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Abstract

Current interest in cdirect—-contact heat transfer, in
which a volatile dispersec rhase evaporates into a
continuous wedium, has stinmulated & study into the vpossible
use of this technigue for concentrating liguid foodstuffs.
The iwmiscible refrigerant selected for its low toxicity,
difluorodichloromethane, combines with water to form a

crystalline clathrate, or hydrate,

Pench~scale tests were conducted with aqueous sucrose
solutions in a well-stirred 5 litre reactor which was
operatet Toth batchwise and as a flow reactor, Tydrste
equilibrium data and agent sclubility for the sucrose
syster: have been determinol in the Latckh reactor.
iaterial a2nd energy balances Lave been estzblished and the
degree and rate of concentration effectively analysed in
terms of the experimental variables — power inwzut, sucrose
concentration, reactor temperature and pressure and slurry

viscosity,

The process offers a convenient nethod of
concentrating agueous feedstocks, 20% of the water
contained in the sucrose feed may be removed as hydrate
in a single stage and the hydrate crystals may be washed

free of occluded mother ligquor.



Tire experimental results show that the rate-
controlling mechanism is the transfer of agent through
the continuous-~phase boundary layer surrounding the agent
bubbles, A correlation for the volumetric liguid~film
mass~transfer coefficient has been derived, which makes it
possible to predict the performance of a single stage

reactor,

Comparative tesats were conducted in the same equip-
ment with propane as the hydrating agent. A comparison
of the results suggests that the correlation developed
for the Freon-12 system may not be extended to include
other hydrate formers, The experimental coefficients
also differ substantially from those predicted by
established two-phase correlations and it is considered
that these differences are due to the effects of the
boiling liquid phase and the reactor pressure, Tests
with growth and decomposition of the hydrate indicate a

fundamental dependence on operating pressure,
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introduction

The special aspect of this study was tc
investigate a process for the concentration of aguecus
heat sensitive potable liguids by freezing out ice
using a direct contact coocling medium to effect heat
transfer, Concentrates of heat sensitive liquids
suck as fruit and vegetable juices are in nost cases
Juices which, when rediluted, resemble the original
Juice in conposition and flavour. Table 1.1, (l)
gives sore examples of products and the particular
cases for concentration, Concentration at elevateqd
teuperatures results in loss c¢f nutritive and organo-
leptic stability, The relative heat sensitivity of
juices is contrelled not only by the temperature of
concentration, but also by the time of holding at this

tenperature (2).

Product Purpose

RN SSEp——

Crange Juice Recuce shipping, storage, container

costs

Fruit Syrups Raise sugar content of comestibles to
such a level as toc retard spoilage

Iinstant or Ceoncentrated liguid which can then be
Solukle Coffee ecohnorically subjected to complete
dehydration (e.g, freeze drying)

Beer Reduce liguid vclume for handling and
storage in plant

et A MR S

et ey,

Table 1.1 Case for concentration of aouecous solutions




Concentraticn by evaporation, which may strip
velatile arcomatic compounds that contribute to the
flavour of the juice, is often carried out in
turbulent film single-pass vacuur evzvorators, Such
filz evaporation technicues give suitable short-
contact, low temvwersture charscteristics, Additional
equipment is reguired for arcmatics recovery ard sub-

sequent blending.

Concentration by freezing is the most satisfactory
metod for removing water from fruit juices without
altering the natural flavour (3). The Linde-¥rause (4)
frceze technicue was one c¢f the first continuous
rrocecses for concentrate vrocduction: ice was formed
on the surface of a refrigerated drum rotating in a
trcugh of juice. The successor to this process is
tke scraved surface heat exchanger (5,6) which can
rro<uce concentrates of merkedly superior flavour to
the evaporation process, Fruit juices, coffee extract
and vinegar are slush frozen in tke freezer, e,g. The
Chemetron Corporsticn 'Votator! (1), znd the fine
uniform ice crystals are centrifuged z2nd washed. For
most materizls 507 of the water is removed as ice in a

single stage, and the loss of solids in the ice phase



is kept as low as 0.5 to 1%, The viscosity of the
cold concentrated liguid with a hold-up of many fine
crystals is quite high; agitation and the separation
of small corystals from viscous mother liquor becones
difficult. In general with 2ll liguids 2 viscosity
limit constrains operating conditions befcre the
eutectic cor.position is reached, Freeze concentration
by this technique is more expensive than evaporation,
Dooley (7) indicates a factor of two, but it is

Justified in terms of product gquality,

The imvzortance of the desalination projects of the
O0ffice of Saline Water (8) has renewed interest in
novel methods of freeze concentration,. Since the
advent of inproved slurry reflux washing technigues (9),
it seems likely that freeze concentration may now be a
riore competitive proposition, In common with the
'Votator' process, freeze concentrates produced
commercially invariably employ a secondary metallic
surface for indirect heat transfer, This additional
resistance demands a larger equivalent transfer area
and imposes the rechanical problems of scraping a

surface upon which ice crystals are seeded,

When, on the other hand, a2 cooling agent is

dispersed within the bulk of the agueous phase, a



large transfer arez iz established, and controlled
nucleation and groewth is more readily achieved than
with the higher therwmal driving forces associated with
secondary surfaces, The higher crystallizstion
temperature results in a lomer energy consumption, and
the smaller subcooling will tend to fori cubie erystals

rather than dendrites which occlude mother liguor.

L search through the available literzture and
patents indicates four areas of interest which warrant

investigation,

Heat tranmsfer without change of phase (10)

A process in which the solvert freezes out in the
form of a crust on the surfzce of a cold immiscible
non-volatile licuié particle imwersed in the acguecus
sclution, Little intexest kzs teen shown in this
methhed, but liguid-licuid heat exchangers are being
investigated as heat recovery units (11). 4 survey
0f the keet transfer characteristics of this system

is given by Sideman and Shabtai (12).

Since the latent heat of fusion is to be converted
into a sensible heat gain of the immiscible agent, the

required initial subcooling of the agent will bhe



sufficient to nucleate ice rapidly in the neighbour-
hood of the drops and produce wmany small occluded
crystals. The process is still costly, and losses of
solute are realised with crystals grown under high

therral driving forces,

Freezing Feint BDepression Tcchnique (lg)

A soluble gas is dissolved in the aguecus sclution
upnder pressure, thereby lowering the freezing tewmperature,
The sclution is then cooled below its original freezing
tecperature with no ice formation on the ecooling
surface, A release of the pressure causes partial
freezing out of icc. “ork carried cut by Stinchfield
(1&) on this process using CCZ as the gaseocus agent,
shows that 2 ten cyele process nceded for effective
cencentration is nct only very expensive but in fact
contra-indicated, The main criticisp is that the heat
of fusion of ice pust be abserbed by the solution as
sensible heat, and this requires that very high
rressures arce used to dissolve sufficicent agent to

achieve realistic per-stage concentrations.



1.13 Feat Transfer with change of phase (15)

The agueous solution is mixed with an immiscikle
volatile liquid, which flashec off in one or more eva-
poration stages. Ice grown in the stage is separated
and the cycle completed by condensing the refrigerant
on the washed ice. fThis process is attracting
investigation by several desalination authorities,
many of them use butane as the immiscible refrigerant
(16). The vacuum freezer {17), in which ice is frozex
out from sea water under vacuum at the triple point,
2lso comes under this category, water behaving ag the
refrigerant.

1.14 Zeat Transfer witia change of phase accompanied by

reasvica (18)

This involves a chermical Trocess in which a
clathrating agent and water contine to form insoluble
crystals, A classification of the types and structvre,
of clathrates, more commonly and loosely referred to as
hydrates, is presented by von Stackelberg (35), The

crystals are separated and the hydrating agent, which

evaporates to remove the heat of reaction, is ceondensed
on the washed crystals, The initial survey of this

process has been described, from the desalination asreet
in several publications which also discuss the relative
merits of the fluerocarbon and paraffin hydrate foruers .

(18,20),



Choice of Frocess

With these considerations in mind, the
investigation of a process utilizing a boiling licguid
refrigerant seems most interesting., For this case
the keat of fusicgn is tramsferred through a very small
terperature differential to the boiling agent, As
tiaec temperature differential decreases, so the process
beccrmes more idezl; hence energy for conversion is
minimised. The choice of the best vrefrigerant is
important since many otherwise suitable agents would
strip the liquic food of flavour, or impart some taste
to the concentrate. The Freon fa:ily are generally
very insoluble, non-toxic ard innocuous, and of tlese
Fr2CN-12, difluorocdickhlororethane, is & commercially
familiar and reasonably priced refrigerant. Frecon-12
is also a hydrating agent and, since there is a
definite shortage of data on hydrate kinetics conrpared
with the work undertaken by the Cffice of Saline ¥ater
on ice growth, tiae hydrate process was chosen for study.
it was decided to use sucrose solution as the aqgueous
medium, For exrerimental rurposes, sucrose was
desirable since it has high purity for a low cost and

its physical properties are well documented,



An alternative scleme for the production of ice
in fruit juices could h2ve employed octofluorocyclo~
butzne, C-318, an inert fluorocarbon refrigerant wkich
does not behave as an hydrsting agent. The cost of
C-318 is very kigh, but agent losses frcem a well-

designed conmercial plant should he very smzll,

Heverse QCsmosis

fecent developments witlk plastic membranes have
drawn attention to the possibility of reverse osmosis
as a ccmpetitive means of concentration, Sourinajan
(gl) has applied this tecinique to the ccncentration of
sucrose in agueous solutions using a porous cellulose~
acetate membrane, The batch apparatus is described
as a practical ccncentration technique for natural
maple syrup and other industrial sugar solutions,
The main advances in txhis fielé will be sought in the

development of membrane technoloegy.
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Introducticon to Hydrate Process

The Hydrate Frocess Phase Diagran

Pure water is separated from an aquéous solution
by a reaction with 2 suitable agent to produce a solid
hydrate. The process can achieve 100% solute recovery
since the solid phase is completely selective towards
water, The Leat of reaction is transferred tco the
evaporating agent dispersed in the solution,

Refercnce to the vhose diagram gives an insight into

the mechanism of hydrzte grevth, The diagrarm defines
the pressures z2nd temperatures at which hydrate exists
and characterises the derarture from phose eguilibrium

viiielr exists in a hydrete reactor,

"

A conventicnal rheose diagrom is used to represent
the equilibrium cconditions, Figure 1 shows the two
comronent system Freon-12 ond water where line AD is
the vapour pressure curve, Area I, Dbelow the
condensation line, represents liguid water containing
dissclved freon =nd frcon vapour, Above line 237,
Area III represents the liquid phases water and freon,
“ihen the system is cooled below LEC a crystalline
hydrate apnears, BB is the equilibriuvm line Dbetween
the solid hydr=2te znd liquid freon: it approximates

tc a vertical line (19). In Area II all water is
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converted to hydrate if there is ar excess of freon,

or in the case of an excess of water, all freon is
converted tc hydrate, Line BC denotes the equilibrium
between hydrate and water in an atmcesphere of gaseous

freon,

The c¢uedruple wnoint B is an invariant point and
the pressure and teriperature characterising thig
transition are referred to as the critical decomposition
pressure and temperature, At the critical pressure
four phases co—~exist in the two component systcemi
Hence, by the phase rule, there are zero degrees of

frecdomn,.

If the hydrate reactor cornditions are revresented
by position & on figure 1 and the reactor is cocoled at
constant pressure, hvérate should aprear a2s FG crosses
the hydrate line BC at H. The temperature stays
censtant as hydrate is formed and the solution cooled,
In practice tkere is a tendency for the agueous solution
to supercool 2 definite extent beforc growth of hydrate
ceceurs; this period is equivalent te the mzetastable
limit of Ostwald. The temperature of the reactor
contents must fall below this limit in order that
spontaneous nuclecation may occur, but the growth

process can take place within the limit.
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Consider the practical cazse in which cooling is
cbtained by the evaporation of freer in the reactor,
at a constant pressure correstending to FEG, As the
solution is cooled the temperature falls below B and
at some temperature in 4rea II the sclution nucleates
spontanecusly. The production of hydrate is accom-
panied by a generation of hcat and the reactor
terpersture rises. The temperature increases to a
steady value at which the rate of hceat generation is
equal to the rate of cooling (scetion 6,2), Flooding
¢f the reacter —ith liguid 2gent will take place if the
saturated liquid temperature corresponding to point F
is grecatcr than the spontanecus nucleation teuperature.
The effect of sucrcse on the syster desceribed above is
to shift EC to the left of the diagre~ to E!'C!' by an
increrent of temperature cqual to the freczing point

depression,

Coumercial Hydrate Frocess for Desalination

Current researchk and development projects concerncd
with erystallizaticn processes for desalination are
revicwed by Barduhn (22), Tfwo large scale plants
enrleoying hyvdrating agents irave been censtructed for

the Cffice of Saline Water.  Sweetwater {23) heve a
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plant of 20m. gal,/day carnscity using propane and
Hoppers (24) use difluorodichloronethane as hydrating

agent in a 10», gal,/day nplant,

The hydrate reactors have, in each case, operated
succcesfully; most conmissioning problems have arisen
due to malfunctiening of the crystal-brine senarators,
Sweetwater developed liquid cyclenes to separate
crystals from the brine, whcereas Koppers rclied on a
reflux washer in which a woving bed of crystals was
contacted witi: 2 counterflow of washk water, The trouble
stemsa fror the srall crystal size procduced in the
reactor, It bhas been suggested that a more soluble

cgent nay give a lorger crystal size,

Research in Desalination by Zydration

Trke design of the reactors of the pilot plants
mentioned in the precceding section was based on
experimentel work conducted by Koppers (gg). The
principal zgent used in this bench-scale project for
the desalination of 497 salt solution was propane, but
conparative studies were undertaken with frecn-12 and
freon-11, An autorefrigerated 10-galleon vessel

fitted with a threc blede agitater was used as the
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hydrate reactor. The main variables considered

were wpower input, residence time and therral driving
force. Detailed conclusions drawn from the investi-
gaticn are discussed later in section 5,2; the
criterion for scale-up was found t5 be the power invut

rer unit reactor volume,

A two rhase reactor was alsge studied to discever
whetiter cr not converntional crystallisation techniouves
could be anplied to hydrste reactor design. In the
fglo crystallizer, for oxarple, supersaturction is
developed in the circul-ting strear in cne part of the
unit and released in another, Surersaturation is
restricted tc a level at which svwontaneous nucleation
does nct occur, ¥Koppers cxrerinented with a systenm

in which water was saturated by centacting it with

liguia agent, cooled to beceme supersaturated and then
pumped up thrcugh a bed of hydrate crystals. No

increase in the size of the suspended particles was
observed, It was concluded that at least three phoses
nust be wresent in the reactor for hydr-te fermation

to occour,

Collcet d'Escury (gé) has described experiments in

which the rate of procduction of monoflucrodicklorcrmethane
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hydrate {F-21) was measured in a stirred cell,

Gaseilus ogent wag absorbed tirough an unbroken gas—
licuié interface intc salt scluticn, The solution was
stirred =t suchk a rate as to rrevernt the surface

beconing covered with a skin of hydrate. Trege
cxperiments were fellowed by de Grasuw {26) with a

study of propane and chlerine hydrates. Lgzin the
experimental weork was restricted to a threc vhase batch
system, with the reaction vessel immersed in a thermostat

bath,

Fangbern et al (gZ) have studied thie formation
rate cf nmethyl bromide hydrate from sea water and liguid
agent in 2 well-stirred cne gallon reactor,  Methyl
bromide was used as the combined direct contzet
refrigerant and hydrating agent, This project covers
a wider range of zogueous sclution and operating conditions
than cppers, and gives a riore detalled experimental

analysis of an autorefrigerated hydrate reactor.

The conclusions drzwn frorm these experimental
projeets and their roclevanec to the present study are

c¢iscussed in section 5.2.
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The EZydrate Froecess for Suecrose Coneentration

2.31

The design for 2 comnereial freezce coneentration
process is based on the Kopvers process for desalinaticn
after the Donath patent (18), A flowsheet for the
process is shown in figure 2. Sucrcse feed, initially
preccocled by the product stream, enters the reactor =nd
contects the dispersed liquid agent. Hydrate slurry
is fed to a centrifuge where nother liquor ané erystals
are separated. Part of the mother liguor is recycled
to control the fractional hold-up of erystals in the
reactor (See seetion 8.5). Washed crystals are
transported to the condenser-nelter where agent is

condensed, deccnposing the hydrate,

The Hefrigeration Cyele

The refrigeration cyele is a two-stage compression
system, a ccrmon feature of hydrate and ice desalination
plant. The prircary coompressor handles vapour
generated in the reactor; mnost is ecndensed on tke
washed crystals, Excess vapour is compressed further
in the secondary compressor and ecndensed by heat
exchange in an indireet-contact condenser, The thermo-
dynamic principles involved in this cycle are discussed

in secticn 8,5,



| primary secondary
[ sucrose feed compressor compressor
vapour D
_——l : g —
‘ : ' .
slurry | condenser
i melfer
oo J |
_ -
| centrifuge
liquid agent
' feed ' r
- {2 . 1 heat exchange °—1
recycle p=4 mother water
‘ liquor feed-products .
= I ¥ ¥ 1

figure 2 Flowsheet for hydrate process: single

stage concentration

cooler
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rrimary Bxperimental Investigation

Since nc data were available for hydrate growth
in systems other than sclutions of scdium chloride,
tests were initially run with a small glass cell,
figure 12, inmersed in a constant tenperature bath,
Problems of nucleation and growth pertaining to sucrose
sclutions were investigated. ruantitative results
were limited to the determination of phase eguilibriun,

section 4.2, but some trends in the behavicur of the

hydrate cell under different conditions were established,

as described in the fcllowing sections,

Nucleation of the TFydrate Phase

A 250 ml, sarmple of sucrcose solution was cooled
in the cell tc temperotures below the hydrate formation
tenperature by adding ice to the water bath, The
sanple was deaernted and about 10% by volurme of liguid
freon was introduced. £t subecolings of up to IOOC,
nucleation did not occcur at either the liguid-1licuid
interface or the gas-liguid interface, When, however,
tiae pressure in the cell was reduced by venting freon
gaa to the atnosphere, and liguid freon was caused to

evaporate in contact with the aguecus solution,
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nucleation occurred at subcoolings in the range 6-8°¢C,
This response was in agreerment with other workers; the
behaviour secns nc different for 10%-35% w/w sucrose
sclutions, The temperature at which thke onset of
nuclecation was observed anpeared to be randon, This
was consistent with the faet that poor nixing caused
randon local temperature differcnces during the period of

evaporation of the cdispersed phase,

To confirm that nucleaticn did not occur at an
agitated gas-liguid interface in the ahgence of liguid
agent, gas was bubbled into the cell through a sintered
disc distributor, Wo nucleaticn wos observed in sucrcose
solutions with 2 maxinun subeccoling of 10% during two-

hour induction periods.

Eydrate Growth

Growth ratecs and crystal characteristics were both
nost irregular in this first experimental cell, If
the guantity ¢f liguid freon at nucleaticn was small,
only a smzall guantity of single crystals were produced.
Suck crystals tcended to he delicate and to fracture
easily, For example, a single 'whisker ' crystal was
nucleated in o site on the steel thermocourle probe

immersed in the solution, The crystal was curved,
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following the streamliines in the stirred solution;

the dimensions were approxipately 1 cnm. long by 1 mn,
wide, A cathetoneter was used in an endeavour to
follow the growth of such crystals, but they sheared

at even the lowest zgitation rates. Several cxperinents
were carried ocut to find a suitable technigue for
grewing a single crystal in the cell, A small flow

cf gaseous freon was dispersed continucusly into the
syster ccntaining hydrate nuclei, but in no way was it
possible to cobserve the growth rate of one crystal.
Centrol of the cell termperature during these runs was
rathker poor since heat generated in the cell was
transferred through a2 glass wall to the constant
tenperature bath, The size range of crystals was of
the order of 50 to 100 ricrons. These figures were
calculated frow setting velocity observations, assuning

the crystals to be spheres,

If an excess of liquid freon was available at
nucleation, growth occurred arcund the rising bubbles,
The cell consequ:intly became packed with bubbles 'frozen’

by a thin hydrate filn.

A sanpling probe, the prototype of those described

in section 3.43 was installed to test a method for
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withdrawing a sample of wmother liguor free of hydrate.
The concentrotion of the sucrese solution in cequilibriun
with hydrate crystzls was conpared with the feedstock

concentration,

Proposed BExperimental Project

The abeove experinents ceonfirmed that conecentration
of sucrcse solutions may be effected by the fornation
of the hydrate of Freoon-12, It was decided not tec
pursuc further the technique for growing single crystals.
Bven if such a technigue could ke devised, and ¥oppers
(24) incicated from tke failure cof their twe-phase
reactor that the problem did not fzll into the usual
category of unit operaticns, the conditicns of growth
would not compare withi the conditicns existing in a
four phase reactor, Thus any mathenatical nmcdel
describing the growth of a single hydrate crystal would
nct apply tc a commercial reactor in which the dispersed
agent is boiling vigorously. Basically thke project
called for operating data from a realistically scaled
four vhase well-stirred reactor for a range of sucrcse

solutiocns.
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In generel the nvrrose of the experiments was
to rredict the most favourable operating conditions
for concentrating a particular sucrose solution at a
given thrcughput, Now coperation under the most
faveourable conditions implies an optinum state, i,e. a
raxinum yvield of concentrated sucrose for a given
threoughrut from eguipment of fixed design or optinun
econoniic design and operaticn cf equipnent, Hevever
the exzperimental schere was designed rot te optimise
hydrate yvicld and hence the degree of sucrose concen-
traticn, btut te deternine the rechanism cof the physical
and clhiemmical changes that cccur in the systen,. After
estaklishing a model resulting froo experimentation
with sucrcse, it is possible tc predict future
performance of the reactor and corpare the process beth

techinically and eccrnorically with established processca..
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Experimental Zydrate Frocess

A simplified flow sheet for the experimental
reactor system is shown in figure 3, Liguiéd freon .
was grevity fed from the condenser € to the reactor V
and dispersed in 2 suspension of hydrate crystals and
sucrose solution by the action of a turbine impeller,
As fresh hydrate phase was formed, the heat of reaection
caused the disrpersed liquid agent tc evanporate,

Vapour generated in this way was condensed in the shell

and coil condenser C,

Luyben (28) and Weisser (29) have both described
sinilarly integreated reactor-condenser systens,
referred to by Luyben as autorefrigerated reactors,
and vreviously used in the contrel of polyrerization

recetions,

Reactor Creration

The freeze concentration plant envisaged in
scetion 2.3 employs a continuocus stirred tank recactor.
Operation of the experinental syster as a flow reactoer
was achieved by keceping constant both the rates of

inflcow of sucrose and liguid freon and the rate of

cutflow of concentrated sucrcse plus crystalline hydrate,
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figure 3.  Simplified flow sheet
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The hydrezte slurry was drzwn off by gravffy from the
rezctaor into a glass vessel D, =nd wes deconrposed by

ap electrical hesting element., Reconstituted sucrcse
was dumped into a vacuum strinping vessel then rceyeled

to the reactor viz a gtorsge tank,

Alternatively the reactor could be operated in
the manner of a batek process. In this case, while
maintaining the frecn feed ratc constant, hydrate was
produced in a fixed volune of sucrcse sclution. This
methicd was warticularly interesting from the stand-
point of taking the fraction of crystal hold-uw as a

varinble.

Selection of Zeactor Size and Throughput

4L vessel 0of 5 litres cavacity was ccnsidered to ke
= ceonvenlient size, Thig geave 2 reasonable wilot rlant
scale of cperation; the uprer linit was inpesed by the
avallability of gloss pressure vessels and the gize of

he auxiliary refrigerstion unit required,

The maximun hydrate production rate for this size
of reactor was estimated from the data given by Xoppers
prelininary study (24). This figure was used as a

guide to the design of ancillary eguipment, Table 3.1
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shows the naxinum heat load on the condenser and the

precooler, and consequently on the refrigeration rlant,

Frocduetion rate in 3.5 litre reactor 80 gm water
as hydrate/min

Maxirum sucrose feed based or ninimum | 460 gm/min
residence time of 7% nins, sucrose

Feat load on reactor 16 CHU/min
Freon-12 feed rate 205 gn/nin
Condenser duty 16 CEU/min
Preccoled sucrose feed duty 16 CHU/min
Total duty, including heat leak 38 CHU/nin

Hated capacity cf 2 stage refrigerator

operating -18X/27OC, 1EP, 560rpm 40 CEU/min

Table 3.1, Maxicum predicted heat 1o7d on systen

The Hydrate Zeactor

A glass reactor of 6" I,D, and 18%" overall height,
with a 1" I,D, bottor exit was available as a standard
wnit, 2.V.F, (vZ/°/6), though the nanufacturers
recormended that adequate safety precautions be taken
at pressures in excess cf 25 psig. A brass flange 1lid
tc the reaetor carried eight Sinplifix couplings, a

pop safety valve and 2 central stirrer gland housing.,
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Neoprene gasket material was used for this and all

other glass-tc-metal or glass-to-glass joints,

The reactor outlet was connected tc the decon-~
position vessel via a right-angled 1" diaphragr valve
with a glass body and & ome-piecec P,T7,.F.E, diaphragn.
In operation the slurry flow was not controlled by this
valve, which was subject to blocking when partially

closed, but by the decomposed-slurry draw-off wvalve.

Photographic views of the complete experimental
rig and the reactor are shown in figures 4 and 5. The
reactor was supported on lengths of 1" angle-iron
which were bolted to the major framework of the
apparatus, built fron 2" I.DB. galvanized pipe, A
safety screen of " thick persrex was secured to the
framework to protect the operator in the event of a
failure in the glassware, Sheets of expanded
polystyrene were imoulded to form a 2" thick layer of

lagging arcound the reactor.

Freon Feed

The rate cf addition of liquid freon from the
condenser was ccntrolled by a %" Simplifix valve,
type 60, and measured by a G type Botaneter tube with

stainless steel float. The Rotameter was designed
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for a maximun liquid frecon flow rate of 160 cm3/min

at 10%.

The Rotameter tube was nounted o8 a part of one
1ink of a U-tube, see figure €6; the glass tube was
secured by Araldite in brass slecves hsord-soldered
entc %" 0.0, copper tube,. The unit included 2 small
heat exchanger to insure againet flashing in the
Retameter section, Mylon tube wes used to connect
the U~tube to the feed and delivery lines at the
3/16" Sinplifix fittings shown: the flexible coupling

prevented strain at the glass-to-netal joints,

This arrangeicent was adopted for two reascns.
In the first case, thc construction has a very low
heat capacity compared with rmost tube mountings
e—ployed at this pressure range: this low capacity
is desirable when dealing with a liquid which boils
at a temperzture below ambient temperature, Secondly,
the U-tube was very easily detached, cleared and
cleaned of hydrate which occasionally formed in the
feed line or tube scction, 4 rinse with rethanol was

usually aufficient tec re-establish flow through the tube.

Calibration of the Rotareter tube is discussed

in sections 3.6 and 6.1,
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3.22 Sucrose Feed

3.23

Agqueous sucrose solution was stored in a 30-gallon
resin-coated tank. The feed was delivered to the
reactor by a D.C.L. metering punp, Dirt was rejected
from the solution by a 20-30 nicron pore size sintered
glass filter, and a small surge tank was used to remove
pulses generated by the reciprcecating pump action,

With a naxirum duty of 6.7 gall,/hour at 75 psig., the
punp delivered a constant rate of supply of liguid,
irrespective of pressure. The feed was précooled to
the reactor tenmperature in a 40' length of %" 0.0,
copper tube wound as a ¢c¢il =znd imrersed in a constant

temperature bath, see figure 9,

Stirrer Drive and Agitator Design

A variable speed, series wound notor (1/20 HP,) wes
attached by a flexible coupling of rubber toc the brass
stirrer shaft (°/16" B.) locatod in the P.T.F.E.-
racked gland housing. A second riotor, continucus
rating a.c. 1/10 EP, was available to increase tle range
of stirrer speeds. The nmotor assexbly is shown in
figure 5; the suprort bracket was o¢f welded construc-
tion, secured to the main framework with lce Xlanp

fittings,
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Since geonetrical sinilarity is inportant in the
design of agitation equipnent, impeller and baffle
dimensions were chesen approximately in accordance
with accepted practice, e.g. 7esterterp (§g). Four
baffles " wide were positioned against the vessel wallg
and held in place by the sprung freme on which they were
rounted, Prelininary work with a single 21" dianmeter
45° pitched four-blade turbine indicated that excessive
foaming and nucleation took place at the surface of the
four rhase mixture, This was assuned to be due to
inadeguate dispersion cf the liguid freon. Jeparture
from the well-stirred condition was corrected by rounting
a second impeller on the stirrer shaft; a feour- bladed
flat paddle which operated nearer the ligquid surface,
see fTigure 7, This medification to the standard
design was considercd justifiable in the light of work
published by Bates et al (31) on the power requirements

cf dual impeller systems in standard vessels,

Operoting the reactor at the highest agitation
rate and the highler freon feed rate, it was shown that
the gas hold-up constituted 30% of the total reactor
velune, In view of this the liquid working capacity
of the reactor for batech runs with the dval impeller

was chosen at 3.35 litres.
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No provision was nade for neasuring the torque of.
the notor and hence the energy consuoption in the gas-
liguid dispersicn. The principal reascn for nct taking
this mecasurerent weg the uncertainty in the fraction of
the power wasted at the stirrer gland. Bstimates of
the power consumed in the agueous phase were obtained

calorimetrically and arce given in Appendix @,

Detailed Flow Sheet

A flow diagrarm for the reactor and condemnser systen
is shown in figure 8, excluding the arrangenent cf the
glyccl bath and constant texperature bhath which is
rresented in figure 9. The configuration of valves
was designed for flexible cperation with respect to
chianging the syster: with freon (F), evacuating the iter
of equipment (V) or equalizing the pressurc between
units. Not shown is a storage tank, installed to allow
liguid frcon tc be dumped from the condenser should the
neec arise. Sinplifix valves and fittings were used

throughcut, moinly for 3/16" C.8. copner cr nylon tube,

Terperature Measurecent in Reactcr and Feed-lines

To oktain a tenperature distributiocn of hotk the

liqui¢ and vapour phases in the reactor, probes were



/ \ 3
—1 flexible .

[} coupling
PTFE - packed
gland ——\
f’ JJJ —l, © . .-f!/ ’./
Jzﬁ
L} :'31 ._o.
f
operating 1
level C .

o 4
: \—- baffle 172"

‘ d width
y LIl -1 ‘
] |- -
thermocouple — ] li’mg[e?lii
probe j 2Ry !

S~ filter head

\ G4

lo

\————-— 4 blade

turbine

-

figure 7 Reactor,impeller and baffle arrangement (approx.1/3scale)




F X
lfreon | |

vacuum

figure 8

——— e o= ]

{f@ T

(numbers correspond to then:mocouple-sites)

Flowsheet for reactor system




37

installed to mensure the temperature at different
voints, Two thernocouple probes were spaced ot
different redial distonces in the reactor, capable

of being adjusted vertically by loosening P.T.F.E.-
racked glonds in medified Sinmplifix ccuplings, Both
hercoccuples were single junection 32 gauge copper-—
constantin probes in 15" lengths of 16 gouge hypcdernice

stainless steel skeath.

Thermocouple probes were sited in both sucrose
and freon feed-lines, just zrior to the reactcr inlets
and insulated fror: them by nylon tube. A detail of
the thermocouple installation is shown in figure 6.
The wires near the junction were creased in 2om, twin- -
bore ceranmic insulators and sealcd with Aranldite into
l/8" C.D. brass tube, soldered »t right-angles to the
ir 0,3, feed line. Asbcestos string and foanm insulation
was used on the copper lines. Fositions of other

thernocouple sites are norked on figure 8,

The e.,m.f, was measured accurately on 2 Pye
Universal Prceision pofentiometer, in conjuncticn with
a Pye 'Scalamp! galvenoneter and an ice cold-junction.
In addition, 2o !'Fi-Speed! mininture potentiometric

recorder wag used to follow the tenperature both in the
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reactor and at other peints in the ecguipnent,

This

recorder 2lso served tc time the woint of spontanecous

nuclention and subsegquent sample withdr-wals

in batch

runs, A 10-way Mulirhend switeh oand an additiconal

double-pole switekh were used to select both the therro-

ccuple ~nd the e,n.f. display, A chkce® for

henting

effects at switech terminanls was rmnde regulnrly by

couparing the sane e.m.f. scurce reosured bothr direcetly

and through the switched circuit. The calibrotion

cof the thoroocouples is given in Appendix G,

Sucrose Sanpling Systen

Sarples ¢f mother liguor were withdrawn

9

rcactor through o sintered-glass filter, A
diameter borosilic:te glass filter »late was
with Araldite intec the machined extension of
by 11" copper tube, This tube was sited in

coupling in the reactor 1id and connected to

from the
10nmmn,

senled

a 3/16m ¢.p

a bullhead

o 3/16m

Simplifix shut-off valve, The total capncity of the

scrible systen wos approximately 3ml, and enatled =

representative sample to ke obtained after withdrawing

only ©.25% of the renctor volumc, allowing feor purge.

Twe such sanpling probes were instnlled, witk different

sinter porosities, 100-120 and 20-30ricron pore size,

as supplied by A, Gallenkeu .

I3
L=
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Samples were anclysed with a high accuracy Abbé
160! refractometer maintaincd at 20°C and ermploying
a sodiun light sources, The variction of the rcfractive
index with the concentraticn of sucrose sclutions is

skhown in Appendix G,

Freon Cycle Design

The design of an autorefrigerated recctor syster ”
clled for the selection of o svitoble means of pressure
contrel and reeycle of the licuid agent. Tlere are
basically two possible arrangencnts for the use of
Freon-12 cperating in the range 30 to 50 psig,
corresponding to saturated liguid temperatures of

6°c to 12.5° respeetively,

(i) The reactor pressure is controlled by 2 back
rpressgsure valve on the vapour line, The vaopour
gererated in the reactor is compressed 2and then condensced
either in an indirect contnact exchanger with cooling
water or in direct comtact heat exchange with melting
hydrate cyrstals, in either case there is sufficient
excess pressurc available to return the liquid agent to

the reactor,

(ii) The conderser is ccoled by & refrigerated coolant
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and coperated at the sare pressure as the reactor, The
condenser nressure is controlled by adjusting either

the flow cor the termperoture of the ccolant stream,

Filow of licuid agent from the condenser bnek to the
rcactor is by gravity, at o terperature roughly
corresyponding tc the saturation terperature of freon.
The vapour reconpression step reqguired for operation

of the process below ambient tenmperature is incorporated
in n secondary refrigeration cyele working against the

coolant bath,

Clearly the raxinum heat recovery is obtelined from
process (i), with condenscticon on nelting crystals,
This ehoice wowrld however be difficult to enginser and
operate cn a siall scale, The use of o compressor was
aveided and wmetikod (il) ckosen for its simplicity.
Accurate pressure control was reguired, particularly

during batel runs, ancd it appeared that a small

T

compressor would not be sufficiently flexible, In

<

acdition, ccntamination cf the agent vith compressor

0il was possibkle and very uhdesirnble.

3.31 Condenser Sesign

This unit was designed both as a condenser and ag

n reservolr for ligquid freon. Losses of agent from th«o
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syster are incurred by inccvplete slurry deconiposition,
the residue cf freon disgelved in sclution, and by
slight leaks at glands, Rather than add a make-up
gtreain of freon vapour, a reasure which conplicates
pressure control, it was decided to operate with a
hold-up of ligquid freon in the ccondenser, For this
reason a shell and ccil unit was nore suitable than =

shkhell and tube condenser.

The condenser coil was nmanufactured with an 0.D.
of 6" from 22 feet of 4" C.D. copper pipe. It was
arranged in the 8" 1.0, shell such that the botton
cecil, slightly separated from the other ccils, was
iorersed in liguid freon when the unit was charged with
from four to eight pounds cof agent. A nylon sight-
glass was fitted to facilitate charging; the nid-way
position ceorresponded te about 6 1lbs. of freon.

Vapcur entered the condenser from the reactor through

a2 stand-pipe in the botton flange ceover,

Condenser Operation

The only disadvantage of the sinmple gravity flow
condenser was that under certain conditions boiling

occurred in the feed line tc the reactor, resulting in



vapour locks, This problem was gsolved by using small

dcuble-pipe heat exchangers to subeosol the feed line.

The condenser could be isclated from the reactor'
system by closing a +" globe valve on the vapour 1ine:
This prevented expesing the glass reactor to high
pressures when tkhe coolant flow was stop-ed at the
conclusion of a series of runs and the condenser warned
up to ambient temperature. Befeore fitting, a check
was made teo determine if the pressurce drop acrcas the
valve wculd restrict the freon flow in the vapour line,
The ccndenser itsclf, which was designed to withstand
a pressure of 100 psig., was fitted with a Norgren pop

safety-valve,

With 2 eteady or slovly ckhanging rate of flow of
frecn vapour fror the reactor, the condemser rressurc
was controlled adeguately, i.e. to the accuracy of the
Becurdon gauge, by adjusting the flew of glycol coolant

through: the condenser coil,

Before the feed subcooler had been incorporated it
was not possible tc maintain a constant liguid freon
feed rate arnd boiling in the rcactor for more than a
few ninutes, The first riodification was to instzll a

temperature contrcller for the charge of liquid freon
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in the condenser. An Airmec N241 controller was used
ir conjunction with 2 resistance therrometer sited below
the licuid level in the condenser, and 2 heater tane
wrapved arcund the shell, A ragretic follower was
built into the condenser base plate to provide adeguate
agitation for heat transfer fror the walls. This
contrel systen was devised to cperate at a constant
coolant rate, compensating fer changes in the freon
vapour rate by switching the heater circuit to kXeep the
freen terperature and pressure constant, The response
of the heater was unsatisfactcry, so the nethod was
rejected, Success was ohtained with the second

redification, circulating glycel coolant round the

freon feed line.

Glycel B2tk and Constant Temperature Bath

L diagramrmatic laycut of the tanks and circulsting

urps is skown in figure 9. ~evt was transferred frcm

L
I i

)

€7 glycel sclution in a well-stirred 50-gallon tark =1,

tc the evaporaticn coil of & iEF. refrigeraticn unit

3
! .

The coil, 906ft, of +" C.D. copper tube, was designed
for a duty of 40 CHU/rmin.witk 2 nininum temperature’
differential of 5°¢. The refrigerztor, a2 two-stage

cenpressor, was charged with Freon-12; The glyeol was
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circulated by o No, 12 Stuart Turner runp P1 through
a 3-way unicn tc the condenser €, thc constant
terperature bath B2 and the auxiliary cxchangers H on

the freen feed line,

Selecticn of the operasting pressure in the condenser
dictated the working temperature of the glycol bath,
Satursted freon »wressures cf 46 and 30 psig. reguired
glycol hath terperatures of -2°¢ ana -12° resrectively,
The terperature was waintoined by a make-rake centroller
and relay switching the refrigeratcr. The coglant feed
tc the condenser was neasured and hence contvrollecd Ty ~
18% metric Rotameter tube; the terperature differcntial
across the ccndenser was neasured by thermocouple

probes,

The 30-gallon constant terperature bath B2 was
equipred with a2 glycol-cceoled ccil, stirrer nmotor and
paddle, and thernocstatically controlled 500 watt heatcer.
lercury-toluene switches and Sunvie relays werc used
for the control both of thkis bathk and the glycol hath,
An Ether £" sclcnoid valve SV was used to controel the
glycol. feed to the bath B2, operated through the relay

on the rmerecury-toluene switceh, Alternatively the bath:

teppersture could be centreiled by 2 heater circuit,
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thougk adding to the total heat load on the nearly over-—
streteired refrigerctor was rot desirable. The
terpereture varistion of the sucrose solution § pre-

ccoled in B2 was i1/6°C at the highest sucrose feed rate.

Deconpeosition Vessel and Filter Unit

The deccomposition vesael, shown in figure 10, was
censtructed from two standard ¢.V.F, 4" diamceter glass
units, one of which was rrovided with a 1" diareter sidc
irlet, Tie uprer section was added to provide the
correcet hydraulice gradient beiween the reactor contents
and the deconposing hydrate slurry for controlling the

flow of slurry from the rezetor in the eccurse of the

steady-state runs,

A variac-conirelled 50C watt Lheater was mounted
above the base plate,. ™o drow-off valves were fitted,
3 n 3 3 3 "
a “/8" sleceve-packed ccek and a /16" needle valve,
The former proved tc be the more adeqguate means of

control,

The filter arpd wash colurm skown in figure 11 was
fabricated from a 18" length cof 2" diareter 2.V.F. glass
pipeline, A 10C-120C micron pore size fritted glass

filter plote was scaled intc the linc whieh was jacketed
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by a 4" diameter glass tube. inter fror the constant
terperature hathi B2 was circulsted through the jacl et
by a Fe., 10 Stunrt Purner punp 72, figure ¢, to prevent
deceomposition of the hydrate, Similarly wask water

oy

was cooled in a ccil sited in bath 22, befcre entering
the cclucn through a waskh distributor. Hydrate slurry
was introduced through a slurry sarrle line into the top

of the colunn,

Design of Experirents

=3

e discussicn in this section is concerned
privarily with the design of the bateh reactor runs,

but it also deals with the exnperinental variables

consicdered for thc stecdy-state cases. The six variables

thhat can be ccntrolled »r reasured with comparative cnse
are; irpeller speed, sucrosc ccucentraticn, residence
tirc, reactcr pressure, coperating terperature and
yield ¢f hydrate. (The Lydrate yield is defined as
the procduction rate of water in the fern of Lydrate,
gm/min.), It 1is nceessary to choose an adequate

definition of the cutput or resmconse of the reactor and

X

the best manner of changing tue independent variables,
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Variable . cntro Measurin :
oy Variable 96 trol Measuring :
Type Means Means ‘
Bependent Operating ;
Veriable, or Tewperature Potenticmeter
Hesponse (Tr) :
) ) |
Stirrer ;
Aheostat Stroboscope ‘
Speed (M) - *’
1
Sucrose §
Cencentration | Feedstocek Refractorneter !
Pricary (x4)
Incdercndent
Variabkles
heactor Temperature |
Tressure (P) and flow of Pourdon Gauge |
coolant :
s T btk A ;
: - . Fotentiometer :
Production Frecon fecd entior i
nate (r rate - ;
= (r) ate @efractcmeter%
]
- . Data- cing |
Tateh tine 2 azeéogblng i
Eyérate M?:} i
Scecondary Hold-ur (4,.) ‘
N N h 3uc z feea . , X
Indenendent ;ﬂtgo?gSTgi VMetering-punp i
Variables = N et e

Heactor
Volure (Vl)

1
!

Level of
slurry in
reactor

Table 3.6

Experimental Veoriables

One ¢f the first consideraticns is the cheoice of an

operating nethod for the reactor, Either the operating

temiperature ray be chosen ard maintained by adjusting

the cooling rate and the yield is measured, or the yield

vay be chosen by fixing the cooling rate and the

L]



operating terperature is neasvred, Yhe scecond method

pode

s preferablc; it involves o fairly constant keat load
on the reactor - condenser ayster, which simplifies
centrol, idence the reactcocr operating temperature,
rataer thar the yield, becomes the neazsured response of

the systen,

The dependent arnd primary ard secondary indenendent
variables are shown in table 3.6, together with the
ranprer of control of the variable and the reasuring

means.

The distinction betveen the two categories of
independent variables is solely an experimental one,
The effect of the hydrate hold-up fraction ¢h was
studied serarately from the effects of the other
independent varinbles, By analysing the tempersture -
time response curves, see secticn 6,1, For this reason
ﬁh is denoted as a seccndary variable, Similarly the
effect of the velume of hydrate slurry was observed
separately, in this case¢ only for the flow reactor runs,
The choice of the volurne of liquid phase was a2 special
problemn since it was skhown that the power dissipated in
the reactor by the dual impeller agitetor depended upon

the level of sucrose in the reactor for a given geometry
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and sneed, No reasurcrents of the stirrer terque
were talen so tiae change in the energy dissirated per

unit volume, for a given chonge in V could nct be

1’

estirmated for reaction conditions.

At the cutccet of the exrverimental work there was
little to indicszte what eithcr the main effect, or tic
interaction between the effects, of these variables
+*onld be, The rroject is therefore rost efficiently
plenned with the 2id of a faectorial design, a scherne
by whiiich the effcets of several factors are studied

simultaneously, It is necescary to state the levels

of tke variables, the experirentally snecified conditiosns

at which the independent variable is investigated,
These conditions were selected after prelinminary

exnerirental work,

. . . 2 .
The basic choice corwrised a 37.4.5 factorial

design; three levels creh cf stirrer speed and pressurc,
Ll 15

fcur levels of suecrose concentration and five levels of
wroduction rate. in general cnly a selceted fraction
of the total 18C exrveriments wculd be sufficient to
analyse the rain effects 2nd interactions,. Hdowever,
in view of the complexity of the resction nechanisi in

a four phase rezctor, and particularly the work by
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de Graauw (gg) which showed that the production rate
was not a simple function of the driving force for rass
transfer, it was considered mnecessary to conduct all
tiie exnerinents. Certain modifications to the design
wcre made when experimental difficulties arose. Also
certain runs were rereated at random as 2 check on the
repreduecibility of the Jata and the techrique, The
chosen array does ot actually correspond to a true
foctorial dJesign for cne variable, the vressure is not
raintained at the same levels cver all levels cf the

other variabies,

The 'high' level of the reactor pressurec for a
giver sucrose solution was chosern such that the reactor
temperature at nucleation of the hydrate phase was just
greater than the saturated freon terperature (section
2.1). Since the hydrate equilibrium teuperature is a
function of pressure ard sucrose concentration, these
Thigh' pressure levels vary with concentration and hence
the level of another independent variable, To sinplify
the analysis, egual intervals between pressure levels
were chosen, 3 psig., and one level, (37 psig.) was
chosen as ccrmmon to the nine central bloceks of runs.

The significance of this design modification and messitle



54

alternatives will be discussed with the interpretaticn

cf the coverall results,

3.61 Design Array for Rotech Operation

Py

Table 3.61 shows the lcovels c¢f three independent
variables; stirrer s-eed N, sucrose concentration Xp

and reactor nressurc P.

\\ N N
g RPN 1420 114¢C 880 P
A psig
AN -
* 46
* 43
.0 x ._'_]_'9 40
* 37
* * * 43
« 085 * .11 x W21 x «31 40
* * * 37
* * * 40
.18 * .12 x .22 x .32 37
* * * 34
* * * 37
.27 * «13 * 423 *x .23 34
* * * 31
* * 34
L A2 * .14 ¥ <34 31
* * 29

~Table 3,61% Levels of the independent variables

In the table ecch asterisk reprecents five levels

of the production rate, i,e. five levels of r for cach
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pressure level selected, The underlined nurbers in
the squores represent experimental blocks, talken as all
those rums conducted at constant N and ey and are code
nur:bers for handling the subseguent analysis, The
first digit shows the level of the stirrer sneed and
the second rernresents the sucrose concentration level,
Blocks in the overall design were performed in a randonm
order, and the experivcnts within the block were
randonised with respect to the two variables P and r,

the production rate,

Operating Procedure

The systen was evacuated by a Sneedivac high vacuun
pump before the first charge of frecon was introduced,
Thereafter 6 1b, of freon was maintained in the
condenser by periodie topping-up from a 145 1b, cylinder
of ICI Arcton-12, Glycol solution was punped through
the condenser coil to ccol the contents and reduce the
pressure tc a little below the required operating
pressure, The ccolant bath tkerrostat was a2djusted
to give a licuid freon subecooling of about 4°C, with
respect to the selected pressure, at maxinmum cooclant
flow, This condition ensured both the establishnent
of vapour-free liguid flow through the Rotameter tube

and the best degree of condenser control.
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3.71 Batch Operation

Sucrose solution at roorm termperature was pumped
into the reactor te the desired level then the feed punp

was stopped and the samnple probes were purged, The

o]

tirrer motor was started with the gland nut slackened
off, By tightening the glend to »revent loss of vapour
and by adjusting the rhecstat in serices with the motor,
the correcet stirrer speed was obtained. The tightness
of the gland was checVved during runs to naintain a
constant agitation speed. Liguid freon was fed into
the reactor with glycol circuleting through the feed-
line cooler, Then the reactor pressure and frecon fced
rate were steady, the rcactor teperature was nmeasured
at intervals to cbtain o ccoling curve. This ccecling
curve ccnetituted a cclibration of the Rotareter tube(sece
section 5,5). The svontanecus nucleaticn tempercture
wae Leasured as the pinirur reached in the reactor.,

The tronsition was usually followed by o rapid rise in
tevfLerature, ard during this reriod the glycol coolant
flow rate had to be recduced tc keep the reactor pressure
constant. The ternperature of the hydrate slurry was
neasured at intervals timed frorm the phase transition

peint,
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Samniples of about 3 ce, of rotirer liguor were
witudrawn through the filter rrcbes, after allowing
a standard purge volume to pass, and tinmed by the
event-narker facility on the chart recorder, In
addition the average level of the contents of the fcur
rhase mixture in the reacter was neasured at intervals
to determine the gas hold-up fraction, The runs lasted
from between five to tweunty ninutes after nucleation of
the hydrate phase. A run was stopped either if the
reactor tenperature had been steady for five niinutes
or more, or if the terperaturc had dropred nuck belew

the naxiomur attained.

An E,A.L, MDP~-200 data lcgging systen was used to
reeord the reactor terperature for o selection of the
batel: runs. The therrocouple e,n.f. (0.3 mv.) was
pre—-arnlified to a level accertatle tec the deota-logger
(3C :v.) by a Comark d.c. arvlifier tyre 210. in this
way reliable termperature-tine data were autcnatically
cbtained on punch paper-tare,. The accuracy of the data-
logger ond the potenticneter is very sinilar; the ferner
was regularly calibrated against the potcenticneter to
gouvensate fer any drift in the d.ce. anplifier, The
results of a2ll these experimeats arc given in Tables I

to VII, Appendix A,
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3.72 Flow Heactor

From a control asneet, cpernting the ecuipment as
a flow reactor was complic~ted by the imvortance of two
further variables, the terperature of the sucrose feed

and thke flow rate of slurry leaving the reactor.

The initial procedurc was identical to that with
the batch runs, After a steady slurry temperaturce had
been reached, the sucrosc netering runp was started.
The feced was precooled in the constant terperature both
to the reactor terperature by adjusting the set-point
on the bath therrostat. Thig controller was also
manually assisted by coperating the valve cn the glycol
coolant suprly to the bath. The level in the reacter
was naintained by adjusting the decomposed-slurry drain
valve, Deconposition was contreolled by a variac in
pvarallel with the 500 watt heater to give a terperaturc

o

froa 3% to 5°C above the equilibriur deconpogition

teniperature.

Sa ples of rother liocuscr were takren after the
reactor tenmperature had becorc steady, It was assured
that steady-state conditions kad been reached when there
was no chiange in either the sucrose concentration cor

the tenperature over a period of ten ninutes,
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The 1cvels of the independent variables specified
for the flow reactor runs corresrond approximnately to
thhe blocks ,11 and .18 in table 5,21, In addition the

effects of a change in the slurry volume and a

riodification to the impeller arrange—ent were considered.

Exreriiients were carried out with a single impeller
to determine the variation in the reactor performance
with power input. The power input is o funtion of
both the stirrer speced and geometry: by changing the
gecnetry for a given speed the effect of the power inrut
oy be checlied independently. A set of runs was
repeated without the paddle impeller but with the pitched
turbine at the samne position as before, figure 7, The
results of these experinents arce given in tatles IX to

XITI, with a sunnary in table VIII, Aprendix B,

Liguid Freon Distributor

Throughcut the runs, freon feed was introduced into
the top of the reactor as a stcady strean of liguid and
not through a distributor as a fine spreay of droplets.
Althwugh o distributor cpersting below the impeller was
srecified in the original design, it was found unwcecrkable

due to hydrate forpation at the outlet holes,
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The rerformance of the reactor with a sinpgle
turbince inpeller, the arrange.ent which it is ass-.ned
cxaggerates poor feed distribution, was censiderakly
below that predicted.  To test whether the reactor
rerforrance cculd be irproved by introducing a fine
spray of ligquid frecn, a simple perforated-pipe
distributor was installed in the space above the liquid
level, The distributor was fobricated from 3/16" ¢.D.
copper t:be, formed as a 3" diarcter ring with 12,
1/64" holes drilled in the walls of the tube. This
device was satisfactory, producing fine jets of freon

spraying upon the surface of the reacting rixture,
it}

ay
theugh ocersicnally holes were blocked with hydrate even
with the distributer well clear of the surface. Three
sets of rumns vere repcated with this distributor in

tle batch and flow reactors. Attention is drawn to

these compariscns in the suriary tables I and VIII,

3.74 Propane Hydrate Ruus

Batch experiments werce repcated with propane as
the nydrate forizer for exnperimental variasbles
correspeonding to bkloek .11, No nodifications to the
apparatus wore necessary. The method and results are

given in Appendix C,
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3.75 Filtration Exrerincnts

Only limited washing experiments were conducted
since the nain interest was not to investigate wash
hydrodynarnics but to establish whether mother liguor
could easily be recovered from the crystais. To test
and invegtigate the unit a little morc thoroughly than
these terms of reference suggest, experinents were
undertaken with the following variables; bed height,
nother liguer concentration, crystal characteristics
based on different driving forces, and wash veloecity.

Cnly small changes were nade in these variables.,

The filter unit was evacuated and then filled with
freon gas at the reactor pressure. The ccolant was
circul=ted from thc ccnstant tenperature bath and the
glassware was cooled to the reactcr termperature, A
charge of mother liquor and freom hydrate was adcitted
through sanple valve S, figure 8, after purging the
line. The bed was drained and the rother liquor
passing thrcough the sintered disc was collected in a
measuring cylinder. Further additions of slurry were

made to form a drained bed ¢f the selected height,

Wash water, preccoled tc hydrate formation

teirperature, was punped through the wash distributor
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and hence the hydrate bed a2t a constant, predeterrined
rate by a B.C.L. rctering pumrp. The washings were
collected in neasuring cylinders c¢f 25 ml, ard 10 nl.
capacitics; the srnaller size was scelected for the
sensitive 'breakthrcughk' area of the washing curve,
During the wash period the pressure drop across the
column was neasured by a pair of pressure gauges.

When washing was stopred and the bed was drained, frecn
kydrate was dececriposed in situ 2rd its volume and
sucrose content determined. Mother liguor and wash
samprles were analysed with the Abbe refractoeneter,

The results are given in Appendix F.
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Equilibriunm and Freon Sclubility Data

Fhase BDiagrar for Freon-12 Hydrate in Sucrose Soluticn

The determination of thase egquilibria conditions
for the hydrate-freon-sucrosc syster was necessary in
crder to describe the departure from egquilibrium causing
hydrate grewth,. Eguilibrium data for the Frecn-l2-water
systen have been published by 7ittstruck (gg), but the
freezing point depression of the hydrate equilibriun by

sucrose has not been investigated.

The following study is confined to the scolid hydrate-
witer equilibriur in the presence of the gaseous freon

rhase; this corresponds to line BC on figure 1.

Equilibriun Determination in Unstirred Cell

Fittstruck (32) and 7ilcox (33) concucted rthase
equilibriur. studies in snall uvnstirrved pressure vessels,
In each cose the pressure cell was placed in a ccoled
and agitated therwostat bath, The hydrates were
fornmed by flashing off liquid agent fror the twoe phase
syster which causced ccoling and spontaneous nucleation,
Fressure rneasurenents were talen for given batk and

cell temperatures,

A cell similar to that described by Wittstruck was
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used in the present experimental study as a first
arvroach to obtaining rThose egquilibriuvn data, The
cell was also designed to vrrovide infernation on
spontaneocus nucleatiocn in sucrcse soluticons, solubility
and growth of the hydrate. Those cbservations not
related to phree eguilibrium are discussed in scction

2.4.

The cell used is shown in figure 12, tegether with
a flow diagram. Basically the cell was conprised of a
6" by 3" diamcter £.V.F. glass pipe section fitted with
base and 1id of 4" brass, two 3/16" Simplifix couplings,
two thermccouple probes, a protectype filter tube and o
plastic—conted rngnetic feollower, The cell was nounted
above a volythene-jncketed "agnetic stirrer nctor
irversed in a glass water bath, With a sclution cof
about 200 ml, in the cell agitation was effective,
but when hydrate was present the stirrer had nc effect.
The bath was cguipped with a stirrer and hester, but no
thernostat, Tenperature control was by icc addition

since a supply of refrigerated glycol was nct available,

dydrate wos spentaneously nucleated by condensing
frecen in the cell and then reducing the pressure, hLs

the freen eva~orated, sufficient local subcooling
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figure 12 Cell for phase equilibrium determination
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cecurred tc causce nucleation and sinulterecus ranid
growth of hydratec. Toc cell temded tc becorne a nass
cf frcozen bubbles of gas; thet is, hydrate seening to.
gravround the evaperating drop, tended to lock the
bubble in solution. It was under these conditions

that the stirrer failed te be effective,

The bath terperature was adjusted te aprroxinately
that of the cell and tke steady cell pressure and
temperature were recerded. The ternperature was
considered steady when the readings cof the two therro-
couples wereidentical for a period of ten ninutes,

In this way it was ckec¥ed that there was no variation
in terperature within the cell due to a devarture fron
equilibriun causced by hkeat conduction across the cell
frcu the bath, The temperature of the bath was t':en
lowered anéd the cell rressurce reasured for a2 new
equilidriun. A iercury nonoreter was empleoyed to
reasure pressures below atnospherie, The cell was then
slowly heated up to the ecriticzl deccrmposition temperature
to test whether there was any difference between the
data collected from the cooling runs and that collected
by heating. A significant differevce would have
indicnted that equilibriun conditions had not been
achieved, The results for this scction are given in

Table XX.



67

4.12 Freezing Pcint Derression of Sucrcse Solutions

The method of deterrining the freezing rveoint
depression has to toke inte account the effect of an
extra degrcee of frecedos:, The guadruple point,
previcusly invariont, becones urnivariant in the focur
phiase, three corpenent syster and two degrees of freedbm

are associated with the lince R'CY,

The unstirred cell cannct be used te determine the
sucrose phase eguilibriur, in the manner described in
the previous sccection, If the cell is heated, the
guantity of hydrate decrecases and the sucrose conceh-
tration ch=anges, Since rother liquor is trapred in
and between hydrate—-covered bubbles cof gas, it is
unlikely that the sucrose concentraticn will be the
sare, or change at the sarme rate, at all noints in the
ungtirred cell., Tuis irmplies that the measured teell!
terperzture ie in foet o loecal equilibriur ternerature
in thc neighbourhocd of the therrccourle prche, at a
sucrose ccneentration probatly different from that

saiipled by the filter tube.

Data for the sucrose syster was obtained from the
large scale equirpncnt, the well-stirred insulated

reactor described in scetion 3.2. Along line B'C!
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there are twio degrees of freedom in the 3 phase, 3
compeonent systern, Therefore for o given sucrose
concentration there is the choice of either pressure
cr temperature as the single inderendent variable,
Jith the exrerirental reactor syster it is more
convezient to kcep the pressurc ceonstant and reasure
the temnerature resronse, In practice it is not
pessiblice to maintain a constant ncthcr licuor concen-
trotion in o well-stirred reacteor; the energy
dissipated by the stirrer and the heat leak into the
reactor partly deconmnoses the hydrate, thus diluting
the solution., However, a good approxinaztion to
censtant corpositicon is nchieved in the reactor,
provided that the ~ower input is not excessive, The
teniperature and concentration may be taken as uniforno

throughout the slurry.

Aydrate slurry was fcrrmed in the reactor at a low
operating nressure:; a slurry concentr=tion of about
207 wos consistent with ap adequate flow of slurry at
a stirrer speed <f 600 rpri. The pressure was fixed
by keeping the ccndenser pressure constant, adjusting
tiae flow rote ond tenperature of the glycol coolant as
reguired, The slurry was keld at the sclected nressure

for 15 ninutecs, then the terperature was neted for the
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’

fellowing 10 ninutes. If no change was chgerved in
the second interval the reading wag taken toc be the
ceuilibriuc ter.perature. At this point a saiple of
riother liquor was withdrawn and analysed, giving the
sucroge ccncenvration in equilibriuc witi: the hydrate
at thoe neasured temperature and pressure, If the
temperature was ot constant, the conditions were

naintained for a further interval, The pregsure vas

4]
™m

then altered and a new equilibrium estaklished.

Distilled vwater and initial sucrose concentrations
cf 10, 20, 30 and 40% (w/w) were used., The pressure
wag pneasured by the same 0-60 psig. Bourdon Tube gauge

g was usfed in the Lydrate growth studics, AlY the

o
7,

results chitacined in the stirred reacter are given in

Table XXI.

4.2 Hydrate ZEquilibriunm Analysis
Tize eguilibrium along the lire RBC corresnenis to
the ecuation:
] ~ E ‘;:;‘; I B G ) ¥
CcmLz(g) + 17 20(1) : ck«gclz.lmgo(q)
anpd the exotherric heat of reaction is Ahf cals/role.
*

The structure of the hydrate crystal and the features
of the unit cell are discussed by von Stackelberg (§§).
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It was skown by Zardubn (3<) thet the slope of the
univariant equilibriun line is governed »y the Clausius-

Claveyreon ccuation:

gg =  Ant - - (1)
Tav
Where AV = SRT/P

ant Z = compressibility fecteor for a
non-ileal gas

£25 - Aug
Za12

Integrating this ecuation assuning that%hf is independent

of terperature:
1n¥ = -A_/BRT + 3 (2)

Threrefore the equaticn that nay be fitted to the

exrverinental data has the form:

10g,oF = -£/7 + B (3)

Unetirred Cell

A le=st sousres it to the cell data, tatle ZX,

gave

log1p? = -7521.1/7 + 2817.8
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line on a log 7 vs. 1/7 plot. Conmaring A with tle

[

constant in equstion {2):

Pne =  BR(2.303 x 7521.1)
and since zZ = 6.205
,:«,,M = 81.15 77 col/g.mole of hydrate

L correction to this estimate taking into account the
Ieat of scluticon of freon is considered in Anpendix B,
Alterpstively the data may be fitted to give the

g . [8] .
eguilibriun terrverature t € as a function of pressurc:

t = 15,46 10510 - 6.948

This form gave a betier fit irn terms of the sun of

sguares of errors,

»3J

e Wittetrucl data agrees very closely with these

regulis, and o lecot scuares fit gave:

Al

log oF = -7274.8/T7 + 2729.5

Zerce ;\1hf = 30.12 Zeal/grole.

1]

wiiclh corresponds tc the published deta (3_4),2-\hf 3C.

IT the two sets of cata are ccontincd teo give a nean
t = 10.58 log,,F - 7,094 (2)

the cgtinated gtandard deviation of the ternerature

given by (4) is 0,17°%C.
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Jource TCOC ’Pc msia
Unstirred cell 12.03 65.3
Wittstruck (32) 12.29 65.8
Pooled data 12.12 65.4
Xoprers 12.11 65.4

Table 4.21: Critical Termreraturc and Pressure

A comparison of %Tie measurcd and published valuces of
the tenperaturce and pressure at the eritical neint is
given in table 4,21. The results from the unstirred
ccll add nothing to the published data: The analysis
was useful only as 2 check on the neasurement techknigue
and a8 a coumparison with the subsegucnt deterninaticn,
in the stirred reactcr, of the effect of guecrosc on

hydrate equilibriun,

Freezing Point Denression

It can be shown (83) that the effect of a sclute
on the freezing point cf a pure solvent is related to

the activity ccoefficicnt of the solute:

AT

. lnna

Ahf (5)

B(T - ATfp)T

fp

Where T

1

. . o
Frcezing pecint of pure zolvent K
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Although this expression sinplifies for the case of
“ilute solutions to a linear dependence uvon the sclute
mole fracticn, it is expected that thce cxnressicon for
concentraeted sucroce sclutions will be non-linear.

The dopendence is therefore described as 2 polynomial:

AT —_— > 2 7'3
£m T C3F + 0gx" 4 enx” 4
vinere X = sucrose ccmeentraticn {(w/w).

Lasurming thet %hf is independcent c¢f x, it is rossible
to express the equilibrium tempaerature 2s & funection

of P anéd x only:
t = A'lcglOP + Tt X - C xz - ¢ %3

A least squsres fit to the well-stirred rcactor

dZrta, table XX1, with @& 4th order polynorial gave:

t = 9.41 log? - 5.009 - 3.407Tx

- 24.61x° + 83.68x° - 126.8x%  (6)

The sstimete of the standerd deviation on t is 6,05°C.
This cerresnon s tc an ervor in the messured thermocourple
ez, f. of +1.6uv, which is juct greater than the

notenticncter ervor (i¥ﬁv)' Several alternztive formns
were tricd, imeluding different orders of rolynomizl in

conjunction with cquation (3).
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Model in x Reraining Sur of Mean
degrees of sguares of square
freedom erreors

Cubic 53 €.13135 0.002478

Juartic 52 C.11161 0.002146

Jifference 1 0.01974 0.,01974

Ratio of mean sguare = ,01874 = 7,25
C02146

F value at ©,01 probability level = 7,20

Table 4,22: Analysis of Variance Test

A rodel in x4, equation (6),gave the best fit and is
significantly better than a cubic model, This is
shown in table 4.22 (after Mandel (36)) by a variance
test, The exverinental results are plotted together

witihh equation (6) in figure 13.

4.23 Anzlysgis at Constant Suernse Concentration

The sleope of the sucrcose eqguilibriws lines given
by eguation (8) is greszter than the slope given by
eguaticn (4) for the ture water thase. This inrlies
that cither the heat of formation changes with sucrose
concentration,and equation (6) shows the mean effect,
or that there is a more basic Gifference due to the

nethod of reasurerent,
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Table 4.23 gives the constants A and B in eguation
(3) and the calculated heat cof forration for 2 given
sucroce concgntration. The calculation of these
paraneters involved correcting the eguilibrium data teo
0 rmean concentration; the corrections are given in

table XXI.

X A B A

=3
g
>
=3

hf c c fn ST,

.0 8499. | 3161, | 35,20 | 12,08 65.4
10 8278. { 3088, | 34.29 { 11.53 64.3 | 0.55 0.55
26 8210. | 3077, | 34.01 { 10,74 62,8 { 1,34 1.33
.3C 8306, { 3113, | 34.40 9.81 61,0 { 2,27 2.35

.40 9256. | 3466, | 38.34 8.33 58,4 { 3.75 4.08

Table 4.23: Change in estimated hhf with x

It avpears that although the values of TC and PC for
rure water agree very closely with those calculated from
the unstirred cell data, table 4.21, the estimate of the
heat of formaticn is consistently higher for the stirred
reactor, The difference cannot be due to an impurity
in the freon sarple since the same source was used for
both determinationsy or to any error in the pressure

peasurerents since both gauges were checked agairst a
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standard test gauge. The estipate of A deoes not

hf
vory significoantly with x, with the exception of a

higher value at 4C% (w/w).

The conclusicns drawn from this analysis are that
the hydrate is not at equilibrium with the sucrose
sclution in the well-stirred reactor, ané that the
deyérture from equilibrium is & function of the reactor
pressure, The power dissipated by the turbine inpeller
tecgether with the heat leak into the rcactor causes
deconposition of the hydrete. Althrough the rate of
deconposition is very snall, a finite,driving force
is recguired and kence the neasurcd solution teuperature
is surcrheated with respect to the truc hydrate
equilibriumno, This cffect can be seen in figure 13;
the reactor tewperature (04) is higher for a2 given
preasure than the couilibriun cenditions defined by the

vnetirred cell data.

The differcncc hetween the slopes of the eguilibriun
lince has been assurizd to be due to the dependency of the
driving force for deconpesition upon pressure, though
the meechaniesn involved is not understocd, The driving
ferce is a function of the eguilibriun sclubilities of

freon at the rhase bcocundaries and hence by Herry's Law
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will be a function of rressure., This ceffect was shown
to be too anall tc acccount for the results; further

deta and discusaion are presented in scection 7. 2.

A conpariscn is rade in table 4,23 cf the neasured
ond estinated values of the freeging roint derression,
BEstirmates werc obtained from egquatiocn (5) with activity
data for the sucrose-ice systen from Irternational

Critical Tables. (ﬁh was taker as 1,77 Zeal/gnole.

T
water as hydrote), The difference in the freezing

point depression valuecs is c¢cnly significant for 40%
sucrose solution, the concentration at which the heat

of formaticn alsc differs, These discrepancies may

be due eitier to the effect cf superheanting, exaggersted

by the highly viscous liguor, or to sone change in

the actual conpesition of the hydrate.

Surnary

dydrate equilibrium datn arc best obtained in an
unstirred syster, though the cffeect of suerose on the
frecezing mneoint ray be reasured in »n stirred reactor.
Tl.e coorlications arising fror superheating in an
agitated reactor canpot ecasily be avoided. If the heat

- -

input is reduced hy Gissipating lessz =owver a2t the turbine

7
!

imneller, hoth tHe rate ~f ¢ecemprsition and the nass
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transfer coefficient decrcase, and conseguently the
degree of superheanting may stay constant, The problen
nay possibly be overcone by installing a well-designed

cooling coll systen tc exactly balance the hest input,

e

Y O -
.

ot ex

Ly
]
o
o

=»reosion for computing the effect of

5]

nre

3]
™

ure and suerose concentratisn on the equilibriun

4

terperature ie baged on the slope of the Lhydrote line
given by eguation (4), and the freezing roint derression

given "y equation (6). Hence @

t = 1C.58 log,,P-7.084-3,407x-24.61x +83.68x°-126.8x" (7)

Solubility of Freon-12 in Sucrose Solutions

The solubility of Freonm conpounds in water have

been deter-ined by E,I, du Pont (37) and Syracuse

University (38). Du Pont give sclubility isotherms
for Frecn-12 in water at termeratures above 25°¢. Tha

vork published by Jyrocuse does not ineclude Frecn-~12 but
dces give the variation cf Herry's Law cconstant with
temperature, and the effeect of s=zlt on gas sclubility

for 2 numbter of hydrocarbong of the hydrate-forring tyve.

A set of exreriments was carried out to deterwine

the effect of sugar on the solubility of Frecn-12 and to
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cheek whether the du Teont data covld be satisfactorily
extrapolated to aydrate formation temperotures, The
exrerimental techniques used vere essentially those
descrilbed in reference (§Z): using the reactor as

the saturcting vessel.

There weroe two typres of exveriment to be carried
cut. Firstly to measure the solubility at atumestherie
rresgure, the ancunt of gas dissolved by a piven weight

of solvent was deterwvined, Seccndly, solubility at

suner-atnospvheric rressure was deterrined by neasuring

the amount of gas evolved from the solvent when the
rresgurce was reduced to atnospheric, The total
solubility was obtained by adding to the messured
volunie the arount of residual freon in sclution at

atmospheric pressure.

Experimental Method

The anr-aratus shown in figure 14 is the arrangenent
for reasuring the solubility relative to atrospheric
pressure, Vessel F was e wide-necked 100 a1, conieal
glass flask fitted with 2 B 25/32 cone. A stopper
was fabricated in glass with two tubes sealed into the
ster of a Quickfit cone, Cne tube was butt-jointed to

3 . . .
the “/16" 0.D. coprer pipe of the sampling syster with
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vacuum

V1

[ &

L 8 S ' Vi
: reactor
lid -
o 1)

figure 14 Solubility sampling system
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P.V,C., tube, The second tube was connected to a
25 m1, burette B incorporating a mercury levelling buld
L, via a three-way glass stop-cock V1, Valves V2, V3

and V4 were 3/16" Simplifix shut~cff valves.

The gyaoten was thoroughly tested for leaks under
vacuu, The voluwme between V1, V2 and V3 was calibrated
by fiiling flask F with rercury, evacuating the rcmaining
ailr and then filling the system with a reasured volune

2ir fror the hurette,. The volurnie of the burette

a
=5

nd valve V1 was calibroted with rercury.

]

The burctte and flasl were avacuated vith a Speedivac
munp with V3 closed, then V2 was shut. A satursted
golution of frecon in water was renoved fron the reactor
via yrobe P and purged through the sanmplce line via V4.

V3 was then opened znd as saturated solution was adrnitted
to the flask, freen flashed cut of soluticn, The flask
was filled tc the ceiibrated 13C nl, nark suck that a
reading could be obtained on the burette when the syste—
pressure was corrected tc atmospheric. — The contents

of the flask and lines were then brouvght to ecuilibriun
vith the amnbicnt tennpereature and pressure, with the aid
of a2 magnetic stirrer S.. Atrmospheric pressure was

maintained in the flask by adjusting the levelling buld L,
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The steady rerding cn the burette was token and the
flask ccntents weighed, Tkhe tempersature cf the
saturated solution in the reactor was ccntrolled by

the circulaticn of coolant through a subnerged coil,

The solubility cf freon in water and sucrose
sclutions at atrospheric pressure and 12°C was measured
after slight alterations had been nade to the systen
dcscribed, The capacity of the burette was inereased
by adding a calibrated glass bulb of apprcximately
30 ml,, an< valve V1 was modified to allow the bhurette

to be filled with freon at atnosrpheric pressure.,

Flzsk F was immersed in 2 constant temperature bath,

The sclution was nlaced in P and deaerated by
vacuun aprrlied through valve V2, Freon was introduced
fror: the burette and the pressure in the well-stirred
flask was maintained at atmospheric by adjusting L.
When equilibriun conditions werc reacked, the vclure
cf the absorbed freon was neasured directly and the

flask was weighed,

Solubility mensurenents were taken with 33 sanples
and the data, together with a specimen czleulaticn are

shown in table XXII, Appendix E.
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4,4 Tropeosed Solubility Model

Tii¢c solubility of freon in sucrose sclution has
been neasured exyerirentally with three independent
variables; pressure, temperature and sucrose concen-—
tration, For the purnoses of computation it is
necessary to derive a suitable exrression relating
these three variables which ray be exreeted to give the
best fit to the data and wiiel is rreferally based on
therrodynamic theory. The following sections deal

withh the effect of each veriablc,

4,41 Preassurc Effect

Du Pont showed clearly that Henry's Law holds for
sclutions of frecn-12 in water 2t temperaturcs below
c
507°C. It can therefore Lo assuned that at constant

terperature:

o
He

3
It

¥ = partial pressure of frcon (psia)
¢ = freon concentration (g.moles/litre)

H = Henry's Law constant.

4.42 Peuperature Effect

Glew (3S8) has skown that the veriaticn of I for
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certain rethyl halides with tempercture may be
described by the equation:

InH = 1n P/e = 4 + B log T + C/T (8)
where T is neasured in CK, We theoretical bnrnsis was
given for the oxpression but satisfactcry fits to
equilibriun data for methyl helides were cbtained,
The threc empiricnl conataorts were evaluated Ly the

rethod of least sgquares,

Sucrose Concentraticon Effcet

The effect of salt on vapocur-licuid eouilibdbriun
has been discussed by Jchnson and Furter (40).
Balting-out! is used generally to dencte a decrease
in the sclubility of the non-electrolyte in thc soluticn
caused by salt addition, The effect is reclated to the
change in chenical potential of the systerm, and it is
throcugh this relationship that Johnson derived the

equation:

In¥s = KN
A
where X = relative volatility
ol = relative volnotility with salt addition

X = 'salting-out' foctor

N = nole fracticn of s=21t in 3 conponent
systen
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The cguation was used to fit vapour-liquid equilibrium
date of the ethanol-weter-salt systen type. in terns
of sclubility of a ncn-clectrolyte (freon) in the

agueous r~hase, it can be rewritten:

In x = XN
g
Wihere X = mole froctinn of freon in the

aqueous phase,

Fer dilute solutions the role fraection x can he replaced

by the solubility expressed as g.nole/litre.

in = XN (9)

<
e

o]

Corbining equations (8) arnd (9):

iv]
log */CS = A+ Bleg T + C/T + XN

This form will be valid only if there is no intersction
Letween the effeects of temperature and suerose concen-

traticn on solubility.

Exserirmental Solubility Model

The model which gave the best estinmate of the
variation of the denry's Loaw constant with tei merature
and sucrose scoluvtion was shown tc have the forn:

Ind = A+ /P + KN
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The term (B 1n T) suggested by Glew was initially
included in the analysis but rcsulted in an increose
in the sum of sc¢uares of the crrors, The best least
sguares fit for the solubility data from this study and
tize published data of du Pent, table XXII, gave:

logyoH = 9.265 - 1633.2/7 + 7.511 N (1¢)

The exrverimental results and the best-fitted lines for

constant sucrcse solutioms are plotted on figure 15,

If the estimate of the standerd deoeviaticn of the
Henry's Law constant given by the fitted data is
expressed as the sclubility of freon in scluticn, then
the deviation is + €,00045 g.mole/litre, A1l the data
fall within + 109 of the value of the concentration
calculated from cgustion (10); this inecludes the du

Pont data for the solubility of freon in pure water,

The tolerance intervals using a 95% confidence
coefficient are:

9.10 < A ¢ 9,43
-1681,«< C < -1585.
6,76 < ¥ < 8,26

The greatest vncertainty is in the estimate of the offect
cof sucrose on the Zenry's Law constant, The correlaticn

cocfficient between paranctcrs € and X was -0,38. Tris
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suggests there is l1ittle interacticon betweern the effects

cf teuperature and sucrose conecentrotion,
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a du Pont
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figure 15  Plot of !og‘OC/P V. 1/T with sucrose concentration
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Treory and Literature Review

The formatiop of hydrate from sucrose solutions and
liguid agent is effected by a series of heat and mass
transfer stens, The aims of this chanter are to
evaluate the relative importance of the transfer
processes inveolved and, in conjunction with published work
on hydrate kinetics, to establish a suitable growth medel
for the range of experimenital conditions. These tonics
are ¢evelored in five sections:

(1) Definition of the heat znd mass transfer driving

forces in the nmultiphase systen,

(2) Interpretation of published hydrate studies,

(3) Literature survey on effect of vower and

physical constants on the rate of mass tranafer,

N

(4) Heat tronsfer charscterintics of an auto-
refrigerated reactor,
(5) NMeodel for bateh bydrate kinetics, simulating

reactor start-up.

bBydrate Growth in Autorefrigerated heactors

The reactor is considered to be cperating under
steady—-state conditicns at pressure P, with the
termperature of the agueous phase Tr such that the heat

of formation is transferred to boiling agent at temperature
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T figure 16a, Tl is the condensaticon teupreroture of
the agent at the pressure cof the continuous gas rhase,
and TC revresents the eguilibrium temperature of the

hydrate crystalas at the cperating rressure,

The liguid agent is disperscd tkroughout the reactor
by the turtince inpeller and, =28 keat is transferred into
the droplets, the liguid chamges to vapour, At the
surface c¢f the agueous phase the vopour detaclhes itself

and npasses to the condensor. The higtory of an

individual bubble in the reaction mixture nipght be

]

xpected 1o depend upen the agitation intensity, the
terperature differential (Tr—Tl), the physical properties
of the systen and the frocticnal hold-up of the phases
rregent in ths rcactor, An interesting photographic
study of the evarcration of single drops has been made

by Sideran and Taitel (41).

Simultaneocusly with the trausfer of heat into the
growing 2ubble, maose transfer of ipernt is occurring from
t!e bubble intec thke aguecus nhase, Agent diffuses

through the boundary layer arcund the bubble into th
solution to a crystal site where it combines with water
tc form a seclid phase. It has beer shown that hydrate
is never forried in the agent rhage, hut always in the

aqueous phase (26).
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figure 16b  Transfer processes at phase boundaries
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The crystal growth rate may depend upen both the ratc
of diffusion of agent to the solid surface and the
reaction at the surface. It deperds also upon the number
of growth sites, which is a function of the nucleation
rate ond crientation of the crystals, Ls the ecrystal
grews, the heat of formation is tronsferred from the
crystal surface through a thermal boundary layer to tho
bulk agqueous solution, The sucrose vpresent in the water
which is cenmbining with the agent to form a solid phase

accunulates at the hydrate crystal surface and diffuses

through the boundary layer into tke bulk soluticn,

The developrent of the steady-stnte nmodel is basced
on the assuription that the agitation is sufficient to
make the liquid temperature and concepntration essentially
uniform arcund each pnrticle and bubble, and egqual to
the termperature and concentraticn in the effluent strearn.

This assunption of perfect rmixing also menns that every

crystal has an ecual probability of leaving the reactor,

The rate of transfer in auny exechange process is
depencent upen three factors; the effective driving foree,
the area of contset and the transfer coefficient. These

are discussed in turn in the following secticns,
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5.11 Biffusion from the FHydrating Agent

According to the film thecery, the mass transfer of
agent from a drop or bubble to the main body of the
turbulent liguid is treated as if it cccurred by
molecular diffusicen threough a laminar layer of liquid.
The arplications of the Whitrnan film theory are discussed

by Gordon (42).

For transfer from agent bubbles, the following
assunptions may e nade:

(i) Zach bubble is surrounded by a stagnant filo of
thhiickness z, which is grzll with respect toe the bubhle
diarecter.

(ii) A steady state concentration is quickly established
in the liguid film after the bubhkle is formed,

(iii) The concentraticn of the bulk of the liocuid outside

the ¢tagnant film is constant and equal to Cpe

(iv) 7The terperature across the film is uniform and
egqual to Tr'

(v) The agent is only sparingly scluble in the liguid
phase, hence the effect of bulk flow may be neglected,
The mechanism ig shovn schenatically in figure 18b,
where concentration Cy is the interfacial concentration
of agent in the liquid phase which is assumed toc bhe at
eguilibrium with the gas phase at the interfsce. The

value of ¢, 1is caiculated from Eenry's law constant,

b

equation (10) for Trr By X0
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Integr-ticon of Fick'!'s first law gives:

r, = _as 4, (cb—cr) - -~ (11)
z
where r_. = Rate cf mnss transfer of agent (g.nol/sce)
£
D,, = Agent diffusivity in sucrose (cmz/sec)
[

Ay = Tot21l bubble interfaceinl area (cmz)

Equation (11) may be rewritten:
r, = ko (ob—cr) V. - - (12)
where k, = F=ss tronsfer coefficient (cr/see)
a, = Oreecific surfoce of bubbles (sz/CGS)
V. = Total recctor volume (cmS)

lfaas transfer from sgent droplets nay be deseribed Ty
a similar ecuntion, mut in this ense there is a thernal

gradient aeress the film, and assunption (iv) no longer

holds, This precint is develoned in section 5,41;
rregently it is suffiecient to stote that Cy, would be given
by Zenry's 1low constent for Tl’ ¥, X

Biffusicn to Crystal

Noyce and “hitney (48) have assuned thot the diffusion
of raterinl to the crystrl foce is eontrolied <olnost

entirely by the rcosistance of the laminnr layer near the

face, However Cnrtier (44) hns shown that the resistance
to moss trensfer is corvrised of twe registonces in serieg;

diffusion aecross the larinar layer and integration of the
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diffused sateriel with the crystal, The boundary laver
is assured to have n comstant thickness w from the

agvaneing crystal surface:

D
r = as A -C.
a —= “e (cr 01)
w
r = b - } -
n . a, (c,-c¢;) V. (13)
vhere k, = DlMoss transfer coefficient (en/sce)
cps 2
a, = B8recific surfrce of crystals (em /CSS)

The integration reaction at the surfaee is given hy

Coartier as:

o (c;-c_) }
= XA j -
r, = A [ e i~"s 1}
wlere X = Forticle integrotion factor
o = Function of the activation energy

Mielson (45) brs dernonstroted thot an alternctive forrm of
this expression is:

r, = k 'a, (ci—cs) v - = {(14)

a r

b

c
vhere ¥ v'is r funetion

&)
[

the surversaturation, but rct

1=

“c
derendent upon citker the ngitaticn effect ox the physicrl
vreperties of the syster,

Ggurtions (13) and (14) car he corbined to give:

—_ r - — X -— - 5

roo= ¥ __oa, (cr cs) 7o (15)
where 1 _ 1 + 1
- Y r
oc kc Lc

If kc'jE k., then the rrocess is diffusion contrelled,
This often oceurs when (cr—cg) is large: 7Then it is snall
it hos heen observed thnt the surfoce integrotion reacticn

cften controls,



5.13 mcat Transefer frco Crystal Surface

Th¢ heat tronsfer rate moy e ex-ressed in terms of
e beat tronsfer cocefficicent Letween the crystal and

the bulk sclution:

—_ —_ T m . -— -
q = ra'khf = Rka_ (7,-7.) (18)
where q = keat flow rate (enls/coe)
hhfz heat of formotion of hydrate (cals/grole)
- . . 2
Ay = o V. = Totol interfecial orea (em”)
Ti reovwresents the terrerature at the crystnl surface,
figure 16bh, The reloticn Totween ther-al driving

e

force 2n. the cconeortrotion is given Ly the Chilton-—
Celburn znnlogy (458), which treliets the ratio of the

heat tronsfer cocefficient to the rmass traonsfer coefficicrt:

-2
ke oo 1 e /3
B

{) 1 CT]
A kS
Combining eguations (15) an? (16), assuning that diffueirn

contrels the crystal growth rrocess:

Ei_c_ = iy - - (172)
h Ape (€p=Cg)
R A ~2/3 \
i~ r _ AR ,Le - -~ (27
C,.—Cg - ?lcp

Since the value cf the Lewis nunbor¥*varices hetwecn 140
and 750 for 0% and 4€% sucrosc soluticn, the rmaxirmun

value cf the R.E.S. for Frecn-12 is405°C/g.rol.c™S,

* Based on D_ estinated from equntion (43).
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The nmaxinmun experinental value of (cr—cs) is

6 x 107° mol/cm_3, hence:

3 o

T.-T . ¥ .2,5 x 1077 “C

i'r
Hence it may be assuned tkaot diffusion of heat is
uninportant and tre crystal film is at the bulk

termperature Tr‘

Sucrese Biffusion from Crystal Surface

A filn mocdel is used in a similar way toc show the
centribution of the sucrose diffusion to the overall
Drocess, The concentration nrofile in the boundary layer
is shown in figure 16b: the flux of sucrcse at every
point in the w direction is zerc since sucroge is not
incormnorated in the hydrote crystal, Conseguently the
bulk rate of flow must exactly balance its transfer by

diffusion,

The concentration of sucrose at the crystal surface
is Xy and in thic bulk, > S Concentrations are given in
weight percentages for consistency with future aralysis,

By Fick's first law:

D C.A AKr XM - - (18)
B _ = —g8¥lc adxy + a W
Sucrose flow rate = 0 = “‘ﬁf"‘(a} XWMS



where X : 1 = Eatio of water tc agent in ecrystal
Ar, = Rate of rans transfer of water
<3
(¢.mole/sec)
Dgs = Diffusivity of sucrose in water
(cx2/sec)
MW,MS = liolecular weights of water 2nd sucrose
X, = Water concentrztion (w/w)
Integr=tion of eguxtion (18) gives: .
X r oW X M
in -8 - a” ( Mw)
X - D 3
r XyPaste 06!
subhatituting k = W
! & %g Dss/
X T A M
8 a i
In = ( ) -— (19)

X I @
r Xw sAe 1

The sucrose concentration X given by eguation (19)
a2y be usel together with the result in 5,13, that the
film is at a wvnifornm tenmerature Tr, to predict the agent
cencentraticn at the surface Cg e Tre eguilibrium
, figure 16a, iz riven by eguation (7) for

anc¢ the a2pent concentration is then given by

egustion (1C) for oy Py Xg.

5.15 Surmmary

The two driving forces for mass transfer have been
described, but since the rate is prokably determined by
only one of tiie interphase processes, an over-all effective

Griving force may be defined,



Bguetions (12) and (15) nay be com®tined to give:

L O (Ci_cs) Ve
where 1 1 + 1
KO klab kocao

I : koo hat ia the proces i i he
if kocac>> Leaingy that 1s the process is controlled by
ate of transfer from the 2gent, then:
- . - ‘ - - 3
r.oo= ko (cy cs) v, (20)

Alternatively if the overall coefficient for transport cf

agent to the erystal phase is small compared to klab’ tnen:
v

f

a kocac (cb—cs) Vi - T (2¥)

r
Tre two extrescs nre shown in figure 18%, (i) awd (ii),

If the erystal resisterce 7cterrines the rate, the sucrcsc
concentr: tion ~t the surface given by couaticn (19) will

b substantially differcent frem the bulk concentrntion,

X_ & For gas-nhasge ccntrol&xs will ¢ approximately egual

The ragnitude of the individual over-all ccefficicnts
depenws urcen the turbulence created by the stirrer, the
crystal size and repulaticn, and the proportions and
Physicnl properties of the four nhases., Theae osrects

will be Jisecussed in seetiocon 5,3,

It can be ghown that thic therral driving furce
(T,~T,) v'ries arrroxinately linesrly with (c~c.),

(Arpendix E3) and this hns “een used os o roretieter in
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previous hylroate kinetic studies (sce section 5.2)

_ e ¥ . - T _ -
r, = K (Tc Tr) V.. (22)

&

The over-all transfer coefficient in this case containg

=y

the saturction concentration €rre The nain advantoge o
thia form is that it gives the opersting tempercture Tr
for the prccesgss directly, and this in turn gives the werk

required for the refrigerction cyele (sec section 6,5 ).

published exjerimental investigotions hnve
renched cconclusicns cg to the rate deternining step in the
hydrate process, but rany osrects hrve not heer elnrifisd,
particul~rly the effcct ¢f the boiling liquid on the rntes
of mass transfer, Three published studies, Xoprers,

Pangborn and Willianms (gé, 27, gg), have dealt with auto-

refrigerated reactors cnd two, Collet d'Escury and

de Granuw (25, 26), with a three phase indirectly ccoled

5.2 Hydrote Xinetic Studies
Previously ¥
reactor.
5.21 Autorefrigerated Reactors

Konrers present the most lueid of all Lydrate kinetice
studies, though insufficient attention wns paid to
presenting the results in the form of correlctions, and

tzo ronge of the physical variables studics was very snail,
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The rate of propane hydrate nproduction was shown to

vary as the 1.2 power of the stirrer speed and as the 0.5
power of the disnersed liguid phase concentration at a
constant thermal driving force (Tc—Tr). This suggestéed
iint the formetion rate was detercined by the ligquid-
liquid interfacial srea, since Calderbank ~nd Vermeulen
(section 5.84) cderived the same cxponents in the nmeasure-
ment of the surface area of imniseible liguids., Further,
the production rate varied as the propane concentration
driving force, so Kopners concluded that the rate deter-
sining step was the diffusicn fronm propane drops, equation
(20). The hold-up of gaseous propanc and transfer froo

bubl.les was not considered,

It was observed that residence times in the reactor,
Cefined as the veolune of agucous charge divided by the
feced flow rate, affected the formation rate, At high
thermal driving forces the rate of preduction decreased
with increasing residence tine, that is with incrcasing
hydrate hold-up, No correlation bhotween the fornation

rate anG the solids hold-up was suggested,

Conmparative studies were conducted with Freon-12 and
Froon~11l, and thecse showed thnot the conversion rate of

propane : F-12 : F-11 was approxinately 3 : 4 : 1, Ne

X
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conclusion was drawn from this result in terms cof the
physical constants of the three agents, Mean crystal
sizes were given as 25 picrons, with a specific surface

of 375 em?/enS.

Panghern has considered the methyl bronide reaction:

CH4Br (1) + 7.9 H, o (1) & ChgBr . 7.9 H,0 (s)
Bxprerinents were performed under steady state conditions
in a vessel of sirnilar size to this work, The effects
of agitator speed, residcence tine, thermal driving force
(Tc_Tr) and salt concentration were studied, The

published results add little to the Koppers nodel,

A plot of reaction rate against power input at
several salt concentrations is shown in figure 17a;
Pangboern concluded that at a low degree of agitation, (1),
the dispersion of ligquicd agent into droplets was the rate
controlling factor, and the rate of production varied as
the 1.4 to 1.6 power of the thermal driving force (Tc_Tr)‘
Dissolution and diffusion from the drops was inportant
in the scecond power interval up to 0,03 HP/ftS. 4 dense
slurry retarded the dissolution process, but this effect
wes elininated at power inputs in excess of 0,18 HP/ftS

where the production rate was linearly dependent on the

therral driving force (8).Panghorn suggests that pure
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Pangborn (27): data for methyl bromide
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de Graauw (26): data -for propane
showing formation v. concentration driving
force.
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kinetics can be measured at high power inputs where

the rate is independernt of the stirring intensity,

X

A fTurther analysis of Pangborn's data is rresented

in section 8,2 .

Williams describes a series of experioents with
prepane hydrate in large scale eguipment, sclely from the
aspect of heat transfer to the beiling drops. He
assuned that the transfer of heat to the propane drops
linited the aricunt cf heat transferred and hence the

ancunt of hydrate fcrried in a given volume of vessel, i.e:z

Ty ™ (Tr_Tl)

A model for heat transfer was peostulated assuning
that the rate of heat transfer was slower than the rate of
rasg transfer, although Williams showed experinentally
that the production ratc was only a cuarter of that
predicted by the heat tronsfer model, even assuning a
very low transfer cocfficient, i1t rust therefore be
valid and that nass

concluded that the Williams mcdel i

=

-
97}

=~

transfer is the slowest nDrocess, t is worthy of notec
thet the scatter of the recasults is such that it would be
equally nossible to state:
r ~~ .

(7,-7,)

a
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5,22 Indirectly—-ccoled rcactors

The hydroticn of moncflucrodichloromethane was
studied by Ccllot dl'iscury in o~ small 5" diameter glass
reactor cocled in o thermostnt bhath, The unsteadystote
absorption rate of goscous cgent through the gos-liguid
surfrce of the well-stirred renctor was recgured by o scop-
bubble technique. The rate was measured vwith no hydrate
preasent in the aquecus phnse and then during the period
of nuelertion and grcewth. It was chbserved thot the
~bsorntior rate deecreased aftcer oo time, presurahly due to

the decrence in the surfrece aren of the interface coused

by the erygtel hold-ur,

The rate detcrnining step was shown te e the absorp-
ticn process ot the liguid surfoce, Ry comparing the
rate of obgorption st different tires it was predicted
that the concentrantion ¢f agert in the reactor was gre~ter

hon that given by the eqguilibriuwn concentrotion at the
hydrate surf-ce, e, - Collot Aat'Encury suggested that this
rey indiente the existence of a curfoce reaction step,
cgu~tioen (14).

The absorption rotes of rropane and chlorine through

the interfree were neasured by de Granuw, who relied on
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»

vortex formation for gas dispersion. The free area of

the gas-liquid interface was mecsured by cbserving the

reaction rate of air with sodiun sulphite solutions,

A typical plot cf the formotion rate against the
concentration driving force (cb-“s) is shown in figure

17b, Three regicns were defined,

in region (i) the rate wne controlled by the physical
absorption of propane gas, whereas in the second region
hydrate formed in the boundary laver orcund the bubblcs.
This accelerated the absorption process, being perhaps a
nucleation phenemnenon, In the third zone the rate of
formation wers indenendent of the concentration driving'
force. De Graauw suggests that this is due to the
boundary layer fornation rate being so fast that the bubble
is covered with a film of hydrate; hence hydrate
prcoduction depends conly on the rate of supply of new
bubbles, The heat transfer characteristics of the cell
were not discussed but it rcay be that this limiting rate
depends upon the maxinun heat transfer rate through the

glass reactor walls,

De Grazuw observed that the greatest hydrate produc-
tion rate occurred at the highest reactor pressure,

This was explained by the further observation that the
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bubbles at higher pressures tended to be larger and theore-
fore less stable than at lower [pressures, consequently
giving a larger specific surface, This explanation is
not cntirely satisfactory, for de Graauw shows the
physical absorption rate of oxygen in sulphite solution

to be independent cof pressure. Thie point will De

discussed in seetion 6.21.

Sumnary

[

The results of these workers indicate that the rate
deternining step in the hydrate process is the transfer
of zgent from drops or bubbles, and that the Droduction
rate may therefore be defined by eguation (20) or (22),.
Although the transfer process to the cerystals is
neglected, the ecrystal contributes to the rodel in that
the formation rate decrcoses as the hcld-up of crystals

increases,

The fellowing section examines the literature
available on the variation of over-all mass transfer
coefficients in gas-liquid and licuid-liguid agitated

systens,

Effect of Mixing on Over-all Mass Transfer Cocfficients

The interfacial area is the nmain variable determining
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the capacity of an agitated two-phase recactor, though

the nass transfer coefficient is alsc o dependent variable,
Since bhoth these terms depend upcen the power input to the
reactor, the first section discusses the change in vower

consunption with reactor variables.

Power Lequircoents in Mixing

The power consured by a single inpeller in a single
rhase systen has becn investigated by Rushton (él). The
power nurber (PO/QINBDS) which describes the basic flow
pattern was plotted against the tank Reynolds nunber
(NDggl/;zl) in baffled and non-baffled tanks to show the
existence of three mnixing =zoncs, In the transition
region between viscous and turbulent flow, 102< Re<.104,
the power nnrber decreases with Reynolds nunber whereas
in turbulent flow the power nunber is a constant and:

PO = KY1N3D5 - - (23)
where X = rower nunber, a function of geornetry cnly,
The power regulired varies systenatically with the density
of the liquid or liquid pair, Miller (48), but i=

independent of the viscosity.

The ¢ffect of impeller spacing on the power input in
dual inpeller systemns was investigatcd by Bates (§l).

The transition region remained unchanged but the power
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nuntber is increased depending on the relative spacing of

the dmpellers and their vroxinity to the tank base. For
the arrangeient shown in figure 7, the power ratio of the
dual to the single impeller systen is 1.5 : 1, hznce the

powor nuwiber for the agitator is:

p— 3 5 £
P, = 4.55 KD - - (24)

1

Pormer Reduction under Gas Load

Although the power dissipated by the impeller in a
pure liquid can be represented by eguation (24), this
cdoegs not hold for acrated liguids. The introduction of
a gas reduces the densgity of the agitated mass and henco
the power required, Most correlations for gassed systens
have used the dimensicrless tern G/ND3, which represents
the ratic of gas flow to the liquid flow caused by the

inpeller, Oyana (48) gives:

Pg/PO = 1 - kg(G/NDS) - ~ (25)
where Pg = Pover consunption in gassed systen
Po = Power consunption in liguid nhase
G = Gas flow rate

Michel & Miller (50) suggest the forn:
updp  ©.45
a C‘) - - (26)
G

P = K
g m

Since this correlation is in absolute ratiher then

dinensionless terms it does not hold for all sizes of
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equipnent, The expression also correlatcd gas dispersion

data in dilute suspensions of solids so the analogy with

cﬂ}.

e hydrate nultiphase systen may be valid, Friedmnan
(81) has shown that the use of a nean fluid density in
equation (23) corrects for the effect of gas hold-up in

tho reactor,. It wos shown that the Fgasscd DOWET COonsump~—
tion was proportional to the stirrer speed raised to t

2.1 to 2.4 power.

Gas-Liguid Intcrfacial Areas

The effecet of mixing on the rates of mass transfer
is quite promounced, for with o high interfacial temsion
and a large differcnce in specifiec gravity consicderable
energy is reguired teo produce small bubbles and to keep
then in suspensicn, In general terms, a large inpellcer
size is roquired to create flow and hence a large gas
heold-up, while a fast agitaticn speed is reguired to

produce shear forces.

Calderbank (§g) has shown thet viscous forces nay
be dignored in the dispersion of gases in liguids and that
the size of a gas bubble ig deterrined by the condition
when a balance is reached between surface tension foreces

and those Jdue to turbulent fluctuations. The rean bubble

size is given by:



111

D, = consty _< 09
E 0.4 0,2
g Y1
where B = energy dissipated per unit volume of
& fluid, ecuation (39)

Although the right hand side is dimensional, it is one
foria of the Weber number which characterises the ratio of
shear to viscous forces in the systen, By measuring the
abscrption of light through the whole contents of o nixing

vessel Calderbank (53) showed:

0.4 002
2, = 230 By " 01 ‘ y 09 - - (27)
where 2y, specifiec bubble surface (cm-l)
V, = superficial gas velocity (ft/sec)
and also that:
b, = auial—° .I¢ 0.5 | 0.09 (28)
B T % {E 0.4. C.2|%g + . -
g f1 A
where ﬁg = volume fraction of gas in disrversicn.

Experiments with solutions of electrolytes showed that
when a solute was present which inhibited bubble
coalescence, the bukble size approaches that of o drop
given by equation (35).

Since a = 6 - =~ (29
ﬁg (29)
Dy,

if the bubbles are spherical, eguations (27) and (28) cen

b

be conbined to give:

0,45, 0.5 - - (30)
"~ o
gg Eg Vg

which is sinilar to an expression derived by Rushton (54).
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Verneulen (55) neasured the interfacial area by

means of light transmission probkes in the dispersion:

a

_ 1.5,, 0.5 ©.75 _
ay, = 1400 N7 ""Dg; "y 2, (31)

The necan bubble diameter was shown to depend upon the
volume fraetion of the dispersed phase. The specific
gsurface area increased with inerezsing volunme fraction
but to a riuch less than proportional extent due to the
offsctting influence of increased particle size, The
corralaticn is rather unsatisfactory, since the gas hold-
up has to be determined experimentally and o graphical

correction, f# nust be made for the bubble dianeter,

Vermenlen did not use the neasured power input as
he nmixing parancter, but preferred o correlation based
cn the stirrer speed. In some ways this is more suitabic
than the Calderbank ccorrcelation based on the measured
power input, since it has been shown that the power ternm
is not an independent function in 2 gasscd reactor,

equation (26).

The integral value of the interfacial area was
deterrined by ¥esterterp (gg) by using a fast first order
reaction occurring in the boundary layer around the
bubbl‘es. Westerterp showed that there was a ninioun

agitation rate below which the agitator has no effect
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on the absorption rate, and criticised the earlier two-

rhase correlations for not recognising the existence of

two regines, For 2 turbine inpeller: 0.5
T L
p (f1
ap = C.TOM B (H-N) 5 (35) - ~ (32)
where NOD = Minioun agitation rate
= (1.22 + 1.25 /D) o, 0.25 . (33)
()
1
and T = Tank diareter
H = Liguid height

In the regime with an agitation effeet, the gas flow rate
was shown tc have no effeet on the iagnitude of the inter-
facizl area, This directly contradicts Colderbank's
equation (27), Westerterp reasoned that gas volunes in
the dispersion circulate vuch rore rapidly than gas is
sunplied; hence the circulaticn rate of gas predoninates

cver the supply rate.

Liquid-liguid Interfaciel Areas

The interfacial ares formed by shcar stress in a
turbulent fluid is related to the equipment size, the
turbulence and interfacial temsion forces, Rodger (56)
reasured the drop sizes in oil-water dispersions by
phcteographic and light transnission tochniques in a

6" diameter tank:

a, =% (N2p%, \0-36 4 V
d = €1 a) exp( 3.6 (R,-¢.)/¢ )

- - (34)
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Calderbank (53)gave:

) b . -
By = 2.2 | %% 1) o5 (TE)O"‘
EO.4(3 0‘2 ]. .11
. 71 J
hence by cquation (29) ,
rEO'é 0-2’ bl 0025
ay = 2.58 €1 |y 0.5 (_1_1) - - (35)
Vernmeulen (55) published his results in the forn:
1.2 ,.0.8 C.6
ag = T2N % D" o %, - - (36)
where Q' = C,6 Ta t 0.4:@1

5.35 Variation of thc Mass Transfer Coefficient with Power Input

Experimental deteriinations of the effect of power
inzut, geometry and narticle size on the transfer
coefficient have produced a large nunber of correlations,
nainly for solid-liguid systens, Snall dreops and
bubbles tend to behave as rigid particles so the
comparison with gas-liquid and liquid-liguid systems is
Justified, The main problerm is to define a suitable
characteristic velocity for the flow relative to the
particle, to calculate the Reynolds number, The rass
transfer coefficient may then be correlated in terus of
the Heynolds and Schmidt numbers:

sh ~ (Re)? (sec)”
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Hixson and Baun (57) considered dissolution of solids

in agitated tanks and proposed:

S L ST PR
= = 0,16 (———=) (P 5 ) - - (37)
as M1 v17as
Johnson and Huang {58) gave the correlation:
- g, 011 L, 0.5
5 = 0.,0983(———=) ( 5 ) - - (38)
as 11 ?1 as

The dependence on the 0.5 power of the Schmnidt nunber
was shown in either case, suggesting the Danckwerts
surface - renewal theory was a suitable nmodel for transfer
at the interface. The use of the vessel and inpeller
Gdiameters in the Sherwood and Zeynolds nunbers indiecates
that the correlations have no basic significance and are

limited te the particular eguipnent employed.

The appliecation of the Kolmogorcff theory of
turbulence to prediet the srall scale velocity fluectuatic:s
in the flow field, and the use of this velocity rather
than the inpeller tip velocity is discussed by Calderbank
and Moo-Young (59). The Kolmogoroff theory shows that
in fully developed turbulent flow the energy is dissipated
predoninantly by small eddies. These are statistically
independent of the main flow created by the inpeller,
with properties deternined from the local energy

dissipation rate per unit mass of fluid,

b
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The mean scunre fluctusting velocity of these eddies

is given hy:

) (nVvE (/a0 VB

Wy = @) (e |
where E = Xup2 - - (39)

d = diapeter of dispersed phose particle

The velccity represcnts the varintion over n distance of
the aqne orxder ng the particle dinmeter and is therefore

used as the charactericstic velocity in the Reynolds nuw ter.

1/6

i 2
Re = ©,%B 'p3

T
N,°

Colderbank and Moc-Young mublished their results in the

form ¢f ¢ general correlrtion for trnnsfer from gos

bubbles, liquic¢ drepe and solid nartiel

1 A

k. = c.13 (E"ll)'}f .
Pl Dasel

It was shown to be applicable tc snall bubbles behnving
as rigid srtheres and to lorge tubtles, greater than
2.5 wh., whick nre nffected by form drag resistance,
The derendence upon the 4 povier of the diffusivity
indicntcs n rodel for transfer Tetwecn the "hitnon thceory
and the penetration theory in whieck the interface is

replaced by eddics of the bulk fluid.

Horriott (§9) neasured the rass transfer coefficients

for ion-exchange particles suspended in agitated tanks,
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This study has a special interest since it shows that tre
nass transfer coefficient depends upon the partiecle size,
a conclusicn disputed by the Calderbank and Moc-Young
correlation.. For particles snaller than 0.2 nn. kl
increages with decreasing diametor, vhereas particles
greater than C.2 nn, have no effect on the coefficient.

As the viscosity increases, so the particlces size which
affects transfer increases,; for cxanple at 16 cp,., the
critical particle size is 1,0 nn, The coefficient varicd
as the form:

~ g0-125 =07

k b

p_ 0-§ 0-15 -~ (a1)

1 b as 1
Harriott did not publish a generalised correlation but

argued that cstinates of the free terninal velocity of

the particles could bhe used to calculate graphically a
slip velocity and hence the transfer ccefficient, The
slip velceity is a function of the fluctusting velocity

of the small eddies. Middleran (61) applied Kolmogoroff's

theory to Harriott's data and proposed the feollowing

correlation:
<, 2 CoB 0.67 1
Das ﬂ11 D elnas

- - (42)
The Reynclds number is based on the impeller dianmeter,
but the effect of particle size is considered in the

Sherwood number and a particle scaling factor,
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5.351 Prediction of the Diffusivity of Freon in Sucrose Solutions

Since no experimentally obtained diffusivity data
are available for the Freon-12/sucrose systen, it is
necessary to estinate the effeet of sucrose on the

diffusivity by rmeans of nublished correlations.

The agent diffusivity in woter at low agent concen-
trations is given by 7ilke and Chang (62) based on the

Stokes-Einstein equaticn:

N
Daﬁnw4= 7.4 x 10_8 ()
T

.5
VO
where b = Diffusivity of solute at infinite
aw : . .
dilution
My = 8olution viscosity (ep)
T = Temperature °r
X = Association norancter
M = Moclecular weight of solvent
v = Kolecular volume of solute
Fer CF2012 in water this gives:
-8 .
D = 3.77 x 1071/
aw w

The diffusivity of gases witih respect to a third
conponent in the liquid phase kas been investigated by
Ratcliffe (63). The systenms studied werc carbon dioxide
abscrption in aquecus electrolyte, glycol and glycerol
solutions, In general the Stokes~FEinstein equation

predicted values of the diffusivity that were tco low,
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and Latcliffe deduced that the results could be correlated

by modifying the dependence upon the solution viscosity.

Hence:
-, ~ ey,
Jow = Ql C.0a87
as .17
WiieTre D'W = Diffusivity of freon in sucrose aclution
<L
1 = Sucrose sclution viscosity
; -8m. ~.3¢€ -0,637
Therefore B = {(3.77 x 107 T~ yh . - - (43)
as w v1

. an =0.64
1.e. Das A:Ql

Surmary

The wide range of exponents in the various
correlations suggests that it would not be possible to
distinguish from the experiventally determined effects of

the power input whether, in a three rhase systen, mass

transfer was taliing place from dreps or from bubbles,

Assuning that transfer takes place from the gas
rhage:

_ - —- - \
r, = klab(cb cs)Vr (20)

and that the change ingﬁ,'qd,dand Vr is small compared

L

to the change in ¥j;, E and ﬁg, from equations (31), (40)

and (43):

.
2
iz

¢
g-.65.;,21—1.07 (?%)(cb,cs) - - (44)
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A sinilar equation can be shown for liguid-licuid inter-

nans anspo .
phase transport

The power consunntion is affected by the ges flow-
rate, which in an gutorefrigerated reactor is proportional

to the production rate:

6 = Ta A‘hf - - (45)
N5
where ;\1 = latent heat of agent (cal/g)
. 3
¢y, = domsity of gaseous agent (g/cm”)
Since Eg*v g0+ 11y3-15 pron equation (26), then eguation
(44) becormes: p
1.9 -1,0 0.93 0.93 n
ra ~ N ﬁ‘l (f%) (cb_cs) - = (40)

Henece the lincar denendence upon the concentration driving
force nay be concezled by the gas load effect, Yet
ancother dependence upon the Adriving force is suggested

by the Calderbank cerrelotion (27) which simplifies to

the fornm:

m Ce4,0.5
ay ‘v By G -~ (47)

Substituting tkis in eguation (21) with (4¢), (43),
(48), (26) gives:
3,6

W o, "104 - 1.7
r, M 4 fcb—cs) - - (48)

The dependence upcn the concentration driving force in

equation (48) is similar tc that cbserved by Pangbern (27)
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at low stirrer speeds where:
r, o~ (TC—Tr)1'6

Westerterp (30) identificd the dependence upon ges
flow rate in eguation (47) with the region in which the
stirrer had no agitation effect, Now Pangborn showed
that the above non-linear dependence occurred cnly at low
stirrer sweeds and th~t the dependence changed to a lincar
one at a higher power input. Hence Panghorn's results
pight be taken to prove that the Westerterp 'agitetion-
effeet! model is valid. If this is the case then, since
the experimental sucrose syster was operated entirely in
the 'agitation-effect'! region, it may be expected that
equation (46) represcnts the transfer process rather than

equation (48),

The question of the suitability of literature
correlations for the over-all gas-liquid coefficient
deypends largely urpcn whether or not the manner in which
vapour is introduced tc the reactor is important., Clearly
the manner of dreop formation and of vapour generation
during the reaction in the hydrate reactor does not
correspond to a standard liguid distributor or gas sparge
tube, Although the interfacial area deterrmined from the

literature rmay not be characteristic of the area in the

hydrate reactor, it is expected thot the liquid.filn
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transfer coefficient may be predicted fairly accuratecly.

Siderman (64) showed the c¢ffect of the initial bubble
size on the over-all transfer coefficient from analysis
of single and perforatcd sparge tube experinents performed
by Karwat (65).

k,a,single
1 b 0.5, at E = 0,08 HP/ft°

]

klab dist,
= 0.8, at E = 0.33 BP/ft5

The ratio of the over-all coefficients aprroached the

value 1 assynptotically with E. The increase in

agitation intensity decreases the difference between the

data obtoineG with a single nozzle and with a

distributing grid. In the context of the hydrate reactor,

if transfer from the gas rhase is important then a

distributor would be effective below a power input of

C.4 HP/ft3.

Heat Transfer Consliderations

The hydrate reaction nodel 1s based on the assunmption
that heat transfer is a nuch faster process than nass
transfer. The rate of production is given by a heat
balance on the systen (see secticnm 5,51), but the reactor
conditions (the degree of subcooling, cte,) are deternined

by mass transfer considerations, The following section
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considers what effeet the beiling phase may have on nass

transfer,

Review of Eeat Transfer with Change of Phasec

The data availablc on this topic is linited to
experinental studies by Sideran (41, 66, 67) and

Willians (23).

Sideman conducted a photographic study of single
drops evaporating whilst rising in a cclurmn of an
inmiseible liguid, Although a study of free convection
is not relevant tc this discussion, the characteristics
of growing drops is, In evaporating, the vapour forned
a spheroid at the upper part of the drop with the volatiie
liquid concentrated at the base, figurc 18a,. The licuid
rhase was considered to be at its boiling temperaturec Tl’
corresponding tc the vaporization pressure, and the heat
transfer rate was assured to be contrclled by the filnm
resistance in the continuous rhase. It was also assuned
thkot therce was no heat flux across the film into the gas

phase, hence T = Tr at the gas-liguid interface

(agsunption (iv), secection 5.11),

It was shown experinentally thnt the heat transfer

coefficient was independent of the temperature difference
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figure 18a Sideman’s two phase bubble model (41,68)

evaporating
drop

continuous phase

N U A convective film
vapour fil

figure 18b  William's boiling drop model (27)
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(Tr—Tl) and the vapcur content of drop and that the
internal resistance to heat transfer wns negligitble

conparced with the external resistance,

Sider:an and Barsky (67) proposed a correlation
relating the heat flow rate withh the specific power inrut
and terperature driving forccec in a well-stirred nixing
vessel, A model was derived haged on the concept of
local isothopy, the Xolrogoroff turbulence theory, and
the gingle drop resultsf The redel is Jdiscussed in sone
detail here, partly because the results are of relevance
to the hydrate process and rartly because Sidenan's

correlation appears to be at fault,

A droplet enters the agitated fluid fairly close to

its boiling point and 211 the heat tronsferred to it

serves to increase the vapcur content,. The heat transfer
rate is:
& = hA, (Tr~T1) - = (49)
§ = Rate of heat transfer (cal/sce)
h = Heat transfer cocfficient(cal/sec cszC)
A= Total effective heat tronsfer area (cmz)

v

Sideran assuned that thce heat transfer coefficient was a
function only of the power dissipation, the equivalent cf

cquation (40), and pot denendent om the driving force, (41).
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Since the nparticle size was srmall, the two phase perticle

u

was assuncd to rermain spherical as in figure 18a,
opsidering the area as a function of partiecle size and
vapeur centent:

5
b, ~ 8, /3 B * ~ — {50)

s

and h -~ E 3
¢g repreconts the volurme fraction of gas hold-up which
still contains a fraction cf the evaporating licuid rhasc.
Sideran selected the Calderbank correlation, equation (30),

to describe the gns hold-up:
0.4 0.5
A E L 3 -V L3
¢g g g

where Vg ~ 3 —which is equivalent to equotion (45),

Substituting (30) and (5C) in (49).

17 5
A 12 5
t o~ By, 12 ¢/ (7,~Ty)

1 17
= c /6 12 m
Hence G /,N, Eg / (Lr-Tl) - - (51)

Sideran eonducted cxneriTents in a five litre well-
stirred rcacteor with n-pentonc as the dispersed liguid
phase. l-pentane was evapcrated by an electrical heoter

1
3 T kS f‘/6
in the tank base plate, Fror a nlot of ¢ /(Tr—Tl)
against the gassed power input estiratced from a form of
eguation (25), Sidenan showed the exponent of the nower

input was 2, which agrees fairly well with equation (51).
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The correlntion was cehecked bhecause it apresred that
the use of the Cnlderbank grs hold-up function was nct
Justified. There are twoe reagons for this ohjcction.
Firstly, as fdiscussed in 5,33, 7Testerterp has shown &
distinct regicn in wiieh the gns lcad hns no effect on the
interfocinl area, nnd scecondly the gag hold-up messurod
or correlated im sivrle 2 phrse systems nay not he the
game ng the hold-un of gnsecus refrigerant containing
evaporating liguid, Th=t ig, there nay ke a rnuch larger
hold-ur of n-pentane gos corpletely evaporated and taring
no part in the heat transfer PYOCeEs., By taking the
sixth power of the hent flow rote.l, 5iﬁcman reduces the

error and renders insensitive the graniieal nethod,

The method of least sur of sguires was used 1o
correlate the drtn, regressing for the exponents of boi.
(Tr—Tl) ~nd Eg' The drta is presented in the Anpendix,

Tatle IXVII, and the new correlaticns are given in
b

Tatle 5.41,
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; Sur éData Exgonent?Exronent
Heat Transfer Correlations ' of ;Dsintq af. of cf
Sguares 1° ) (Tr—Tl) B
' — o s N
(i) Sidemnan's Co§re1atlon5 o8x107| 16 | 141 6. 1.93
giassed systenm: ¢ /AT '
(ii) Proposead nmodel, powery oi1031 op 171 0.36 0.95
input as in ungassed syster :
(53) Mad i amae
(1i1) Model uwsing gassed 1, 6.903| 15 | 13] 0.29 0.48
systenn (49), = 12
rodel as i C s
(1v) dodel as in (i1i) g 53903 | a0 117] 0.m1 0.97
with k_ = 8§ H
g ¢
foc pagsed i ‘
(v)  Mocel for gassed 8.55x10° | 20 |17 0.40 1,05
syster, Michel (50)
) n k k
- " 2 -73y2 .
Sum of sguares = 551 (4i"k1 Ti Ey )Y, 2 mcasured in watts

Teble 5,41

Eeat Transfcr Models

Clecrly the nmininun sur of sevares is ohtained with

rocel (ii):
0 95

v
vhielh hos

e

the sunm of sgusnres is

which uses

very

equation (49) as Sideran's

q (7 -1,)°3

6

a very differcent farm

ueh

the snme congtant in

origi

(52)
from eguantion (51), and
reduvecd. Model (iii),'
the Cyana gassed-power

nal ccrrelation.gives a

significant increase in the sun of sguares of errors

conpared to the Michel-iiller correlation for the gassed

povier consurption (56).
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If the Calderbank correlation is replaced by equation
(82), then equation {51) becomes linearly dependent on
(Tr—Tl). This is closer to model (ii) than the original
form, but the discrepancy indicates that Sideman was
nrobebly wrong in assuning that both h and AV are
independent of (Tr-—-Tl). It further appcears that ﬁg given
by two phase correlations does not represent the evavora-
ting gas phase hold-up, since the high power dependence
in (51) is not observed in model {(ii). Sideman's data
might also be subject to the type cof feed distribution

effect observed in section 6.31.

Williams (27) postulated a heat transfer model for
the boiling drop whick considers heat tranmsport across &
vapour film, figure 18hb, The idealized spherical ligquid
drop is surrcunded by an ceven gas film of increasing thick-
ness., The over-all temperature difference between the
liquid drop beiling at Tl and its surrounding sclutiom is
cenprised of two parts; (Tr-Ti) due tc convective heat
transfer tc the surface of the vapour, and (Ti—Tl) due
to heat conduction through the vapour film te the ligquid
surface. The convective mechanisn nay be neglected since
it is several orders of magnitude greater than the

conduction process, i,e, Ti=Tr at the bubble surface.
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This model seeris less realistic than that pronoscéd
by Sidenan, figure 1i8a, From & consideration of the
surface tension forces acting on the liguid it would
arrear that the liguid would espread inside the bubble to
form a thin veniscus in contoet with the ocgueous rhose.
The turbulent forces acting on the bubble with a drop at
the centre would, by momenturm effects, couse the drop to
be in contect with the interface. The Tilliams model

seems unstable and conseguently the derivation of 2 hest

transfer coefficient based on ccnduction across a gas filp

is not pursued.

tasse Transfer fron Liguié Agont

A model is censidereé vwiich includes tranafer both
from droplets and frorn: bubbles, The drop arca is
establishcd to satisfy thce heat transfer characteristics

of the reactor.

- 1- - - - - b
r, = n.lAv(cd e ) + klAb(cb c.) (53)
where Cq = Agent ceoncentration in eguilibriun with
drop
Av = Total effeective area of liguidé freon
Now o = ra‘th = hAV{Tr—Tl) - - (49)

From the rodified Jiderman correlsticn for heat transfeor:
0.36

1)
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0.25

Substituting h ~ E and cgustion (52) in (49):

~0.64

0T o ,
A B (Tr Ty ) (52)

v

Substituting (54) in cquotion (53):

—cs) + Ab{ob—cs)g

-

, -0D.64
r 1) (Cd

This expression depends upon the velidity of the Sidenan
correlation and in narticuler that the heat transfer
coefficient is indepewndent of the temperature driving
force, It is unlilicly thmt thc expressicon ray be echecked
in this form, but it ray be npossible to show that the
reaction rate is inversely preportional to scome power of
the temperature differential (Tr—Tl). ¥oppers (24)
stated that the mass tromsfer from liquid agent was the
rate deternining sten, If this ig tho case there will
certainly be some interaction between the boiling phasec

ond tiac reaction rate.

Effecet of Fvapcraticn on Bubble Size

9

The average =ize of gnas bhudbbloee in dispersion
depends on the eguilibrium reached betveen the break-un
by iturbulent foreces and the coalescence of the bubbles due
t¢ surface temsion forces, Another factor imnosed on
this balance in a hydrate reactor is the bubble formed

from a boiling drop, The size of 5 bhubble formed by the

evaporation of = represcntative drop is compared withk the
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size of a bubble calculated from the gas-liquid

correlations.

By a iass balance, thke initial drop size is eguated

to the final bubble size:

w0

T 3. _ *3
/6 Da"t1 = Ve Dy v,
where Db* = Dianeter cf bubble formed frow drorp
size B
d
i.e D * = Dd(’i’__l_
©
-8
For Freon-12. D = 3.8 D

b d
The correloticons for liquid-licuid syste.s in section 5,34
give, for ~ure water sgitated at 1420 RPIUY, Dd = 0,003 to
0.012 en., vhereas the gas-licuid correlations give

¥ t1

is thus
b
*

04045 cm, Comnparing Db with the smallest bubble size
3y = 0.15 en., by eguztion (29), it is seen that the

Db = 0,15 to ©0.33 ci1. The rexinun velue of D

interfacial crea for the sawnc gas hold~up has Deen

increased Ty a factor of 333%.

This increase r.ay nct rcerrecent the true eguilibrium
conditions since bubbles will ecocalesce ts give a larger

*

v dovever the interfacial area giver

hy gas-liguid correlations ray well e enhanced by the

)

mean size than D

sraller transient bubbles produced by evaporation,
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Batch Hydrate Xinetics

The principle feature of the batch runs is that the

]

reactor cooling rate is naintained constant while the
terverature and suverose cencentration of the slurry are

reasured from the time at which spontanecus nucleaticn

ceeurs, The shape of a tyrical terperature~tine plot is
shown in fTirure 16, Aunlysis of this curve in terms of

the Lydrate rodel, cguatien {2C), —ay lead to a
confirnaticon of the hydrate rechanisn and & guantitative
estinate of the inhibiting influence of hydrate slurry

on the reaction rate.

The aralysis oy be divided inte two parts. In thke
first cnge the whoele tererature-time curve is considered
and the rate of change of the rerction ratec with time is
rolated to the chonge in the concentratiocn driving force
and in tke hydrate hold-ur, In thc scecond cage the
tericrature during the steady unstesdy-state reriod,
vhere the termperature gradient with restect to time is
zero, 1is compeored with the steady tcmPeraturejTrimeasured
for differcent values of the inderendent varisbles given

in toble 3.61, Tre distinetion is drown here Thecause

for cubsecucnt analysis the cases are treated independently.
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A
Temperature\\

— e Ty
Ccoling // Growth ™

curve / curve

/
. N .

Ty

figure 19 Temperature-Time;profilg

The rate of hydrnte —reduvetion and nolcd-ur of hydrctce

in the reactor ray he estirmated from o heat and rass

v

bhelarnce., As hydrate is formed, the sucrose concentraticn

ol

cf tlre bul} aguecus rhrse incre~ses, £nd this way e taven
as a veasure of the extent of the recction, Since this
gives tkhe ar.cunt of water in the bhydrate ~hese direetly.
it is nore convenicent to describe tke Troducticn rate in
ter—c of o water flow rote , rother than as a flux of

agent,

Thie preoduction rate ic defined by

r = 4dy - - (58)
dt
whore r = Tforrmation rate of hydrate in (gmns, of water/
and y = water in the kydrate phase (grs.) nin)
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Previously the rate of mass transfer from the agent pvhease

was defined by equation (20):

ra =
but since:
I‘a =
where Mh =
Y =
where kl' =

kya, (e =c ) V.. - ~ (20)

A
SOMh

olecular weight of weater in hydrate

klfab(cb-cs) v, - ~ (56)

60, k

nXy (g.cr/g.mole.niin)

Heat and ¥ass Balance

The net heat release curve, figure 19, can be

expressed as the

sunn of the heat of formation and the heat

rerioved by the evaporating agent,

(i) Consider hydrate formation from the gas phase in

wizich case all licuid agent 1is evaporated,

Vtc,:tcpt %% r:\hfg - F.Al + Kh

where T = reactor temperature °¢
hhfg = heat of formation from gas phase (cal/g)
F = agent flow rate (g/min)
Zy = latent kheat of agent (cal/g)
X, = heat leak + powver dissipation (cal/min)

(ii) Consider that hydr-te formation occurs fron the

liguid agent phase, hence not all agent is evanorated.

ar S
Vitelpt @t = Tlup - (FL)Ap + X
= ) M - A
= r (/‘hfl + _%) Frg + Ky

Q
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In either case, the hest balance ray b
a7 A\
V,o., ¢ —_— = I'P\ - B A\
vt pt dt hf 1
in the cccling curve
in tte reactor:
- &7 =Y
2] — = - W =
ViPtCns TT Fiy + Xy
where 2 = nzt heat revo
£

e expressed:

+ K - - (57)

kh

region, vhere neo hydrate is forried

- - (58)

~

val rate (ecal/vin)

L nay be deterriined calorinetrically by observing the

cooling rate at 3 tenperature cguivalent tc the reaction

ternperature Tr.

Vi + V@ (1-xy)

the power disgina
By a nasae balance
where Yy =
x =
t

£ nase balance on

Hence Y

This corvcensates for
on the sclvent rhase

= VePo(l-x

wvater in hydrate fcrm

sTerose concentrotion

tiie solute, sucrcse,

= VeRe¥e

= A P (1—xf/'{ )
£if “t

Arplicotion cof Horrers licdel

the hest leoak and

ted by the twin imnrellers.

)
2t time t (gms.)

at tice ©

-

g

a8l

- - (59)

Consider the sinrlest model proposed by Hopprers and

Fanghern, ecurtien (22), vith tenpirature ..

of tineo:

t

K

o' (To=T) V.

a function

- - (22a)
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Substituting in (57):

(1)

(ii)

. mo— T - A -n - -
Vtg')tcpt %% = Ao’(TC T) V. lpe = 2 (60)

K r - A 2, the ¢ "peratu j
If X (Tc Tn)Vr/ nf ” %) then the termperature will
rise from the spontoneocus nucleation peint,

Integroting eqﬁation (63), asguming that:

(a K ' ia a constant for all T and x
o) 9

(v) T, is a constant.

(e) Vv,e,c_ is constont during the reaction,
titp

T t
[ vee.e o dtb
: tit pt = ‘fdt
4w o(m oo N
T “o (*c i)Vr ‘hi *
n o
H
K, VI‘Ahft
r V. & ¢
- (m ! | tit " nt
T = (lc - g - ) —g(TC ~ 2 - )—Tn | e
t wr 1 o
K VoA L o Vy''nt !

This exrression gives the growth curve in figure 19
for the simple therrmal driving force nodel. In the
actual system it is unlilely that the first two

assumptions will held; Tboth KO' and TC will depend

upen the extent of the reacticn,

The condition f = 0 is referred to as the stecdy-
state coperating criteriorn of the bateh run, In this

case (60) simrlifies to:

A fm _ ™ — ~

Ko (lc Tr) Vetng TR
. a4 S - ' ¢
Hence ES' = @/ 3 (TC T.) Vy Apg
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Therefore frorn an experinental determination of Tr at
d\ m

T, , . .
/dt = o, ar estinate of thc reacticn constant is

obtained.

Arnlicotion of Alsorption Mcodel

A nore realistie aroroeoach to sirulating the
tenrerature~-tine curve considers the arent absorption
rate given by ecguation (56) and the variation in the over-
all coefficient kl'a due to the change in the character-

istics cf the four-phose reaction nixture,

Two~phasce correlations were apprlied in seection 5,36
to show the dependence of the cver-all transfer coefficient
for constant Cir Yig: & and V... These constraints hold

for the case of a batch run, hence:
o.esﬁ} -1.07

. (%%) - - (44a)

¥aucde (62)showed that agueous susiensions of fine

k ~ E

1'8p

cirery powders in turbulent flow behave as liguids having

the viscosity and density of the suspension, and not ag

true licouids hoving the viscosity of water, Altkough

Mauie rensured the slurry vieccositiss, Ponille (68) showed

that the Hatschek viscosity correlaticn nay be used for
correlating heat transfer data for the flow of slurries

through pipes. The Hatschek eqguation is given by:
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i

) K 1 - 3 - - (61)

Ln '2,1/( ¢h ) ( /
where ﬂvh = slurry viscosity

ﬁ = volune fractiorn of hydrate

el

Thie slurry visces’ity hh should therefore be used in nlace
of the liguid viscosity in ecunation (44a). It was shewn
in section 5,31 that for high heynolds numbers the Tover
consumption was independent of viscosity and,since the
slurry density 1is approzimntely constart, © may be

ccnsidered cconstant. As a first aprroach, the tern

(¢g/f¢) will Dbe considered constant tco, FHence assune:

; $vy~1
kliab 'V (ql/(l—¢h3)) - = (62)
Substituting (62) in (56):
3
; - ¢ 3 -
o Ke(l - #.%) (610 ) (63)
¢{1 b s
vhere Ky = _f(E, ﬁg, Vr) - - (63a)
nence ecuntion (57) tecomes:
El
a7 = 1 rr I{B(lnﬁh ) 0. —c )7\‘ _ 2{2 - - (84}
© Ve€tlrt v O b el hf 8 '

The hydraote hold-up fraction ray be calculzted by
integr~ting eocuation (55):

.
{r at - ~ (65}
O

e
!

et
I

vfgfxf/(vfgf - yt) - - (59

=
g
1]

(1 +2¢) % (r - Xf/xt) - - (88)
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The equilibrium concentrations Cy, and cy =re functions

]
’]

ani x,,2ence from eguation (10):

log ey = log P - ©.265 + 1633./F + 273.2 - 7.51 %, - (67)

log ¢y = log Py— ©.265 + 1633./T + 273.2 - 7,51 x, - (s8)

whiere Ph is given by eruation (7),

log Py = 0.0945 (T + 7.094 + 3.407 x, + 24,61 x,° (o0
- 83.68 x,° + 126.8 x,%)

The change in the values of eguations (67) to (69) with
the change in sucrose concentration during the course of

the reaction is sligint, but is included for comnleteness.

Solution of Iguations to 5.52

To obtain the theoretical terperature and concentra-
tion profiles for exvwerimental conditions described
comnpletely Ty 2, <, e and V andéd for the observed
beouvniary conditions Tn and T it was neceasary to solve

cguction {64) iteratively, Couztion (64) vas integrated
in cenjunction wit:r (63), (85), (s5¢), (88), (67), (68) znd

(69) by the metlod of lunre Kutts, uvsing the IFN 7020

vachine and Fortran IV zes the progravring language,

The initial estimate of ¥ vas bhased on the steady-

i

1l

state condition %1/dt = 0 at T = %

X, = R - - (16)

Mpe(epmeg) (1 = 8.7
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However the valuce of ﬁh at T = Tr is not alvays
experimentally observed, The sucrose concecntraticn Xy
was sampled during the course of a bateh run, bhut the
particular value at T = Tr was not always obtained,
Since the imodel predicts the sucrose concentration at

Ko it was convenient teo sclve for X iteratively. This

»rroach is particularly uscful if ne suecrosc concentra-

3

)

tion data is available and only the ternerature-tine

respente is known,

If T"ax is the calculated terperature at ¢

then if the first estinste of g, is too large, %y is too
L8]

snall and T, < T, hence X, must be increased.

a
Alternotively if the guess of ¢P ig tcc small, the

rcaction rate is too great and 7T 7 T,

The iterative procedure was as follcows:

(i) Caleulate ¥, with ¢h estirate, fro: eguation (70).
(ii) Intcegrate cguetion (64) from T = T~ Stop at
am
T wvhen ~°/dt = 0.
max /
iii) Comnare T vith T exrerir = T
(iii) Cornore Toay With T experinental, LE S S .
write out oll terperature tirce Jdata, if
- ,
Tons # T. go to (iv).
i heti -V T - “‘ ; i
(iv) Substitute K, = Y + L{B(Tr Tmax)' Return to (ii).

By using the substitution in part (iv), the iteration

zlways converges to give Tmny = Tr.



e

142

The conputer progranrce was written in a general foro
such that any mcedel could Lie exarined; in particular a
sinpler model for comparative purposes based on a con-
ceantration dJriving force but not incorporating the efiect
of the hydrate slurry viscosity,. In addition a nore
comnlicated funection was introduced, based on the heat
transfer consideration in section 5,42. For constant
E it was shown, eguotion (54):

-0.64
A~ (Tr—Tl) .
Hence a possible edel night be, substituting in (56):
= K1 = £ (ey-ey) - - (71)
@ 1 (T—T]_ )O.. 64

FPour main rodels were ernployed and within these four nocdels

various chenges werc nade to the exponents of the viscosity,

cete.
r = X, (c,-cy) | - (8)
= X M -1

i 3 (—=—) (ep-c,) (63)- (%)

1 - ﬁh
r = X, A1 p (ey-cg (71)- (&)

o 7) 5. 25
1 - g, ¢T-1 )

r o= ¥, M1 71 .
D (———7=) (T,-T) (222)~(5)

1 o

b

where K,, K arc functions of the form (63a), but

A’ B

assuned constant for easch run,
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The results of these caleculated nrofilea and the
rdeguacy of the rodels is discussed with the experinental

results in scetion 6,1 Celculated results are nresefited

ld

in Avpendix A&, Tablces III to VII.

5.5 2Zeat and Mnss Zalance for Stendy-Stote runs

The stendy-state rune, in vhich the sucrosc concen-—
tration ~rd terperature in the reretor rermoine constant,
arce sizpler to analyse but leso infornntion is obtained

from eae rum although it tnkes longer to perform,

o

3ifer o rass halorce on the sclvent:

2

Cen

r

i

r+v e (1 -x)

re Vf

veep(l — xg)

el

feed flow rate of sucrose
3, .
{(c2"/rin)

T,
oy T
Vi

and subscripts f and r rofer to the feed ond the renctor

cenditions resnectively.

Alsc, fron = nass Lalance on the solute:

Vlr¥r

q X
hence r Vf@}(l - f/xr) - - {72)

A hent balonece cn the systen, agsuning that only tihe

lntent heat of agoent ig transferred;

v -
Vfocprf Bl - ‘r?rcpr r hi
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Assune VelgCrs = VyRpCyy ¥ (1 #i)r Coh
Then Q' = FA; = vfgfécpf(mf-Tr) +}’\M(1-Kf/xr)j + X%,

- - (13)
mence in the cace of steady-state runs it is an easy
ratter to check the heat balance by calibrating the apgent
feed rotaneter as in section 5,51, and comparing the hest
rerioval rate withh the production rate measured by the

cencentration effect, equation (73).

The conversion in the hydrate reactor is defined as
the fraction of water solidified as hydrate from the

aqueous feed, hence:
X
€ = -
s 1 f/xr
For s multistage process with n stages of conversion f,

it can be shown that the over-all conversion is given by:

s « 3\
5,= 1-(1-%)

Pl
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Ixrerirental Hesults

This chapter is concerned with the analysis of all

Finetic data, tke asscssrment of postulated ncdels ard
the developnent of a goeneral correlation for the over-all
transfer coefficicnt, The nnalysis is divided inte four
sections:

(1) The unsteady-state asivect cf the katelh reactor,

(ii) The batch reactor as an arrroximation to stendy-

state corditions,
(iii) The flow reactor.
(iv)

Te sirplify data handling, a generalised least-squires-fit

!

rorsne hydrnte conperntive analysise,

“rorrs. e was used, bFosed on o standard matrix techniogue

documented in Davies (70).

Calculation of 7Yernerature-Tinme Curves

A sumwvery of the bateh results ies given in Tatle 1,
corrcaponding to the originsl design tresented in Talle
3,61, and¢ 211 results ore given in Takle II, Arprendix A,
Listed are; pressure, nuclesntion terperature Tn, stoady-
state tenperature Tr’ the therral driving force calculated

from egu-tion (7), the cencentration driving force

calculated fron {7) an”® (190), neasured gas hkold-up and the
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licuid phnse viscosity calevlated from Avrcercix G3. The

rrocuction rate r, at T = Tr’ was ealevloted from the

rA

arent feed rate, equation (53), and checked by o pas
belanece, eguation (59). An exarple of this check for o

sarple run is given in Arpendix Al,

The data from Tabhle II was used to solve for tie
reaction constants KA, KB’ etc., secticn 5,21, and hence
tec derive the tenperature-tine resrtonse predicted by the
absorption nedels, These results tegether with tle
expoarizental tenverature-time and concentration-tine data,
for a rerresentative fraction of the bateh runs, are piven
in Pables IiI to VII, Takbles DI1I to VI show exarmples of
rens 2t 10 to 409 sucrese with details of the change in
hydrate hold-up and estincted slurry viscosities. Cther
data are given in Pable VII, witl ccncise information

relating to mocdels A and B only.

o

A typical termperature-time plot, run 25,13, is shown
in figure 20 togetier with the sirulated termperature
deternined from nodels A,B,C, and D, Pigure 21 shows the
calculated values of x gnd y as a function of tine. -
Further grarvks, figure Al - Al12, covering a comnplete ronge
of sucrose ccncentration and stirrer sreed, are included

in Aprendix A, and show experinental results cowpared with
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temperature with time .
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models A and B, In sone cases =odel B is modified:

a4
it

“L1_\B
Xp (= é) (Cb"cs)
1—¢h

where =0,5*B3 -1,5 and the exrponent of the Hatschek

o]

to obtain a better fit to the

[t

viscosity was varie
[

experinental points,

It vas however considered umnecessary to obtain the
best value of B for each curve by a numerical technioue,e.g.
minimising the sun of sguares of the differences between
experimental and nredicted temnneratures over the run
curetion, It was sufficicent tc checl the fit of tihe curves

by cye for an arrroximate value of B,

Cormarison of Experimental and Tieoretical Curves
8 B

todel B precicts 2 temnerature profile which fits 17e
experirental results well for 2 wide range of conditions,
Ti2is can ke seen by comparison with model A which regards
KA as a ccnstant, independent of the liguor viscosity,
The shape of the two curves is very different, especially
in the example given in figuve 20, at 28% sucrcse, Model
B explains both the rate at wihich the slurry hinders the
reaction and the tine at which the naxinmun tenperature
oceecurs, The estimated values of the expronent 3, the

leventence upon viscosity, vary a little with reactor

conditions,
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Talle 6,11 Variation of B vith N and Zp

The mean estinates of B are given in Table 6,11,
showing the variation with agitator speed and suercse
concentration. The difference observed in B at different
stirrer speeds 1is as large as the error in the estimate of
B, soc no cconclusion nay be drawn as tc whether B varies
with N, The value of B agrees with the »redicted value
of -1, equation (44), except for the cagse of 42% sucrcse
vihen the dependence of the transfer coefficient on viscosity

does change significantly.

Model € was derived on the assunption that transfer
from the ligquid agent phase was ioportant, The temperature

025 i1 rodel €, (where the

differential tern (T-T{3
exponent is detercined in section 6.2), has only a very
slight effeet on the shape of the profile, The effeect of
this extra term 1s most noticeable at nucleation, but the

results are such that it is rnot possible to distinguish

whether the factor is relevant or not.
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The temperature driving force (TC—T) in rmodel D fits
the cxperimental data as well as the concentration driving

force mnodel B, This ie partially anticipated, Avpendix

"
&

E3.

A second comparison nay be nmade between the nodels
and the experinental results by relating the rneasured
sucrose concentration tc the predicted values, Sampling
the concentration of the rother liguor is subject to a
greater error than sampling the temperature of the slurry,
but a fair conparisen nay be nade. Agreenent hetween
the concentration history predicted by equations (5%a) and
(65) in model B.and the reasured concentration, are also
shown in the Tables III to VII, It was shown that in the
case of liguor concentration also, nodel B provided a

better fit to the results than A,

The results suggest that the rate deternining step is
the absorption of agent fror the dispersed agent, in that
the rate of forrnaticn may be expressed in terms of a linear
concentration driving force and an over-all transfer

coefficient typicalily dere dent uvnon the syster's viscosity,

5.12 Effect of Slurry Viscosity

Shiloh ané Side~an (17) studied the veriaticn in the
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heat troncfer coefficient with the solids fraction in an
agueous slurry. In their experinmental project, the Lagic
factors affecting the rate of evaporation from salt-water
ice slurries in a vacuun freezer were investigated, It
was observed that tie liquid-phase Leat trapnsfer coeffi-
cient, which governs the process, decreased with increasing
ice fraction due to increascd viscosity. The hydro-
dynarnic conditions are rather different for the two systems:
in the freezer evaporation talZes place in the neiglibourhcod
cf the interface vhere the ice concentration is largest,
whereas no deviation frow the well-stirred condition is

censidered in the hydrate recctor,

Shilok (17) indicctes that the over-all heat transfer
coefficient varies inversely as tic square-root of the
~easured ice slurry visccsity, over tke ramnge O - 20% solids

-

fraeticn, Fis conclusion is thus similar to that reached

et

frox the hydrate analysis, in that the slurry viscosity

alcne ray be used ns a descripitive parareter for the chonge
in tke transfer ccefficicnt with sclids hold-up, This is

in spite of the inkerent differences hetwecen the two

transfer Drocesses,

The experimentally deter:rined slurry viscosities quotced
by Shiloch differ substantially from the Zatschek estinates,

eguation (61), For exarnle at 10% solids fraction Shiloh
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gave the value of the fraction (slurry viscosity/true
liquid viscosity) as 5.3 compnared to a value of 1,9 from
the Zatechck ecunticn, If the Tatschek viscosity were
igcd in Skiloh's recults, the heat transfer coefficicent
would vary as the -1,3 rower of the visceosity, which
connares nore favourahly with tisc exronent shcwn in this
work. If hoewever the Skilchk viscogity data is a better
cstirate of the effect cf sclids on viscosity then the
hydrate trarsfer coefficient may vary only as the -0.,4

pover of the visccesity.

The Zatsechick equotion is only valid when the solids
are frce flowing when wet:; Visceositiocs tend to be larper
when the solids offer resistance to flow, Perry (71)
guctes oticr exrressions for the cstinated visecesitics of
susrensions, including that rrorosed by Ting and Luebbens
which incoryporates the ratio of licuid and solid densitics.
This ratio may have srecial interest in the hydrate systen
since the crystals are denser than the selution at 10%
sucrose and lighter than sclution at 30% sucrose, However
the guantitative effect is pegligitle, and none of the
exrressions Dredict a sliurry viscosity as high as that

-

obeerved hy Shiloh. Maucde (88) guctes weasured viscositics
for aguecus—erery oowder susrtensicps wiaich are just a 1little

greater than the Hatschek exy;ression. It scems nossiktle
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therefore that Shilohk's results are incorrect, but sone
estimates cof the true hydrate slurry viscosity may be

informative,

Ligquid Agent Fold-up at Nucleation

The models derived in section 5,52 based on equation
(57) assume that at the spontaneous nucleaticn temperature
the transition frcm cooling with no hydrate present to
production of hydrate occurs instantanecusly. The
significance of this is that the net cooling rate nust
renain constant throcughout the transition, An examnple of

a marked ceviation from this ccndition is shown in figure

22,
" \
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Figure 22 Transition at NHuclcotion Point




The continuous line shows the ccoling curve under
reactor conditions which cause the nucleation temwerature.

Tn,to coincide with the condensation termrerature of the

f\:

gent, Tl. As T arvprosches Tl the cocling rate decreases
fince, as the therral driving force is reduced, the inter-
facial area of evaporating agernt Tust be inereasced, causing
an accumulation of liquid freom in the reactor. When

T = ne evaporation takes vlsce ~n? the ternperature

Tl’
remraing constant until nuclceotion cceurs Licuid arent
accunulistes in the reactor during this ~eried, consegquently
at Tn the liguiéd agcernt hold-up is unknown end the heat
balanece, cquatien (57) is no longer valida, In addition

zogel C which consicders rmass tronsfer from: the bhoiling

liguid jyhase is alsc invaliid,

I3

To avoid tiis rroblemr, the experinmental conditions
vere chosen guch that T, was alweys greater than Tl’ In

he transition was falrly sharply defimed (the

tn
o)
b

&

[0}
~
]
oot
d-

brolen line in figure 22) but not quite as sharn as the
rodel would indicate, ris 1is recognised as a acurce of

Sr¥rcYy.

Batch runs as an 2arrroximation to Steandy-state Cenditions

Thic feollowing sections denl with the onalysis of the

cbservations of the sieady unsteady-state temperature in
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the reactor, The reaction consteant, or over-all
coefficient, is cdetermined from the tenperature at which
the terperature gradient with res—eet to time is zero.

The cannper with whick this coefficient varies with sucrese
concentraticn, agitator sreed, concentration driving forece
ard reactcr tressure is determined, This analysis is
split into sections vhicel: exanine where —ossilble the
indenendent effeets ¢of the varinbles, The data in Ta®ble
IT is rtrecsented in 14 cxvrcorirental bLloecks: [ bloel dencics
variablics r and P for comnstant N and Xpo These blocks

arce exanrined individually and then the effects of

additional pnraneters are considered.

Models for Individuel Blocks

The conclusion to scetion 6,1 was that the absorrticn
rnodel B gove close arrceement with exrerirental resultg,
assuring the transfer coeffiecient to be a simple funetion
cf one variable, The model assured a linear devendence
uron the ccnecentration driving force, Any deviation froo
non-linearity of the form sugpested in eguntion (486),
arising from the effeet of ges loading on the reactor, could
rot be distinguished in the unsteady-state rrofiles, In
the individual bloe’s on the other hand the :roduction rate

riay be cbtained as & function of pressure and (cb-cq) only.
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Prior to this study, nc nodels incerporsting an inter-
acticn totween the effects of nressure and concentration
driving force had been ;ronosed, De Graauw (26) is the
only worker to have observed ~ trend with pressure.
initially it was assuned thoat pressurc had no effect on the

£

ysten, and that any difference between the results at

m

different jressures ccecurred as a result of chance,

Since x4, 4, N and V. ore constants, eguction (46)

can be written in the form:

k2 ,

_ )

r o= ky (eb~cs) - - (74)
where kl, the over-pll mass transfer coefficicnt, is a
constant, Paraneters kl and k2 were estinnted by the

nethicd of least scunres, and zre saown in Table 6,211
together vith other rcelevant statistical infeormsticn, A
plot of the production rate against concentraticn driving
foree at different rressures for a tvnieal bloek is shouwn
in fi~ure 23, Although the experirmental error in
measuring the reactor operating temperature is very small,
the error in controlling and measuring the variables
listed in Table 3.6 may contribute an uncertainty of +5%
in the combined value of the rate coefficient and

concentration driving force on the R,H.S. of ecuation (74).
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reactor pressure
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Plot of hydrate formation rate versus (c,-¢
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E B} § ; ’ ' g % Mean giconfidencé
| Bloek ! Ik, ; ¥y o 38 . 88, ; dg % i linits on
i ! : ' i ; error| kz
i e e S P SO O
| .10 0 2.66 | 1.01 [495. ' .c6e4 | 14  14.0 | .19 |
(A1 . 3094 1,06 466, .04 . 18 | 1C.0 | .14
1101877 ) 1054 201, L0200 0 10 | 9.4 .24
12 . 0.589 : 0.80 :1lls. l.o188 15 i 6.6 1 .09 |
.13~ ©.873 | 06.95 261, | .02%4 18 | 7.9 | .10 §
.14 0.958 | 0,58 {364, .0515 | 13 | 12,8 | .12 |
R S B - N S
.21 | 0.725 | €.83 '172. .01 | 18 1 6.1 | .10
.22 | £.175 ' 0.65 l2a1, | .0505 | 16 | 10,7 .13
;.23 z 0.685 | 0.96 §144. 0202 1 21 L 5.6 .08
S S - - ; _4“; i e e —
| .31 | ©6.399 | 0.83 {.86. .,0196 ; 13 @ 7.3 418 f
L .310 ] 2,12 ! 1.06 i 37.4 i.0057 , 11 | 4.5 1 .12 }
w32 | 0.402 | 0.86 l120. |.0200 | 12 | 9.0 | 21
| .33 | 0.800 L 1.07 i 62, |.0127 , 15 . 5.9 | 17 :
.34 18.75 | 1.68 |156.7 ! 0315 ; 12 | 10.1 .56 !
2 2
where: S5 = Y (ri-ri') and r,' is the formation rntc
1;1 precdicted by eguation (74)
S = 51 (In r,-1n r,*)2
i=1

Takle 6,211 2 Farameter Model

The average value of kz is avoroximately 1, but the
variations between blocks is large and the tolerance linits
are rather high, The mean deviaticn from the model is
estincted from the surr of squ=zres of errors quoted in

colunn four, The errors in fitting the data to cquation
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(74) are greater than the exrerimental errors involved.
It a —ears too that the errors are biased with nressure,
Reference tc the thase disgran, figure 24, shows the
rosition of an experirental 'operating-line'* GH with

resiect to the hydrote cqguilibriunm line BRC,

In P E
1

PR e

A o
tenperature C

figure 24 Interaction of P and (cb—cs)

If there was no interaction between the effecets
of P and (cb—cs)’ the oyerating line GI would lie roughly
parallel to =C after compensating for the effeect of
"ressure on solubility, GHE deviates guite markedly fronm
the case GI and from equation (74). It antears therefore

that kl is a function eithcr of —~ressure or tenpersturec,

or koth, An anpraisal of the systen and the state of
knowledge of hydrate kinetics sugpgested three vossibilities,
after the accuracy of the equilibrium line and the value

*¥ An operating line refers to a locus of exrerimental

reints for which the production at a given N, Xg is
constant.
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of Henry's law constant had been checliled to ascertain

whether the equiliktrium data were a2t fault,

(i)assune that kl is & reaction comstant and o function of

the ahgoliute tenverature, os described by the Arrhenius
eguation:
-B/RT
s = Le
1
”
This is rejected for the followiliny reasons. In the first

case it has been sihown that rodel 3, independent of the
Arrhienius terr, fits the eXrerinmental results, Secondly
the activation cnergy invelved (estimeted at about 25 Xcal/
g.ole) would render the reaction rates =t high sucrose
concentrationa 2t least cne crder of ~agnitude leower thap
those obscorved,

(idassune that the rnroduction rate derends upon the liguid
freen keold-up, a variable which is deterrmined Ty the

This vas the bagis of model C,

~

Process ol heat transfse
and C is molified for the case of constent slﬁrry viscosity
to give an exrression sinilar to equation (74
k k
r o= k(e -e,) 2 (r,-1,) ° - - (75)
Tre values of the three rarareters and the confidence
intervals for cach blceck are sicwn in Table 6,212, A

weighted —ean of the parancters pives a molel of the feorn:

.97 ~C.14
» m - L ]
s) (‘r Tl)

*  Yhereas equation (74) re-resents the line GI, (75)
gives the operating line GH since (Tr—Tl) is a
function of pressure.



Table 6,212 Three “ararecter lodel
Block & I, | %, f LN } 58 i 88, § dp | T F ; Fean
Husber 1074 | l | I ! 5e}:':?;olr’
| ; | | : |
- S K SSNEES F  E .
.10 7.74 1,11 . -.28 |172.2 . ,0250 ' 13 | 3.64 | 24.5 | 9.1
.11 6.48 1,07 | -,26 ‘219, ;.0272 17 | 3.59 18,1 | 7.6
.11C . 87.3 1,55 : -.08 :172. | ,0191 ; 9 | 4.37 | 1.5 | 9.8
.12 | 0,667 0,79 | -.12 | 95.3 |.C126 - 14  2.61 | 3.33 6.5
.13 ' ©.936 ©,93 | -.14 [218. '.0242: 17 | 3.57 ' 3.331 8.4
.14 ©.103.0.55 . -,23 288, ,.0399 . 12 4,90 ; 3,16 12.6
—_— ‘ s ! - ) . ﬂmﬁ.g.ww_._i~.___w__
.21 ' 0.724 ' 0.84 | -,03 |17c. ‘.0101 | 17  3.16 | 0.2 6.5
.22 | ©.19s ' ©0.62 | -.2¢ ,272. | .0396 : 15 ° 4.25 @ - | 1C.1
.23 . 0©,688:0.93 | -,11 [101. |.C171 | 2C = 2.24 , 8,5 | 5.3
et A S U S
.31 | 0.398,0.83 | -.03 ; 81.8 ,0l93 ; 12 = 2.61 | .78 8.2
310 | 2.12 1,05 | -.09 ; 23,6 .C034 | 16 ~ 1,54 . 5.85, 4.0
.32 | 0.372.C.80 ; -.14 - 94,8 |,0158 ; 11 2,94 § 3.95 7.7
.33 | 0,760 1.04 | -.,07 | 46.7 . .0108 14  1.82  4.64: 5.8
.84 | 21.8  1.68 | -.22 . 50.0 |.0084 11 2,13 | 23.5 6.2
U U RSO SO - A |

R

La s i e o 1 e

Confilence
Interval *
e e |
1’2 : 3453 i
i ,
120 .12
.11 | .15
24 1,22
.08 . .13
.09 : .15 {
.11 .26
i
.10 0 L11
.12 1,20
.00 .11
.19 0,14
.10 | .o7
.20 ¢ .16
.17 § .09
.32 E .09

291
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To evaluate the improvement in fit due to the third
parameter k3, an analysis of variance test is performed
with the 2 and 3 narameter models, The value of F
represents the rotio of the improvement of fit arising
from the additicnal parameter to the cstimate of the error
variance, The F values for each bklock are shown in the
ninth cclurn in Table 6,212, Conraring these F values
with a table of the F distribution it is seen that the
paraneter (Tr~T1) 3 in equation (75) gives a significant
inprovement in fit in 6 cases cut of 14 at the 5%
confidence level and 1C cases out of 14 at the 10%

confidence level,

it may be cencluded, therefore, that use of the thermal
driving force gives a better estinmnte of the reactor
rnerfornance than a rmodel whick does not take intco account
thie variation with pressure. It canrnot definitely be
stated, hewever, that the nass transfer dewnends upon the
volling liquid transfer surface ns postulated in section
8.42.

(iii)Assune that the growth nechanism denends upoh tle rressure
alcne, in a sirnilar way te thet described in secetion 7,2
on hydrate <econposition, A mnodel is proposed with &
correction factor P/P*, witiiout any theoretical

justifieation;
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ky(oymeg) 2 F/px (76)
r = ¢, —C : - -
iYV'h Ts
vhere P = reactor cperatin; Dressure

P¥ = ecritical rreasure at concentration Xg

P* ig shown in figure 24; it may be calculated by solvinc
for the intersection of the saturated liguid line and the

phoge cquilibrium line, cguation (7).

The results arce shown in Table §.213, The analysis
of the error varinnce shows that ecuation (76) gives a
better fit to the cxrerinental danta than the uncorrected
pressurc nodel, egquation (74). The F wvalues in the
seventh colunn, vhich shows the conmparison hetween the
=

. . P .
correction terrms (Tr_T , eguntion (75) and ~/P* in

1)
equction (76), indicote that there is little to choose
between the two models, though eausticn (75) rrovicdes o

significantly better fit in 3 coses out of 14 at the 107

confidence level,

A detoiled study of the variables involved failed to
pirnoint any physical property of the systenm vwhieh depends
wron Dresgure, The crerating pressure is of the order of
three to four atnospheres and.in this range, there is no
gignifiennt change in properties such as interfacial
surface tension, éés viscogity, etc, Ne reason for de
Graauw's conclusion that gas bubbles were larger and nore

unetnble at the higher pressures could be advanced,
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i Floek k I 859 S8 d F ratic + Conf~
L 1 2 1 f -
. No. ~4 (ii) dence
; x16 (m) linits
! on k2§
' .10 5.96 1.10 2C1. .0281 14 1.57 .13
11 6,10 1.190 266, .C303 18 1,83 o1l :
.12 c,72 0.81 1C3. .G132 15 6,67 .08 |
.13 1.17 0.97 248, 0273 18 2.18 .09 .
P 4 0.12 0.60 335. .C4T8 13 2.39 .11
.21 0,71 C.81 222. L0277 18 7.6 .11 :
| .22 C.225 C.67 212, . 0408 16 0,45 .12 .
| .23  ©0.895 ©.96 101. .C2C0 21 3.4 .08
B ) - S . —— - e e S o v a4
.31 C.425 .82 g2, .0217 13 1.5 .19 !
.32 C.4585 C.85 ica, .Cleés 11 0.5 .18 i
.33 1.09 1.05 64.3 01584 15 6.0 .19 |
.34 2C9, 2,06 61. .0117 12 2.68 «38 i
kz o
Table 6.213 r = k(e -c/) to¥
| Elock It k S5 SS 4 fecan +Confi-
Mo. 1 2 3 1 £ % “dence
error Jinmit
!:2 l«:S
.10 1696, 1.06 -,42 185, 5284 13 9.4 L14 L,15
.11 145, 1.04 -,38 222. o277 AT T.6 .10 .16
.12 7T3.8 0.75 23 84,2 ,010¢ 14 6.0 LOT .13
.13 40,1 0,83 -,27 184. L0204 17 T.7 .08 .14
. L4 35.2 .50 -.,29 265, .0356 12 11.7 L1C L2258
.21 863.6 .81 -.06 170. 2183 17 6.6 .1 .11
e 22 56,1 0.57T =~-,27 285, .c425 15 1C,.6 .11 .21
.23 3&,4 0.81 =.23 1cC4, L0167 20 5,5 .08 .13
.31 36.6 .77 -.11 76,5 L0188 12 7.9 .17 14
OS‘ 35.9 0071 -023 94‘.7 ¢0150 ].]_ 7.9 ¢18 016
.34 T.57 1.27 -.31 48,2 LCO08C 11 6.0 .24 . 0%
k2 k3
ath — - -
Tekle 6.214 1 = kz(Tc T.) (Tr Tl)
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A further rmodel was evaluated as a consistency check
with previous workers, Eguation (75) may te rewritten

featuring a therral driving force as in egquation (22):

It 5 k 3
r = kl(TcéTr) (Tr*Tl) - - (77)
The valueg of the parareters kl’ kz and k3 are given
in Table 6,214. The residual suns of squares of errors
are very sinilar to thogse given in Table 6.212. The

sipnificent difference is that the dependence upon (Tr—Tl)
is —uch more pronounced, This renregsents the difference
between a rnrodel whielhh demends upon a pseudo driving force

an? eguction (75) which depends on sclubility and hence

=
w0
e+
s
)
e+
o
o}
Eh
29]
ks
w4
Q
k{
s
(o]
o+
<t
-~
[}
(o0}
3
o'
e
=}
0
=
w

An snssercsrent is considered of the variation of the
error variarces frow the estimates given in Table 6.212,
The estinate of the error voriance is given by:

o = 855

where df = degrees of freedon
Fron the compariseon of error variances between bﬂocks it
aprears:

(1) The individual »lock error variances nay be ncoled

for a given stirrer speed: The errcr involved at one

stirrer speed is the same throughout the range of sucrose
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solutions considered,

(2) There is no significant cifference at the 5%
probability level between the errors at 1420 and 1140 rmm,
but there is a significant difference at the 19 level in
thie error of the experiments at these two stirrer sneeds
and those conducted at 88¢ rpm. Table 6.215 summarises

this information,

1 1

H
- . N eror varlance 1 ’
%Comparlson . rpm eatlmate &7 4 F ;
i -L . ; S MUPO - — ‘
g 1 i 1420 | 12.19 i 82. | F,, = 1.37,
i : ‘ ‘
i 2 I 1140 | 10.38 52 | F., = 2.03
\ ! i { I 723
| o i - - : i _
| 3 | 880 5.12 58 | Fyy = 2,77

Table 6,215 Sumnmary of exrror estimete

Thiis patiern may be exrected from the manner of the
experimental technigue, Since the error is largely
contained in the estimate o0f the reactor temrerature and
the subseguent determination of a temperature difference,

the rercentage error is greater at the higher agitator

sreeds, From Table I it can be sceen that:
T = Cpsne
(Te=T4) g 2.5 {T.-T1) 3400
e - -
anc (T.=T1)gs0 1.8 (T.=Ty)q140
where the bar represents a mean value, If it had been

decided to keep the temperature driving force constant,
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rather than the production rate {Table 3.6), the error

wouid have been more evenly Jistributed.

Temrerature Digtribution in Reactor

For earple runs ‘he slurry terseraturce was measurci
at ali preints in the resctor by aldjusting the thermocourl:
nrobes, He variation in teirverature was observed at th:
high agitation rates employed, A probe measuring the gas
rhose temnperature in thé free smace above the liguid
surface showed that the temperature avproxinated to the
condensation temperature of the agent. This confirns
that 1little or nc heat is transferred te the gas phagce in
the boilirg reactor. Any variation in the gas phase
tenperature apuseared to be unrelated to (T—Tl) cr the
production rate, and was presumably due to an absence of

mixing in the gas space,

Distributor Tests

The effect of the initial agent drop size was
investigated by rodifying the feed inlet with a perforated
ring. Blocks ,110 and .31C reprresent revetitions of .11
and .31 repsectively, with a licuid freon distributor in
opersticn, By calculating the izean over-all transfer

coefficients from the mean values given in Tabkle 1, it is
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seen that the distributor gives a 38% increase in k,'a at

1
the low stirrer speed and a 7% increasc at the high stirrver

speed,

To test whether these increases are significant and

not due te chance experimental errcrs, the t test was

applied.

v

R | B 2 S, = =

ComparlsoniﬂP/ft3 . 57 peol ; G ?1—x2'; df t tc

| - | e s
.110/,11 | 0.56 | ,00178 |,0420. .03 . 26 1.73:2.0

| | o | 057
.31¢/.31 ; 0.134 ; ,00103 ;.0321 .12 | 22 , 9.7 ‘2,8

? g | ! | @17
e AU PR e P IR whe e e el
Table 6,22 Distributor Jignificance Test

where §1-§2 = 1n (———) - 1n (———)
Cp—Cyg 1 Cp~Cq 2
n
s%p001 = 1 s> (Inr, -1n ri')2
n-3 i=]1
whkere ri' = 3 parameter predicted production

rate the i th cage.

and t = X. - X n.n
B - T s -

el
< ' ny+n,

where subscripts 1 and 2 refer to the distributed and non-

distributed systems respectively,

The imrmrovement is significent at 886 rmpm since t is

greater than the critical value,te, but not at 1420 rpm.
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The increase. in the transfer ccefficient suggests that

the initiél drop gize 1is an;imyzfiént factor in the
nechanign 6f'hydrate forma%fbn'ﬁélow a certain power inpus,
It does not however indicate that mass transfer takes

place necessarily from the liquid droplets, tiough this
could Be one interpretation, The alternative explanation
is that smaller agent drons give rise to smaller bubbles

and consequently the interfacial area of the gas phase is

increased.

The order of the effect on the over-all coefficient
is the same as that observed by Karwet (65) in the
conparative study of single and sparge tubes in gas-liguid
contacting, with change in powver input (section 5.36).

Varwat showed similarly that the distributor had a

recuced effect at Liigh prower inputs,

The results dc¢ indicate thet & real rroecess rust
incorrorate an effective distributicn systern to save on

nower requirerents,

Effect of Power on the Qver-all Coefficlent

Figure 25 shows the effect of the power input on the
hydrate transfer coefficient at different sucrose conccn-

trations, The power input was taken to be the power



consuned in a non-gassed systen, In this way it is
possible to describe the power effect in terms of an
independent parameter, the stirrer speed, rather than as
a complicated function cf the gas flow rate (ecuations
(25) or (26)). For the same reason the reactor volume
Vr’ 2 dependent variable, is rot considered as a separate
term, The gas hold-up teri is included in the cover-all
coefficient, hence eguation (56) becomes:

r

H

> t A — — -
k' (Cb cs) (78)
where A = total interfacial area

The relaticn between a and A will be shown in section

6.261.

it can be seen from figure 25 that the dependence
uron F is enproximately constant over the sucrose range,
The actual dependence was determined fronm least-souare

fits at each sucrcese concentration:
0,87

rior = 1.76 % 10% 85T 457098 pg
%
Figg = 5.36 X 10° 045 A p0.16 A (C.Tk
A -— A
Theq = 1.21 x 10° go-44 Ap~0.04 5 0.94
3 .0.42 —c.21 0.58
Tuoq = 1.59 x 107 B AT AC
whe LY _ —
where AR Tr Tl
:’.‘%C = Cb—cs ‘
-9 .3 N 3
and E = 0,70 x 1677 N°/V (5.p./£t%)

1
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figure 25  Over-all transfer coefficient versus .power input

for all sucrose solutions
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The error variance oné telerance lirits on the

estimates of the rowver exronents sre shown in Table 6,23,

S —— _ . : e NI
: xf S8 i Bata ;sz § IL'ean Tolcrance ong
g, | points | ¥ | 7, E exponent |
" ‘ ; § i deviation ‘
i e é» T e _-.-__m..AA,E-A_.«._A«“_“_..,.—\I\- [ e PR ﬁ‘
P 10.,1067 ' 855 | 20.9 | 11.5 + 0.08 !
i ; 3 | i !
, 18. 1} 551 | 49 s 12.2 7.3 + 0.06
% : i

28. 1 502 {60 | 8.9 | 6.8 + 0.05 |
) I : t i
| 2. | 817 {20 1 20,7 i 11.2 + 0.10 ;

Table 6,23 Tolerance intervals on rower exponent

From the error variance colurn it is scen that for
18 and 289 sucrose, the errcr variance is similar to the
exrerirental error variance given in Table 6.215. At 10%
and 42% however, the error is larger =2nd the exponent at

1¢% differs conciderably fro:w the cther estimates.

It a3

4

3

cars that the rover dependence agroes fairly

L

well with the exronent predicted by equation (46), or

variations of this equation depending on the literature

correlations selected, The differences mnight te explained
by the absence of gas helé-up 28 2 variable, The pressure

correcticn ter= AT provides a better fit than the three

parameter nodel, but the exponent varies substantially.



174

6.24 Effect of Swerose Concentraticn in the Over-all Coefficient

The effect of. sucrose on the syster has alrcady been
partially accounted for in model (75) etc., since the
cencentration driving force depends on the freezing n—eint
depression and on the salting-out effect of sucrose on
freon solubility. In addition to these corrections, the
over-all transfer coefficient clearly depewnds unon the
sucrogse concentraticn, as secen from the curves at constant
sucrose in figure 25, The only veriables that change
markedly with concentration are viscosity and density,

The interfacial surface tension, a factor which is of

great importance in establishing the balance between
coalescence and shear in a two phase systeri, changes only
a few percent over the entire range considered. The
"variaticn of viscosity and surface tension with temperature
and sucrcse concentrotion i1s considered in the Appendix,

section G3.

A gravh of the pressure-corrected over-all transfer
coefficient against viscosity is siown in figure 26, 1t
arrears that the cocfficient is nearly inversely pronor-
tional tc the ligquid viscosity up to 28% sucrcse, after
wkich the dependence changes significantly. It is clearly

inadeguote to trcat the data 2t ccounstant stirrer speed in
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cne group. For exanple at 142C rpm, the hest fit for a1l
sucrose cohncentratiocons givesi
_ . 3, -0.32 -0.25 .72
Tian0 = ©6.55 x 1677, AT AcC
This gives an error variance of 55, far greater than the

experimental error imnvclved, so the sucrose range 10 - 28%

is considered separately:

_ 4. -~0.88, -0.11 0.95
Ty400 = 3.65 x 10 "1 V) FAN o

- .a3, =0.76 . ~0.07, ,0.79
Ti940 = 9.16 x 10 LA AT o0

_ - 3 ~-0,66 -0.05 0,90
Tggr = 9,70 x 10 "1 AT FAN o

The error variance in eazch case is close to the error
variance stated in section 6,215, a wean deviation from

the sodel of 7.7%.

If the neon-linezr dependence on (cb—cn) were renlazced
o3

53

¥y a linear model, to cownare with model € in the unceteady-
state section, the exmonents of the viscosity would become
-0.93, -0.98 and ~0.72 in order of the equations given
above. Thesc values ccormpare favourably with the values

¢f B shown in Table 6.11. Since the effeets of the slurry
viscesity and the liguid phasc viscosity are sinilar, the
crse for using the former to simulnte the temperature-tine
curves is strengthened, It is intceresting to note too
thnt the ch~nge in the dependence on viscosity at the

higher level of the sucrose scolution wns observed in the
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unsteady-state runs. Clearly the nethod of arprosnch

in section 6.11 is justified.

The change in the dependence upon viscosity above
30% sucrose was not expected since the Calderbank
correlrtion for the rass transfer coefficient, equation
(40), was stated to be velid up to o viscosity of 80 cp.
It does not appeon however, that the rate deternmining step
chnnges at the higher viscosity ronge, since theée over-all
coefficient is dependent upon the same power exﬁonent’as
at the lower viscosities, Rather it mayvbe concluded
that the mass tronsfer cocfficient has o different
dependence on the viscosity due to some interaction with
the bubble or droplet sizes. As the viscosity increases
both Calderbank and "esterterp (53, 30) have shown thot
the bubble size is decreased. Harrictt (gg) has shown
that the effect of viscosity on the mnss tronsfer
coefficient is reduced ns the porticle size is reduced,
Taking the casc wherce the mass transfer coefficient is
dependent on the viscosity only as it zffects the
diffusivity, the ccocefficient becomes dependent on the
~.41 to -,30 power of the viscosity. it is probable

that this type of effect may be the explanation for the

cbserved experinentnl trend.
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6.25 Heacticn Rate at Cornstant Dre sure

Since it a-neared that the distinction hetween the
pressure correcticn teriis in equations (75) and (76) was

inprecise, a further tect wes carried out on the ex eri-

ental data.

The interaction between the effects of pressure and
yield dis due to the change in the total differential

(7 ~T1) with pressure, Because this total differential

C

alsc changes with the change in sucrose ccncentration,

aralysis of constant pressure data pay be informative.

-,g

~ N .
the experimental work was arranged to provide 34 data
peints at coenstant Tressure and varying sucrecse concen-

tration in the desigp table 3.61, Three forms were

conasidered, ecuivalent to cguetions {74), {75) and {(76):
O 45 -0,63 0.82

ry ™ 111 TTAC 12a37.
) - N 9 )
l"z ) EG'45"L1 0'73AT 0015A00¢79 . 1235
C.45, =0.55,7 .. 0.82 1304,

1‘3 el Ak )'l_ 1 ( /.‘t‘* C

The sun cf squares cof errvors are guoted for e=ach

expresgsion, The exponent of (Tr—Tl) in the second
expression is of iie order expected from the parareters

given in Table 6.212, but the decrease in sum of sguares
arising from this extra perameter is insufficient to

justify its use at constant pressure. The exwponent of
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. P/ . .
the correction term (*/FP*) is very different from that
considered in equatlon (76), amnd the inerease in the sur
of sguarcs renders it unsuitable. It appears therefore

that the rate is perhaps dependent upon the absolute

pressure.

Corrclation feor QOver-all Transfer Cosfficient

The effcets eof the variables were conbined in a single
expression for the ratc eguation, Initially all the

batch data, with the excertion of the Jdistribution runs,

vere shown to give the expression:

r = 8.10 x 103 g0+%0y Te30 e 23, 60T
The mean deviation frem this equation was + 13.4% with
209 data —oints, The nicdel is vnsatisfactery sincce the
dependence upcn the liguid viscosity hes been showm te
change with sucrose ccncentration, Several alternative
forms were tested, incorporating the concents presented
in section 5.3: 1In varticular the kichel-Miller
correlation for gassed poier input, equation (26); a
bulk density tern, eguation (24); a gas hold-up correction

hn)

equation (46); and the liguid phase density. Tack of

these additional paraceters causcd the error variance to

increase,
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The over-all coefficient was establisked fer the
range 10 to 30% suercse with greater certainty. The
best rate cxwression for 164 data roints was:

v = 2.3 x 10% 5090 7-T0x 7708 3 0.85

. -(79)
+.04 4,07 +.06 +.05

The estimate of tle error variance was 18.5 and the mean

veviation +9.27, T™he 5% probability tolerance intervals
are given below the paravneters. The rate ecuaticn is
4

valid for evnolds nurbers in thc range 1.5 x 107 to

5.7 x 10°,

jas]

Te obtain the relotion for the over-all coefficient
atatcd in equation (78) an eguivalent exrression to (79)
wae terived, lincarly dependent uron (cb—cs):

r = 6.57 x 16% 59505 789 pnm%%n e (20)

The precigion of the experinental fit to this egustion

{(Geviation +1C.1%) is shown in figure 27 for nine data

tlocks, Corparing with eguaticn {78):
T E0.56,,11-.89A p=+04
now kl'A = kl'aVr
and V. = V4 ¢1-1 , where V, is constant
hence: klha 'EO'567[1-'89£VT”'04 24

To evaluate the manper in vhich ﬁl dependcs uron the sys

variables, the data was Titted to the original equatiocon
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(56), hence:

k.ta L 30.118 1"{‘1—‘85[_3 T—.O3
and n=0,.08 .04
and ¢1 ~s 1_1 - - (81)

The total errers arising from a fit to worustion (55),
mhich reguires an exreritentally measured valuce of Vr,
vere identical witli the crrors based on (78} which is

inderendent of V_, Consecguently tlie use of eguation {78},

4

which is preferable, is Jjustifiad,
Fren the correclaticons in secticon 5.3 it canm bhe shown

that the over-all coefficient is linearly dependent uton

tize licuid phase density, Thias could not be demonstrated
with the exverinental results, Substitution of the

continuous nrhose censity gave:

0,47 -.93 -,03
TR . [ ey 4 . ’
Ll a8 ~ K f&’1 EI&T _
with oan dncrcane in the sum ¢f sauores of errors. Neithor

could the c¢ernendence upcn the gas rvhasc heold-up be sheown
to agree with the exrected trend, cqguation (46), A

leact-sguzres fit gave:

»

w t
o a ~ 4

’?6'62"”21"81 g =45 5 g .08

m

ith a sirdilar ervor ~s given by ccuntion (8C), wheress

e study by Vermeculen {(55) shewed that the over-all

ceefficicnt was ~roperticnal to the sguarc-roet of the

dicrersed phase hold-uny This unexwected trend may be

due to the insensitivity cf the method of least-sguorces
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with a lerge nunber of warnrmeters, When the egquations
are linearised in logarithmic terns the errors becone

ratiocs rather thanp true differcences.

Gas Zold-up

The demnendence cof the hold-up con the gas lead wag
given by Calderbank (53} in cguoation {30), and disputed
by “eaterterp (gg). In the LIycrate reactor the pas hold-
up was shovn to be indepcendent of the gas flow rate, thus
agrecing with Testertern's conclusicn for the regime with
an agitation cffceet, From the resuvlts in Table II it is
shown:

.45 -.22
o~ FI.‘ P ] —- 82
?e o 1 (82)
Thie exponcnt of the jower inrut agrees fairly well with the
Calderbank eguation {30), though Calderbank enployed the

cessured gasscd power input,

Fractional Factorial Design

6.262

The original design cernvisaged in section 3.6
stipulated thnat all the cxperiments in the factorial design
were to be perforred, The subsequcent analysis has shown
tize only interactions to be between the effects of pressure
and (cb-cs) and between x, and %y, 8o the nurber of

experiments night have been reduced substantially, in
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the cose of a future application, whieh invelved a
different agent and o diffcerent agueous solution, a

fractional factorial design would be adecguste,

As 2 corparative toest a group of 24 data, cguivalent

&

te » froetional design of 2 4 varisble problem, was

s T

scleeted from 164 itens in Teable IT with the ~1id

[
=
=
s
=
jah
O
[

rumber tables, Thie geleected data were then fitted tc 2

d
similar form of cquation (78):
A C.022

0.48. -.81
= M1

+.12  +.18 4,23

7 -20 p¢

Tr AN

.15

i+

The estinate of crror varisnce wags 18 and the ncan
deviation 10%, The tolerance intervals on the ntaraneters
are ccnsiderably greater than those given by eguaticn {(79)
which used ncarliy scven times ag ruch information, but the
forn clesely reserbles (79). It may therefeore be
concluded that o fractional design weuld show clearly the

main effeets of the variables.,

Analysis of Steady-~state Iata

The results of the steady-state runs are given in
Aprendix B, headed by a suwauary table (VIII) which gives

the mrain variables and tie cocde for the sets of runs
presented in Tables IY to XIII, The fivc sets were

designed to: (i) check vhether the rodels deriveé in
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section 6.2 were reuresentative of steady-state cperation,
(ii) test the effect of Vr as a parameter, (iii) evaluate
the performance of the reactor with a single rather than
dual impellerj Variables r, P and ¢h were considered

for each set,

The tabulated data include the sucrose feed rate and
feed temperature, the steady-state sucrosé conversion, and
the temperature and concentrzticn driving forces, The
production rate, column 12, was determined from the sucrose
mass balance, esuation {72), which alsc gives the estimated
reactor kest load in column 14, The net cooling rate !
was calculated from eguation (73); the freon feed rate
was entimated from the Zotameter calibration cruve, figure
A13, and the total heat leak Kh was given in Table VIII,
Thus the comvarison of columns 13 ancd 14 gives the

agreement between the net heat absorbed and heat released;

onn average the figures zgree to 15%.

The analysis is divided into two narts, Firstly the
study of the individual sets, and secondly the effect of
thie special variables, The flow reactor exveriments were

carried cut at constant sucrose concentrations,

6.31 Incdividual Sets of Sata

The five sets of results in Table IX to XIII were
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fitted to the rate equaticn (74) which assumes the over-—
211 ccefficient to be independent of P and ﬁh. The
analysis is shown in Tablc 6.311: The errors and telerance
intervals are large and the rate is clearly dependent urnon
pressurc, The data were therefore fitted to cguation
(75) and thc values of the three parancters are shown
together with the rospective errors in Table 6,312, The
analysis of variance test was performed with these results
and the F value ig given in columﬂ 8 of Table §.311: 1In
four cases the improverent of fit due to the parancter

k
(Tr—Tl) 3 was gsignificant at thce 1% nrobability level.
Eoth the irprovement*of fit ard the <denendence unpon
(Tr—Tl) ia greater than in thc bateh runs; this ray be

due to the difference in exyorinental technicue.

The single impeller runs (S4) were compared with tho
dual systex (S2), operating at the same impeller speed.
The ratio of the pover input for the two cases was 1 : 2.9,
see Table XXVI Appendix G, althcough Bates et al (31)
predicted a ratioc of 1 : 1.5, Tho effeet of power on the
cver-2ll cocefficient was denonstrated in a sirilar way to

scetion 6.23:

C.82 69

r o~ E AT 16 A0

The higher dependence upcn E comrared with couation
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{79) confirmed that the excessive feaning which was
ocbserved at the surface of the reacticn mixture with the
single impeller was indecd crcusing bad distribution of
thie liguid 2gent and a low value of kl'a. It wase thié
effect that first indicated the need for 2 freon
distributor: S8 represcents the ropetition of runs 54

with a nerforated ring distributor.

Cormpering the niean values of kl'a for 54 and 85 in
thhe manner of the significance test in section 6,22, the
runs with a feed distributor were shown to give a
clignificant 25% improvement in kl'a at a rower input of
¢.192 E?/fts. This compares with a 38% improvement at
C.134 HP/ftB in the batch rvns; the extent of the
inproverent is dependent upon the nower level, It appcers
that at the low power inputs the turbulent flow field
fails tc shear the agent feed streaﬁ into @roplets of the
erquilibriun size predicted by Weber number correlations,
The equilibriun drop size is cnly arproached with prior

break-up of the feed by a distributor,

The depcndence unen (Cb—cs) appears to be non-linear

Tor beth 84 and §5. This is =zzeain ¢ue toc the foaming
conditions at the gas-liguid surface, As the total

differential (TC_T1> is increased the gurface offers

greater resistance teo the agent feed, since solid hydrate

2



ig pleinly visible con 'frozen' bubbles of gas undisturbed
by tize action of the dimreller. Tiis effect crugccs 2
decresse in the value of k;'a ag (Tc—Tl) is increaged ond

rcsulte in the noen-linear Jercndence on (cb—cs).

Sets S1 and 82 represcnt a change oFf 107 in the heigh
B [SgS /

of elurry in the reacteory; the stirrer speed and gas hold-

um were the came in each case. Alt*cugh the value of

kl a was shown to be 37 greater for the graller reaetor
velure {52), the differcence woe not significant. It is
shovn in Appendix G and figure A 23 thot the rower comnsumed
in the dual imreller system is a function ¢f the height of

liguid in the rezctor; hence for the two cases congsidered

herc the rzower dissinated ner unit volume is approximately
the sore. It would thierefore be cxpected that thoe over—

211 coefficient vould not change.

The change in power invut with licuid height is
considered to be due to the proxinity of the uprer
immeller to the licvid surface, a factor which was not
talen into acccunt at the design stage, Tith the single

lower irpeller orerzving, the effeet is nct arrarent,

=4

fer Ceoefficicnt

=i
]

ect of Toier on {(ver-=2l1ll Preon

Tae host-fit ecustion for all rung execluding 34, io

given tv:
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3 0,51 0.78

r = 7.0 x 1C° E 6T 2% ac - - (83)
+425 +.10 +.21
The 44 data recints and the best-fit line are plotted on

Tigure 28, The rean deviation fron the jicdel is 49.4%,

©

and the model itself bears o clcsc resemblance to equation
(78; derived Irom the batch results, Upcn substitution
of the Michel-Miller ccorrelation for gassed pover,

eguation (26), the expression becores:

0.42 ~-.15 0.7
r ~ [ LT ACT* 2
e
7 .
with a mean deviation of i12.3%. The factor “/P* gives
a significantly poorer fit than ccountion (83),

-

feet of S5olids Fold-un

ety

s}

.

Througiout thce sets ¢f experiwments, the residence timo
was varied to obtein the reaction rate for different
vailues cf the stesdy-state bhold-up of hydrate crystals,
The sclids freetion was zctually varied freom 9 to 277
(see ecclumn 8, Takle 7). The reaction rate varied very
little with gh and it —as not possible te correlate the

small change in terms of the HZataschek viscogsity, 28 was

done in section 6.1, Tris wes unexrected botl because c¢f
the beoteh results ~nd the results of previous worters,

Yoprers and Fangborn {24, 21)4 who neoticed o significant
chanpe in reactor —erforiencc with a clhange in the

resideonece timo,
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The atsence of an effect inm this work is ccornsidered

e te the chiange in the gos those hoeld-up with

oh
,\—4

to Te
solics froetion., Ao the rLydrote hold-up 1is increcased

the viscesity incresses and thercfore by ecuntion (82) the
gas held-up decrceases, Since the nower inTut is o
function of the bulk fluid density (cvuation {(24)) whiel
incorporates the gac hold-up, the rower invut rer unit
veolure increases witlh solids fraction. The net result
being that the reaction rate sitoys apivroeximately censtant
even tlough the solids hold-up may have changelsubstan-
tially, It ie thought thie problem nay be exaggrerated in

this syster by tize nanner in which power derends on liguid

height, The abeove argu—ent is not relevant to the batceh
runs in which V1 is clecarly defined,
Bfiecet of Sucrcse Feed Tonrerature

The hasis for ecustion {75) is that the teru (T -7)
exrleins the obscrved varistion with nreseurc and ie
thieorctically vrogosed on tihe grounds that the recction
rate Tay Gepend upon the area of liguic frecm in the
syaten. Since the latter is cdervendent upcn the heat
transfor characterigtics of the stirreld reactor, oo etiod

of testing the rodel was dJdevised which varied the heat load

independently of the frcon flow rate by adjusting the
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sucrose feed temDaratures If ths sucrosce feed temperature
Tf is increased at a constant agent feced hen.by ecusntion
(73):thu recetion roate is “cerensed, Govever thie over-—

all coefficient should be increzged since the hold-ur of

agent per unit reaction rate ias increased, iuns 12~14,
Table XI, considered a ckange in Tpy but the resultant

change in kl'a was not significant,

Togcther with the rosult in section 6,25, this new
i

infermation suggests that peraons the tern (Tr_Tl) is
r

ginply 2 convenient pressure correcticn parameter and that

tlhhie reaction rate is inderendent cf the liguid agent phase

hold-up.,

-

Comparison of Z:ztek ond Fleow Seactors

It has boen deronstrated that the effects of the

parameters are approxirately the sare for baten and stenliy-

atate oneraticn, & ceorparieon of the relotive mogrnitude

of the regsults wos wade ~ith the FTetaelel viscogity ag o

e

+0.42 +0.20 +0.18
This result for sets 51 and 52, and bhatel results .11 is
shovm in figure 29. The agreenent is fairly satisfactory

but the vagnitude cof kI!A arrears to be slightly greater
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for the bateh runs,

Fropane Hydrate zxrerinents

The detail of the exnerirental worlk ig giver in

Amrendix C together with the nethod, egquilibriun and

golubility <data, A hicat sind nmass tolance and reactor
cwerating conlitions are pregenrnted in Tahle XV, The set

[©]

of runs corrceponds exaectly to bhatelr block ,11 with the
dunl impeller ogitator, ard the cxperiments were scaled to

rive avroroxinately the samne trefuction rotes as for the

{

frecn runs, The rean opcrating data are:

]!
I

38,2 (g/rin)

cy-c, = 3.74 x 1073 (g.r01/1)

0
lr—Tl = 2,02 °C
he arelysis wog cerfornad with e-usticns (74) tc
’ . N
(TT) and the results are vrecented in Table 5.4, Clecariy

eguation (75) gives the “ect fit to the data, significant-
ly so when correred to {74} ané (76). The expression:
n3 .96, ~.28 .
r = 1¢. x 10 (cb—os) \ArnTl) - - (84)
ig plotted in figure 30 together with the frecn rcsulis,

blcek ,11. Two conclusions arce drawn. Firstly.thke ratc

4

ex regsion is very similir to that rredicted in the frecon
ex-erivents and,secondly,the itean over-all transfer
cocificicent for the freon svster ie a faector of 3.1 timee
larger than for the prcpane systen. The significance

of this difference will be diccussed in Chapter 8.



Takle 6,4 Frorane Aydrate Analysis
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Hucleation, Decomposition nnd Filtration Hesults

Three acdditional -torics ere investigated which,
though relevent to the hydrate prccess, are not directly
concerned with tiie subject cof hydrate kinetics, The
asrect of nucleation considered here is the variation of
the spentanecous nucleation termperzsture with reactor
ceonditions. ¥o data on the rate ¢f nucleation is
rrescnted for it wes counsidered that neasurerents of the
crystal size distribution wag beyond the scone of this
work, The deconpogiticon study was underta¥en to verify
conclusions reaclled in sectiorn 4,22 and the filtration
experiments were conducted to determine whether hydrate

crystals could be washed free of mother liguor,

The Cnset of Spontareocus Hucleation

The spontaneous nucleation itenverature T shewn in
the ternerzture-tine curve in fTigure 19 is the terperature
at which the initiation of tie transfermation of an

nstable phase to a nore stable phase ccecurs. This
terperature was measured during each batek run (colurn 6,
Table II), conscquently the analysis presented here is a
by-product of the tatel exreriments., The sucrcse

sclutions were unseeded but, although a 20 micrcon nore
) £ 8

size Tilter was used on the sucrcse feed line, this did
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not execlude all Fforeign natter,

It wee obsexrved that ar increase in the cooling rate
(the rate of addition of liguid freon) caused the spon-
tancous nucleastior te persture to decrease. This is
skown in figure 31; the subecococling, Tc-Tn, is plotted
arcinst the cooling retve, {, for different sucrose
coneentrations 2t & cemnstant agitation rate, The subk-
cooling required for nucleation is shown to increase with
increasing sucrose, concentration though the effect of

cooling rate rewmains constant,

The effect of stirrer erecd on subcoocling for 10%
sucrose soluticon is shown in figure 32; increasinpg the
atirrer speed decrcases ithe reguired subeccoling. Since
thhe nucleation termperature was reproducible aund its
derendence upon the ccoling rate wons guite pronounced, a
medel vas devised to correlate the subcooling in termg of
the reactor variabiles, The follewing eguation anneared

the rmost satisfactory:

2
To~Ty = ayf (W, 7y, @q) + 2,0 + 233

where 8y, @ and a, are nuncerical constants,

Tnis exwmregsicn confor;s tec Ting ané eCaba's

—
@
R

T

interpretation of the Tstwald concert of a metastable

Timit, Ostwald defined two arcas of the superssturated
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figure 31 Plots of subcooling at nucleation versus cooling rate
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state: The metastabtle region in which inoculztion was
necesgary to start the crystallization process, and the
labile region in wiiech the sclution vas carable of
crystallizing spontzanecocusly. The line of derarcation
wetween the twe states was called the wetastable limit,
Tivg and MeCabe showed that there was no unique metastable
or supersoclubility lirit, but that the transition state
wes a function of fectors suck as the mechanical stinulus
to cryetallization, The true metastable lirmit in the
noove exrression occcurs at o = 0 2nd 2t a stirrer sneed

Leyend which reclanical stinulus has no effect,

Initially the results ot cenrtant sucrosce concentro-

tion were fitted tc the exnression:
a o

- .2 P
T =T = a,N 7 + 2y0 + 8gL" (*Ll constant)

c n 1
A conputer prograoume roged on a kill-climbing technicue
70g used to regrerce for the pararcters LN to Qg The

regults for cach sucrcec level ~re shewn in Table 7.1,

]

wiere @ is neasured in cal/sec., N in rov/sec, and 24 is

a functicn of the sucrose ceoncentraticn, viscosity, cte.

H

. Xp a, ‘ ay : 8y g . data lean %
! s | » : . points.deviation
iy i) 3 N

.10 ¢ -,19 2.1 2.88 © ~,1086 55
b8 0.58 0,17 3,63 -.151 , 49
i 28 4.32 ~0.81x10°7 6.75 -.325 , 60

4% ¢ =.34 ; 5.68 2.80 -.083 29

*
SO @® W

.
H

g @ & =N
*

j i

Table 7,1 Best-fit rarameters for subecooling correlaticn

[
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There is an order of magnitude agreement between the
parameters for 1C and 42% sucrcse, but the change in the
.
value of a, suggesits that the effeet of stirrer speed is
not the same for exch concentrstion, If all the data are
fitted to onc correlation with viscosity as a variable;
the exvression becomes:

2

29, 2.80 ¢ - 0,106 ¢

wr—a 24 0.
T -T = 2,28 g - - (85)

c n
Ti.e nean ceviation frowm the woliel for 209 dnta points is
i8.1%. Several other forms of equation (85) were
considered, including the substitution of other parameters

such 2s the mean density of the three phase syster, but

no significant improverent in fit could be achieved,

Ne rarticular fmportance is attached tc the numerical
constants in eguation (85); e expression is sivnly used
to provide an estimate of the effeets of the main varisllcs,
Th: first term resembles a function of the Reynclds nunmber,

indicating thiat the degree of subcooling required is high

when the ratio of shear te flow is lorge.

The nodel suggested in ccu~tion (85) was completely
upget when the spontaneous nucleation tenperature vas
neasured with the freon feed distribution in cperation
(runs ,11¢ and ,31C). The distributor, sited in the gas

pace above the acueous phase, was splashed with aquecus

jer)
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soluticn as freon bubbles left the surface, Droplets: of
solution encountering coeld liguid freon on the copper
distributor tube, at 2 tecperature far below the nucleaticn
temperature, forned atable hydirste nuclei, dydrate
crystals dropped back inte the rezcter to nueleate the

bulk phase at a higher tempersture than before. This isg

@ ively o eding vrcecss; e hydrate nuclei behave
effectivels gseeding ¢ esg; the hydrate nuclei bel

3

&6 more active sites thon tie feoreigrn particles,

Intorpretation of the Wucleation ERcsults

Heterogencous nucleation is initioted by foreign
nuclici and is due to the catalytic sffect of their surfoces
a8 vrell as the walls and surfaces of the reactor, if
the variability of the spontanecus nucleation temperature
is coused by chance, then at o slower ccoling rate one
vvenld prediet a higher nucleation terperature than at o
faster creling rate: The probability of inducing 2 nhase
transition shonld incresse with tire, This is Jjust whaot
28 heoen cohserved exverinentaily, so it is concluded thiat
the nucleation rechanist. invelves the chance simultaneous

occurrence of gite and environment.

This mechanisit is centradieted, however, in the
results publisbed by Sherwood et al (72) for a sinilar

thrce phase systen, Here the spontanecous nucleation
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temperature of ice, in the systen iso-butylene evarporaiting
in salt sclutions, was shown to be indcpendent of the
cooling rate.. The nucleation temperature was regarded

as a fixed temperature, indeperndent of ckhance, to whick
the active sitcs had tc be ecoled to initiate nuclesntion,
Frou experinents in which potassium chloride was depositod
from soluticn ot various ceooling rates, VWelia and Veffitt
{13) confirmed the basis of eguation {85). Kelia showed
that the induction pericd decrceased with increasing
cooling rate and that the required supersaturation for )
nucleation increcased with cocling rate, Further evidence
for the derendence ¢f nucleation on the rate of cooling is
given by Ting and JcCabe (§§} frou exyperiments with

magnesiun sulphate.

e rrccess of nucleaticn is visunalised as the result
of foreign matter ccatacting cold aspets in the resctor tco
nrovide active nucleation sites, The effecct cf the
stirrer speed in equation (85) may be explained by tkhe
increase in the circulation rote in the reactor with an
increase in N, Tiie inecrease in circulating fluid
increases the prebakility of meeting an active celd site,
Alternatively the explanstion for the change in the valuc
of a, shown in Tabkle 7.1 nmight be that a decrease in

stirrer speed increases the size of cold eddies of fluid
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or area of cocld freon, and hence increases the probability

i

of nucleation.

The purncse of this secction is twefold: Firstly,
tc exanine bricefly the roechanism of dissclution as opposed
to grovth of hydrate and, secondly, to confirm the

reasoning given for the differing results obtained in the

7.2 Decompcesition Studlies
phase diagran studies,
7.21 Experimental Procedure

A 500 watt he~ter was inctalled in the 5 litre
renector, with the clerent in the neighbourhoeod of tle
irneller, Lyvdrate was prodvceed in the reactor under
norrmal bateh conditicns to give ap arproximately 15% slurry

-

in 10% suecrosc scluticn, A rorticular stirrer speed and

heat load were scelected and the nressure was naintained
constant at the chcsen level, A variac and wattneter
were uscd tc control and meosure respectively the heat

input,

The reactor tenperaturc was neasured with the therio-
couple nrobes and the steady temperature was recorded.
Sanples of ncther liquor were withdrawn at tined intervals

and analysed (Table XIX), Eaciki run was chechked by
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conparing the heat in-ut, correctgd for the heat leal and
power cissipation terrs, with the rate of decomposition as
nmeasured by the change in suwerose concentration, A&

speciuer calculation is given in Appendix D together with
a sunmnnary of the 15 decompoesition ruﬁs, Table XVIIT, The
exverinmental study was not extensive, bheing limitecd to two

stirrer speeds, 880 and 1420 rpm, and 18% sucrose golutions,

Comparison of liass Transfer in Decomposition and Growth

A prelipinary analysis of the runs at 880 rpm for 100
and 2C0 watis heat input, Table XVIII, showed that a2t
ccngtant pressure the deconposition rate was linearly

cependent on the superkeating (Td—TC). This suggested

~

that the process of decomposition misght be aralogous to

tiic nechanisrm of dissolutien of crystals in solution,
Initially, therefore, the rate of decomposition is
considered to be limited by tiie tronsfer of zgent from the
crystals whieh ere supersaturated with resneet to the

bulk sclution. The dcconmTosition rate fronm hvdrate

crystals may be expressed:

ry = kgh (e -c.) - - (886)
rs = rate of dceconposition (g. of water/min. )
k, = mnass transfer ccefficient (units as eq.(56))
c,. = ccnecentration of agent in equilibriun

with aguecus phaso at T,,P (g.mol/1)
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It is agsumed that since heat transfer is a2 ruch faster
wroecess than mass transfer, Cg is the ccncentration ¢f
agent in equilibrium with the hydrate crystals at the
deconposition terperature Td’ and the eguilibriug pressure
Py, (see figure 35). Since there is no counterpart of the
surface reaction step in discclution and the process is
controlled omnly by diffusion, kd is a true mass transfer
coefficient, This was confirrmed by Lal (75) in

exrerirents on the dissolution and growih of potassium

chloride crystals frowm sclution, Under certain agitation
conditions the deposition of votassium chloride is a

surface reacticn ccnirolled nrocess but the raote of
disscliution under the sarce ccnditicns was shown to be

fzeter and independent of the surface concentration e ffect.

The use of = combined diagram to represent grovth and
evaporation rotee from melts waes suggested by Kitchener
and Stricllarnd-Constable (1&): Suel diagreans have alsc
been used to relate greovith ard disscluticen rates in
scluticn, If thc hydrate growth rate was linited Dy a
diffusion vrocess at the crystal surface, ithen the grovth
and deconmpesition nlots would be nmirror inages, Although
this possibility has already becn rejected by the analysis

in chapter 6, tre results are conveniently conpared on a

grovth-dissolution plot,
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Figures 33 and 34 skow the two sots of curveeg for- tha
two stirver smheeds considerced. For the case cf constant
pressure the graryhs verify tihe linesr dependence upon

cencentration driving force indicated in equntion (86).

v

be over-all transfer coefficient for decomposition apncars
te be a factor of 2.5 tires greatcer theon that for grevth
at e¢ach sreed. This confirme thoe hypotbesis thot during
growth thzie rate controlling step, a glower process tha

the integration of freon inte the hydrate crystal, is the
rate of tramsfer of agent frow suspeaded dreps cor bubbles.
The alternative cxrlanation for the difference between the
two curves, that the siower grovth nreoceas entails a
surface reaction nechanism, is neot valid, The growth

rate nas bDecn clearly shown tc De a diffusional ncchanisn

in ckanter 6.

P

e effeet of Fressurc on Deccrmpesition

&

The rate of deconpositvion is shown in figure 33 to

derepd unon nroessure: As the deconpesition pressure is
increased the Zrivinpg force reguired for a given

disscluvtion rate is deereased, The interacticn of P

(cn—cr) is shown in figure 35 {ef. Tigure 24).
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figure 33 Comparison
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at 880 rpm.
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figure 35 Interaction of P and (CS—CI)

The ccnditicons during = typical rur are shown &8 the
a andg

reacter pressure 7, The iine EF is an cperating line,

circlead

3

oint at F, with a slurry temperature T

renresenting a constant rate of decompesition, Clcarly
equation (86) is not an adeguate description of the

decorzposition process,

The classical approach to crystalliZation soretites
nakes use ¢f a surersaturation term whickh is defined as
the ratio, s, cf the ccnecentration in sclution to the
saturatecd ccncentration ot the same temperature, in the
case of deconpositicn, the saturated concentration is

eguivalent to the apgent concentration in the continuous

]

rhase and egurtion (88) becones:

rg kalh, (s-1)

where S = ¢
s/c..
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figure 36 Plot of pressure-corrected decomposition rate
versus driving ~force
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Llithough this suggests that (cs-cr)/cr or (P, ~F)/P may be
a better parameter to use in ecuation (86), bothk these
termes tend to exaggerate the nressure devendence shown in

figure 35, rather than correct it,

One methed of 'normelizing! the concentration driving
forece is to introduce the rstio P/P*, where P¥ is the
equilibriun pressure at the invariant point, This is the
Torn used in eguaticn (76) to describe the variability of
grovwth rate with pressure, Tne foactor P/P*, tabulated in
cclumn 11 Table XVIII, inproves the fit relative to
equntion (86) though the errcrs arc still greater than
exrected, ecver when handling such snall driving forces,
The alternctive 1is that the deccocmrositicon vrocess deponas
on r nigher pcwer of the wressurc, 2n the basis of tiwe
concliusion to s.ection 6.25, ap absclute pressure term
rather than o pressure rotic was enployed, and a lesst
sgaurcs fit gave:

ry o~ (eg-c..) p2.4 - - (87)
The corrected Jecomposition data are shown in figure 36,

This conclusion is inportant since it infers that

both decomposition and growth processes are a function of

PYessurc, tane

o

the tern (Tr—Tl), whilst being a
satisfactory correction for the pressure dependence in

hydrate growth, can no longer be justified in terms of
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tne leat transfer medel originally proposed, A suwrnmary
of the growth medels corresponding to ecuwation (87) is

presented in sceeticn 8,1,

Experimentally it was shown that the superssturation
reguirced for decomnositicn did nect vary with the cryvstal
hold-up; a2s the hydrate was decomnosced during a run the
slurry tenperature remainced censtant, Twe explanations

are peossible,.

0}

(1) as the slurry hcld-up and arca decreasegsothe nmass
transfer coefficient increasce due to the decreose in
viscosity {medel B).with the result that the nroduct,
dec, remaing constant,

(2) The dceompocition rate is independent of the hydrate
hold-up and derends upron the meckanisn of the escare

and counlesecence «f bukbhles frorm the hydrate crystols and

2ulk solution,

It oy be that the rrocess of strivmping gaseous agent
from the slurry is a2 reasonablc alternative to the
postulated dissolution process, Ratlzer vhan ithe transfcr
of dissolved frecn through a boundary layer arxcund the
crystal, decomposition could be envisaged as the removal
of gas bubblces forned at the crystal surface. For

exarple, crystals way be effectively insulated by a layer
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of gas bubbles, in vhich cnse tle transfer cf heat tc i
particles ray be the limiting sten, Zowever, ingufficient
information is avoilakle to deduce the decomposition
rzeehanisn or to ¢lerify the significance of the preasurs

dependence,

Hosults of dasihh Stu

The wash exr-eriments were performed to test wiether

a ved of hynrate crycstals behaves as a norn2l pacized Ted,
wnd to establish the fraction of voids, A series of rune

woo carried out to determine the effect of hydrate
formation comditions cun tizese twe eriteria, Yhe resviils
are summarised in Table XX3IY, Arrendix F, for the wash

and hydrate growth cenditions specificd in Table XXIV.

£}

The volune fTraection of crystals in the beda vwa
cetinated froim o rnass balonece con the slurry and a
reosurerent of the relted volume of the hydrate crvstals,
A tynicnrl calculrtion is shown in Aprendix Fl., The ooli
fraction varied between 25 ond 40%, but the error involve?
was teo large to conclude whether there was o significam

change with fermation conditicns,

The ratio of the sucrcse concentration in the wagh

effiuent to the concentration in the criginal filtrate,



PRSI,

o1

F/XO, wos plotted against the accurulated wosh volune
. . . X
If the bed hnl behaved ideally, a step change in F/x

woeuld hove been cobserved 28 the rvresidual sucrose was Jis-

nlzeed frowm thce veoids by rlug Tlow, Zoather the bed
bevaves as other prcked beds in thet longitudinal mixing

ccours due tc viscrus coffects cnd to wolecular diffusicn.

¢
N
>,3

@]

Figure 37 shows = tyrical set of 'brea-thrcugh' curves for

a set of runs (1 = 22 co., %, = 10%). The theory for
longitudinal mixing, characterized by a dispersion
coefficient and o Fick's law cxpression, is pgiven by
BDanckwerts (Zg). The approximate sclution for the
displacement curve presented by Danckwerts is given in
Appendix F2, together with a specimen calculation of the
dispersion coefficient, Twe voalues of the dispersion
coefficient, calculated from different points on the curve,
are skown in celunns 6 cnd 7 of Table XXIII. Althcugh
there is a substantial discrepancy beitween these two
estirates of the Danckwerts! dismersicn coefficient, thexe
is zalsec & large difference tetween estinates for differents
runs undexr sinilar vask conditions, indicating that the
experinental error is fairly high. Avart from the error
invelved in actual sarpling, the breakthrough curve is
affected by puor wash distribution and bypassing caused oy

hydrate plugging.
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The mean fispersicn coefficient with runs at 1%
: . -3 2 3 ) PR
sucrose is T34 x 10 cn”/sec., and the effects of bed
heipght and wash velccity conforn to the Danckwerts nodcl,

T

Varicticens in the aydrate forretion conditions apnpear to
have no e¢ffect on the value of the dispersion coefficicent,
indicating that rerhaps the eize and shape of crystals

are independent of tho concentration criving force. Th

. . s . -3
nean dispersion cocfficient ot 25% sucrose is 25 x 10

¢

.2
cri/sec.

The results in Table XXV show that the ccncentration
nag been reduced to about 0.4% cf the original nother
liquor cconecentratiorn after the residual sucrcse has been
displaced by three times its own vclune, It is expected

r should be

O

that as high ~» recovery of rother lign

achieved in a commercial centrifuge (scetion 2.3),

The effective crysianl size was calculated from
rressurce drop nieasurements acrcassg the bhed, The mean
diameter of the crystals appeared to be in the range 20 to
35 rmicrons, (Arpendix F3). Observations ¢f the packed
hydrate indicated thaot the crystals tended to coupact
togetﬁer apnd forrm a rather rigid or integrated structure

allowing bypassing of the Tied, particularly in the neigh-

bourhcod of the walls, Such bypassing would throw doubt
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on the significance of the pressure drop neasurenents and

estinates of the crystal sizge, Further evidence feor
bypassing is the high concentr=aticn of suercse, x_, in
4 : m

the rielted slurry (colurm 6, Table XXIV). This figure ic
far in excess of the final effiuwent ccncentration,

suggesting that sowme sucrcse is trapped in inaccessible
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Jiscussion of Results and Design Criteria-

This chenter considers the mass transfer rate of freon
in the hydrate reactor compared to the rate credicted by
established correlations for gau-liguid systems, and to
the rate of transfer of other hydrating agents. The
performance of the reactor as a typical concentration stage
is discussed together with some asrects of scale-up pro-

cedure,

The Hydrate Growth nodel

The rate of hydrate formation has been shown to depend

@}

cn the rate of supply of hydreting agent by diffusion fronm

the dispersed gas Th

$¥]

[

se. Hydrate crystals take no port

0]

in the wmechanisn, which may be considered as an instan-
tanecus reacticn in the turbulent aguecous vhase, but the
rresence of hydrate docs affect the rate of fermation by
thickening the agueous slurry. This effect has been
related to a dependency of the transfer coefficient on the
slurry viscosity, similar to the dependency on the liguer

viscosity derived separantely,

Although the itransfer process resembles typical gas-
liguid agitated syste~s in that the over-all mass transfer

ccefficient is characteristically dependent on the power
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input and viscosity, the hydrate precduction rate cannot

be conpletely described in terms of a rate coefficient and
an effective conceniration driving force, The diffusicn
process depends upon the systen pressure in a way which

has been guantitatively determined, but not theoretically
interrreted. In the primary snalysis of the resultis,

the pressure effect was related to the evaporaticn of
liquid agent by the tenperature differential Tr-Tl.
Although this correlated the results satisfactorily, the
nodel is not valid when corsidered in the light of the
decomposition studies in which a sirmilar pressure effect
was observed. The results in terms of the absolute
pressure are surnarised bhelow: Apzrt from the flow resctoer
results, the fit vas not improved by the use cf the
paraneter P rathzer than Tr'T1°

(i) Batch results, eguation (79) becomes:

0.5 0.87

-.74,0.,40

r v P A C

1
The individual results in secticn 6,21 show a
dependency on P ranging. from 0,3 to 2.5

(ii) Steady-state ccnditions, equation (83) becomes:

-0.51.2,7 0.93
B

F L C

r lacd

Ltpart from a significant improverent in fit, this
dependence on the concentration driving force

conforns better toc eguation {(46),
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(iii) Propane batch results, ecuation (84) becomes:

3.4 0,96

r ~» P A C

(iv) Deconposition results:
r ~ p2%a0 -~ (87)

hree suggestions =are rut forward to explain the
dependence on pressure of the hydrate growth process,
(2) The mechanisn depends on sone pressure-sensitive
property of the gas vhase which affects the interfacial
area, e.g, de Graauw (gg) suggested that bubbles at a
higher rressure were less stable than those at a lower
pressure,
(v) The process invclves a reaction constant rather
than a mass transfer coefficient.
(e) The egquilibriun agent ccncentraztions Ch anc¢ c_ are
not realised in the reactor. The atprozch to the
effective concentrztion driving force is pressure depen-

dent and given by (cb—cS)P2'5.

Possibility (a) is discounted since both decomposition
and formation processes are dependent upon the sane
function of pressure, Arguments rut forvwzrd in section
6.21, and the further evidence that the rate ccefficient
is typically dependent on the sucrose viscosity, indicsate

that the rate is linited by diffusion and not a reacticn
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constant as in (b), The third ;ossibili%y is eonly
conjecture. The linear dependence on (ob—os) helds for

a wide range of pressures, and there is nc experimental
methed of checking thie value of Cq under formation
conditions, The propane results suggest‘that the pressure

effect is independent of the agent composition,

It has been demonstrated the the batech runs vnrovide =z
useful and valid rmethod for cdetermining the reactor per-
formance, The ogreement of the steady-flow results with
thie bateinn results is a significant conclusion, since the
batch system involves less eguipnent and generates more

information per run thzn the flow reactor,

Comparison of the Over-all i/ass Transfer Ccefficient with

Published Teata

The over-all coefficient defined in cquation (20)
nay be exryressed in terws of the agent diffusivity and

othier variables bhy:

0.47) 1

(2 - —(g8)

ey = 82,6 E00*0n (7055 pagleSp sec”
This relation was derived fron the rressure-corrected forn
of eguation (8C) wusing the diffusivity correlation,
equation (43), =nd the assunption that transfer 2t the
interface conforms with Danckwert's surface renewal theory,

Equation (88) does not hold for 40% sucrose; for this
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concentration the coefficient was sheown to depend upon
only the -0,15 »ower of the viscosity, sce figure 286,

This deviation may be due tc¢ an intercction between the
bubble size =nd the mess transfer coefficient: Calderban!-
(§g) has shown that in zerated systers the transfer
coefficient changes rapidly as the bubbles nass threugh =&
transition size region, Alternstively, the slope of the
curve in figure 26 above =z viscosity of 5 cp. may be
explained by the linezr dependence of the interfacizl area

on ", as shown by Westerterp (30) for glycerol sclutions,

The value of k,a, varies between 0,07 and 0.40 sec’
for the experimental conditions and, altlhiough the fornm cf
equation (88) resembles that of the two-vhase correlations
presented in section 5.3, the mognitude cf the experinental
coecfficients 1is somewhet larger than nredicted, Table
8.2 surmarises the compariscn between the measured and
predicted coefficients for four runs cheosen at the extrene
values cf the cper=ating levels, The IMiddlenan correlation
for the transfer cocefficient, equation {42), was used in
conjunction with eguation (29), relsting specific surfaceto
bubble size, to estimate the rmean bubble size asscciated
with the nmeasured value cof klab. he specific surface
thus varies from 16,3 to 37,5 cm—l and differs considerably

from the estimates given by Calderbank, Westerterp and
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Vermeulen, The vesterterp correlotion nredicts
reasonable values of 2y &t the highk viscosity, the effecd
of viscesity is to prevent bubble coalescence, but at 10%

sucrcse the cestinates are very low.

These discrevancies ney be due to the chicice of the
Iriddleman itransfcer correlation whiel is based con nass
transfer studies in solid-liguid rather than gas-liguid
systens, although for small bubbles the tweo processes are
usually regardecd as analogous, The Calderbank and Moo-
Young correlation, ecuation (40), gives nuch smaller
values of kl than »redicted Ly £iddleman, but the transfer
cecefficients given by Yoshida and “iure (1§) are =uch
larger and the resultant bubble sizes are much closer to
the predicted values, The Yoshida ccrrel=zticn was

derived for the absorpticn of oxygen in sulvhite solutions.
e yE ¥

These comparisons nust, however, be gualified ky the
context cf the original exrerimentation, Caldertank's
werk on interfacial areas is based on power input, whereas
“Jesterterp and Vermeulen's work is based on inpeller speed
and is therefore derendent on eguipment geometry. Tith a
dual inpeller the power consunmption is abeout three times
that of a single turbine, hence the estinates of ;T from

b
equations (31) and (32) should be multiplied by a factor
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| Run 11 1.31 | 4.14 4,34
! Xp ' 0.093 0,095 0.42 . 0,42
; ﬁg 0.24 6.12 . 0,15 | 0.08
| E 0,56 6,13 | 0.56 °  0.13
| Re (ND%qy/7,) 61,00C © 37,800 . 7,500 | 4,650
- Se (13/01P,) 2,280 : 2,280 77,200 | 77,200
1 kja, experimental (sec—l) : , é
defined by equation (20) 0,289 0.129 0.126 5 0.069
- D, estimated from D, 0,050 . 0.044 0.024 | 0.021
| equztions (42), (29). a, 29, 16.3 37.5 | 23,
| Middleman (81) k, 0,01 [ 0,008 0.0634! 0,0028
B, estimated from D, i ©.24 | o0.21  0.16 . 0.1z
 equations (89), (29) a, | 6.1 © 3,45 5.6 . 3.87
| Yoshida (78) ¥, | 0.0455 ©.0375 0.0220: 0.0180
- S . S
D, Calgervant. eqn. (28) .30 0.34 0.25 i .29
oy ang, eqb. (< 4,80 2,1 3.6 1,85
ay e esterterp, eqn. (32) 2,4 o 96 23 7 8. Y
(vrackets refer to E) “(38.7) (1 5) (36 7) (13 8)
ab Verneuleh, enn:hk 1) onwi&“%.**ﬁw é?ngA 4‘5—_“€ mi.S)
| ¥, Calderbank, eqn. (40) L0051 L0036 .00083 " ,00062

Table 8,2 Experimental and rredicted bubble characteristics
0.4 . . . . ” . g
of 3 . A further consideratiocn is the effect of initisl

gas Cistribution on the over-zll coefficient and the

probler c¢f relating the corr

vapour is genevated in the

eilations io a gsystem in which

agitated dispersion,
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It has becen demonstrated thet the over-all coefficient
is dependent on the initial drop size of the liquid agent,
This suggests that bubble size is related to drop diameter,
perhaps in the way put forward in scction 5,43, and explains
why predicted bubble sizes in simple gas-liguid systems
are larger than those obtained when bubbles are generated
fron drops, The discrepancy between the predicted values
cf the mass transfer ccefficient makes it impossible to
deternine the rrecise effect of this process, but one
interpretotion is considered based on the Testerterp and
Middleman results in Tahle 8,2, At low viscosities the
difference between predicted bubble znd drop sizes is
large; ccnsequently the effect of the generated bubkle,
Db*, is large and the true 2y, is nuch larger then given by
Westerterg, At khigh viscosities the bubble size
approaches the drop diameter, as shown by Testerterp and
Calderbank (30, 53), since coalescence is inhibited, and
therefore Db* differs little from the bubble dianeter.

This rechanism explains the differences and agreenents in

Table 8,2 and the changing effect of viscosity on the over-

all coefficient,

The mass transfer from liquid freon in the dispersed
phase given by equations (53) and (49) was shown by
equation (17a) to account for only 1% of the total absorp-

tion rate,
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Ceonrarison with Propane and liethyl Bronmide as Hydrate

| Agen

'Freo
gProp

CFBB

formers

The batch hydrate runs using propane uncder identical
conditicns to freon showed that the over-all coefficient
was 3.1 times greater for the freon system; This result
nrevides a means for testing the generality of eguation
(88), and for examining the effects of other variables =as
listed in Table 8,3, "her corrections are made fer the
licuid viscosity, ecuation (88), and the devendence on th
disyersed rhase vigcosity and interfacial tension given Ly
Vermeulen, ecuation (31), the frecn ccefficient is recuced
to twice that of the propane coefficient, Tre several

rossible explanations for this difference are reviewed Lere.

1
1

Lo ' » 5 ,}‘
t ,’11 (d o I( ]/ )-x D SXlO B {) /\ 3 1 ‘
B T TSRS - e s -t e 1 O St ._._ e o = @ e - mm - g PR
i p '
n-12 1.7 .012 63 | 3,8 0.69 0.56 0.78§ 35 !
ane © 2,08 ',0075 63 - 3,75 0,69 0.56 0,84 90
, 1,34 ,+010 48.5 6.6 . 1,0 '0,214.0,31 60

Table 8,3 “hySIqu constants for hydrating agents

he effect of gas loading on the power dissipated in
the reactor hsos been discussed previously in section 5,36,
and the experimental evidence cof its effect in the reactor

is seen as the dependence of the hydrate formation rate on
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the approximately 0,9 power of the driving force. However,
the power term used in equation (88) is the power consuned
in a single phase rather than a gassed systern, since gassed
power is a dependent functicn, The power input is given
by the Oyama correlation, eguation (25), and when this is

expressed in terms of the production rate, equation (45),:

r_ A
Py o= By (1- k5,225
1PgND
Consequently for a constant production rate, With.?hf
nearly constant for all hydrate forners, the relevant
variable is Al%g’ which is shcwn to be nearly egual for the
two systens, The effect of the generated vapcur on the

power dcoes not therefore exnlain the difference in

coefficients,

In the previous section it was suggested that the
transient bubhle size, Db*, might well bte gignificant at
low viscosities, In which cese, from the considerations

: 1
in section 5,43, the fzetor (1/y )% may be important; for

g
small values the effect of bubble generation is enkanced,
Although the values for propane and freon are nearly egqual,
anotiier physical constant which may have an effect of Db*,
the latent heat, is markedly different, Unfortunately,

hie literature on heat transfer to drops evaporating while

in dispersion is very linited and latent heat has not been
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congidered es variatle. Fowever Siceman (67)showed

n

the area for hect transfer was a function of the vapcur
content anc, since for a given heat input the vapour
content of the drop is inversely proportional te¢ the
latent heat, it may be expected that the area and hold-up
of liquid apent is latent heat derendent, A higher
latent heat results in less liguid agent in suspension and
a consequent reduction in the number cf bubbles generated

with a size D *. Although this nodel may explain the

b
difference in the hydr-te coefficients, the presentation
is a major simplification eswpecially in view of the

rressure effect on the diffusion process,

The results for rmethyl kremide hydrate formation in
salt solutions were published by Pangborn (27) in tke fornm
of eguation (22) for individual stirrer steeds and
concentrations, Tc compare the FPangbern d=ta with the
present work, his results were fitted to & rate expression
including the concentration driving force and the effect
of viscosity:

2,0.12

r = 2,69 x 10°E 0.92y

~.80
N1 AcC r

The nean deviation is +25% and the dependency on ‘i and
£C is very sinilar to the freon wmodel, The experimen-
tation was largely =2t constant pressure (19 psia, for 4%

NaCl) so the effect of pressure could not te established,
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With the higher solubility of =ethyl bronide, the concen-
tration driving force was nearly ten tines grester than
that for freon, and the reactor was operated closer to the
condensation line with Tr“Tl generally less than 1%, No
success was achieved when the Hatschek terr was introduced

to explain the effect of residence tinme,

In terms of the over-all coefficient:

0,12 0 ~1

K a 0.0316 EO*1%n  =°® sec

1°b ©
and for a typical run (no, 62) with r = 22,7 g. of water

solidified/min,, T ~T = 1,12°C and c,

1

the value of k,a, is 0.02 sec” . Substituting the values

of the variables for nethkyl broride listed in Table 8,3

-c, = 0,0235 griol/1.,

into equ=ation (88), together with the corrections due to
Vermeulen and the gassed power relationship of Oyama, the
value of klab predicted from the freon analysis is 0.15
sec_l. While this coefficient is intended to predict the
cethyl bronmide formetion rate at 57 psiz,, the Fangborn
reactor wvas actually orerated at 1¢ psia, and the measured
coefficient was seven times less, If the observed effect
of vressure on formation rate is independent of the natur~
of the hydrating agent, then a more realistic prediction
of the coefficient is a factor of (19/57)2’5 smaller,

i.,e. 0,010 sec-l. It apwears, however, that there are

too many unknowns to drawn a meaningful comparison between

the freon results and Pangborn's study,
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It may be possible to derive a general correlation
for the over-all coefficient in hydrate systens based on
the variables considéred here, .but equa%ion (88) has been
shown to hold for the hydrate of freon-12 only. One
reason for this apnears to be the wmronounced effect of
the evaporation of the inrmiscible liguid phase on bubble

sizes, and it is this same effect which nakes the faniliar

gas-liguid correlations inanplicable,

8.4 TNeacter Performance as a Ceoncentration Stnge

The real performance of the reactor is measured as
the conversion and throughput of the equinmment rather than
in terms of an over-all rass transfer coefficient. The
maxinun yield of a2 steady-state run in the experimental

systen 1is presented here,

Considering the sucrose throughput with run 50, Table
IX, 6.3 goh, of 9,69% sucrose was ccncentrated to 5.53 goh.
of 11,03% sucrose, which represents a2 stage conversion of
12,1%, The recoval of 7,66 1bs, of water ner hcour as
hyérate nearly corresponds to the meximum working cenecit,
of this eguirpnent, The 1linmit isg imposed by the concen-
tration of hydrate which flows freely through the exit
line and the duty of the auxiliary equipnent, rather than

the reactor size,. The maxinum conversion achieved was
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21% at a hydrate vclurme fraction of .27, but a reasonable
design conversion is considered to be 15%, The yield of
the 5 litre reactor could be doubled by dcubling koth

refrigeration duty and sucrcse feed Duny cavacity,

Scale-up Considerations

The emphasis of this work has been placed on the
derivation of a model for the mechanisn of hydrate
formation in an autorefrigerated reactor; the actual
design of 2 commercial plant for the concentration of a
ligquid foodstuff has nct been undertaken, The results
are; however, presented in a form which enable the best
operating conditions and performance of rossible reactor
types to be predicted. Several aspects of the design
are considered here, rertinent to botlh concentration and

deszlination processes,

Briggs and Parduhn (20) have conmpared the energy
reguirerients in saline water conversion for six hydrating
agents and shown that the energy consunption c¢f the plants
decreaseswith increasing heat of formation, The basis ~*F
this comparison is the minimum work recuirement for the
concentration process (the work for the two-stage

conmpression systen described in section 2,31) given by

Dodge and Eshaya (77) as:



m__7 m
ur _ ~ (L]. 2 O
i 4 T )('rf—)
2 1
where 9 = heat taken un =2t T2
(o}
T1 = condenser/melter terperature K
. 0
T2 = vreactor operating temperature K
. 0
To = heat sink temperature X

The first bracketed ter: reprecents the prinary
compression duty, The total differential (Tl_Tz) is mede
up of four major terms; the tenmperature differential i
the deconposer (Td—TC), the freezing roint depression c2’
the solution, the temperature driving force for hydrate

forzation (TC—T and the tenperature differential for

"
evaporation of the refrigerant (Tr—Tl)° 0f these four

a little work has been done on the decomnosition procecr
with emphasis on (TC—Tr) and¢ an evaluation of the freezing
pcint depression, Llthougk the value of (Tr-Tl) has
generally exceeded 2°¢ in the hydrate runs, a corm=ercial
reactor may be overated with cnly a fraction of this

differential, since the heat transfer arec varies with

operating conditiocns,

Briggs and Zardubn assumed thot with a 5% hold-up o7
hydrate in saline solution a driving force of 3°F for
growth would be adeguate for all hydrate formers. Hence
by assuning (Tl—TZ) is constant, the nain variable is tk=

. . To/T.
work reruired of the seccondary corpressor, & ( 1),
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which decreases regulariy witix inecreasing fornation
temperature, The hydrate formers are therefore
econortically »laced in ascending order acccerding te tle
critical decomrocition lemperature, The Briggs
assunvtion is, however, disputed on the evidence of
section 8,3: The ccncentravion ¢riving force appears to
be cdependent con the nature of the agent, Arart frem th
differences due to solubility, the physical constants ol
the syster and the effect of pressure nzust be accounted

o

for,

For a given hydrate it is clear that a reactor nuc?d
be operated at the highest temperature that is consiste.nd
with a realistic conversicn, This involves gperating =z
the highest pressure that allows agent evaporation, and
by consegquence the preassure effect on the absorption ras-
is maximised. The stirrer, scaled on the critericn of
power per unit volure, should be designed to give a higl
dissination of pcvwer, preferably in o reactor design tha'
utilises the turtulence generated by the varpour thase,

Such o design ray comprise a draught tube baffle which

increases the flow rate and hence hold-up in such a systomn,

Also the initial distributicn of liguid =z2pgent as a fine

spray will improve the reactcr efficiency.
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The hold-up of hydrate imrposes a linmit on the
conversion of 2 single stage reactor, For a given
hydrate concentratiocn in the reactor exit line, the
conversion may be increased by recycling ﬁother liquor
fron the separatcer. Figure 38 shows a2 recycle systen in
which the rother liguor is split intc a reeyecle and

product strean,

Vfﬁfxff

i
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*% separator

oA A e pmms = T o
v

g, = K(x/v_ + v) ; ,
vy ¥ ?Vr?rxr
figure 38 Zeactor with recycle

As an example, assume that 2 feedstock containing 4%
dissolved sclids is to be concentrated to 40% solids,
Since the probable linmit on hydrate hold-up is 20%, this
would recuire a 14 stage process without ligquor recycle
(see section 5,6 for definition of over-all conversion),

Altern-tively, with the same hydrate hocld-up and a recycle
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of about 2,5 times the feed rate, this concentration
effect could be achieved in a 4 stage rrocess with stage
ccnversions of 43%, The optinmisation probler. is twofocld.
Firstly, the number of stages is optimised by considering
the difference Ttetween cperating a large nunber of
reactors under progressively lower tenperatures (o
differential process) and a small nunber of stages
overated with recycle costs at high concentrations in
each reactor, Secondly, the best value of ﬁh and recyclé
rate rust be selected for each reactor: As @, is
increased the cperating costs increase since the operating
tenmperature is derendent cn the slurry viscosity, but the
recycle and separator costs decrease, This coptimisation
procedure must conforr with the policy of separation and

subsequent decorposition of the hydrate,

Recomrmendations for further work

The future for the hydrate nrocess using Frecn-12
rests largely cn the eveluzticn of the effect cf the agent
on liguid foodstuffs and the hunmen system, Clayton (Zg)
has reviewed the toxicity of rembers of the fluorccarbon
farnily and, from inhalation tests, it would appear that
Freon-12 was the least téxic and lezst hazard te health

of the hydrate formers. There is, however, sone dispute
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as to its use in aerosol sprays contzining foodstuffs, but
this may well te due to the possibility of hydrolysis on
long term contact or at elevatedAtemperatures, with the
unvelcomne aprearance ¢f nhosgene. What is recuired is a
full toxicity test on concentrates strirped of agent to

the order of p,p.i,

The constructiop of a larger vnlant, scaled by the
experinental correlation for the over-all transfer
coefficient, and its cperaticn as a single or nultistage
process with liquor recycle shculd be the next stage in
assessing the feasibility of the hydrate rrocess for

concentrating liquid fcods.

The basis of the nodel, the interfacial area of
gaseous agent in suspension, is largely denendent upon the
effeets of zgitaticn and vapour generation within the
reactor, Little is known of the relation kbetween
turbulence and heat trzansfer in direct contact systens
and 22 study of this process on a small scale with different
refrigerants may give & better indication of the contact
arcas relevant to the hydrate mrocess, On the cther hand,
the discrepancies chserved with the simrler two phase
systers point pessinistically to difficulties with the

develomnent cof sufficieﬁ%ly general a correlation, The
effect of pressure on hydrate formation is certainly one

factor which invites further study.
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Appendix A Batch hydrate results

Al Heat and liass Balance: 3Sawmple Calculation

The production rate ot T.. quoted in Table II is that

estimated from the net cooling rate, enquations (57) and

(58):
3 Y48
r = T’— = T = 't,)
“hi Tt T—Tr

tn clternative estinate of the production rate may be
cerived fromr the rate of change of the suecrose concentra-
tion at the steady temperature e Substituting ecuation

(5¢) in (58):

- dy _ & (1 -
ro= 3 = I Vere(d Xf/xt)szT
T

The =dvantage of caleculating the masc trarnsfer from the
gracdient of tue uroduction curve, rather than integrating
egustion {57) over the total run tire, is that any error
invclved at nucleation, see gection 6.13, is discounted.

Exarple: Run 5,22

Reactor liguid capceity = 3.35 1,
Sucrose ccncentration = 18,34 w/w %
3
2 = 1.074 g/cn
€1 e/ ) See G3
e, = €.880 cal/g )
A = 9cC, cal/g. of water
hf
as hydrate
Net ccoling rnte = 1.132 °C/rin
. o9 = 334C cal/min

e « T = 37,1 g/ﬁin
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The value of x, ic given in Tabkle VII, and Ve is

t
calculated from eguation (59):

I T%n % 1 - Xf/xt f Vi ’
. rmins, | g

‘ ""»6"""“' - T ‘“‘O' oo T *.ﬁé"m T
2, : .038¢ = 140,

! 3.6 .CH61 202,

| 6.0 . .0820 ; 294,

The slope of Vi against time at t = 3.2, corresponding teo

T=T_ is 39.4 g/nin,

r
. . by mass balance r = 36.4 g/nin,
This checks within 5% of the hest balance estinate. In

R

gereral the agreenent wvas as geod as +5%; 1f the
discrenancy was greater than 104, the run was rejected
from the data aualysis, The heat balance figures are not
ta~ulated inOTable I1, trhough cach run was checked for
eonsistencey. A further examnle of this calculaticn is

g own ir Tabhle XVI, Aprendix €, vhich considers a smaller

nutter of runc with propane Lydrate,

Condenser Heat Locad

During a batch run the heat locad on the condenser
changed considerably over the period from nucleation of
the hydrate phase to the steady coperating temperature Tr‘

Experirentally it was necessary to arrest the flow of
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glycol coolant at the onset of nucleation to prevent tie
reacter pressure falling. The feed was reconrenced sone

thirty secends aftervarde, and adjusted to maintain a

w

censtant pressure in the gysten, The z2ctual veriation in

the heot load is exarined here.,

A Treat balarce on the refrigersting agent way be

drawn up on the reactor~condenser cycle. The flow rate

~

[£3

f

O

)
m

eous agent frem the rcactor is given in egquation

5.51

o~

ii):

Return flow rate = F - r/og
where the same nonenclature is used as before, The heat
load on the condenser, QC is the sun of the heat reguired

te condense this return fleow rate and the heat lezk into

-~

= T ’/ \ K
o (F I‘/D‘ ) /.1 + "{h
For corrorative purposes, the heat load is calculated at

nucleation ané at the condition T=T_.

r
Run 3.11
nq O
TC = 10.78, TT = 1C.11, Tn = 1,43 °°C
¥, = 54.8, r, = 274 g/min,
anéd F = 170.4 g/=in.
Tence 2 ) = 2,18 “eal/min,

“¢’n

and (Qc)r,,= 5,20 Xecal/rmin,
This magnitude of change in QC explains why the condenser

coolant flow rate reguircd careful contrel,.
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sunimary of bateh rung, shoving blocl code and mean,producticn rates

BLOCK

NUNEZER
.10
.11
110
.12
«13

N x ;% SPECIAL r . (cb-cs) (Tc—Tr) (Tr Ty)
2PN (/) FZATURE g/min g.m0l/1 ¢ ¢
142¢, 0, 43.8 .00172 0.51 4,97
142C, 9.4 40,3 .C0151 0.47 3,91
1420, 9.4 Distributor  45.2 .00158 0.50 4,05
1420, 17.5 38.9 .00193 0.69 1,72
1420, 27.5 38,2 ,00341 1.54 4,88
1420. 42,0 32.4 .00301 1.84 3,68
1140, 9,4 35.3 .00170 - 0,54 3,03
1140, 17.5 38,4 .C0280 1.04 4,36
1140, 27.0 34.5 .00392 . 1,80 4,76
880. 0,4 31,7 .00304 1,00 3.75
880, 9.4 Distributer © 3¢.1 .00251 0.80 3.63
880, 17.5 33,6 .00375 1.40 3.98
880, 27.5 25,5 .00530 2.48 3,77
880, 42,5 29,3 .00542 3.4 2,15
3.55 1., initial volume of sucrose = 3,35 1,

ggag



&t
4

[
*t

f&

[
o]

bl
b

<

(AN
2

[4\

[N}
o

'y

2C

8.

W
\¥F]

2]

€3

<
[2a

(&)

AN

[l

A

)
€ e

O oD
[SAAS IRANNAR}

L] . L -
I
< G <A
[SVAVE AN AYE

« e & o
Co DY D
Gy O O b
[N AN AV

- . . L]
e i O WO
ASURIAN In i
&P QO Ly w2

. - L d .
[ad AV e I
o MDD
=t MY QD

- L] - .
Mo u) D U
[ an i 2a B '}
) € r
[Ap S TN N

L] L] L] -
QW
Cr3 N oL M
H GO - D

- » L] L]
GO e L0
rd 1
R Mgt}
[N AAN & WA

- L] L] .
Wy~ O3 00

* * . -
O W

« »
g
[ap R}
o) o

- *
(N oy
[A\I<9}
o0
= ]

- .
oy <

L ] »
bt e
[AS I a]
CD =i

. L]
[@bRRa}
[AVERNT
D Qe
~t =i
1) WO

)
Ry

iZ.

7.71

I~
©w

O

o w
[aANIAN

L] *
r~
<H <}
[AYNAM

é =
[GE ]
oy @
[aM

* »
<<
[AV ¢
T U

. *
[A I
ol Av
Gy D

. -
(Mg NS
[ ]
QU
[eAJAN

. *
oL
[Sr I
LD

- .
[SeRFee]
Pt o
o) I~
o~ o0

L ] -
= O3

- .
<D

[

i~

~
-~

&, 1L

1.27

<

6

21,

11.10

A

7]
(A ]

=1

<
[As]

F/‘,

=i

L2

[AX]
Ferd

O) & -
[V AW A
LI
[og RSN o
SHE N
[N AV QW
» - .
¢ s
3 b U
<y O CD
. . -
[AVNCER
[NAN aFRre b}
ol CD e
- L ] -
[AVL P
P G0 Qs
Mo Oy (a2
« % s
= =
={ = e
o e €D
[N ANN AN
L] L] .
6D W
O KD
W U N
- L] *
(@]
&~ i
@O o
Qe
L] - Ad
oo G
- - *
oG
. . L]
W
(AT AN A
WRERY
e~ e
. . L ]
[AA RS S]
=gt gt~
o O @
. L] *
u)
O =ty
SO
=1 el
L] - »
WD -
Pl et

[P

AU T}
I~
- »
=l
LG
S AN
L] *
[ O
R AR]
=1 (D
. .
N
ot
[
[ Mt
Lo~
St
- .
U Lo
Pl
@
(RN
. -
[N 4]
(SRS ]
e
- *
L
o
O &
G W
- L]
bl g
e )
[ARERNE!
- L]
Qi O
. L
¢
[ A
oot
=t 1}
L] »
<
LG IR
[aARIAN
- -
[Sh R an}
) ¢
P
=i =y
L] -
=4 07

WP O U
e e~
- » » -«
o B M W e
<H st sl L8|
[AV AT s AW
S S
CrCy e
WY D () D
jcalaul S a3
. - L] .
ey =P OO
(I AR 9]
et CO b
AU SN AN
Goori YOG
O WO U
“ e e e
MO uD M) M)
[ e I I ]
I~ OO
W O = uy
- - . .
O W
o SNV
= M) (OO
. A4 - -
[SS IR I o IR A
[ B s I o
[aa el an s
SR
. L] . -
M~~~
L, M
sospt s wH
G ;D
. - 1 ] -
Cr 0y
(AW AV AVE v
NI VIR
rod A el e
L] L ] - -
[N A 6]
R B
GO~ sl
L] . . L]
A oAy
H) 05 O <
il e B W
[ B ase Bl B o
L] L ] - -
[ArEEME Twlie)

W
i~ bt~
¢« =
= r=
gt i
[U A
. s
¢ Q
(SR TS
Nea
. s
MY MY
O
[ArEAN]
= Y
3 M
=l
O
o C
. o
(SN
& Fi
(D L=
. .
(S &))
[l
Hplres!
Nejes]
« .
o~ W
(A B
wtowp
[
oY O
L] .
)W
(AN AX
=g
=
» L]
P
[AN N Ap]
e WY
» L]
-
[ T)
~ pf
==t i
» .
~ O



ntinmed
Doinued,

LI oqce

L
A R

Pos

%1

(e

H®)
it

ud

AN AN}
b
P
e Nl
B
Lo

.

[45]
AU
) b
PR
[SN AW
(S IAN
[ARREon]
. -
[AVF |

et e
W
o
[ 3]
=i O\
QL
. e
N Q
=1
[@D IR
o) 2
- b

©
o

(%]

ud
)

[AM

co
(4]

s}

(98]

e

GO

o

o
G0

<
NeJ
4N

L1
w4

Hg)

=4
[Na]

(4N

=
[aal

[N
i

e
Far ad
L] -
el et
RN
b
- >
(& 2 o)
s U
LAY
P
| Inln 10
LR Ta)
wam
. -
(¢ wY}
oL
Ww
-
e CQ
[AtE g
L] -
O W
(AW
N
[4}]
il
AV
- -
W Ww

~
s

[$]
i)

£
L]

. L
[ WS |
[4 Ay
ol
[

. -
jasian}
[SAIN
W or

- .
&
b
r=4 r=
r=t p

" e
o=t
~

=4

(¥
e~

o

=
L)

]

[ 403
.

[#7]
=]

-

- -
2
[AVIE AN
Nt
== e

.
o
[ApRAN

> .
(@IS
R RLS)
=l =
e e |

v a
¢ -
[ M

i

Cr e

[

4V
AN}

<)

£t

1.87

(o}
w

[

L oL

(&)

[
AN
<3t

(o]

1.
<n

W

-

3!

Lo

R4}
€

1.
o]

w
B¢

&)

[as}

(€}
A

w
[

(98]

co
{&]
<3t
(Sl

T

(&3}

fagd

e
i .

o~

(]

(28]

1

w
=

o

(4%

[}

P
(9]

wly

[Ag]

T
£ A

w

=4

(AN

~
[

W0

(&3]

Ww
48]

[
Ld

o
<

Loed

(i)

Lo
=

W
&

«

i
()

e

1.758

o
(14&

A
“ .

€
(48]

vy
Eaadil

- -
-l
!
[SE AW

L] [
[SS I ep]
U ™~
Oy

- .
o)
=1 (%
Co PA

» L]
= 1
[AF I wd
[Tean]

- .
HaRn]
red e
= WD
Hoogd

L] .
O
=i
[

L] -
[ 2R
el
Ca O3
[ANER AW

- .
CD W

oA
. Lo

8

[
[ap]

r={

O
&

w

[GH
(48]

L2

PJ..-

2

(S

b AD
Facdl al
. L]
il
<)
[SNNAY)
L] -
[ S
CoMD
|16 AR
» .
(AN AN
it D
= ()
* -
e O
O
e 6D
. -
SIS
e el
[V 4]
Holkad
- L ]
[R W
O
we O
- L]
2
el
o) O
CL W
. .
o
Wi b
[Ap]

L) (]
[SFIN @3]

£

1¢C.

=i
[}

=
[l

(AN

<

red

<D
<o

«w

[l

[
(2]

(&

o)
r=4

©
=
el
ol
[t

~

257



N 23
LG

centl

[t

L

I

A

298

) U b HOE QU D Ordrd DO ONNMMO© N
4 PO S AR s N N SR G 00 e N D QO uo [ A AV N A e B R R A ) L
[ * e 0 & & A4 % 5 & e+ & B e+ s s s . s &+ s =2 a e o o .
[T A NI AT W VS A VI A VIR VI A VI AV SN AN AV AV A Vil o R A N I L IRV I D
DGO LOMmUYOL OO MOMmOGOOm QY O G ) Y O G2 KD )
e B I s T B e T T e e M ot B o B L B S B I O C I o Fin Mo B et B o B o Bt IS B 2 B o |
* . \] [ ] . ] . [ ] . * 3 - - - Y - . . - - - . - . . [y
CoC MW QT Ly C)erel ey QU OOV OOWwO
PG MU Gl 0D A O L3 D X ) D = 00 e ) M) G 0 U LD
[ CO I EN b 1 O3 e €2 ) rd ) N5 4D D U CO =i [ aVIR W S IRNCIE i oS BT B 1]
@) - . [y 3 - - Y . . - - - - . . . . Y - . . - - - . .
sl SH R GO WO W L 00 00 G ) O O L) XD A RIS IR AV A W as I AT e J{4)
red
™~
=+
© L MU MWD O el QW= WINWOWN N WM
i CO =t O Uy D (5 ET W EF OO 63 4ty ¢ (D W CO e 0O 0D 0 O =i
* * - A d - . - * . - . - - . - - . > . - - - - L] - . -
=Y] s A B av R TN SC BPSR I I A VIR ANV SU IR G NS R Bt R AR A VIR EENHE AW AVERTE s 0 A
|
™~ , ;
= VORI o A RN P I B I VI 42 R SRR | (A4 I CO I AV RSN Tob B o T i ]
8] (AP L Ve I VE B A I A VRN A b B AS BN 03 Co 0y O O N = I W0
. - - . - . . - - - . . . . . . [ . . . - -
. A0 IECUIRN BN IR A AN A I 45 (RN B AV AR SN AN o B
=N e e Mint B kA et o T o B R O oo Y [ e e e N ]
RN R v M a N e IS s Ne s JAVE SO S LW TG I 6) IOV e~ B0 MY O3 W D uy
[ W opet et e Q) B 00 SO B D 00 MDD e O oo 0 3 Y G
[»] « o s .« & & o “« o . e “« e . . . . . . T ) . a0
D rlmd OO rtty el e e et €O 00 o et
[ IR & NI I AP I AV S SINAVIE SFIN SN IS TIVRS TR TR AP IR0 W WO -0
QY CD M OO O U)LY NE U G Q) NEO (SR I O RS I SR B A BN S I ]
L] - - L] - . L * - - L] . - ) - L] - L ] » - L] L L] L ] a L]
[ MMM CI L OYWL OO s 00w e e Qe 0 W Wi
(@]
= Frd OO~ O WD el b, 03 N O U CD COCO w Y O b= WL ) W
P e GO MY e (D et YO0 O O O e OO U e 0 SO o e W) WY
C . . » - - . » . - . . - - - - - . - . . . . Y . - .
(%] O U W W W W I~ WL U W W W = o= R EENHE MM 6 I AN IR BN I 6]
‘e COWJ MUy (0 Y W WL 0 [ AW A VISR VLAV S S ¢ BN
s SR s et S SE U U b S UD M e O e D Wo D UL U U MY SN W
/ . . . i L ] - L] - L] - - - - - - . » - L] . L] * > . * -
s P T S S S S el ik Sl i v I e P B ol o s T S e i
e B R T i I e T W I e B L B S B O A B et B e B e B S [ANEE A W AN AVIE A - 3N A VN AU AV AW
* L] . L] L] ] - L] . L ] * - L] - L ] * . L] L ] - . L ] . . L] -
CDCr 212 Y, DIy ey, LI) ) CoCr e i) (D) tyesrenin
] S AVER AV VI BT AU AVIE A VIR AT S AV AURN R VIR AL I AURE At AV A/ O3 Cu O 0L OF 8 e N €
o N N B N I A IR NI VIR BN R M M
15 e A B o B B b A B BN SR SRt Bt B B oot B B [T B i Wik B B o =4 =1
b
.1 L] L d L] * L] - e L] L] L L] . . L] - - - L] L] . - [ ] - [ ] . v
[} R i SRS I I S U ST QP AT SR O B B I SRR S e i
fu e Ras R An Rar R as RAr BAA I A SR ERGEER NI BN O i as W ap} MMM
<
o X
5] I CO MG N e O ~d e, Do) W (WA I T {9 IS T AVIN & RS R ol
l/ e & s 8 w a * . * o & u e« T e &
i By L 02 CO O CO e U . 3 ¢ CO i) <G et UY CD e
%] (AR YA RIS IS TR o B AV AV 16 SRSV AT AV AN B AN TS T I o PR A L SR B AV Yo BN 45
r [AVIN VI o v S VAN VIS A AN e A AR AAN A W As B AN AS]
AV A VI AV A VI AV A VI i VI 2 B S B BV R B S S ] AN NI B R A A I s I I
e B s e B IR I R e B S ST SR B B A p=f -] & & ¢ w @ % &
L I R N Sl I o P ERNUE TR SRR I S AR W o s QN N
e A AR SRS IR Tl 1 B oo IO IE SR AR B i S A S I IS B Il S I e IR I T e A e e |



-
i
<)
£
|
42

-
LR

)

o

«©
[AY

4
(€3]
1

<

-1
=4

3t

ed

(B
<

)
<

~

w2

(&

19
~H

Ch

(Wi

11,603

Y

=i

(A

o

L}

W
=4

o
i

~
(93
=t

(@)

.88

29

12

[an]

[N

e

]
[ 38]

4

[}
r=

[

o

u)

AN

Iy Xal
¥
LAY -

1
[Sh}

~
.

- D GO
O3 €5 =t

. . -
SHOH N
Ty Gy (O
e et el

L] . .W
[ RI]
€O QD
™~ 00

« b &
sal i~y
uy GO @
[N RN e
[AnITE |
D md4
o3 1w

* - L]
(A o
R B
&YW
WO

L] - L
0O
POy WD
o m

. - L]
=t~ GO
O
(SN P

« o s
NN o]
N <
W - W

» » L
e e O
[AV SV A

o

r

]
(4N

LIS

31
e

L.
4

e Ch

(A
e 8AY
« .

AN g

® O
o

R o)

WO w
HoNeO N o

. . L }
HSR TS IR
=t A et
M D D
I e

L ] L] *
) QY E
QD ¢y ¢
) 0N W

- L -
[ARNARIAY
@ = 4\
[coRasad]
(AN IR AN
D e 1D
HAN N ®]

- L] -
y QO
Yy <fpOn
Nt WD

L] - *
(SN AN
O O
) e =i

» L) -
U
W ON
G G 3t

- . -
[AVR ot as}

25

T
PR

=t
I

[
Q@

[AN]

3
(@]

(9]

R

(AN

190
]

<

[AM
O

(A}

[AD]
=1

r—i

g
rrd

¢«

I~
on

o)

(&Y
1]

vy

.26

[t

-
9]

A
&

Ty
LYV

48]
=]

43
e

o

[4Y]
L]

M

<
[oe]

<t

0
i}
-

..

[oF}
M
r=1
b

=y

<

7

3
P

ut

<

48

(o)

PCO

18
o

[oN

el o
o~ 63
. L)
s
=l
=i
. L]
C2 L
- QD
™ h
«
gt e
o O
) Co
[ANEE ]
el )
W
.« .
Cor (5
L) oMy
[AVEaW
- -
Pt ON
[ AN
[ATA o]
.
1IN
P O
HY MO
[ARRAM
e
[<eley]
. e
[N
-

[AN]
[o:8)

R}
~r

0y

(S

i

[AM]
(&

[aY)

[

W
[

W

(o]
[a¥3

[
<«

et

o)

<

(S

o
uD

[SH]

<
)

(4N

(&}

. L d .
o
[AnRaniNan}
¢y o

L] - .
wy oM
&0 =1 e
(XN AA AN
[t N

S
[AA NI
(AR A N AV

48]
D

D

[An]

[an}

26,1

- L]
t~ .~
[AN AN
CO ¢

.
RS ]
MY e
[ARNAN
=i F

. L
o~ C3
A AW

r~t

G

[V

(28]

(92

[#)]

U

”

A

5l

ra
~




[An]

) -
i—

144

£

LUl

']
Q

£

1.78

1

L

~
]
s

2.32
2.55

r-4
[As}
%]

i1

(S5}

e

[

1.73

18

o

A0}

[S]

(@5}
|

4]
L

(AW
[

«
2]

[aa |

[

~
9

e

~

(a8}

(a8
<7

r

=
e

(o)

Co
= =
.
>

o9

)

™) Qo
<y Q0

Cig»

las

o Q
oL
.

I

4O

I~ i
IR

red
[A\ AW
W3 Co
P

o9}

fiaa |

2

r=i
(AN

[

3

r={
4V

&

2y
.

Ead
[N

&.5

I3

o

<

[}

[}

&)
I

MR
PRI

b
EX

]

o
L

(]

219

[

TS

(&
1S9

(AW

(48]
i

)

gt
o

(&

w
)

£

T 0
PR AR

.78

s

(€)1
[

[

(V]

L

o

-3

n/I:
ENE]

=
g

[48
o2

AN
[y

[#3]

AS}

Ly
1B

i
(AN

N

(AW

c
<«

(.2

. -
L T
[ RN

ORI

. -
[t I
[AN A
red o
(AU AV

. .
[aVINas]
[N REA}

~4

o

ST

e

et

o

9]
3

Lis7,

e/

260



1

wh

3
s

-

NG OOOOO- OG0 Mm WWMm O OWw

[HeR 1o I 1A NI TIIS IR TIR T N SAE TA N o0 B0 B A S BN BN KA T [An A AN AY) oy o)

L) » L) - - . - » . - - - - - L ] - - L] L] - . . - .
OO C\ 60 60 O €6 O OF O 6V 00 €L (L O OG (g ¢, Co RIS NS <H <A
I LN N B Y P Y R A LIEIN BV gt < RSN
e B B B o B o I e Y ot e B o B o B N e B et B e B s B =1 el [ i e M W

. L] . » - - L] - - - L] » L) L] L] - - L] L] - L] - - - -« -
IS S NG S & I <P IR NS I OF I 4P I S5 I VI QU RN @b IE SR I N b B o (A2 U b Y P A S S O R v

WG M N ) RO OO 0N WL NS Uy (O W O W
QN OUWOWFOQUN QY =0 e 00O U O D

- R ] - . * L] . » » L] - - - L ] L ] L) L 2 L) - - » - - L] L ] L]
PSRN T IR TR IR ' B RN o s W a VA6 I AV A5 B a s B an M n AR TR RN (AR AN IR I TATR TR IRl I8 16
GO MY O =t CD O D GO ot H el e O B O LD peed >IN H
W ~NC Wi~ Qed et O M) QO WA O

- . LY » - - » - - - - » . . - . . . ] . L] L] . . - -
L A s S A I AV AR S B I T B SR BN o VI SRS S I A5 ] MY SH U SR 00 e <

(Ao N I A WAR I IS I A AVIE L T B G I e B VI S SR o et QS D O OO
O r=t MY GO E O G et el D G SO WO D GO0 e Gy O o s CO D =
L] L) - - - - - - - - . L] > . . L) . + . . » . L] - L] L ]

i NN AN IR [ AN o B AV AVRF S o S AN

€3 ¢ e € 03 L) ) il i N Loy s
L B B et o B s B B e B ol Y e o B B B

1
1

] [ B s Bt B ot B S e B |

CO 4 (Y SIS TS IR AP VO B BN
HEARE ST i S Al B S R AS]

1.68
8
1

IO IR AN N O B S B B L A A & = (1 A A A A B Y]

QPO N OO N e N0 LG 1L DI~ G
WS LOWWOWE QWKL Fo)MJ W ol S S I [ B AVIRV4 B A
- . L] » - L] . . . - - L] . » > . L) L] L] . L] . L] L ] . L]
GG MWED KL OGO O W W kO W

SH p= M) SR U O 0D 2L @ WU O KD ESEAVIS oI RN e Bt B At
o G e O p= U Gy ST MDD OL KDY G NS 0T O ! HeNAVE R AHEG B T N I )]

- - - - - . - . L] - - - L ] L] L] - - . » . » - L] . » *
DO~ 0 WO WMWY OO0 SHOMD SH ) WD N ML
WU S HE O MW PO O W W W W W W WY W
COED D G EDCI I OO el QI Gy e Gy Oy Y O O8

- L] - - - . - - - - - - - * L] . » » L] L] - L] * . . L]
CO@WEWWWAEI L W WL WUt OWWw 0 (00 O ) & WO
I e B I e B e e B I I e B A e A BT I o B B o W s [AV A A VL AU IR AV a U AV A

QO ee Lol Co
g Pl s LI

.
Pr
N N g ARV
[ T s B ma B it O o M T A o B B B e s Y ot I o T e B S M 3
e B B A R A SR W e BN R o - - -

L] - . L L] - . » . » . L] L] L] L] - . L) . L] L] . L] . * .
P e N N N L G CrCr o= 0= i 2 IS IR SISV S IS
[no 32 Jan Man B oun B an Mas B an BN AU SRR [nn R an I o W an] OO LM

ot 0 rd b QO UD ) CO O M) U G <R e WO UH U OO
L] - L ] L] . L] . ] - . . » - L ] L] L d - L 2 - L L ] L ] L ] * . »
COCH ¢ L= MR, U3 Q0 ) (MO0 G W = U et o P IPELS N SR LS B 49
AN AR W AV RT R L B EE SENTFRN IR 16 B AVEES AT o B L AVERNT wHOH LD O L OF 0D N
[atE AV AN I AVEE AV av I AV I a\ B
[AVIE AR AT I AN AV AVITAVEE VI A VI U A VI AL B AVIRE NI VB e VI N [ap N apBANEAs T as AR AN AR
(A A AT A VR TR AR AVEE AV AV S B B R T L ) [AVIE aVE iU AV AV ANIF AV V)
L R I I R R S T IS I S vl o 6O IO s s s s » s e »

PN O NG I e O D A D) I M D D U SEED © W



o=
ot
- wp
RS8R
=]
e
|
=
]
[%5]
0 o
1 [}
A e
[

iy

L

T i

oy

[ IR IEAR]
) 0
- . -
NN
RS
=i
- L]
WO
QO @ u
wowm
- - -
S D
4 R
QAN AVIRNC
L] L]
W
Uy CO O
NEN <N
- L] -
(AR oy B AN
et B W
=~ e G
Cl ¢ e
[An RN A
Gy G W
O3 w
L] L] -
MY = ©
o) My e
javEielge]
e e
S0 A
WO Ww
Gy Oy Oy
L] - L]
W
(A AU M
. L] .
Lo
<k
[t M W |
e B ]
L] [ L ]
I
[SARANREan]
NN
» v
Lt G
WS =i 00
oy e oM
AN AV AV
9 * L]
[ IEAXIRAA]
[aa M A B

=
[AN

.
=t

18]
(e}

P

o

1.2

w
T~

o8
i

11.:G.

37.

e

[AS]

o
[t ]
o
=

Nelrap
4 U

- -
<4 <}

e

18

O

S

[aY4

[T
oY Q¥ <t
HelN A
il = O
M) 0

- - L)
€3 red =3l
SHOOT O
[ AV
e R 2
=1 e e
Qo
e G0 CO

. e u
e~ 0D et
LI ASIS)
- =
e = O
[AnlealpTal
¥y QO CG

“« s+ .
MY DL
i~ ] =
@D W Co

L] - L]
e e b
[Q VIR AN A

(@3}

02

~p

L]

A\

us

[a\]

1

=
2

.1

4

o}
(93]

[

e}

Sl

s

HaY

48]

[An)
o

.
=

[

[ap]
(AW

[ ]
[

-
=t

A
[aN]
.

4V

[AVEEAURAN

* *
e I~
e
RG]

- -
[ IR %]
uo O
[anlEas!
[AUI AW

.« .
[ W]
[AXIEAM

<
e

18

()
e
48]

=l

r{

4
LY

w

0w}

[Ap]

4]

c2
3

1

[Ap]

LAY

sH e [49]
e e I
. L] -
1 Foboped
[ AV AW
[ s W
- L .
Y QW
D peel
AN
. s s
(AN S B i)
[IAN (a8 )
[SER(O IR
. e e
[ANAA AN
R e
) i~

~ s« e
[<n BE< BRI
Lan N
[AVERSI I N
© e -
L] - -
Coel U
G w
G, O
. e .
PRI ]

i

it pt
EnI
- L] .
= - €O
(SOOI SA]
NN
L] L] L]
i s O
i - -
YLy L)
o
OO
« o e
O ) o
oot
[N I ARE o
L] - -
1 ) 65
[AVIESARRN
Fed g el
) 00
- L] .
(AL 15

B~
[
L] -
e
AV AN
P i
- *
(S 2N &)
[an2E W]
) W
oY ¢
Uy w
[V o
[ ] L]
[AANE AN
s el
Co .
L] L]
IS T9V]
e ]
@O ~
[ )
L) L]
[
Cr
0.0 BENS
.« .
o,
- o
fanliis
. .
o~ b=
=l

/_' L)
o,
[GSIR )
O w
) Co
. .
oo
~3
MeNan]
- *
s o
[2p READ]
= =
[ap A
L] *
[P

1o}
~it

Hal

©

38.8

=i
o

[vs]

= Q)
o @
. e
=1
[V A
[ M
- -
[N
[S20N
ol
1 00
[apeN]
[ARNAN}
. .
[AVIR N
=
<o
uy
=
CO uu
I s
- -
[y
¥y
T D
L] .
oy G
oW
[N o]
- .
WD
[SAN S ]
SReT
- .
e
. -
[QP IR S)
(&8 ¢D]
CO O
- .
fagdi @}
[AsBRS
0
- .
(AN
[AtE
r~

[ I Ar]
ﬁdu L]
O
Qs o=t

[&F]

r=i

P

v
[an]

9.88

(&9}
oy

$.67

o

88

Lot}
o2

[
s}



263

- rd ) e N <YWW~ O~ HAND OMmOM ~
- Gt~ @ Do Do b D Do~ e Be = 0D - b MY UMY U U M) g s .
= Y e e e w *» o o o § § s+ e e e ¢ 8 « % s e e & 8 v .
oot Q [ Ml s Bt B i Gl B S ek B i e T s B B I S I | [AVIRAVINaUE AV AT I AV AV o] .
imv.
(AN AUI A AY) [AVIN AV A WK N RO AN AV A% S e U I o VA AN IR AV OOOCOOOo0
-] e Bt Mo B o] B B W B e I I B R e B o i e W B I I RS
1@1 . +» B & P e e+ 4 s b s e & e + v « o ® e » w e« 3 9
OO QMO WLWL WO LOQOQD OO OOOOQ
=
-1 =t 0D ¥ ¢ [SRINS PR T B RN ¥ WY OO <Y GO CO WD b= O r= YW) <H O
I O [ al oV ab Ol <H QO Gy ( Yo W M ) <3Oy e OO b e
R & " s e " * ® 8 * 4 4 & 8 2 2 8 « * 2 2 4 & e
= <HOSH oD M OF QU e 0D ¢ e M W) WD HAR SRR I Ml an MoV iAo T AN
red
~
[+ r=t
n_u ™9 - CCD D e D el O e 3 1D 60 b= OGO CD it <
[S S

> o o p v
Yy <oy O = CD pd U QD 6D €O e O < o e D M) NN OD WO NN e
(M [aM

s .
[ ] PR ) AP KA W AS] (A s I S B AN B S AV AN ] =4 O\ R AN aF R A BN I AW I VIR

§e=t
~
L} whH Oy, (A SIS AV VI B IR IR IR O SN e I o O <f O =D
[Sn I AU AP RFES] e O O KU Gl o B e 08 O) QD (M WY WU O
<) WL . - - . . . . Iy . . . . . » L) - L . . . . L) [ - [ ]
£ =t o WD SN GO O UD ) U AL O UD WD WY R R O 0 O <P S oGt <
] W] Foret =1 LB e B B B e B B e B e B e B e s B ~ = e e e e

T Qs & QY D WO e 00 b rd = CD O - W S - s ) b Ot OO
~~ I W R R ) COMY Wi O W) QO Gy rd =W e <F 0
Mt Q (@] . - . . - . . . - . . LY . . . [y . . - « . . * e Y
@ = [0 I e I O O i (L, D Q- OO ~ r4 L N M W NS
w3
£
-4 b N5 e Q) FaTls B I S I GRS IR RNt B MV I b I T i e v} [Ar G IEPIRAVEE SS s I B a |
49 [AUNARTE L AN e s e Oy ON I w2 OO KD 0D QD L O OO M) e Q) SF e
i r o - - - 3 . . » - . . - - - 'Y . - 'Y . @ - . Y - rY Py
] E © [N 4NN¢FN N LI Ore O MMmMOorg QW WO DWW,
Q =t R ] i -} ==t
g
fary D > = DN AN OO ND=-MNE OO GO~ w4 CO i O
b o MO COC F4 QD FHuwd 0y QO B~ ¥ CD R D o (O 8D O O W
n T . . . . . . . . * = - LY . . . [} . . - - 4« . . . .
?u o &) Q= e O D0~~~ WC O I=-O OO~ W
[
£
o] . , .
Ed Tl ol IS I Il o0 AU o TANA IR TR R TRIBTAIE TR I A28 o A AW AN T DD MD)W
24 W W W w oMW EIMNMomMme oo W MY WU W M3 N WD
G / « & & * 4 & v & s 2 s & & * & e ¢ & & & ¢« @& o
=} = On G Dy O PGB DDO WML dO;m il S g A el T el
[ e B o o B B o Y o B
L) L) [ L) . L] - - L] . L) - - L] * L] - - L) » - - - . -*
i QL GO UWOLOUOQULUOLO QO LOQOOO
= £ CH 0D Co s DO ORWDOLOLLD GO G W
4 CCCO e CCWWLRDLEODWWEDWD QOWOOIoLO®
LI
=4 . . L] . . L] . . . e L) L . . L) . L] .« * e . s s @ .
AN ] (g &= = b I O Y= =M W - OO W
2 o mwm SHOSH A SE NN 0D A M e 00 0D ) 00 00 RH sl R
[
ore)
. e MY 2 D U SIM O DGME MO O COMANOOr®
/ - L] . . . L] L 3 - . - * - L - L] . - - - . » * L ] L] -
LS I Pt e W N O3 W o D T W U e e ) e MW M®
=5 O € 2w AR AV I T I A VIR I AV A I 45 BES I A S IUAV IR St MmN m

OOQ
= = QOO DDW WO MM

3,310

ARSI A TN} i e B B A I A e B A AR N ] OF OF €& O 3 ¢ 69 o\
g LI B MDWMEICICI MM + ¢ » G CO D ML D
3 [SA IR T W) L L I T S Y B N I o B AT * s s s o+ e 8 @
554 e R M B P OO0 00 <MD O e OD WD et e el g P OO S0 WO - D



x - I b/ T T T ~T C
! £ n r ¢ 'r b

2
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go/rin tsig rym w/wl 0 og oC £.mol/1 g.

REO) . 3e6, 17.85 6.6¢ B.62 1.5%8 15.1¢
RG] 37, 88C., 17.5&% 6.E5 7T.€8 1,97 14,71
1g. 34. 88C, 18.24 T1.17 8.76 0©.8+% 13.19
d3&.3 3. B8C. 18.34 6,46 T.7¢ 1.886 12.84
36.7 ~C. 88C. 18.34 ¢&.Z¢€ 8.56 1.88 1..95
28.8 37, 880, 18.36 §.¢8 8.56 1.38 1,14
3.3 31. &8C., 27.84 4,73 5.07 3.53 12.86
32.6 34, eec., 27v.64 5.19 6.11 2,76 12,97
24.2 YN 88C. =27.62 5.51 6.56 2.31 12.68
2840 31. 85C. 27.88 5.1% 5.82 2.65 12.27
3443 31, 88C. 27.8%4 4£.8% 5.33 3.27 12.69
35.6 34. £8C., 27.58 4£.93 5.88 3.C2 13.2¢C
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21,1 31, 88C., 27.61 §5.42 6,72 1.83 11.97
aC.e 34. e8C. 27,61 6.C0 7T.20 1.686 12,27
23.2 37. 88C., 27.67 5.6C 7.43 1.7C 17.88
38.8 34. 88C. 27.65 4.76 5.74 3.11 13.16
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2¢.2 31. 880, 27.72 4.81 5.89% 2.67 12.26
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RS -, - m m A — m m A
n ] g T T 2.~ C. C,.~C, -7y ﬁg
leS x103
gr/rin psig rom  w/wl OO e o¢ g.ucl/1 g,rol/1 OF

1,34 31.6 34, £8C, 42.8C 3.C 3.85% 3.4 12,71 5.61 1,86 G.08
2.34 3¢.1 34, 88C., £2..58 2.64 3.86 3.3¢ 1C.7C 5.58 i.02 G. 8
2.34 28.C 34, 880, 42,45 3.3C 3.85 3.10 10,84 5.17 1.31 ©€.08
£.34 23.9 34, 280, 4£2,3% 3.3¢C L.24 2,71 iC.35 4.61 1.7¢ 06.08
5.34 27.C 3%. 88C. £2.37 2.78 2.7 3.7C 14,34 5.71 2.46 0.8
6.34 3¢.6 31. 88C., 42.34 2.20 2.41 42,25 10.62 6.41 1.€1 cC.08
7.34 32.9 31. 880, 42.4C 2.72 2.87T 3.7¢ £.3¢2 5.84 2.36 £.,C8
8.34 23.2 31. £8C, 42,50 2.98 3.37 3.2¢ 1C.12 Y.18 2.85 C.0€
€34 1807 34, 88¢G,., 42.38 3.4¢ 4,38 2.37 1¢.18 s. 11 2.03 (.08
10434 33.° 3. 88C. 42.51 2.78 3.88 3.26 10,64 8. 44 1.12 C.C8
11.34 1.3 21, 88T, 42.38 2.42 3.8 2.865 2,82 %,58 3.3C 008
12.34 z8.C 2¢. 88¢. 4£2.88 2.928 2,72 3.73 1c.C& 5.56 3.65 &.,C8
13.3% 358.2 2¢ 887 . L2,40 2.44 1.68 4.47 1C.38 6.48 2,20 G,08
14,34 2.8 31, B8I., £2.84 2,98 3.01 3.85 10,31 3,68 2.5C {.C8
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20 14,31: Zxrerimeuntal and predicted resvonse in hateh reactor, Hatsclek viscosity

TIRE T T, X, %, I A o x1e”® ¢ _x1¢? T
AXFT. WOLAL B TZOC. LWIDIL B #CTEL € 13EL 2

winsg ©C ol S o¢ er g.mcl/1 g,mel/1

C. T.IC T.TC S.65  ©.85  10.5. .0 1.65  0.88  7.7¢  71.70
°.4 8.1% 8.32 ©.77 10,54 .18 2.45 1.61  C.08  £.30  B8.06
c.8 8.55 8.74 9.85  1¢.53 .028 2.61 1.58  1.07  8.81  B8.42
1.2 8.87 9.00 ©.83  10.58 .037 2.72 1.56  1.12  ©.08  8.69
1.6 ©.07 ©.18 ©.9¢  10.52 .046 2.81 1.55  1.15  ©.20  8.89
2.0 2.1¢ 9.25 10,04 10.52 .653 2.80 1.54  1.17  ©.28  0.03
2.4 9.27 8.30 10,68 16.51 .06 2.97 1.54 1,18  ©.32  ©.13
2.8 ©.31 2.33 16.14 10,51 .087 3.04 1.54  1.1¢  9.34  9.20
3.2 9.34 90.34 16,18 10.51 .073 3.11 1.54  1.16  $.35  0.95
3.6 9.24 9.34 10,24 10.51 .080 3.18 1.54  1.19  6.35  ©.28
2.6 92,34 ©.33 1C.31 1¢.28 106.50 .C86 3.25 1.54  1.1¢  9.33  ©.31
L.4 9454 9432 10,33 10.5¢ .092 3.32 1.54  1.16  ©.2 ¢.33
5.2 £.32 2.98 10.42 10,49 .105 3.45 1.54  1.19  6.28  g.34
5.6 6.2¢ 9.25 15.46 10,49 111 3.52 1.54  1.1¢  9.25  6.34
6.0 ©.25 0.23 10.51 10,49 .117 23.5¢ 1.54  1.1c  ©.23  ©.35
€.4 ©.72 2.20 10,50 10.46 .123 3,66 1.54  1.19 0.7 ¢.35
6.8 ©0.17 2.18 16,6  3C.48 .130 2.73 1.54  1.1¢  $.18  ©.35
7.2 2,13 2,15 36,76 10.85  ic.4g8  .137 3.80 1.54  1.19  ©.15  ©.34
7.6 ©,1¢ ©.12 10.70 10,48 .143 3.88 1.54  1.16  ©.15  9.34

Note: the subscript r in Tables III to VII refers to the time derpendent
reactor temmnerature.
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AUM 19.12: Zyxverimental and ~redicted reswcunse in batch reactor, =Satschel” viscosity

(3]
TILI T T .. z, Ty ﬁh Ty cbx10“ csx102 7. T
3E°®, WODEL B OIZST, LCDEL 2 HOLEL © MODEL 4
rins O cC w/vl  w/vw oC cn g.201/1 g.mol/1 of olp)
.0 5.85 5.85 18.33 18,38 $.68 .C 1.43 G.73 5.85 5.85
C.40 7.16 T.2¢ 18.76 3.55 .28 3.78 1,39 C.86 7.40 6.86
0.8 7.88 17.82 ig,01 9.6% 042 4.7 1,37 £,8 8.G0 7.51
1.2 8.18 8,22 19,20 ©.62 .081 4.28 1.36 1.01 8,26 7.9¢C
1.6 8,32 8.35 19.36 $.61 072 4,46 1.385 1.03 8.38 8.123
2,20 8,39 9.4C 1¢.5¢C ¢,30 .083 4.64 1.36 1.05 8.41 8,27
2.4 8,40 8.4C 18,684 €.50 .083 4.81 1.36 1.¢5 8.41 8,34
2.8 8,37 8,28 18,77 12,77 c.58 L1883 4,98 1,36 1.08 £.38 8.38
3.2 8.32. 8.35 19.¢6 5.57 .118 5.18 1,87 1.05 8.35 8,40
3.6 .26 8.31 20.C4 2,56 .123 5.33 1.37 1.07 8.31 8,41
4,0 8,20 8.27 22,17 ¢.55 .133 5.51  1.37 1,03 8.26 8,41
f.4 8,13 8.22 2C,3¢ 8,54 L143 5,70 1,87 i.¢ 8.22 8,40
.8 8,06 8,18 2C0.22 22,44 9,53 .153 3.8¢ 1.3¢ 1.2 8.17 8,10
.2 7,93 8,11 2¢.58 ©.,5% .163 6.0 1.38 1.61 8,12 8.39
.6 T.82 8.05 20,71 o.51 L173 8.2¢ 1,38 1.¢ 8.06 8.38
L0 7.72 8.00 20,85 9.5C .184 6.51 1,38 1.00 8.01 8.37

I I W er ()W} IOL NI

o T.94 2°.83 21.00C §.49 .194 6,72 1.3¢ C.g8@ T.925 8.36
.8 7.88 21,14 G.48 .206 78,98 1.38 C.99 7.8¢ 8.35
.2 7T.81 21,28 G§.AT 215 T.18 1.4¢C .88 7.83 8.34
.G T.75 21.43 .46 .226 T.43 1.4C 5.e8 T.77 8,33

L9¢



2J8 26.13: “xrerirestel snd predicted resmonse in “ateh reactex, Zatsclie” viscesity
2 2

TILE T T, ¥, X, Tc ﬁu L ©,.%10 C x10 T Ty
EIFTL, LOLZL W OEVEY., MIDEL B YOOET G ITNTL 4

ming 0F ols: wfed g o7 e g.m21/1 #.m21/1

.0 5,23 £.23 SN LT ST .53 Ny 1,29 3.65 5.23 5.23
C.- 6,01 6,39 28,15 9.20 021 5.87 1.38 .78 5.67 6.01
2.8 6.80 7.04 28,4 ¢.18 .035 8.29 1,34 C.84 7.24 .60
1.2 7.32 17.438 28,65 9.1€ L4868 6,8 1.31 c.¢¢C 7.58 7.02
1,6 7.84 7,87 28,83 9,17 .£56 6,84 1,3C .84 7.76 7.33
2. 7.8 7.81 28.¢¢ S.13 264 T.C6  1.2¢ .97 7.87 7.5%
2.4 7,86 7.8¢ 2€.13 €.11 L3710 7,27 1,28 0.98 7.92 7.6¢
2.8 7.,9¢C 17.93 20.286 2.1¢ LOT8  T.47  1.28 .99 7.94 7.79
3.2 7.93 7.94 29.36 235,38 ¢.C9 084 17.68 1.28 1,00 7.95 7.85
3.6 7,83 7.c4 29,51 9,08 .C8C 7.88 1,98 1.C0 7.23 7.86
£,6 T.8C 7,23 £5.63 c.0T .096 8,08 1.38 1.00 7.92 7.€2
L.4 0 7,87 7.6 29.74 2.06 .1¢2 8,28 1,29 1.0 7.8 7.93
4.8 7.84 17.88 22,86 2,05 .iC8 8,48 1,29 1.00 7.86 7.94
5.2 7,8 7.85 29,28 9.03 114 8,70 1.2¢ .99 7.83 7.84
5.6 T.78 17.81 3C.09 8.02 .120 8,91 1,29 .99 7.8¢C 7.94
§.C 7.73 7.78 3¢.21 9.01 .126 9,13 1.29 2.69 7.76 7.94
6.4 T.7C 7T.74 30,25 30.33 8.CC .132 2.36 1,29 .98 7.73 7.93
6.8 T.67 7.70 30,45 8.99 .138 9.58 1.30C .98 7.69 7.92
T.2 7,59 17.65 30.57 8.98 144 9,82 1,30 .98 7.65 7.91
7.6

7.54 7.62 30,69 8.¢1 .15C 10,06 1,3¢C C.07 7.62 7.90

89¢



Ol 4.14:  Experinmertal and trecdicted restomse in hsten reactor, Fatschelr viscosity
MY oM T m m ¢ 73 s 57102 0 x3 @2 T T
sty r fr *r *e b {n e bt T r
BI0T, LCDZL B ITC.B¥* L C2IEL B L0281 © KODEL L
wins OC o¢ cg vi /v og - cT g.m0l/1 g.mcl/1 °C o¢
t.C 2,75 2.75 2.75 Z2.C1 7.24 .0 1.15 C.:z3 2,78 2.75
.4 3.13 3.458 3.30 42,42 7.18 L14 17,5¢ 1.12 0.5C 3.68 3.13
.8 3.8C 3.88 3.70 12,714 7.12 .C26 12,06 1.1C C.54 4.08 3.44
1,2 3.82 4£.16 3.98 £2.8% 7,07 036 2l.24 1.C8 0.57 4,32 3.7¢
1.6 4£.06 4.34 .18 4£3.02 7.02 L3 21,30 1.07 C.60 4,45 3.91
2.0 4£.29 4.16 4,34 3.28 6.C8 .082 22,29 1,07 c.62 %453 %408
2.4 4.1 4452 L.44 43,48 6.94 .£59 23.26 1.C6 G.€3 £.56 4,21
2.8 4.50 4,55 £,5C 43,69 5.9C L067 24,21 1.C6 C.64 4,55 te31
3.2 4£.54 4,55 4,54 43.88 5,87 LT3 25017 1.086 €.64 4.53 4,39
3.6 £.58 4.53 4,55 44,06 5.83 079 26,14 1.C8 .64 £.5C .45
4.0 4,52 4,49 4.58 L4.24 6,8C 085 27.12 1.C6 .84 4,48 4,49
4L 4.4 2a &l £.54 4d.4 6.76 .C91 28,13 1.C8 C.64 4.3¢ 4.52
“.8 L.42 4,37 4,31 L4L.E 5.73 L0987 22,18 1.C7 J.84 £.323 e &
S.2 4,37 4,30 4.48 J4.7% 6.6¢ 183 3(.,21 :1.C T.84 L. 28 L£.84
5.6 4,3C L.22 E.44 0 44,8 6.66 .16 31,3G 1,08 .63 4,18 4,54
6.C 4£.13 £.,3% 45.23 6.63 114 32,41 1.C8 .82 dell £.583

MODEL E¥* refers to fODEL B with B = -0.5

69¢



270
PLELE VIT

Arxrerimental znd rredicted temperziure ond concentraticn

cats
o Mg —
Lun Tige Tr Tr Tr X, X Cb Cs
BETP, L2I8L B LCSEL A ST TCLL B XlOB
{mins) O oc oz v7/Wy g.rcl /
17,11 ¢, 6,21 6.% 6,951 2,66 ©5.60
Cut 8.64 8,886 B.46 J.Jé 5,72
G,.,8 .34 ©,46 2.,1¢ .08 3.13
1.2 .58 6.66 .51 10.18 2.5¢
1.6 G.67T ©¢.71 .64 10,27 2.40
2.0 8,70 2.71 9,69 16.35 2,39
2.4 0,68 ©,6¢ 9.71 10,43 2,43
248 ¢,66 ¢©.,66 Q.71 1.5 2,18
3.2 e,6 .63 S.71 10,67 1C.60 2,58
3.6 s.54 6,590 8.71 10,68 2,868
4,0 e,47T ©.,86° c,.7C 10,76 2,78
Gl 8,40 9,52 9,70 12,85 2,53
4,5 3,34 ©9.48 c,.6¢ ic,92 1¢.u_ 2.92
£.2. 0,25 9,458 2,.6¢ 11.¢8 3.062
5.6 .12 9,41 .68 11,12 3.11
6.0 G.12 ©,35 0,.867 11,21 3.20
6.4 9.04 9.32 9.67 11,30 11,30 3.31
6.8 2.28 c.66 11,40 3.42
7.2 9,23 c.66 11,49 3.53
1,11 ©C, 71,57 7.57 T.57 9.66 ©,66
Cos 9.64 9.49 ¢.18 ©.90 3.68
.8 ¢,65 10,07 2,88 1C.01 2,26
1,2 1¢6,C2 15.25 1¢.1¢6 1C.08 1,59
1.6 1¢.17 1C.30 16,26 1,11 1.8
2.0 5,26 1C.51 16.29 10.1¢ 1,47
A 1¢.,.3C 1€.30 1C¢.30 1,24 1,48
2.8 16,22 1C,29 14,31 1¢.30 1€,3C 1.5
3.2 1,27 16.28 1¢.21 18,35 1.53
3.6 15.25 1¢,27 12,3C 16.4C 1.57
440 15,23 1C¢.25 1C¢ .30 16,45 1,60
Gl 18.21 10.24 16,30 12,50 1,64
448 1¢.2C 10.22 16,22 156.56 1.67
5.2 1¢,18 10,°1 1¢.29 10,061 1,71
5,6 iC,1E 10.19 10,29 : 1C.66 1,75
5.0 1¢.18 . 15,28 12,74 1C,72 1.79
6.4 16.16 10.28 1C,77 1,82
6.8 12,15 10,08 1C.83 1.86
T.2 10,12 1C,27 16,89 2

tad
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TAZBLE VoI (continued)

- . -
wun Jlme Tr Tr Tr X, X, Cb S )
BX-T, MODEL 2 MODOL A E¥X T. LIDEL B x10°
(zins) og oC o¢ v/ v g 5..01/1
18,12 ., 7.10 7.1¢C 7.18 18,49 18,49
C. T7.78 5,18 T.95 i8.75 3,77
G.8 8,14 5,66 8.45 18.91 2.60C
1.2 8.46 8.88 8.73 ie.c2 2,01
1.6 8.,7C 5,98 8.89 12,16 1.83
2.0 8.89 ¢,.C3 8.07 1e,17 19,18 1.,5¢
2o 8.9¢ S.0% ¢.C1 19.25 1,54
2.8 2,04 9,04 9.03 1¢.32 1.53
3.2 C.086 .04 0.,CL .32 1,54
3.6 .01 2.c2 g.C4 1%.46 1,56
4,0 .04 .02 2,04 16,53 1,58
el 2.04 9.00 9.C4 19.60 1,60
+.8 9.0« 8.98 2.04 19.66 1,63
5,2 2.04 8,986 9.03 16,63 12.73 1.66
5.6 9,03 8.95 5.03 19,80 1,69
6,0 8,93 5.02 1e.87 1,72
6,4 8.91 2.02 1,641 1,75
6.8 8.90 g.01 20.01 1,78
T2 8,88 9.01 19,97 20.09 1.82
25,13 C. 4.52 1,52 4,52 27.64 27,64
C.- 5.18 £.33 %496 28.01 6.62
.8 5.78 5.78 5.31 28.28 5,61
1.2 .12 §.06 5.5¢% 28.53 5,28
1.6 6.27 6.22 5,8C 28,75 1,96
2.0 6.33 €.31 5.26 28,95 4.76
2.4 6.34 6.34 6,08 29.13 2.67
“,8 6.33 6.35 6.17 29.31 4,64
5.2 6,27 6.32 6.23 28.45 28.4¢ 4,65
3.6 5,21 5,28 6.28 22.66 4.7C
Ge 6.1% 6.23 6.31 29.83 4.78
d,4 6.02 6.17 6.33 26.99 4,87
4.8 5.91 6,10 6.34 3C.16 4,98
5,2 5.72 6,02 6,35 3C.23 3£.33 5,10
5.6 5.93 6.35 3C.49 5,23
6.0 5.84 6.35 3C.65 5,87
8,24 5.75 6,34 30.83 5,52

cor/
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VATLE V1I (continued)

“un Time Tr Tr T.r X, X, Ch--CS
SE-T. LCDEL B RODEL 4L BYED. wCDEL EXlOB

(mins)oC oG oz w/wi.  v/vl  g.mcl/1

a7.18 0. 4,88 4,88 4,88 27.67T 27,67
G.4 5.5 6.10 .65 28.14 6,87
G.8 5,72 6.75 6.23 28.27 bH,56
1.2 7,13 T.12 6.6+ 28,74 4,77
1.€ 7.34 7.33 6.94 28.96 4,28
2.0 Tedd T.44 T.14 2,16 4.01
2t T.48 7.49 7.28 26.35 3.88
2.8 7.4 7.50 T.37 22,52 3.82
3.2 1,47 7.8 T.43 29.69 3.83
3.8 7.40 T.45 T.47 25.73 2%.85 3.87
4,0 7.33 7.40 7.49 30.03 3,94
4.4 T.25 7.358 7.49 3C.1¢ 4,02
e B 7.18 T.29 7.50 36.36 4,12
8.2 7.1¢C 7.22 T7.49 3C.53 4.23
5.6 7,02 7.186 7.48 3C.69% 4.35
§.0 6.92 7.08 T .47 30.86 4,47
6,4 7,01 T.46 31,03 4,60
6,8 6.83 T.45 3C.46 31,11 4,74

28.13 C, 6,:LC 6,40 5,0 27.70 27,70
C.4 5.567 T.22 7,01 27.¢ 5.6
0.8 6,58 T.72 Ty 28,15 3,58
1.2 7.36 8,04 7.81 28,27 2,83
i.6 7,72 8.25 8.(6 28,37 2,32
2.0 &,CC 8.3¢ S5.73 A8.46  1,¢7
2.4 8.17 8eaT 8,35 28,54 1,78
2.8 8.32 8.53 .44 28,60 1,59
3.2 5.43 8.57 8.5C 28.66 1,4
3.6 8,48 8,58 8,54 28,72 1.43
4.0 8,53 8,6C 8.86 26,706 28.77 1.39
4ed 5.56 8.61 8.58 28,82 1,37
.8 8,59 B,6C 8.59 28,88 1,38
5.2 8,62 8.6C 8,60 28.%3 1,37
5.6 8.62 5,59 8.6C 28.88 1,37
6.0 8.62 8,58 8,61 29.C 1.38
8,4 8,81 B.&T 8,60 2.8 1,39
6.8 8,60 8,87 8.60 2,27 29.13 1,3¢



Run
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3 VII (continued)

YT m
AT G

(mins) ocC

G. T.73
Co4 9.00
C.8 2.72
i.3 10.10
1.6 10.25
2.0 1C.32
2.4 1C,37
2.8 1C,3¢
3.2 10,38
3.6 10.27
4.0 16,35
L. 4 10.23
4.8 C.32
S.2 1G.30C
5.6 1G.29
6.0 ic.27
6.4 16,28
.8 10.24
G. T.42
.4 8.8C
.8 9,58
1.2 ¢.92

1,6 16,11
2.0 16,26
2.4 1¢.22
2.8 1C,.18
3.2 10,13
3.6 16.68
4.0 10,62
4.4 9.97
4,8 8.920
8.2 2.83
5.6 9,76
6,0 9.69
6.4 0.64
6.8

10,31
10.2¢
16.28
1C.26
10,24

T.42

2.61
1G.062
1¢.18
1C.24
10.25
1C.24
16,22
1G6.20
10,17
1C.1¢8
10,12
1¢.09
15.66
10,03
1G6.00

9,97

2.84

7.73

2.32

.82
1c.10
1Cc.24
10,32
1C.36
10.38
15,39
1C.39
1C.39
15,39
16,39
1¢.3¢
10,83
1C.38
1C.38
1C0.3

7.4:2

.35

5.82
1,056
1¢.16
10.22
16,24
i0.25
1¢.25
1¢.25
1€.25
1C.24
1C.24
1C, 24
18.23
1C.23
10,22
10,22

Ko}

.GS

1G,42

10,71

11.01

X

Cb—C

T 8
MODEL B x10°
w /v, g.m01/1

9.67

9.82 4.63

g.91 3.227

0,08 2.54
10.63  2.24
16.08 2.11
10.13 2.06
16,17 2.07
10,21 2.08
10.26 2.11

.50 2.15
16.35 2.16
10.290 2,23
10,44 2.2
10,48 2,32
10.53 2.36
1C.57 2.41
1C.62 2,45

9.69

9.86 4.51

9.97 2.26
1,05 2,74
10.11  2.56
10,18 2.51
10.24 2,53
16,30 2.58
10,36 2.64
16.43 2.71
10,49 2.178
10.55 2.85
10.62 2.92
16.69 3,00
10.75  3.08
10.82 3,15
10,86 3,23
16.96 3,32

veo/
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TLELE VII (ecntinued)

Run Time 7 ™ T X X

r r r r r
BZPT, MCDEL B MC3REL 4 EZFT. VMTIEL
(mins) ©C oC el w/wd  w/w
1.22 C. 5,74 5,74 5.7% 18,36 18.36
G,4 6,62 6.52 6.24 18,84
0.8 T.15 7.CS 6.63 18.86
1.2 7.8 7.38 £.092 19.04
1.6 7T.58 7,51 7.13 19,20
2,0 7.63 7.59 7,28 16,34
2.4 7,61 T.62 7.40 19,4
2.8 7.51 7.62 7.48 192,62
3.2 7.40 7.60 7T.563 19,87 19,715
3.6 7,25 7.56 T.57 1¢.89
4,0 T.11 T.51 T.60 2C,02
4.4 6.68 7.45 7.61 1¢.87 2¢.15
4.8 T.38 7.62 20 .28
5.2 7.31 T.63 20.41
5.6 7,24 7,63 20.54
6.0 7.16 7.63 20,68
5.22 OC. 6,35 6.35 6.35 18.34 18,34
O.4 T.14 7.3C 6.99 18,59
G,8 T.67 7.82 Ta.47 18,77
1.2 8.03 8.13 7,81 18.90
1.6 8.26 8,32 8,04 1¢.¢2
2.0 8.3¢ 8.43 8.21 19.08 19,12
2.4 8,46 8.49 8.32 12,22
2.8 8.50 8,51 8,40 19,31
3.2 8.51 8.52 8,45 19.39
3.6 8.49 8,52 8,48 19.43 19.48
4,0 8,47 8,51 8,50 19.56
4.4 8.4 8,49 8.51 19,64
1.8 8,41 8,47 8,52 19,72
5.2 8.39 8.44 8.52 16.81
5.6 8.37 8.41 8.52 19,89
6.0 5.33 8,39 8.52 12,27 19,07
€.,4 8,2¢ 8.36 8,52 - 20,06
6.8 8.25 8,33 8,81 2C.14
7,2 5.21 8,28 8,851 20.23



575

TAELE VII (continued)

Run Time 'I’r Tr Tr X.. X, Cb"cs
EX-T. MODEL B LiODEL A EBEXTFT. MODEL B X103

{mins) ©¢ o¢ o¢ w/wh  w/w%  g.wol/1

21.23 ©. 5.25 5.25 5.25 27.87 27,87
C.4 5.63 3.88 5.60 28.15 6.44
0.8 6.C0 6.28 5.89 28,37 5.69
1.2 G .30 6,54 6,13 28,506 5.16
1,6 6.51 6,71 6,32 28,72 4,80
2.0 6,67 6,83 6,48 28,88 4,55
2.4 6,78 6.90 §.60 29,02 4,37
2.8 6,86 6,94 6,69 29,15 4,27
3.2 6.90 6.96 6.77 29.38 29.28 4,21
3.6 6.93 6,96 6,83 29.41 4.19
4,0 6,95 6,95 6,87 29,53 4,18
4,4 6.92 6.93 6.90 29,65 4,22
4.8 6.89 6.90 6,93 28,77 4,25
5.2 6.83 6,86 6.94 20,89 4,31
5.6 6,78 6,82 6.925 29.88 3C,01 4.37
6.0 6,75 6.78 6,96 3C.13 4,45
6.4 6,72 6.73 6.96 3C.25 4,53
6.8 6.68 €.96 3C.37 4.61
7.2 6.62 6.9¢€ 3C,.49 4,69

22.23 C, 5.07 5,07 5.07 27,77 27,77
0.4 5.53 5.73 5,43 28,05 6.74
6.8 5.91 6.14 5.73 28,28 5.97
1.2 6.2¢ 6,42 5,98 28,47 5,42
1.6 6.53 5,60 6,18 28.64 5.C4
2.0 6.70 6.73 6.34 28,80 4,76
2.4 6,80 6.81 6,47 28,924 4.58
2.8 6.85 6,86 6.57 28.08 4,46
3.2 6.86 6,88 6,65 29.21 41,40
3.6 6,82 6,88 6,72 28,34 4,36
4.0 6,78 6.87 6,77 29,47 4,36
L4 6.74 6.85 6,80 22,59 4.38
4,8 6.69 6,83 5,83 29,71 4,42
5.2 6.64 6,79 6,85 29.83 4,47
5.6 6,57 6.75 6,87 29,96 4,54
6.0 6.50 6.70 6.87 30.08 4,60
6.4 6.65 6,88 3C.18 3¢C.19 4,68

ees/
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TAFPLE VLI (ccntinued)

3 m m

Time ir Tr lr Xr
BEIT, NcodZL B MCDBEL A BXET,

(::ins) ocC oC oC w /1.

C. 7.65 7,65 7.65 9.68

C.4 8,17 8,39 8,14

0.8 8.59 8.82 8,51

1.2 8,89 .08 8,79

1.6 2.1C 9.25 8.89

2.0 9.25 8,36 9.14

2.4 9.37 9,42 G,24

2,8 9.44 9,46 g.32 10.15

3.2 9.47 9,47 ¢.37

3.6 2,49 2,48 9.41

4,0 %.50 $.48 9.43

4,4 $.50 g.a’l 9,45

4.8 %.50 9,46 9,46

5.2 2,49 .44 9,47

5.6 9,49 9,43 9,48

6.0 9,48 9,41 9,48

6.4 9.46 ©.39 g.,.48 1¢.82

6,8 9.44 8,37 9.48

7.2 9,40 2.35 9,48

7.8 9,37 9.33 9.48

G, 6,46 6,49 6.4¢ 18,34

C.4 6.83 6,94 6,72

0.8 7.C8 7,22 6.91

1.2 7.30 T.41 7.07

1.6 7.6 7.54 7.21

2.0 7.56 7.63 7,32

2,4 T.64 7.69 T.4d

2.8 7,76 T.73 7.48

3.2 7.73 7.75 7,54 19.18

3.6 T.74 7.75 7.59

4.0 T.7T4 7.75 7.62

444 7.73 7.73 7.65

£,.,8 T.71 7.72 7.68

5.2 7.68 7.69 T.70

5.6 7T.63 7.66 7,71

6.0 7.63 7.72

6.4 7,60 7,73 19,72

6.8 7.56 T.74

10,41
10,45
10,49
10.53
10,57
10,62

18,34
18,49
18,62
18,73
18.83
18,02
19,01
1¢.1¢
19,18
19.26
19,34
19.41
19,49
16,57
19,64
18,72
19,.8¢C
19,87

L T T R T )
OO0 N: 3= MW
OO WNNW WD

O WWWWWWWEs
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TABLE VII (continued)

Py = I
nun Time Tr Tr Tr Xr xr Cb—-us
[}
BXFT. NCLEL 7 MCDBL A BYPT, MTIEL B x10°

{rins) o¢ og oC w/v%  w/v%  g.mol/1

13.32 ©, 6.58 6.58 6.58 18,34 18.34
.4 7.35 7.34 7.03 18.56 7.46
.8 7,88 7.79 7.3¢ 18,73 6.3¢
1.2 8,22 8,09 7.67 18,87 5,67
1.6 8.30 g.28 7.900 18,99 5.18
2.0 8,5 8.41 8.07 1¢.1C 4.85
2.4 8.53 8.48 8,20 19,21 4.64
2.8 8.53 8.53 8,30 19.30 4.51
3.2 8,52 8,55 8,37 19,52 19,40 4,45
3.6 8.50C 8.55 8,43 1¢.49 4,41
4,0 8,47 8.55 8.47 19.58 4.42
4.4 8,43 8.53 8,50 19,67 4.45
4.8 8,39 8,51 8,52 19,76 4.49
5.2 8.33 8.48 8.54 19,85 4.55
5.6 8,27 8,45 8.55 18,94 4.861
6.0 8,20 8,41 8.55 20,06 20,02 4,69
6,4 8.11 8.37 8.55 20,11 4,77
14,33 0. 5,60 5,60 5.60 27.67 27,67

04 6.03 8.67 5.86 27.86 6,98
C+8 8,36 6.41 6,09 26,01 6,31
1.2 5,64 6.66 6,29 28,15 5.80
1.6 6.85 6.85 6.4 28,27 5.3¢
2.0 7.02 7.C0 5.61 28.32 5,06
2.4 T.14 7.12 6.74 28,45 4,80
2,8 7.22 T.21 6.85 28,59 42,60
3..2 7.2 7.28 6.95 28,66 28,68 4,44
3.6 7.36 7.33 7.C3 28,77 4.31
4.0 7, A0 7.37 7.10 28,85 ¢.22
4,4 T.41 7.39 7.15 28,24 4,14
4,8 Tec1 T.41 7.21 29,02 4,09
5.2 .41 7.42 7.25 29,09 4.C7
5,6 T .40 7 .42 7.28 20,17 4.05
6,0 T .20 7.42 7.31 20,25 4,04
5.4 7.39 7.41 7.34 30,32 4.0
5.8 7.388 7.4C 7.36 20,39 £4.06
7.2 7.37 7.38 7.37 29.47 4.08
7.6 7.36 7.36 7.359 22.49 29,54 4,10
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P43LE VII (continued)

ks ] M m
Run Time Tr [ . X, X Cb-—CS
BZ:T., LCDAL B LILEL 4 ZXIT, MCDEL B X103

{reins} CC og og w/wl  w/wl  g.mol/1

16.33 ¢©. 5.45 5,45 5.45 2T.65 27,65
C.4 5.67 5.80 5,62 27.82 6,68
6.8 '5.88 6,05 5.78 27.96 6.18
1.2 6,06 6,24 5,921 28,08 G ,.82
1.6 6.24 6.38 6.C3 28,20 5.53
2.0 6.36 6,49 6.14 . 28,31 5.3G
2.4 6.47 6,38 6.23 28.52 28,41 8,13
2.8 6.56 8.64 6.31 28,51 4.9¢
3.2 6.658 6,69 €.38 28,60 4.88
3.6 6.71 6.72 6.44 28,69 4.80
e 0 6.73 6,74 6,49 28,78 4,75
4,4 G.74 6,75 6.54 28,90 28.87 4.71
“.8 6,73 6,76 6,358 28,95 4,69
g.2 6.73 6,75 6.61 28.C3 4,69
5,6 6.72 6,74 6.64 2.11 4,69
.0 6.70 6,73 6,66 29.19 £,70
6.4 6,068 6.71 6,68 2€.35 28,27 4,72
6.8 6,65 6.692 6,.7C 28,35 4.76
7.7 6.61 6.67 6,72 29,3 4,79

.34 O, 3.49 3.4% 3.4Q 42,38 42,38
C.4 3.7C 3.74 3.61 42,85 5,73
0.8 3.86 3.93 3.73 42.69 5,43
1,2 3.9¢9 4,08 3.83 42,83 5.18
1.6 4,10 4,20 3.982 42.98 4,98
2.0 2,17 4.29 4.01 42,89 43.C6 4,81
2.4 4,24 4,37 4,09 43,17 4,67
2.8 4.3C 4,43 4,16 43,28 4.55
3.2 4.36 4,48 4.22 43,38 4.46
3.6 4 4G 4,51 4,27 43,43 43.47 4.38
4,0 L .43 1.54 4,32 43,56 4.32
4,4 oo 4T 4,956 4,38 43.65 4,26
4,8 4,50 4,57 4,40 43,74 4,22
5.2 4,51 4.57 4,44 43,83 4£.19
5.6 4,53 4,57 4,47 43.81 4,17
6.0 4,55 4,58 4,49 43,89 4,18
6.4 4.56 4,55 4,51 44,00 214,07 4,17
5.8 4.58 1.81 4.53 44,23 4,18
7.2 £,59 4,81 4.55 44,31 4,19
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Sunary ¢f Ztea cstate rvrs, wing bleck code £nd mean —roduecticn rates

RLCCY sg;gwg Xg v, vy .¢g rneller “ower Szecial '1?‘ (cb-cs) 'Kh |

CoE w Tafu 1 1 v Tyze TF. Feature gm/min g.wcl/1 Zeal/min
BFM

S1 142C $.69 4,40 3.50 0. Sual LLT70 £4,5 ,00299 1.C3
Sz 1:i2¢ 5.65 4,02 3.16 1.4 Dual .CT70 43.5 .00284 1.03
S3 950 9.65 4,05 3.7¢C 8,6 fual .C33 42,1 ,00420 C.658
S4 1420 8.80 3.35 3.25 3.0 Single ,024 35.3 ,00489 0.608
S5 1420 9,37 3.35 3.25 3.6 Single .024 Distributar 39.4 ,00440 0.608

spinsed JI010®VaX MO[4
g X1tpuoaddy
6L¢




TAZLE  IX

Steady-state runs: Sl 1£20 A%, Duzl Impeller
= m ¢ P - = - - E" [2)
NP £ P Ts Xy X, ¥ * (TO Tr)(Tr 11)(% c,) r ! 21@‘5?%32@
3 g.nol/1 Xeal/ =° o0&
. 0 0o _ o O G o . ~ .
psig em”/min TC C w/wt  w/wh % c C 3 g/min  min Kezl/min

x10

x4, 43, 460, .29 10,03 92,69 10,43 7,1 0,71 2.32 2.21 33.8 4.C9 3.96
5. 43, 460, 16,13 1,03 9.69 10.68 9.4 0.85 2,16 2,66 45.0 5.18 5.C4
6, 43. 460, g.07 2.4 6,89 10.97 11.7 1.G0 2.00 3.09 55,6 6.19 6.03
7. 43, 293. 10.11 ¢.94 9,69 11.33 14,5 ¢€.83 2.14 2.56 44,0 5.15 4,54
‘8. 4G, 4860, 9.94 9.45 9.6 10,73 9.7 1.00C 3.48 2,98 46.2 5.13 5,06
S. 40, 23, e.87 .39 9.6¢ 10,89 11.2 0,75 3.71 2.25 34.C 4.09 3.93

9.42 9.04 9,69 11,03 12,1 1.3C 3.1¢€ 3.83 58,0 6,19 6,07
al., 40, 2€3. 9.64 $.33 9,69 11.38 14,8 1.06 3.38 3.13 45,1 85.15 5,00
22, 37, 480, 5.24 8.95 9.69 10.78 10,1 1.23 4,78 3.49 48,2 5.15 5.24
‘ 5.51 8,90 9,69 1C.,97 11,7 0,95 5.05 2.73 35.4 4.09 4,05

* hydrate hold-up, ¢h = 1.3¢

08¢



1¢.14 g.¢1

1C.12 0.82
1¢,05 9.85

TAZLE X
EREE

Steady-state runs: 82 1420 HEFM, Dual Impeller
Te Xy X, % (TC—TI)(Tr-Tl)(Cb—CS) r Q! geiitgrqﬂ
o o . g.mol/1 ¥eal,/ 9L boac
o w/wi  w/vg 9 C C <103 g/min  nin Xeal/min

9.6C 11.08 13.4 0,81 2.17 2.53 46,4 5,15 5.13
10,17 9.74 9,60 10,64 ¢©.,7 0.81 2,20 2.53 46,6 5.15 5.03
$.6C 12.15 21.G6 C.77 2.14 2,38 45,7 5.15 5.08
S

.66 10,91 12,06 0.91 2.C8 2,83 57.2 .14 6,09

8
10.34 9.79 9,60 10.36 7.3 0.66 2.37 2.04 34.9 4,09 3.93

.27 9.16 ©9.63 10.99 12,4 1.44 3.01 4.25 59.0

6,19 6.29
2.95 .51 9,68 10.46 7.5 G(,8C 3.69 2.39 35.6 4,09 4,03

5.13 9.38 9,67 11.46 15,6 1.30 4,67 3.67 47,4 5.15 5,09
2.58% 9,21 0,67 10.47 7.4 0.90 5.13 2.58 36,4 4.09 4.14
9.53 9.21 9.68 10,93 11,4 0.93 5.07 2,85 34,7 4,09 4.06
9.88 9,51 9,67 10,75 1.0 ¢C.85 3.62 2.54 34.9 4.09 4.05
9.56 9.42 9.67 1,88 11,1 1.16 3.3C ~3.45 53.0 5,87 5.74
1¢.50 9.8 6,67 10.44 7.4 0.51 2.53 1.56 25.6 3.17 3.11
1¢,03 1C.03 9,68 10,86 16.9 0.94 2.06 2.93 51.8 5.57 5,74

B O -3

femd

13

182
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TAZLE I
o et

Steady-state runs: 53 050 EPM, Zual Imneller
P Ve T. Te X X, x (Tc—-Tr)(Tr—-ﬁl)(Cb--Cs) r Q!
- g.nol/1 ¥ecal/
rsig ema/min % % w/vd  w/w% 9. ¢ °¢c <103 g/nin zin

43, 46¢C. 9.53 9,78
43, 293. 9,68 Q.77
43\ 460, .65 7,56
43, 460, 9.88 12,52

10.95 12.3 1.43 1,56 4,39 58,8 6,19
11,44 16,1 1.25 1.71 3.85 48,8 5.15
1€.80 11,9 1,32 1.68 4,18 57.2 5,15
10.41 7.8 1.12 1.91 3.48 37.1 5.15

w0 W
.

O O
A
(XN e B e BN I o I € B & T @ AR o> @ N
= W ®; W O O @

]

0 W
.
(@)

43, 46¢C, ¢.88 13.33 . 16,59 ¢.3 1.16 1.91 3.44 44,5 6,19

C. 283, 9.04 8.27 11.41 15.8 1,65 2,78 4,80 47,9 5.15
4C. 480, 8.60 .16 9, 10.97 12.2 2.13 2.34 6,08 88.2 6,19
37, 46C, 8,78 8.6 ©, 16.50 7.8 1.71 ¢.32 4,78 37.2 4.09
37 293, 8,62 8,64 9, 10,98 11.8 1.84 4,16 5,10 35.0 4,09
3T, 335, 2,16 8.52 9, 1¢.62 8,9 1.32 <. 70 3.76 31.0 3.17
404 335, 2.66 2.21 9.87 10.55 8.3 1.08 3.4C 3.23 29,0 3.17
4, 335, 9,27 9.24 9,67 10,87 11,0 1.45 3.01 1,27 38.3 4.09
43. 335. 9.7¢9 .77 ¢©.68 10.85 10.8 1,18 1.82 3.64 37.4 4,09
43, 335. 10,08 9.77 9,68 10,54 8,2 C,91 2,11 2,83 28.3 3.17

¢8¢



Steady-state runs: 5S4 142C ZFl., Single Inmpeller
A
DITT m m « T .7 T - ! Ren
A1) F £ T, 7o Xp X, ¢ (TC ,.r)(hr Tl)(cb S) r Q gg.‘ﬁcétgr a
o 5 , o o, E.m0l/1 Keal/ oAt 208
peig en”/cin T C c w/wh v/ %% 7, c C 2103 g/min  min Keal/min

SJC. 43, 46C ¢ 8,48 8.8 2,77 1C.73

8.9 2.52 C.4% 7.39 42.7 5,15 4,60
52. 43, 4£6C. €.63 g.,43 9,80 1¢.66 8,1 2,08 ¢,96 6.17 38,3 4.05' 3.85
53. 486, 46C, 9,84 2.65 9.,8C 10,59 7.5 1.28 .35 4,12 35.6 4,09 3.77
Gd., 46, 46C, 0.c8 .04 ¢©,80 10,97 10,7 1.82 6,C8 4,82 3C.8 4,09 4,90
58, 43 293. 9,60 8.93 ¢©.80 1C.81 9.3 1.2¢ 1,71 4,00 28,4 3,17 2,95
38. 486, 2¢3., 10,32 10.14 ©.8C0 1C.68 8,2 0,20 C.73 2.91 25, 3,17 2.81
88, 40, 288, 9,29 8.87 9.81 12.73 8,6 1,:5 3.C3 4,20 26.1 3,17 2.3

£8¢
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Steady-state runs: S5 1420 EFM, Single Impeller with frecon distributor
Ve T.. Te X X, g (Tc—Tr)(Tr'“l)(pb"Cs) r Q! ieactor
3, .. © 0 o o g.mol/1 . Kca}/ seat l?ad

g e /min UC C w/wh  w/w % C C £103 &/min nin ¥eal/rin
460, ©.36 8,72 9.37 10.49 10.7 1.63 1.39 4,90 ' 50.8 5.15 4.60
46C, 10,34 10,08 ©.37 10:.19 8.0 T.9C 0,75 2,82 38.3 4.C9 3.94
460, 9.0 90,71 9,37 10,20 8.1 1.12 1.93 3.48 © 38.8 4.09 4.01
460, 10.17 S.97T 9,37 16.45 10.3 1.06 ¢.58 3.42 49,2 5,15 4.95
460, 7.71 7.1 9.37 12.32 6,2 .3.05 1.45 8.41 43.8 5,15 4,64
46¢, 9.21 8.78 9.37 1¢.24 8,5 1.55 2.95 4,37 40.5 4,09 4,06
293. 9.90 .60 9.37 1€.28 8.8 1.11 1,93 3.486 26.8 3.17 2,54
263. 1¢.24 10.11 9.37 8.9 1,60 0.65 3.23 27.1 3.17 3.01

¥8¢
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reactor

a——g—

10

" tube reading (cm.)

pressure 43 psig.

1 1 i 1

figure A13

50 100 150 200
F = agent feedrate (g/min)

Calibration of Frczon-12‘ feed Rotameter
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Appendix C Propane hydrate data

Cl

Intrcduction to Propane dydrate Experinments

A comparison of the forrmation rates of propane and
frecn hydrate by opucrs (gﬁ) shows that the freonm
hydrate formation rate is just the larger of the twe foi
a given therrnal differential, There ig idnsufficient
data aveailable to mnke o compariscn in terrs of the
concertration driving force cr to draw any econclusizn
a8 tc the effeet of the coperating pressure on the prepone
hydrate formation rate, In ovxder to nake this
comiparison and rerhaps sirengtien thce case for the
postulated models, section 6.2, experinents were carried

cut with propamne in the five litre reacter,

The e xperivents were conducted bhatchwise in a
similar fashicn tc the earlier freon runs., The analysis
was restricted to measurcment of the steady, unstcecady-
state temporature T., and to a heat baiance check by
sar:pling the concentration of the rother liguor, Cnly
cne agitation rate, 1420 RPl, and one sucroese concen-
tration, 109 was considered, corresponding to
exnperimental block .11. The operating conditions were
cioeen by the sa e criterion as wos used for the inter-
block comparisons in the freon runs, The mean propanc

nycGrate producticn rate was chosen to correspond



287

apprcxims tely to the fermaticn rate of freon hydrote
in block ,11, such that the hydrate hold-up and heat

load on the systerm are eguivaloent,

The criticnl deccrposition temiperature and pressure

for 16% sucrose is aprroximately 4.9°C anad 78.5 naia.
restectively, hence it was neceseary to maintain the
glycol bath at -12°C and the reactor at 50-60 psig..
The glass rcactor wns consideralbly ocutside its safety
linit in this range,so the number of experiments was

kept to a wsininunm,

The szue rotaneter as was used for liquid freon
was used for liguidé propane feed tc the reactor, Since

the latent heat of propane {80 cal/g,) is rather larger
than fcr frecn-12 (35 cal/g.), the flow rate of propane
was ccuagiderably rceduced tc satisfy the criterion of
cguivalent produection rates. The feced rotameter was
dealing with a very small flow rate (maxinmun 5C g/min.,
see figure Al5) at arnprexinately OOC, hernce the feed
tended tc boil unless both feed subcoolers were working
cfficiently. The cnly cperaticral difficulty arose
from the foet that propane, unlike freon, is lighter
than water, Any water vapour ccndersed in the condenser
tended to collcet near the liquid propane cutlet in the

condenser base, As a resuli, the feed line was
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frequcecrntly blocked with hydrate;

The subccoling required for spontaneous nucleation

. o o .
to occur wvas of the samc order, i.e. 2° to 3°C, as in
the equivalent freon “ydrate runs. No nucleation

results are given in thie secticn, since the spontanecus

C

ruclcation temperature was in the region of 0 C and wes

conseguently difficult to rmeasure with the petentiometer.

Ixperinental Results

Table ¥V shcws details cf the reactor conditious
and production rate, the sane ncronclature being used

foer the propane and freon systers. A hcat balance is

w3

given; the mnet coocling rate ¢ was measured at Tr vith
no nydrate present, and the reactor heat load was
acterniined from o mase bhalance. Sanples of mother
liguor werc withdrown and analysed during the course of
the reacticn, From this data, Table XVI, the rate of
hydrate farmotion ot Tr waas catirmated, secec sccticr 6.4,
A compariscn of the neasured rztes of heaot end nass

trangfer is shown in figure Ali.

‘hinse diagrarn for Frorane Lvéarate
E> o

The data rresented by 7illiams (23) for the systen
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woter-propane-hydrate con be fitted to the same nodel
as that descrnibed in section 4.22.

The analysis of the vropance hydratc runs required

the evaluation cof the freczing moint depressicn on the

hydrate eguilibrium by 10% sucrose sclution, The thase
diagram was cxperimncntally deterrnined by the nethod

decgeribed in 4.12, Althcuglh this methicd is rot
completely satisfactery, the error is negligitle over

the euall range of teupersture considered.

The slere of the abeve exvyressien was quite
revresentative of tze suecrose results, hence for the
range of 10% sucrose:

Tc = 10,528 lcg ¥ - 14,50 =~ 6'67Xr

Thie resultes are shown in Yable XIV and the complete
phase diagrarn is given by figurc AlS. Vapour wmrgessure
data was obtained fron the Refrigeraticn Handbeok,

The saturaticn terperaturc Tlec correspeonding to Pa psiz,
can be cupressed:

T, = 77.37 (logy,.P, + 1.8357)
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. Pressure . Terperiture | Ccncentration

| psig. f % : W/ w%

. 5C. ; 3.81 : 11,14

; B4. : 4,08 ‘ 10.98

% 56, ; 4,30 ; 10.75 ;

? 60, : 4.40 f 10,60 !

: 48, , 3.82 ; 11,03 i

52, , 4,08 : 10.77 ,

: 56, ‘ 4.33 : 10,43 l

; 60, 4.53 ' 16,17 i

5 48, : 3.72 - 11.04 E

i 52. 4.02 i 16.82 §

: 56. ' 4.26 , 10,52 )

3 58, : 4.38 : 10,43 |

; 48, : 3.71 : 9.88 ;
50, 3.91 $.82 s

52. 4,07 : 2.76 %

TARBLE XZIV: BExperimental rhase Zgioilibriun

c4 Fropone Solubility in Sucercse Sclutions -

The sclubility c¢f »rorane in brine sclutions was
publisked by Ur-no (80); it w-s shown that Zerry's Law

o7
hold

Loy]

for this systen. The sclubility model discussed
in sceection 4.1 is used therefore to describe the
sclubility of propanc in sucrose solutions, The

'salting-ocut'! cconstant X wns assuned to be the sane for

nrenane in sucrose as for freon in sucergsce; the Jfenrv's
iy b o

Low censtant s the sare orcer of magnitude in each
case, A correlation for the censtant is given by:

log,H = 8.25 - 1262.5/T + 7.51N

Umano's data and this expression is shown in figure Al7.
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| [ o
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o
®©
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r= g.of water as hydrate/min.

figure Al4  Plot of cooling curve versus formation

rate of

propane hydrate
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———

reading  (cm.)
o

reactor pressure 56psig.

3 B

2

. L
fiqure A15

10 20 30 40 50

F = agent feed rate (g/min)

Calibration of Propane feed Rotameter
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figure A16

g
'g_ 90
» 80
3
2]
0
5 70
60
experimental result
S0t in 10.5% sucrose = A
this work
40f 5
301 data from Williams(23)-
20 ] L] | i ] -1 (1 1 1 ;] 1 ]
A -2 0 2 4 6

temperature °C

Phase diagram: Propane/ sucrose. system
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data -~ Umano (80)

3.9

38
log *_: = 8.250 -12625/T

371

00340 .00350 .00360 1/T°K

figure A17  Variation of Henry's law constant with temperature
for propane in saline solutions




TABLE XV

TRCPANE ZYIRATE: 1420 Z5if (DEAL II:PELLER), Vl = 3.55 1.
=UN P 7. ., T, (TC—Tr) (Tr—Tl) (cb-cs) r P/C*Devia— ) Resctor |
' o 3 ) ﬁlon ) Zeat lo=d
reig c w/w%h , %10 g/win ¥CIIL 75 Zea2l/ Teal/rin
' g.m01/1 nin
1ic1 52. 2,06 1¢.50 4.C0O 1.1  2.98 4,46 38.2 3.5 3.17 -
162 56. 2.96 10,50 4.27 1.31 1.8¢ 3.33 37.8 -10.8 3.14 2,58
1Cc3 58, 3.11 1¢,50 4.27 1.16 2.06 2,97 29.4 1.4 2.44 2,49
104 52¢ 2.35 10,50 4.60 1.65 3.24 3.91 2¢.4 14.0 2.44 2.32
105 52" 1.54 16.5C¢ 4,00 2.46 2.43 5.54 53.0 -2.0 4.40 4,46
106 60, 3.42 16,50 4,52 1.10 0.51 2,97 41.3 6.8 3.43 3.08
107 58. 3.25 10.50 4,40 1.18 1.23 3.02 34.0 2.8 2.82 2.49
108 54, 2,78 .50 4,14 1.36 3.68 3.35 34.0 -92.4 2.82 2.87
09 . 56, 2.52 1C.5C 4.27 1.75 1.46 4,31 50.0 -6,3 4,15 4.65
" 110 54, 2,00 16.,5C 4.14 2.14 1.%0 5.02 50.0 1,1 4,15 4,32
111 58. 3.11 16.5C 4,40 1.29 1,11 3.35 42.5 -6,6 3.53 3.57
12 54, 2,32 10.5C 4,14 1.82 2.22 4,36 41.7 1.3 3.46 3.82
"13 54, 2.98 10,50 4,14 1.16 2.89 2.89 27.35 -3.7 2.27 2.32
"14 56. 3.17 10.50 4.27 1,10 2.11 2.83 26.9 4,9 2.23 2,24

Predicted rate - rieasured rate)

* P/C Deviation = 100 (
Predicted rate

g6¢
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TABLE XVI

Production rate at Tr cetimated from sucrose

conecentration: V,v, = 3510.g

2O T % 1—Xf/xr v
ming w/ % &

o 9.95
3.1 1C.36 .0396 135.
1C3 4.95 ic.75 L0744 261.
6.9 1C.79 L0778 273.
8.8 10.95 .C913 321,

8] 9.85
2.8 10.35 .0386 136.
102 4.5 10.46 LOLBT 171,
6.7 16.6¢ .0666 234,
.8 10.63 . 0897 315,
11.0 11.13 . 1060 372,

. €.95
2.8 1G.28 .0321 113.
103 5.1 16.6C .0613 215,
7.55 16.75 0744 261.
1¢.0 11.03 0979 344,

o 9.95
3.3 1¢.43 . 0460 162,
1¢4 5.75 16.7¢C .0701 246,
7,85 10,88 .0855 3G0.
1c.0 11.0¢ .1028 361.

0 G.95
105 2.C5 1C.36 .03906 i36.
3.58 10,62 .0631 221,
5.68 16.88 .0885 300,

o .86
106 2.75 1¢.89 .0B885 209.
4.38 10.87 L0786 276,
6.25 11.02 L6962 338.



107

108

1389

110

111

112

2917

TATLE ZVI {continued)

TIiD

Lad
ming

0
2,35
3 .45

XU WO
e 6 ¢ @
WO
oL

~2 W W
(91 N

» » L]

1]

- L)

LXMW O [N N )
OO =i
&1 QU

NSO

=3 WwWww
o

w

X
r

w /W]

9.06
1C. 40
10,55
1C.78
1C.98
11.22

0.93
1C.35
16.62
16,87
11.18

9.98
10.43
10.€8
11,28
1i.45

9.64
18,38
18.7¢
il.12

$.94
16,50
i6.74
11.C4
11.22

.97
10,46
10,74
11,360
11.28

9.923
1C.42
0.73
1C,99
11,16
11.52

l—Xf/x

. 0423
.0B8¢
.0761
. 0829
1123

. 0408
.0650
.08GS
.1118

. 0460
. 0684
.1155
.1310

.0424
L0710
.1C61

.05833

c745
.0806
L1141

.0468
L0717
.0936
.1161

L0470
746
.08635
.1102
. 1380

r

w7

148,
196 3
267,
326,
394:'

142,
228,
303,
383,

162.
240,
4G5,
460,

149,
249,
373.

187.
261,
350.
4CC.

164,
252,
329.
408,

165,
262,
339,
387.
485,

Y /at
g./min

30C.

56,

52,

28,
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Appendix D Decomposition results

bl Zeat and ifass Balance during Hydrate Deconposition

The following secticn outlines the rethed of

checking the actual rate of decermposition of hydrate

=

against the tctnl heat inpwt to the reactcer, Tke

rethod is only valid for o constant slurry teunperatvre.

Zydrate was rroduced in a volune V., of acueous

sucrose solution of concentration Xy tc give 2 hold-

)

up of auproxinmutely 15-20% of hydrate, The Leater wag
switched om and,whcen o steedy deconposition terrverature

was reached, the concentrstion of mother liguor, X
pes sured, Thereafter the concentraticn x was

neasured at given time intervals,

Vo + Voo (1=x) = y+ Vo (i-x) (51)

=8
I
[
o
i
[©]
=

sa2laonece on the sclute phage:

Vo x = '\ff‘{)}\; =V D x (D?\

where the non-subscripted variableg are functicns of
time and vrere the subscripts refer to:
s -~ reactor ccnditicns before hydrate is formed

o - conditions when te perature is constant at Tq.

was
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Fence frow (DB1) and (D2)

o c
.‘, vy -y = V. o x (*o - 1) (p3)
o sio s/x0 x
Bxrerimental valuece cf z »nd ecaleunlated valueg of

(yo-y) are presented in Table XIX, and (YO—Y) is plotted
against time for all runs D1 - D15 in figure A18. The
siope of yo—sfwith tine gives the rate of deconposition

of the hyvdrate,

Calorinetric Check on Total Heat Input

The total heat input was the sum of three terms;
the hest leek into the reactor, the rower digsipeoted by
the stirrer and the rower consumed by the irnmersion
hester, The latter was neasured bty a watt meter arnd
the other terize were estimated by a caleorimetric cali-
bration. Heating curves vere cbtained for acgueous
scluticn in the stirred reasctor, Table ZVIiI, within tle

teriperature reonge for deconposition and with ne hycdrate

rresent,
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b3 Specimen Calculation of Eeat and Woass Ealance

—

Exanple: 880 #FM, 3.3C litres of 1% sucrose,

100 watts input.

- . art
Heat load + gtirrer rower + heat leak = (w+w') /at

w = Heat caracity of sucrose scelution = 3.15
Vcal/ C
w! = Teat carvacity of reactor and fittings. Thia

. . ¢,
considering ~°/dt for

-~
b
~

was estimated Ty

different valugs of the hcecat load = €.285
Hesa ]./ C

. . Total heat input (3.15 + 0.295) 0,475

1}

= 1,63 ¥ecal/nin

Now fror. figure Al8, the rate of deconposition of

anydrate is given; = 17,8 g. of water as hydrate
as hyérate/min
. . rate cf a%aorrtion of heat = 17.8 x 80, cal/
min
= 1,60 Xeal/nin
;N Teater _Eeatingg Otnl Deromro 1tioni Eeat
; . load | Rate Heat : Rate ‘Al:gor ﬁ,tlom
' : : daf at input | ‘ Rate
REU “attm. °¢/iin ichl/mln g/min " Keal/min
88C 10C . 4785 1.3 17.80 ) 1.60
880 200 C.802 3.06 . 33.75 3.04
1420 200 ©0.982 ! 3,38 | 37.25 '+ 8.35 .
O S SO e

Table XVII: Comparison of Leat and nmass transfer
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© 200watts,1420rpm.
f + 100 =« 880 =
—~ A 200 +« 880 =
2
?400-
>~.o €.
()
300 2
~ 0
3 &
200 t o/ A *
+
»
D
A »
Yy © +
A %
100 4 A
A
XA
2 -+
2 4 6 8 10 12

figure A18 Decomposition of

time (mins.)

hydrate slurry with time.




RUN

D1
b2
83
D4
D5

D6
o7
Bg
Do
DioC
D1l

D12
D13
Di4
vl3

Zeater

input
(Fatts)

o

100
1¢0
1CC
1CQ

260
200
200
2C0
200
200

o
200
20¢C
200

TATLE

XVIIX

Decomposition Zuns D1-D15,

sunmary of reacter ccnditions

N

RPM

880
880
880
880
£80

880
£80
880
880
880
880

1420
1420
1420
1420

P

psig

31,
34.
4C.,
43.
46,

31.
34,
37.
40,
43.
46,

31,
34.
43.
46,

s

Yo

10.36
16.53
10,87
11.19
11.42

10,68
10.81
11,17
11.30
11,45
11.53

10.37
10,58
11.08
11.33

T
c

°c

9,80
10.20
10,73
16.98
11.21

9.6C
16.20
10.47
1,73
10.98
11,21

9.90
10.20
15.89
11,12

Fressure
psia

50,54
52,35
56.37
60.44
63.54

54,10
55.64
60.18
61,90
63.96
65.08

50.56
52.92
59.78
63.12

Squilibriun CS

g.nol/1

.01076
.C11¢8
01174
.01240
.0129Q

.C1137
01162
.01236
.01264
.01297
.01314

,01078
.01117
.01238
01292

c. Cg=Cp  Pan,
g.201/1

L00974  .00102 .700
.01030  .00078 745
01139  .00036 .837
.01184  .00056 882
.01232  .00058 ~928.
.00960  .00176 .700
.C1017  .0C145  .145
01062 .00174 760
,01116  .00148 .837
.0117¢  .00127 .882
101226  .00088 .928
L00974  ,00103 100
101028  .0G089 745
01189 .00049 .882
01238  .00054 .028

¢0¢g
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PABLE XIX

(

Hate cof Mass TranSfer during Deceomposition

RUN ' Tine bid A xn/v V=Y,
N o3 i AO :
(nins.) | (v/w) (er) (gz)

C. 11392 2¢2C, C.

- 3. .1120 49.5
9. 1078 165,
13, 1048 253.
o. Y1090 3050. 0.

o 4. 1060 65.5
8. ,1045 131,
11. "1026 190,
o. .1133 2610, 0.

53 3. S1114 43.5
6‘ ¢1097 96i
11. J1060 200,
o. L1167 2840, o.
4. 11138 72,

D4 7. _1119 ' 121.5
11. 1092 195,
o. .1173 2640, 0.

. 4.5 L1141 79.5
D5 8. . L1115 147.
12. - L1091 213,
16. .1078 . 250,
. 0. ,1100 3020, O,
D6 3. S1C70 85.
5. - .1032 199,
. o, . .1680 3050, o,
D7 4. 51033 " 139,
8. 1006 224.
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TAZLE XIX (continued)
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Appendix E Solubility and Equilibrium Data

Calculzticon cf Solubility

Calibrated Systen Volune

Total volume of syster = 155.76 cc.

+ burette reading.

(Sycten bounded by valves V2, V3 and rercury surface)

Sample 1

Reactor Pressure =
Reactor Tenperature =
Burette Reading =
Weight of sanple in F =
Atmospheric pressure =
Aribient te:perature =

Vapour pressure of water
at ambient T =

Total volume of syster =
« .Volunme of Frecn
flashed fron
solution =

. en0clubility of Freon
in sanple above =
sclubility at cell
rressure

Solubility of Freon at
742.5 mn Hg & 20°C =

e o30lubility of Preon
at 61,7 psia &
10.49°¢C =

61.7 psia.

0

1C.46 °C

23.90 cm3
128.25 g.
760.0 mn. Hg

20.0 °c
17.5 . Hg

155.76 + 23.9C = 179.66 cc

(179.66 - 128,25)

51.41 cm°
51.41 1 742.5 _ 273.2
135.35 ¥ 33.4 TG0 563. 3

0.0163 g.nole/litre

6.00028 g.nole/litre

0.00191 g,.nole/litre
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Correction for Heat of Solution

For a volatile solute which ocbeys Yerry's law, the

Leat of solution is given by Glasstone (83):

= - _= (3"1nc’3

.,.A»C —_ - 1 .

. : 2 /1 'p
where Hq = Zeat cf soluticn

and wierc the right hand side moy be estimated dircctly

from the best-fit cquation (1C), for freon in water:

= 2.3026 x 18633.2

i

. . H 7472 ecal/grole.

The correction to the heat of formation calculated in
section 41,21 considers the difference between the resctor
conditions and the starndard states of ithie reactants.

fardulin (38) gives the corrcction factors:

i
Py
fod
I

+ I - 84

s + 1) 2 he W s

AT
,mLC

wheregﬁHO = Zeat of formation zt standard state
conditions

= NMoles c¢f freon dissclved in water nhase
7 cr evaverated in gas phase

= Latent henat of waicer

Zoth s and r arc evaluated at thke critical temnerature

and rressure, the frecn concevtraticn is given by equation
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c 0.0188 griole/litre

-

c 0,00034 mole fraction

l

and since the solubility is so low, the estimate of s is
given by:

s = 17 (0.C0034)
since 17 molecules of water are incorvorated with bne

molecule of freon in the hydrate unit cell,

Tke saturated vapour pressure of water at 129 is
10.6 mm, Hg, a2nd since the cell pressure is 3435 mm, Zg,

by Dalton's law:

r = 108,335 - 9,0031
Hencer
AH, = =0,9974 x 31150 + 0,6031 x 10611 - 0.0057 x 7472
ice, MH, = =-31,09 Kcal/gmole

Felationship between (Cb—cs) and (Tc-Tr)

CF
ep-c, = ¢y (1 - s/¢y)
Frem Zenry's law for constant Tr and X and the definiticn
of pressures, figure 16a:
cS/Cb = Ph/P

From the equilibrium line, eguation (7):

T, = 10.58 In F + f(xr)

T.. = 10,58 1n P, + £(x,.)

‘e cy-Cg = Cp (1 - 10 _(Tc_Tr))
10,58

Since the R,Z,S5. is almost linear with (TC—Tr) up to TC—TV
= 300, over a small range the temperature and concentrall

driving forces are almost equivalent,.
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TABLE XX

Freon-~12, hydrate, water: Zguilibriurm DJata in
Ungtirred Cell

Thrermocourle Hydrate Cell T
T . temperature precsure Bath
wolts mOg nsia
.325 8.3C 27.65 5.7
.293 7.55 23.495 6.3
. 281 7.24 22,25 6.1
. 245 6.35 18.85 5.2
.228 5.95 16.95 4.8
. 205 5.35 14.95 4,2
. 190 5.00 13.95 3.9
. 160 4.25 12,0 3.0
.135 3.60 10.533 2.3
074 2.10 7.8% 1.8
080 2,50 8.07 4.0
167 4,40 12,0 5.8
. 296 7.60 23.95 9.0
.315 8.10 26.95 10.5
.322 827 27.95 11.5
.330 8.48 28,95 12.8
. 360 9.20 34.95 12,9
.374 9.30C 37,95 13.5
. 390 0,93 40.95 13.8
410 10,40 44.95 14.3
. 440 11.16 32.95 14.8
450 11.35 35,95 15,1
460 11.60 59,95 15,7
. 463 11,65 62.95 16,5

L ATO 11.80 64,85 16,5
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TASLE XXI

Freon-12, hydrate, sucrose: gEqguilikrium Data in Stirred
Heactor

ctor Sucrose Slurry Model Experimental
sgure Concentration Terperature Temperature Temperature
Estimate Corrected
to Founded

Fea
Tre

Psia (w/w) °¢ °c Concentration
34.7 L4164 6.16 6.03 6,42 %=,400
38.7 « 4085 6.65 6,61 6.78

42.7 . 4631 7.1C 7.10 T.15

44,7 L4279 6,94 6,86 T.41

48,7 .,4216 7.30 7.33 7.66

52,7 <4104 T.77 7.84 7.93

54,7 .4238 7,72 7.76 .12

56.7 . 1156 7.93 8.05 8,18

42,7 L4276 6.71 6.68 T.17

46,7 .4196 7.19 7,15 7.51

50,7 .:104 7,67 7.68 7.83

54.7 .3999 8.10 8.16 5.10

40,7 .3123 7,97 7.96 8,14 %=,3C0
44 .7 .3118 8.46 5,40 8.57

48,7 .308636 8,85 8.80 8.91

52.7 .3C14 6.24 9.17 9.26

56.7 .2963 9.61 ©.52 9.57

34,7 .3083 T.43 T.40 7.51

38.7 .2588 7.90 T.94 7.89

42.7 .2899 8.36 8,42 8.27

44,7 3044 8.43 8.48 8.47

48,7 L2977 8,83 8,89 8.81

52.7 . 2928 C.20 9.25 g,14

56,7 . 2869 9.59 9.61 9.47
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TAZLE XXI (continued)

Reactor Sucrose .lhrry lodel Exrerimental
Pressure Concentration Temperature mecper“ture Temperature
Estimzte Corrected
to Heounded

Paia (/%) °¢ °¢ Cencentration
38.7 -2030 8.64 8.71 8.66 x=.,200
42,7 - 1980 8.07 9,15 9.06
46,7 <1933 9.52 9.55 Q.47
852.7 . 1884 16.08 16,07 16,00
46,7 .2138 9,39 9,40 9.49
50.7 . 2089 9.79 9,77 9.86
54,7 02043 10.17 16,11 1¢.20
568.7 1879 1¢.48 10,45 1C .46
34.7 2102 8,22 8,22 8,29
35,7 ., 20588 8,68 8.69 8.72
42.7 . 2002 9.13 ¢.13 0.13
46,7 . 1853 ©.53 9.53 9.50
34.7 .1071 8,87 8.62 8.91 x=.100
38.7 .1048 9.35 ©.38 5,38
42 .7 ~1031 8.78 .78 9.8C
44,7 1027 €.87 9.98 6,.9¢
42.7 L1187 9,72 9.6¢ 0.84
48,7 .1151 10.10 1¢.C8 10,20
50.7 1114 10.45 1C.45 10.52
54,7 1083 18,78 1,78 1¢.83
48,7 . 1205 1G.24 .22 10,38
52,7 L1167 10,52 1G.57 1C. 7
56.7 1127 16.51 1C.89 16,99
6C.7T . 1095 11.21 11,19 11.28
44.7 .0 10.55 16.52

48.7 .0 10.87 106,87

54,7 s 11.36 11,34

58.7 .0 11.64 11.64

62.17 0 11,60 11.90

36.7 -0 $.70 G.71

40,7 .0 1¢.11 10.13

44 .7 .C 16,51 1¢,51

50,7 O 11,.C0 11.03

60,7 -0 11,78 11,77



Solubility of Freon-12 in Sucrose

Sarrle x Tr P Sarple Fredon- Armdbient Arbient Solubkility Total Estimate
Height 12 Termpera- FPressure aktcve Selubility fronm
3 ture (cocrrected) Atwospheric Model (10)
w/w ¢ naia gn e oC o By, g.mel/1 g.zcl/1
1 €. 10,49 61.7 128.25 81.41 20.0 T42.5 .0163 .C191 »01914
2 0. 7.5¢ 53.7 123.65 48.76 20.0 741.5 L0160 .C188 L0191
3 C, 7.51 bB3.7 128,15 49,51 20,1 T41,.5 L0157 L0185 - 0191
4 C. 8,61 57.7 12C.81 45,85 20.5 739.4 .0153 .0181 01955
3 Coe 8.48 B¢,T 122,22 54.52 20.5 736.0C L0179 . 0207 .0164
) 0. 26,00 66.7 133,80 34.11 21.6 730, O .50102 .C131 .01405
T 6. 20.05 54.7 133,55 25.81 21.6 738, L0078 0105 .011C
8 C. 18,56 52.7 135.60 25,68 21.7 738.0 0076 L0104 .0113
9 O, 9.64 28.3% 142,56 24,44 2C¢.0 742,5 .C0T70 LCO0O78B G096
1C ¢, 10,23 41.7*% 138,25 37.21 21.3 732.3 L0107 0135 - .0131
11 C. ¢.08 31.5% 134.55 27.6¢ 2C.2 732.3 . 00825 .C1165 .01044
12 C. .01 30,75% 137,17 25.¢¢ 20.2 737.1 . 00765 L0104 L0102
13 c. 12. 14,29 120,93 13.43 24.9 738.9 L00442 .00413
i4 3¢, 12, 14.86 129,7¢ 8.22 24.8 26,9 00279 L0278
15 3¢, 12, 14,26 138.36 8,3C 25.2 726.9 . . 00268 LGC278
18 c. 12, 14,27 121,36 13.93 25.1 737.7 L0456 .00413
17 3¢, 12, 14,34 135,30 7.86 25.1 741.8 L3265 ,00283
i8 10. 13,72 5C.7 132,79 31,00 20.5 739.4 L2098 L01217 .01225
1© 10. 12.96 55,7 135.35 37.62 20,5 736.4 .0113 L0137 .C139%
20 1C, 5.82 45,2 127.55 41.75 2C,7 734.4 .C136 .C180 .0158
21 iC, 6,78 48,2 12€.80 42,31 22.3 734.9 .0136 0160 .0161
22 10, 5.7 50,7 131.75 43.,1¢ 21.2 73C,7 .C135 .C139 .0169
23 15, 10.83 41,7 133.64 28.99 21.0 T42,4 . 0091 L0115 .C115

* Eguilibrium pressure with hvdrate eryastals

11e



TATLE XXII (continued)

sarmple x T, b Samrle Freon- Anbient Arbient Sclubility Total Zatirmate
r Veight 12 Tenmera- rFressure above Sclubility from
o o ture (corrected) itmosmheric Model (10)
w /v C opsia gr en” Or o Eg g.o0l/1 g.m0l/1
24 18, 1c.8C 42.7 134.75 29.82 20.7 734.9 .0092 .0116 .0118
25 16, 12,43 41,7 131.21 26,81 21.2 736.2 .C085 .01063 .0107
28 1¢, - 8,75 50,7 128,19 40,53 21,2 739.2 0132 .0156 .G154
27 16, 106,20 47.7 133.55 37.10 2C.3 739. 01186 .0140 .0136
28 10. 10326 48€.7 137,75 36.C5 20.5 736. L0109 .C0133 .0132
29 10. 10.03 6¢C.7 122,60 45,186 20.0 735. .C153 o177 LC174
30 3¢, 12,79 55,7 1:2,1C 27.21 2C.5 732.¢ .C0885 .C108 .G108
21 30. 10,14 47,7 138.6¢ 27,0C 2C.8 731.8 .GC8T5 LC1CT ~0103
32 3C¢. 1G.37 583.7 137.55 2¢€.25 20.5 738.3 .CC965 .£116 L0114
33 3C. 8,48 47,7 136.71 28,6¢ 21,3 734.5 .CC945 0114 .C1l11
A C. 25. ScC. .01445 »01465
B C., 25. 7C. S L0111 L0114
c C. 25, 5C. " L.00794 .G0814
B Cc, 25. 30, " L.0T478 .0C488
B G, 30, 100, 01263 .G1322
F G. 30. 8C. du Pont data (37) A-N .C1043 .01057
G 0. 30. 60, LOOTT8 .C0T93
= . 30, 40, .00516 .00529
I Oa 35, 80, - »o08T2 .00865
J 0. 35. 6C. .C0655 .00649
K C. 35. 40, 00418 . 00432
L Ce 4G, 80. .C0T66 00712
B 0. 40, 6o, . 00566 00534
N 0. 40C, 4G. .£00368 .00356

clLe
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Appendix F Filtration data

7 Caleulation of Sclids Fraction in Wash Column

The fcllowing calculation arrives at a wvalue of the
void or interstitial volume of ligucr retained within the
bed independently of the 'breakthrough' estimate. A
total slurry volume, V, is introduced into the wash
colurn to form a drained bed of height 1 cm. The volume
cf filtrate, VF, and its cocncentration, Xpo is reasured
as the bed is drained. The veids in the bhed are fillced
with sucrcse sclution of the same concentration as the
initial filtrate and oceupy 2 total interstitizl volunme,
Vi‘ If the true weight c¢f water in the form of hydrate
cryctals is Mm’ then assurning the slurry to be

representative of the reactor contents, a nass balance cn

the slurry way be written:

QF(VF + Vi)(l - XF) + M, = Ver(l = xg) solvenvy
Q?F(VF + Vi) Xg = Veoxg solute
- - < - X, "
Honece: M, = ¢p I(VF + Vi)(l - xp)( F/xf - llj

Aftear washing, ccnsider thie veid volume te have been

replaced by wash water containing & small fraction of

SUCrose, "en the bed is decomposed by heating,a total
melt volume Vv1 is obtained, Hence:

M L = V_{

By + Vi¥p kgl
where QF‘ = density of finel wash efflucznt

{

density of deconmposed hydrate
and wash Iiquor combined

=
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¢ . X I
= Vg - Tp ({Vp + V(A - xp) OF/xp = 1)5

T

The data is presented in Table {IITI end ZXIV

<!
v
]

o)

fa—

(914
i

1,038 (530 + ¥;)(0.902)(0.50/9.8)

Hence V. = 87 emB

Compare witlh the voidage volume given by the

criterion XF/xO = 0.5 for Fl in figure Al9,

i.e. v, = 103 en®

Mm = 28 gns, of water as hydrate.

From the composition c¢f frecn-12 hydrate:

Total volume of crystals = 28 x 427/306 = 39 onS.

Ecnce the solids fraction 21.7%

i

Calculation of the Dispersion Coefficient

Danckwerts (76) presented a mathematiecal treatnent

£ 1
of the

eneral problen cf displacement of ome fluid by

™

another in 2 packed bed, The awnroximate solution for

the diffusion equaticn is given by:

Xp = X, (1 - erf (H%%ﬁ))

El Iu
where X, = s8sucrecse in initial filtrate

Xp = sucrose concentration in effiuent strear

N = numnber of displacements of veid volume

B = dispersion coefficient based on_supcr-
cial velocity (en</scc)

u = sunerficial wash velcecity  (ecn/sce)

1 = bed height (em)
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g . X . . 3
The ratio F/XO is tabulated in Table XXV ahd plotted

aFgringt the accunmulated wash veiune VA in figure AlS to

A21. At TF/x_ = 0.5, V, = V, ,the void volume, i.e. N’

il

Tio Gispersicn coefficient may be estimated by using a

point taken from the wash curve,

X 3 iy s
The accunulated woskh volune at F/XO = Q.J1 is VA*’
hence ¥ = VA*/Vi, Substituting in the Danckwerts

couation:

J———
\ D,V , * ¢
L2 J! 1A ¢
V. lu
75
Since, Iron nathenatical tables, the argurcent of the

e¢rror function of £.98 is i,645:

o 0.5 _ N
Dy = V, /vi -1
7 %
3.20/ Va
VVilu

¥From hun Fi:

15,8 e¢m
£.0374 cn/sec

{l

VA* = 160 em3
V. = 103 oS "
3

i

. . Dy = 10,65 x 107 cri?/sec

Alternstively Danckwerts reccrizended the use of the slope

)

cf the washk curve at VA =V, :

i
X /o ,
a("F/x )) ., (lu )0.5
v - 2 D
da( A/Vl) v V. 2
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From kun F1l:
Slope at (XF/XO = 0.5) = 1,56

18.8 x 1075 cmz/sec

&
1l

Estirated values of D1 and Dz are given in columns 6 and

7 of Tarlie XYIII.

Freesure Irop leasurements Across the Eed

For a selection of runs the pressure drop across the
bed of hydrate crystals was measured for a given wash rate.
A mercury mancneter was attached to pressure probes plaoced
above and at the hase of the bed, The probes were
rrovided with filter caps tc prevent the ingress of

kydrate crystals.

It was considerably difficult to purge the conneceting
lines efficiently. This was mainly due to the mal-
digtribution of liguid in the bed. At some rpoints the
bed was bypassed, leaving the probe isclated in the gas
phise, The results below were obtained for the

conditions given in Table ZXIV.

The Carman eguation (86) for fiuid fleow through

packed beds,at a Reynolds number of less than one,gives:

2 . 2
= 13 -
D, 180 lui, (1 - &)
APe3
where e = void fraction



Lasuming the crystals to be sphieres,

are sinown in Table

could ke obtained only when the space helow
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F3y

disc was flocoded andé a

o e

Run

i

the crystal sizes

Stable rressure drop readings:

the

1
i
‘
H

¢
§
i
:
i

small head of
salintained abeove the crystzl bed.
g
AP g Veid . Superficial
o, He. | fraction wash
e BOe e ~velocity
; iu  cn/sec
11,3 0.62 | 0,028
i :
5.5 1 G.63 | ©.030
; 8,9 . ©0.60 | ©.035
12.¢ | 0.86 | 0,032

1

Table F3

Ha

degtimatedCrystal Size

[ SR

filter

wash water was

DC

microns

25
35.8
35

21
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symbol | run

-

- 50 100

figure A19 Concentration profile in wash effluent — 15,5 an.bed
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1. symbol | run
' o) F6
Pas F7
e v F9
i<o
-
08
07 r
06 | v
05
0.4
0.3 |
02 }
+
01
= +
50 100 150 200 3 250
VA cm.

figure A20 Concentration profile in  wash effluent- 22 cm. bed



0.7

06

05 .

0.4

03

02

0.1

figure
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symbol

150 200 3 250
VA cm. '

50 100

A21 Concentration profile in wash effluent — 15.8 cm. bed
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TABLE XXITII

Suaary of Vash Experireunts in 2" dia, Colunn

Run Sucrose Bed  Solids  Wash px10® Dx10°

Fecead Volume Frection Rate

w/wh cer? vol.% cmB/min cmz/sec cuz/sec
F1 9.80 igz2, 21.7 44,2 10.65 18.8
P2 ©.80 179, 27.2 47,7 5.9 11,7
F3 9.80 181, 32.5 45,0 7.2 10.5
P4 9.80 179. 35.7 40.2 6.5 12.3
F5 9.81 181, 35.0 45.8 6.3 20.6
6 9,82 256, 39.2 3¢.0 6.4 3.3
By 2.81 256, 33.3 46,0 8.1 12,3
g 0.82 256, 25,4 21.6 8.2 15.8
Fo 9,80 256, 29,8 38,0 10.8 8,8
F10 9.81 258, 38.0 33.0 11,1 9.6
Fl1 9.80 26C., 37.2 35.5 4.3 4,6
P12 9.82 262. 4C .0 41.90 10.6 i7.5
F13 9.81 256, 33.7 37.4 3.6 4.8
F2¢  25.21 182. - 35.0 13.3 4.4
F2l 25.22 igz2, 24.2 48,0 4C.5 29.7

Fz22 25,21 182, 28.0 48,3 22.9 43,2



TABLE XXIV

Surmiary of wash and hydrste formaticon conditions

o WOSF ondltlﬁne y ~ Re Wctor Cﬂndltlons E
Run @ Bed Flltrqte Flltrate 1e1t Melt Crystal Intcr— : Reactor Re 1dence ﬁh Iuﬁeller
Height: Vg . Eg - V. %, Volume stitial Pre ssure! Tire S§81nﬂle)
: s ; Co Volure - D(Dual)
S 3 v i3 ;.3 3 i ' . of |
cre. cr ow /v cr” {w/wh i en . cn | vpoig. rins % .
- F1 - 15,8 539 10.30 115 ¢©.85- 3¢, - e7. | 40 8.8 4.85 S
‘P2 . 1545 . 398C - 1c.57 130 ¢L12 49, gE. : 43 8.8 7.3 3 !
F3 . 15.8 . 305 i 10,94 :138 10.u21 58.5  96. : 46 8.8 10,4 S
P& . 15,5 . 335 10,87 143 0 0.28 64,2 97. 46 8.8 10,7 S
5 - 15.8 ' 740 o 1¢.40 §135 10.18. 63. , QC. ; 48 8.8 5.7 S
it e s n v et Aan o s Nl e e A A arae s 1ee e b e i o o v x4 b e e steab e e s it s fme e e e e+ A eie e .+ e 4 e e ——
F6 22, 655 | 10,80 205 0©.03 160. ‘133 bo23 13.7 .25 S
FT 22, © 880 . 10.75 192 ¢€,025 85. 131, = 40 13.7 8.8C S
F8 . 22, 355 1C.8¢ 166 0,29, 65. 11¢, : 46 5.8 13.0 S
¥9 - 22, 420 . 10,91 171 : C.08 - 76, 117, i 48 8.8 10,1 3
T L \ T A : . - ;
F10  22. 53¢  11.10 175 ¢€.05: 97, 106, | 43 8.8  10.8 D !
11 22.4 53¢ 10.95 186 0©.09° €5, 118, | 43 8.8 10.4 D
Fl12 22.95 575 16,95 192 (.05, 102, ‘119, ; 43 13,7 16,4 D i
F13 22 75C 10,84 17 0.4 85.5 .118. i 43 i 8,8 6.9 D ;
. . . . . . .- _ - .- e . . Y P, e BN |
F20 15.8 - - 76 - - - | 36 13,7, 7.32 D :
~F21 0 15.8 36C 27.38 136  0.48: 43.5 - 98, : 36 13.7 i 7,92 D ;
F22 15.8 . 58C5 . 27.14 139 ©0.30. 50.5 :1C3. ] 36 13,17 % 7.10 D :

gee



RUN Fl, wash

s

5,12

C.07

TaZLe XAV

Effluent Wash Licuor concentration with Accunulated Volure

10 rmins,

Va

25.
50.

75,

RUN F2, wasgsh

7.60C
5,00
3.32
1,20

C.45

2]
(o]
¢y

o
N
w
O

0.305
0.11

0,041
0.C32
C.018
c.C32

NATs
e

N

0N F3, wash

142.5
167,53
192.,5
218.5

328.5

15 mins,

X
F/Xo

1.6
1.01
0.905
0.3886
G.213
G.178
0.124
0.075
0.04
0.017
£.017
0,009

0.006

€¢e



RUN F7,

Va

24,

50,

76,
101.5
111,35
122,

132.5 .

wash

7.70
5,65

3.85

0.19
G.035
G.04

0,04

10 mins,.

TABLE XXV (continued)

RUN F8, wash

v,
7

25,

113.5
123.8

133.5

332,
367.

10.¢3
8.83
6,87
5,50

4.30

2.0
C.7
0.1

0.02

17 mins,

x
F/xo

1.0

1.0

1.0

C.975
¢.788
¢.613
0.4860
0.384
0,277
0,178
0.062
C.C09%

©.C02

RUN F9, w

Va

24,

49,

il19.
129,
13¢.
163.
189,
214.
3ce,
409,

4535,

o
[#3]
el
k=

€.105
0,030

¢.01¢

1.0
1,0

1.0

0.898
0.602
0.420
0.303
0.223
€.134
0.067
0,029
0.009
€.003

C.0009

v3CE



TABLE XXV (continued)

N F20, wash : 13 nins. BUN F21, wash : 20 mins, AN F22, wash : 20 mins,
Ya Xp 5 /% Yy Xp *F/x, Va xp *F/z,
25, 24, 1.0 . 25.  28.35 1.,¢ 25.  28.62 1.,¢C

o. 23.5 0.98 51.  25.C 0.882 51. 26.65 0.932

6, 21.0 0.875 76, 15,0 ¢.53 76,5 20.95 0.733
95, 12.5 0.52 86, 86.5 14.7 0.515

108, 8.0 ¢.33 96, 96.5 12,20 0,426
117, 6.3 0,263 106, 107.5 10.60 0,37
128, 5.25 0.22 116,  11.32  0.40 117.5 9.4 0.33
138, 3.60 0,15 141, 9.9 0.35 142.5 7.1 0.248
163, 2.85 0,12 156, 6.0 0.212 167.5 2.85 0,10
188, 1.80  ©,087 161. 3.85 0.138 192.5 ©.85 0,029
3. 1.35 ©,056 214, 2.35 ©,083 218.5 0,25 ©,009
2383, 1.35 0.058 331, 0.95 0,033 335.5 0.40 0.014
3. 0+80  £.033 443. 0.18 0,006 450,5 0.13 0,004
313, 0.68 0,028 568. 0.10 0,003 586.,5 €.10  0,0035

gce
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Appendix G Calibrations and physical constants

G1 Calibretion of Therriocounle Probes

The correr-constantin probes were individually
calibroted against 2 standard platinum resistance thernoe-
peter in a stirred Jewar flask for the range 5-12°C,

The characteristics of the »latinum thermometer were
known; the oaximun possible error in the absclute value
of the temperature was il/EOOO. The thermcccurle e.n.r.
was linecar with temperature in the small range considered,
the temperature °¢ was given by:

T = 28.98 k

whaeire M = TFotentioreter reading in nv,.

€2
]

Sucrose - Refractive Index

|

The variation in the refractive index of agueocus
solutions with sucrose conccntration at 20°C is well
docuriented im the literature; XHonig (§i) anc Internatvional
Critical Tablecs, The former reference is n:ost ugeful
since it includes a gurvey of 21l physical properties of

suecrese solutions.

The Abbe '60!' rciractoreter reads directly in degrecs
and minutes rother than enploying a non-linear refractive
index scaie, Bellinghar =nd Stanley nublish tabkles for

o}
the sodium Dy line (5896 A) for converting the critical

angle to a refractive index value,
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The accuracy with vhich the refractoneter ray be
read is +C,1 ninuvte, which corresnonds to a refractive
index voriation cof +C,0000186, Thies in turn represents
a change in the sucrcse concentration of +0.01 w/wf, an
error which contributes +1% error to the estimation of

the rroduction rate of hydrate in the reactor.

The effect of dissclved freon on the refractive indew

ves checked by conducting a serices of experircents with a

<

165}
-+
3]

andard sucrose solution and saturating samples with
freon undey pressure. The freon had no effect when the

sample was brought to eguilibrium with atmospheric

255

regssure, expelling residual freon. If the samwle wes

w3

-

intrcduced onto the refroctemeter prism before a pericé cf
eguilibration, tiny bubbles of freon caused on uneven Ffilm
of sclution to be ferued, with gas trapsed between the

glass surfaces.

Sucrose-Visccsity and cther physical constants

Afieguate data is available (81) for a large range of
suerose ccneentrations and solution temperatures. Since
the viscosity is an inportont variable in this work and
apvears in conputer scluticns, a nathernatical expression
for the variation in viscosity was preferred to a

graphical interpolation technique,
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The cguaticn was based on the Andrade equation cuoted

by Perry (71}, which describes the effect of temperature

on liguid viscosity:

!‘!’I 1

N

I
o
o

where A and B are constants for a pure licuid and will

become variahles for

&)

2 comronent systes,

Assune:

te
Il

oy
+
(g
b

2 3
+ bzx + b3x

. -
where a eva D eo. Qr stan and
wk c? 210 o? bl’ are cecnstants and

weight fraecticn of sucrosc in solution.

%

Data covering the range 0 to 45% (w/w) and

x is the

0-30

C

was cbtained from Henig (81) and the nen~linear nodel

above was Titted to the data by a hill-clinbing
rrograrzte,which oininised the sur of squeres of
This gave the expression:

T = 1073(1.154 ~ 6.32x% + 11.88x%°

1 =
wliere

= O > L4 2 3

B = 19¢3.4 + 2347.5x + 1283x” + 5343x
and -7, ie given in centipoise 2rd T is measured

i1

Vi eatincte of the standard —con

-~

and tie mean percentage <eviction from the model

cohputer

the erro

i

- 76.51x3)e

n

W

+1.5%.  All data fell within +5% of the estinmated

viscesity for the range coansidered,

B/T

~
[

o)

@

e
ik e

ievinticn is C.054 e,

re

-
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The surfrce tensions of sucrcse solutions (84) and
freon (82) are given in figure A£22, It is noteworthy
that the interfacial tensicn varies only slightly over

the ertire exrerimental range.

The sucrose density (84) may be expressed:
9, = ©.9945 + 0.435x (g/ca®)
Tie sucrose snpecific heat, Internsticnal Critical

c. = 0.992 - 0.61x (cal/eg.)

Calorimetric deterrination of power input

It is desirable to estimate the relative power
consumed by the dual and the single inpeller systens,
since the power input is used as the scale-up criterion,
Calcrinetric tests were run to measure the power
dissipated as heat in the reactor. The results were
reprcoduceable, with the reactor operating at ambient
tenperature in an atnospkere of air, The results are
sunnarised in table XXVI, and presented in granhical feru,
figure A23, The relevance of the change in power

consurled with liguid head is discussed in chapter six.
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(Wr/S2UAP) UOISUZ} 2D}INS
™ N *- o
T

-~ - -~—

21-u024}

" Handbook C. & P.(84)

82)

du Pont (

w Tel N ™
e~ o~ ~ e~

(woys2ufp) uoisu2) 23D4INS  2S0IDNS

72

30
temperature °C

25

15 20

10

tension with temperature

Variation of surface

figure A22
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v
®
=50}
>
o
£
3
245} i
S
3
J
S
40f A
+
+
4
3.5}

3.01
impeller
sgstem speed
i — . A | single 1420
2.5 o | dual 1420
A + | dual 950
~Mv '
.02 .04 .06 .08 0.1 0.12 HP

figure A23  Plot of power consumed in aqueous phdse Vversus
volume of Dphase ‘
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Table TXVI

Stirrer —wower input with liquid cepth

G2 | 1420 rpm

G3 Single

G12 .

Gld 950 rpm,

@15 *  Dual

Hote:

Heat capacit

Heat leak intc reactor @ IOOC

Reactor
liquid
capacity:

1

3.74

3.80

of rcactor

Total :Heating
rate
capneity

 ¥eal/%C

£.0803

Stirrer .
HP

.0.0592  0.026 i
€.C688 0,024
0.0770  ©.024

0.0650  0.025

e o g e e een

10,1475 0.053
' 0.1536 ' 0.0575
'¢.,1675 ' .0735
€.2015  0.1C5

C.174 0.080

G.123 0.064
C.15¢9 . C.060
0.152 0.054

. G790 £.033

0.034

0.295 Xeal/‘¢

.34 Keal/nin



333

TABLE XXVII

Data from Sideman (67)

Fredicted heat flow rate fron nodel (ii), table 5.41

g g N o (m-Ty)

| Heat Predicted Agitation '@ Temperature

i Input heat flow speed differential

b (watts) ¢ (watts) (RPX) o¢
100 127 600 i 0.05 ?
100 112 700 | 0.20 f
100 126 800 0.10 :
100 136 900 ; 0,05 ]
156 147 600 | 1.5 ;
150 151 700 ; 6.5
150 ! 1386 750 0.2
150 | 126 800 0.1
159 135 $00 0.05 ‘
150 132 1000 0.02 :
175 164 800 g 2,1 5
175 172 700 5 6.15 ;
175 172 750 0.43 1
175 164 800 0.23 ‘
175 17¢ 900 0.10
175 177 1600 0.05
200 181 600 2.90
200 212 700 1.43 |
260 217 800 0.55 |
200 193 900 0.15 i
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Notation
toetal surfacc area of bubbles (cag)
total heat transfer area of agent (cmg)
svecific surface c¢f dispersed thase (cmfl)

cguilibriur ngent ccrcentration at bubble
aurface (g. mrl/cu3‘

asgent concentration at ecryatal surfaoe(g.mol/em )
o o

specific heat of acuecus rthase {(cal/g"C)
s _ o

gpecific heat of hydrate crystal {cal/g™C)

agent concentration in bulk aqucous 3
-2y
phase (g.mol/ci:”)

agent concentration in egquilibriun 3
with hydrate  (g.nol/cen”)

inpeller diancter (em)
moleculor diffusion coefficient of 2
ent in sucrose solution (en®/sec)
diffusivity of sucrose in aqueocus 5
solution (en®/sec)
tant: diancter (er)
1iS”LrSI 1 coefficicents based on 5
uperficial velocity in wash volumn (cn®/sec)
onergy Jdissipated rer unit volune (HP/ftg)
energy dissipated under gas load (HP/ftB)
void froetion
liguid agent fiow rate (g/min)
gaseous agent flow rete (cmB/nin)
heot tranafer coefficient (cal/ﬁin.cmz.oc)
total keat leak into reactor (cal/min)
liguid-filn ross traonsfer coefficient
for diffusion to crystal surface (cn/sce)
rate ccnstant for surface 7rocess (em/scc)

liguid filn mess-trarsfer coefficient
fer diffusion from dispersed agent (em/sec)

meodified liguid-film transfer
coefficient (g.cn/g.nolvin)
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Notation (continucd)

Leoewis nunber ( I )

Qlchas
stirrer srecd (r.p.od)
reactor pressure (pes.i.a.)
hydrate eguilibrium pressure a

invariant noint (pes.i.a.)
agitater power input under gas lcad H.F.)
hydrate equilibriun pressure at
tomperature of bulk agueous phase (pes.i.z.)}
agitator power input in liguid phasc (5.P.)
reactor heat load, equotion (58) (cal/cin)

net ccoling rate in steady state runs (cal/min)
Reynclds number

=

rate of hydrate prcduction expressed

as water flux (g/min)
agent transfer rate (g.mel/sec)
rate of hydrate deconposition as
water flux (g/min)
Schnidt nusher (El/Das)
cquilibriun terperature of hydrate at o
P,x,. c)
tenperature nt crystal surface (OC)
condensation temperature of agent at
rcactor pressure (°e)
nucleation tewmperature (°c)
superficial gas velocity in reactor (ft/zec)
volume of ligquid in the reactor (cmg)
tectal operating velune of four-phase 3
dispersion (en”)
reactor recycle rate (cm3 min)
sucrose feed rate (cmg/nin)

rele fraction of sucrose in sclution
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Notation {continued)

weight fraction of sucrcose in solutionm (w/v)

weight fraction of sucrose in reactor feed (w/w)

sucrscee concentrotion at erystal surfzce {w/wr)
distance measured frow crysial surface (en)
hold-up of water in hydrate forn {(g)
distance rmeasurcd frorm bubble aurfoce {em)

nole rotic of water to 2gent in hydrate
molecule, o' refers te weight ratio

heat ¢f formotion of hydrate nhase (eal/g)
latent heat of vaporization of hydrating

agent (eal/g)
viscosity of dismnersed nhase (g/cn.sec)
viscosity of hyédrate slurry (g/cn.sce)
viscosity of ccntinuous liquid phase (g/ciz.sec)
velune fraction of gas in dispersion
volune fraetion of hydrate phase in disnersion
volume fraction of liguid agent in dispersion
liguid density (g/cmB)
interfacial surface tension (dyne/cn)
conversion of aqueous feed |

subscripts used throughout to denote feed and
reactor conditions, bubble and drop sites
resyectively.



(1)
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(7)

(g)
(9)
(19)
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