse flow, Q, per cycle can be

Getermined from the relaticnship:

Q=4+ 7V 1+ 588) 4Lciiiinens (1)
max 1G0
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wnere Q = volume of th: reverse flow,
A = volume of the retalner + itransfer lines,
Vﬁax = maximum possible volume of free-settled solids
transfcrred in reverse flow from the stage,
S8 = slip ratic,
e, = true voidage in the line,
¢ = a small constant when no settling aof
sclides is allowed,
This equation follows from the plots of
Vﬁax versus @ and is strictly applicable for design
purposes to steges operating with a hold-up of Hcrit°
However, it is asssumed that, ir practice, reduction
in solids hold-up from Hcrit will be small, EBquation
1 is not valid in the high reverse flow rate with no
seittling case of silver sand at low values of reverse
flow volume,
In practice, it has been shown that S,e. /100
and ¢ are relatively small and
Q=45+ Viox
could be used as 2n acceptable approximstion,

The other equation for use in designing a.mulibi~

stage system is:



103

Hcrit=vmaX+UA sceesocasn (2)

where U = retainer utilization.

The size of H and V cen only be decided from a

knowledge of the conditisns of mass transfer of a

potential process and the bed hold-up which will give
the optimum reaction for the amount of material
involved st the selected forward flow rate, An upper
limit on V would be determined by the acceptasble
fluctuati-n in the liguid producs, For the reasons
discussed below, there would be a p#@ference for making
V as large as possible,

With resin, and probsbly with materials of
~similar density of only slightly greater than the liguid
medium, mes V/H. Although the relaticnship between V, H,
and m is more ccmplex with the denser silver sand, the
same trend is followed.

The plots of V versus H confirm that a stage
£filled only with liquid can be filled with solids merely
by adding solids to the first stege (relstive to solids
movemnent through the system) in the same way as in normal
operations By adding the normal volume of sclids for the
particular reverse flow conditions, the volume of sclids in

all siages will steadily build up to the operating hold-up
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volume, No special stert-up procedure is required, but
tiie speed of this bulilda-up is controlled by m, the
operating gradient and a high m also gives faster return
to the normal enlids stage inventory in the event of any
distﬁrbance of solids feed,

For example, consider three three-stage contactors
filled with liguid with operating gradients of 0.75, Cu5
and 0,25, After s volume of sclids equivalent to three
equilibrium stege hnld~ups hss been introduced in the
appropriate pumber of reverse flow periodss (45 6.and 12
respectively). the contactors will have snlids hold-ups
of 89.5, 84,4 and 79.0 percent of the equilibrium held-
up, respectively.

This effect on the rate of builld-up of solids
is8 not markedly significant.

The V:H ratin (which is not mlways exactly m)
gives a more significant effect. The sclids hold-up will
normally be completely transferred into the retainer in a
reverse flow perisd, When Vv is smell rclative to H
(that is a low m) a relatively grest amount of liquid is
transferred in reverse flow with the transfer of a small
volume of solids. Reverse flow must be repeated several
times to transfer s stage hold-up of solids, H, between

adjacent scages.
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In contrast, with high values of m there is
relatively less liguid assccisted with the transfer of
solids in each reverse flow period and the number of
reverse f1ow periods to transfer a2 stage hold—-up between
adjacent stages is reduced, Clearly, higher s2lids and
liguid throughputs ere possible with high velues of m
than with low values,

For this reason it would be desirable to

operate with the highest ratic of V to H which produces

neither unacceptable fluctuations in the concentration

AP
W

liguid product or sudbstantial sclids transfer through
two stages in one reverse flow period,

Having selected values for H and V, the volume
of the retainer is given by equatisn (2) and the sizer
of the reverse flow volume, Q,b¥ equatibn (1)¢ In sizing
the contector sn allowance of 100% expansion to the
settled bed volume would probably be about normal.

Assuming a fairly typical retainer . utilizstion of

dmx% and a reverse flow transfer of sclids of half the
gnlids in the stage per flow cycle (V/H = 0,5), the
contactor would bz 2.8 times the size of the retainer,

If V/H = 0.25, the contactor to retasiner ratio becomes
1.9:1 but for most applications a ratic between contactor

and retainer of nct less than 2,5:1 wruld be about the
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minimum to give any flexibility of operation and 3:1
would probably be advantagecus.

It hes been shown in Part II of this study
that there is a theoretical lower limit to the reverse
flow rete below which point there is insufficient slip
of water psst solids to fluidize the solids in the
retalner, This proaduces a packed bed in baoth the
reteiner and the transfer lines.

Operating with reverse flow rates close to
this lower limit would be wmsrginally advantageous with

denser s»>2lids materials such as silver sand since it
gives a higher operating gradient, m, with the associated
incresse in rates of bulld-up of sclids hold—-up.

Allowance would have teo be made te provide
enough pumping power to clear solids from the transfer
lines and the retainer in the event of an acecidental
incursion below the minimum veloccity while the retainer
was packed with sclids., This power requirement is

easily calculated from the published data (33) on

presgare drop thrcugh fixed beds since flow is not

resumed until the slip rete through the line linking

the bases of the contactor 2nd the retainer is sufficient
to fluidize the so0lids in the retainer, Until this aCcCUuUrs,

the solids in the linking line are themselves in a packed
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non-fluidized state, 3o0lide in the linking line
between the top of the retainer and the contactor

are not in any way restrained and are fluidized with
much lower slip rates, Hence the pressure required

to clear a blockage could be minimised by making the
link between the bases ~f the eontact~r and of the
retainer as short as possible. Trn wide lines would
be undesirable since they would interfere with the
performance of the retainer and solids would tend to

be held in them ~n Lthe resumption of fluidizing forward

flow,
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ite 3, Conclusions,

These experiments indicate that a multistage
soplids~-liquid contactor of this type and of the pilot
plant size studied could maintain a stable solids
inventory in each stage., It appears that sclids hold-
up would be completely stable at any value up to the
critical hold-up., 7Tn practice, since it is preferable
to transfer solids in reverse flew with the minimum of
the countercurrent ligquid phase, it would be advisable
to operate with a transferred solids volume, V, as close

to the maximum transferred s-lids volume, V as the

max’
variatisn in retainer vaolume between stages would allow.

Use of c¢he largest ratio of volume of solids
transferred to volume of solids in a stage which is
conslistent with acceptabnle fluctustion in the liquid
output end avoiding transfer of sniids through two
gtages in a single reverse flow pericd is recommended,

Use of the l-west possible reverse flow rate
appcars to be marginally preferable, A lower limit on
the reverse flow rate has been shown to exist and the
experimeunts of part II show thet this corresponds to
minimum fluidizing conditiosons in the retainer,

Tnere would sppear to be a small advantage in
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aillowing a settling pericd in the cperating flow cycle
of the technique for a dense meterial such as silver
sand and the significance of allowing settling wculd
be greater with higher forward flow rates.

4 method is indiceted for the sizing of
vessels and reverse flow volume if the solids hold-up
in =ach stage anG the volume of sclids to pbe transferred

per cycle has been determined.
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PART 1II.

STUDIES OF VERTICAILY UPWARD CONVEYING OF GSOLIDS

I WATER 1IN DENSE PHASE FILOW.
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5. INTRODUCTION:
Bels General introduction.

In the coniactor studied in part I, solids move
between the stages in the contsctor in '"dense phase flow',
This state of solids transport arises because the solids
are not pumped directly but move with the sssistance of
gravity from o settled bed of solids into a pipeline, The
£0lids enter the pipe in virtuslly settled packing.

In order to move the solids against the resisting
forces, the interstitial water has to travel faster than

the solids, That is, there is a slip velocity of the
water past the solids, When the direction »f flow changes
from the intiial vertically downward to vertically upward,
the interstitial water has to do more work in moving the
solids against gravity and the slip velocity must increase,
To accommodate iucressed velocity, the cross-sectional
area cccupied by water must decrease snd hence the voldage
becomes less than in the free-settled state.

Throughout the investigstions of dense phase flow,
the solids fraction in the line was always greater than
that of free-settled solids. Thus, the dense phase flow
of this study can be erbitrarily defined as the flow of
solids with voidege less than tﬁat ocecurring in the free-

settled stated



Beside being sn inherent feature of the flow
of solids in the contactor described above, dense phase
flow might be applied to pipeline fransportation. Its
use Would give a marked reductisn in the guantity of
accompanying liquid from that cccurring with the dilute
phase flow used in conventional lyfo-GQynomic conveying,
For example, dense phase flow could be used with advantage
in adding and withdrawing sclids with 2 continuous solids-
liguid multistage contactor.

A literature search did not reveal any work on
solids-liguid conveying with soclids concentrations as

high as these of denss phase Jiow, except at very low
velocity. Heance, it was decided to maeke a closer study

of dense phase flow snd to compare it with dilute phase
flow.
5.2« The present investigation,

3ince splids transference in the golids-liquid
contactor described earlier involved predominantly vertical
1lift operations, it was decided to concentrate the study
cn the upward flow »f solids, To do this adequately
recuired measurement o>f the pressure drop acrposs a
straight sectien of vertically upward 1low, the concentra-
tiocn of sclids flowing vertically upward in the line, the

delivered concentration of sclidés, and the flow velocity,



HBupiricael xessuremcnts of the pressure drops
over more complex secivions of the piping could also be
made but it was not practical tc extend the study to
horizontal dense phase flow withcut much elaboration,
Difficulty would arise in horizontsl flow due to
measurement of the cconcentration of flowing solids. The
concentration of flowing solids would be expected to be
different from that of upward flow in the same line and
woirld probably vary across the height of the pipe. A
brief study of an expansion and subsequent contraction in

the liae was also planned in an attempt to understand the

sudden large increase 1a pressure drop observed in part I
when the reverse flow rate fell to about 23 litre/min.

and the retainer was full of srlids,

It was decided to investigate the effect of pipe
diameter by using twe sizes and to use silver sand and
ballotini ap solids. These had Tfairly similar densities

but were quite different in shape characteristics,

Particles of about the same size were used for both

materials so neither the effects of particle size nor of

solids density were investigated,

5.3 Review of studies in solids conveying by pipeline,
The pipeline offers a simple and cheap method

for cross—country transportation of minerals in bulk
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between two fixed points and this has stimulated many
studies in horizontal sclids-liquid conveying.

iiiss Blateh (34) made the earliest detailed investigation
in 1906,

One ~f the ecarliest recorded coemmercial
apnlications was to convey cocal over 660 yards from the
Thames to Hammersmith Power Station in 1913 (35). Between
these early events and the present day, a considerable
literature on herizontal pipeline ccnveying has appeared.
This has ranged from purely commercial considerations
(36) to empirical equations for predicticns of trans-—
itions in flow behaviour (37).

Durand (38-41) has made 2 most comprehensive
investigation into the flow properties of a wide range
of particle sizes of sclids with specific gravities about
2,6 Durand studied both herizontal and vertical flow
and his investigations'were later extended to cover
particles of different densities by Worsiter (L2).

Abbott (43) gives a comprehensive list of references on

horizontal flow,
Studies of vertical conveying -~ invariably

vertically upwaréd - sre much rarer slthough vertical
conveying was used to 1ift gold bearing gravel in

America in the eighteen-fifties. In addition to the work
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of Durand and iorster, #liddon (LL) studied exclusively
vertical flow for a wide range of particle sizes and
densities in 1 inch and 2 inch pipes. aude and Whitmore
(L5) attempted a more theoretical description of flow

behaviour and itheir predictions for 20 to LO u particles
indicated increasing solids concentraticon on approaching

tne tube wells. Glidden wrrking with coarser particles
found the opposite to be true while Sergé and Silberberg
(L&) found that sclids were concentrated in an annulus
scme distence from the pipe wslls, ‘'his variety of
experience is illustrative of the complex nature of
golids~ligquid conveying and few correlations are
applicable cutsicde the sphere of their derivaticn,
However, Gliddon and Worster agree on a simple
relationship for particles not less than C,02 inches
diameser in vertically upward conveying, In conveying
these, i% is found that a frictional pressure drop to
velocity relationship is produced which is identical to
that with water only flowing at the mean flow rate of
the golids-liquid slurry, To obtain the frictional
pressure drop, the pressure drop due to the static head

of liquid and sclids is subtracted from the absolute
change in pressure,

With smaller particle sizes, this simple
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relationship underestimates the pressure drop at very low
velocities. The divergence increases with increasing s2lids
concenbtration, decreasing flow rate, and decreasing particle
size. The curves produced by Gliddon's studies arc all
similar in shape to the pressure drop against mean velocity
curves obtained with water only in the line,

In all the preceding studies of both horizontsl
and vertical pipeline flow, the reported solids con-
centrations never exceed 4O percent by volume (excepting
studies on very fine particles) since the experimenters
have recognised that this limit avoids incursions into
the different regime of dense phase £lows

Two stulies of s2lids-liquid dense phase flow
have been reported. Hancher and Jury (48) and Hershey
and Peebles (1.2) both studied the vertical flow of settled
ion-exchange résin in comparatively wide pipes at very low
flow ratess They recognised that, with dense phase flow,

the solids particles would be in continuous contact with

surrounding particles and that pressure could be trans-
mitted through the sclids without saffecting the liquid
pressure, When solids moved in dense phase flow, any
solids presaure would result in fricticnal losses between

the solids and the pipe wall. The frictional losses would
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depend on the solids pressure and nn o coefficient of
sliding friction,

Both Hancher and Jury and Hershey and Peebles
attempted to measure the coefficient of sliding friction,
By uslug wide tubes and vertically downward flow, they
wer2 able to messure directly the force exspted by solids
friction on a plate suspended in the dense phase flow.
However, aolids occupled only a short length of pipe and
this complicated the analysis since sclids pressure varied
across this short lengih, Use of ion-exchange resin was
assumed to introduce a further complication,

The resin beads at the walls of the pipe could be
distorted by solids pressure Lhereby allowing liquid
pressure to be transmitted to the walls through the sollds
and augmenting the frictional losses,

Hancher and Jury de¥ived only one very approximate

measurement of a coefficient of friction. Hershey and

Pecebles found that the coefficient of friction varied

with solids velocity over a range of very low velocl ties,
There have been a number of studies in solids-

gas ccnveying in dense phase flow. The earliest appears

to be that of Berg (L7), Wen (31) is also reported as
having investigeted horizcntal flow quite comprehensively,

His observations of drag coefficient and of the lack of
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effects of particle shape on friction losses bear
similarities to the results of this study.
5., Observations of dense phase flow pRior to this gudy,
in operating the pilot plant used in part I, a
certaln amount of qualitative informetion on dense phase
flow was accumulated, A lower limit for densc phase flow
rates through the retainer was observed and it wap found
to be especially difficult to carry dense phase flow

through flexible P,V,C., lines. When this was attempted,
a high pressure drop occurred and the sclids moved forward

in short spurts in a manner very similar to that described
by Rose et al (4) with solids-gas dense phase flow. While

there was some pulsation in flow through polyethylene and

glass lines it was much less marked and only occurred

temporarily after flow had been stopped,
One brief exPeﬁiment had been carried out on the

pressure drop in vertically rising dense phase flow through

a % inch polyethylene line at mean flow rates up to a
little over 2 feet/secs No meesurement of the transmission
solias concentration could be made but subtraction of a
solids static head estimated from the delivered snlids
concentration gave results which could have been inter-
preted as reasonably coincident with the pressure drop

caused by water cnly, (fig. 30).
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6, EXPERIMEITAL.
6.1, Planning o% the Lxperimenis.
6. 1.1, lessurement of variables,

measurement of delivered solids concentration
could have been dnne eilther by weighing the solids output
over a known time interval or by measuring the solids
volume, leasurement of solids volume seemed preferable
since the total volume of solids and water could also be
measured anrd used to give the mean flow rate through the
line, Solids volume could be reproducibly measured in the
same way as in part I by briefly fluvidizing the collected
so0lids and measuring thz free-sgettled volume,

The mezsurement of solids concentration in the
vertically rising flow condition presented more problems.
The measurement could be approached in three ways. REither
the so0lids concentrsation could te measured directly or the
absolute velocity of the liquid or the absolute velocity
¢f the solids could be measured, (XKnowing the volume of
solids or liquid delivered in a given time, the con-

centration of that phase in the line can be inferred from

its absolute velocity.,) To measure either of the
sbsolute velocities required tegging of some sort and

introduction of the tagged material to the flow stream
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without significantly disturbing the flow. Since the
tagging would have had to be detected at two points in
a steel pipe, a2 radioactive tracer seemed to be the only

suitable type, Use of a liquid tracer would have required

rigorous control over the liquid inventory of the system
with the attendant complications in appara.vus design,.
Use of a solids tracer would have recguired complex
equipment to introduce the tracer slug to the test line.
It was therefore decided to examine methods for direct
measuremeni of solids concentration in the line,

The simplest way of measuring solids concentration
in the flowing stream appeared to be to messure the
attenuation of ¢ beam vf radiation passing through the
flowing solids, Since the planned pipe diameters were
less then an inch, a Bremsstrahlung source secemed to
give the most suitable emission energy for diametrical
atteiuation (58), However, Bremsstrahlung rsdiation is
a continuous wide band of energies and absorption of the
low energy end would have occurred milch more readily
than of the high energy resulting in a complex relation-
ship between transmitted radistion and the thickness of
the absorbing medis, The presence of pipe walls could

completely alter this relationship,
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The use of a ¥-radiation source was next con-
sidered, This could either be attenuatéd axlally in a
suitably short lengith of verticelly rising flow or be
attenuated in a shallow angled traverse of the pipe, The
varietion of path length resulting from this shallow angle
traverse would have required very fine collimation of the
radiation beam and consequently a source of prohibltive
sizes The short vertical pipe section for axial
absorption of J-radiation waes therefore adopted, This
technigue was used previously by Rhodes et 21 (51). The
error in the measurement of densities is at a minimum when
pm, the product of the mass absorption coefficient and the

mass of the abscrbing path (dimensionless), is about 2

thozsi: the minimum is shallow and an order of magnitude
variation acceptable. (52)., A value of um = 2,3 was
chosen corresponding to absorption of 90 percent of the

unobsiructed beam. This corresponds to ar epproximate
path length of 22,1 cm,

The quantity of so0lid in the test section would
be determined as a cumulative "depth" through which the

collimating beam passed according to the egustion:
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log, (Isw/lov) = Tusfpsxs Tuwfowxw

where ISW = measured intensity of radiation with dense

phase flow in the test section,

Iy easured intensity of radiation with a

vacuum in the test section,

Mg = mass absorption coefficient of the solids,
(Cma2/gm3),

mass apsorption coefficient of water,

H

M
( Cllle 2/18mc ) 3

-

/QS = density of solids, (gmo/cmu5),

P

X

density of water, (gm./cmuj),

]

depth of solids in the test section, (cm.),

1f

S

Xy = depth of water in the test section, (cm.),

Since the depth of water plus the depth of solids
was a constent in the test section, the equation would be
linear, |

ileasurement of pressure drop across a straight
vertically rising section of pipe-line wes simple. The
preserce of a large concentration of solids would be
expected to assist in smoothing the flow, but in any case
45 - 50 pipe dismeters of undisturbed flow was allowed in

the design before the first pressure tapping, as
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recommended for complete smoo thing of liguid flow (39);
6. 1.2, Design requirements,
The material for the test line had to be

sufficiently hard to withstand any abrasive action of
solids particles and the corrosion of mains water, It
had also to be of precision bore, Drawn tube of type

JﬁzéyAcIQS.Ie stainless steel made by Tube Investments

was chosen, To give the minimum of changes in test line
diameter stainless steel Brmeto pressure couplings (Ermeto
1td, . ilaidenhead, Zngland) were selected for use in the
test line,

The test rig was plerned to allow runs of at

least 100 seconds duration in e 3 inch line at velocities

of up to 6 feet/sec. or 12 feet/sec, in a ¥ inch diasmeter
lines This required s feed vessel with a capacity of 13
gailsﬁs, It was considered impractical to provide the
storage capacity or the quantities of sclids which would
have been required for a 1 inch test line. A lower limit
of % inch pipe dismeter was used giving a particle to pipe
dismeter ratio of about 1:34 for LO mesh solids particles
(ja). Particles of about LO mesh were chosen mainly

because this wes the size used in the earlier experiments

and because it was sufficiently coarse to retain
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particulate characteristics (41),

Only an order of magnitude estimate of the
pressure drop likely to be encountered over the system
could be made from tne previous experience of dense phase
flow in Part I, It was decided %o use available pumps,
at least in the first instance, but in view of the
possibility that pressure drops might be higher than
estimated, the pressurised feed vessel, the associated
water input line, and the valves opening onto the feed

vessel were gpecified and tested to 200 1b,/ino2
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6.2, Bxperimental plant;

6, 2.1, The main plant.,

The experimental plant is shown in fig, 31 snd 32,
The central feature was the pressurised feed vessel, T,
which was an 8 inch diameter by 7 foot mild steel pipe
of £ inch wall thickness shut off at both ends With
removable blank flanges. This vessel had a nominal
capacity of 13 gallons, A concrete conical funnel was
built up on the bottom @iaﬁk flange to allow complete
drainage of splids without dismantling the vessel,

The % inch and 2 inch test lines were connected
in turn at the base of the pressurised feed vessel, Flow
to the test lines firs: passed through an 'M' type Sgunders
valve, 8.. This is a 90° action ball valve causing
negligible deviation or obstruction of the flow when
opens The valves in position & for both lines were fitted
with stainless csteel bsalls and suffered negligible wear
from silver sand but were rapidly scored by ballotini.
Flow in the test line was initially carried in copper
tubing of the nominal size of the line snd a2 'T' junction
was inserted in this immedistely below the feed vessel
for dreirage and to admit mains water through valve 9 to

flush the test line of solids. This copper tubing carried
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flow to the entry poini to the density gauge., Here the
line changed to precision bore stainless steel tubing. The
change occurred at a right angle stainless steel Ermeto
coupling, After the density gauge (see section 6.2.2,1.)
and asekort horizontal section, flow entered the main
rising section of about 9 foot length. Approximately the
central U4 feet of this were used to measure the pressure
drop of verticelly rising flow. At the top of this
vertical section, s further right angle coupling returned
flow to copper tubing snd after 2 short horizontal section
and a shallow curve, flow was passed to either side of a
dividing cone by a swinging flexible pipe, (For the first
53 puns out of & total of 70 with silver sand in the % inch
line, there was a shallow bend of about 5 inches radius at
the top of the vertically rising section.) The swinging
pipe was attached loosely over the outlet of the copper
tube and consisted of about a foot of 1 inch bore neoprene
reinforced with imbedded steel rings,

From the dividing cone, so0lids passed either to the
metering cylinder, M, or to the dump vessel, D. The meter-
ing cylinder was an 8 foot long by 4 inch diameter glass
cylinder of uniform bore. The dump vessel was a plastic

dustbin of about Yﬁ%?galun capacity,



130

Only one major modificotion was made to this

nj=

plant, For the last seven runs with ballotini in the
inch line, the top 20 inches of the vertically rising

section were repiaced by an 8 inch length of 3 inch

diameter mild steel pipe connected to the £ inch line by

stendard reducers and bushes., This is shown in fig. 33
Three pumps prcduced flow in the test line by
pumping water into the top of the pressurised feed
vessel. Pump.B was a centrifugal cspable of developing
2, 1b,/in.2 The four valves, 1 - L, round this pump
could direct flow in either direction petween the feed
vessel and the main tanks, Puamp Awas an identical
pump used in series with pump,B to booset the pressure
in the feed vessel to 48 lb./in.2 The maximum pressure
could be developed at the highest flow rates used in
either cf the test lires. Flow rates were controlled by
the 1 inch valve, 5, immediately downstream from the out—
put of pump B. Pump C was a metering pump (maximum
capacity about Z;glgél-/,hr,) to give flow rates in the
test line below those which could be accurately or easily
piroduceda by the centrifugal pumps., The main water feed
tanks were linked together and had 2 nominal totel capacity

of 1747 géllonsg,






Solids were ra2turned to the top of the feed
vessel from the metering cylinder and the dump vessel
through 1 inch bore P,.V.C. lines. The suction side of
pump A was used to move the sclids, Since the maximum
pressure drop which could be produced in this way was
only 8 lbﬁ/ingg, a small amcunt of water from the output
side of the pump was added to the dense phase flow close

to the dump vessel and the metering cylinder., This

resulted in dilute phase transport of the solids and
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aveided the high pressure drops which had been experienced

with dense phase flow in P.V.C, lines,

Water could be easily disposed off from the
system by allowing elther the main tanks or the dump
vessel to overflow into the drain trough in which the
apparatus was built.

6.2.2, Instruments,
6,2.2.1« Density gauge,

The layout of the density gauge is shown in
fig, 34. The 10 mC Cu-60 source was sealed inside a
cylinder of 0,69 cm, dismeter sand 0,81 cm, long, 6., Ik
was mounted with the axis vertical in the central hole

of a brass cylinder which fitted into the 5,07 cm.

diameter Lole in a c¢ylindricsl lead castle, A ccllimating



s

ey

£

DENSITY

)

GAUG

=

Lo

AXTAL VERTICAL SECTION.
5
KEY
w7
37 s
. [ —~ Scintilla
crystai

o

Ly oo




134

cylinder of 9 cm, lengih was ineerted on top of the bLrass
cylinder locatérg the source. This collimater was a lesd
filled brass tube with brass end pirates in which were
fitted th~ ends of the 0.5 em, I,D., copper tube collimator,
The castle, 7, was mouﬁted on a circulap steel
base plate, 8, Three pieces of % inch studding were
screwed into this base plate so as to touch the outséde
of the castle and were drilled, tapped, and bolted into

the cast iron outer shell of the castie, Two further steel

plates, 10, 11, with drilled 9/16 inch holes concurrent
with the tapped holes of the base plate were mounted above
the castle and located by nuts on the studding. The

lower of the two plates, 10, supported the detector

collimater, 2, This plate had & central $ inch hole

and surrounding this were three 3 inch holes in which the

detecter collimator could be rigidly lccated by using

washers and 2 BA bolts to give some latitude in the position.
The detector collimator was 9 em., long by 1.8 cm,

diameter and the collimating slit was 0.5 cme in diameter.

It was of similar construction to the source collimator

but had in addition a brass collar thrcugh which the

lceating bolts passed, In setting up this collimator,

its position on the steel plate and the tilt of the steel
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plate were adjusted until the radistion flux leaving this
collimator was at a maximum, These collimeting arrange-
ments ensured a maximum difference in path lengths passing
through tne test sectisn snd air only of 0.02b5%. Lead
bricks were placed srcund the detector collimator to

reduce the background and interference from scattered

radiation,
The detector was .alsn mounted in a lead castle,

12, snd this was supported on the top steel plate, 11,
and held in place by its weight, The steel plate, 11,
had a2 22 inch central hole snd the top of the detector

collimator passed through this toc terminate close to the
detector crystal, 1. The IDL 661 detector comprised an
11/16 inch diameter by 1 inch thick type 2004 thallium
activated sodium iodide crystal and an BMI 9254B photo-
multiplier, The cathode follower was a Dynatron Channel
Probe Unit NI 1l set at maximum sensitivity with a
paralysis time setting of 200 psec, (This is a pulse
generator unit sending out s standasrd pulse for every
pilse received above a particular voltage determined by
the sensitivity setting.) The output from this was

passed to an Ecke Automatic Scaler Type N5H30F.

Ut
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The approximately 22.41 cm., long test section of
pine was located while empty by moving it slightly till
the radiation reaching the detector was at & maximum. f%
was rigidly located by four specislly shaped clamps, L,
attached to the studding of the support structure, The
Ermetos elbows wcould have given a curved boundary to the
ende of the column of flowing material in the test

section. To avoid this they were drilled flat with a

star drill before assembly.

6.2,2.2. Pressure measurement,

The pressure tapping holes, PIl and PI2, were
1/32 inch in diameter in order tc be not lerger than one
sixteenth of the tube dismeter, (This is the upper limit
recommended by Allen and Hooper (54).) They were drilled
with a stainless steel bit with a tight fitting brass
piston inside the tube to prevent burrs on the tube wall,

Brass Ermeto couplings were drilled out to give
a locse fit over the tube, A hole was drilled into the
coupling wall to teke 2 % inch 0.D. copper tube which was
soldered in plsce, (Fig. 35), One 2f these couplings was
located and tightened over esch of the 1/32 inch holes in
the tube wall, By using brass sealing rings on these
couplings, it wes possible to remove them subsequently

since the brass did not cut into the stsinless






steel, The twe tappings were connected across an 80 cme
mercury-water manometer. (Pig. 35). Both the % inch
P.V.C. leads $to the manometer had points where solids
could be removed and other points to introduce water
bleeds from the msin pumping system.

A gauge to measure the actual pressure on the

lower cof these two tappings, PI1 was attached after the

first 30 runs with sand in the 3" line. The gauge

pressure measured here was designated P3,

Pressure measurement was made throughout of
the pressure in the feed vessel (designated ODP) and,
lzter cn in the experiwents, ancther pressure gauge was
introduced at the 'T' Zunction in the test line below
the feed vessel (designated PL). All pressure gauges
were of the Bourdon type.

66242.3. Flow rates,

The flow rates through the test line were
determined by measuring the voclume of sand and of sand
plus water delivered %o the metering cylinder in a known
times Flow was first started to the dump vessel, When
adjussed to the required overall pressure drop, flow wus
diverted to the metering cylinder by the swinging pipe.
The diameter of the cylinder was previocusly measured by

withdrawing measured vclumes of water of about ocne litre
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e¢ach and plotting the smvel against the t-tal amount with—
drawn., The diemeter was found to be constant and 1 cm,
of column length to be eguivalent to 0,0188 galzcns,

The timing of a few of the early runs was done
with a stop watch operated by the other hand from that
operating the swinging pipe, This was sufficiently
accurate with en error of about 0,2 seconds at most if
the duration of flow to the metering cylinder was more
than a minute, (Equivalent to velocities not exceeding
about 5 feet/sec. in the ¥ inch line,) It was super-
ceded before any runs were carried out with both
centrifugels in series which gave velocities in excess of
5 feet/sec, The subseguent equipment incorporated a
'reed' switch (megnetic proximity switch) mounted on a
boom close te the swinging pipe. A magnel was sttached
to the swinging pipe and closed the reed switch when the
swinging pipe was in the position to direct flow to the
metering cylinder, This completed the circuit to activate
a Venner Mark II Timer (Venner Ltd., Néw Malden, Surrey).

This instrument was designed to time fractions of
a second.Whenithe timing circuit was closed, e low inertia

hand with a one second sweep picked up the continuously
runaing mechanism. The dial on this hand was gradaated

in hundredths of a second snd could be accurately read to
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i/10 second, To record seconds, the timer closed
contacts in a separate circuit once every sweep of the
second hand and these pulses were counted by a relay

pulse couater.
6.2.3 Characteristics of sclids materials,

The silver sand was the same material as used
in the Part I experiments and described in section 2.1.2.

The glass ballotini were silicqne coated sods
glass of nominal 0,3 to O, L4 mm, (about;56 + 52 BeS.S.

mesh, )
Fig., 36 shows a sample of the ballotini with a

magnification of x 18, 10C particle dismeters were

measured to estimate the size distribution in the same
way as for lon-exchange resin described in section 2.1.2.
The absolute density of the ballotini was found to be

2. 4978 gm,/ml, The free-settled voidage was determined
as being 0.4395 and the tap-settled voldage as being

0. 385, Full details of the characterisatiosn of fluidized

ballotini and size distribution are given in Appendix 1,



Fig. 36.

Ballotini.

el SO

508 RC
—

o e

Unused.

Negative photographs, magnification x

18,



1h42

6. 3» Experimental methad.
6.3.1, Hlow Control,

In practice, flow through the test lines was

usually skarted with only water present in the linss
since readings of the density gsuge with water in the

‘test section always preceded a dense phase flow run,

However, flow could be re-staried after dense phase

flow had heen allowed (o settle for an indefinite period
in the test lire, On re-starting flow with the
centrifugal pumps, the overall pressure drop rose to

the waximuim available from the pumps. The solids tend=d
to move in 3light spurts for a variable time of anything
from a few seconds to several minutes and then re-
cstablished the origiral flow conditions., With the
positive displacement metering pump, the overall pressure

drop rose to as much as 100 lbg/ino2 with much fluctuation

and sudden spurts of flow., Again flow ultimately re-
established the original conditions though with the
positive displacement pump up to twenty minutes cculd
first elapse, With both types of pump, there was a

tendency for the‘interval before original flow was re-

established to vary directly with the pericd of settling
in the test line.

This tendency for a longer delay in re-establishing



tne original flow conditions after a long period of
settling should not be confuced with the complete

absence of flow and associated high overall pressure

drop which arose if air was present in the test line

in the interstices between the settled solids, In this
situation, the solids did not begin to move until the
£low of water through the interstices had expelled
most, if not all, of the air. Again, flow eventually
return=d te the original conditions,

Wide varlations were cbserved in the pressure
drops when flow was re-started using the metering pump
after a pericd of settling of s»lids in the line. #ven
two consecutive runs with the same flow rate and after

equal periods of settling time rarely gave similar

pressure drop patterns, This suggested that there would

be no advantage in providing larger positive displacement

punps to study the transitory flow behaviour of szlids
after settling at higher flow raties.

Under stable conditions, the centrifugal
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pumps were quite satisfactory and provided a substantially

constent flow rate without requiring any adjustment to the

flow regulating throttling valve,
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6.3.2. lanometer technique,

The measurement of pressure Adroep by mancmeter
gave accurate readings at negligible ceost, However,
movement of mercury levels in the mancmeter required
removal of up to 3 ml, of water from the dense phase
flow slurry, If the flow rate was gradually increased
in the test line, the pressures registered by the mano-
me ter never cxceeded the static head of sclids and at
high flow rates became negative. These were clearly
egrronecus snd may have arisen from blockage of the lower
orifice to the manometer through which water had initially
to pass from the densc phase flow, This plug of solids
would then presumably almost cease toc transmit pressure
at the iower tapping points At the upper tapping point

ard in the absence of a similar plug, pressure would be

transmitted normelly to give the observed negative readings
on the mancmeter, By using the water bleeds to the mano-
meter (fig, 35) to pre-set the mancmeter rather higher

than the expected pressure drop, consistent and increasing
(with increasing <low rafe) readings were cbtained.

Tnis pre-setting could be overdone and if an excessively
high pressure drcp was initially set on the manometer, a

high and irreprcduclble pressure reading wes obtained,
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Occasionally, the pressure tapping holes became

rnore permanently jammed with solids and the pressure
across the mancmeter altered only slowly. This wes

unacceptable with high velccity runs and had to be cleared

by alternate spplication of hydraulic pressure and suction

to the tepping points,

6. 3. 3¢ Density gauge calibration.

After the density gauge had been installed and
aligred but before the & inch test line was lacsted in
the beam of the density gauge; a 22,1 cms length cf the
same % inch stainless steel tubing closed at one end by
a piece of perspex sheet was used to derive the mass
abgsorption coefficients of sllver sand snd vallotini,

The distribution of solids in the calibreation
tube was non-homogenecus, However, this wss unimpcrtant
since the rsdiation beam was well-collimated, Also, conly
g very rhort sectiocn at the tocp of the calibration tube
did not contain solids when the sttenustion equalled
that ﬁroduced by dense phese flow in the test line,

A % inch steel plste was inserted in the beam

first above snd then below the calibration tube and no

difference was observed in the rclstive attenustion

produced by the empty tube and the tube f£illed with
weter, This confirmed the theoretical expectati~n that
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the attenuation csused by the steel walls of the couplings
at either end of the test section in flowing conditions
could be ignored. |

To obtain the mass abscorption coefficients, the

intensity of mdasured radistion was noted with the tube
empty and a smell correction (multiplied by 1.002) applied
for the attenuation caused by air. The cazlibration tube

was then filled with water and the count rate noted, The
~path length and the density of the water were known and

the mass absorption coefficient could be calculated, The
s0lids mass absorption coefficients were found by intro-
ducing known weights of solids into the calibration tube
which was otherwise filled with waterov The calibration

tube was located with the sasme clamps used with the test
line, The weights of solids added to the calibration tube

were varied widely to establish that the plect of logg
(Isw/Iov) against x_, the depth of sclids, was o straight
line, {See section 6.1e1s)

Attempte to add solids directly to the calibration

tube rCrequently entrained air bubbles. .This was
varticularly liasble to happen when the tube was almost
full of solids and preduced a slight deviation at the high

values of Xz 1n the otherwise straight line plot against
loge(IszOV). To avoid air entrainment, the calibration

tube was connected by a short piece of rubber tubing to a
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filter funnel and water added until the filter funnel

was about half full. A known weight of solids was now
sprayed onto the surfsce of the water in the filter

funnel through the narrow orifice ol z separating funnel,
As soon as a layer of sclids built up on the water surface,
80lide sank as individual sir-free particles into the

calibration tube, The finsl layer was easily sunk by

the addition of & few drops of liquid detergent and
stirring, This removed the snomalous deviation from a
linear plot. The celibration details are given in
Appendix 3.

Before the test section was used for the first
time and subsequently after every remcval of the test
section from its supporting clamps, the length of the
column of flow in the test section - the path length -

hed to be measured, This was done by alternately
filling the test section with water and then removing

the water with a water ejector, The total ccocunts over

two 100 second periods were noted for each state and

L

the procedure repeated until three psirs of readings
both with and without waser were obtained. These were

rejescted and the procedure continued if any significant
instrumens drift seemed to have occurred during the

collation. The path length could then readily be calculs ted



using the previcusly determined wmass abscrption
coefficient for water,
6. 3, 4. Procedure for carrying out a run.

A sufficient quantity of snlids was passed
through the test line to give a readable level of solids
in the metering cylinder., These sclids were fluidized
gently and the free-seitled level noted together with
the water level. The fractional second timer was zeroed

and the reading on the seconds ccunting relay was noted,

Flow from tne test line was now directed to the dump tank
and the s5lids flushed from the line by mains water
applied thrcugh valve 9 to the junction in the test
line below the feed vessel., 1Twe 100 second counts were
made of the detected radiation with water only in the
test line (since the resdings of the electronic counting
equipment drifted slowly over a range of about L,
varying principally with room temperature). The pump(s)
or the run wss then sterted with the pressurised feed
vessel outlets both clcosed, Plow was started to the test
line by opening valve 8 (fig. 31) a2t the bottom of the

feed vessel and the desired flow rate adjusted with the
throttling valve 5 by reference to the overall pressure

drop. (The oversll pressure drop indicated the flow
rate as accurately as was required for these experiments

and the flow rate measuring orifice plate between the

148
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pumps and the feed vescel was not used,)

Now that flow was established at the desired
rate in the test line, the manometer recording pressure
drop across the straight vertically rising section of
the test line wees pre-set as explained in section 6.3.2,
Fext, the radiation detection equipment was started on a
100 second count and the flow was diverted to the meter-
ing cylinder asutomatically starting the timer, Readings
were now noted cof all the pressure measurements.

While the run was proceeding, the maximum
numbe of 100 second counts of the radiation were made
(except for very low flow rate runs where about six

counts were made at intervals throughout the run),
With the highest rate runs in the % inch test 1line,

the capacity of the feed vessel was only sufficient
for some 70 seccnds of flow and the time to measure

10,000 counts was noted - about 50 seconds - since the
counter could nct be set for less than 100 seconds.
The pressure readings were noted periodically during
the run since small fluctuetione occurred and the
average of each reading was assigned to that run,

Flow was returned to the dump vessel and the
timer stopped when the metering cylinder was gout

four-f£ifths full (except at very low flow rates when
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the volume collected hrd to be reduced to as little as
0,2 gol, over.lé hours). Flow to the test line was
stopped by closing valve 8, the test line was again
flushed with mains water, and two further radistion
measurements of 100 seconds were made with water in the
test lines The water level in the metering cylinder
and the readings of the timer and the seconds counter
were noted, The solids in the metering cylinder were
fluidized and the level cof the free-settled solids
noteds The solids were then returned te the feed

vessel,
The flow rates.of runs were randomised as much

as possible ‘&nd the experiments on a particular pipe
size and so0lids material were continued until a

reasonably continuous range of flow rates and pressure
drops had been vbtained, A number of runs were carried

out in the vicinity o1 sny suspected discontinuities in

any of the pressure drops.



6.4, Calculsticn of results,

The results wcre calculated as the experimental
runs were completed, Tc check these results and te
extend the calculations, all the experimental readings
were put on punched cards and a computer programme run
on the Imperisl Cclilege IBK 7090, A sample calculation
is set out in Appendix 4.

Three forms of veloclty appear in the results,
liean velcclty is the mean linear velaocity of solids and
liquid calculated from the total vcolume delivered in unit
time divided by the cross-sectionsl area of the pipe.
Snlids velocity is the mean linesr velocity calculated
from the absclute vcolume of sclids delivered in unit time
divided by the cross~-secticnal area of the pipe cccupied
by solids. Slip velccity has alresdy been éefined in
gsectizn 3.5, This is mainly quoted as a percentage of
solids velocity in the form of slip ratio,

It may not be immedintely obvious that X, the
linear depth of solids, divided by xpl, the linear path
lengtha, is o direct measurement of the volumetric sclids

fraction, (1-et). However, consider the cose of a square



of side, say, three units. If every third "B 13
unit is filled with snlids, it can easily /7/7 1
be seen that from all directions xs/Xpl is f *Qazﬁ%

1/3 and taat the overall solids fracticn z ‘ﬁf'j&ﬁa’

is 1/3%3 The same result is found if the
model 1is extended intc three dimensions.,

In order to clarify the frrms of pressure drop
used to express the pressure drop over the vertically
rising section, conaider a section of pipe of height,

h, filled with liquid of density, /i. When liguid is
flowing upward in this section, there are two components
of pressure drop, There is the fricticnal pressure drop
due to fluid flow and a pressure drop due to the static
head of liguid, The pressure drop due tc the static
head of liquid is A h (expressed in the ccnventional
units o water headfl The static head is the force
which must be applied in mcving the liquid through the

pipe section against the force of gravity.

If sclids particles of the same density as the
liquid were now to be introduced to the pipe section,
the liquid buoysncy wcould support the particles and the
stetic head would be unaltered. If the density of these

perticles were now to be increased, a new element of

i5
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stetic head wenld arioc egnual to the differonre in
densi n11i T a i i ’

ensity between the sclids and liguid, (A4~ 1\‘
multiplied by the fraction of the vslume of the pipe
section filled with sclids multiplied by the height

of the pipe section, That is, the solids static hesad
is (PS—,«ai)(l-et)h.

Providing that the solids remain in suspension

in the liquid, the solids static head is transmitted to
the liquid by & drag force prcoduced by the slip velocity
of liquid psst the solids. Hence, the solids static
head appears in the observed water pressure at the base
of the pipe section. This is the basic principle of
fluidizetion,

Now, with the solids fracticns of dense phase
flow being of the same magnitude as packed beds, it might
be assumed that st least some of the sclids static head
would be transmitted to the walls of the pipe. This
occurs with stationary packed beds of sclids and give
rise to the phenomena assccisted with the angle of
internal friction, However, in dense phase flow, the
solids are moving upwards and no frictional force at
the walls could act upwerd sgainst gravity on the solids,

Indeed, if such a force did exist, it would have to do



work in moving the soclids against gravity.

In measuring pressure drop with vertically
rising dense phase flow, the ligquid static head is of
no interest since its nature is well estsblished, If
the liquid frictionel pressure drop, which appeared to
be negligible (secti:zn 7.1); is ignored, the absolute
pressure drop less the static head of liquid represents
the total force exerted on the sclids by the liquid.
This is referred to as the "totel pressure drop™, aP¢.

Since the manometer leads were filled with water, the

pressure indicated on the man:meter between the two
tapping points on the cection of vertically rising dense
phase flow (fig, 35) dces not include the static head of
water ;n the test section, XNffectively, it measures the
total pressure drop as a head of mercury in water.

If the solids static head is subtracted from
the total pressure drop, one is left with the force
dissipated by sn~lids friction. This is referred to as.
the "dynamic pressure drop",4>Pd.

The pressure drcp over the entire test line,

ODP, is expressed as a "total" pressure drop. That is,

only the static hesd of water is subtracted from the

observed gauge pressure. The choice of this form of

154



pressure drop is arbltrary since the principal interest
in this variable is in the transitions which occcur.
These are egually apparent if "dynamic" pressure drop
ie used with the static head of solids and the staiic

head of liquid subtracted from the gauge pressure,
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6. 5. ®xperimental err.rc,
In counting radiocactive disintegrations, the
relative standard deviaticon from an observed ccunt rate
is given by (G)_% (53). Where several ccunting operations
are invelved snd the result produced by multiplicaticns of
divisicns of these counts, the relative standard deviation
is given by:
Relative standard deviation =!}§(C-l)} z
where C = total ccunt of the individual contributions,
Using a single 100 second count of the radiation
attenuated by dense phase flow and four 100 second counts
of the rsdiation attenvated by water (regarded as one 40O
second count) gives a standerd deviation of O,71% for
sclids fraction. This is the pattern of crunting in the
majority of the experiments though in meny of the lower
flow rate runs more then n~ne 100 second count of the
radistion attenuated by flowing scolids were made giving
improved accuracy, With runs at the flow rates of greater
then about 6 feet/sec, in the 3 inch line the accuracy
would be sppreciably reduced to a standard deviation of
about 1.,35% since the radiation attenuated by dense
phase flow could only te counted for about 50 secondss

{The errcr csused by reading of the time to ccunt 10,000

pulses to cnly O,1 seccnds is relatively unimportents)
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Measurement of the delivered solids fraction
depended on the sccuracy of measurement of snslids volume
in the‘metering cylinder, The reproducibility of a
given solids level at the bottom of the metering cylinder
was excellent but measurement of errors further up the
column were reproducible only within a range 1 0.5% In
calibrating the metering cylinder for the two solids, the

levels were repeatedly measured and fluidized but the

157

weighing associasted with the calibration was only accurate

to about * 0,5% That is; in comparisons between the
delivered voidages of the two masterials an error of
X 1% could exist.

| Using the Venner Timer, f£iming of flow to the
me tering cylinder was read to 1/100 sec. and the shortest
period timed was rather over 3% sec, The timing in this
case would have been in error by less than ¥ 0,15%., Wor
the wajority of runs, timing error depended on the
accuracy of mains 50 cycles, The Venner Timer was
checked against s caesium clcek one second time signal
and was at worst accurate to O.1 sec, in 1 minute or
+ 0.17% Water levels in the metering cylinder could be
read accurately to £ 0,5 mm, and the change in level

was never less than 50 cm, {(except for a few runs at very
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low flow rate -~ mean velocity less than 0.1 ft./sec,)
so errcrs in measuring the total volume delivered to
the cylinder did not normally exceed % 0,2%, That is,
the mean flow rate was accurate to X O4l%,
Errars in the delivered solids concentration

(f 0455) and in the flowlng concentration of eolids
(* 1.42% - using two siandard deviations or 95%
probability) determine the error associated with slip
rate, This is exceedingly sensitive to small errors
ag it involves a subtraction of the flowing and delivered
s0lids concentraticn end is only accurate to about®l3%
which would explain the large scatter in slip rates.
In comparing average slip rates between the two materials,
the maximum estimated error of X1% in calibrating the
metering cylinder would result in an error of asbout
t 6, 5%.

‘ Polids flow rates depend on the accuracy of
determining the delivered solids concentration and the
solids concentraticn in the line and hence would have a

maximum variation of ¥ 1,9% for any solids material,
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7. RESULTS.
7.1. Pressure drop over 2 straight vertically rising
plpe section,

The first two graphs (37 ard 38) show the

pressure drop produced by water oniy as a function of the

mean velocity for the % inch and £ inch lines, The

measurements of pressure drop and velocity for water

only in the test line were converted to friction factors
and Reynolds numbers and compared with standard plots of
these groups. (60). The results were fairly consistent
indicating a roughness to diameter ratic of 0.0008 for the
Z inch line and 0,0002 for the 2 inca line., These values
are equivalent te 10 and L microns, respectively, This is
rather less than the 50 to 100 micron tolerance sn rough-
ness quoted by the manufacturers but seems to agree with
microscopic observation of the surface, '

The dynamic pressure drop of silver sand is also
bplotted on chese graphs as a function of mean velocity of

water and sand., It will be observed that at mean velocities

between about 0.3 feet/sec. and sbout 3,0 feet/sec, the
dynamic pressure lay on or close to the pressure drop of
water only. Below approrimately 0,3 feet/sec, there was

a tendency for the pressure drop to f£8ll away below that

attributable tc stetic head,
Above mean velocities of aboubt 3,0 feet/sec., the
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Fig. 38.

Effect of mean velocity on the dymamic

pressure drop with vertically rising

flow in the & inch pipe with ballotini

and with water only
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dynamic pressure drop left the water pressure drop

curve and increased linearly with increasing mean
velocity., As this was completely unlike a pressure

drop plot arising from the flow of fluids, » plot was

2lso prepared of the dynamic pressure drop against the
meen solids veloclty. Despite the lower accuracy in
determining the mean solids veloclity ss opposed to the
mean velocity, a sample regression analyeis on the results

for sand and in the % inch line with sclids velocities

greater then 5 feet/sec, (a manifestly linear section for
both axes of velocity) showed e much lower standerd
deviation of pressure readings. When plotting ageinst
mean velocity, the stancdard deviation of pressure readings

from a straight line of best fit was 0,093 feet water
head/feet pipe length while the plot against solids

velocity gave o standard devistion of 0,067 of the same
units, (Fige. 39). This confirmed visusl observaticn

that in 211 cases plotting of sclids velocity gave less
scatter about a straight line, Plots of dynamic pressure
drop against sclids veloccities ere shown in fig, 40 - 43,
The &transiticn from folleowing the water pressure curve
occurs about 2 feet/sec. in terms of solids velocities,
It will be noted that the twon plots for bellotini behave

in the same way as silver sand at rates below this
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Fig. 39.
Comparison of the correlation of dynamic pressure
drop with vertically rising flow in the 4 inch
pipe with sand as a function of mean velocity and

of solids velocity

Dynamic

Pressure
Drop

(ft. water/
ft. length)

247
) Solids

velocity

1.8T

1.6 Mean

velocity

018 -

0.6

0.4 L

s L [} i (3 1 1

4

| 1 L (]
1 2 3 & 5 6 7 8 9 10 11
Velocities (ft./sec.)



4 N EEER e

bbb irdi i it

Fig. LoO.

Effect of solids veloclty on the dynamic

pressure drop with vertically rising

ISEEEEEURINES EANSN RS

-

flow in the % inch pipe with sand

Frpassaliiingy

PIRSn. o

[

[NESE R

i

| g

a v
5 o 7 9. 10
Solids Velocity (ft./sec.)




1 ERRese T
| .
3 T ;
11 i

1
puavs

i

J)O 11

[

Solids Velocit

2

(4]
2 vl - k
i g ® g T
“, N
+ o N
Bk E % o HR e -
i Nl s e T 11 o
it e g an ,v oo
T O aQ T B B
. Ko » Q HH | HHE ~
i 5 5 cE >
i S o s . 0P
i g o8 P i “
SEtiesat pss o .m M T “ a
it ! i :
tipidadiy HM, y 42 e T Il 0 > T~
HEE e = O TR
+ : aVv [u 3 T 'y
oh
s
(4]
>
-~

o
Q
[}
1 ‘n
aVv +
o
=
@
o} o
! m i .
~ H w3
: o U o
o @ Ko T
th ] + - sasuifan b W
e G4 mn.u. At P
= - o R Gib e 5
b e @ A ! I et £yt i
+ T + 0 -t e “
; Wﬂvm . [4) [H) 2 ﬁ\: 5 ! b .;H T
i1 5ase8 HF o o] © i I :
s Jic VR |
:ﬁ T Shaw AT- f T :
it T = |
i i i i itk
T EE
; HHEH
Sgagates i1 .
TRk |
T PR g “
R R m. SRR
T R AT Rhis
Pu M “. TR INes SR Rand Sfnd P! d
et B HH R LR .
b THHHIT S il :
St ] wtf I qpaNal nt H i kw s
gegasSaiediobehisuts Jaashsinte Aot bu sl EReEs P 0Es
¢ B niEn i
m i
s B e i
ssrarstR mense et EaR EaRT : T - Siceiseos
ek R LR et i i il




jewas
piene

Spues
po=y

8 11 12

Vi

1l

ising

9
SeCe

-
“£ft./

e with sand

it

tically r

=

i1p

[REpe ey

n

hp
)

R
] wf
(] [¢]
> o
T ~t
: i g Sl K,
I i
&z oA
il # b m
5 o o
Q Q ol
H & : T o
o IR S I 2
© £ &
W !
w2
0 Q
V] -~
HOO % §aatast das pc
P CEH R R tH ﬁ‘ .Ju
THEHREHE L FEH S
1 H
s cxsesseasi nsal eat fisHiEE
RN e..ﬂm
Bt i
e rme T
i Q5 i
T U0 :
it} v HH i
o lptm )
i HilEl it
H 1t | B
Hh ]
sifl i GO i S
; T T I SEIRERS IS851 S3Es T
” 1HH ] il R R i
: H T ‘N%:.M,t.bnxﬂ :
; il Hii B M
LT : iy Eeiikts ESREal sl bl EEnuiunant eosaasatat o Hitit T )
Tﬁu | 1 .L*A Sl m ﬁﬂmfm wm: i
i | ] M BRI I E R R ]
R I IR HHHE Hidi s HW HH :




pRyee

ey b

Loy

Paas

jands i

RE ey prwte

th vertically rising

pressure drop

Effect of solids velocity on the dynamic

wi

3
4

patey

PO RS S

J8ecf M

—r

8
ft.

SIATETN

Ppnes!

ZY. (

paness

bai

iTEER

I

li

6
veloci

13

1

5y

=1

S();I'l:i.ds5

3

Q
Ko
L
H i i
2 i ._m H
1 5% H. gei ﬂ : i
; W m - ISR R patE
HLI 3 15 »UH
i oL iy
' 3 . i
, ) S ul i
i g E T !
55 g2 MR b
1f il H3sabl sS R ETeH lu i3
f il “ :
SRseRen o i
il 5 |
S v H 3t
i H 5 :
jut 5
R ah i
i
poseasEIRd ERISE SIS o 111 -
[ En 5 I
jhds il i :
s 32 g3t IW s




168

transition. The gap in the results for bellotini in

the § inch line was caused by an exceptionally high
pressure over the whole apparatus (Section 7.3). Since
similar smaller peaks in this coverall pressure drop against
solids velocity plet occurred in the other three cases
without detectable effect on the pressure drop over the
straight section of the vertically rising flow it seemed
very likeiy that the missing secticn of the plot exhibited
the same undisturbed characteristics observed in the other
three instances,

In this section of linear increase in the pressure
drop with solids velocity, there appeared to be small but

some times marked discontinuities at about 5 feet/sec.

From the linesar nature of th: dynamic pressure
drop velocity relationship above the 2 feet/sec, transition,
it would appear thet liquid fricticn contributed negligibly
to the measured pressure dreop, If liquid friction had
continued sbove the transition the pressure drop wculd
have besn expected to include a term which varied with
about the 1,8 th power of velocity,

While it is ususal in studies of the vertical
flow of liquids snd slurries to subtract the static
head of solids, plots were also preparéd of the total

pressure drop which measured the force applied by the
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slip water on the solids particle assembly, {(Fig. 4h-57.)
The total force exerted by the liguid on the
solids psrticles over uait length of the pipe is the
product of the total pressure drop per unit length and
the cross-sectional srea of the tube, Considering this
force as being uniformly distributed between the
particles in this unit length:
A Pp X A = dex N
where &P, = total_liquid pressure drop aver unit length,
A, = cross-sectional area of the pipe,

Fq = drag force on en individual particle,

N = number of particles in unit length of pipe.
.*y AP, = - Fd”‘DZ . (Ll"et%;'r;Dz/u
(7] . '
(== W D/0 y
where D = pipe diameter ‘
dp = pariicle diameter,
ey = voidage in the line,

o ~ 3 — - N
L) L) Fd ‘-‘APto dp [} ”ﬂ6xcl ‘t)}
The drag coefficient for isclated spheres is conventionslly

defined (§9) :
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Effect of solids velocity on the total
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Fig. 47.

Effect of solids velocity om the total :

pressure drop with vertically rising

flow in the % inch pipe with ballotini
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jo! /01 slip

where Vsli = absolute velocity of liquid past so0lid perticle,
D

1

Substituting the drag force in theequation for drag coefficients

30/019 VSl lp2 ("(‘.)

density of the fluid,

Cp

The dreg coefficient is plotted against the particle
Reynolds number, Re/ in figs 49, Re/ ig the conventional
Vg
group using psrticle diameter, absolute S'U;ri't!s density,

and slip velocity.
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7.2. Pressure drop at right angled bends,

P3, the gauge pressure at the lower of the
two tapping points, PI1, on the vertically rising
straight section wss measured, Thiso pressure gauge
measured the pressure drop occurring in a vertically
rising section, a sharp right angled bend, and a short
horizontal section followed by a short shallow curve

through about 309,
Nothing wes known of the pressure drop occurring

in this short horizontal section and in the shallow curve
and they were assumed to be fairly small compared to the
pressure drop at the sharp bend and were neglecteds The
pressure drop which arose in the vertically rising
section was known and was subtracted from P3 leaving a

pressure drop produced meinly at the right angied bend.
To ch=ck the assumpticn of neglecting the
unknown pressure dreps, the pressure drop nccurring over
the entire system was similarly treated by subtracting
the pressure drop arising in the vertically rising
sections and dividing the residual pressure drop by
the total number of right angles in the system, (FPive
in the £ inch line treating the "T" below the pressure-

storage vessel ss a right angled bend, and four in the

176
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% inch line where flow passed straight through the T
junction and the pressure drop caused by a sweeping 90O
bend below the feed vessel was ignored.)

The results of these calcuiations are plotted
in graphs 50 - 53, The pressure drcp at & right angle
is expressed as the number of pipe diameters giving the
same total pressure drop in straight vertically rising

flows Neither the results from the first 53 runs - where
there was a sweeping bend at the top of the vertically
rising section - nor pressure drops derived from elevated
overall pressure drops at low flow rates (Section7;3) are
plotted, The results buased on one bend are marked ) and
from bends throughout the test line ¥ ,

The plots showed & certain amount of scatter but
a marked tendency to linear increase of pressure drop
with increasing solids velocity. Results from the two

sources of pressure measurement were in very reasonable
agreement in view of the assumptions msde in the cal-

culations., The two plcts for ballotini and the plot for
sand in the % inch line were almost concurrent when
expressed in this forms The pressure drop at right angled
benés for sand in the 2 inch line, while being of the same
form, is throughout rather less than half that of the other

Co865,
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Plots were also prepared expressing the
pressure drop at a right angled bend in terms of pipe
diameters of dynamic pressure drop in a verticslly
rising section, Graph 54 is typical of the results
produced thus, (N.B, Diameters are plotted at half
the scale used in graphs bssed on total pressure drop, )
The correlation was decidedly inferior to those
expressed in terms of total pressure drops
7.3+ Pressure drop over the entire test line,

The pressure drop across the entire test line
- the overall pressure drop (ODP) - is plotted in fig,
55 -~ 58, Log-log form is used to show the results at

10w velocity clearly, and the static head of water only
is subtracted from the indicated pressure, (Section 6.4).
Since the overall pressure drop cccurred over a

very complex pire system, the mesin festures of interest

were the transitions in the pressure drop versus flow
rate pattern, A transition at about 2 to 2,5 ft,/sec,
solide velocity was present in all cases corresponding
to the most marked trapsition in the pressure drop over
a streight vertically rising section of pipe,

There was also a very marked step transition
in all cases, The flow rates at which it occurred vary

for different conditions from about 0,2 feet/sec, for
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sand in the %}inch line to nearly L feet/sec. for
ballotini in the 2 inch line.

Since this effect does not occur with P3, this
sharp increase in pressure drop must arise between the
feed vessel and the lower pressure tapping point on the
vertically rising section, Since the horizonial and
vertically rising parts of this section were virtually
identical to iLhose over which P3 occurred it seemed
probable that the high pressure drop occurred in the
verticaliy falling section or at the bends where
horizontal flow gave way to vertically upwsrd flow.
To decide between these two pussibilities, aﬁgauge was
fitted st the only readily available positions This was
in the other arm of the "T" where mains water could be
introduced to flush the test line of solids. At this
point vertically downward flow ends and horizontsl
flew begins. The pressure drop here remained completely
in step with the overall pressure drop, Thus the high
pressure drop must be associlated with the complicated
section through the density gauge.

It will be noted that with ballotinl in the
% inch test line the overall pressuré dreop appears to

rise to about 120 1b./in2o The pumps ére only capable
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of developing 48 1b,/in2. but the linesr nature of the
log-l1log plot at velocities below the transition and up
to 48 lb,/ing, suggest that the extrapolation is valid,
There is probably significance in the transmitted

solids fraction for ballotini in the § inch line where
the sharp step transition is most marked. The trans-
mitted solids fraction is very high at flow rates above
this transition and even higher at rates below the
transition. The ballotini in the % inch line shows much
the same level of transmitted sclids fraction at rates

below the transition but above the transition is less

than that for the % inch line except for a few points

immediately sbove the transition velocity. (Fig. 59).
However, this pattern 1s not repested with the generally
lower voidages of the silver sand,
T-he Slip,

The slip ratios are set out in fig, 60 ~ 63,
Slip ratios appear to he constant down to less than
1 foot/sec, and probably as low as about 0,53 feet/secs
.There is, for the reasons explained in Section 6,5, a
very wide scatter of individual slip ratios. The
averages of slip ratiocs at solids velocities of greater

than 1 foot/sec., for the four cases of different line
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Fig. 60

Slip ratie with sand in the 4 inch

pipe versus solids velocity.
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Fig. 61.

Siip ratie with ballotini in the % inch

pipe versus solids velocity
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diameters and materiale were calculated and ccmpared

by 't' tests to see whether they belonged to different
peopulations, These 't' tests are set out in Appendix

he The results indicate better thau 0.1% significant
difference in three of the compariscons and better than
2% significancé in the compariscn of sand between fhe n
and the 2" line, In view of possible error in measuring
the s8lip ratios arising from calibration of the metering
cvlinder for the two materials (sce section 6,5) the

es tima ted maximum error was used to make the worst

possible displacement of slip ratio averages towards
each other. The 't' tests between materials were
repeated and wer= still significant to better than 1%
for the § inch line and slmost 1% for the 3 inch line,
Below sbout 0,3 feet/sec., solids velocity, the
slip ratio rose rapidly to reach infinity when the slip
velocity was sbout 0,01 feet/sece At this point and at
lower velocities no solids were transferred through the
line, The slip velocity at which solids transmiggion
ended correspondéd reasonably well with the measured
incipient fluidization velocity,
7¢5, Pressure drop acrcss the expansion toc 3 inches within
the % inch line,

Above s0l1ids velocities of 0,98 feet/sec., the
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cheracteristics of the % inch line with a small section

rcplaced by the expansion to 3 inch and the subsequent
contraction to + inch were identical to those occurring

in the siumple % inch line, With solids velocities of

less than 0,98 feet/sec. flow of solids ceased completely
and the pressure drop rose to the maximum available, Flow
could not be re~started and on the first occasion that this
occurred the 3 inch expsnsion had to be removed to
extricate the sollds.,Adding mains water direct to the

3 in~h section did not improve the situation though

golids were cleared downstream from this addition, but

a small water bleed immedistely below the expansion
cleared the blockage after a variable pause of up to a
few minutes. The exact point st which the transition
to jamming occurred can be pinpointed since one run
jammed only moments after the results had been collected,
It seems likely that the blockage arose when
the slip velocity was insufficient to wmaintain superficial
fluidizdmg velocity in the expansion, The slip veloclty
in the run which subsequently jammed was 0,317 feet/sec.
which gave an absclute average velocity ain the 36 fold
expansion of 0,0088 feet/sec, This was in reasonable

agreement with the measured minimum absolute velocity
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of fluidization for the ballotini nf 0.0080 feet/sec,
in view of the limited accuracy of slip ratio measure-
ments.

it was noted in section 2,3.2, that in the
piilot plant with its 1 inch %o 6 inch expansion that
flow rates of about 23 1.,/min., gave rise to jumming,
The absolute slip water velocity in the separator at
30.3 l./min. was estimated to be 0,014L4 feet/secs which
would indicate an absolute slip velocity of 0,0108
feet/sec, at 23 1,/min, The measured absolute velocity
of minimum fluidization for silver sand was 0,0087
feet/sec, irdicating that the jsmming observed was of
similar nature,
7.6+ Comparison of work to 1ift solids in dense

phase and dilute phase,

Gince the flow rate to convey the same quantity
of s0lids ‘thkrough a given pipe must be considerably
higher 1n dilute phase then in dense phase, the com-
parison between the two states is quite‘complicated.
According to Durand (Lgﬁ) and Worster (h), the pressure
drop (less the static head asscciated with 1ifting the
solids) is the same as with water flowing at the same

mean veloclity, The sclids velocity is however, rather
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less than the mean veloecity with the slip veloclty
reported as being equal to the free-settling velocity
of the solids particles, Cn this basis the dilute phase
velocity to convey the same volume cf solids as in dense
phase is given by:

Vail =(V(3me )/ (1-eg590) + Vo Cail

di
. aNeraae
where Vdil = dilute phese }ig;ge velocity,
V_ = dense phase solids velocity,
Vp = free~fall particle veiocity,;
edil = voidage of dilute phase flow,

Worster (§R) considers that about 80 percent of the
potential energy of the conveying water could ncrmally
be recovered and the ratio of work done in dilute phase

and dense phase conveying is given by:

fai1 _ (8 Pg400Va57) + (Po(1-e)Vy) + P1eegi10 Va1 4% 2))
W

den (AP, v ) - _ -
d S) i (Ps(l et)vs) +(/010 et.@ﬂw“’VSlip).o’z)
oo
where£§Pdil = pressure drcp of water flowing at Vdil,
Wdil = work done in l1lifting the solids in dilute phase,
Wd = work done in 1ifting the solids in dense phase,
en

/55 = density of the solids’ i
V‘.' ..‘ = AuL‘}t rlsu ' 'Iiﬂlu \;l'o;{") )d S".u‘ .
‘(s',‘r » quoluh V&'ocﬂ'y -‘( qn P

¢i¢ﬁsc 1-LQS¢..
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The components of both denominator and
numerator in the Patib of work to move solids in the
two phases are work sgainst friction (liquid or solids),
the work Lo 1lift the solids, snd the work to 1ift 20
percent of the water, All pressures are expressed in
consistent units of water heads The weork univs are
rather unconvenitional but this is unimportant in a
ratio,

The results of the ratio of work for the two
phases are plotted in figgroamnfor two values of voidage
in dilute phase f£low,

7o 7¢ Attrition,
It was naturally difficult to form any firm

impressions of the amcunt of attrition thst had taken
place with the silver sand but the ballotini showed

the same sbsence of damaged particles (fig. 36) which
was noted with the ion~-exchange resin beads in Part I.
No discernible wear had occurred at the pipe walls even
at thz right angled bends where the original scores of

drilling were still visible even with the brass couplings.
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Comparison of work to 1ift solids in
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8s DISCUSSION AND CONCLUSIONS.
8+1. Discussion,

In their experiments in low velccity dense
phase flow, Hancher and Jury (éﬂ) and Hershey and
Peebles (ég) dealt with a complex system, However, it
may be helpful to consider the complications which
arose in their study in compsrison with this
investigsation,

The American workers studied solids contained
within a short length of column and sclids pressure varied
continuously through the length of the solids beds 1In
the experiments of this study, the flow was undisturbed
over long sections before and sfter the pressure
measurement section and it ecould confidently be assumed
that solids pressure would be constant with the drag
forces on the 8o0lids in equilibriuvm with frictional and

gravitational forces,

The two American studies used ion-exchange
resin - water systems and this introduced a further
complicasticn, They considered that the compressible

solids particles would be distended et the pipe walls
by so0lids pressure, In that state, liquid pressure

would be sdded to the solids pressure in forcing the
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sclids against the walls, However, neither sand nor
ballotini are appreciably distended by solids pressures
of less than the magnitude causing fracture and liquid
pressures can be taken as acting in all directicns on
even those particles closest to the walls, However,

it was observed that the dense phase flow of gand in
P.V.C. tubing gave very large pressure drops and liquid
pressure might well be transmitted to - walls.: of so
conpressible & material,

The remaining forces acting on the splids
particles in dense phase flow, can be treated as
uniform through the pressure-tspped test section, Two
forces gct upward on solids particles, These are the
drag force of the slip water and the bugyancy of the
water, This latter force has been elimineted by con-
sidering the éravitational force to act on the apparent
weight of sclids in water., The drag force is balanced
by the two downward acting ferces of gravitaticnal

attraction on the apparent weight of the sclids and

friction,
The studies of Hancher and Jury and Hershey
and Peebles assumed that the frictional losses in dense

phase flow of resin occurred between the solids and the
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pipe walls and were in large measure directed towards
determining the coefficient of friction with various
externally applied solide pressures. Nnnetneless; solids
pressure cannot be assumed tc exist unless a splids-wall
fricticn force can be demonstrated, But it is not
difficult to conceive solids pressure with the high
solids packings encountered where the solids were more
ciosely packed than in the frec-settled state.

A liquid friction pressure drop seems moest
unlikelvy since solids velocity correlates with pressure
drep much more linearly than the more accurately measured
mean velccity of liguld and sclidsy Use of liguid
velocity would increase the scatter of the poorer co-
rreilastion using mean velocity, FPFurther, the linear
nature of fricticn pressure losses is quite unlike those
of fluid flow,

If the frictional pressure lrsses are pre-
dominantly solids-sclids, they might either result from
friction between sslids particles and the walls or from
Triction between two solids particles, #Frictional losses
at the walls seem rather more likely since observatiocn
of dense phase flow in transparent tubes suggests little

relative motion of solids perticles,



Assuming the existence of snlids pressure and

a solids-wall friction mechanism for frictional pressure

drop., the

farces acting in an element of pipe containing

dense phase flow are:

Well friction force on soclids ='QPSTFD(l-et)dh’

Applied

nett of

where u =

P

S

i1

etz

dh

fi

[—\.Pd

solids « liquid drag force,

work in 1lifting so0lids against
gravity =8P g0 dh TTDQ/L; ,

coefficient of solids-wall friction,

pressure of solidsg

tube diameter,

voidage in the tube,

height of the tube element,

dynamic pressure drop over unit length,

Equating these two forces,

2 —
47400 T D%/1 = pP_WD(1l-e,)an

' X
o o BP4

=LpP (1-e.)/D

Pletting dynamic pressure drop sgainst sclids velocity

265

multiplied by sdlids fraction and divided by tube diameter

ghews that dynamic pressure drop varies inversely with

the first

power of tube dismeter, (fig. 48) This relation-

ship of dynsmie pressure drop and diasmeter could hardly

arise from interparticle friction which would occur
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throughout the cross—gection of the tube and establishes
a wall friction mechanism for frictional pressure drop
which also implies the e¢xistence 2f solids pressure,
The solids pressure wouald appear to vary directly with
the solids velocity, The effect of solids fraétion could
not be established decisively since the correlation of
dynamic pressure drcp with solids velocity divided by
diemeter was as good as the correlation with sclids
velocity mulbtiplied by sclids fraction and divided by
dismeter, The correlation coefficient for this plot was
0,959, The correlation coefficient without multiplying
by the solids fractiocn was 0,969 but some extra error is
introduced with the additicnal factor,

Without direct measurement of either the
coefficient of friction between the solids snd the walls

of the tube or the pressure of the eo2lids, it is
impossible to separate these twe factors, TIirect measure-

ment would seem to present considerablé difficulties,

It would be difficult to repreduce the conditions of dense
phase flow in a rctationel viscometer and this would seem
valuable only tc confirm direct measurement of solids
preceure, Direct measurement of the force acting on

the tube walls could be made but no simple method presents
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itself., No experiments to measure either of these
factors separately were made partly because of the
difficulties of devising suitable experimenvs and partly
becouse the informetion seemed unlikely to serve any
userul purpose as the coefficient of friction would
presumadly be constent end the srnlids pressure dependent
on solids velocitys

The co-incidence of the vlets of dynamic pressure
drop against sollds velocity for the two very differently
shaped soplids particles is noteworthy, Wen (3%) in
studies of horizontal solids-gas dense phase flow found
the same independence fiom particle shsape,

That solids—-wall friction does not exist at
solids velocities below the sharp transiticn about
2 feet/sec. is indicated by the close concurrence of the
dynamic pressure drop and the plot of pressure drop with
water only flowing when these are plotted against mean
velocity. In this region, the pressure drop follows the
normal pattern ~f dilute phase flow,

Consider now the drag force acting on the solids
as a result of slip water flow, The force exerted on the
individual solids particles depends on the drag coefficient,

an effective diemeter of the particle (which allows for
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irregularities of shape), the velocity of the slip water,
and the viscosity and density of the water, With any one
liquid and sclids particle, at constant reletive veloclity
between liquid and solid particle, the drag force on the
particle will be the same, Now the drag force on the
particle assembly in dense phase flow is measured as the
total pressure drop snd the number of psrticles
experiencing this fcrce is preportional to the solids
fractions Hence, a plot of slip velocity multiplied by
sclids fraction ought to correlate with total pressure
drop regardless of the sclids velocity. (Fig. 65, and 66)
Within the wide margins of experimental error assoclated
with slip rate, this appears to be true, though as with
the corepelation eof dynamic pressure drop, the presence
br sbsence of solids fraction does not materially sffect
the correlation., This explains why the slip ratio, while
being a constant fraction of solids'velocity in any one
tube and with one solids material, is significantly reduced
in the larger diameter tube where the solids velocity
mest be greater than in the smaller tube to produce the
same frictional resistance, The two solids materials
have already been shown to heve glightly different drag

coefficients (fig. U49) which is not surprising in view
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of their difference in shape but substantietes the
_conclusion that particle shape had little effect own
wall friction, |

The plot of drag coeff101ent, CD’ and particle
Reynolds number (fig, LL9) E‘h?:v. etwrv regimes divided by

refds nvn o of abowt o0
the transition at?’éﬂut 2 feet/sem), The nature of the
dense¢ phase flow must change radically at the transition
for it tc acquire a eclids pressure snd some change in
the drag coefficient would be expected, However, it is
rather strange that the change is such as to allow the
slip ratic snd solids fraction to stay constant when,
above the transition, work must be done on the sonlids to
overcome the additional forece of wall friction,

The drag coefficient on the individual solids
particles varies as the inverse second power of velocity
below the transition (that is, the drag force is |
indepcndent of the velocity) in the same manner as

described by Wen (31) for solids—gss dense phase flow.

Above the transition, the drag coefficient varies as the
inverse first power of the velocity. This is in the
normal menner of laminar flow but the coefficient is
mucl smaller than indicated by Stokes Iaw and the

velocity above the neopmzl range of lsminar flow, The
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pressure drop is not of course charscteristic of a packed
bed which would give & much higher pressure drop at the
same slip velocity. This was observed to occcur in the
experiments with an ezpanded sectiop of pipe in the % inch
line,

The experiments with the expansion and contracticn
in the % inch line are exceedingly informative., The
requirement of 2 slip velocity in the narrow section of the
flow Jiné sufficient to meintain fluldized conditions in
the widest section is a logical explanation of the "jamming"
observed at lower flow rates, The excellent correlation
between the minimum slip ratio to avoid Jjamming and the
observed minimum fluidizing velocity is both the evidence
for this theory and substantiation of the technique of
measuring slip retic and transmitted solids veoidage.

"JTammirg" arises when the minimum fluidizing
velocity is ncot maintained and to restore fluidization
requires restoration of this velocity but with the flow
now passing through the narrow section as flow through a
pecked ped and not 2s the slip water in dense phase flow
conditions. It has already been noted that dense phase
flow gives much reduced liguid-solids drag forcess Hence,

the pressure required will be much greater where the



expausion is far rcmoved Lrom the entry to the plpe-
line since the s0lids downstream from the expansion
and cocntraction will be fluidized long before those in
the expansion but those upstream will be restrained by
the settled solids in the expanded section. "“Jamming"
with high pressure drops has been observed in a small
solids-1liquid contactor of the type described in Part I
but the connecting pipework of narrow bore was only a
few inches long and the solids could be meveds, Only the
expansion csuses jamming and a contraction to narrower
line would have no effect, On the other hand, adding
water to the expansion tr clear the contraction and the
downstream pertion of the line has no effect on jamming
as was observed withbthe expansion in the & inch line.
The pressure drops occurring at a right angled
berid are of limited value especially in view of the
peculiarly low pressure drop asspciated witi: sand in the
2 inch line, However, the much superior correlation of
this pressure drop as a function of the total rather
than the dynamic pressure drop is understandable since
the force overcoming the pressure dreop ah the bend is a
drag force of the slip water.

™he step transiticn in the overall pressure
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drop seems eXplicable only in termse of the pressure drop
at a change from horizontal to vertically upward flcw,
With the resistance to flow ¢f the right angled bend, a
slight increase in the solids fraction must occur and in
the cases where the very high cverall pressure drops
were noted the solids fraction appears to have reached
ths maximum packed settled fracltion. As a result, the
phenomenon of high overall pressure drop at low flow
rates is much more evident with the ballotini which
travelled in dense phase flow with a s0lids fraction
guite close to the maximum, and is most marked with the
2 inch line which had tne highest solids fraction of all,

There must be scme error in the density gauge
determinations caused by this region of increased solids
concentration after flow hss changed from horizontal to
vertically upward at the entry to the density gauge test
section. However, the experiments with the % inch line
show that the slip velocity and hence the solids fraction
were reasonably accurate, Further, the co-incidence of
the dynamic pressure drop versus mean velocily plot
with the water only plot at velocities below about

3 feet/sec., suggests that the static head of solids was

not cverescimated,
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The slight change in slope of the log-log
plot of overall pressure drop at a solids velocity
of about 5 feei/sec. supports the reality of a slight
step discontinuity cbserved at this velocity in the
pressure drops for vertically rising flow. However,
this discontinuity is small and ignoring it doss not
greatly affect the correlation of pressure drop in a
straight section cof vertically rising flows The
nsture of the discontinuity is not understood,
Comparison of dense phase flow with dilute
phase flow at 25 and 30 percent solids indicates a
modest saving in pumping power using dense phase flow
to convey the same volumetric flow of solids through the
same pipe, (Fige 6? end 68). But the advantage of dense
phose flow is less at the higher pipe diameter and the
pressure drop in dense phase flow has been shown to
decrease with the first power of diameter while that for
dilute phase (water friction) decreases slightly more
rapidly with increasing diasmeter, Hence, cdense phase
flow for vertical conveying would not offer any saving
in pumping costs with commercial sizes of pipeline
though the difference between the two flow states wou}d

be small



Dense phase flow appears to give negligible
particle attrition - evident especislly in the Part I
performence of the extremely friabl:z ion-exchange resin
- and insignificant pipe erosiocn, This aspect of dense
rhase flow would be worth further study since pipe
eroslon can be very significant with dilute phase flow.

The mechanism of pressure drcp by friction of
solids particles sliding along the tube walls is a
unique feature of dense phase flow and 1t would be
interesting to see whether this behaves entirely as
more crnventionsl forms of fricti~on., If this were so,
use of teflon lined tubes or some cther low friction
material would be expected toc produce a reducticn in

dvnamic pressure drop,

Further work might also be done osn the behavisur

of the more complex horizontal dense phase flow,
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Since larger pipe diameters would be impracticable

in 2n experimental apparatus unless the snlids could be

recyeled, measurement of the variation of solids fraction

across the height of a pire carrying horizontal dense
phasz flow would be difficult, The effect of varying

particle size eould be investigsted.
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8,2, Cocnclusions,

Lifting -f solids by cense phese flow has
been shown to requife about the same amcunt of work as
dilute phase conveying if the same volume of soplids is

0 be conveyed through the same pipe in unit time, The

[ d

smail saving of work with the narrow bore pipes used
seems unlikely to arise with large pipess However, in
any process where it is desirable to transfer solids

with the minimum of conveying liquid, dense phase flow

would be the obvious choice,

Another case in which dense phase flow would
offer advantages would be where it was impracticable to
recover the potertial energy of the liquid conveying
the solidse. Failure to recover this potential energy
is not of great consequence with dense phsse flow but
with dilute phase flow about half the work will be
expended in 1ifting the conveying liquid. This relstive
unimportance of recovering liquid potential energy is
typical of the simplicity of dense phase flow,

If pipe erosion were shown tc be insignificant
over longer periods than have been possible in this
study, dense phase flow could be very attractive for

sclids conveying operations where severe pipe erosion
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is caused in dilute phase conveying or where it was
impcvtant to avoid contamination of the flowing solids
with fragments of pipe material.

This investigation has shown that the commercially
‘accepted 35 percent sclids fraction by volume limit on
pipeline conveying need not be observed if tixe pipeline
ig designed to be free from marked veriation in diameter,
Because of the imporiance of svoiding marked expansions
in the flow channel, direct pumping of dense phase flow
would probably be difficult and might require a specially
designed pumpe. However, over short distances, the
procedure adopted in these experiments of pumping
conveying liquid into the feed vessel could be used,

Two feed vessels might be filled and pumped free

alternately.
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Appendix 1, Characteristics of the solids,

The weight fractions estimated by the method
discussed in section 2.1.2, are listed in table 1.

Incipient fluldizstion velocities 2nd the v-idages
of fluidized beds were measured using a 2 inch glass
colnmn with a cloth distributor., »Flow rates were
measured by a rotameter and the pressure upstream from

the cloth distributor was measured with an ethylene

dibromide - water mancmeter, A seriss of pressure
measurements were carried out at varying flow rates
with water only in the column, A known weight of
s0lids was then introduced to the cclumn and the
lowest flow rate at which the pressure drop exceeded
the water only pressure drop by the apparent static
head of solids was ncted, This is the incipient
fluidization velocity,

With ion-exchange resin, the point of incipient
fluidization was indicated by a fairly definite point
of inflexion on the plot of pressure drop against flow
rate, With the heavier solids, it was marked by a
sharp discontinuity in this plot. The flow rates of

incipient fluidizati-n are listed in table 2,



Particle Reynonlds numbers and drag coefficients
were calculated and used with voidages to compare the
results with published data on fluidization (33). It
was fround that the results for each sclids material
corresponded to a definite particle size in the
published data. Thecse particle sizes which can be
regarded as a characteristié size for the fluidization

properties of each s0lids materisl are listed in table

2
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Table 1.

. . . X o~
Photographically estimated size distribution of

the solids materials.
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B.S.S. Istimated weight % of sample passing mesh size
mesh size Sand Ballotini Resin
ik 100 100 100
16 100 100 90,1
18 100 100 79.2
22 100 100 60.6
25 94 .9 87.0 35.9
30 90.2 81.6 . 19,0
36 76.1 65.7 2.1
Ll L2.3 17.9. 0
52 17.2 3.3 o)
60 9.7 1.0 0
72 1.6 0.4 0
85 0.2 o 0
100 o 0 0

Table 2.,

Physical pronerties of solids materials.

e

Cand Ballotini Resin
Density (gm./ml.) 2.646 2,498 1.295
Tap-settled voidage 0.5383 0.385 00325
Free-settled voidage 0.489 0.439 0.370
Incipient fluidization - |
velocity (ft./sec.) 00,0087 0.0080 0.00%0
Characteristic particle
size of fluidized 0.0122 0.0146 0.036

propertiles (in.)
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Appendix 2 - Variance Analysis of Factorisl Experiments,

The investigation must be performed with
equslly épaced levels cf the independent vacisbles. The
use of equal spacing allows the use of crthogonal poly-
nomials tc make the estimates of variasnce (due to an
effect) and co-varisnce (due to an interacticn)
orthogonal - i,e., mutually independent, Without
orshogonality,; the variances produced by anslysis are
the sum of variances and coa—-varliasnces from several
effects, The uses of crthogonal polynomials is widely
described (56) sné the values listed (57). The layoui
zsed in the analyses is due to Dr., P. Tisenklam of
Imperial College,

lieched of Analysis,

A typical 3 x 2 x 2 (3 levels of cne varisble
and two each of Swo other variables) analysis is set out
in table 3., The statistics (experimental results) appear
in the secend column from the left, S, The results may be
manipulated by any uniform processes of addition, sub-
traction, multiplication, or division before analysis and
are usually arranged to make the quuli s small as
possible without invélving g decimel point, The trans—

formed statistics appear in ceoclumn 3, S8'. The extreme

left hand column lists the operators for the subsequent
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manipuletions and the data are arranged to correspond to
these cperators, Thus, the statistic for Q3R1Tzis entered
opposite operators 2 O 1. Teking first the extreme left
hand operator, the dataape multiplied by the cperating
coefficient for a three level facter (from tables of
orthogonal polynomials) and the sums of groups of three

statistics (all at a constant level of R and T) are

entered in the column Q. Column Q now lists multiples of
the average values of various effects of ¢ at fixed levels
of R and T. Bach group of three statistics i1s operated
on three times to assess in turn the average value of
8', linear changes of 8' with Q, and curvilinear changes
of S' with Q.

In the column headed R, the dats of Q is treated
in the same way though by operating coefficients for a
factor at twe levels and treating the values of {} twice
in pairs, It can be seen that the data in column @
alternately represents data at Ry (r = 0) and Ry(r = 1)
and so column R gives the effect of R at constant Q and
T, Finally, using the figures of R, the total effect
column repeats the process used in fafming R. +22 can be
seen to be the sum of all the figures in column 8'; Rl

ig the difference between the sum of all the statistics
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at r, and those at r,e The effect represented by each
figure can be read from operstors column. For example,
2 0 1 represents QZVTlf, the curvilinear interagtion of
Q with T,

These total effects are then squared for
significance testing and divided by a divisor which
is gﬁ} (sum of squares of the operating coefficients
contributing to that total effect). For example, the
operating coefficients making up Qzﬁle are +1, -2, +1,
to give é; +1, +1,; to give ﬁ; and -1, +1, &to give T,
Then the divisor for Q. 'T.! 1s {(1)2 . (_2)2 . (1)2§
{(1)2 + (1)2} {(‘1)2 + (1)2}_ = 2},  The mean square
is the total effect squared divided by the divisor, Its
departure from zero may be real or due to random errors

and to estimate Lhe random error all the small and

obviously random squares are pooled to give a residual,

4%2¢ (The results may alsoc be compared with an estimated
[

experimental error (squared) and this is a useful check

sgainst freak results.) In this case, 9 terms are
insignificant and are pooled to give a residual value of
400 (the average value of the mean squares in the residual)

and one degree of freedom for every term pooled, Dividing



232

the remsining individual mean squares by LOO gives the
values of ® to be compared with the standard values of
Faty, =1, Y, = 9 for significance, Any Serms which
are not significant to the required level are pooled in
a new residual,
The check ftotals are obiasined by doing
simul taneously 211 the operations on a column which are
carriesd ocut individually to prcduce the next column, The
gsum of the mean sguares must always egual the sum of the
sguarcs of the statistics in column 8'2. (Note, The
'+ symbol used in the mean square effect signifies
ducdecimal notation after the pcint,) The mean effects
column can be used to build a complete regression eguation
for the significant effects of @; Ry, and T on 8, and
details of the procedure are given by Eisenklam, (58)
Shorteaned versions of all the analyses of results

are given in tables 4 - 10,
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Analysis of Variance.
Statistic - Vmax for silver sand.
[ Test 5 St o | = ?To“al ! Total a] mean Symbol
axrt lefTect square square
elfect effect

000 | 3.3 | = 37 |+ 55 |+107 | +272 | 73984 |1z| 6165 | X
100 | 8.9 | + 19 [+ 52 |+165| <467 218089 | 81272631:3¢ a,
200 [14.3 |+ 73 |+ 85 [ +216 | + 11 121 |24 5:06 | Q,
0X0 | 3.7 1= 33|+ 80 |+251 | -~ 8§ 6L iz 5k Ry
110 | 8.2 | + 12 | 110 |+ 14| - 9 81 | 8 10:16 | Q R
210 {14.3 | + 73 | +106 |- 3| + 31 961 \zi4 40:16 QR
001 | 3.2 |~ 37 | +128 |~ 3|+ 58| 3361 |12| 2887 T,
101 [20.1 | + 31 |+123 |- 5]+ 55| 1225 | 8| 1s3%ig Q,T
201 116,11+ 912 |- 2 |- Ll - 17 289 |24 12:08 | q,7
0Ll | 3.6 | =34 |+ 16 |- 5| - 2 L1z S0k frow
i1 95 |+ 25 (=, 8 1+ 18} - .1 '1 8 0:16 Q3 R, T
21z 1159 |+ 83 |+ 5 1+ 13|~ & 25 |24 1:06 | Q,R, T,
Sux +272 | +750 | +76L | +832 35934
Check sum | +750 | +764 |+832
Residual mean squares is 4,863 with six degrecs of frecdom.

le@.

si
Mean squares greater than 6€.82 are significant

Mean squares greater than 172.69 are significan

ceparture of the data
levels of Q arose from random variztion

data

Mean squares of

of S!

from nor

sy
Hica

‘distribution between thsa levels o

gr

Sstimated error in deternining

indicate loss

Trom

A

O

max
arising entirely from errors

eater than 29.13 are

-y

P

to 1% ievel.,

99.3% probability of origin from random variation.

.
-

ignificant to 5

7
P
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Analysis of Variance.

Statistic - Tl . for silver sand.
crit. :
9 E — — b .
Test S St Q R [fotal | Total d | Mean Symbol,
grt cffecl square sguare
effect eiffaoct

LI

<

O

@

’_.l

\O

ut

|

w

SIS

!

hl

!

O 2

\O

4

n

™

[}

J

4=

W Ov B
{._)

100 | 23.8 | = 12 |~ 38 | «1

[
kR
(@
Poos
N
S
ja}
™
bt
[&)
K
o
\n
p3
\n
ha
w0 e O

200 | 27.6 | + 26 | = 1 | +299 | +106 | 11236 |24 LER 0,
010 | 1%.2 | =108 | +102 | +343 | +3106 111236 |12 9363% R,
130 | 21,0 | = 40 |+ 81 |+ 77 | +234 | sh756 | 8| 68kLid QyRy
210 | 36.0 | +110 | +218 | + 29 | +130 | L6900 |24 70&:% Q,R,
001 | 18.7 | - 63 | +125 |+ 3 | +180 | 32100 |12 | 27006:0 T,
101 | 25.2 |+ 2 |+220 | +105 | + L& 1936 | 8| 242:0 | QT
201 | 31.0 |+ 60 |- 5 | +137 | - &8 | 2304 |24 96:0 | G,Ty
Oii | 18,0 |- 70 |+ 82 | + +100 | L0000 |12 833:4 R, 7T

]

+
0o v oW
Ly~ 3

|

g

O

=
oo O W

<

o

0]

%

(@

&

Cx

P

Yo

P

ra

111 | 27.2 | + 22 |- ' (T
211 | #0.0 | +150 |+ 36 | + - L4 1936 |24 80:8 Q°R1T1
St « 22 {4770 | 12L0 | 1Lk32 54886

Check sum | +770 | 1240 | 1hk32

\
Residual mean square is 400 with 8 degrees of freed

ori.
Mecan squares greater than 10168 are significant to 0.1% level.
Mean squares greater than L4504 are signifiéant to 1% level,
Mean squares greater than 2128 are significant to 5% level,

Ostimated error in determining Hcrjt is equivalent <o

20 units of S' from seiting errors in 0 and 5 units of St

in determing Hcrit from the graphs. i.¢. Irror estimated
residunl mean squarc ie 625 with 11 degrees of freedom.’
Bartlett test indicates an approximately 50% grobablllt}

that departure of tlhe data Trom tle normal distrimition
Detween the levels of Q arose from random varization /
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Statistic - operaiting gradient, m,. for silver sand.
[J
Test| 8 st Q R [Total | Total | d {lean  |Symbol
e efffect!| square | square
are effect | effect
f 3
0C0 10.29 -2 - 1 151 - 49 2401 (12 | 200:1
Sean
100 10,51 | + 1 | -1k | -34] +1h1 [ 19881 | & | 2485:16 | Q.
200 [0.69 +19 + 9 +67 | = 7 ho |2k 2:96 Gy
o2
010 |0.31 | =19 | =43 | +74| - 65 ) k225 112 | 352:1 | R,
110 (0.7 | - 3 | 40 | - 9} = 15 225 | 8 28:16 | QiR
210 16.58 | + 8 | +27 | + 2| + 25 625 |24 26:06 QR
001 [0.32 -18 +38 -1 - 19 361 |12 30:1. | 7y
101 [0.57 | + 7 | +36 | =52| =+ 7 Lo | 8 6:16 | Q7
201 (0.70 +20 - L =-13] + 11 121 |24 5:06 ule
011 [0.20 | =30 | - 5 | - 2| = 39 | 1521 |12 126:9 |Rm, m,
1il 0.31 -19 =12 - 1] + 1 121 8 15:16 QiﬂlTl
211 |0.56 + & +14 +26 + 27 729 | 2L 30;46_ QoRy T,
Sun - +85 +53C| + 28 3307
Check Sum +853 +30 +28
Résidual mean square is 17.87 with 7 degrees of freedom.
Mean squares greater tlian 522.7 are significant to O.l% level.
Mean squares greater than 218.9 are significant to l% level.
Mean squares greater than 99.9 are significant to 5% level.
¥o error estimate of the residual mean squares is avallaéle.
Bartlett test indicates a slightly less than 709 probability
that departure of the data from normal distribution beitween
the levels of Q arose from random variation. |
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Aopendix 3.

Details of caglibration of density gauge.

Fig. €9 shows the straigh% line nature of the
plot of log, (ISW/IOV) against “depth™ of solids for
both sand and ballotini. ILines of best fit were cal-
culated for both materials using only the data at‘
solids "depths" of greater than 9,5 em. since lines of
best fit calculated from the full range of data would
have been disproportionately biased by the scattered
points at lower solids "depths', The data in the higher
range represented the full variation in egdidé -fraction
encotntered under flowing conditions, As would be
expected from the theoretical linearity of the correlation,
the lower points lie very close to the line of best fit
calculated from the higher points,

The fitted equations are:

- 1°ge(Isw/IOV) = 0.07778 x5 + 1le395 for silver sand,
- 1ﬁge(Isv/Iov) =00, 71465 x_ + 1.405 for ballotini.

The theoretical equetion is:

- 1oge(ISW/IOV) VL SR -

Substituting in the derived equaticns gives mass
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absorption enefficients of 0,0532, 0.05841l, and 0.0633% for
silver sand, ballctini, and water, respectively., (The
last 1s the average of the two veslues of mass abscrption
coefficient and is in agreement with direct measurcement
of the coefficient with the calibration tube filled with
water.) The densities of silver sénd and ballotini are
2,646 and 2.498 gm,/cmoj, respeccetively, These values of
the absorption coefficients ere in generaliagreement

with the vélues given for elements by Berry. Gﬁ)

In applying the calibration to measurcment of
voidage of flowing solids, the fitted equations are used
directly,

The symkols have the same meanings as used in

section 6.1,

243
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Appendix L,

Sample calculsticon on dense phese flow,

ILevels in metering cylinder: Start liquid = 63,1 cm,
Start solids = 5.4 cme
Bnd liguid =186,9 cm,
Bnd solids =114, 35cm,

52407, 51880,
51937, 51835, -
21681, 21758,

B-count in 100 sec. with water in test section

I

i

¥-count in 100 sec, with dense phase flow

2065,00 sec.

Start run time

tH

End run time 2113.39 sec,
Pressure drop over straight section, P =15, 9 cqug/Hzo

Pressure recorded in pressure-storage vessel,0NF= 24 p,s. 1.8

Pressure recorded at lower tapping point, P3 = 10+ 5 p.8y 18
Paralysis time (all runs) on counter, tp = 200 p. sec.
Correction of counts for paralysis
_ Indicated counts/sec,
(1 - (tp))(Indicated counts/sec, )
Attenuation of water in test section, A = 0,24595
Mass abscrption coefficient for water, u, = 0.0633

Mass abscrption ccefficient for ballotini,‘pb = 0.071465

il

Free~settled solids fraction for ballotini, fy 0, £605

1

Diameter of the z" pipe 0.041238 ft.

il
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No. of right angled bends irn the pipeline,.B = L
2,4978
0,998

. bensiugl:, of balletini, &

il

R 0,
et t 4 & - <
;Lo TLensity... of water at 20 g,/gw

Mean velocity of liquid and solids in pipe

Level change in metering cyl, x vol,/cm. cyle
" Duraticn of run x X-sectional area of flow

(for %" line)

_ Level change in metering cylinder x 2,2585

ft./sec,
Duration of run

Static pressure correction factor for straight section

of DP meas., Sa
_ length of section x \Qp - Fy) x 2.54 _ 13,947 om. Hg/¥,0
W/ He -~,) |

Change in liquid level in metering cylindeP,Ll = 123.8 cm,

Change in sclids level in metering cylindep,Ls = 108.95 cm,
L8, 39 sec,
58005h-c.p05'

W= 2280 [QCn Ps Se

1l

Duraticn of run, ¥

Average corrected count rate for water, Iw

Av. corrected count rate for dense phase flow,I

s
Isw/Iw = 0.39394
Depth of s0lids = ~Qog(Tgw/I,)) /Ay = 13,03 cm,
Path length in test section = "(lOge(Aw))pr = 22,16 cm,

13.,03/22,16

Flowing solids concentration, (1 - et)
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Delivered solids concentration, (1 - ed) =

= O, 14933

I X_2'2585 5. 778 ft./sec.

Mean flow rate = —F—— T

1l

L. 847 ft./sec.

i

Solids flow rate = ¥'s ¥ Tp % £.2585
t .X (l - et)

Teotal pressure drop for vertically rising flow
- =DP x 0,9925u x 0,10759
(in ft.water head/ft.pipe length - 0,9925L is a scale correcﬁz)

(i.e. Total pressure drap, AP;) = 1.70

Dynamic pressure drop feor vertically rising flow,(sPd,

= ((DP x 0.93254) - (8,5(1 - et)) x 0.10759  =0.815 ft./ft.
P3t = P3 - (L.73 x 0.4335), = 8.4 pas.i,g.

(Gauge was 4,73 ft, above P> tapping)
T-tal overall preésure dmp,ODPt = ODP-(L4.0 x CsL4335)
= 22¢3 DeBelege
Pressure drop at right sngled bend (1)

PB - (&P

i

¢ ¥ 2,6191))/(0. 4335 xaP; x D)

= 111 diameters of total pressure drop (4 Py).

Pressure drcp at right angled bend (2)

]

(ODPt - (&P ¥ b.7125)/(C.L335 x ~aPy X D X B)
= 125 dlameters of total pressure drop (L)Pt)
(1 - ep) - (1 - eg) x 100

Slip = o = u6‘ 8%
P ey (1 - e4) ”
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Note, The first half o the first pasge of this

appendix lists the data of this run. The
second half of that page and the first half of the
second page lists the data provided in the computer
programme which are comumon to varying numbers of runs
and explicit for this run. The rest of the appendix
lists operations in the computer progrsmme for processing

the datsa.
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Compariscn of slip rates by 't' - testing.
; _ Corrected No, of
. in rag
Material éiag *i?epi;ie' sum of measuremeni,s
| SLIP sguares of slip rate
Ballotini | 32" | 35.7278 151. 38 18
send 2n | 28,8586 1208.75 29
Ballo®ini | %" {L41.L107 938« 39 28
Sand " | 33.9933 3668, 29 L5
Comparison Degrees of | Significance
between Variance t freedom level
an 5. 4977 lis 164 L5 0, 1%
AL 8.055 3. 826 71 0.1%
sand 8. 2302 2, 620 72 2%
ballotini | L9767 3. 780 # Ly 0, 1%

Varience is:- (Difference of the sum cof squares/degrees

1
of freedom)?,

't' is:~ (Difference of the means)(Nl X Nz)/(N1 + NZ))Z/

Variance where Nl

and N
2

the two elements of the comparison,

1

are the number o»f measurements of
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Degrees of freedom are N1 + Ny - 20

If the slip values for the two materisls are affected
by the extreme opposite estimated errors in determining
the free-settled veidage, t beccmes 2,892 for the 2
inch line and 2,561 for the & inch line. These results
are significant to slightly less and slightly more than

1%, respectively,
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