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Abstract 

Current interest in direct—contact heat transfer, in 

which a volatile dispersed Phase evaporates into a 

continuous medium, has stimulated a study into the possible 

use of this technique for concentrating liquid foodstuffs 

The immiscible refrigerant selected for its low toxicity, 

difluorodichloromethane, combines with water to form a 

crystalline clatbrate, or hydrate, 

Bench—scale tests were conducted with aqueous sucrose 

solutions in a well—stirred 5 litre reactor which was 

operated both batcbwise and as a flow reactor. 	Eydrate 

equilibrium data and agent solubility for tTfe sucrose 

system have been determined. in the batch reactor. 

Eaterial and energy balances have been established and the 

degree and rate of concentration effectively analysed in 

terms of the experimental variables — power inut, sucrose 

concentration, reactor temperature and pressure and slurry 

viscosity. 

The ,process offers a convenient method of 

concentrating aqueous feedstocks. 	20% of the water 

contained in the sucrose feed nay be removed as hydrate 

in a single stage and the hydrate crystals may be washed 

free of occluded mother liquor. 



The 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 liquid-film 

mass-transfer coefficient has been derived, which makes it 

possible to predict the performance of a single stage 

reactor. 

Comparative tests 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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1. 	introduction 

The special aspect of this study was to 

investigate a process for the concentration of aqueous 

heat sensitive potable liquids by freezing out ice 

using a direct contact cooling medium to effect heat 

transfer. 	Concentrates of heat sensitive liquids 

such as fruit and vegetable juices are in most cases 

juices which, when rediluted, resemble the original 

juice in composition and flavour. 	Table 1.1, (1) 

gives some examples of products and the particular 

cases for concentration. 	Concentration at elevated 

temperatures results in loss of nutritive and organo- 

leptic stability. 	The relative heat sensitivity of 

juices is controlled not only by the temperature of 

concentration, but also by the time of holding at this 

temperature (2). 

Product 	Purpose 1 	  I 
i Orange Juice 	Reduce shipping, storage, container 
i 	costs 

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

1 

Beer 

Instant or 
Soluble Coffee 

ConCentrated liquid rhich can then be 
economically subjected to complete 
dehydration (e.g. freeze drying) 

Reduce liquid volume for handling and 
storage in plant 

Table 1.1 Case for concentration of aqueous solutions  



Concentration by evaporation, which aay strip 

volatile aromatic compounds that contribute to the 

flavour of the juice, is often carried out in 

turbulent film single-pass vacuum evaporators. 	Such 

film evaporation tohninues give suitable short- 

contact, low temrerature characteristics. 	Additional 

equipment is required for aroatics recovery and sub-

sequent blending. 

Concentration by freezing is the most satisfactory 

method for removing water from fruit juices without 

altering the natural flavour (3). 	The Linde-1 rause 

freeze technique was one cf the first continuous 

processes for concentrate rroC.uction: ice was formed 

on the surface of a refrigerated drum rotating in a 

trough of juice. 	The successor to this process is 

the scraped surface heat exchanger (5,6) which can 

produce concentrates of markedly superior flavour to 

the evaporation process. 	Fruit juices, coffee extract 

and vinegar are slush frozen in the freezer, e.g. The 

Chemetron Corporation TVotatort (7), and the fine 

uniform ice crystals are centrifuged and washed. 	For 

most materials 50% 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 liquid with a hold-up of many fine 

crystals is quite high; agitation and the separation 

of small crystals from viscous mother liquor becomes 

difficult. 	In general with all liquids a viscosity 

limit constrains operating conditions before the 

eutectic composition 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 quality. 

The importance of the desalination projects of the 

Office of Saline Water (8) has renewed interest in 

novel methods of freeze concentration. 	Since the 

advent of improved slurry reflux washing techniques (9), 

it seems likely that freeze concentration may now be a 

more competitive proposition. 	In common with the 

'Votatort 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 mechanical problems of scraping a 

surface upon which ice crystals are seeded. 

When, on the other hand, a cooling agent iS 

dispersed within the bulk of the aqueous phase, a 
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large transfer area is established, and controlled 

nucleation and growth is more readily achieved than 

with the higher theraal driving forces associated with 

secondary surfaces. 	The higher crystallization 

temperature results in a lcrr,er energy consumption, and 

the smaller subcooling will tend to form cubic crystals 

rather than dendrites which occlude mother liquor. 

A search through the available literature and 

patents indicates four areas of interest which warrant 

investigation. 

1.11 Heat transfer without change of phase (10) 

A process in which the solvent freezes out in the 

form of a crust on the surface of a cold immiscible 

non-volatile liquid particle immersed in the aqueous 

solution. 	Little interest has been shown in this 

method, but liquid-liquid heat exchangers are being 

investigated as heat recovery units (11). 	k survey 

of the heat 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 be 



sufficient to nucleate ice rapidly in the neighbour-

hood of the drops and produce many small occluded 

crystals. 	The process is still costly, and losses of 

solute are realised with crystals grown under high 

thcruial driving forces. 

1.12 Freezing Point Depression Technique (13) 

A soluble gas is dissolved in the aqueous solution 

under pressure, thereby lowering the freezing teL:perature 

The solution is then cooled below its original freezing 

teaperature with no ice formation on the cooling 

surface. 	A release of the pressure causes partial 

freezing out of ice. 	7ork carried out by Stinchfield 

(lc) on this process using CC',, as the gaseous agent, 

shows that a ten cycle process needed for effective 

concentration is not only very expensive but in fact 

contra-indicated. 	The main criticism is that the heat 

of fusion of ice must be absorbed by the solution as 

sensible heat, and this requires that very high 

pressures are used to dissolve sufficient agent to 

achieve realistic per-stage concentrations. 



1.13 Heat Transfer with change of phase (15) 

The aqueous solution is mixed with an immiscible 

volatile liquid, which flashes 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. This 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 frozen 

out from sea water under vacuum at the triple point, 

also comes under this category, water behaving as the 

refrigerant. 

1.14 ::eat Transfer with change of phase accompanied by 

reaJt1:oa (18) 

This involves a chemical 7rocess in which a 

clathrating agent and water combine to form insoluble 

crystals, A classification of the types and structure,  

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 condensed 

on the washed crystals. The initial survey of this 

process has been described, from the desalination aspec:t 

in several publications which also discuss the relative 

merits of the fluorocarbon and paraffin hydrate for-Tilers', 

(19,20), 



7 

1.2 Choice of Process 

With these considerations in mind, the 

investigation of a process utilizing a boiling liquid 

refrigerant seems most interesting. 	For this case 

the heat of fusion is transferred through: a very small 

temperature differential to the boiling agent. 	As 

the temperature differential decreases, so the process 

becomes more ideal; hence energy for conversion is 

minimised. 	The choice of the best refrigerant is 

important since many otherwise suitable agents would 

strip the liquid food of flavour, or impart some taste 

to the concentrate. 	The Freon faily are generally 

very insoluble, non-toxic and innocuous, and of these 

F:72CN-12, difluorodichioromethane, is a commercially 

familiar and reasonably priced refrigerant. 	Freon-12 

is also a hydrating agent and, since there is a 

definite shortage of data on hydrate kinetics compared 

with the work undertaken by the Office of Saline Water 

on ice growth, the hydrate process was chosen for study. 

It was decided to use sucrose solution as the aqueous 

medium. 	For experimental purposes, sucrose was 

desirable since it has high purity for a low cost and 

its physical properties are well documented. 
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An alternative scheme for the production of ice 

in fruit juices could have employed octofluorocyclo-

butane, C-318, an inert fluorocarbon refrigerant which 

does not behave as an hydrating agent. 	The cost of 

C-318 is very high, but agent losses from a well-

designed commercial plant should be very small. 

1.21 Reverse Osmosis 

Recent develoaments with plastic membranes have 

drawn attention to the possibility of reverse osmosis 

as a competitive means of concentration. 	Sourinajan 

(21) has applied this technique to the concentration of 

sucrose in aqueous solutions using a porous cellulose- 

acetate membrane. 	The batch apparatus is described 

as a practical concentration technique for natural 

maple syrup and other industrial sugar solutions. 

The main advances in this field will be sought in the 

development of membrane technology. 
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2. 	Introduction to Hydrate Process 

2.1 The Hydrate Process 	Phase Diagram 

Pure water is separated from an aqueous solution 

by a reaction with a suitable agent to produce a solid 

hydrate. 	The process can achieve 100% solute recovery 

since tho solid phase is completely selective towards 

water. 	The heat of reaction is transferred to the 

evaporating agent dispersed in the solution. 

Reference to the phase diagram gives an insight into 

the mechanism of hydrate growth. 	The diagrar defines 

the pressures and temperatures at which hydrate exists 

and characterises the departure from phase equilibrium 

which exists in a hydrate reactor. 

A conventional phase diagram is used to represent 

the equilibrium conditions. 	Figure 1 shows the two 

comronent system Freon-12 and water where line AD is 

the vapour pressure curve. 	Area 1, below the 

condensation line, represents liquid water containing 

dissolved freon and freon vapour. 	Above line 

Area III rearesents the liquid phases water and freon. 

vihen the system is cooled below EBC a crystalline 

hydrate apr,ears. 	10 is the equilibrium line between 

the solid hydrate and liquid freon: it ap7roxinates 

to a vertical line (19). In Area II all rP.ter is 



t. 
 DI 
freon 

water 
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Liquid Freon + hydrate 

H 
A 

I 
g. Freon + water 

Li 	f  
gaseous freon + hydrate 

70 

60 

30 

• 

50 

Is 
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10 

6 	8 	10 	12 	14 
0 

temperature 

figure 1 	Phase diagram , Freon-1 2 hydrate  
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converted to hydrate if there is an excess of freon, 

or in the case of an excess of water, all freon is 

converted to hydrate. 	Line BC denotes the equilibrium 

between hydrate and water in an atmosphere of gaseous 

freon, 

The quadruple point B is an invariant point and 

the pressure and temperature characterising this 

transition are referred to as the critical decomposition 

pressure and temperature. 	At the critical pressure 

four phases co—exist in the two component system: 

Hence, by the phase rule, there are zero degrees of 

freedom. 

If the hydrate reactor conditions are rerresented 

by position G on figure 1 and the reactor is cooled at 

constant pressure, hydrate should ap7ear as FG crosses 

the hydrate line BC at H. 	The temperature stays 

constant as hydrate is formed and the solution cooled. 

In practice there is a tendency for the aqueous solution 

to supercool a definite extent before growth of hydrate 

occurs; this period is equivalent to the metastable 

limit of Ostwald. 	The temperature of the reactor 

contents must fall below this limit in order that 

spontaneous nucleation may occur, but the growth 

process can take place within the limit. 
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Consider the practical case in which cooling is 

obtained by the evaporation of freon in the reactor, 

at a constant pressure corresponding to FEG. 	As the 

solution is cooled the temperature falls below H and 

at some temperature in Area 11 the solution nucleates 

spontaneously. 	The production of hydrate is accom-

panied by a generation of heat and the reactor 

ter,Iperature rises. 	The temperature increases to a 

steady value at which the rate of heat generation is 

equal to the rate of cooling (section 6.2), 	Flooding 

of the reactor r-ith liquid agent will take place if the 

saturated liquid temperature corresponding to point F 

is greater than the spontaneous nucleation temperature. 

The effect of sucrose on the syste7. described above is 

to shift EC to the left of the diagra-:,  to ETC' by an 

increment of temperature equal to the freezing point 

depression. 

2.2 Cohomercial Hydrate Process for Desalination 

Current research and development projects concerned 

with crystallization processes for desalination are 

reviewed by Barduhn (22), 	Two large scale plants 

emrloying hydrating agents 'nave been constructed for 

the Cffice of Saline Water. 	Sweetwater (23) have a 
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plant of 20m. gal./day capacity using propane and 

r oppors (24) use difluorodichloronethane as hydrating 

agent in a 10:r. gal./day plant. 

The hydrate reactors have, in each case, operated 

successfully; most commissioning problems have arisen 

due to malfunctioning of the crystal-brine separators. 

Sweetwater developed liquid cycicnes to separate 

crystals iron the brine, whereas Koppers relied on a 

reflux Hasher in which a roving bed of crystals was 

contacted with a counterfloy of rash water. 	The trouble 

ste,717.s from the sall crystal size produced in the 

reactor. 	It has been suggested that a -:ore soluble 

agent nay give a larger crystal size, 

2.21 Research in Desalination by 74dration 

The design of the reactors of the pilot plants 

mentioned in the proceeding section was based on 

experimental work conducted by Koppers (24). 	The 

principal agent used in this bench-scale project for 

the desalination of 4% salt solution was propane, but 

comparative studies were undertaken with freon-12 and 

freon-11. 	An autorefrigerated 10-gallon vessel 

fitted with a three blade agitator was used as the 
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hydrate reactor. 	The main variables considered 

were power input, residence time and thermal driving 

force. 	Detailed conclusions drawn from the investi-

gation are discussed later in section 5.2; the 

criterion for scale-up was found to be the power in7ut 

rer unit reactor volume. 

A two phase reactor was also studied to discover 

whether or not conventional crystallisation tecbnioues 

could he aTlied to hydrate reactor design. 	In the 

Cslo crystallizer, for oxa7ple, supersaturation is 

developed in the circulating stream in one part of the 

unit and released in another. 	Supersaturation is 

restricted to a level at which spontaneous nucleation 

does not occur. 	KoT3pers experimented with a system 

in which water was saturated by contacting it with 

liquid agent, cooled to become supersaturated and then 

pumped up through a bed of hydrate crystals. 	No 

increase in the size of the suspended particles was 

observed. 	It was concluded that at least three phases 

must be T7resent in the reactor for hydrf,te formation 

to occur. 

Collot d'Escury (25) has described ex2eriT:ents in 

which the rote of proCuetion of 7.:onefluorodiehloromethane 
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hydrate (F-21) W3S measured in a stirred cell. 

Gaseeus agent was absorbed trough an unbroken gas- 

liquid interface inte salt solution. 	The solution was 

stirred at such a rate as to 'erevent the surface 

becoming covered with a shin of hydrate. 	These 

experiments were followed by de Greauw (26) with a 

study of propane and chlorine hydrates. 	Again the 

experimental work was restricted to a three phase batch 

system, with the reaction vessel immersed in a thermostat 

bath. 

Pangborn et al (27) have studied the formation 

rate of methyl bromide hydrate from sea water and liquid 

agent in a well-stirred one gallon reactor.„ Yethyl 

bromide was used as the combined direct contact 

refrigerant and hydrating agent. 	This project covers 

a wider range of aoueous solution and operating conditions 

than 1:cppers, and gives a more detailed experimental 

analysis of an autorefrigerated hydrate reactor. 

The conclusions drown from these ex7erimental 

projects and their relevance to the present study are 

discussed in section 5.2. 
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2.3 The 77:ydrate Process for Sucrose Concentration 

The design for a commercial freeze concentration 

process is based on the .coppers process for desalination 

after the Donath patent (18). 	A flowsheet for the 

process is shown in figure 2. 	Sucrose feed, initially 

precooled by the product stream, enters the reactor and 

contacts the dispersed liquid agent. 	Hydrate slurry 

is fed to a centrifuge where mother liquor and crystals 

are separated. 	Part of the mother liquor is recycled 

to control the fractional hold-up of crystals in the 

reactor (See section 8.5). 	Washed crystals are 

transported to the condenser-welter where agent is 

condensed, decomposing the hydrate. 

2.31 The Refrigeration Cycle 

The refrigeration cycle is a two-stage compression 

system, a common feature of hydrate and ice desalination 

plant. 	The primary compressor handles vapour 

generated in the reactor; most is condensed on the 

washed crystals. 	Excess vapour is compressed further 

in the secondary compressor and condensed by heat 

exchange in an indirect-contact condenser. 	The thermo- 

dynamic principles involved in this cycle are discussed 

in section 8,5, 



sucrose feed 
primary 	 secondary 

compressor 	 compressor 

cooler 

figure 2 	Ftowsheet for hydrate process: single stage concentration  

vapour 

slurry condenser 
mel er 

mother 
liquor 

heat exchange 
feed-products 

water 

centrifuge 
liquid agent 
feed 

recycle 
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2,4 Primary Experimental Investigation 

Since no data were available for hydrate growth 

in systems other than solutions of sodium chloride, 

tests were initially run with a small glass cell, 

figure 12, immersed in a constant temperature bath. 

Problems of nucleation and growth pertaining to sucrose 

solutions were investigated. 	quantitative results 

were limited to the determination of phase equilibrium, 

section 4.2, but some trends in the behaviour of the 

hydrate cell under different conditions were established, 

as described in the following sections. 

2.41 Nucleation of the Zydrato Phase 

A 250 ml. sample of sucrose solution was cooled 

in the cell to temperatures below the hydrate formation 

temperature by adding ice to the water bath. 	The 

sample was deaernted and about 10% by volume of liquid 

freon was introduced. 	At subcoolings of up to 10°C, 

nucleation did not occur at either the liquid-liquid 

interface or the gas-liquid interface. 	When,however, 

the pressure in the cell was reduced by venting freon 

gas to the atmosphere, and liquid freon was caused to 

evaporate in contact with the aqueous solution, 
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nucleation occurred at subcoolings in the range 6-8°C. 

This response was in agreement with other workers; the 

behaviour seems no different for 10%-35% w/w sucrose 

solutions. 	The termerature at which the onset of 

nucleation was observed cal;:T;eared to be random. 	This 

was consistent with the fact that poor nixing caused 

random local temperature differences during the period of 

evaporation of the dispersed phase. 

To confirm that nucleation did not occur at an 

agitated gas-liquid interface in the absence of liquid 

agent, gas was bubbled into the cell through a sintered 

disc distributor. 	Na nucleation was observed in sucrose 

solutions with a maximum subcooling of 10°C during two-

hour induction periods. 

2.42 Eydrate Growth 
Alioll0••••••••••• 

Growth rates and crystal characteristics were both 

most irregular in this first experimental cell. 	If 

the Quantity of liquid freon at nucleation was small, 

only a snall quantity of single crystals were produced. 

Such crystals tended to be delicate and to fracture 

easily. 	For example, a single 'whisker t crystal was 

nucleated in a site on the steel thermocowle probe 

i=ersed in the solution. 	The crystal was curved, 
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following the streamlines in the stirred solution; 

the dimensions were approxiontely 1 cm. long by 1 mm. 

wide. 	A cathetometer was used in an endeavour to 

follow tte growth of such crystals, but they 13heared 

at even the lowest agitation rates. 	Several experiments 

were carried out to find a suitable technique for 

growing a single crystal in the cell. 	A small flow 

of gaseous freon was dispersed continuously into the 

systen containing hydrate nuclei, but in no way was it 

possible to observe the growth rate of one crystal. 

Control of the cell teriperature during these runs was 

rather poor since heat generated in the cell was 

transferred through a glass wall to the constant 

temperature bath. 	The size range of crystals was of 

the order of 50 to 100 microns. 	These figures were 

calculated from setting velocity observations, assuming 

the crysta:ls to be spheres. 

If an excess of liquid freon was available at 

nucleation, growth occurred around the rising bubbles. 

The cell conseqw.ntly became peefred with bubbles frozen 

by a thin hydrate film. 

A sacrnling vrobel  the prototype of those described 

in section 3.43 ,was installed to test a rethod for 
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withdrawing a sample of mother liquor free of hydrate. 

The concentration of the sucrose solution in equilibrium 

with hydrate crystals was compered with the feedstock 

concentration. 

2.5 Proposed Experimental Project 

The above experiments confirmed that concentration 

of sucrose solutions ray be effected by the formation 

of the hydrate of Freon-12. 	It was decided not to 

pursue further the technique for growing single crystals.. 

Even if such a techniQue could be devised, and Hoppers 

(20 indicated from the failure of their two-phase 

reactor that the problem did not fall into the usual 

category of unit operations, the conditions of growth 

would not compare with the conditions existing in a 

four phase reactor. 	Thus any mathematical model 

describing the growth of a single hydrate crystal would 

not apply to a commercial reactor in which the dispersed 

agent is boiling vigorously. 	Basically the project 

called for operating data from a realistically scaled 

four phase well-stirred reactor for a range of sucrose 

solutions. 
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In general the Purrose of the experiments was 

to predict the most favourable operating conditions 

for concentrating a particular sucrose solution at a 

given throughput. 	Now operation under the most 

favourable conditions implies an optimum state, i.e. a 

m'aximu yield of concentrated sucrose for a given 

throughrut from equipment of fixed design .or optimum 

economic design and operation of equipment. 	However 

the ecerimental scheoe was designed not to optimise 

hydrate yield and hence the degree of sucrose concen-

tration, but to determine the Fechanism of the physical 

and chemical changes that occur in the system.. After 

establishing a model resulting from experimentation 

with sucrose, it is possible to predict future 

performance of the reactor and compare the process both 

technically and economically with established processes._ 
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3. 	Experimental Hydrate Process 

A simplified flow sheet for the experimental 

reactor system is shown in figure 3. 	Liquid freon 

was gravity fed from the condenser C to the reactor V 

and dispersed in a suspension of hydrate crystals and 

sucrose solution by the action of a turbine impeller. 

As fresh hydrate phase was formed, the heat of reaction 

caused the disrersed liquid agent to evaporate. 

Vapour generated in this way was condensed in the shell 

and coil condenser C. 

Luyben (28) and 'Teisser (29) have both described 

similarly integrated reactor—condenser systems, 

referred to by Luyben as autorefrigerated reactors, 

and 7reyiously used in the control of polyneri7ation 

re7ctions. 

3.1 Reactor Oreration 

The freeze concentration plant envisaged in 

section 2.3 employs a continuous stirred tank reactor. 

Operation of the experimental systeri as a flow reactor 

was achieved by keeping constant both the rates of 

inflow of sucrose and liquid freon and the rate of 

outflow of concentrated sucrose plus crystalline hydrate. 



glycol 
coolant 

24 

liquid freon 

ty 
sucrose.

feed 

V 

sucrose to dump 

figure 3 	Simplified flow sheet 
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The hydrate slurry was drawn off by gravity from the 

reactor into a glass vessel D, ,, n(71 was decomposed by 

an electrical heating element. 	Reconstituted sucrose 

was dumped into a vacuum stripping vessel then recycled 

to the reactor via a storage tank. 

Alternatively the reactor could be operated in 

the manner of a batch process. 	In this case, while 

maintaining the freon feed rate constant, hydrate was 

produced in a fixed volume of sucrose solution. 	This 

method was particularly interesting from the stand—

point of taking the fraction of crystal hold—up as a 

variable. 

3.11 Selection of reactor Size and Throughput 

A vessel of 5 litres capacity was considered to be 

a convenient size. 	This gave a reasonable allot Slant 

scale of operation; the upaer limit was imposed by the 

availability of glass pressure vessels and the size of 

the auxiliary refrigeration unit required. 

The maximum hydrate production rate for this size 

of reactor was estimated from the data given by Koppers 

preliminary study (24). 	This figure was used as a 

guide to the design of ancillary equipment. 	Table 3,1 
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shows the maximum heat load on the condenser and the 

precooler, and consequently on the refrigeration plant. 

Production rate in 3.5 litre reactor 

kaximum sucrose feed based on minimum 
residence time of 71 sins. 

Heat load on reactor 

Freon-12 feed rate 

Condenser duty 

Preceded sucrose feed duty 

Total duty, including heat leak 

80 gm water 
as hydrate/min 

460 gm/min 
sucrose 

16 CHU/min 

205 gm/min 

16 CHU/min 

16 CHU/min 

38 CHU/min 

Rated capacity of 2 stage refrigerator 
operating —18u/27°C, IIIP, 56Orpn 40 CHU/min 

Table 3.1, Maximum predicted heat lord on system 

3.2 The Hydrate Reactor 

A glass reactor of 6" I.D. and 181" overall height, 

with a 1" I.D. bottom exit was available as a standard 

unit, Q.V.F. (vz/:/6), though the manufacturers 

recommended that adequate safety precautions be taken 

at pressures in excess of 25 psig. 	A brass flange lid 

to the reactor carried eight Sinplifix couplings, a 

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

other glass-to-metal or glass-to-glass joints. 

The reactor outlet was connected to the decom-

position vessel via a right-angled 1" diaphragm valve 

with a glass body and a one-piece P.T.F.E. diaphragm. 

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 valve. 

Photographic views of the complete exerimental 

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 from *" I.D. galvanized pipe, 	A 

safety screen of in thick Perspex was secured to the 

framework to protect the operator in the event of a 

failure in the glassware. 	Sheets of expanded 

polystyrene were moulded to form a 2" thick layer of 

lagging around the reactor. 

3.21 Freon Feed  

The rate of addition of liquid freon from the 

condenser was controlled by a I" Simplifix valve, 

type 60, and measured by a G type Rotameter tube with 

stainless steel float. 	The Rotameter was designed 
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figure 5 	Hydrate reactor and auxiliary equipment 
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for a maximum liquid Freon flow rate of 160 cm3/min 

at 10°C. 

The Rotameter tube was mounted as a part of one 

limb of a U-tube, see figure 6; the glass tube was 

secured by Lralcaite in brass sleeves hard—soldered 

onto *" 0.D. copper tube. 	The unit included a snail 

heat exchanger to insure against flashing in the 

Rotameter section. 	Nylon tube was used to connect 

the U-tube to the feed and delivery lines at the 

3/16" Simplifix fittings shown: the flexible coupling 

prevented strain at the glass-to-metal joints. 

This arrangement was adopted for two reasons. 

In the first case, the construction has a very low 

heat capacity compared with most tube mountings 

ei:_ployed at this pressure range; this low capacity 

is desirable when dealing with a liquid which boils 

at a temperature 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 section. 	A rinse with methanol was 

usually sufficient to re-establish flow through the tube. 

Calibration of the RotarLeter tube is discussed 

in sections 3.6 and 6.1. 
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figure 6 	Rotameter tube detail ( approx. 1/ 3 scale ) .and  
temperature probe in feed line ( x2 scale)  
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3.22 Sucrose Feed 

Aqueous sucrose solution was stored in a 30-gallon 

resin-coated tank. 	The feed was delivered to the 

reactor by a D.C.L. metering pump. 	Dirt was rejected 

from the solution by a 20-30 micron pore size sintered 

glass filter, and a small surge tank was used to remove 

pulses generated by the reciprocating pump action. 

With a maximum duty of 6.7 gall./hour at 75 psig., the 

pump delivered a constant rate of supply of liquid, 

irrespective of pressure. 	The feed was precooled to 

the reactor temperature in a 40? length of i" O.P. 

copper tube wound as a coil and immersed in a const=t 

temperature bath, see figure 9. 

3.23 Stirrer Drive and Agitator Design 

A variable speed, series wound motor (1/20 HP.) was 

attached by a flexible coupling of rubber to the brass 

stirrer shaft (5/16" D.) located in the P.T.F.E.- 

packed gland housing. 	A second motor, continuous 

rating a.c. 1/10 EP, was available to increase tie range 

of stirrer speeds. 	The motor assembly is shown in 

figure 5; the support bracket was of welded construc-

tion, secured to the main framework with -.1ee Klapp 

fittings. 
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Since geometrical similarity is important in the 

design of agitation equipment, impeller and baffle 

dimensions were chosen approximately in accordance 

with accepted practice, e.g. 'flesterterp (30). 	Four 

baffles 4" wide were positioned against the vessel walls 

and held in place by the sprung frame on which they were 

mounted. 	Preliminary work with a single 21" diameter 

45°  pitched four-blade turbine indicated that excessive 

foaming and nucleation took place at the surface of the 

four phase mixture. 	This was assumed to be due to 

inadequate dispersion cf the liquid freon. 	Departure 

from the well-stirred condition was corrected by mounting 

a second impeller on the stirrer shaft; a four- bladed 

flat paddle which operated nearer the liquid surface, 

see figure 7, 	This modification to the standard 

design was considered justifiable in the light of work 

published by Bates et al (31) on the power requirements 

of dual impeller systems in standard vessels. 

Operating the reactor at the highest agitation 

rate and the higher freon feed rate, it was shown that 

the gas hold-up constituted 3000 of the total reactor 

volume. 	In view of this the liquid working capacity 

of the reactor for batch runs with the dual impeller 

was chosen at 3.35 litres. 
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No provision was nade for measuring the torque of, 

the motor and hence the energy consumption in the gas— 

liquid dispersion. 	The principal reason for net taking 

this neasureient was the uncertainty in the fraction of 

the power wasted at the stirrer gland. 	EstiDates of 

the Power consued in the aqueous phase Jere obtained 

calori7ietrically nd are given in Appendix G. 

3.24 Detailed Flow Sheet 

A flow diagram for the reactor and condenser system, 

is shown in figure 8, excluding the arrangenent cf the 

glycol bath and constant teilperature bath which is 

presented in figure 9. 	The configuration of valves 

was designed for flexible operation with respect to 

claanging the system with freon (F), evacuating the iteo 

of equipent (V) or equalizing the nressure between 

units. 	Not shown is a storage tank, installed to allow 

liquid freon to be dumped from the condenser should the 

need arise. 	Simplifix valves and fittings were used 

throughout, mainly for 3/16" O.B. copper or nylon tube. 

3.25 Temperature Neasurenent in Reactor and Feed—lines 

To ohtaina te2perature distribution of both the 

liquid and vapour phases in the reactor, probes were 
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installed to measure the temperature at different 

points. 	Two thermocouple probes were spaced at 

different radial distances in the reactor, capable 

of being adjusted vertically by loosening P.T.F.E.- 

packed glands in modified Simplifix couplings. 	Both 

thermocouples were single junction 32 gauge copper-

constantin probes in 15" lengths of 16 gauge hypodermic 

stainless steel sheath. 

Thermocouple probes viere sited in both sucrose 

and freon feed-lines, just ^rior to the reactor inlets 

and insulated from them by nylon tube. 	A detail of 

the thermocouple installation is shown in figure 6. 

The wires near the junction wore encased in 2mm. twin-

bore ceramic insulators and sealed with Araldite into 

1/8" C.D. brass tube, soldered at right-angles to the 

4" 0.D, feed line. 	Asbestos string and foam insulation 

was used on the copper lines. 	Positions of other 

thermocouple sites are marked on figure 8. 

The e.m.f. was measured accurately on a Pye 

Universal Precision potentiometer, in conjunction with 

a Pye 'Scalamp' galvonometer and an ice cold-junction. 

In addition,. a !Hi-Speed' miniature potentiometric 

recorder was used to follow the te:trerature both in the 
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reactor and at other points in the equipment. 	This 

recorder also served to tine the point of spontaneous 

nucleation and subsequent sanpie withdrawals in batch 

runs. 	A 10-Tay Muirhoad switch and an additional 

double-pole switch were used to select both the thermo- 

couple -,nd the e.m.f. display, 	A chcc':. for heating 

effects at switch terminals was made regularly by 

comparing the same e.m.f. source measured both directly 

and through the switched circuit. 	The calibration 

of the thermocouples is given in Appendix G. 

3.26 Sucrose Sampling System 

Samples of mother liquor were withdrawn from the 

reactor through a sintered-glass filter. 	A lOnm. 

diameter borosilicIte glass filter plate was sealed 

with Araldite into the machined extension of a 3 16 n n p 

by 11" copper tube, 	This tube was sited in a bulkhead 

coupling in the reactor lid and connected to a 3/16" 

Simlifix shut-off valve. 	The total capacity of the 

sample system was approximately 3m1. and enabled a 

representative sample to be obtained after withdrawing 

only 0.25 of the reactor volume, allowing for purge. 

Two such scr:2Dling probes were installed, with different 

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

as supplied by A, Gallenkal:.:i. 
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Samples were analysed with a high accuracy Abbe 

1601  refractometer maintained at 20°C and employing 

a sodium light source; 	The variation of the refractive 

index with the concentration of sucrose solutions is ' 

shown in Appendix G. 

3.3 Freon Cycle Design 

The design of an  autorefrigorated reactor system 

called for the selection of -a suitable means of pressure 

control and recycle of the liquid agent. 	r2here are 

basically two possible arrangements for the use of 

Freon-12 operating in the range 30 to 50 prig. 

corresponding to saturated liquid temperatures of 

0°C to 12.5°C respectively. 

(i) The reactor pressure is controlled by a back 

pressure valve on the vapour line. 	The vapour 

generated in the reactor is compressed and then condensed 

either in an indirect contact exchanger with cooling 

water or in direct contact heat exchange with melting 

hydrate cyrstals. 	In either case there is sufficient 

excess pressure available to return the liquid agent to 

the reactor. 

(ii) The condenser is cooled by a refrigerated coolant 
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and operated at the sane pressure as the reactor. 	The 

condenser pressure is controlled by adjusting either 

the flow or the tenperature of the coolant stream. 

Flow of liquid agent from the condenser baelf: to the 

reactor is by gravity, at a temperature roughly 

corresponding to the saturation te,7perature of freon. 

The vapour recompression step required for operation 

of the process below ambient temperature is incorporated 

in a secondary refrigeration cycle working against the 

coolant bath. 

Clearly the maximum heat recovery is obtained from 

process (i), with condensation on melting crystals. 

This choice would however be difficult to enginer and 

operate on a Evinll scale. 	The use of a compressor was 

avoided and method (ii) chosen for its simplicity. 

Accurate pressure control was required, particularly 

during batch runs, and it aT;,,peared that a small 

compressor would not be sufficiently flexible. 	In 

audition, contamination of the agent with compressor 

oil was possible and very undesirable. 

3.31 Condenser Design 

This unit was designed both as a condenser and as 

reservoir for liquid freon. 	Losses of agent from 
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systet: are incurred by inconlplete slurry decomposition, 

the residue of freon dissolved in solution, and by 

slight leaks at glands. 	Rather than add a make-up 

streaa of freon vapour , a measure which complicates 
pressure control, it was decided to operate with a 

hold-up of liquid freon in the condenser. 	For this 

reason a shell and coil unit was more suitable than a 

shell and tube condenser. 

The condenser coil was manufactured with an O.D. 

of 6" from 22 feet of 1" C.D. copper pipe. 	It was 

arranged in the 8tf I.D. shell such that the bottom 

coil, slightly separated from the other coils, was 

imnersed in liquid freon when the unit was charged with 

from four to eight pounds of agent. 	A nylon sight- 

glass was fitted to facilitate charging; the did-way 

position corresponded to about 6 lbs. of freon. 

Vapour entered the condenser from the reactor through 

a stand-pipe in the bottom flange cover. 

3.32 Condenser Operation 

The only disadvantage of the simple gravity flow 

condenser was that under certain conditions boiling 

occurred in the feed line to the reactor, resulting in 
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vapour lochs. 	This problem ,-Jas solved by using small 

double-pipe beat exchangers to subcool the feed line. 

The condenser could be isolated from the reactor 

system by closing a 1" globe valve on the vapour line. 

This prevented exposing the glass reactor to high 

pressures when the coolant flow was stop7ed at the 

conclusion of a series of runs and the condenser warmed 

up to ambient temperature. 	Before fitting, a chech 

was made to determine if the pressure drop across the 

valve would restrict the freon flow in the vapour line. 

The condenser itself, which was designed to withstand 

a pressure of 100 psig., was fitted with a Norgrcn non 

safety-valve. 

With a, steady or slowly changing rate of flow of 

freon vapour from the reactor, the condenser irressure 

was controlled adequately, i.e. to the accuracy of the 

Bourdon gauge, by adjusting the flow of glycol coolant 

through the condenser coil. 

Before the feed subcooler had been incorporated it 

was not possible to maintain a constant liquid freon 

feed rate and boiling in the reactor for more than a 

few minutes. 	The first modification was to install a 

temperature controller for the charge of liquid freon 
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in the condenser. 	An Airmee N241 controller was used 

in conjunction with a resistance thermometer sited below 

the liouid level in the condenser, and a heater tape 

wrapred around the shell. 	A nagnetic follower was 

built into the condenser base plate to provide adequate 

agitation for heat transfer from the walls. 	This 

control system was devised to operate at a constant 

coolant rate, compensating for changes in the freon 

vapour rate by switching the heater circuit to keep the 

freon tenperature and pressure constant. 	The response 

of the heater was unsatisfactory, so the method was 

rejected. 	Success was obtained with the second 

nodification, circulating glycol coolant round the 

freon feed line. 

3.4 Glycol Bath and Constant Temperature Bath 

A diagra7natic layout of the tanks and circulating 

punps is shown in figure 9. 	was transferred frer. 

2Cri glycol solution in a well-stirred 50-gallon tank 71, 

to the evaporation coil of aIT=n-7. refrigeration unit 

The coil, 90ft. of 1" G. D. copper tube, was designed 

for a duty of 40 0EU/cin.with a minimum temperature' 

differential of 5°C. 	The refrigerator, a two-stage 

compressor, was charged with Freon-l2; 	The glycol rag 
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circulated by a No. 12 Stuart Turner pump P1 through 

a 3-way union tc the condenser C, the constant 

temperature bath 52 and the auxiliary exchangers a on 

the freon feed line. 

Selection of the operating pressure in the eondemser 

dictated the working ter perature of the glycol bath. 

Saturated freon pressures of 46 and 30 prig. required 

glycol bath te:operatures of -2°C and -12°C resrectively. 

The terperature was maintained by a ma71-e-Foake controller 

and relay switching the refrigerator. 	The coolant feed 

to the condenser was measured and hence controlled T.- y n 

18X metric Rotametor tube; the ter perature differential 

across the condenser vas measured by thermocouple 

probes. 

The 30-gallon constant ter'perature bath 52 was 

equipped with a glycol-cooled coil, stirrer motor and 

paddle, and thermostatically controlled 500 watt heater. 

Mercury-toluene switches and Sunvic relays were used 

for the control both of this bath and the glycol bath. 

An Ether i" solenoid valve SV was used to control the 

glycol_ fad to the bath 52, operated through the relay 

on the rTercury-toluene switch. 	Alternatively the bath 

temperature could be controlled by a heater circuit, 
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figure 11 	Wash column 
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though adding to the total heat load on the nearly over— 

stretc'Led refrigerator was not desirable. 	The 

te7operature variation of the sucrose solution S pre—

cooled in 132 was +1/600 at the highest sucrose feed rate. 

3.5 Decomposition Vossel and Filter Unit 

The decomposition vessel, shown in figure 10, was 

constructed from two standard Q.V.F. 4" diameter glass 

units, one of which was provided with a 1" dinneter side 

inlet. 	The up72er section was added to provide the 

correct hydraulic gradient between the reactor contents 

and the riecomposing hydrate slurry for controlling tae 

flow of slurry from the reactor in the ccurse of the 

steady—state runs. 

A variac—controlled 500 watt heater was counted 

above the base plate. 	r/70 draw—off valves were fitted, 

a 3/8" sleeve—packed cock and c, 3  /16" needle valve. 

The former proved to be the more adee;uate means of 

control. 

The filter and wash column shown in figure 11 was 

fabricated from a 18" length of 2" diameter 	glass 

pipeline. 	A 100-120 micron pore size fritted glass 

filter plate was sealed into the line which was jacketed 
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by a 	dial-eter glass tube. 	`eater from the constant 

te:-Iper-D.ture tat-,a 12.2 vas circuln,ted through_ the ja&et 

by a No. 10 Stuart Turner pump P2, figure 9, to prevent 

decopposition of the hydrate. 	Similarly wash. water 

was cooled in a coil 7 sited in bath 172, before entering 

the column through a wash distributor. 	Hydrate slurry 

was introduced through a slurry sari le line into the top 

of the column. 

3.6 Design of Experients 

The discussion in this section is concerned 

primarily with the design of the batch reactor runs, 

but it also deals with the experiDental variables 

considered for the steady-state cases. 	The six variables 

that can be controlled )r Eeasured with conparative ease 

are; iceeller speed, sucrose concentration, residence 

tiE-e, reactor pressure, operating tenwerature and 

yield of hydrate. (The hydrate yield is defined as 

the production rate of water in the form of hydrate, 

gn/nin.). It is necessary to choose an adequate 

definition of the output or resDanse of the reactor and 

the best manner of changing the independent variables. 
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Variable 
Type Variable Control 

Leans 
Measuring 
Means 

Dependent 
Variable, or 
Hesponse 

Operating 
Te-,perature 

(Tr) 
Potentiometer. 

Primary 
Incf,ependent 
Variables 

Stirrer 
Speed (N) Rheostat Stroboscope 

Concentration 
(xf ) 

Sucrose  
Feedstock nefractometer 

i 
-- 

eactor 
Yressure (?) and flow of 

coolant 

TerLcerature  
Pourdon Gauge 

Production 
ante 	(r) 

Freon feed 
rate 

Potent:iometer 

efractometeri 

Secondary 
Independent 
Variables 

Eydrate 
Hold-up (0h

) 

Eatch time s 	tem  

Data-1og7ing 
ys 

Sucrose feed 
rate 	(CST,) Eetering-pump 

Reactor 
Volume (V1) 

Level of 
slurry in 
reactor 

Table 3.6: Experimental Variables  

One cf the first considerations is the choice of an 

operating method for the reactor. 	Either the operating 

temperature c-ay be chosen and maintained by adjusting 

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

Flay be chosen by fixing the cooling rate and the 
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operating temperature is measured. 	The second method 

is preferable; it involves a fairly constant heat load 

on the reactor - condenser syste-_r, which simplifies 

control. 	Hence the reactor operating temperature, 

ratter than the yield, becomes the measured response of 

the systeT_1. 

The dependent and primary and secondary independent 

variables are shown in table 3.6, together with the 

ii!anner of control of the variable and the measuring 

means. 

The distinction betlieen the two categories of 

independent variables is solely an exPerimental one. 

The effect of the hydrate hold-up fraction Oh  was 

studied separately from the effects of the other 

independent variables, by analysing the temperature - 

time response curves, see section 6.1. 	For this reason 

0h is denoted as a secondary variable. 	Similarly the 

effect of the volume of hydrate slurry vas observed 

separately, in this case only for the flow reactor runs. 

The choice of the volume of liquid phase was a special 

problem since it was shown that the power dissipated in 

the reactor by the dual impeller agitator depended upon 

the level of sucrose in the reactor for a given geometry 
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and speed. 	No rensure. -ents of the stirrer trrque 

were taT-en so the change in the energy dissipated per 

unit volune, for a given change in V1, could not be 

estimated for reaction conditions. 

At the outset of the experiental work there was 

little to indicate what either the main effect, or t]l . e 

interaction between the effects, of these variables 
.soul d be. 	The project is therefore r:ost efficiently 

planned with the aid of a factorial design, a schene 

by which the effects of several factors are studied 

simultaneously. 	it is necessary to state the levels 

of the variables, the experinentally saecified conditions 

at which the independent variable is investigated. 

These conditions were selected after prelininary 

experiental work. 

The basic choice corprised a 32.4.5 factorial 

design; three levels e:-ch of stirrer speed and pressure, 

four levels of sucrose concentration and five levels of 

production rate. 	In general only a selected fraction 

of the total 180 exrerinents would be sufficient to 

analyse the rain effects and interactions. 	However, 

in view of the complexity of the reaction nechanisni in 

a four phase reactor, and particularly the work by 
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de Graauw (26) which showed that the production rate 

was not a sinrle function of the driving force for noss 

transfer, it was considered necessary to conduct all 

the experients. 	Certain modifications to the design 

were made when experimental difficulties arose. 	Also 

certain runs were rereated at random as a check on the 

reproducibility of tho Cata and the technique. 	The 

chosen array does not actually correspond to a true 

factorial design for one varf.able, tie ,pressure, is not 

r.aintained at the same levels over all levels of the 

other variables. 

The 'high' level of the reactor pressure for a 

given sucrose solution was chosen 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 teperature is a 

function of pressure and sucrose concentration, these 

'high' pressure levels vary with concentration and hence 

the level of another independent variable. 	To simplify 

the analysis, equal intervals between pressure levels 

were chosen, 3 psig., and one level, (37 psig.) was 

chosen as common to the nine central blocks of runs. 

The significance of this design modification and 7cssitle 
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alternatives will be discussed 9iti7 the interpretation 

of the overall results. 

3.61 Design Array for Botch Operation 

Table 3.61 shows the levels of three indenendent 

variables; stirrer speed N, sucrose concentration xf  

and reactor pressure P. 

N 
xf 	11.T2 

w/w 

1420 1140 880 P 
nsig 

46 

.0 * 
* .10 43 

40 
* 37 

—__ 
* * 43 

.095 * .11 * .21 * .31 40 
* * 

—__ 
37 

* * 40 
.IG * .12 * .22 * .32 37 

* * 34 

* * 37 
.27 * .13 * .23 * .33 34 

* * 31 

* 34 
.42 * .14 .34 31 

* 29 

Table 3,611 Levels of the independent variables  

In the table each asterisk represents five levels 

of the production rate, i.e. five levels of r for each 
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pressure level selected. 	The underlined nir-bers in 

the squares represent experimental blocks, talDen as all 

those runs conducted at constant N and x
f' and are code 

numbers for handling the subsequent analysis. 	The 

first digit shows the level of the stirrer speed and 

the second represents the sucrose concentration level. 

Blocks in the overall design were performed in a random 

order, and the experiments within the block were 

randomised with respect to the two variables P and r, 

the production rate. 

3.7 Operating Procedure 

The system was evacuated by a Speedivac high vacuum 

pump before the first charge of freon was introduced. 

Thereafter 6 lb. of freon was maintained in the 

condenser by periodic topping-up from a 145 lb. cylinder 

of ICI Arcton-12. 	Glycol solution was pumped through 

the condenser coil to cool the contents and reduce the 

pressure to a little below the required operating 

pressure. 	The coolant bath thermostat was adjusted 

to give a liquid freon subcooling of about 4°C, with 

respect to the selected pressure, at maximum coolant 

flow. 	This condition ensured both the establishment 

of vapour-free liquid flow through the Rotameter tube 

and the best degree of condenser control. 
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3.71 Batch Operation 

Sucrose solution at room terperature was pumped 

into the reactor to the desired level then the feed rump 

was stopped and the sarple probes were purged. 	The 

stirrer motor was started with the gland nut sine/coned 

off. 	By tightening the gland to prevent loss of vapour 

and by adjusting the rheostat in series with the motor, 

the correct stirrer speed was obtained. 	The tightness 

of the gland Was checl-ed during runs to maintain a 

constant agitation speed. 	Liquid freon was fed into 

the reactor Tith glycol circulating through the feed- 

line cooler. 	When the reactor pressure and freon feed 

rate were steady, the reactor te-perature was measured 

at intervals to obtain a cooling curve. 	his cooling 

curve constituted a calibration of the 2otaneter tube(see 

section 5.5). The spontaneous nucleation teraperature 

was Liensured as the mininur reached in the reactor. 

The transition was usually followed by a rapid rise in 

teL]perature, and during this period the glycol coolant 

flow rate had to be reduced to keep the reactor pressure 

constant. 	The teDperature of the hydrate slurry was 

neasured at intervals tined Iron the phase transition 

point. 
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Samples of about 3 cc. of mother liquor were 

withdrawn through the filter probes, after allowing 

a standard purge volume to pass, and timed by the 

event-marIcer facility on the chart recorder. 	In 

addition the average level of the contents of the four 

phase mixture in the reactor was measured at intervals 

to deterrAne the gas hold-up fraction. 	The runs lasted 

from between five to twenty minutes after nucleation of 

the hydrate phase. 	A run was stopped either if the 

reactor temperature had been steady for five minutes 

or more, or if the temperature had droped ouch below 

tao maximum attained. 

An E.A.L. 1,?DP-200 data logging system was used to 

record the reactor tererature for a selection of the 

batch runs. 	The thermocouple e.m.f. (0.3 mv.) was 

7,re-an.plified to a level accertalle to the data-logger 

(30 ;-v.) by a Comark d.c. amplifier type 210. 	In this 

way reliable temperature-tiLe data were automatically 

obtained on punch p=er-tape. 	The accuracy of the data-

logger and the potentiometer is very similar; the former 

was regularly calibrated against the potentiometer to 

compensate for any drift in the d.c. amplifier. 	The 

results of all these experimeats are given in Tables I 

to VII, Appendix A. 
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3.72 Flow Reactor 

From a control aspect, operating the ecuipment as 

a flow reactor was complicated by the importance of two 

further variables, the teperature of the sucrose feed 

an(3 the flow rate of slurry leaving the reactor. 

The initial procedure was identical to that with 

the batch runs. 	After a steady slurry temperature had 

been reached, the sucrose metering pump was started. 

The feed was precooled in the constant terperature both 

to the reactor ter,perature by adjusting the set-point 

on the bath thermostat. 	This controller was also 

manually assisted by operating the valve on the glycol 

coolant suply to the bath. 	The level in the reactor 

was maintained by adjusting the decomposed-slurry drain 

valve. 	Decomposition was controlled by a variac in 

parallel with the 500 watt heater to give a temperature 

frau 3°  to 5°C above the equilibrium decomposition 

tenperature. 

Sa- _171es of ::other liquor were ta77en after the 

reactor temperature had becorio steady. 	It was assumed 

that steady-state conditions had been reached when there 

was no change in either the sucrose concentration cr 

the tea 	over a period of ten minutes. 



59 

The levels of the independent variables specified 

for the flow reactor runs correspond approxinately to 

the blocks .11 and .13 in table 5.21. 	In addition the 

effects of a change in the slurry volur:e and a 

modification to the in2eller arrange-ent were considered. 

Ex-periments were carried out with a single inpeller 

to deternine the variation in the reactor performance 

with power input. 	The power input is a funtion of 

both the stirrer speed and geometry: by changing the 

geometry for a given speed the effect of the power input 

may be checked independently. 	A set of runs was 

repeated without the paddle impeller but with the pitched 

turbine at the sane position as before, figure 7. 	The 

results of these experiments are given in tables IX to 

XIII, with a summary in table VIII, Appendix B. 

3,73 Liquid Freon Distributor 

Throughout the runs, Freon feed was introduced into 

the top of the reactor as a steady strea;-: of liquid and 

not through a distributor as a fine spray of droplets. 

Although a distributor operating below the impeller was 

specified in the original design, it was found unworkable 

due to hydrate formation at the outlet holes. 
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The performance of the reactor with 	single 

turbine i--.k eller, the arrangeLent which it is ass reed 

exaggerates poor feed distribution, was considerably 

below that predicted., To test whether the reactor 

7:erforance could be improved by introducing a fine 

spray of liquid freon, a simple perforated-pipe 

distributor was installed in the space above the liquid 

level. 	The distributor was fabricated from 3/16" C.D. 

copper t:_ be,formed as a 3" diameter ring with 12, 

1/64" toles drilled in the walls of the tube. 	This 

device was satisfactory, producing fine jets of freon 

spraying upon the surface of the reacting mixture, 

though occasionally holes were blocked with hydrate even 

with the distributor well clear of the surface. 	Three 

sets of runs were repeated with this distributor in 

the batch and flow reactors. 	Attention is drawn to 

these comparisons in the summary tables I and VIII. 

3.74 Propane Hydrate Runs 

Batch experiments were repeated with propane as 

the hydrate former for exr)orimental variables 

corresponding to block .11. 	Nr) modifications to the 

aDparatus were necessary. 	The method and results are 

given in Appendix C. 
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3.75 Filtration ExTeriments 

Only limited washing experiments were conducted 

since the Liain interest was not to investigate wash 

hydrodynamics but to establish whether mother liquor 

could easily be recovered from the crystals. 	To test 

and investigate the unit a little more thoroughly than 

these terns of reference suggest, experiments were 

undertaiken with the following variables; bed height, 

mother liquor concentration, crystal characteristics 

based on different driving forces, and wash velocity. 

Only small changes were made in these variables. 

The filter unit was evacuated and then filled y.rith 

freon gas at the reactor pressure. 	The coolant was 

circulated fron the constant temperature bath and the 

glass7are was cooled to the reactor tererature. 	A 

charge of mother liquor and freon hydrate was admitted 

through sample valve S, figure 8, after purging the 

line. 	The bed was drained and the mother liquor 

passing through the sintered disc was collected in a 

measuring cylinder. 	Further additions of slurry were 

made to form a drained bed of the selected height, 

Wash water, preccoled to hydrate formation 

temperature, was pumped through the wash distributor 
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and hence the hydrate bed at a constant, predeterr:ined 

rate by a D.C.L. netering pump. 	The washings were 

collected in measuring cylinders of 25 ml. and 10 ml. 

capacities; the smaller size was selected for the 

sensitive 'breaTIthrough ,  area of the washing curve. 

During the wash period the pressure drop across the 

column was measured by a pair of pressure gauges. 

When washing was stop7ed and the bed was drained, freon 

hydrate was decomposed in situ and its volume and 

sucrose content determined. 	Mother liquor and wash 

samples were analysed with the Abbe refractometer. 

The results are given in Appendix F. 
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4. 	Equilibrium and Freon Solubility Data 

4.1 Fhase Diagram for Freon-12 Hydrate in Sucrose Solution 

The deterc'inotion of those equilibria conditions 

for the hydrate-freon-sucrose syster: was necessary in 

order to describe the departure from equilibrium causing 

hydrate grev-th. 	Equilibrium', data for the Freon-12-water 

system have been published by -7ittstruck (32), but the 

freezing point depression of the hydrate equilibrium by 

sucrose has not been investigated. 

The following study is confined to the solid hydrate-

equilibriun: in the presence of the gaseous freon 

phase; this corresponds to line BC on figure 1. 

4.11 Equilibriur Determination in Unstirred Cell 

Wittstruch (32) and 711cox (33) conducted phase 

equilibrium studies in small unstirred pressure vessels. 

In each case the pressure cell was placed in a cooled 

and agitated ther-2ostnt bath. 	The hydrates were 

formed by flashing off liquid agent from the two phase 

system which caused cooling and spontaneous nucleation. 

Pressure measurements were taken for given both and 

cell temperatures. 

A cell similar to that described by 7ittstruck was 
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used in the present exrierimental study as a first 

ar7xoach to obtaining Those equilibrium data. 	The 

cell was also designed to provide infernotion on 

spontaneous nucleation in sucrose solutions, solubility 

any growth of the hydrate. 	Those observations not 

related to phase equilibrium are discussed in section 

2.4. 

The cell used is shorn in figure 12, together with 

a flow diagram. 	Basically the cell was comprised of a.  

6" by 3" diameter Q.V.F. glass pipe section fitted with 

base and lid of I" brass, two 	Simplifix couplings, 

two ther7iccouple trobes, a prototype filter tube and a 

plastic-coated Tagnotic follower. 	The cell was mounted 

above a Tolythene-jnela,-ted magnetic stirrer motor 

innersed in a glass water both. 	With a solution of 

about 200 111. in the cell agitation was effective, 

but when hydrate was present the stirrer had no effect. 

The bath was equipped with a stirrer and heater, but no 

thermostat. 	Temperature control was by ice addition 

since a supply of refrigerated glycol was not available. 

Eydrate was spontaneously nucleated by condensing 

freon in the cell and then reducing the pressure. 	As 

the freon evEIT:ornted, sufficient local subcooling 
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occurred to cause nucleation and simultaneous rapid 

growth of hydrate. 	cell tended to become a mess 

of frozen bubbles of gas; that is, hydrate seeming to, 

gray round the evaporating drop, tended to lock the 

bubble in solution. 	It was under these conditions 

that the stirrer failed to be effective. 

The bath temperature was adjusted to approximately 

that of the cell and the steady cell pressure and 

temperature were recorded. 	The temperature was 

considered steady when the readings of the two therro—

couples wereidentical for a period of ten minutes. 

In this way it was checked that there was no variation 

in tenperature within the cell due to a departure from 

equilibrium caused by heat conduction across the cell 

from the bath. 	The temperature of the bath was t'-en 

lowered and the cell pressure measured for a new 

equilibrium. 	A mercury manometer was employed to 

measure pressures below atrospheric. 	The cell was then 

slowly heated up to the critical decomposition temperature 

to test whether there was any difference between the 

data collected from the cooling runs and that collected 

by heating. 	A significant difference would have 

indicated that equilibrium conditions had net been 

achieved. 	The results for this section are given in 

Table XX. 
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4.12 Freezing Point Depression of Sucrose Solutions 

The method of determining t?,7e freezing point 

depression has to take into account the effect of an 

extra degree of freedo-i. 	The quadruple point, 

proviouGly invariant, becories univariant in the four 

phase, three conDonent syster and two degrees of freedoo 

are associated with the line B I C'. 

The unstirred cell cannot be used to determine the 

sucrose phase equilibriun. in the uanner described in 

the previous section. 	If the cell is heated, the 

quantity of hydrate decreases and the sucrose concen— 

tration can= uses. 	Since mother liquor is trapped in 

and between hydrate—covered bubbles of gas, it is 

unlikely that the sucrose concentration will be the 

saTe, or change at the saae rate, at all 7.oints in the 

unstirred cell. 	This inplies that the racasured 'cell 

terperature is in fact a. local equilibriur: tenpernture 

in the neighbourhood of the thermocourle probe, at a 

sucrose concentration probably different from that 

sar.Lpled by the filter tube. 

Data for the sucrose syster was obtained from the 

large scale equipnont, the well—stirred insulated 

reactor described in section 3.2. 	Along line 'C' 
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there are two degrees of freedom in the 3 phase, 3 

conponent system:. 	Therefore for a given sucrose 

concentration there is the choice of either pressure 

or toy pernture as the single inde7,ene,ent variable. 

-,7itt the exnerinental reactor systen it is ncre 

cenvel:lient to keep the pressure constant and neasure 

the te-17erature res7onse. 	In practice it is not 

possible to r::aintnin a constant mother lieuor concen-

tration in a well-stirred reactor; the energy 

dissipated by the stirrer and the heat leak into the 

reactor partly decomposes the hydrate, thus diluting 

the solution. 	However, a good approximation to 

constant composition is achieved in the reactor, 

provided that the cower input is not excessive. 	The 

temperature and concentration ~- ay be taken as uniform 

throughout the slurry. 

Hydrate slurry was ferned in the reactor at a low 

operating *pressure; a slurry concentr-Aion of about 

20/X was consistent with an adequate flow of slurry at 

a stirrer speed of 600 rron. 	The pressure was fixed 

by keeping the condenser pressure constant, adjusting 

the flow rate and tenperature of the glycol coolant as 

required. 	The slurry was held at the selected pressure 

for 15 rlinutes, then the te-perature was noted for the 
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follcyJing 10 Linutes_ 	If no change vas observed in 

the second interval the reading was t hen to be the 

equilibriuE teLperature. 	At this point a saT:Iple of 

mother liquor was withdrawn and analysed, giving the 

sucrose concentration in equilibriuln wits. the hydrate 

at the measured te7Inerature and pressure. 	If the 

temperature was :'ot constant, the conditions were 

maintained for a further interval. 	The pressure was 

then altered and a new equilibrina established. 

Distilled water and initial sucrose concentrations 

of 10, 20, 30 and 10% (00 	used. 	The pressure 

was measured by the saLae 0-60 osig. Bourdon Tube gauge 

as was used in the hydrate growth studies. 	All the 

results obtained in the stirred reactor are given in 

Table XXI. 

4.2 Hydrate Equilibrium Analysis 

T -Le esuilibrium along the line DC corres.rons to 

the equation: 

CF2C12(g) 	17E20 (1)T:1; CF2Cl2'17H2O(s)* 

and the exotheric heat of reaction is A711 cals/ole. 

The structure of the hydrate crystal and the features 
of the unit cell are discussed by von Stackelberg (35). 
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It vas shorn by T;arduhn (3,1) that the slope of the 

univariant equilibrium line is governed by the Clausius-

Clapeyron euation: 

TAV 

Where AV = 'i,7/A' 

ar,,!. 	G 	= 	ccy:Tressibility facter for a 
non-i-leal gas 

:FLence din? 
dT = ht 

zaT2  

Integrating this equation assuming that 	is independent 

of te.:-.perature: 

1 In (2) 

Therefore the equation that may be fitted to the 

experirontal data has the form: 

log10? = -A /T + B 
	

(3) 

421 Unstirred Cell 

A least squares fit to the cell data, table XX, 

gave: 

loglop = -7521.1/T + 2817.8 

The data does not deviate significantly from a straight 



71 

line on a log 	vs. 1/T plot. 	Col.-Iring A with t.e 

constant in er,ation (2): 

ZR(2.3C3 x 7521.1) 

and. since 	= 	= 	0.905 

hf 	= 	31.15 - 	of hydrate 

A correction to this estir.7Late taping into account the 

heat of solution of freon is considered in .P.-,-,endix E. 

Alternatively the data aay be fitted to give the 

equilibriura terr.parature t°0 as a function of pressure: 

t 	1.46 log10? - 6.948 

This form gave a better fit in terns of the sup of 

scuares of errors. 

The Wittstruch data agrees very closely with. these 

results, and a least sc,uares fit gave: 

logie = -7274.8/T + 2729.5 

Hence 	lif  = 30.12 7cal/grolo. 

which corresponds tc the 7,12blished data (34), A hlt. = 30.14. 

If the two sets of data are cor7bined to give a mean 

effect: 
t 	= 10.58 logle - 7,094 

	
(4) 

tte estinated standard deviation of the teraperature 

given by (4) is 0,17°Ia‘ 
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Source 
Tc

oC Pc Asia 

Unstirred cell 12.03 65.3 

Wittstruck (32) 12.29 65.6 

Pooled data 12.12 65.4 

:Koppers 12.11 65.4 

Table 4.21: Critical TeFperature and Pressure  

A comparison of ne neasured and published values of 

the tenponyturo end pressure at the critical point is 

given in table 4.21. 	The results Iron the unstirred 

cell add nothing to the published data: The analysis 

was useful only as a check on the meesure,71ent technique 

and as a comparison with the subsequent determination, 

in the stirred reactor, of the effect of sucrose on 

hydrate equilibrium. 

4.22 Freezing Point Depression 

It can be shown (83) that the effect of a solute 

on the freezing point of a pure solvent is related to 

the activity coefficient of the solute: 

ATfp = Ii(T LITtp)T .ina  

(5) 

Where 	T = Freezing point of pure solvent °K 
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Although this expression simplifies for the case of 

jilute solutions to a linear dependence uron the solute 

mole fraction, it is expected that the exTpression for 

concentrated sucrose solutions will be non-linear. 

The dependence is therefore described as a polynomial: 

ATfp 1 x + c2x2 + e3 z3 + 

Yitere 	sucrose concentration (FM. 

kssuring that )1
hi is independent ci x, it is rossible 

to express the equilibrium temperature as a function 

of P and x only: 

t 
Atic3gle 	-e1x-ex

2  -c- 3 2 	34' 

A least squres fit to the -cell-stirred reactor 

drta, table XX1, with a 4th order polynomial gave: 

9.41 1og2 - 5.009 - 3.407x 

- 24.61x2 	83.682 - 126.8x4 
	

(6) 

The estimate of the standard deviation on t is 0.05-0. 

This correson_s to an error in the measured thermocouple 

e.L-.f. of +1.6w-, which is just greater than the 

rotentiomoter error (+1p0. 	Several alternative forms 

were tried, including different orders of polynomial in 

conjunction with equation (3). 
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Yodel in x Remaining 
degrees of 
freedom 

Sum of 
squares of 
errors 

Mean 
square 

Cubic 

_ xartic 

53 

52 

0.13135 

0.11161 

0.002478 

0.002146 

Difference 1 0.01974 0.01974 

A tiO of mean square = .01974 	= 7.25 
.002146 

F value at 0.01 probability level 	= 	7.20 

Table 4.22: Analysis of Variance Test  

A model 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 experimental results are plotted together 

with equation (6) in figure 13. 

4-23 Analysis at Constant Sucrose Cncentration 

The slope of the sucrose equilibrium lines given 

by equation (6) is greater than the slope given by 

equation (4) for the !pure ,-pater rhase. 	This inalies 

that either the heat of formation changes with sucrose 

concentration and equation (6) shows the mean effect, 

or that there is a more basic difference due to the 

method of reasurenent. 
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Table 4.23 gives the constants A and B in equation 

(3) and the calculated heat of forration for a given 

sucrose concentration. 	The calculation of these 

naraneters involved correcting the equilibrium data to 

wean concentration; the corrections are given in 

table XXI. 

x A B Ahf  Tc Pc ATfp ATe 

.0 8499. 3161. 35.20 12.08 65.4 

.10 8278. 3088. 34.29 11.53 64.3 0.55 0.55 

.20 8210. 3077. 34.01 10.74 62.8 1.34 1.33 

.30 8306. 3113. 34.40 9.81 61,0 2.27 2.35 

.40 9259. 3466. 38.34 8.33 58.4 3.75 4.08 

Table 4.23: Change in estimated Xhf  with x 

It aT,'nears that although the values of Tc  and Pc  for 

rare water agree very closely with those calculated from 

the unstirred cell data, table 4.21, the estimate of the 

heat of for7ation is consistently higher for the stirred 

reactor. 	The difference cannot be due to an impurity 

in the Freon saLple since the sane source was used for 

both determinations; or to any error in the pressure 

measurenents since both gauges were checked against a 
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standard test gauge. 	The estimate of r,11f does not 

vary significantly with x, with the exception of a 

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

The conclusions drawn from this analysis are that 

the hydrate is not at equilibrium with the sucrose 

solution in the well—stirred reactor, and that the 

derarture from equilibrium is a function of the reactor 

pressure. 	The power dissipated by the turbine impeller 

together with the heat leak into the reactor causes 

decomposition of the hydrate. 	Although the rate of 

decomposition is very small., a finite driving force 

is required and hence the measured solution temperature 

is su7erteated with respect to the true hydrate 

equilibrium. 	This effect can be seen in figure 13; 

the reactor temperature (0%) is higher for a given 

pressure than the equilibrium conditions defined by the 

unstirred cell data. 

The difference between the slopes of the equilibrium 

lines has been assumed to be due to the dependency of the 

driving force for decomposition upon pressure, though 

the ,:ecTzanisr, involved is not understood. 	The driving 

force is a function of the equilibrium solubilities of 

freon at the chase boundaries and hence by Henry's Law 
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will be a function of pressure. 	This effect was shown 

to be too small to account for the results; further 

data and discussion are presented in section 7.2 . 

A comparison is made in table 4.23 of the measured 

and estimated values of the freezing point depression. 

Estimates ,,ere obtained from equation (5) with activity 

data for the sucrose-ice system from International 

Critical Tables. 	(uhf was tnhen as 1.77 Ycal/gole. 

water as hydrate). 	The difference in the freezinr,  

point depression values is only significant far 4C% 

sucrose solution, the concentration at which the heat 

of formation also differs. 	These discrepancies may 

be due either to the effect of superheating, exaggerated 

by the highly viscous liquor, or to some change in 

the actual commosition of the hydrate. 

4.24 Summary 

Hydrate equilibrium data are best obtained in an 

unstirred system, though the effect of sucrose on the 

freezing point may be measured in a stirred reactor. 

The coDrlications arising frorl superheating in an 

agitated reactor cannot easily he avoided. 	If the heat 

inrut is reduced by dissipating less -ov:er at the turbine 

im Geller, ©tip the rate rf decomposition and ti-e mass 
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transfer coefficient decrease, and consequently the 

degree of superheating ray stay constant. 	The aroblea 

ay possibly be overcome by installing a well-designed 

cooling coil syste7, to exactly balance the heat input. 

The boat e=ession for computing the effect of 

Iiressure and sucrose concentration on the ecuilibriva 

to-per toreis base;..-) on the slope of the hydrate line 

given by equation (4), and the freezing r.oint de-ression 

given by equation (6). 	Hence: 

t = 10.58 1og10P-7.094-3.407x-24.61x
2+83.68x3-126.8x4 (7) 

4.3 Solubility of Freon-12 in Sucrose Solutions 

Tho solubility of Freon compounds in water have 

been ,:]eter-Aned by E.I. du Pont (37) and Syracuse 

University (38). 	Du Pont give solubility isotherms 

for Freon-12 in water at ter- eratures above 25°C. 	The 

work published by Syracuse does not include Freon-12 but 

does give the variation of Henry's Law constant with 

te7perature, and the effect of salt on gas solubility 

for a numer of hydrocarbons of the hydrate-fora ing ty7)e, 

A set of ex:,eriments was carried out to deternine 

the effect of sugar on the solubility of Freon-12 and to 
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check whether the du Font data could be satisfactorily 

extrapolated to hydrate formation temperatures. 	The 

experimental techniques used were essentially those 

described in reference (37), using the reactor as 

the saturating vessel. 

There were two typos of experiment to be carried 

out. 	Firstly to Eensure the solubility at atmospheric 

presoure, the am cunt of gas dissolved by a given weight 

of solvent was deteriined. 	''econdly, solubility at 

super-atmospheric rressure was determined by measuring 

the amount of gas evolved from the solvent when the 

7ressure was reduced to atmospheric. 	The total 

solubility was obtained by adding to the r- easured 

volume the anount of residual Freon in solution at 

atmospheric pressure-. 

4.31 Exporinental Method 

The ap:aratus shown in figure 14 is the arrangeent 

for measuring the solubility relative to atr-osnheric 

pressure, 	Vessel F was a wide-necked 130 ml. conical 

glass flask fitted with a B 25/32 cone. 	A stopper 

was fabricated in glass with two tubes sealed into the 

ster of a Quickfit cone. 	One tube was butt-jointed to 

the 3/15" O.D. copper pine cf the sa;:pling systen with 
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P.V.C. tube. 	The second tube was connected to a 

25 ml. burette B incorporating a mercury levelling bulb 

L, via a three-way glass stop-cock Vl. 	Valves V2, V3 

and V4 were 3/16" Sioplifix shut-off valves. 

The system was thoroughly tested for leas under 

vacuun. 	The volume between V1, V2 and V3 was calibrated 

by filling flask F with mercury, evacuating the remaining 

air and then filling the system,. with a measured volume 

of air from the burette.. The volume of the burette 

and valve Vi was calibrated with mercury. 

The burette and flash 7ere evacuated with a Speedivac 

-..unp with V3 closed, then V2 was shut. 	A saturated 

solution of freon in water was removed from the reactor 

via 'r:robe P and purged through the sample line via V4. 

V3 was then opened and as saturated solution was admitted 

to the flask, freon flashed cut of solution. 	The flask 

was filled tc the calibrated 130 ml, mark such that a 

reading could be obtained on the burette when the system 

pressure was corrected to atmospheric„ The contents 

of the flask and lines were then brought to equilibrium 

with the ambient tenT)erature and pressure, with the aid 

of a magnetic stirrer S„,. Atmospheric pressure was 

maintained in the flask by adjusting the levelling bulb L. 
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The steady reading on the burette was taken and the 

flask contents weighed. 	The temperature of the 

saturated solution in the reactor was controlled by 

the circulation of coolant through a submerged coil. 

The solubility of freon in water and sucrose 

solutions at atmospheric wcessure and 12°C was measured 

after slight alterations had been made to the system 

described. 	The capacity of the burette was increased 

by adding a calibrated glass bulb of approximately 

30 ml., and valve V1 was modified to allow the burette 

to be filled with freon at atmospheric pressure. 

Flask F was inr2ersed in a constant temperature bath. 

The solution was placed in F and deaerated by 

vacuum arT7lied through valve V2. 	Freon was introduced 

from the burette and the pressure in the well-stirred 

flask was maintained at atmospheric by adjusting L. 

When equilibrium conditions were reached, the volume 

of the absorbed freon was measured directly and the 

flask was weighed. 

Solubility measurements were taken with 33 samples 

and the data, together with a specimen calculation are 

shown in table XXII, Appendix E. 
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4.4 Fro7osed Solubility Model 

The solubility of freon in sucrose solution has 

been measured experiEentally with three independent 

variables; pressure, temperature and sucrose concen- 

tration. 	For the pur7)oses of c=utation it is 

necessary to derive a suitable expression relating 

those three variables which :-,ay be exr:ected to give the 

best fit to the data and wLich is rreferably based on 

theraodynaoic theory. 	The following sections deal 

with the effect of each variable. 

4.41 Pressure Effect 

Du Pont showed clearly that Henry's Law holds for 

solutions of frecn-12 in water at tepperatures below 

50cC. 	It can therefore bo assuned that at constant 

te=eraturo: 

= He 

partial pressure of freon (psia) 

freon concentration (g.noles/litre) 

H = Henry's Law constant. 

4.42 Teuaperature Effect 

Glew (30 has shown that the variaticn of El for 
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certain aethyl halides with temperature may be 

described by the equation: 

In H = In P/c = A + 73 log T + C/T 
	

(8) 
o K. where T is measured in 	No theoretical basis was 

given for the expression but satisfactory fits to 

equilibrium data for methyl halides were obtained. 

The three empirical constarts were evaluated by the 

Liethod of least squares, 

4.43 Sucrose Concentration Effect 

The effect of salt on vapour-liquid eouilibriur: 

has been discussed by Johnson and Furter (40). 

'Salting-out' is used generally to denote a decrease 

in the solubility of the non-electrolyte in the solution 

caused by salt addition. 	The effect is related to the 

change in chemical Totential of the system, and it is 

through this relationship that Johnson derived the 

equation: 

where 

In as = KID 
oC 

of 	= relative volatility 

rat s  = relative volatility wit salt addition 

'salting-out' factor 

mole fraction of salt in 3 component 
system 
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The equation was used to fit vapour-liquid equilibrium 

data of the ethanol-water-salt syste.-1 type. 	In terms 

of solubility of a non-electrolyte (freon) in the 

aqueous 7hase, it can be rewritten: 

in x = KN 
xs 

where 	role fraction of freon in the 
aqueous 7hase, 

For dilute solutions the 77:olo fraction x con be replaced 

by the solubility expressed as g.nole/litre. 

c = 	 (9) 

Combining equations (8) and (0): 

log P/c, = A + B leg T C/T + XN 0 

This form will be valid only if there is no interaction 

between the effects of temperature and sucrose concen-

tration on solubility. 

4.44 Exoerinental Solubility Model 

The model which gave the best estimate of the 

variation of the Henry's Law constant with terperature 

and sucrose solution was shown tc have the form: 

in H = A 4- C/T + KN 



87 

The term (B In T) suggested by Glow was initially 

included in the analysis but resulted in an increase 

in the sum of squares of the errors. 	The best least 

squares fit for the solubility data from this study and 

the published data of du Pont, table XXII, gave: 

log10H = 9.265 - 1633.2/T + 7.511 N 	(10) 

The exI2erinental results and the best-fitted lines for 

constant sucrose solutions are plotted on figure 15. 

If the estimate of the standard deviation of the 

Uenry's Law constant given by the fitted data is 

expressed as the solubility of freon in solution, then 

the deviation is + 0.00045 g.mole//itre. 	All the data 

fall within 	10% of the value of the concentration 

calculated from equation (10); this includes 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 < K < 8.26 

The greatest uncertainty is in the estimate of the effect 

of sucrose on the Henry's Law constant. 	The correlation 

coefficient between parameters 0 and K was -0.38. 	This 



88 

suggests there is little interaction between the effects 

of teLTcrature and sucrose concentrntion. 
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figure 15 	Plot of logiocip  v. 1/T  with sucrose concentration 
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5. 	Theory and Literature .eview 

The formation of hydrate from sucrose solutions and 

liquid agent is effected by a series of heat and mass 

transfer steps, 	The aims of this chapter are to 

evaluate the relntive iaortanee of the transfer 

processes involved and, in conjunction with published worn  

on hydrate kinetics, to establish a suitable growth morel 

for the range of experimental conditions. 	These topics 

are developed in five sections: 

Definition of the heat and mass transfer driving 

forces in the multiphase system, 

Interpretation of published hydrate studies, 

Literature survey on effect of pol7er and 

physical constants on the rate of mass transfer, 

Heat transfer characteristics of an auto—

refrigeratef.1 reactor, 

MoE3e1 for batch hydrate kinetics, simulating 

reactor start—up. 

5.1 Hydrate Growth in Autorefrigeratedi',enctors 

The reactor is considered to be cperating under 

steady—state conditions at pressure "D with the 

temperature of the aqueous phase Tr  such that the heat 

of formation is transferred to boiling agent at temperature 



90 

Tl' figure 16a. 	T1  is the condensation te,:lperature of 

the agent at the pressure of the continuous gas phase, 

and Te  reTresents the equilibrium temperature of the 

hydrate crystals at the operating pressure. 

The liquid agent is dispersed throughout the reactor 

by the turbine impeller and, as heat is transferred into 

the droplets, the liquid changes to vapour. 	At the 

surface of the aqueous phase the vapour detaches itself 

and passes to the condenser. 	The history of an 

individual bubble in the reaction mixture night be 

expected to depend upon the agitation intensity, the 

teEperature differential (T r —T1' ) the physical properties 

of the systel-2 and the fractional hold—up of the phases 

Present in the reactor. 	An interesting photographic 

study of the evaporation of single drops has been made 

by Sidean and Taitel (41). 

Simultaneously with the transfer of heat into the 

growing bubble, mass transfer of gent is occurring from 

the bubble into the aqueous phase. 	Agent diffuses 

through the boundary layer around the bubble into the 

solution to a crystal site where it combines with water 

to form a solid phase. 	It has been shown that hydrate 

is never formed in the agent phase, hut always in the 

aqueous phase (26). 
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figure 16a 	Reactor operating conditions  
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figure 16 b 	Transfer processes at phase boundaries 
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The crystal growth; rate may depend upon both the rate 

of diffusion of agent to the solid surface and the 

reaction at the surface. 	It depends also upon the number 

of growth sites, which is a function of the nucleation 

rate and orientation of the crystals. 	As the crystal 

grows, the heat of fors action is transferred from the 

crystal surface through a thermal boundary layer to the 

bulk aqueous solution. 	The sucrose present in the water 

which is combining with the agent to form a solid phase 

accumulates at the hydrate crystal surface and diffuses 

through the boundary layer into the bulk solution. 

The development of the steady-state model is based 

on the assumption that the agitation is sufficient to 

make the liquid temperature and concentration essentially 

uniform around each particle and bubble, and equal to 

the temperature and concentration in the effluent stream. 

This assumption of perfect mixing also means that every 

crystal has an equal probability of leaving the reactor. 

The rate of transfer in any exchange process is 

denendent upon three factors; the effective driving force, 

the area of contact and the transfer coefficient. 	These 

are discussed in turn in the following sections. 
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5.11 Diffusion from the Hydrating Agent 

According to the film theory, the mass transfer of 

agent from a drop or bubble to the main body of the 

turbulent liquid is treated as if it occurred by 

molecular diffusion through a laminar layer of liquid. 

The applications of the Whitman film theory are discussed 

by Gordon (42). 

For transfer from agent bubbles, the following 

assumptions nay be made: 

(i) Each bubble is surrounded by a stagnant film of 
thickness z, which is wall with respect to the bubble 
diameter. 

(ii) A steady state concentration is quickly established 
in the liquid film after the bubble is formed. 

(iii) The concentration of the bulk of the liquid outside 
the stagnant film is constant and equal to cr. 

(iv) The ter.nerature across the film is uniform and 
equal to Tr. 

(v) The agent is only sparingly soluble in the liquid 
phase, hence the effect of bulk flow may be neglected. 

The mechanism is shown schematically in figure 16b, 

where concentration cb is the interfacial concentration 

of agent in the liquid phase which is assumed to be at 

equilibrium with the gas phase at the interface. 	The 

value of cb is calculated from Henry's law constant, 

equation (10) for Tr, P, xr. 
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Integr-tion 

where 	r 	= 

= has 
Ab 	= 

EqucAion (11) r 

ra 	= 

where k1 	= 

-  ab 	= 
Vr 	= 

of Fick's first law gives: 

was Ab 	(cb—cr) 

(g.mol/soc) 
(cn2/sec) 
(cr72) 

— — 	(12) 

(c!':./sec) 
(cn2/cm3 ) 
(cm3 ) 

Rate of r--ass transfer of agent 
Agent diffusivity in sucrose 
Total bubble interfacial area 

v. bo rewritten: 

kl°b (cb—cr)  Vr 
Vass transfer coefficient 
Srecific surface of bubbles 
Total reactor volume 

Lass transfer from agent droplets may he described Ty 

a similar equation, but in this ease there is a thermal 

gradient across the film, and assumption (iv) no longer 

holds. 	This meint is developed in section 5.41; 

presently it is sufficient to state that 	would be given 

by Henry's law constant for T1, F, xr. 

5.12 Diffusion to Crystal 

Noyes and Aaitney (43) have assumed that the diffusion 

of material to the crystal f-ace is controlled almost 

entirely by the resistance of the laminar layer near the 

face, 	However Cartier (44) has shown that the resistance 

to transfer is cor-rrised of two resistances in series; 

diffusion across the laminar layer and integration of the 
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diffused :-,atorial with the crystal. 	The boundary layer 

is assur ed to have a constant thickness v' from the 

advancing crystal surface: 

ra 	
Das A (cr  —c.) 

ra c a  c  (c —0.) V 	— 	(13) r 
where he • i\jass transfer coefficient 	(cm/sec) 

ac 	Specific surfnce of crystals 	(cm2/ca3) 

The integration reaction at the surface is given by 

Cartier as: 

e 	( 	) - rn 	EA I 	s  c  
• Particle integration factor 

0' • Function of the activation energy 

Nielson (45) has demonstrated that an alternative form of 

this ex:-,ression is: 

ra 	= h c ' ac  (ci—cs) `jr 	— — (14) 

w here he ' is a function of tlIc swpersaturntion, hut not 

de-,-.endent uaon either tI7e agitation effect or the physicl 

properties of the system. 

:Lqu?tions (13) and (14) can be combined to give: 

ra cc a (• cr  —c s) Vr 	— — (15) 

where 	1 	1 	1 

oc = kc • /cc 

If Yc'35.) kc' then the process is diffusion controlled. 

This often occurs when (cr—c) is largo: Then it is small 

it has l',een observed that the surface integration reaction 

often controls. 
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5.13 Eeat Transfer from Crystal Surface 

The heat transfer rate nay be ex:ressed in terps of 

the beat transfer coefficient between the crystal rind 

the bulk solution: 

q 	=ra  X hf  = hA0 	i (T.—T r) 	— — (16) 

where 	q = heat flow rate 	(gals/sec) 

:/\ 70f= heat of forr2ation of hydrate 	(cals/g7iole) 

Ac = D
e  Vr 
 = Total interfacial area (em2) 

Ti  rer:resets the to,- 7oraturo at the crystal surface, 

figure 16b. 	Th4.- relation between ther—al c:riving 

force an.' the concentration is given by the Chilton— 

Con= analogy (46), which Ire :Acts the ratio of the 

heat fransfer coefficient to the lass  transfer coefficint: 

—2/3  ke = 1 	Le / 

Combining equations (15) an,:: (16), assuming that Oiffusixn 

controls the crystal growth ,process: 

k 

	

	Ti—Tr  c 

Xhf (cr—c9)  
— (17a) 

e T.—T r 
c—c r S 

—2/,1  
Ahf .Le / — 	(17) 

 

?ler 

  

Since the value of the Lewis nuTTJ:,er*varies between 140 

anca 750 for 0% and 40% sucrose solution, the naxinum 

value of the R.E.S. for Freon-12 is405°0/g.r.lol.en-3. 

* Based on Das  estimated from equation (43). 
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The maximum experimental value of (cr-es) is 

6 x 10-6 gaol/cm-3, hence: 

T.-Tr 	.2,5 x 10-3 oC 

Hence it .nay be assumed that diffusion of heat is 

unimportant and the crystal film is at the bulk 

teperature Tr. 

5.14 Sucrose Diffusion from Crystal Surface 

A film model is used in a similar way to show the 

contribution of the sucrose diffusion to the overall 

process. 	The concentration rrofile in the boundary layer 

is shown in figure 16b: the flux of sucrose at every 

point in the w direction is zero since sucrose is not 

incorporated in the hydrate crystal. 	Consequently the 

bulk rate of flow Dust exactly balance its transfer by 

diffusion. 

The concentration of sucrose at the crystal surface 

is xs  and in the bulk, xr. 	Concentrations are given in 

weight percentages for consistency with future analysis. 

By Fick's first law: 

=- 	N 1 iN  Dss c; Ac dx  + our xM 	- (18) a w Sucrose flow rate 	0 	Ms 	‘dz/ 	x M s 
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where 	0‹: 1 = Ratio of water to agent in crystal 

CSC r, 	= Rate of nas transfer of water c., 
(g.mole/sec) 

Des 	= Diffusivity of sucrose in water 
(cm2/sec) 

Mw,Ms 	= Molecular weights of Iv ter and sucrose 

xw 	. Water concentration (w/w) 

Integr'Aion of egurAion (10) gives: 

	

xa 	r w (,:,(MW N P  ln 

	

xr 	xWDSSAC 	/ 

	

substituting is 	= D /w 
ss 

	

xs 	ra 	aEW 
( 	(19) 

r 
•P -- x h A 

S C 

The sucrose concentration xs  given by equation (i9) 

:-ay be user together with the result in 5.13, thfA the 

filrl is at a uniform teperature Tr, to predict the agent 

concentration at the surface cs. 	The equilibrium 

pressure Ph, figure 16a, is given by equation (7) for 

Tr'xs and the agent concentration is then given by 

equation (10) for Tr, Ph, xs. 

5.15 SurLiary 

The two driving forces for mass transfer have been 

described, but since the rate is rrobably determined by 

only one of the interphase processes, an over-all effective 

driving force ray be defined. 
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Equations (12) and (15) nay be comined to give: 

ra 	No (c,-cs  ) V 

where 
	

1 1 	1  
Ko 	

= 
 klab 	k oc 

If k oc  n  c >> klab, that is the ;process is controlled by the 

r=ate of transfer frog: the agent, then: 

ra = klab (cb-cs) Vr 	- - (20) 

Alternatively if the overall coefficient for transport of 

agent to the crystal phase is small co' tired to 

r_
ocac (cb-cs) Vr 	- - (21) 

Tte two extre:es are shown in figure 16b, (1) and (ii), 

If the crystal resistance fifeter7ines the rate, the sucrose 

concentrrtion Yt, the surface riven by equation (19) will 

substantially different fro-  the bulk concentration, 

X . 	For gns-chase control,xs  will he arproxiraately canal 

to xr.  

The 77.agnitude of the individual over-all coefficients 

de-cerLis u: on the turbulence created by the stirrer, the 

crystal size and ropulation, and the proportions and 

physical properties of the four abases. 	Those asuects 

will be discussed in section 5.3. 

It can be shown that the thernal driving force 

(Tc-Tr) v-ries n17,roximtely linearly with (cccg ), 

(Appendix E3) and this has 7:een used as a rararJeter in 
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previous hydrate kinetic studies (see section 5.2) 

ra 	K 	(T -T ) V c r r — (22) 

The over-all transfer coefficient in this case contains 

the saturation concentnItion
b' 
	The nain advantage of 

this form is that it gives the operating temperature T
r 

for the process directly, and this in turn gives the work 

required for the refrigerrtion cycle (see section fl.5 ). 

5.2 Hydrate nnetic Studies 

Previously published experimental investigations have 

reachecd conclusions as to the rate deterrining step in the 

hydrate process, but many asr-ects have not been clarified, 

porticul-rly the effect of the boiling liquid on the rates 

of L-ass transfer. 	Three published studies, Yop7ers, 

Panghorn and Williams (24, 27, 23), have dealt with nuts-

refrigerated reactors and two, Collet d'Escury and 

de Grainuw (25, 26), with a three phase indirectly cooled 

reactor. 

5.21 Autorcfrigerated Reactors 

Kopf-ers present the most lucid of all lyclrate kinetic 

studies, though insufficient attention was paid to 

presenting the results in the form of correlations, and 

tk,.e range of the physical variables studies was very spill. 
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The rate of propane hydrate production was shown to 

vary as the 1.2 power of the stirrer speed and as the 0.5 

power of the dispersed liquid phase concentration at a 

constant thermal driving force (Te-Tr). 	This suggestd 

tLiat the formation rate was determined by the liquid-

liquid interfacial area, since Calderbaffil 7nd Verneulen 

(section 5.34) derived the sane exponents in the measure- 

.Tent of the surface area of immiscible liquids. 	Further, 

the production rate varied as the propane concentration 

driving force, so Koppers concluded that the rate deter-

Aning step was the diffusion from propane drops, equation 

(20). 	The hold-up of gaseous propane and transfer from 

bubbles was not considered. 

It was observed that residence tines in the reactor, 

defined as the volume of aqueous charge divided by the 

feed flow rate, affected the formation rate. 	At high 

thermal driving forces the rate of production decreased 

with increasing residence tine, that is with increasing 

hydrate hold-up. 	No correlation between the formation 

rate and the solids hold-up was suggested. 

Comparative studies were conducted with Freon-12 and 

Freon-11, and these showed that the conversion rate of 

propane : F-12 : F-11 was approximately 3 : 4 : 1. 	No 
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conclusion was drawn from this result in terms of the 

physical constants of the three agents. 	Mean crystal 

sizes were given as 25 raicrons, with a specific surface 

of 375 cm2/co3. 

Panghrrn has considered the methyl bromide reaction: 

CH3Br (1) 	7.9 H2O (1) ;F:-' CH3Br 	7.9 X20 (s) 

Experiments were performed under steady state conditions 

in a vessel of similar size to this work. 	The effects 

of agitator speed, residence time, thermal driving force 

(T c  —T r) and salt concentration were studied. 	The 

published results add little to the Koppers rodel. 

A plot of reaction rate against power input at 

several salt concentrations is shown in figure 17ai 

Pangborn concluded that at a low degree of agitation, (1), 

the dispersion of liquid 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 	important 

in the second power interval up to 0.03 HP/ft3. 	A dense 

slurry retarded the dissolution process, but this effect 

was eliminated at power inputs in excess of 0.18 HP/ft3, 

where the production rate was linearly dependent on the 

thermal driving force(3).Pangborn suggests that pure 
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figure 17a 	Pangborn (27): data for methyl bromide 
with formation regimes 

figure. 17b 	de Graauw (26): data tor propane 
showing formation v. concentration driving 
force. 
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kinetics can be measured at high power inputs where 

the rate is independent of the stirring intensity. 

A further analysis of Pangborn's data is presented 

in section f3.2 . 

Williams describes a series of experiments with 

propane hydrate in large scale equipment, solely from the 

aspect of heat transfer to the boiling drops. 	He 

assumed that the transfer of heat to the propane drops 

limited the amount of heat transferred and hence the 

amount of hydrate fcrmed in a given volume of vessel, i.e: 

ra 	(Tr-T1) 

A model for heat transfer was postulated assuming 

that the rate of heat transfer was slower than the rate of 

mass transfer, although Williams showed experimentally 

that the production rate was only a quarter of that 

predicted by the heat transfer model, even assuming a 

very low transfer coefficient. 	It must therefore be 

concluded that the Williams model is invalid and that mass 

transfer is the slowest process. 	It is worthy of note 

that the scatter of the results is such that it would be 

equally possible to state: 

r, 	(Tbs.-Tr) 
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5.22 Indirectly-cooled aenctors 

The hydration of monefluerodichloror:ethane was 

studied by Collot Cf -,Iscury in 	sr-Lall 5" lianeter glass 

reactor cooled in a theroostat bath. 	The unsteadystate 

absorption rate of gaseous agent through the gas-liquid 

surface of the well-stirred reactor was acasured by a seap- 

bubble technique. 	The rate was Deasured with no hydrate 

present in the aqueous phase and then during the period 

of nucleation and growth. 	It was observed that td-.e 

-absorption rate decreased after a tike, presunr!bly due to 

te decrease in the surface area of the interface causes: 

by the crystal hrld-up. 

The rate deternining step was shown to be the absorp- 

tion process at the liquid surface. 	Py cooporing the 

rate of absorption at different tines it was predicted 

that the concentration of agent in the reactor was greater 

than that given by the equilibriur.2 concentration at the 

hydrate surface, cs. 	Collot d' scary suggested that this 

1r ay indicate the existence of a surface reaction step, 

equation (14). 

The absorption rates of propane and chlorine through 

the interfsce were i'.aensured by de Graauw, who relied on 
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vortex formation for gas dispersion. 	The free area of 

the gas-liquid interfnce was measured by observing the 

reaction rate of air with sodium sulphite solutions. 

A typical plot of the formation rate against the 

concentration driving force (cb  -cs  ) is shown in figure 

17b. 	Three regions were defined. 

In region (i) the rate was controlled by the physical 

absorption of propane gas, whereas in the second region 

hydrate formed in the boundary layer around the bubbles. 

This accelerated the absorption process, being perhaTDs a 

nucleation phenomenon. 	In the third zone the rate of 

formation was independent of the concentration driving.  

force. 	De Graauw suggests that this is due to the 

boundary layer formation rate being so fa 9t that the bubble 

is covered with a film of hydrate; hence hydrate 

production depends only on the rate of supply of new 

bubbles. 	The heat transfer characteristics of the cell 

were not discussed but it nay be that this limiting rate 

depends upon the 71axinum heat transfer rate through the 

glass reactor walls. 

De Graauw 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 there-

fore less stable than at lower pressures, consequently 

giving a larger specific surface. 	This explanation is 

not entirely satisfactory, for de Graauw shows the 

physical absorption rate of oxygen in sulphite solution 

to be independent of pressure. 	This point will be 

discussed in section 6.21. 

5.23 Summary 

The results of these workers indicate that the rate 

determining step in the hydrate process is the transfer 

of agent from drops or bubbles, and that the production 

rate may therefore be defined by equation (20) or (22). 

Although the transfer process to the crystals is 

neglected, the crystal contributes to the model in that 

the formation rate decreases as the hold-up of crystals 

increases. 

The following section examines the literature 

available on the variation of over-all mass transfer 

coefficients in gas-liquid and liquid-liquid agitated 

systems. 

5.3 Effect of Mixing on Over-all Mass Transfer Coefficients 

The interfacial area is the main variable determining 
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the capacity of an agitated two phase reactor, though 

the mass transfer coefficient is also a dependent variable. 

Since both these terms derend upon the power inaut to the 

reactor, the first section discusses the change in power 

consumption with reactor variables. 

5.31 Power acquirenants in Mixing 

The power consumed by a single impeller in a single 

phase system has been investigated by Rushton (47). 	The 

power number (P o  /p1  N
3D5) which describes the basic flow 

pattern was plotted against the tank Reynolds number 

kND2  ?//ral in baffled and non—baffled tanks to show the 

existence of three mixing zones. 	In the transition 

region between viscous and turbulent flow, 102< Re< 10n, 

the power number decreases with Reynolds number whereas 

in turbulent flow the power number is a constant and: 

Po 	14-
l  N
3D5 	 — (23) 

where 	power number, a function of geometry only. 

The power required varies systematically with the density 

of the liquid or liquid pair, Miller (48), but is 

independent of the viscosity. 

The effect of impeller spacing on the power input in 

dual impeller systems was investigated by pates (31). 

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

the impellers and their. Tn-,oximity to the tank base. 	For 

the arrangeent shown in figure 7, the power ratio of the 

dual to the single impeller system is 1.5 : 1, hence the 

po*;?er nuaber for the agitator is: 

Po = 4.5P N3D5 
\ 

5.32 Po7ter Reduction under Gas Load 

— — (24) 

Although the power dissipated by the impeller in a 

pure liquid can be represented by equation (24), this 

does not hold for aerated liquids. 	The introduction of 

a gas reduces the density of the agitated mass and hence 

the power required. 	Most correlations for gassed systems 

have used the dimensionless term G/ND3, which represents 

the ratio of gas flow to the liquid flow caused by the 

impeller. 	Oyama (49) gives: 

Pg/Po 	1 — ka(G/ND3) 	(25) 

where 	P 	= Power consumption in gassed system g 
Po 	Power consumption in liquid abase 

Gas flow rate 

Michel & Miller (50) suggest the form: 

P 	= ND3P "45 	26 K G 	 _ 
g 7-1  (-2) 	

_ ( ) 
 

Since this correlation is in absolute rather than 

dimensionless terms it does not hold for all sizes of 
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equipment. 	Tho expression also correlated gas dispersion 

data in dilute suspensions of solids so the analogy with 

the hydrate multiphase system may be valid. 	Friedman 

(51) has shown that the use of a mean fluid density in 

equation (23) corrects for the effect of gas hold-up in 

the reactor. 	It was shown that the gassed power consuop- 

tion was proportional to the stirrer speed raised to the 

2.1 to 2.2'. power. 

5.33 Gas-Liquid Interfacial Areas 

The effect of mixing on the rates of mass transfer 

is quite pronounced, for with a high interfacial tension 

and a large difference in specific gravity considerable 

energy is required to produce small bubbles and to weep 

then in suspension. 	In general terms, a large inpellor 

size is required to create flow and hence a large gas 

hold-up, while a fast agitation speed is required to 

produce shear forces. 

Calderbank (52) has shown that viscous forces nay 

be ignored in the dispersion of gases in liquids and that 

the size of a gas bubble is determined by the condition 

when a balance is reached between surface tension forces 

and those due to turbulent fluctuations. 	The mean bubble 

size is given by: 
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where 

Db 

g energy 

const. 0: 0,6 

0.4 	0.2 Eg   

dissipated per . unit volume of 
fluid, equation (39) 

Although the right hand side is dimensional, it is one 

form of the Weber number which characterises the ratio of 

shear to viscous forces in the system. 	By measuring the 

absorption of light through the whole contents of a mixing 

vessel 

where 

Calderbank 

ab 	= 

a 

Vg 	= 

(53)_showed: 

Vg0•5 

(cm 1)
(ft/sec) 

(27) 
[ 	0.40 	0.2 

230 	
E 	

1 
cr 0.6 	

I 

specific bubble surface 

superficial gas velocity 

and also that: 

where 

0 4 	0 210  "5 + 0.09 
474 0.6 	• 

Db = 4.14 	 - (28) 
LEg  • 	• 	g 

= volume fraction of gas in dispersion 0g  
Experiments with solutions of electrolytes showed that 

when a solute was present which inhibited bubble 

coalescence, the bubble size approaches that of a drop 

given by equation (35). 

Since 	ab (29) 

if the bubbles are spherical, equations (27) and (28) can 

be combined to give: 

0. ' 0.5 	 - 	(30) 
0g 

E V 4 
g 	g 

which is similar to an expression derived by Rushton (54). 
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Vermeulen (55) measured the interfacial area by 

means of light transmission probes in the dispersion: 

1.5 0.5 C.„? ab 	
1400 N 	Dgi  1,6 75  pg 	— 	(31) 

a 110.250 

The mean bubble diameter was shown to de-slend upon the 

volume fraction of the dispersed phase. 	The specific 

surface area increased with increasing volume fraction 

but to a much less than proportional extent due to the 

offsetting influence of increased particle size. 	The 

correlation is rather unsatisfactory, since the gas hold—

up has to be determined experimentally and a graphical 

correction,f0, must be made for the bubble diameter. 

Vermeulen did not use the measured power input as 

the mixing parameter, but preferred a correlation based 

on the stirrer speed. 	In some ways this is more suitable 

than the Calderbank correlation based on the measured 

power input, since it has been shown that the power term 

is not an independent function in a gassed reactor, 

equation (26). 

The integral value of the interfacial area was 

determined by Testerterp (30) by using a fast first order 

reaction occurring in the boundary layer around the 

bubbles. 	Westerterp showed that there was a minimula 

agitation rate below which the agitator has no effect 



0.797110g (N-N0 ) 
oLT)  • 

(32) 

two regimes. For a turbine impeller: 	0  5  

ab 
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on the absorption rate, and criticised the earlier two- 

phase correlations for not recognising the existence of, 

where 	NoD = Minimum agitation 

(1.22 + 1,25 T/D) 

rate 
ce  0.25 

e, 
- (33) 

and 	T = Tank diameter 

H 	= Liquid height 

In the regime with an agitation effect, the gas flow rate 

was shown to have no effect on the magnitude of the inter- 

facial area. 	This directly contradicts Calderbank?s 

equfstion (27). 	Westerterp reasoned that gas volumes in 

the dispersion circulate ruch more rapidly than gas is 

supplied; hence the circulation rate of gas predominates 

over the supply rate. 

5.34 Liquid-liquid Interfacial Areas 

The interfacial area formed by shear stress in a 

turbulent fluid is related to the equipment size, the 

turbulence and interfacial tension forces. 	Rodger (56) 

measured the drop sizes in oil-water dispersions by 

photographic and light transmission techniques in a 

6" diameter tank: 

2 3 	0.36 

- - (34) 

ad = K (N ei) 	(431  ex74 3.6 Q01-cd/p1) 
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Calderbank (53)gave: 

Dd 	= 2.24 	e 0.6 

_ 	
_0 1  k, ,„ . 5  / (110  0.26 7_ 

E0.4 0.2 	ta 
`'1 

hence by equation (29) 
E 4 0.2* 

ad 	2.58 ["  
0.6  

0.25 
0.5 (A ) 	- (35) 

Pi 	
ftd 

Vermeulen (55) published his results in the form: 

1.2 0 8 t0.6 ad 	72 N 	D • ? 	d
1 	- - (36) P 

cr, 0.6 0 

where Rt = C.6 	+ 0.4 c:11.  

5.35 Variation of the Mass Transfer Coefficient with Power Input 

Experimental deterninations of the effect of power 

input, geometry and particle size on the transfer 

coefficient have produced a large number of correlations, 

mainly for solid-liquid systems. 	Small drops and 

bubbles tend to behave as rigid particles so the 

comparison with gas-liquid and liquid-liquid systems is 

justified. 	The main problem is to define a suitable 

characteristic velocity for the flow relative to the 

particle, to calculate the Reynolds number. 	The mass 

transfer coefficient may then be correlated in terms of 

the Reynolds and Schmidt numbers: 

Sh r'(Re)e  0013 
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liixson and Baum (57) considered dissolution 

in agitated tanks and proposed: 

klD 

	

	
2 	0.67 	0.5 

T 0.16  ( NDT e 	7t.i  
(, D ) as 	11 1 	%.1. as 

of solids 

- - (37) 

Johnson and Huang (58) gave the 

2 	0.71 

	

k1DT 	ND v i  
= 0.093( 	 

	

as 	1.1 

correlation: 

0.5 
/11  

t)1Das 
- (30) 

The dependence on the 0.5 power of the Schmidt number 

was shown in either case, suggesting the Danckwerts 

surface - renewal theory was a suitable model for transfer 

at the interface. 	The use of the vessel and impeller 

diameters in the Sherwood and Reynolds numbers indicates 

that the correlations have no basic significance and are 

United to the particular equipment er.Tloyed. 

The application of the Kolnogoroff theory 

turbulence to predict 

in the flow field, and 

than the impeller tip 

and Moo-Young (59). 

of 

the small scale velocity fluctuatic-7 

the use of this velocity rather 

velocity is discussed by CalderbanT': 

The Kolmogoroff theory shows that 

in fully developed turbulent flow the energy is dissipated 

predominantly by small eddies. 	These are statistically 

independent of the main flow created by the impeller, 

with properties determined from the local energy 

dissipation rate per unit mass of fluid, 
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The :lean sunre fluctuating velocity of these eddies 

is given by: 

sa. 	 2 
u2d  = Y(E)

3  (
d

1  ie )a 

where 	E 	= HND  - (39) 
= di=eter of dispersed phase particle 

The velocity re ,resorts the. variation over a distance of 

the saifie order as the particle dianeter and is therefore 

used as the characteristic velocity in the aeynolds 

Re 
	1 1/6  

Dh  
in I 

L•13  

Calderbank and. Moo-Young published their results in the 

fora cf 	general correl'Aion for trrnsfer fron gas 

bubbles, liquid drops and solid particles: 

k1 	c.13 (2111 *( 411  ) 
	

- - (40) 

el 	Das,1 , 

It vas shown to be applicable to snail bubbles behaving 

as rigid sL-heres and to large bubbles, greater than 

2.5 ma. , which are affected by fern drag resistance. 

The dependence upon the 3 pov7er of the diffusivity 

indicates • rodel for transfer between the mhitnan theory 

and the penetration theory in which the interface is 

re laced by eddies of the bun fluid. 

Harriott (60) measured the class transfer coefficients 

for ion-exchange particles suspended in agitated tanks. 
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This study has a special interest since it shows that t',..(3 

riass transfer coefficient depends upon the particle size, 

a conclusion disputed by the Calderbank and Moo-Young 

correlation., For particles smaller than 0.2 mm. kl  

increases with decreasing diameter, whereas particles 

greater than 0.2 Dm. have no effect on the coefficient. 

As the viscosity increases, so the particles size which 

affects transfer increases; for example at 16 cp. the 

critical particle size is 1.0 mm. 	The coefficient varied 

as the form: 

0.12 -0.7 0.8 0.15 
k E  Db  D as 	.1 - (41) 

Earriott did not publish a generalised correlation but 

argued that estimates of the free terminal velocity of 

the particles could be used to calculate graphically a 

slip velocity and hence the transfer coefficient. 	Th2 

slip velocity is a function of the fluctuating velocity 

of the small eddies. 	Middle:.an (61) applied Kolmogoroff's 

theory to Uarriott's data and proposed th,3 following 

correlation: 

	

0.5 
k1Db 	ND2 	0.67 D, 2 + 0.55 ( 	+41)  

	

D
as 	 1 	 a as 

The Reynolds number is based on the impeller diameter, 

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 system, it is 

necessary to estinate the effect of sucrose on the 

diffusivity by means of published correlations. 

The agent diffusivity in water at low agent concen- 

trations is given by Wilke and Chang (62) based on the 

Stokes-Einstein equation: 

D-11‘pd= 7.4 x 10-8 (XM)
05 

V0 

where aw 	Diffusivity of solute at infinite 
dilution 

Solution viscosity (cp) 

Temperature oK 

X 	= Association parameter 

Molecular weight of solvent 

V 	= Molecular volurle of solute 

For CF2C12 in water this gives: 

Dow 	= 3.77 x 10-8T/TL 

The diffusivity of gases with respect to a third 

component in the liquid phase has been investigated by 

Ratcliffe (63). 	The systems studied were carbon dioxide 

absorption in aqueous electrolyte, glycol and glycerol 

solutions. 	In general the Stokes-Einstein equation 

predicted values of the diffusivity that were too low, 
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and i',atcliffe deduced that the results could be correlated 

by rDodifying the dependence upon the solution viscosity. 

fence : 

r 0.637 aw
as 	g  

kl‘ 
V7-) 
(A  

where 	Das = Diffusivity of freon in sucrose solution 

/11 	= Sucrose solution viscosity 

(377 x 10-8Tr,  -.36 )111-0.637 - - (43) Therefore B 	= as 	;Iv 

i.e. D,,,T1-0-64 as  

5,36 Summary 

The wide range of exponents in the various 

correlations suggests that it would not be possible to 

distinguish from thecxreri-.entally determined effects of 

the rower input 77hether, in a three lahase system, mass 

transfer was tatting place from drops or from bubbles. 

Assuming that transfer takes place from the gas 

ra = klab(ct-cs)Vr 	- - (20) 

and that the change ina,I1,(vand Vr  is snail compared 

to the change in F 	 E and 0g, from equations (31), (40) 

and (43): 

ra 
,7  -.65., -1.07 ,° 

'Li 	k )(cb-cs)  - - (44) 
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A similar equation can be shown for liquid-liouid inter-

phase transport. 

The power consumption is affected by the gas flow-

rate, which in an auterefrigerated reactor is proportional 

to the production rate: 

r A a  hi  
2 1\g 

- (45) 

where 	/, 	= latent heat of agent 	(cal/g) .-\ 
1 	

(g/ cm  = density of gaseous agent (g/cm i 

Since 
g 

 ...-  - v ,0.11N3.15 from equation (26), then equation 

(44) becomes: 

Hence the linear dependence upon the concentration driving 

force may be concealed by the gas load effect. 	Yet 

another dependence upon the driving force is suggested 

by the Calderbanh correlation (27) which simplifies to 

the form: 
, 0.4 0.5 ab 	 g ,4 	G 

Substituting this in equation (21) with (40), 

(48), (26) gives: 

rn 	
113.6,n  -1.4( 	N1.7 

b ‘-'s/ 

- (47) 

(43), 

- - (48) 
The dependence upon the concentration driving force in 

equation (48) is similar to that observed by ?angborn QI) 

1 9 	-1 0 ° ra 	N • 1-1 1  • 	
093(cb-cs)0.93 - - (46) (, 
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at low stirrer speeds where: 

ra 	(T c  -T r)1.6  

Westerterp (30) identified the dependence upon gas 

flow rate in equation (47) with the region in which the 

stirrer had no agitation effect. 	Now Pangborn showed 

tTaot the abnve non-linear dependence occurred only at low 

stirrer steeds and that the dependence changed to a linear 

one at a higher power input. 	Hence Pangbornis results 

might be taken to prove that the Westerterp 'agitation- 

effects model is valid. 	If this is the ease then, since 

the experimental sucrose system was operated entirely in 

the 'agitation-effects region, it may be expected that 

equation (46) represents the transfer process rather than 

equation (48), 

The question of the suitability of literature 

correlations for the over-all gas-liquid coefficient 

depends largely upcn whether or not the manner in which 

vapour is introduced to the reactor is important. Clearly 

the manner of drop formation and of vapour generation 

during the reaction in the hydrate reactor does not 

correspond to a standard liquid distributor or gas sparge 

tube. 	Although the interfacial area determined from the 

literature may not be characteristic of the area in the 

hydrate reactors it is expected that the liquid,film 
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transfer coefficient ray be predicted fairly accurately. 

Sideman (6e) showed the effect of the initial bubble 

size on the over-all transfer coefficient from analysis 

of single and perforated sparge tube experiments performed 

by Karwat (65). 

= 0.5, at E = 0.08 HP/ft3  

= 0.8, at E = 0.33 HP/ft3  

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 obtained pith a single nozzle and with a 

distributing grid. 	In the context of the hydrate reactor, 

if transfer from the gas phase is important then a 

distributor would be effective below a power input of 

0.4 2P/ft3. 

5.4 Heat Transfer Considerations 

The hydrate reaction model is based on the assumption 

that heat transfer is a much faster process than mass 

transfer. 	The rate of production is given by a heat 

balance on the system (see section 5.51), but the reactor 

conditions (the degree of subcooling, etc.) are determined 

by mass transfer considerations. 	The following section 

k1nbsingle 

hlab  dist. 
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considers what effect the boilin phase may have on. mass 

transfer. 

5.41 Review of Eent Transfer with Change of Phase 

The data available on this topic is limited to 

experimental studies by Sidenan (41, 66, 67) and 

Williams (23). 

Sideman conducted a photographic study of single 

drops evaporating whilst rising in a column of an 

inmiscible liquid. 	Although a study of free convection 

is not relevant to this discussion, the characteristics 

of growing drops is. 	In evaporating, the vapour formed 

a spheroid at the upper part of the drop with the volatile 

liquid concentrated at the base, figure 18a. 	The liquid 

phase was considered to be at its boiling temperature T 

corresponding to the vaporization pressure, and the heat 

transfer rate was assuned to be controlled by the film 

resistance in the continuous phase. 	It was also assumed 

that there was no heat flux across the filri into the gas 

phase, hence T = Tr at the gas—liquid interface 

(assumption (iv), section 5.11). 

It was shown experimentally that the heat transfer 

coefficient was independent of the temperature difference 



Q=0 

T = 

meniscus of 
volatile liquid 

7 

I 

- 	PT 
 

Tr  

124 

figure 18a 	Sideman's two phase bubble model (41,66) 

1 j I \ 

evaporating 	ii  / \ \ 
drop 	/  . 

/ / 	\ 
\ 

I 

continuous phase 
convective film 

vapour fit 

figure 18b 	William's boiling drop model (27) 

AT 
-1 
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(Tr-T1) and the vapour content of drop and that the 

internal resistance to heat transfer was negligible 

compared with the external resistance. 

Side:::nn and 73arsky (67) proposed a correlation 

relating the heat flow rate with the specific power input 

and teE,perature driving force in a well-stirred nixing 

vessel. 	A t7lodel was derived hosed on the concept of 

local isothopy, the Kolaogoroff turbulence theory, and 

the single drop results. 	The rodel is discussed in some 

detail here, partly because the results are of relevance 

to the hydrate process and rartly because Sideman's 

correlation appears to be at fault. 

A droplet enters the agitated fluid fairly close to 

its boiling point and all the heat transferred to it 

serves to increase the vapour content. 	The heat transfer 

rate is: 

c,  -i = hAv (Tr-T1) 	
- - ( 19)  

Q = Rate of heat transfer 	(cal/sec) 

h = Heat transfer coefficient(cal/sec en20C) 

Av = Total effective heat transfer area (co
2) 

Sider an assured that the heat transfer coefficient was a 

function only of the power dissipation, the equivalent of 

equation (L:,0), and rot dependent on the driving force, (41) 
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Since the particle size was srall, the two phase particle 

was assued to rer_ain spherical as in figure 10a. 

Considering the area as a function of particle size and 

va-lour content: 
5 /e4 

Av 	0g 	Eg 
	 - (50) 

and 
a.  

E  4 

represents the volune fraction of gas hold-up which 

still contains a fraction of the evaporating liquid phase, 

Side::.an selected the Calderhank correlation, equation (30), 

to describe the gas hold-up: 

E  0.4 v  0.5 
Og  

(45), 

Fence 
1/6 , 17/12 IT  _T  

` r 1/ - - (51) 

Side:ian conducted exacriwents in a five litre well-

stirred reactor with n-pentano as the dispersed liquid 

phase. 	N-pentane was evaporated by an electrical heater 
1 

in the tank base plate. 	Frou. a plot of Q / 6/(Tr-T1) 

against the gassed power input estiaatod fro7, a fora of 

equation (25), SidoDan showed the exponent of the 7:-,ower 

input was 2, which agrees fairly well with equation (51), 

whore 	
g 

Substituting (30) 

f"--1  

Q 	-which is 

and (50) in 

E
g
17/12 	5/6 

equivalent to equation 

(49) 

(Tr-Ti) 
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The correlation was checked because it ar.7enred that 

the use of the Cnlderbanh gas hold-up function was not 

justified. 	There are tw,:: reasons for this objection. 

Firstly, as discussed in 5.33, jesterterp has shown a 

distinct region in which the Fats load 7,:kas no effect on the 

interfacial area, and secondly tie gas hold-up De7sured 

or corre17, ted in sir-ale 2 uh-se systeTT.s nay not he the 

.9=0 	the hold-up of gaseous refrigerant containing 

evaporating liquid. 	That is, there :aay he a  Nuch larger 

hold-up of n-pentane gas cen7letely evaporated and ta77ing 

no part in the hoot transfer process. 	73y taking the 

sixth power of the heat flow rate, 5idenan reduces the 

error and renders insensitive the graphical :-Iethod. 

The Liethod of least sun of squares was used to 

correlate the data, regressing for the exponents of botl_ 

(Tr-T1) and E g. 
	The data is presented in the Aaaendix, 

Table XXVII, and the new correlations are given in 

Table 5.41. 



Sum 
Heat Transfer Correlations 	of 

Squares 

(1) 	Sideman's Correlation5.98x107  , 
gnsbed system: Q 

1/6 
 /4T 

(ii) Proposed model, power5.61x103 

input as in ungassed system  

(iii) Model using gassed 	
114.9x103 

system (49), kg  = 12 

(iv) Yodel as in (iii) 
6.53x103  

with k = 0 

(v) Yodel for gassed 
8.55x103  

syster-!, Michel (50) 

Data 
Points df. 

Ex7onentExonent 
of 

(Tr—T1) 
of 

16 14 6. 1.93 

20 17 0.36 0.95 

16 	13 0.29 0.48 

20 	17 0.41 0.97 

20 	17 0.40 1.05 

n 	
k2 k3 

 
Sum of squa,res = 	1 (!.* i  — 1 kTiT

2 E.3)2 q measured in watts i=   
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Table 5.41 Heat Transfer Yodels  

Clearly the minimum sum of squares is obtained with 

yodel (ii): 

0.95 (Tr-Ti )0 - 36 	 - (52) 

which has a very different farm from equation (51),,, and 

the sun of squares is very -_uch reduced. 	Model (iii), 

vilhich uses the sane constant in the Oyama gassed-power 

ec:uation (49) as Sideman's original correlation gives 

significant increase in the sum of squares of errors 

compared to the Michel—Miller correlation for the gassed 

power consumption (50). 
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If the Calderbanll correlation is replaced by equation 

(82), then equation (51) becomes linearly dependent on 

(Tr-Ti ). 	This is closer to model (ii) than the original 

form, but the discrepancy indicates that Sideman was 

probably wrong in assuming that both h and Av are 

independent of (Tr-Td. 	It further appears that 0g  given 

by two phase correlations does not represent the evapora-

ting gas phase hold-up, since the high power dependence 

in (51) is rot observed in model (ii). 	Sideman's data 

might also be subject to the type of feed distribution 

effect observed in section 6.31. 

Williams (27) postulated a heat transfer mod,e1 for 

the boiling drop which considers heat transport across 

vapour film, figure 18b. 	The idealized spherical liquid 

drop is surrounded by an even gas film of increasing thick- 

ness. 	The over-all temperature difference between the 

liquid drop boiling at TI  and its surrounding solution is 

comprised of two parts; (Tr-Ti) due to convective heat 

transfer to the surface of the vapour, and (Ti-T1) due 

to heat conduction through the vapour film to the liquid 

surface. 	The convective mechanism may 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 seems less realistic than that proposed 

by Side an, figure 18a. 	From a consideration of the 

surface tension forces acting on the liquid it would 

appear that the liquid would spread inside the bubble to 

form a thin 7-eniscus in contact with the aqueous phase, 

The turbulent forces acting on the bubble with a droa at 

the centre would, by monentum effects, cause the drop to 

be in contact with the interface. 	The Tilliams yodel 

seems unstable and consequently the derivation of 	heat 

transfer coefficient based on conduction across a gas film. 

is not pursued. 

5.42 'Lass Transfer from Liquid Agent 

A model is considered which includes transfer both 

from droplets and fror; bubbles. 	The drop area is 

established to satisfy the heat transfer characteristics 

of the reactor. 

ra =  I:IAv(cd-cs)  + klAb(cb-cs) 	(53) 

where cd 	Agent concentration in equilibrium with 
drop 

. Av = Total effective area of liquid freon 

Nov, 	= r
a hf = h.Lv ( T •-T1) 
	- - (49) 

From the modified Sider:an correlation for heat transfer: 

E*95(Tr-T1)
0.36 	- (52) 
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Substituting h - E0.25 and equation (52) in (49): 

A 	-- -27(qor
T
1/

N -0.64 	 - - (54) -  

Substituting (54) in equation (53): 
‘ ra 	

, Li  fv"C.7 (Tr-T1)
-064  (cd-cs) + Ab(cb-cs) 

This expression depends upon the validity of the Siderian 

correlation end in particulF.r that the heat transfer 

coefficient is independent of the teaaeroture driving 

force. 	It is unlih.ely thet the expression ray be chec!fee'. 

in this form, but it ray be possible to show that the 

reaction rate is inversely proportional to sone power of 

the temperature differential (Tr-T1) 	Koppers (24) 

stated that the inass transfer from liquid agent was the 

rate determining step. 	If this is the case there will 

certainly be some interaction between the boiling phase 

and the reaction rate. 

5.43 Effect of Evaporation on Bubble Size 

The average size of gas bubbles in a dispersion 

den,  ends on the equilibriun reached betv:een the break-un 

by turbulent forces and the coalescence of the bubbles due 

tc surface tension forces. 	Another factor irnosed on 

this balance in a hydrate reactor is the bubble formed 

fror a boiling drop. 	The size of a bubble formed by the 

evaporation of a representative drop is coopared with the 
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size of a bubble calculated from the gas-liquid 

correlations. 

By a Nass balance, the initial drop size is equated 

to the final bubble size: 

D c 3 
6 d %1 	Db" /?, 

ED 

:A here Db* = Diaeter of bubble formed fron drop 
size ijd 

i.e 	Db* 	1 Dd(
--) 
1=.?
g 

For Freon-12. Db 	3.8 Dd  

The correlations for ljuid-licuid syste's in section 5'.34 

give, for ,:ure water agitated at 1420 RPY, Dd  = 0.003 to 

0.012 CD., whereas the gas-lieuid correlations give 

Db  = 0.15 to 0.33 cm. 	The maximum value of Db is thus 

01045 CD. 	Comparing Db with the smallest bubble size 

it  = 0.15 cm., by equation (29), it is seen that the 

interfacial area for the sar.e gas hold-up has been 

increased by a factor of 333%. 

This increase Lay not represent the true equilibrium 

conditions since bubbles will coalesce to give a larger. 

T-.3ean size than Db 
	III.ov.ever the interfacial area giver 

by gas-liquid correlations nay well be enhanced by the 

srialler transient bubbles produced T37 evar<ration, 
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5.5 Batch Hydrate Kinetics 

The principle feature of the batch runs is that the 

reactor cooling rate is maintained constant While  the 

te7-perature and s",:,crose concentrntion of the slurry are 

rensure0 fran the tine at which spontaneous nucleation 

occurs. 	The shape of a typical terperature-tine plot is 

shown in figure 19. 	Analysis of this curve in terms of 

the L.ydrate 7-edel, equation (2C), Tay lead to a 

confin.-antion of the hydrate nechanism and a quantitative 

estivate of the inhibiting influence of hydrate slurry 

on the reaction rate. 

The analysis Tnny be divided into two parts. 	In the 

first case the whole tenrerature-tire curve is considered 

and the rate of change of the reaction rate with tine is 

related to the change in the concentration driving force 

and in the hydrate hold-up. 	in the second case the 

ter -crature during the steady unsteav-state period, 

where the tenperture gradient with resTect to time is 

zero, is conincred 1-ith the steady te-peratureTr3 mensuref.] 

for different values of the inde7endent variables given 

in table 3,61, 	The distinction is drawn here 7-,conuse 

for subsecTuont analysis the cases are treated independently. 
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The rate of hydrate Trcduction and hold—u77, of hydrate 

in the reactor ray he estirated Iron_ a heat and nass 

'balance.. 	_Ls hydrate is for7ned, the sucrose concentration 

of the hulh aqueous !-Lase increases, and this !:ay 7.e tal'en 

as a —easure of the extent of the reaction. 	Since this 

gives the aLount of water in tlae hydrate -base directly, 

it is snore convenient to describe the production rate in 

terns of a water flow rate , rather than as a flux of 

agent. 

The production rate is defined by: 

r 	 - - (55) 
dt 

where 	r = formation rate of hydrate in (gns. of water/ 

and 	water in the hydrate -phase (gras.) 	min) 

134 
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Previously the rate of mass transfer from the agent phase 

was defined by equation 

ra 	= 

but since: 
r 	= a 

where h 

where where 	k1 	= 

(20): 

klah(ch-cs) Vr 	(20) 

r 
60Y 1 

12olecular weight of water in hydrate 

OM, 	•••• k 	la (c -c 	) Vr 	(56) b 	b 	s' 	r 

60Yhk1 	(g.cm/g.mole.min) 

5.51 Heat and Mass Balance 

The net heat release curve, figure 19, can be 

expressed as the sum of the heat of formation and the heat 

removed by the evaporating agent. 

(1) 	Consider hydrate 

which case all liquid 

Vt % ot cpt 

where 	T 	= 
- , 

formation from the gas phase 

agent is evaporated, 

dT 	_ 	N, 	F 	Kh 

in 

/'+1 	+ dt 	- 	r i  hfg - 

reactor temperature °C 

Rhfg = heat of formation from gas phase (cal/g) 

F = agent flow rate (g/min) 

2:1 = latent heat of agent (cal/g) 

Kh = heat leak + power dissipation (cal/min) 

(ii) Consider that hydrate formation occurs from the 

liquid agent phase, hence not all agent is evarorated. 

dT V tN t c  pt -d-t = r Nhfl - (F-  A 1 + KhV  

= 	r ( A hf 1  + c1) - F3'%1  + Kh  
cD(' 
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In either case, the heat balance ray be expressed: 

Vt t  c  )t 	= r 
hf  - v;\. 1  + Kh ‘ r  

In the cooling curve region, where no hydrate is formed 

in the reactor: 

dT V 	c 	dt = -F 2\ 1 	 r( 	= - - (58) 

where 	not heat re7oval rate (calPin) 

may be deterr:ined calorimetrically by observing the 

cooling rate at D te':IT:orature equivalent to 	reaction 

te7t, erature r 
	This co:IL:ensL:tes for the heet leat an:'. 

the power dissipated by the twin imrellers. 

By a _:ass balance on the solvent Phase: 

yt  + Vt?t(/-xt) = Vf?f(1-xf) 

where 	
Yt = water in hydrate form at time t 

xt 	s-_-:erase concentration at time t 

A mass balance on the solute, sucrose, rhase: 

V x =Vx 'trp\t t 	fo  f f 

(gms.) 

Hence 	Yt = Vf ?f (1-xf/xt ) 	 - - (59) 

5.511 A7plic:', tion of Koprers Lod el 

Consider the sirs -.lest rloeel proposed by Koppers and 

Fangborn, eauf- ticn (22), with t 	Tr a function 

of time: 

= 	Ko  f(T c-T) Vr 	 - (22a) 

— (57) 
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Substituting in (57): 

Vtt k=,  cpt dT = Ko  f(Tc  -T) Vr ;\hf 
	- - (60) 

(1) 
	
If K(Tc  -T n)Vr•1.f  >Q, then ti-e terperature will 

rise from the spontaneous nucleation neint. 

Integrating eQuation (65), assuming that: 

K0' is a constant for all T and x l  

c is a constant, 

(c) 	Vt  cp  is constant during the reaction. 

Tn 
	 0 

(" v < e 	dT 
tit rt  

t ( To-T )Vr A hf •••• 
	 1dt 

-t, 

-Kot VAft 

	) 	if(Tn 	)-Tn I e Vtc (Tc 	
tept 

Kos Vr)'hf 	I 	Yr0t Vrhf 

This expression gives the gro=wth curve in figure 19 

for the siriple therani driving force model. 	In the 

actual system it is unlit-ely that the first two 

assumptions will held; both Ko and To will depend 

upon the extent of the reaction. 

(ii) The condition ddt T = 0 is referred to as the steady- 

state operating criterion of the batch run. 	In this 

case (60) simplifies to: 

K 4(T -T ) Vr  A ocr 	hi 

Hence 	Ko1 r hf ' (Pc-Tr ) V ;\", 
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Therefore from an experimental determination of Tr  at 

°T/dt = o, an estimate of the reaction constant is 

obtained, 

5.52 Ann/icntion of AT:sorption Model 

A more realistic arnreach to sirlulating the 

temperature-time curve considers the aF;ent absorption 

rate given by equation (56) and the variation in the over-

all coefficient k1  fa due to the change in the character-

istics of the four-phase reaction mixture. 

Two-phase correlations were applied in section 5.36 

to show the dependence of the over-all transfer coefficient 

for constant 	t; d, 	and Vr. 	These constraints hold 

for the case of a batch run, hence: 

k1lab 	
E0.65,11

1
-1.07 

Haude (60showed that aqueous suspensions of fine 

eery powders in turbulent flow behave as liquids having 

the viscosity and density of the sus7;ensiony,  and not as 

true liquids having the viscosity of :-,ester. 	Although 

Moue measured the slurry viscosities, Eonilla (69) showed 

that the Hatschek viscosity correlation may be used for 

correlating heat transfer data for the flow of slurries 

through pipes. 	The Hatsehek equation is given by: 

0 	- - (44n) 
f 
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1 h = 101 - oh*) 	 (61) 

where 	Tu h  = slurry viscosity 

= voluac fraction of hydrate 

The slurry visccs-Ity kh  should therefore, be used in glace 

of the liouid viscosity in eeuation (44a). 	It was sheen 

in section 5.31 that for high Ti:eynolds numbers the power 

consumption was indeT-)endent of viscosity andy since the 

slurry density is appro«.irw 	constant, E nay be 

considered constant. 	I-Ls a first ar7roach, the term 

(0 /fO) will be considered constant too. 	Hence assume: 

kl'ab 	( 101-013 )) 
Substituting (62) in (56): 

1 
KB(1 - 0113) r = 	, 	(cb-c̀ ) rt 

where 	Hp  = Vr) 

hence ecuation (57) becomes: 

( 	 , 	 (eb-cs ) .?'',If --Q 3 WOO M. (64; et v C U Al  tt rt 
The hydrate hold-up fraction nay be calculated by 

integr7Aing equation (55): 
t 

Yi 	= j r dt 	 - - (65, 
o 

Hence: 

xt Vdfxf/(Vi. i. Yt )  

0h = (1 +A l (1 - 	) - - (66) 
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The equilibrium concentrations cb a.nd cs are functions 

of variables T on xt,tence from equation (10): 

log cb = log P - 1).265 + 1633./1' + 273.2 - 7.51 xt 	- (67) 

log cs = log 	9.265 + 1633./4 + 273.2 - 7,51 xt 	- (60 

::7hereL b. is given by e7u~iti©n (7), 

log Ph = 0.0945 (T + 7.094 + 	xt + 24.61 xt
2 	

- (63) 
- 83.68 xt3 + 126.8 xt

4) 

The change in the values of equations (67) to (69) witL 

the change in sucrose concentration during the course of 

the reaction is slight,but is inclucled for completeness. 

552l Solution of EquDtions to 5.52 

To obtain the thAeoretical ter-rerature and concentra-

tion profiles for ex7eriental conditions described 

col27)letely Icy P, 	xf and Vr, and for the observed 

bounJary conditions Tn and Tr' it 'as necessary to solve 

c;cluftion (64) iteratively. , 	(64) ras integrated 

in conjunction wit:- (63), (65), (50, (66), (67), (68) and 

(69) by the 7- ethod of 7,,unce 1(utta, using the IT 7090 

machine and Port: an IV as the 73rograing language. 

The initial estimate cf v was base: on the steady-

state condition dT/gt = 0 at T = T . 

- - (70) 

hf(cb-cs)(1 - oh*) 

g') 
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However the value of 0h at T = Tr is not always 

ex,-;erinentally observed. 
	

The sucrnse concentration xt 
Was snr- pled during the course of a batch run, hut the 

particular value at T = Tr  was not always obtained. 

Since the r:odel Fre6icts the sucrose concentration at 

xr, it was convenient to solve for xr iteratively. 	This 

ap-:roach is particularly useful if no sucrose concentra-

tion data is available and only the tergperature-time 

res-pone is known, 

If P max is the calculated teaperature at 6T/1dt = 0, 

then if the first estimate of 	is too large, 	is too 

small and Tr ax < Tr' hence le must be increased. 

Alternatively if the guess of 	is too small, the 

reaction rate is too great '.nd T 	Tr. rinx 

The iterative procedure was as follows: 

Calculate 
'.F2t 
F

2 	 - 0h  estinnte, frcH equation (70). 

Integrate equation (64) from T = 	Stop at 

, when dT/dt = 0. max 
(iii) Conprire P 	with T exerimental. 	If T 	= T r 	 r inx 	 max 	r  

write out all temperature time data. 	If 

E8X / P go to (iv). r 

(iv) Substitute K = 	FP  (Tr  - TDax). "  Heturn to 

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

always converges to give 	= Tr. 
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The computer programme was written in a general fort: 

such that any nodel could be exa,Aned; in particular 

simpler model for comparative purposes based on a con-

centration driving force but not incorporating the effect 

of the hydrate slurry viscosity. 	In addition a more 

complicated function was introuced, based on the heat 

transfer consideration in section 5.42. 	For constant 

Tv it was shown, equation (54): 

Av 	(Tr-Ti)-0.64  

Hence a possible 	might be, substituting in (56): 

K (1  - 0h6)(cb-es) - - (71) 
m O.. 6 4 

Four main models were employed and within those four models 

various changes were made to the exponents of the viscosity. 

etc. 

g. 	= KA (cb-cs) 

KC  

D 

- (A) 

(63)- (P) 

(71)-  (C) 

(22a)-(D) 

—1 
( 	) 
1  - 0h 
	(cb—cs ) 

( 	I  

1 - oh* 

1 	1 

(T-T1)
0.25 

(cal-cs) 

( 	,)
-1 

 (T -T) 
1 - 0113  

tut are K A , B ,- • • are functions of the form (63a), but 

assumed constant for each run. 
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The results of these calculated profiles and the 

r.dequacy of the rodels is discussee, with the exwrimental 

results in section F.1, 	Calculated results are Tresehted 

in AfTendix A, Tables III to VII. 

5.6 Heat and Mass E,ainnce for Steady-State runs 

The steady-state runs, in -hich the sucrose concen- 

tr'tion 	ten-)ersture in the re-ctor re-sins cons-tar-A, 

are si-?ler to analyse but less infor=tion is obtained 

fro:: each run although it tales longer to perform. 

Consider a Lass balance on the solvent: 

r + v r  ? r(1 - xr) = vief(1 - Zf) 
vf zhere 	= feed flcw :sate of sucrose 

(c-:3A.in) 

am:). subscripts f and r refer to the feed and the reactor 

conditions res7)ectively. 

Also, from a -,:ass balance on the solute: 

vf?fxf 
	

= v rC'rxr 

hence 	vg):F(1 	
xf/xr) 	- - (72) 

A heat balance en the system, assuming that only the 

latent heat of agent is transferred: 

IrffcpfTf Kh 	= Yr‘Prcpr Tr - hf 

+ (1 +400r c. ,T + F)).  Pa r 
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Assure 	vfpferf  = v c r\r pr 	(1 13*)r cph 

Then Q' = FX, = vf\ ( c (T -T r) + Xhf(1-xf/xr)S + h pf f 
- (73) 

Zence in the case of steady-state runs it is an easy 

ratter to check the heat balance by calibrating the agent 

feed rotameter as in section 5.51, and comparing the heat 

re .~oval rate with the ,production rate measured by the 

concentration effect, equation (73). 

The conversion in the hydrate reactor is defined as 

the fraction of water solidified as hydrate from the 

aqueous feed, hence: 

xf  
/ r 

For a multistage process with n stages of conversion 5, 

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

= 1 - (1 - "On 
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6. 	Ex:eriEentn1 aesults 

This chapter is concerned with the analysis of all 

Te:inetic data, the assossaent of :stulated models and 

the develer:ment of a general correlation for the over-all 

transfer coefficient. 	The ancaysis is divided into four 

sections: 

(1) 	The unsteady-state nsect cf the batch reactor. 

(ii) The batch reactor as an a77roximntion to steady-

state conditions. 

(iii) The flow reactor. 

(iv) 7,;rerane hydrate comparative analysis. 

To sir :lift' data handling, a generalised least-squares-fit 

:,rograne was used, bpsed on a standard matrix technique 

docupented in Davies (70). 

6.1 Calculation of Te',:,erature-Tine Curves 

A strinary of the batch results is given in Table 1, 

corres;:onding to the origin::1 design 7.resented in Tale 

3.61, anc. all results are given in Table II, All-erdix A. 

Listed are; aressure, nucleation te,- perature Tn, steady-

state tetTerature Tr, the therr.rn/ driving force calculated 

from equ!'tion (7), the concentration driving force 

calculated from (7) art''' (10)1  neasured gas 	end the 
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liquid phase viscosity calculated fron A7 -endix G3. 	The 

7rwf:uction rate r, at T = Tr' was calculnted from the 

agent feed rate, equation (50), and checIred by -1 t_-ass 

bP1rInce, equation (59). 	An exniple of tis choch for a 

sar.:21e run is given in AL:pendix Al. 

The data fron Table 11 was used to solve for the 

reaction constants XII, YE, etc., section 5.21, and hence 

to derive the tomTerature-time res-yonse predicted by the 

absorption models. 	These results together with 

exrriT.ental te;:TToerature-time and concentration-time data, 

for a renresentative fraction of the batch runs, are given 

in Tables III to VII. 	Tables 1I to VI show examples of 

runs at 10 to 40% sucrose with details of the change in 

hydrate hold-up and estimated slurry viscosities. 	Other 

data are given in Table VII, with concise information 

relating to models A and B only. 

A typical terlperature-time plot, run 25,13, is shown 

in figure 20,  together with the simulated temperature 

determined from 'odels A,B,C, and D. 	Figure 21 shows the 

calculated values of x and y as a function of tine.. 

Further graphs, figure Al - Al2, covering a complete range 

of sucrose concentration and stirrer speed, are included 

in Appendix A, and show experimental results conpDreO ylith 
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figure 20 	Run 25.13 plot of experimental and predicted reactor 
temperature with time 
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figure 21 	Run 25.13 - plot of sucrose concentration and water 
as hydrate versus run time 
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moJels A and 3. 	In sone cases morIel B  is modified: 

r 	 1 B 
= KB 	( —es) 1-0113  

where —0.5 > B 14 —1.5 and the exponent of the Hatschek 

viscosity vres varied to obtain a better fit to the 

exporinental points. 

It was however considered unnecessary to obtain the 

best value of B for each curve by a numerical technique,e.g. 

minimising the sun of squares of the differences between 

experimental and predicted temperatures over the run 

duration. 	It was sufficient to checT' the fit of the curves 

by eye for an apT7roximate value of B. 

6.11 CoF,parison of Experimental and Theoretical Curves 

Model B preeicts a teee:erature profile which fits t-o 

experiental results well for a wide range of conditions. 

can be seen by comparison with 7otel A which regards 

KA as a constant, independent of the liquor viscosity. 

The shape of the two curves is very different, especially 

in the example given in figure 20, at 28% sucrose, 	Model 

B explains both the rate at which the slurry hinders the 

reaction and the time at which the maximum temperature 

occurs. 	The estimated values of the exponent B, the 

dependence upon viscosity, vary a little with reactor 

conditions. 



1420 
P~T
rpm 

f 
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42 

1140 880 
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-1.1 -1.2 

-1.0 -1.0 

-0.45 
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Talde 6.11 Variation of B pith N and xf 

The mean estimates of B are given in Table 6.11, 

showing the variation with agitator speed and sucrose 

concentration. 	The difference observed in B at different 

stirrer speeds is as large as the error in the estimate of 

Pt so no conclusion may be drawn as to whether B varies 

with N. 	The value of B agrees with the predicted value 

of -1, equation (44), except for the case of 42% sucrose 

when the dependence of the transfer coefficient on viscosity 

does change significantly. 

Model C was derived on the assumption that transfer 

from the liquid agent phase was important. 	The temperature 

differential term (T-T1)
025 in model C, (where the 

exponent is determined in section 6.2), has only a very 

slight effect on the shape of the profile. 	The effect of 

this extra term is most noticeable at nucleation, but the 

results are such that it is not possible to distinguish 

whether the factor is relevant or not. 
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The temperature drivinE, force (Te-l') in r_lodel D fits 

the experimental data as well as the concentration :driving 

force model B. 	This is partially anticipated, Appendix 

E3. 

A second comparison may be made between the models 

and the experimental results by relating the neasured 

sucrose concentration tc the predicted values. 	Samplin 

the concentration of the mother liquor is subject to a 

greater error than sa-cl.plinff the temperature of the slurry, 

but a fair comparison may be made. 	Agreement between 

the concentration history predicted by equations (59a) and 

(65) in model B.. any, the measured concentration, are also 

shown in the Tables III to VII. 	It was shown that in the 

ease of liquor concentration also, model B provided a 

better fit to the results than A. 

The results suggest that the rate determining step is 

the absor tion of went fro the dispersed agent, in that 

the rate of formation nay be expressed in terms of a linear 

concentration driving force and an over-all transfer 

coefficient typically dere dent upon the syster:fs viscosity. 

6.12 Effect of Slurry Viscosity 

Shiloh and Side-an (17) studied the variation in the 
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heat transfer coefficient with the solids fraction in an 

aqueous slurry. 	In their experimental project, the basic 

factors affecting the rate of evaporation from salt-water 

ice slurries in a vacuum freezer were investigated. 	It 

was observed that the liquid-phase heat transfer coeffi-

cient, which governs the process, decreased with increasing 

ice fraction due to increased viscosity. 	The hydro-

dynamic conditions are rather different for the two systems: 

in the freezer evaporation tapes place in the neighbourhood 

of the interface where the ice concentration is largest, 

whereas no deviation from the well-stirred condition is 

considered in the hydrate reactor. 

Shiloh (17) indicates that the over-all heat transfer 

coefficient varies inversely as the square-root of the 

measured ice slurry viscosity, over the range 0 - 20% solids 

fraction. 	Eis conclusion is thus similar to that reached 

from the hydrate analysis, in that the slurry viscosity 

alone ray be used as a descriptive parameter for the change 

in the transfer coefficient with solids hold-up. 	This is 

in spite of the inherent differences between the two 

transfer processes, 

The experimentally deter::ined slurry viscosities quoted 

by Shiloh differ substantially fret: the Yntsehek estimates, 

equation (61). 	For example at 10% solids fraction Shiloh 
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gave the value of the fraction (slurry viscosity/true 

liquid viscosity) as 5.3 coy pared to a value of 1.9 fron: 

the Tiatschek equation. 	If the Yatschek viscosity were 

used in Shiloh's results, te heat transfer coefficient 

would vary as the -1,3 Fewer of the viscosity, which 

comnares more favourably with the exaonent shown in this 

work. 	If however the Shiloh viscosity data is a better 

estinate of the effect of solids on viscosity ten the 

hydrate transfer coefficient Emy vary only as the -0.4 

power of the viscosity. 

The Hatscheh equation is only valid when the solids 

are free flowing when wet: Viscosities tend to be larger 

when the solids offer resistance to flow. 	Perry (71) 

quotes other exnressions for the estinated viscosities of 

sus ensions, including that rrol-osed by Ting and Luebbens 

which incerrorates the ratio of liquid and solid densities, 

This ratio Elay have s7ecial interest in the hydrate systems: 

since the crystals are denser than the solution at 10% 

sucrose and lighter than solution at 30% sucrose. However 

the quantitative effect is negligilqe, and none of the 

exaressions :)redict a slurry viscosity as high as that 

observed by Shiloh. 	Maude (68) quotes 'easured viscosities 

for aqueous-err_ery 7:owder su.snonsions which are just a little 

greater than the atschek exT:ression. 	It seems rossihle 



154 

therefore that Shiloh's results are incorrect, but some 

estimates of the true hydrate slurry viscosity may be 

informative. 

6.13 Liquid Agent Hold—up at Nucleation 

The r:ofels derived in section 5.52 based on equation 

(57) assume that at the srontaneous nucleation temperature 

the transition from cooling with no hydrate present to 

production of hydrate occurs instantaneously. 	The 

significance of this is that the net cooling rate must 

remain constant throughout the transition. 	An example of 

a marked deviation from this condition is shown in figure 

22. 

ti  

Temperature 

T 11  

time 

Fig ure 22 22 Transition at Nucleation Point  
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The continuous line shows the cooling curve under 

reactor conditions which cause the nucleation to, nerature, 

TnI to coincide with the condensation ternTerature of the 

agent, T1. 	As T any:roaches T1 the cooling rate decreases 

since, as the therral driving force is, reduced, the inter-

facial area of evahToratin agent nust be increased, causing 

an accumulation of liquid Freon in the reactor. 	When 

T .ez Tl ,  no evanoration takes _,lace and the te;n'nerature 

rei2ains constant until nucleation occurs. 	Li uid agent 

accumulates in the reactor during this Teriod, consequently 

at Tn the liquid agent hold-u-2 is unknown and the heat 

balance, equation (57) is no longer valid. 	In addition 

model C which considers nass transfer froD the boiling 

liquid phase is also invalid. 

To avoid this nroblem, the exnerimental conditions 

/pore chosen such that Tn vas always greater than Tl. 	In 

general the transition was fairly sharply defined (the 

broten line in figure 22) but not quite as sharp as the 

podel would indicate. 	Ttis is recognised as a source of 

error. 

6.2 Batch runs as an a-,:nroximation to Steady-state Conditions 

The following sections deal with the analysis of the 

observations of the steady unsteady-state tenperature in 
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the reactor. 	The reaction constant, or over-all 

coefficient, is determined from the teoperature at which 

the teerature gradient with res'ect to time is zero. 

The fDanner with which this coefficient varies with sucrose 

concentration, agitator s7eed, concentration driving force 

and reactor T,;ressure is deterE-2ined. 	This analysis is 

s7lit into sections which examine where 7ossible the 

indenendent effects of the variables. 	The data in Talple 

II is Frecented in 14 ex • crientell bloc!,7s: L blec17 denotes 

variables r and P for constant N and x1. 
	These bloc17.s 

are examined individually and then the effects of 

additional 7nrapeters are considered. 

6.21 Models for Individual Blocks 

The conclusion to section 6,1 was that the absorption 

Llodel B gave close apreement with exerimental results, 

assuming the transfer coefficient to be a simple function 

of one variable. 	The Lledel assumed a linear deI)endence 

uT,on the concentration driving force. 	Any deviation from 

non-linearity of the form suggested in ernation (46), 

arising from the effect of gas loading on the reactor, could 

not be distinguished in the unsteady-state rrofiles. 	In 

the individual hloc?-s on the other hand the iroduction rate 

ray be obtained as a function of Tressure and (ob-cs) on1y, 
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Prior to this study, no models incoriaoratinc an inter-

action between the effects of 11-essure and concentration 

drivin force had been I- reposed. 	1_,E! Graauw (26) is the 

only worher to have observed 	trend with pressure. 

Initially it was assumed that pressure had no effect on the 

system, and that any difference between the results at 

different pressures occurred as a result of chance. 

Since 	1,N and Vr  ore constants, equation (46) 

can be written in the form: 

k1 (cb-cs) 
2 	

- (74) 

where tl, the over-all mass  transfer coefficient, is 

constant. 	Parameters t1 	" nn0 1-2  were estimated by the 

method of least sc;uares, and = ro shown in Table 6.211 

together with other relevant statistical information. 	A 

plot of the production rate acainst concentration driving- 

force at different rressures for a typical block is shown 

in fiure 23, 	Although the exrerimental 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 +K 

in the combined value of the rate coefficient and 

concentration driving force on the 	of efluatiOn (74). 
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Mean Hconfidence, 
df 	

(c. /, 	1 limits on' 
error, k2 
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Block ! k1 
	

k2 
	SS 	SS1  

.10 

.11 

.110 

.12 

.13 

.14 

.21 

.22 

.23 

.31 

.310 

32 

.33 

.34 

2.66 

3.94 

167.7 

0.589 

0.873 

0.958 

0.725 

0.175 

0.685 

1 1 
1 	0.399 

  2.12 
1 
i 	0.402 

 0.800 
1 18.75 

SS 	= 

SS1 = 

1.01 

1.06 

1.54 

0.80 

0.95 

E 	0.58 

i495. 

:466. 

201. 

118. 

1 261. 

1364. 

! 
172. 

1241. 

144. 

I 
L 86. 

i 	37.4 

129. 

1 	62. 

1  
1 156.7 

2 

ri-ln 

.0684 

: .0464 

i .0201 ! 
1 .0158 

1 .0294 

.0515 

.0194 

1.0505 
t  .0202 

.0196 

! .0057 
1 .0209 

1.0127 

I.0315 

14 	14.0 	.19 
18 	# 	10.0 	.14 

10 	9.4 	.24 
15 	6.6 	.09 
18 	! 	7.9 	.10 
13 	I 	12,8 	.12 

18 	6.1 	.10 

16 	i 	10.7 	.13 

21 	5.6 	.09 

13 	7.3 	:18 

11 	4.5 	.12 
12 	9.0 	.21 
15 	5.9 	.17 

12 	10.1 	.56 

is the formation rate 

by equation (74) T:redicted 

0.83 

0.65 

0.96 
i 

0.83 

i 	1.06 

1 	0.86 

! 	1.07 

1.68 

n 
'-..- ..., 	(r.1-ri/) i=1 
n 
e" 4 	(in 
1.1 

and r1' 

ril)2  

Table 6.211 2 Farameter Model 

The average value of 172  is aT:.7roximately 1, tut the 
variations between blocks is large an: the tolerance limits 
aro rather high. 	The mean deviation from the 'codel is 

estimated from the sum of squF,res of errors quoted in 

column four. 	The errors in fitting the data to equation 
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(74) are greater than the exT:erimental errors involved. 

It a -ears too that the errors are biased with aressure. 

]Leference to the ;_?base diagram, figure 241 si,ows the 

position of an exrerinental lo-ernting-linet* GH with 

res ect to the hydrate equilibrium line BC. 

ln P A 

/G  

   

    

temperature °C 

figure 24 Interaction of P and (cb-cs) 

If there was no interaction between the effects 

of P anc7 (chi-cs), the oerating line GI would lie roughly 

_Iarallel to TO after conpensatino for the effect of 

T'ressure on solubility. 	GH deviates quite markedly iron 

the case GI and from equation (74). 	It niears therefore 

that hi  is a function either of -:ressure or temperature, 

or both.' 	An appraisal of the syste7:1 and the state of 

knowledge of hydrate kinetics suggested three 

after the accuracy of the equilibrium line and the value 

* An operating line refers to a locus of ex-erinental 
points for which the production at a given N, xf  is 
constant. 
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of Kerry's law constant had been checed to ascertain 

whether the equilibriun data ',ere at fault. 

(i)Assune that Y1  is a reaction constant and 	function of - 

the absolute tel)erature, as described by the Arrhenius 

equation: 	
-E/aT 

1 = _Le 

This is rejected for the followinr-  reasons. 	In the first 

case it has been sq:.own that aode1 3, indepek:;dent of the 

Arrhenius tern, fits the experir,ental results. 	Secondly 

the activation energy involved (estimated at about 25 Kcal/ 

g.ole) would render the reaction rates at high sucrose 

concentrations at least one order of -agnitude lower than 

those observed. 

(ii)Assume tl?alt the aroduction rate degends upon the liquid 

froon hold-up., a variable wl7ich is determined by the 

process of heat transfer. 	This vas the basis of model C, 

and C is Tiodified for the case of constant slurry viscosity 

to give an exT7ression siLlilar to equation 

r 	 -1 b (c -c C ) ) 	(Tr-T1)
k3 	- 	(75) 

The values of the three par=eters and the confidence 

intervals for each block are shown in Table 6.212. 	A 

weighted =can of the paraneters gives a nodel of the forri: 

r = ki(cb_cs)e.97 ( 	)-0.14 Tr  TI  

* Mereas equation (74) re-resents the line GI, (75) 
gives the operating line GYi since (Tr-Ti) is a 
function of pressure. 



• 

t 
Confif,ence 
Interval 

2 

.12 , .12 

1 .11 I 
i .15 

	

.24 	.22 

	

.08 	.13 

.09 ' .15 

	

.11 	.26 
- 

	

.10 	.11 

	

.12 	.20 

	

i .09 	.1 1 
1 

	

.19 	.14 

	

.10 	.07 

	

. .20 	.16 
, 
.17 .09 

	

i .32 	.09 
1 

Block 	, 	! 17- 
-1 	'2 Number. x10-4  

Table 6.212 Three Parameter Model 

• 

Mean 

error 

-3 00 SS1 df F 

• 
.10 7.74 	1 1.11 , 	-.28 1172.2 .0250 13 3.64 24.5 9.1 
.11 6.48 1.07 -.26 219. .0272 17 3.59 19.1 7.6 
.110 87.3 	, 1.55 : 	-.08 172. .0191 	, 9 4.37 1.5 9.8 
.12 0.667 0.79 -.12 95.3 .0126 14 2.61 3.33 6.5 
.13 0.936 0.93  -.14 218. .0242 	. 17 i  3.57 3.33 8.4 
.14 0.103 0.55 -.23 288. .0399 12 4.90 	i 3.16 12.6 
• _ - _ -- - 	- 

0.20 6.5 .21 0.724 0.84 -.03 170. , .0191 17 3.16 
.22 0.199 0.62 -.2C 272. .0396 15 4.25 - 10.1 
.23 	. 0.688 ' 0.93 I 	-.11 101. j .0171 20 2.24 8.5 5.3 

, 

.31 0.398 ! 0.83 1 	-.03 81.8 .0193 12 2.61 C.78 I I 8.2 

.310 2.12 	, 1.05 -.09 23.6 .0034 10 1.54 5.85 4.0 

.32 0.372, 0.80 -.14 94.8 I .015.9 11 2.94 3.95 7.7 

.33 0.760 .  1.04 I 	-.07 46.7 .0108 14 1.82 4.64 5.8 

.34 21.8 1.68 1 	-.22 50.0 I .0094 
! 11 2.13 23.5 	, 

i 
6.2 
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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 parameter models. 	The value of F 

represents the ratio of the improvement of fit arising 

from the additional parameter to the estimate of the error 

variance. 	The F values for each block are shown in the 

ninth column in Table 6.212. 	Comparing these F values 

with a table of the F distribution it is seen that the 

parameter (T
r
—T
1
) 3  in equation (75) gives a significant 

improvement in fit in 6 cases out of 14 at the 5% 

confidence level and 1C cases out of 14 at the 10% 

confidence level. 

It ray be concluded, therefore, that use of the thermal 

driving force gives a better estinto of the reactor 

rerforance than a model whick does not tare into account 

the variation with pressure. 	It cannot definitely be 

stated, however, that the mass transfer depends upon the 

boiling liquid transfer surface os postulated in section 

5.42. 

(iii)Assume that the grwrth mechanism deaends upon the Ares sure 

alone, in a similar way to that described in section 7.2 

on hydrate decomposition. 	A model is proposed with a 

correction factor P/P*1  wit7,out any theoretical 

justification: 
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k1(cb—cs) 
2 P/P* 	(76) 

where 	P = reactor operating pressure 

P* = critical treasure et concentration xf 

P* is shown in figure 24; it may be calculated by solvin 

for the intersection of the saturated liquid line and the 

phase oquilibriun line, equation (7). 

	

The results are shown in Table 6.213. 	The analysis 

of the error variance shows that equation (76) gives a 

better fit to the ex-erinentol data than the uncorrected 

pressure riodel, equation (74). 	The F values in the 

seventh column, which shows the comparison between the 
h2 correction terns (Tr—Ti) , equation (75) and VP* in 

equation (76), indicate that there is little to choose 

between the two models, though equation (75) provides 

significantly better fit in 3 cases nut of 14 at the l(r 

confidence level. 

A detailed study of the variables involved failed to 

pinaoint any physical property of the system which, depends 

u7on pressure. 	The operating 7ressure is of the order of 

three to four atnospheres and.in this range there is no 

significant change in properties such as interfacial 

surface tension, gas viscosity, etc. 	No reason for de 

Graauw's conclusion that gas laubles were larger and ,acre 

unstable at the higher pressures could be advanced,„ 



'2 SS 	SS1 	di F ratio + Conf;- Flock 
No. (ii) 	dence 

linits 
on k2 

1o5 

	

.10 5.96 1.10 201. .0281 14 1.57 	.13 

	

.11 6.10 1.10 266. .0303 18 1.93 	.11 

	

.12 C.72 0.81 103. .0132 15 0.67 	.08 

	

.13 1.17 0.97 248. .0273 18 2.18 	.09 

	

.14 0.12 0.60 335. .0478 13 2.39 	.11 

	

.21 0.71 0.81 222. .0277 18 7.6 	.11 

.22 0.225 0.67 212. .0408 16 0.45 	.12 

	

.23 0.895 0.96 101. .0200 21 3.4 	.09 

.31 0.425 X0.82 92. .0217 13 1.5 	.19 

	

.32 0.455 0.85 102. .0168 11 0.5 	.18 

.33 	1.09 	1.05 	64.3 .0150 	15 	6.0 	.19 

	

.34 209. 	2.06 	61. .0117 	12 	2.68 	.38 

Table 6.213 	r = _c  ) '2 L 4,7*  

_ 

lock k1   k2 k3 85 SS1  d g ' I,Tean +Confi- ,/ No. 	 70 	dence 
error limit 

k2 k3 : 

.10 169. 	1.06 -.42 185. .C)294 13 9.4 .14 .15 

.11 145. 	1.04 -.38 222. .0277 17 7.6 .10 .16i 

.12 73.8 0.75 -.23 84.2 .0109 14 6.0 .07 .13j 

.13 	40.1 0.83 -.27 184. .0204 17 7.7 .08 .14 

.14 35.2 0.50 -.29 265. .0356 12 11.7 .10 .25: 

.21 63.6 0.81 -.06 170. .0193 17 6.6 .10 .11 

.22 56.1 0.57 -.27 285. .0425 15 10.6 .11 .21 

.23 30.4 0.81 -.23 104. .0167 20 5.5 .08 .11' 

I .31 
.2 

i .33 
i .34 

k2 	k3 
TPI'le 6.214 	r = k2(Tc-Tr) (Tr-Ti) 

36.6 0.77 -.11 76.5 .0180 12 7.9 .17 .1^t 
35.9 0.71 -.23 94.7 .0150 11 7.9 .18 .16; 
16.8 0.86 -.17 39.2 .0094 14 5.4 .13 .091 
7.57 1.27 -.31 48.2 .0090 11 6.0 .24 .09! 
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A further model vas evaluated as a consistency cheek 

Ierevious workers. 	Equation (75) may be rewritten 

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

P:1(Tcr) 
2(Tr—T1) -3 	

— (77) 

The values of the paraneters k1,  k2  and k3  are given 

in Table 6.214. 	The residual suns of squares of errors 

are very smiler to those given in Table 6.212. 	Tae 

sig,nificant difference is that the dependence upon (Tr T1)  r -1)  

is Tuch wore pronounced. 	This re resents the difference 

bet7leen a nodel which dePends upon a pseudo driving force 

anf equation (75) which depends on solubility and hence 

eree:Isure. _ 

6.215 Esti: - te of Error between blocks 

An nssersrent is considered of the variation of the 

error variances fror: the estimates given in Table 6.212. 

The estimate of the error variance is given by: 

2 
b_d = SS 

Qi 
f 

where 	d l  = degrees of freedom 

From the comparison  of error variances between blocks it 

appears: 

(1) 	The individual block error variances may be pooled 

for a given stirrer speed: The error involved at one 

stirrer speed is the sane throughout the range of sucrose 
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(Tr-T1)880 
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solutions considered. 

(2) 	There is no significant difference at the 5% 

probability level between the errors at 1420 and 1140 rpm, 

but there is a significant difference at the 1%,  level in 

the error of the experiments at these two stirrer speeds 

and those conducted at 88e rpm. 	Table 6.215 summarises 

this information. 

!Comparison 

1 1420 
i 

2 	1 1140 1 

3 	i 880 
i 

N 	Error variance 	d  
rpm 	estimate a"I' 	-f F 

- 

	

14.19 	824 	F12 = 1.37i 

	

10.38 	52 	F23  = 2.03 

	

5..12 	58 I F13  2.77! 

• Table 6.215 Su=ary of error estimates  

This pattern nay be ex7ected from the manner of the 

exerinental technique. 	Since the error is largely 

contained in the estimate of the reactor temperature and 

the subsequent determination of a temperature difference, 

the 7ercentage error is greater at the higher agitator 

s7eeds. 	From Table I it can be seen that: 

where the bar represents a mean value. 	If it had been 

decided to keep the temuerature driving force eongtant, 
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rather than the production rate (Table 3.6), the error 

would have been more ovenly ftstributed. 

6.216 Temperature Distribution in Reactor 

For sa7ple runs she slurry temperature was measurcfi 

at all points in the reactor by adjusting the thermocoupa.:; 

probes. 	No variation in tenperature was observed at tt::: 

high agitation rates employed. 	A probe measuring the gas 

phsse temperature in the free sPace above the liquid 

surface showed that the temperature a7proximated to the 

condensation temperature of the agent. MT ' Inas confirms 

that little or no heat is transferred to the gas phase in 

the boiling reactor. 	Any variation in the gas phase 

temperature ap-eared to be unrelated to (T—T1) or the 

production rate, and was presumably due to an absence of 

mixing in the gas space. 

6.22 Distributor Tests 

The effect of the initial agent drop size was 

investigated by modifying the feed inlet with a perforated 

ring. 	Blocks .110 and .310 represent repetitions of .11 

and .31 repsectively, with a licuid Freon distributor in 

operation. 	By calculating the i:aean over—all transfer 

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

the low stirrer speed and a 7% increase at the high stirrer 

speed. 

To test whether these increases are significant and 

not due to chance experimental errors, the t test was 

applied. 

Com 	
E 	,2 parisonlup/ft3 , 0 pool 

.110/.11 	k 0.56 1 .00178 

.310/.31 	, 0.134 .00103 

^ 
0' 71 -72 	df 

.0420. .03 26 :1.73i2.0 

	

.03211 .14 1 22 	9.7 2.8 
0.1%,  

Table 6.22 Distributor Significance Test  

where x1-x2 In ( 

  

r 	) 	( 	 

   

     

   

-c 	1 	c -c s 	b s 

 

2 

S2pool = 	1 	2- 	On 	2-. 1)2 

n-3 1=1 

where 	rif = 3 parameter predicted production 

rate the i th case. 

and 	t 	= xl - x2  / n1n2  
n1-1-n2 

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

distributed systems res,7ectively. 

The imi-irovement is significant at 880 rpm since t is 

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

the initial drop size is an 	factor in the 

mechanidt of hydrate for: ation below a certain power inpu 

It does not however indicate that mass transfer takes 

place necessarily from the liquid droplets, though this 

could be one interpretation. 	The alternative explanation 

is that smaller agent drops 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 Karwat (65) in the 

comrarative study of single and sparge tubes in gas-liquid 

contacting, with change in power input (section 5.36). 

:,':_arwat showed similarly that the distributor had a 

reduced effect at high power inputs. 

The results do indicate that 	real process rust 

incorporate an effective distribution systen to save on 

power requirement s. 

6.23 Effect of Power on the Over-all Coefficient 

Figure 25 shows the effect of the power input on the 

hydrate transfer coefficient at different sucrose concen- 

trations. 	The power input was taken to be the power 
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consumed in a non-gassed systeme 	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 of the gas flow rate (equations 

(25) or (26)). 	For the same reason the reactor voluae 

Vr, a dependent variable, is rot considered as a separate 

tern. 	The gas hold-up term is included in the over-all 

coefficient, hence ecuetion (56) becomes: 

k l 'A (cb-cs) 	- (78) 

where 	A = total interfacial area 

The relation between a and A will be shown in section 

6.261. 

It can be seen free: figure 25 that the dependence 

upon E is approxiLaately constant over the sucrose range. 

The actual delDendence was deternined from least-sonnre 

fits at each sucrose concentration: 

x 104 20.57 	-0.05 x,.00.87r , = 1.76 	AT 10(i: 
110.45 . -0.16 A r/8% = 5.36 x 103 	AT 	0'71  

r28% = 1.21 x 104 20.44 ,i:T-0.04 Lc0.94 

2  r42% = 1.59 x 103 0.42  A T-0.21 A0
0.58 

where 	L T = Tr-T1 

A C 	= c -c b s 
9 and 	E 	0.70 x 10-  N3/V, 	(H.P./ft3) 
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figure 25 	Over-all transfer coifficie.nt versus ,power input 

for all sucrose solutions 

symbol blocks 
o .11-.31 
+ .12-.32 
A .13-.33 
0 .14-.34 

• 



Yean 

1 deviation 

--•-- 

Tolerance oni 
E exponent 	1 

11.5 + 0.08 

7.3 ± 0.06 

6.8 + 0.05 

11.2 ± 0.10 

xf 	SS 

/ 10. 1067 

18. 	551 

28. 502 

42. I 517 

Data ; 
1 points 	L'" 

55 

49 

60 

29 

20.9 

12.2 

8.9 

20.7 
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The error variance and tolerance limits on the 

estimates of the oover exl.:onents are shown in Table 6.23. 

Table 6,23 Tolerance intervals on rower exponent  

Fror,a the error variance column it is seen that for 

18 and 28% sucrose, the error variance is similar to the 

ex7eriE-ental error variance given in Table 6,215., At 10% 

and 42% however, the error is larger and the exponent at 

le% differs considerably fro the other estimates. 

It appears that the povrer dependence agrees fairly 

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

variations of this equation depending on the literature 

correlations selected. 	The differences alight be explained 

by the absence of gas held-up as a variable. 	Tae pressure 

correction tern ZsT provides a better fit than the three 

parameter model, but the exponent varies substantially. 
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6.24 Effect of Sucrose Concentration in the Over-all Coefficient 

The effect of-sucrose on the system has already been 

partially accounted for in model (75) etc., since the 

concentration driving force depends on the freezing noint 

depression and on the salting-out effect of sucrose on 

freon solubility. 	In addition to these corrections, the 

over-all transfer coefficient clearly depends upon the 

sucrose concentration, as seen from the curves at constant 

sucrose in figure 25. 	The only variables that change 

markedly with concentration are viscosity and density. 

The interfacial surface tension, a factor which is of 

great imnortance in establishing the balance between 

coalescence and shear in a trio phase system, changes only 

a few percent over the entire range considered. 	The 

-variation of viscosity and surface tension with temperature 

and sucrose concentration is considered in the Appendix, 

section G3. 

A graph of the pressure-corrected over-all transfer 

coefficient against viscosity is s'nown in figure 26. 	It 

-ears that the coefficient is nearly inversely propor- 

tional to the liquid viscosity up to 28% sucrose, after 

w!:'ich the dependence changes significantly. 	It is clearly 

inadequate to treat the data at constant stirrer speed in 
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II 

symbol blocks. 
0 .11-.14 
x .21-.23 
d .31-.34 

x 
1140 

I 	 I 	I 	r i 
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1 
	

2 	3 4 5 
	

10 
	

20 
_continuous phase viscosity cp. 

• figure 26 	Over-alt transfer coefficient versus viscosity • 

for all stirrer speeds 
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one group. 	For extriple at 1420 rpm, the best fit for all 

sucrose concentrations gives: 

r1420 = 6.55 x 10371 1-0.32 AT-("25AC("72  

This gives an error variance of 55, far greater than the 

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

is considered separately: 

r1420 = 3.65 x 10 4 -0.88, -0.11 00.95 r Ll 

r1140 

x88,_:  

103n -0.76aT-0.076CO.79 

9.70 7 10341 	T 	120°'90  -0 66 	-0 05 
1., 1 

9.16 

The error variance in each case is close to the error 

variance stated in section 6.215, a mean deviation from 

the model of 7.7%. 

If the non-linear dependence on (eb-cs) were replaced 

by a linear 	to co7are with .:,oriel C in the unsteady- 

state section, the exponents of the viscosity would become 

-0.93, -0.98 and -0.72 in order of the equations given 

above. 	These values cone are favourably with the values 

of B shown in Table 6.11. 	Since the effects of the slurry 

viscosity and the liquid phase viscosity are similar, the 

case for using the former to sinulate the teF:iperature-time 

curves is strengthened. 	It is interesting to note too 

that the change in the dependence on viscosity at the 

higher level of the sucrose solution was observed in the 
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unsteady-state runs. 	Clearly the method of approach 

in section 6.11 is justified. 

The change in the dependence upon viscosity above 

30% sucrose was not expected since the Calderbank 

correlation for the mass transfer coefficient, equation 

(40), was stated to be valid up to a viscosity of 80 cp. 

It does not nppear, however, that the rate determining step 

changes at the higher viscosity range, since the over-all 

coefficient is dependent upon the same power exponent as 

at the lower viscosities. 	Rather it may be concluded 

that the mass transfer coefficient has a different 

dependence on the viscosity due to some interaction with 

the bubble or droplet sizes. 	As the viscosity increases 

both Cnlderban:t and 77esterterp (53, 30) have shown that 

the bubble size is decreased. 	Harriett (60) has shown 

that the effect of viscosity on the =SS transfer 

coefficient is reduced as the particle size is reduced, 

Taking the case where the mass transfer coefficient is 

dependent on the viscosity only as it affects the 

diffusivity, the coefficient 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 

observed experiDentn1 trend. 
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6,25 Reaction Rate at Constant Pressure 

Since it .-.-l'eared that the distinction between the 

pressure correction tenas in equations (75) anc (76) was 

inprecise, a further test was cai`ried out on the ex-eri-

cental data. 

The interaction between the effects of pressure and 

yield is due to the change in the total differential 

(T-T1) with pressure. 	30cause this total differential 

also changes with the change in sucrose concentration, 

analysis of constant pressure data may be infornative, 

The exerimental wor?r was arranged to provide 54 data 

Points at constant pressure and varying sucrose concen- 

tration in the design table 3.61. 	Three forms were 

considered, equivalent to equations (74), (75) and (76): 

r 	4.45, -0.63. 00.82 	 1237. , A 

l - 2 
E0.45„:  -0.73LsT-0.15 A.c0.79 	.1235. 

r3 	
70.45,11-0.55(F/F*)-1.5 c0.82 	1394. 

sum of squares of errors are Quoted for each 

expression. 	The exponent of (Tr-T1) in the second 

expression is of the order erected from the parameters 

given in Table 6.212, but the decrease in sum of squares 

arising from this extra parameter is insufficient to 

justify its use at constant pressure. 	The exponent of 

The 
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the correction term (2/1E*) is very different fron that 

considered in equation (76), and the increase in the suT:-, 

of squares renders it unsuitable. 	It appears therefore 

that the rate is perhaps 	endent upon the absolute 

pressure. 

6.26 Correlation for Over-all Transfer Coefficient 

The effects of the variables were combined in a single 

exPression for the rate equation. 	Initially all the 

batch data, with the excertion of the distribution runs, 

wore shown to give the expression: 

r = 8.10 x 103 E0.45 11 
-.36i!.T-'231:::C0.71 

The mean deviation Iron this equation was + l3.00 with 

209 data joints. 	The model is unsatisfactory since the 

dependence upon the liquid viscosity has been shown to 

change with sucrose concentration. 	Several alternative 

fords were tested, incorporating the concerts presented 

in section 5.3: In particular the Lictel-Miller 

correlation for gassed poer input, equation (26); a 

bulh density tern, equation (20; a gas hold-up correction 

El equation (46); and the liquid phase density. 	ach of  

these additional para:eters caused the error variance to 

increase. 
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The over-all coefficient was established for the 

range 10 to 30% sucrose with greater certainty. 	The 

best rate exl7ression for 164 data roints was: 

2.3 x 10 	'41'5° 	-.76AT-7,0860.85 

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

The estiLmte of 	error variance was 16.5 anG the li?.ean 

deviation +9.2%. 	The 5% probability tolerance intervals 

are given below the parameter s. 	Me rate equation is 

vai id for :Zeynolds nuEbers in the range 1.5 x 104 to 

5.7 x 104. 

To obtain the relation for the over-all coefficient 

stated in equation (78) an equivalent expression to (79) 

woe erived, linearly dependent ut,en (cb-cs): 

= 6.57 x 104 -2530.56 1-'89 AT-'"LaC 	- (00) 

T he precision of the ex.Derinontal fit to this equation 

(deviation +10.1%) is shown in figure 27 for nine data 

bloc3rs. 	Colz:73nring; with equation (78): 

-1 
fh ,cl  E0.567 

1 	
rp-.04 

- '1Vr1  -1 	I,  

Vr = V1 911
-1 , There V1 is constant 

hence: 	k 'a -, „.,0 56,h  -.89.m-.04 , • -, 	ni. -1 	'Li 	Pi 

To evaluate the raanner in '7tict 01 defends u7on the systerl 

variables, tte data was fitted to the original equation 

now 

and 
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and 

-1 T a ' 
01 

7,0.18 , -.8511  ,-.03 
Ci 

-0.08 	0,04 — — (81) 
The total errors arising 'ron 	fit to ermation (56), 

re.quires an ex,erimontaIly 72ensured value of Vr' 

were la)nticP1 with the errors based on (78 which is 

inde-E.:endent of Vr. 	Consequently 	use of equation (72), 

7hich is preferable, is justified. 

Fron the correlations in section 5,3 it can be shown 

that the over-all coefficient is linearly dependent upon 

the liquid phase density. 	This could not be demonstrated 

77ith the experinental results. 	Substitution of the 

continuous phase density gave: 
T O.47,11L  -.93 	- 03 k11,1 --, 	cl AT ! i 

7fith an increarle in the sun'_ of squares of errorss. 	Neither 

could the deriendence upon tne gas Vii- laso hold-up be shown 

to agree witb the ex-7.ected trend, equation (46)i 	A 

least-squares fit gave: 

1 	17C .62 t, 
1
-.81 d 	 .08 

1„ 	Pg  

-;ith a sirAlar error 7.9 given by equation (80), whereas 

the study by VerDoulen (55) sLlowed that 	over-all 

coefficient was aroportional to the square-root of the 

cl_isrersed Phase hold-up"-. 	This unex7,ected trend may be 

cue to the insensitivity of the Eethod of least—sq=o5 
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vrith a large nuraber of paraneters. 	When the equations 

are linearised in logarithmic terns the errors becone 

ratios rather than true differences. 

6.261 Gas 7:11d-up 

The de73endence of the hold-up on the gas load vas 

given by Calferbanh.  (53) in equation (30), and disputed 

'esterterp (30). 	In the hydrate reactor the gas hold-

up vias shown to be independent of the gas flow rate, thus 

agreeing with 71asterterpis conclusion for the regime with 

an agitation effect. 	From the results in Table II it is 

shown: 

Og  (82) 

The exponent of the ijower input agrees fairly well with the 

Calderban-L equation ( 30 ), though Calderbank employed the 

Leasured gassed power in Tut. 

6,262 Fractional Factorial Design 
••PrI1.1.0.+ 	  

The original design envisaged in section 3.6 

stipulated that all the experinnts in the factorial design 

were to be rerforned. 	The subsequent analysis has shown 

the only interactions to be between the effects of pressure 

and (cb-cs ) and between xf  and 	so the nunber of 

experthents right have been reduced substantially. 	In 
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the case of a future aTplicationi  which involved a 

different agent and a, different aqueous solution, a 

fractional factorial design would be adequate. 

As a cor,parative test a group of 21 data, equivalent 

to a fra ctional design of 	4 variable problem, was 

selected from 164 ite::,s in Table II win the aid of randon  

number tables. 	The selected data were then fitted to a 

similar fora of equation (79): 

r 70'48 	-.81 	-.20 	0 92 T 

+.12 +.19 +.23 +.15 

The estimate of error variance was 18 and the mean 

deviation 10%. 	The tolerance intervals on the parameters 

are considerably greater than those given by equation (n) 

which used nearly seven tines as such information, but the 

form closely resebles (79). 	It nay therefore be 

concluded that a fractional design would show clearly the 

main effects of the variables. 

6.3 Analysis of Steady-state Data 

The results of the steady-state runs ore given in 

AT.endix B, beaded by a suLiLary table (VIII) which gives 

the rain variables and the code for the sets of runs 

presented in Tables IX to XIII. 	The five sets were 

designed to: (i) check whether the nodels derived in 
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section 6.2 were re-)resent tive of steady-state operation, 

(ii) test the effect of Vr as a parameter, (iii) evaluate 

the performance of the reactor with a single rather than 

dual impellers 	Variables r, F and 0h were considered 

for each set. 

The tabulated data include the sucrose feed rate and 

feed temperature, the steady-state sucrose conversion, and 

the temperature and concentration driving forces. 	The 

production rate, column 12, was determined from the sucrose 

mass balance, eouation (72), which also gives the estimated 

reactor heat load in column 14. 	The net cooling rate 

was calculated from ecuation (73); the Freon feed rate 

was estimated from the 7..otameter calibration cruve, figure 

A13, and the total heat leak Kh was given in Table VIII. 

Thus the comparison of columns 13 and 14 gives the 

agreement between the net heat absorbed and heat released; 

on average the figures agree to +5%. 

The analysis is divided into two *farts. 	Firstly 	the 

study of the individual sets, and secondly the effect of 

the special variables. 	The flow reactor ex7eriments were 

carried out at constant sucrose concentrations. 

6.31 Individual Nets of :Data 

The five sets of results in Table IX to XIII were 
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fitted to the rate equation (74) which assumes the over- 

all coefficient to be independent of P and Oh. 	The 

analysis is shown in Table 6.311: The errors and tolerance 

intervals are large and the rate is clearly dependent upon 

pressure. 	The data were therefore fitted to equation 

(75) and the values of the three parameters are shown 

together with the respective errors in Table 6.312. 	he 

analysis of variance test was performed with these results 

and the F value is given in col= 8 of Table 6.311: In 

four cases the improverlent of fit due to the parameter 
k 

(Tr-T1) 	was significant at the 1% probability level. 

Roth the ir:proveaent'of fit and the de7endence upon 

(Tr-T1) is greater than in tr_7:c3 batch runs; this may be 

due to the difference in experimental technioue. 

The single impeller runs (S4) were conTared with the 

dual system (52), operating at the same impeller speed. 

The ratio of the power input for the two cases was 1 : 2.9, 

see Table .XVI Appendix G, although Bates et al (31) 

predicted a ratio of 1 : 1.5. 	The effect of rower on the 

over-all coefficient was demonstrated in a sirlilar way to 

section 6.23: 

r 	EC.82.6 T'16 AC0.69 

The higher dependence upon 2 comrared with ocuatinn 
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SS 5S1 d 	•Yean 

error. on k2  

.Confidence: 
linterva/ 

] 

174. .0167 8 7.6 44. .47 

49% .0475 12 12.0 49. .37 

1001. .0989 12 16.6 48. .64 

326. .0408 5 	1 , 14.4 62. .73 

466. .0625 6 17.0 0.31 .65 

. k3 . 00 00 	SS1 	dg  'Mean iConfifence ,r; 

- errorl 
! k2 

k
"3 

Run 
• 
1 	Code 

-1 
x103 

L2  

81 12.0 	• 0.96 

82 5.86 . 0.84 

sa 2.51 ' 0.75 

54 1.03 s 0.64 

S5 0.22  0.32 

Table 6.311 r 

Run 	! • -1 k,)  0 

1  

Code.x103 

k2 = 	-1(cb -0s  ) 

70 linterval 

31 	:36.7 

S2 	19.8 	1 

53 	13.5 	: 

sc, 	0.545 

S5 	r 	0.3101 

Table 6.312 

1.10: 

0.97 

0.98: 

0.53! 

0.37, 

= 

-.27 

-.38 

-.48 

-.16 

-.08 

24.4 

109. 

186. 

19.5 

(443. 

.0027 :  

.0092 

.0194 

.0025 

.0595 

	

7 	3,2 	i 

	

11 	4.8 	1 1 
, 

	

11 	7.5 	1 
i 

	

4 	3.8 	1  
I 

	

5117.4 	I 

-21 

.18 

.31 

AI) 
.'4.,, 

.77 

k 	k 
2 k1(cb-0s) 	(Tr-T1

)3 

.11 

.12 

10 
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(79) confirmed that the excessive foaming which was 

observed at the surface of the reaction mixture 'with the 

single impeller was indeed causing bad distribution of 

the liquid gent and a low value of ya. 	It was this 

effect that first indicated the need for a freon 

(!istributor; 	85 reprooentv the repetition of runs 84 

with a aerforated ring distributor. 

Compring the nean values of kJ  :a for 84 and 85 in 

the manner of the significance test in section 6.22, the 

runs with a feed distributor were shown to give a 

significant 25% ilnDrovement in hi 'a at a poor input of 

0.192 HP/ft3. 	This compares 17ith a 38% improvement at 

0.134 HP/ft3 in the batch runs; the extent of the 

improve-:ent is dependent upon the power level. 	It apy•ears 

that at the low power inputs the turbulent flow field 

fails tc shear the agent feed stream into droplets of the 

equilibrium size predicted by Weber number correlations. 

The equilibrium drop size is only approached with prior 

break-up of the feed by a distributor, 

The dependence upon (cb-cs) appears to be non-linear 

for both 54 and 85. 	This is again due to the foaming 

conditions at the gas-liquid surface. 	As the total 

differential (T-T1
) is increased the surface offers 

greater resistance to the agent feed, since solid hydrate 
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is 7:Acinly visible on 'frozen' bubbles of gas undisturbed 

by tne action of the impeller. 	This effect causes 

decrease in the value of 1r1  fa as (T-T1) is increased a - 

results in the nn-linear ,.7,erendence on (cb-cs). 

Sets Si and 32 reuresent 0 change of 1O  in the height 

of slurry in tae reactor; the stirrer steed and gas bold- 

un were the same in each case. 	Although V'e value of 

Ll'a was shown to be 3% greater for the s7aller reactor 

volue (52), the difference was not significant. 	It is 

shown in Appendix 3- and figure L 23 that the power consumed 

in the dual imreller system is a function of the height of 

liquid in the reactor; hence for the two cases considered 

here the r.ower dissipated 	unit volume is approximately 

the same. 	it would therefore be expected that the over- 

all coefficient would not change. 

The change in power inn apt with liquid height is 

considered: to be due to the proximity of the upper 

i=eller to the liar; id surface, a factor which was not 

tal:en into account at the 'design stage. 	Tin the single 

lower impeller o7 orating, the effect is net ar-arent. 

6.32 Effect of 17:::7'or on Cver-all Transfer Coefficient 

The host-fit ocution for all runs, ox eluding 34, is 

given ty: 
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figure 28 	Plot of r/lit ab  versus (cb-cs) for flow reactor 
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3 0..51 —.22 0.78 = 7.0 :z le E 	T — — (83) 

+.-25 	+.10 	+.21 

The 44 data r,oints and the best—fit line are plotted on 

figure 28. 	The mean deviation from the poriel is +9.4%, 

and the model itself bears a close resemblance to equation 

(78) derived from the batch results. 	Upon substitution 

of the hichel—Miller correlation for gassed power, 

equation (26), the expression becomes: 

4c0.72 

with a mean deviation of +12.3%. 	The factor 	P gives 

a significantly poorer fit than equation (83). 

6.33 Effect of Solids Eeld—ua 
../1/=•••••~I.••••, 

Throughout the sets of ex7eriments,the residence time 

was varied to obtain the reaction rate for different 

values of the steady— state bold—up of hydrate crystals. 

The solids fraction was actually varied from 9 to 270/ 

(see column 8, Table Ef). 	The reaction rate varied very 

little with Oh  and it was not possible to correlate the 

s:-.;a11 change in terms of the atschek viscosity, as was 

done in section 6.1. 	This was une=ected both because of 

the batch results and the results of previous worl:ers, 

YoT37ers and Fang born (24, 27), who noticed a significant 

change in reactor 7erfor7:Ence with a ctargo in the 

residence time. 
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The absence of an effect in this wart is cow siderec=1 

be dub to the °tango in the gas rhase 1?.olc7—up with 

solids fraction. 	As the Lydrate hold—up is increased 

the viscosity increases and therefore by equation (82) the 

gas hold—up decreases. 	Since the rower in'Tut is 

function of the bull: fluid density (c-)uLtion (24)) wi:i0:2 

incorporates the gas hold—up, the rower inut per unit 

volue increases with solids fraction. 	The net result 

being that the reaction rate stays a^-f -Texinately constant 

even thou h the solids hold—up may 'Lave chang&Isubstan— 

tinily. 	It is thought the problen any be exaggerated in 

this systelD by the Lanner in which power deens on liquid 

height. 	The above argur:ent is not relevant to the batch 

runs in which V1 is clearly defined. 

6.34 Effect of Sucrose Feed Tcr.2;:erature 

The 'basis for ecuotion (75) is that tho tern 	—Ti ) 

the observed variation with 7ressure and is 

theoretically rxeiTose:'.', on -te: grounds that the ruction 

rate .ay cepend upon the area of liquid frecn in the 

systen. 	Since the latter is deaendent ulocn the tent 

transfer characteristics of the stirred reactor, a etbod 

of testim! the rodel was devised which- varied the heat load 

independently of the freer) flow rate by adjusting the 
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sucrose feed tom7,orturei 	If the sucrose feed tenperature 

Tf, is increased at a constant agent food then7 by ecucAion 

(73), the reaction rate is ,;. ocresed. 	ever the over-

all coefficient should be increased since the hold-u7 of 

agent per unit reaction rate laas increased. 	-inns 12-14, 

Table XI, consiOere0 a change in Tf' but the rcsultnnt 

change in h1  to was not significant. 

Together with the result in section 6.25, this new 

infornation suggests that 7ernaps the term (T -T1 1  is r  

sinply a convenient pressure correction parameter and that 

the reaction rate is independent of the liquid agent phase 

hold-up. 

6.35 Comparison of 2FAch and Flow T.eactors 

It has boon de7onstrated -that the effects of the 

parameter s are arprxiEately the sane for hatch and steac=177- 

state cieratie.,. 	A corarison of the relative magnitude 

of the results TJ.:s 	the MtocTlel- viscosit7 as 

variable. 	A least pg.uares fit gave: 

-0 67 	-.15 	.75 r = 1.30 x 	17- 	AT 	tA0 

+0.42 +0.20 +0.18 

This result for sets 31 and S2, and batch results .11 is 

s o.;in in figure 29. 	The agreement is fairly satisfactory 

hut the L-agnitude of ki!A 217ears to be slightly greater 
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for the batch runs. 

6.4 Propane :Eydrate 2x7erinents 

The detail of the ex7erinental work is Fiver in 

'n-endix C together v7ith the rethod, equilibriu:2 and 

solubility `rata. 	A 7.1eat Dad mass ta/nrce and reactor 

o7erating conitions are 7)reserted in To:hie XV. 	The set 

of runs ccrres7onds exactly to batch bloc's .11 with the 

dual inpeller ogita.tor, and' the experiments were scaled to 

give ar,?rexirlately the saf:e _red action rates as for the 

freon runs. 	The roan or:orating data are: 

F = 38.2 	(g/pin) 

c-c = 3.74 x 10-3 (g.po1/1) 

Tr-T1 = 2.02 °C 

The aralysis 	-erf()r7e0 tth c'u?ticns (74) tc 

(77) and the results are ,-resented in Table 6.4. 	Clearly 

ec:uation (75) gives the hest fit to the data, significant- 

ly so when corTEre6 to (7,;) and (76). The ex12ression: 

r = 16. x 103(cb-cs)°*96(Tr-T1)7.28 
 

- - (8A) 
is plotted in figure 30 together with the freon resu.lts, 

block .11. 	Two conclusions are drawn. 	Firstly ;the rate 

ex7ression is very sirrtilr to that -.J)redicted in the frooa 

ex'erients and,secomlly.the L-Dean over-all transfer 

coefficient for the freon syster: is a factor of 3.1 Breit 

larger than for the propane system. 	The significance 

of this difference will be discussed in Chapter 



Table 6.4 	ProlTane Hydrate Analysis 

kodel 

(74)  

(75)  

(76)  

(77)  

Zest-lit Parameters 

2.8x103(0b-0s)0'77  

10.0x103(0,-0s  )
0.96(

r-T1)
-.28 

/ 	\ 5.5x103  kc -0 	/ • b 	
s)0.87 	

13/P* 

33.4(Tc-Tr)0.82(m r _m 1
)-•32  

- 

Cata 	df  Su 	of 
Points 	Sou 	 eq 

(SS) 

12 388.6 

14 	11 	77.6 

14 	12 345. 

14 	11 	88.8 

SS1 Standard 1,,, an 	Confidence Correlation 
deviation 	% 	intervals 	Coefficient 

- 	- devin-2' 	3 	k2 & k3 tion 

	

.0548 	5.68 	11.86 	0.38  to 1.16 

0.78 to 
1.14 

	

.0115 	2.67 	5.35 	-0.31 
-.36 to 

-.20 

	

.0384 	5.35 	9.73 	
0.54 to 

1.18 

0.6:: 	to 
1.00 

	

.0128 	2.84 	5.47 	-0.39 
-.42 to 

-.23 

-4 
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7. 	Nucleation, Decomposition tined Filtration Results 

Threeadditional -topics -aere investigated which, 

though relevant to the hydrateprccess, are not directly 

concerned with the subject of hydrate kinetics. 	The 

asaect of nucleation considered here is the variation of 

the spontaneous nucleation te:-zperature with reactor 

conditions. 	No data on the rate of nucleation is 

presented for it was considered that measureLents of the 

crystal size distribution was beyond the scope of this 

work. 	The decomposition study was underta3,-en to verify 

conclusions reacI2.ed in section 4.22 and the filtration 

experiments were conducted to determine whether hydrate 

crystals could be washed free of mother liquor. 

7.1 The Onset of Spontaneous Nucleation 

The spontaneous nucleation tenrerature Tn  shown in 

the te:perature-tine curve in figure 19 is the terperature 

at which the initiation of the transformation of an 

unstable whase to a more stable whose occurs. 	This 

temperature was rieasured during each batch run (column 6, 

Table II), consequently the analysis presented here is a 

by-product of the hatch exr,eriments. 	The sucrose 

solutions were unseeded but, although a 20 rlicron nore 

size filter was used on the sucrose feed line, this did 
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not exclude all foreign natter. 

It was observed that an increase in the cooling rate 

(the rate of addition of liquid freon) caused the sr,on- 

taneous nucleation try -r,erature to decrease. 	This is 

shown in figure 31; the subcooling, Te-Tn, is plotted 

against the cooling rate, q, for different sucrose 

concentrations at a constant agitation rate. 	The sub-

cooling required for nucleation is shown to increase with. 

increasing sucrose, concentration though the effect of 

cooling rate rerDains constant. 

The effect of stirrer sreed on subcooling for 10% 

sucrose solution is shown in figure 32; increasing the 

stirrer speed decreases the required subcooling. 	Since 

the nucleation tenperature was reproducible and its 

derendence upon the cooling rate was quite pronounced, a 

nodal 1,ns devised to correlate the subcooling in terns of 

the reactor variables. 	The following equation arpeared 

the nest satisfactory: 

T -Tn = 	 3 ,2 a all (N' 	C)' 1) 	a2('2  

where al' 02 and 	are nuaerical constants. 

This expression confcrns to Ting and YcOnbols (85) 

interpretation of the 3stwald concert of a metastable 

limit. 	Ostwald defined two areas of the supersaturated 
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figure 31 	Plots of subcooting at nucleation versus cooling rate 

with variable sucrose composition  
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state: The metastable region in which inoculation was 

necessary to start the crystallization process, and the 

labile region in which the solution was carable of 

crystallizing spontaneously. 	The line of der 

Tety7een the two states was called the L.Jetastable limit. 

Ting and hcCabe show7ed that there was no unique metastable 

or supersolubility limit, but that the transition state 

was a function of factors such as the mechanical stiaulus 

to crystallization. 	The true metastable limit in the 

exioression occurs at 	= 0 and at a stirrer sr,eed  

beyond which rec2aniced stimulus has no effect. 

Initially the results at constant sucrose concentra- 

A computer arogroane base on a hill-climbing tochnieue 

used to regress for the rarameters ao  to a3. 	The 

results for each sucrose level ^re hown in Table 7.1; 

where (,1 is measured in cal/sec., N in rev/sec. and a1 is 

a function of the sucrose concentration, viscosity, etc. 

xf  ; ao 	al 	a2 	a3  

VT/ilf.1 0 

10 -.19 2.1 2.88 -.106 

18 0.58 0.17 3.63 -.151 

26 	X1.32 -0.61x1046.75 -.325 

42 -.31 5.68 2.80 -0083  

data 'Mean % 
points.deviation 

55 	i 7.2 

49 	; 6.8 

60 	8.0 

29 	5.6 

Table 7.1 Best-fit r)arameters for subcoolinp.  correlation  
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There is an order of magnitude ar%reement between the 

parameters for 10 and 42% sucrose, but the change in the 

value of ao suggests that the effect of stirrer speed is 

not the same for each concentration. 	If all the date are 
. 	, 

fitted to one correlation with viscosity as a variable, 

the exression becomes: 

.24 
11.1 

 0.29 + 2.80 	- 0,106 2 	
- - (85) Tc-in  = 2.2N-  

T ,.1 e mean deviation from the moo el for 209 data points is 

+8.l. 	Several other forms of equation (85) were 

considered, including the substitution of other parameters 

such as the mean density of the three phase systen, but 

no significant improvement in fit could be achieved. 

No particular importance is attached to the numerical 

constants in euation (85); the expression is simply used 

to provide an estillte of the effects of the main variallos. 

T17.;_ first term resembles a function of the aeynolds number, 

indicating that the degree of subcooling required is high 

when the ratio of shear to flow is large. 

The model suggested in eout:ion (85) was completely 

upset when the spontaneous nucleation temperature was 

measured with the Freon feed distribution in operation 

(runs 0110 and 010)0 	The distributor, sited in the gas 

space above the aoueous phase, was splashed with aqueous 
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solution as freon bubbles left the surface. 	Droplets.of 

solution encountering cold liquid freon on the copper 

distributor tube, at a teaperature far below the nucleation 

temperature, formed stable hydrate nuclei. 	Hydrate 

crystals dropped back into the reactor to nucleate the 

bulk phase at a higher teaperature than before. 	This is 

effectively a seeding process; the hydrate nuclei behave 

as acre active sites than the foreign particles, 

7.11 Interpretation of the Nucleation Results 

Heterogeneous nucleation is initiated by foreign 

nuclei and is due to the catalytic effect of their surfaces 

as yell as the walls and surfaces of the reactor. 	If 

the variability of the spontaneous nucleation temperature 

is caused by chance, then at a slower cooling rate one 

would predict a higher nucleation teperature than at a 

faster cooling rate: The probability of inducing a phase 

transition should increase with tiLe. 	This is just what 

has been observed exIoerimentally, so it is concluded that 

tIle nucleation lechanisro involves the chance simultaneous 

occurrence of site and ervironment. 

This Eechanism is contradicted, however, in the 

results published by Sherwood et al (72) for a similar 

three phase systems 	Here the spontaneous nucleation 
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ten1_3erature of ice, in the system iso-butylene evaporating 

in salt solutions, was shown to be independent of the 

cooling rate.. 	The nucleation temperature was regarded 

as a fixed te;aperature, independent of chance, to which 

the active sites had to be cooled to initiate nucleation. 

Froze experiments in which potassium chloride was deposited 

fron solution at vrious cooling rates, Melia and Yeffitt 

(73) confirr2ed the basis of equation 

that the induction period 

(85). 	Melia showed 

decreased with increasing 

cooling rate and that the required supersaturation for 

nucleation increased with cooling rate. 	Further evidence 

for the deaendence of nucleation on the rate of cooling is 

given by Ting and L-cCabe (85) froLi exrerients with 

rIagnesium sulthate. 

The -:recess of nucleation is visualised as the result 

of foreign matter contE:cting cold spots in the reactor to 

provide active nucleation sites. 	The effect of the 

stirrer steed in equation (85) may be explained by the 

increase in the circulation rate in the reactor with na 

increase in N. 	The increase in circulating fluid 

increases the probability of meeting an active cold site. 

Alternatively the explanation for the change in the value 

of ao shown in Table 7,1 might be that a decrease in 

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

of nucleation. 

7.2 Decomposition Studies 

The purpose of this section is twofold: Firstly, 

to exarline briefly the Ecchanism of dissolution as opposed 

to gre7th of hydrate and, secondly, to confirm the 

reasoning given for the differing results obtained in the 

phase diagram studies. 

7.21 Experi=ntal Procedure 

A 500 watt he-ter was installed in the 5 litre 

reactor, with the eleent in the neighbourhood of t7,22 

impeller. 	7,::ydrte was nroduced in the reactor under 

normal batch, conditions to give an a';proximately 15% slurry 

in 10% sucrose solution. 	A ,articular stirrer speed and 

heat load were selected and the pressure was maintained 

constant at the chosen level. 	A variac and wattmeter 

were used to control and measure respectively the heat 

input. 

The reactor tenperature was measured with the therl- o- 

couple 7-)robes and the steady temperature was recorded. 

Samples of mother liquor were withdrawn at tined intervals 

and analysed (Table XIX). 	Each run was checked by 
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comparing the heat input , corrected for the heat lea l5 and 

power dissipation terns, with the rate of decomposition as 

measured by the cTmnge in sucrose concentration. 	A 

specimen calculation is given in Appendix D together with 

a sulemary of the 15 decomposition runs, Table XVIII. 	The 

experimental_ study was not extensive, being limited -itc two 

stirrer speeds, 880 and 1420 rpm, and 10% sucrose oolutions. 

7.22 Comparison of ILass Transfer in Lecomposition and Growth 

A preliminary analysis of the runs at 880 rpm for 100 

and 200 watts heat input, Table XVIII, showed that at 

constant pressure the decomposition rote was linearly 

deendent on the superLeating (Td-Te). 	This suggested 

that the process of decon7)esition :night be analogous to 

the r:.echanisr of dissolution of crystals in solution. 

Initially, therefore, the rate of decomposition is 

considered to be limited by the transfer of agent from the 

crystals which are supersaturated with respect to the 

bull: solution. 	The deconTosition rate from hydrate 

crystals may be expressed: 

rd 	hdAc(cs-cr) 	 - (86) 

rd 	rate of decomposition 	(g, of water/min.) 

kd 	mass transfer coefficient (Units as erg. (56)) 
cr 	concentration of :Tent in equilibrium 

with aquecus phase at Td,P 	(g.mol/l) 
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It is assuraed that since heat transfer is n much faster 

-rocess than mass transfer, cs  is the concentration of 

agent in equilibrium with the hydrate crystals at the 

decomposition tez:perature Td, and the equilibrium pressure 

Ph (see figure 35). 	Since there is no counterpart of the 

surface reaction step in dissolution and the process is 

controlled only by diffusion, kd  is a true mass transfer 

coefficient. 	This was confirmed by Lal (75) in 

experiments on the dissolution and growth of potassium 

chloride crystals from solution. 	Under certain agitation 

conditions the 	deposition of potassiumchloride is a 

surface reaction controlled process but the rate of 

dissolution under the same conditions was shown to be 

faster and independent of the surface concentration effect. 

The use of n combined diagram to represent growth and 

evaporation rates from. molts vas suggested by Xitchener 

and Stricland—Constable (74): Such diagrams have also 

been used to relate growth and dissolution rates in 

solution. 	If the hydrate growth rate was linited by a 

diffusion 'erocess at the crystal surface, then the grovt2,  

and decomposition plots would be mirror images. 	Although 

this possibility has already been rejected by the analysis 

in c'mpter 6, the results are conveniently compared on a 

grorth—dissolution plot. 
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Figures 33 and 34 show the two sets of curves fort 

two stirrer speeds considered-. 	For the -case of constant 

pressure the graphs verify the linear det,endence upon 

concentration driving, force indicF;ted in equation (36). 

The ovor—all transfer coefficient far decomposition appears 

to he a, factor ci.• 2.5 tires greater then tUat for grovth 

at each. .9-need. 	This confirl-Js the hypothesis that during 

growth the rate controlling, step, a slower process than 

the integration of freon into the hydrate crystal, is the 

rate of transfer of agent frog:; suspended drcrs cr bubbles. 

The alternative exTlanntion for the difference between the 

two curves, that the slower growth process entails 

surface reaction rlechanism, is not valid. 	The gro-;:t1-

rate has been clearly shown to be a diffusional mochanisa 

in chapter 6. 

7.23 The effect of Pressure on Decomposition 

The rate of decomposition is shown in figure 33 tc., 

de7end upon pressure: As the decomposition pressure is 

increased the driving force required for a given 

dissolution rate is decreased. 	The interaction of P 

(c r  —0 r) is shown in figure 35 (cf. figure 24). 
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Pressure 

A 	• 
Ph 

-P 

C 

temperature 

figure 35 Interaction of 	adad ( -0r) 

The conditions during a typical run are shown as the 

circled point at F, 7T!ith a slurry teperature Td  and 

reactor pressure A. 	The line EF is an operating line, 

representinc-, a constant rate of decomposition. 	Clearly 

equation (86) is not an adequate description of the 

decomposition process. 

The classical approach to crystalliation sometimes 

make S use of a supersaturation term which is defined as 

tte ratio, s, of the concentration in solution to the 

saturated concentration at the same temperature. 	In the 

case of decomposition, the saturated concentration is 

equivalent to the agent concentration in the continuous 

phase and equation (86) becomes: 

rd = kd'Ac  (s-1) 

where 



figures refer to 
reactor pressure 

31 

3.0 

37 

2.5 

40 

2.0 

1.5 

to 

0.5 

213 

.0004 .0008 .0012 	.0016 .0020 gmol/l. 
(cs-cr ) 

figure 36 	Plot of pressure-corrected decomposition rate 
versus driving force  
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Although this suggests that (cs-cd/cr  or (Ph-P)/P may be 

a better parameter to use in °ovation (86), both these 

terms tend to exaggerate the pressure dependence shown in 

figure 35, rather than correct it. 

One raethod of Inorn2li2ingf the concentration driving 

force is to introduce the ratio P/p*, where P* is the 

equilibrium pressure at the invariant point. 	This is the 

form used in equation (76) to describe the variability of 

growth rate with pressure. 	The factor P/P*, tabulated in 

colunm 11 Table XVIII, imrroves the fit relative to 

e7uation (86) though the errors are still greater than 

expected, even Then handling such small driving forces. 

The alternative is that the decomposition rrocess denenas 

on ,n higher power of the nressure. 	en the basis of the 

conclusion to s,ction 6.25, as absolute pressure term 

rather than a pressure ratio was employed, and a least 

scaures fit gave: 

rd 	--‘ (c s  -cr  ) p
2.4 	 - - (87) 

The corrected c]ecomnosition data are shown in figure 36. 

This conclusion is important since it infers that 

both decoml)osition and growth processes are a function of 

pressure. 	Face the term (Tr-T1), whilst being a 

satisfactory correction for the pressure dependence in 

hydrate growth, can no longer be justified in terms of 
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the heat transfer model originally ;proposed. 	A su=ary 

of the growth rioels corresponding to ef!uation (67) is 

presented in section 6.1. 

Experinentally it was shown that the supersaturation 

require for decorinositien die not vary Faith the crystal 

hold-up; as the hydrate was deconposed during a run the 

slurry te:::iperature re:la/nod constant. 	Two explanations 

are possible. 

(1) As the slurry hold-up and area decreases,sothe mass 

transfer coefficient increases due to the decrease in 

viscosity (model ). with the result that the Txoduct, 

remains constant. 

The decomTposition rate is independent of the hydrate 

hold-up and derends u7 on the E7ecLanisn of the escape 

and coalescence of bubbles Iron; the hydrate crystals and 

bun solution. 

It nay be that the process of stripping gaseous agent 

from the slurry is a reasonable alternative to the 

postulated dissolution process. 	anther than the transfer 

of dissolved freon through a boundary layer around te 

crystal, decoml7osition could be envisaged as the removal 

of gas bubbles formed at the crystal surface. 	For 

examale, crystals may be effectively insulated by fl layer 
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of gas bubbles, in ,:rich case the transfer of heat to ti". 

particles rmy be the limiting step. 	However,insufficient 

infcrr-ation is av2ilable to deduce the decomposition 

e,canisni or to clarify the significance of the pressure 

deDendence. 

7.3 Results of ash Studies 

The wash exTeriments were perfo=ea to test whether 

a bed of hydrate crystals behaves as a normal packed 

and to establish the fraction of voids. 	A series of rune 

was carried out to f.etermine the effect of hydrate 

formntion conditions 	those two criteria. 	r7he results 

are su-amarised in Table XXIII, Arrendix F, for the wash 

and hydrate growth conditions specified in Table XXIV. 

The volume fraction of crystals in the bed w,),s 

estimated iron a 17,ass balance on the slurry and a 

ceLsurenent of the Lelted volume of the hydrate crystals. 

A typicl calculation is shown in Appendix Fl. 	The snli 

fraction varied between 25 and 40%, but the error involvef 

was too large to conclude whether there was a significant 

change with fernation conditions. 

The ratio of the sucrose concentration in the wash 

effluent to the concentration in the original filtrato, 
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xF/xo'  was plotted against the accur:nulated was 	m h velue. 

If the bed ta2 behaved ideally, a step change in xF/x0  

would h'_L.ve been observed as the residual sucrose was dis- 

rlrced frow the voids by plug flow. 	:Lather the bed 

behaves as other packed beds in that longitudinal nixing 

occurs due to visc,eus effects end to !-_olecular diffusion_ 

Figure 37 shows a tyrical get of fbreathroughT curves for 

a set of runs (1 = 22 en., xf  = 10%). 	The theory for 

longitudinal nixing, characterized by a dispersion 

coefficient and a Fick's law expression, is given by 

Danekwerts (76). 	The approximate solution for the 

displacement curve presented by Danchwerts is given in 

Appendix F2, together with a s -Decimen calculation of the 

dispersion coefficient. 	Two values of the dispersion 

coefficient, calculated from different points on the cur 

are shown in columns 6 and 7 of Table XXIII. 	Although 

there is a substantial discrepancy between these two 

estil-fates of the Danckwertsr disaersion coefficient, there 

is also a. large difference between esti=tes for different 

runs under smiler wash conditions, indicating that the 

exerimental error is fairly high. 	Apart from the error 

involved in actual seapling, the breakthrough curve is 

affected by pc.or wash distribution and bypassing caused by 

hydrate plugging. 
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figure 37 	Concentration profile in wash effluent — 22 cm. bed 
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The mean dispersion coefficient with runs at 10% 

sucrose is 74 x-  10-3  on
2/sec., and the effects of bed 

height and wash velocity confer:7! to the DancLwerts model, 

Variations in the hydrate fort:'Etion conditions a?Dear to 

have no effect on the value of the dispersion coefficient, 

indicating that aerhaps the size and shape of crystals 

are independent of the concentration driving force. 	The 

jean dispersion coefficient at 25% sucrose is 25 x 10-3  

cm2/sec. 

The results in Table XXV show that the concentration 

has been reduced to about 0.4% of the original nether 

liquor concentration after the residual sucrose has been 

displaced by three times its own volu7:e. 	It is expected 

that as high a recovery of rother liquor should be 

achieved in a commercial centrifuge (section 2.3). 

The effective crystal size was calculated from 

7ressure drop rJeasurements across the bed. 	The mean 

diameter of the crystals appeared to be in the range 20 to 

35 ricrons, (Arpendix F3). 	Observations of the packed 

hydrate indicated that the crystals tended to compact 

together and for*: a rather rigid or integrated structure 

allowing bypassing, of the hod, particularly in the neigh— 

bourhcod of the walls. 	Such bypassing would throw doubt 
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on the significance of the pressure crop measurenents ar 

estimates of the crystal size. 	Further evidence for 

bypassing is the high concentration of sucrose, x 	in m' 

the nelted slurry (column 6,Table XXIV). 	This figure i 

far in excess of the final effluent concentration, 

suggesting that some sucrose is trapped in inaccessible 

pockets. 
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8. 	:Discussion of aesults and Design Criteria' 

This chapter considers the mass transfer rate of freon 

in the hydrate reactor compared to the rate predicted by 

established correlations for gas-liquid systems, and to 

the rate of transfer of other hydrating agents. 	The 

performance of the reactor as a typical concentration stage 

is discussed together pith some as7ects of scale-up pro-

cedure. 

8.1 The Hydrate Growth model 

The rate of hydrate formation has been shown to depend 

on the rate of supply of hydrating agent by diffusion from 

the dispersed gas Those. 	Hydrate crystals take no part 

in the mechanism, 7hich nay be considered as an instan-

taneous reaction in the turbulent aqueous phase, but the 

presence of hydrate does affect the rate of formation by 

thickening the aqueous slurry. 	This effect has been 

related to a dependency of the transfer coefficient on the 

slurry viscosity, similar to the dependency on the liquor 

viscosity derived separately. 

Although the transfer process resembles typical gas-

liquid agitated systes in that the over-all mass transfer 

coefficient is characteristically dependent on the power 
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input and viscosity, the hydrate production rate cannot 

be completely described in terms of a rate coefficient any 

an effective concentration driving force. 	The diffusion 

process depends upon the system pressure in a way which 

has been quantitatively determined, but not theoretically 

interpreted. 	In the primary analysis of the results, 

the pressure effect was related to the evaporation of 

liquid agent by the temperature differential Tr-Ti. 

Although this correlated the results satisfactorily, the 

model is not valid when considered in the light of the 

decomposition studies in which a similar pressure effect 

was observed. 	Me results in terms of the absolute 

pressure are summarised below: Apart from the flow reactom 

results, the fit as not improved by the use of the 

parameter p rather than Tr-!l. 

Batch results, equation (79) becomes: 

r 'sd E 	lt 0.5 -.74p0.40 0.87 , 

The individual results in section 6.21 show a 

dependency on P ranging,from 0.3 to 2.5 

(ii) Steady-state conditions, equation (83) becomes: 

r 	0.51p2.70.93 

Apart from a significant improvement in fit, this 

dependence on the concentration driving force 

conforms better to equation (46). 

(i) 
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(iii) Propane batch results, equation (84) becomes: 

P3.4 6,0.96 

(iv) Decomposition results: 

r 	1,2.4zs,c 	 - (87) 

Three suggestions are rut forward to explain the 

dependence on pressure of the hydrate growth process. 

(a) The mechanism depends on some pressure-sensitive 

property of the gas phase which affects the interfacial 

area, e.g. de Graauw (26) suggested that bubbles at a 

higher pressure were less stable than those at a lower 

pressure. 

(b) The process involves a reaction constant rather 

than a mass transfer coefficient. 

(c) The equilibrium agent concentrations b and cs are 

not realised in the reactor. 	The arproach to the 

effective concentration driving force is pressure depen-

dent and given by (cb-cs)F2.5.  

Possibility (a) is discounted since both decomposition 

and formation rrocesses are dependent upon the same 

function of pressure. 	Arguments rut forward in section 

6.21, and the further evidence that the rate coefficient 

is typically dependent on the sucrose viscosity, indicate 

that the rate is limited by diffusion and not a reaction 
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constant as in (b). 	The third possibility is only 

conjecture. 	The linear  dependence on (c
b-0s) holds for 

a wide range of pressures, and there is no experimental 

method of checking the value of cs  under formation 

conditions. 	The propane results suggest that the pressure 

effect is inde)endent of the agent composition. 

It has been demonstrated the the batch runs provide a. 

useful and valid method for determining the reactor per- 

formance. 	The agreement of the steady-flow results with 

the batch results is a significant conclusion, since the 

batch system involves less equipment and generates more 

information per run than the flow reactor, 

8.2 Comparison of the Over-all Yass Transfer Coefficient with 

Published Data 

The over-all coefficient defined in equation (20) 

may be exeressed in terns of the agent diffusivity and 

other variables by: 

1  32.6 0:46 
1
-0.55 

Das°*5  e l(P0.47)sec-1  = 	E 	 - -(88) 

This relation was derived from the pressure-corrected form 

of equation (80) using the diffusivity correlation, 

equation (43), and the assumption that transfer at 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 shown to depend upon 

only the -0.15 power of the viscosity, see figure 26. 

This deviation may be due to an interaction between the 

bubble size and the mass transfer coefficient: Calderbanb 

(59) has shown that in aerated systems the transfer 

coefficient changes rapidly as the bubbles pass through a 

transition size region. 	AlternF,tively, the slope of the 

curve in figure 26 above a viscosity of 5 cp. may be 

explained by the linear dependence of the interfacial area 

on,1  as shown by Westerterp (30) for glycerol solutions. 

The value of klab varies between 0.07 and 0.40 sec
-1 

for the experimental conditions and, although the form of 

equation (88) resembles that of the two-phase correlations 

presented in section 5.3, the magnitude of the experimental 

coefficients is somewhat larger than predicted. 	Table 

8.2 summarises the comparison between the measured and 

predicted coefficients for four runs chosen at the extreme 

values of the operating levels. 	The Middleman correlation 

for the transfer coefficient, equation (42), was used in 

conjunction with equation (29), relating specific surfaceto 

bubble size, to estimate the mean bubble size associated 

with the measured value of 	The specific surface 

thus varies from 16,3 to 37,5 cm-1 and differs considerably 

from the estimates given by Calderbank, ';'esterterp and 
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Vermeulene 	The resterterp correlation predicts 

reasonable values of a
b  p -t the high viscosity, the effect 

of viscosity is to prevent bubble coalescence, but at 10% 

sucrose the estimates are very low. 

These discrepancies nay be due to the choice of the 

LAddleman transfer correlation which is based on mass 

transfer studies in solid-liquid rather than gas-liquid 

systems, although for small bubbles the two processes are 

usually regarded as analogous. 	The Calderbank and Moo-

Young correlation, equation (40), gives much smaller 

values of k1 than predicted by iaddle::an, but the transfer 

coefficients given by Yoshida and ir.iura (78) are 'much 

larger and the resultant bubble sizes are much closer to 

the predicted values. 	The Yoshida correlation was 

derived for the absorption of oxygen in sulphite solutions, 

These comparisons must, however, be qualified by the 

context of the original exerimentation. 	Calderbank's 

work on interfacial areas is based on power input, whereas 

-festerterp and Vermeulents work is based on impeller speed 

and is therefore deaendent on equipment geometry. 	With a 

dual impeller the power consumation is about three times 

that of a single turbine, hence the estimates of ab  from 

equations (31) and (32) should be multiplied by a factor 



Run 

xf 
0g 

E 

2q1/11)  Re (ND 

(Y11/e1Das) Sco 

klab experimental (see
-1) 

defined by equation (20) 

Db estimated from 	Db  
equations (42), (29). ab 

i Middleman (61)
1  k  

D. estimated from Db 
equations (89), (29) 	ab  
Yoshida (78) 	k1  

b Calderbank,  
( 3 

eqn. (28) 

ab • Westerterp, eqn. (32) 
(brackets refer to E) 

Vermeulen, eqn. (31) 

k1  Calderbank, eon • (40) 
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1.11 1.31 

0.093 0.095 
0.24 0.12 
0.56 0,13 
61,000 37,800 
2,280 2,280 

0.289 0.129 0.126 	0.069  

, 	0.050 0.044 
29. 16.3 

0.01 0.008 	• 

0.24 0.21 
; 	6.1 3.45 
0.0455 0.0375 

0.30 0.34 
4.80 2.1 

2.4 0.96 

(3.7) (1.5) 

i 10.7 2.6 

.0051 .0036 

	

4.14 
	

4.34 

	

0.42 
	

0.42 

	

0.15 
	

0.08 

	

0.56 
	

0.13 

	

7,500 
	

4,650 

	

77,200 
	

77,200 

: 

0.024 ' 0.021 

	

37.5 	; 23. 
0.0034! 0.0028 

	

0.16 	0.12 

	

5.6 	3.87 
0.0220 0.0180 

0.25 	0.29 

4.5 j 1.5) 

.00083 .00062 

	

3.6 
	

1.65 

	

23.7 	8.9 
(36.7) J13.8) • 

Table 8.2  Experimental and predicted bubble characteristics 
of 30.4. 	A further consideration is the effect of initial 

gas distribution on the over-all coefficient and the 

problem of relating the correlations to a system in which 

vapour is generated in the agitated dispersion. 
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It has been demonstrated that 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 section 5,43, and explains 

why predicted bubble sizes in simple gas-liquid systems 

are larger than those obtained when bubbles are generated 

from drops. 	The discrepancy between the predicted values 

of the mass transfer coefficient makes it impossible to 

determine the precise effect of this process, but one 

interpretation is considered based on the 7esterterp and 

Middleman results in Table 8.2. 	At low viscosities the 

difference between predicted bubble and drop sizes is 

large; consequently the effect of the generated bubble, 

Db*' is large and the true ab is much larger than given by 

Westerterp. 	At high viscosities the bubble size 

approaches the drop diameter, as shown by 7esterterp and 

Celderbank (30, 53), since coalescence is inhibited, and 

therefore Db* differs little from the bubble diameter. 

This mechanism explains the differences and agreements 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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8.3 Corioarison with Propane and itethyl Bromide as Hydrate 

formers 

The batch hydrate runs using propane under identical 

conditions to freon showed that the over-all coefficient 

was 3.1 times greater for the freon system. 	This result 

provides a means for testing the generality of equation 

(88), and for examining the effects of other variables as 

listed in Table 8.3. 	'Then corrections are made for the 

liquid viscosity, equation (88), and the de7endence on the 

dis.,:ersed phase viscosity and interfacial tension given 

Vermeulen, equation (31), the freon coefficient is reduced 

to twice that of the propane coefficient. 	The several 

possible explanations for this difference are reviewed here... 

;Agent 11.1 0-  11,1?! -,if/ 
 tDasX10 fy  / 

5 A 1 

Freon-12 	1.7 	.012 63 1 3.8 	0.69 0.56 	0.78 35 

Propane 	2.08 .0075 63 	3.75 	0.69 '0.56 :0.84:90 

'CH3Br 	1.34 .010 48.6 6.6 	1.0 	'0.214 1 0.31 60 
1- • ... 	__ • 	-^` - • •---- 	y.--,-. 

Table 8.3 Physical constants for hydrating agents  

The effect of gas loading on the pov'er dissipated in 

the reactor has been discussed previously in section 5.36, 

and the experimental evidence of 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 consumed 

in a single phase rather than a gassed system, since gassed 

power is a dependent function. 	The power input is given 

by the Oyama correlation, equation (25), and when this is 

expressed in terms of the production rate, equation (45),: 

ra Xhf  )) Po (1 	kg(   
1.  egN3D3  

Consequently for a constant production rate, with .
hf 

nearly constant for all hydrate formers, the relevant 

variable is l‘ Vg' which is shown 

two systems. 	The effect of the 

In the previous section it was suggested that the 

transient bubble size, Db*, might well be significant at 

low viscosities. 	In which case, from the considerations 

in section 5.43, the factor(1-1/L. )3  may be ir:portant; for 
\g 

small values the effect of bubble generation is enhanced. 

Although the values for propane and freon are nearly equal, 

another physical constant which may have an effect of D
b*' 

the latent heat, is markedly different. 	Unfortunately, 

the literature on heat transfer to drops evaporating while 

in dispersion is very limited and latent heat has not been 

to be nearly equal for the 

generated vapour on the 

power does not therefore explain the difference in 

coefficients. 
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considered PS a variable. 	however Sideman (67)showed 

the area for heat transfer was a function of the vapour 

content and, since for a given heat input the vapour 

content of the drop is inversely proportional to the 

latent heat, it may be expected that the area and hold-up 

of liquid agent is latent heat dependent. 	A higher 

latent heat results in less liquid agent in suspension and 

a consequent reduction in the number of bubbles generated 

with a size 13b* 
	

Although this model nay explain the 

difference in the hydr7te coefficients, the presentation 

is a major simplification especially in view of the 

pressure effect on the diffusion process. 

The results for methyl bromide hydrate formation in 

salt solutions were published by Pangborn (27) in the form 

of equation (22) for individual stirrer s7eeds and 

concentrations. 	To compare the Pangborn d7ta pith the 

Present work, his results here fitted to a rate expression 

including the concentration driving force and the effect 

of viscosity: 

r = 2.69 x 102E012,11-.80LC
0.92Vr 

The mean deviation is +25% and the de--endency on 	and 

&C is very similar to the freon model. 	The experimen-

tation was largely at constant pressure (19 psia. for 4% 

NaC1) so the effect of pressure could not 7ce established. 
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With the higher solubility of methyl bromide, the concen-

tration driving force was nearly ten times greater than 

that for freon, and the reactor was operated closer to the 

condensation line with Tr-T1 generally less than 1°C. 	No 

success was achieved when the Hatschek tern was introduced 

to explain the effect of residence time. 

In terms of the over-all coefficient: 

klab  = 0.0316 04 12T1,1-.80 sec-1  

and for a typical run (no. 62) with r = 22.7 g. of water 

solidified/min., To-Tr  = 1.12°C and ct-cs  = 0.0235 gmo1/1., 

the value of klab is 0.02 sec
-1 	Substituting the values 

of the variables for methyl bromide listed in Table 8.3 

into equation (88), together with the corrections due to 

Vermeulen and the gassed power relationship of Oyaaa, the 

value of klab predicted from the freon analysis is 0.15 

sec-1. 	While this coefficient is intended to predict the 

methyl bromide formation rate at 57 psia„ the ]Fangborn 

reactor was actually operated at 19 psia. and the measured 

coefficient was seven times less. If the observed effect 

of Pressure 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)25 smaller, 

i.e. 0.010 sec-1. 	It aptmears, 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 systems based on 

the variables considered here, ..but equation (88) has been 

shown to hold for the hydrate of freon-12 only. 	One 

reason for this appears to be the pronounced effect of 

the evaporation of the immiscible liquid phase on bubble 

sizes, and it is this same effect which makes the familiar 

gas-liquid correlations inarplicable. 

8.4 .reactor Performance as a Concentration Stage 

The real performance of the reactor is measured as 

the conversion and throughput of the equipment rather than 

in terms of an over-all mass transfer coefficient. 	The 

maximum yield of a steady-state run in the experimental 

system is presented here. 

Considering the sucrose throughput with run 50, Table 

IX, 6.3 gph. of 9.69% sucrose was concentrated to 5.53 gpla 

of 11.03% sucrose, which represents a stage conversion of 

12.1%. 	The removal of 7.66 lbs. of water Ter hour as 

hydrate nearly corresronds to the maximum working caracit, 

of this equirment. 	The limit is imposed by the concen- 

tration of hydrate which flows freely through the exit 

line and the duty of the auxiliary equi:2ment, rather than 

the reactor size. 	The maximum conversion achieved was 
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21% at a hydrate volume fraction of 0.27, but a reasonable 

design conversion is considered to be 15%. 	The yield of 

the 5 litre reactor could be doubled by doubling both 

refrigeration duty and sucrose feed pump capacity. 

8.5 Scale-up Considerations 

The emphasis of this work has been placed on the 

derivation of a model for the mechanism of hydrate 

formation in an autorefrigerated reactor; the actual 

design of a commercial plant for the concentration of a 

liquid foodstuff has not been undertaken, 	The results 

are, however, presented in a form which enable the best 

operating conditions and performance of possible reactor 

types to be predicted. 	Several aspects of the design 

are considered here, 7ertinent to both concentration and 

desalination processes. 

Briggs and Tfarduhn (20) have compared the energy 

require;aents in saline water conversion for six hydrating 

agents and shown that the energy consumption of the plants 

decreasesvTith increasing heat of formation. 	The basis 

this comparison is the minimum work reclairement for the 

concentration process (the work for the two-stage 

compression system described in section 2.31) given by 

Dodge and Eshaya (77) as: 
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m -T T 
( T  
Ll 
2 2) 

o 
)(7-) 

where 
	

heat taken u at T2  

Ti  -  condenser/raelter temperature 

T2 = reactor operating temperature oK 

To 	heat sink temperature 

The first bracketed term represents the primary 

compression duty, 	The total differential (T1-T2) is ma(te 

up of four major terns; the temperature differential -17. 

the decomposer (Pd-Tc), the freezing point depression cf 

the solution, the temperature driving force for hydrate 

formation (Tc  -Tr) and the tenperature differential for 

evaporation of the refrigerant (Tr-Ti). 	Of these four 

a little work has been done on the decomposition proeeoa 

with emphasis on (T- ) and an evaluation of the freezi:' c r 

point depression, 	klthough the value of (Tr-T1) has 

generally exceeded 200 in the hydrate runs, a co7meroia_ 

reactor may be ot.erated with only a fraction of this 

differential, since the heat transfer area varies with 

operating conditions. 

Briggs and 3arduhn assumed that 'Frith a 5% hold-up 

hydrate in saline solution a driving force of 3°F for 

growth would be adequate for all hydrate formers. 	Hence 

by assuming (T1-T2) is constant, the main variable is th,a 
T°  

work rewired of the secondary compressor, 	( Ill) 
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which decreases regularly with increasing formation 

temperature. 	The hydrate formers are therefore 

economically placed in ascending order according to the 

critical decompoction temrature. 	The Briggs 

assumption is, however, disputed on the evidence of 

section 8.3: The concentration driving force appears to 

be dependent on the nature of the agent. 	Apart 	from th. 

differences due to solubility, the physical constants 

the system and the effect of pressure must be accounted 

for, - 

For a given hydrate it is clear that a reactor muot 

be operated at the highest temperature that is consists2 

with a realistic conversion, 	This involves operating 

the highest pressure that allows agent evaporation, and 

by consequence the pressure effect on the absorption rat- 

is maximised. 	The stirrer, scaled on the criterion of 

power per unit volume, should be designed to give a 

dissipation of pc-!er, preferably in a reactor design tha' 

utilises the turbulence generated by the vapour phase 

Such a design may comprise a draught tube baffle which 

increases the flow rate and hence hold-up in such a syst=, 

Also the initial distribution of liquid agent as a fine 

spray will improve the reactor efficiency. 
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The hold-up of hydrate imposes a limit on the 

conversion of a single stage reactor. 	For a given 

hydrate concentration in the reactor exit line, the 

conversion may be increased by recycling mother liquor 

from the separator. 	Figure 38 shows a recycle system in 

which the mother liquor is split into a recycle and 

product stream. 

v rxr  

	 • ser_.,arator 

Oh = K(r/vr  + vc) 

figure 38 Reactor with recycle 
	r 	

vr\'rxr  

As an example, assume that a feedstock containing 4% 

dissolved solids is to be concentrated to 40% solids. 

Since the probable limit on hydrate hold-up is 20%, this 

would require a 14 stage process without liquor recycle 

(see section 5,6 for definition of over-all conversion). 

Altern7tively, with the same hydrate hold-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 

conversions of 43%4 	The optimisation problem is twofold. 

Firstly, the number of stages is optimised by considering 

the difference between operating a large number of 

reactors under progressively lower temperatures (a 

differential process) and a small number of stages 

operated with recycle costs at high concentrations in 

each reactor. 	Secondly, the best value of Oh  and recycle 

rate must be selected for each reactor: As Oh  is 

increased the operating costs increase since the operating 

temperature is dependent on the slurry viscosity, but the 

recycle and separator costs decrease. 	This optimisation 

procedure must conform with the policy of separation and 

subsequent decomposition of the hydrate. 

8.6 Recommendations for further work 

The future for the hydrate r:Acocess using Freon-12 

rests largely en the evaluation of the effect cf the agent 

has reviewed the 

family and, from 

Freon-12 was the 

and the human system. 	Clayton (79) 

toxicity of members of the fluorocarbon 

inhalation tests, it would appear that 

least toxic and least hazard to health 

on liquid foodstuffs 

of the hydrate formers. 	There is, however, some dispute 
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as to its use in aerosol sprays containing foodstuffs, but 

this may well te due to the possibility of hydrolysis on 

long term contact or at elevated temperatures, with the 

unwelcome apaearance of mhosgene. 	'What is recuired is a 

full toxicity test on concentrates stripped of agent to 

the order of p.7..m. 

The construction of a larger plant, scaled by the 

experimental correlation for the over—all transfer 

coefficient, and its operation as a single or multistage 

process with liquor recycle should be the next stage in 

assessing the feasibility of the hydrate 7rocess for 

concentrating liquid foods. 

The basis of the model, the interfacial area of 

gaseous agent in suspension, is largely dependent moon the 

effects of agitation and vapour generation within the 

reactor. 	Little is known of the relation between 

turbulence and heat transfer in direct contact systems 

and a study of this process on a small scale with different 

refrigerants nay give a better indication of the contact 

areas relevant to the hydrate process. 	On the other hand, 

the discrepancies observed with the simpler two phase 

systems point pessimistically to difficulties with the 

development of sufficiently 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 	neat and Liass 5alance: Sample Calculation 

The production rate at Tr quoted in Table 11 is that 

estimated from the net cooling rate, equations (57) and 

(58): 
V r,  r 	 t‹t p  ((IT\  = 

T? f h f 
`Ct/

T=T 

An alternative estirmte of the production rate nay be 

derived from the rate of change of the sucrose concentra- 

	

tion at the steady temlocrature T
r
. 	Substituting eauatiou 

(59) in (55): 

dy Vivf(1 - xf/x  
t r 

The advantage of calculating the nas` traif,sfer from the 

gradient of the '.7)roduction curve, rather than integrating 

equation (57) over tT:Ae total run time, is that any error 

involved at nucleation, see section 6.13, is discounted. 

Example: Hun 5.22  

Heactor liquid capacity 

Sucrose concentration 

C
P 

Ahf 

Net cooling rate 

3.35 1. 

18.34_ 7/17 % 

1.074 g/cm3 

0.880 cal/g 

9c. cal/g. 

C 1.132 °C/rain  

, See G3 

of water 
as hydrate 

• 

• • 
	 330 cal/rain 

37.1 g/r-in 
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The value of xt  is- given in Table VII, and yt is 

calculated from ec!u.ation (59): 

Tine 

nins. 
------- 
0 

2, 

3.6 

6.0 

1 - xf/x 	Yt 

0 	0 

	

.0389 	140. 

	

.C561 	202. 

	

.0820 	294. 

The slope of Yt against time at t = 3.2, corresponding to 

T=Tr is 39.4 g/min. 

. . by mass balance 	r= 39.4 g/min. 

This checks within 5 of the heat balance estimate. 	In 

general the agreement as as good as +5%; if the 

discremaney was greater than lCI:, the run was rejected 

from the data analysis. 	The beat balance figures are not 

taThlated in Table II, t:Thugh. ()ach run was checked for 

consistency. 	A further example of this calculation is 

cown in Table XVI, Aprendix C, which considers a smaller 

nu7-_-er of runs with rro,-aane hydrate. 

A2 	Condenser Heat Load 

During a batch run the heat load on the condenser 

changed considerably over the period from nucleation of 

the hydrate phase to the steady operating temperature Tr. 

Experimentally it was necessary to arrest the flow of 
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glycol coolant at the onset of nucleation to prevent the 

reactor pressure falling. 	The feed was recornenced sone 

thirty seconds after7iards, and adjusted to naintain a 

constant pressure in the system. 	The actual variation. in 

the heat load. is exarined here. 

A heat balance on the refrigerating agent -2e!_y he 

drawn up on the reactor-condenser cycle. 	The flow rate 

of gaseous agent from the reactor is given in equation 

5.51 (ii): 

neturn flow rate = F - r/o/ 

where the sane no1.2.enclature is used as before. 	The heat 

load on the condenser, Qc 
is the sun of the heat required 

to condense this return flow rate and the heat leak into 

the systen. 

/b4 

For coLparative purposes, the heat load is calculated at 

nucleation and at the condition T=Tr. 

Run 3.11  

Tc = 10.78, 	Tr = 10.11, 	Tn = 7.43 00 

rr 	54.8 , 	rn 
= 274 g/nin. 

and F 	= 170.4 g/min, 

7ence 	(CL ) 	= 2.18 heal/r in. 

and 	c )r 
	5.20 Zcal/nin. 

This magnitude of change in clc 
 explains why the condenser 

coolant flow rate required careful control, 
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run 19.11 
KA = 2.85x io 

KB = 8.50 x to 

experimental result 
model A 
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B = 1. 5 
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TAPLE I  

Su=ary of batch runs, shut-Aug bloc!: code and TLean,production rates  

3LOCK 	xf% SPECIAL 	sds (To-Tr) (Tr-T1) 

• FEATURE 0 g..711/1 	00C 

.10 1420. 0. 43.8 .00172 0.51 4.97 

.11 1420. 9.4  40.3 .00151 0.47 3.91 

.110 1420. 9.4 Distributor ' 	45.2 .00158 0.50 4..05 

.12 1420. 17.5 38.9 .00193 0.69 4j2 

.13 1420. 27.5 38.2 .00341 1.54 4.88 

.14 1420. 	• 42.0 32.4 .00301 1.84 3.65 

.21 1140. 9.4 35.3 .00170 0.54 3.93 

.22 1140. 17.5 38.4 .00280 1.04 4.36 

.23 1140. 27.0 34.5 .00392 1.80 4.76 

.31 • 880. 9.4 31.7 .00304 1.00 3.75 

.310 880. 9.4 Dirtritutor 3C.1 .00251 0.80 3.63 

.32 880. 17.5 33.6 .00375 1.40 3.98 

.33 880. 27.5 29.5 .00530 2.48 3.77 

.34 880. 42.5 29.3 .00542 3.43 2.15 

IT1 = 3.55 1., 	initial volume of sucrose = 3.35 1. 

- 
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RUN 14.31: Ex-erimental and 7,rec:icted response in beitc:h reactor, HatscLek viscosity 

TECE Tr 	Tr Xr 	- xr 	mc 	T, 	Cx C2 0sx10
2 Tr 	T

r O  
71 X,7: 	1'..nL3L. 	:17'?. -7-71 - 	 ii:-CDEL Cl =EL A 

:..ins °C 	00 	7117,c7.: 	,/,-7‹. 	oc 	cr 	g.mo1/1 g.no1/1 

9.65 9.65 
9.77 
9.85 
9.93 
9.99 
10.0 

10.5_.k, n, 

	

19.54 	.C16 

	

10.53 	.028 

	

10.52 	.037 

	

10.52 	.046 

	

10.52 	.053 

2.45 
2.61 
2.72 
2.83 
2.89 

1.65 
1.61 
1.58 
1.56 
1.55 
1.5 

0.88 
0.99 
1.07 
1.12 
1.15 
1.17 

7.7C 
8.30 
8.81 
9.06 
9.2C 
9.28 

7.70 
8.06 
8.42 
8.69 
8.89 
9.03 

10.09 10.51 .060 2.97 1.54 1.18 9.32 9.13 
10.1_ 10.51 .067 3.04 1.5q 1.10  9.34 9.-20 
10.19 10.51 .073 3.1 1 1.54 1.19 9.35 9,25 
10.24 10.51 .080 3.18 1.54 1.19 9.35 9.28 

10.31 10.28 10.50 .086 3.25 1.54 1.19 9.33 9,31  

10.33 10.50 .092 3.32 1.54 1.19 9.20 9.33 
10.42 10.49 .105 3.45 1.51 1.19 9.28 9,34 
19.46 10.49 .111 3.52 3.54 1.19 9.25 9.34 
10.51 10.49 .117 3.52 1.5^,. 1.19 0.23 9.35 

10.E9 .123 3.66 1.54 1.19 9.90 9.35 
10.60 1C.,8 .130 3.73 1.54 1.19 9.18 9.35 

10.76 10..65 10.48 .137 3.80 1.54 1.19 9.15 9.34 
-10.70 10.48 .143 3.88 1.54 1.19 9.13 9.34 

C. 7.70 7.70 
0.4 8.12 8.32 
C.8 8.55 8.74 
1.2 8.87 9.00 
1.6 9.07 9.16 
2.0 9.199.23 

2.4 9.27 9.30 
2.8 9.31 9.33 
3.2 9.24 9.34 
3..6 9.31 9.34 
2..0 9.34 9.33 

4.1 9:34 
5,2 2.22 2.28 
5.6 9.29 9.25 
6.0 2.0F 9.23 

6.4 9,-22 „-) 20 

6.8 9.17 9.18 
7.2 9,13 9.1 5 
7.6 9,10 9.12 

Note: the subscript r in Tables III to VII refers to the time dependent 
reactor temperature. 
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ThELE 11_I 	(continued) 

-,Iin ?ime 	Tr Tr 	Tr xr 
 XT, C-Cs 

-g17-r0 ,-. E0aELILO= 1. EX - T. LCDEL B x10" 
(min) 	00 013 oc xr/1::% '.a/w% g. 	o1/1 

18.12 7.10 7.10 7.10 18.49 
C. 	7.75 8.18 7.95 18.75 3.77 
0.8 	8.14 8.66 8.45 18.91 2.60 
1.2 	8.46 8.88 8.73 19.02 2.01 
1.3 	8.7C 8.98 8.89 19.10 1.83 
2.0 	8.09 9.03 8.07 19,17 19.18 1.59 
2.4 	8.99 9.0 9.01 19.25 1.54 
2.8 	9.04 9.04 9.03 19.32 1.53 
3.2 	9.05 9.04 9.0' 12.30 1.54_ 
3.6 	9.0_ 9.02 9.04 1% 6 1.56 
z.0 	9.011 9.81 9.04  19.53 1.58 

9.0_ 9.00 9.0 19.60 1.60 
9.04 8.98 9.04 19.66 1.63 

5.2 	9.04 8.96 9.03 19.63 19.73 1.66 
5.6 	9.03 8.95 9.03 19.80 1.69 
6.0 8.93 9.02 19.87 1.72 
6.4 8.91 9.02 19.94 1.75 
6.8 8.90 9.01 20.01 1.78 
7.2 8.88 9.01 19.97 20.09 1.82 

25.13 G. 	/1.52 ,.52 4.52 27.64 27.64 
0. 	5.18 5.33 ...96 28.01 6.62 
0.8 	5.78 5.73 5.31 28.29 5.61 
1.2 	6.12 6.06 5.59 28.53 5.28 
1.6 	6.27 6.22 5.80 28.75 /1 .96 
2.0 	6.33 6,31 5.96 28.95 4.76 
2.K 	6.3/2 6.34 6.08 29.13 /%67 
%,8 	6.33 6.35 6.17 29.31 4.6i 
3.2 	6.27 6.32 6.23 2,9.'5 29.'9. 1.65 
3.6 	3.21 6.28 6.28 29.66 4.70 
1.0 	6.1-  6.23 6.31 29.83 78 

6.02 6.17 6.33 29.99 1.87 
4.8 	5.91 6.1C 6.34 30.16 4.98 
5.2 	5.72 6.02 6.35 30.23 30.33 5.10 
5.6 5.93 6.35 30.49 5.23 
6.0 5.84 6.35 30.65 5.37 
g._ 5.75 6.34 30.83 5.52 
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WI.:LE VII (continued) 

-Lun 	Time 	Tr 

(min)00 

Tr 

00 

Ti, 

00 

xr 

w/175 

xr 

11,7% 

C
It 0  o 
3 

g.T.c1/1 

27.12 	0. 4.08 4.88 4.88 27.67 27.67 
0.1 5.90 6.10 5.65 28.14 6.87 
0.8 6.72 6.75 6.23 28.:,.7 5.56 
1.2 7.13 7.12 6.6, 28.74 4.77 
1.6 7.3,1 7.33 6.94 28.96 4.28 
2.0 7.44 7./4 7.14 29.16 4.01 
2.4 7.48 7.719 7.28 29.33 3.88 
2.8 7./19 7.50 7.37 29.52 3.82 
3.2 7.17 7.18 7.4-3 29.69 3.83 
3.6 7.40 7.45 7.47 22.73 29.86 3.87 
4.0 7.33 7.40 7.49 30.03 3.94 
4.4 7.25 7.35 7.49 30.19 4.02 
,.8 7.18 7.29 7.50 30.36 4612 
5.2 7.10 7.22 7.49 30.53 /.23 
5.6 7.02 7.16 7.48 30.69 4..35 
5.0 6.C2 7.08 7.47 30.86 4.47 
6.1 7.01 7.46 31.03 4.60 
6.8 6.93 7.45 3r.46 31.11 4.74 

28.13 	0. 6.10 6.40 16.0 27.70 27.70 
6.67 7.22 7.01 27.26 5,69 

0.8 6.98 7.72 7.48 18.1 3.58 
1.2 7.36 8.04 7.81 28.27 2.83 
1.6 7.72 8.25 8.C6 28.37 2.32 
2.0 8.CC 0.39 8.23 28.-6 1.97 
2.4 8.17 8.35 P8.5' 1.75 
2.8 8.32 8.53 28.60 1.59 
3.2 8.-3 8.57 8.50 28.66 1.49 
3.6 8. 	2 8.59 8.54 28.72 1.43 
4.0 8.53 8.60 8.56 28.70 28.77 1.39 
4,4 8.56 8.61 8.58 28.82 1.37 
4.8 8.59 8.60 8.59 28.88 1.36 
5.2 8.62 8.60 8.60 28.93 1.37 
5.6 8.62 0.59 8.60 28.98 1.37 
6.0 8.62 8.58 8.61 29.03 1.38 
6.4 8.61 8.57 8.60 29.08 1.39 
6.8 8.63 8.57 8.5C 29.27 29.13 1.39 

• • • / 
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TA?LiE VII (continued) 

Run Time 	m 
4 

 r 

EX-T. 
(mins) 	0C 

T
r 	T

r 	xr 

ILCDEL B. 12C2ZL I. EX2T. 
00 	00 	-7/7,1  

xr 

=EL 
w/v,  

Cb-Cs 

1 x103  
g. :o1/1 

36.21 0. 7.73 7.73 7.73 9.67 9.67 
C./ 9.00 9.57 9.32 9.82 4.63 
0.8 9.72 10.04 9.82 9.91 3.220  
1.2 10.10 16.25 16.10 0.9e 2.54 
1.6 10.25 10.35 16.24 10.03 2.24 
2.0 10.32 10.38 10.32 10.08 2.11 
2.4 10.37 10.40 10.36 10.13 2.06 
2.8 10.39 10.39 10.38 /0.35 10.17 2.07 
3.2 30.38 10.38 10.39 1 0.21 2.08 
3.6 10.27 10.37 16.39 10.26 2.11 
4.0 10.35 10.36 10.39 10.30 2.15 
1.4 10.33 10.34. 10.39 10.35 2.19 
4.8 16.32 10.33 10.39 1 2.57 10.39 2.23 
5.2 10.30 12.31 10.32 10.-4 2.27 
5.6 10.29 10.29 10.29 10.48 2.32 
6.0 10.27 10.28 10.38 10.53 2.36 
6.4 10.25 10.26 10.38 10.57 2.41 
6.8 10.24 10.24. 10.38 12.62 2.45 

37.21 0. 7.42 7.42 7.42 9.69 9.69 
0.4 8.80 9.61 9.35 9.86 4.51 
0.8 9.58 10.02 0.82 9.97 3.26 
1.2 9.92 10.18 10.05 16.05 2.74 
1.6 10.11 16.24 10.16 10.11 2.56 
2.0 10.20 10.25 10.22 10.18 2.51 
2.4 10.22 10.24 30.24 10.24 2.53 
2.8 10.18 10.22 10.25 10.42 16.30 2.58 
3.2 10.13 10.20 10.25 10.36 2.64 
3.6 10.08 30.17 10.25 16.43 2.71 
4.0 10.02 10.15 10.25 10.49 2.78 
4.4 9.97 10.12 16.24 10.71 10.55 2.85 
4.8 9.90 10.09 10.24 10.62 2.92 
5.2 9.83 10.06 10.24 10.69 3,00 
5.6 9.76 10.03 10.23 10.75 3.08 
6.0 9.69 10.00 10.23 10.82 3.15 
6.4 9.64 9.97 10.22 11.01 10.89 3.23 
6.8 9.94 10.22 10.96 3.32 



274 

Run Time',

(mins) 

TABLE VII (continued) 

xr 

=T. 
Fir/"% 

xr 

i0DEL B 
%'7/w* 

Cb-Cs 

x103 

g.mo1/1 
EX PT. 
00 

Tr 
W0DEL B M53EL IL 
cc 	cc 

1.22 C. 5.74 5,74 5,74 18.36 18.36 
6.4 6.62 6.62 6.24 18.64 7.17 
0.8 7.115 7.09 5.63 18.86 6.18 
1.2 7.,16 7.36 2.92 19.04 5.57 
1.6 7.58 7,51 7.13 19,20 5.22 
2.0 7.63 7.59 7.28 19.34 5.03 
2.4 7,61 7,62 7.40 19.48 4.94 
2.8 7.51 7.62 7.48 19.62 4.93 
3.2 7.40 7.60 7,53 19,57 19.75 4.95 
3.6 7.25 7.56 7.57 19.89 5.03 
4.0 7.11 7,51 7,60 20.02 5.13 
' 	" 6.88 7.45 7.61 19.97 20.15 5,24 
4,8 7.38 7.62 20.28 5.36 
5.2 7.31 7.63 20.41 5.50 
5.6 7,24 7.63 20.54 5.64 
6.0 7.16 7.63 20.68 5.79 

5.22 C. 6.35 6.35 6.35 18.34 18.34 
0.4 7.1,2 7.30 6,99 18.59 5.77 
0.8 7.67 7.82 7..47 18,77 4,60 
1.2 8.03 8.13 7,81 18.90 3.86 
1.6 8.26 8.32 8.04 19,02 3.40 
2.0 8.39 8.43 8.21 19.08 19,12 3.12 
2.4 8.46 8.49 8.32 19.22 2,96 
2.8 8,50 8.51 8,40 19.31 2.88 
3.2 8.51 8.52 8.45 19.39 2.85 
3.6 8.49 8.52 8.48 19.43 19.48 2.84 
4.0 8.47 8.51 8.50 19.56 2.86 
4.4 8.'4 8,49 8.51 19.6z 2,89 
4.8 8.47 8,52 19.72 2.93 
5.2 8.39 8.52 19.81 2.97 
5.6 8.37 8,52 19.89 3.03 
6.0 8.33 8.39 8.52 19.97 19.97 3.09 
6,4 8.29 8.36 8,52 20.06 3.14 
6.8 8.25 8.33 8.51 20.14 3.20 
7.2 8.21 8.29 8.51 20.23 3.27 

0 0 • / 
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TABLE VII (continued) 

Run Tfme 	Tr Tr 	Tr 	xr xr 0b-0s 
EX T. MODEL B MODEL A EXIT. MODEL B x103 

(pins) 	°0 °c 	°c 	w/w% w/w% 	g.mo1/1 

21.23 O. 	5.25 5,25 5.25 	27.87 27.87 
0.4 	5.63 5.88 5.60 28.15 6.44 
0.8 	6.00 6.28 5.89 28.37 5.69 
1.2 	6.30 6.54 6.13 28.56 5.16 
1.6 	6.51 6.71 64 32 28.72 4.80 
2.0 	6.67 6.83 6.48 28.88 4.55 
2,4 	6.78 6.90 6.60 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 
1-.0 	6.95 6,95 6.87 29,53 4.19 
4,4 	6.92 6.93 6.90 29.65 4.22 
4.8 	6.89 6.90 6.93 29..77 4.25 
5.2 	6.83 6,86 6.94 29.89 4.31 
5.6 	6.78 6.82 6.95 	29.98 3,0.01 4,37 
6.0 	6.75 6.78 6.96 30.13 4.45 
6.4 	6.72 6.73 6.96 30.25 4.53 
6.8 6.68 6.96 30.37 4.61 
7.2 6.62 6.96 36.49 4.69 

22.23 C. 	5.07 5.07 5.07 	27.77 27.77 
C.4 	5.53 5.73 5.43 28.05 6.74 
0.8 	5.91 6.14 5.73 28.28 5.97 
1.2 	6.29 6./2 5.98 28.47 5.42 
1.6 	6.53 6.60 6.18 28.64 5.04 
2.0 	6.70 6.73 6.34 28.80 4.76 
2.4 	6.80 6.81 6.47 28.94 4.58 
2.8 	6.85 6.86 6.57 29.08 4.^.6 
3.2 	6.86 6.88 6.65 29.21 4.40 
3.6 	6,82 6,88 6.72 29.34 4.36 
4.0 	6.78 6.87 6.77 29.47 4.36 
4.4 	6.74 6.85 6.80 29.59 4.38 
4.8 	6.69 6.83 6.83 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 	30.18 30.19 4.68 

. . . 
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TATF..LE VII (continued) 

aun Time 	Tr 

EX T. 
(7 ins) 	0C 

Tr 	Tr 	xr 

ii,:DEL B 1,J.C,JEL A EXT-T. 
0C 	0C 	w/rig 

xr 	Cb-Cs 

1,f.CDEL B x10
3 

w/177% 	g.rao1/1 

16.31 0. 7.65 7.65 7.65 9.68 9.68 
0.4 8.17 8.39 8.14 9.79 5.98 
0.8 8.59 8.82 8.51 9.87 4.89 
1.2 8.89 9.08 8.79 9.94 4.19 
1.6 9.10 9.25 8.99 9.99 3.72 
2.0 9.25 9.36 9.14 10.04 3.43 
2.4 9.37 9.42 9.24 10,09 3.24 
2.8 9.44 9.46 9.32 10.15 10.13 3.14 
3.2 9.47 9.47 9.37 10.18 3.08 
3.6 9.49 9.48 9.41 10.22 3.06 
4.0 9.50 9.48 9.43 10.26 3.06 
4.4 9.50 9.47 9.45 10,30 3.08 
4.8 9.50 9.46 9.46 10.34 3.09 
5.2 9.49 9.44 9.47 10,37 3.14 
5.6 9.49 9.43 9.48 10.41 3,18 
6.0 9.48 9.41 9.48 10,45 3.22 
6.4 9.46 9.39 9.48 10.52 10.49 3.26 
6.8 9.44 9.37 9.48 10.53 3.31 
7.2 9.40 9.35 9.48 10.57 3.36 
7.6 9.37 9.33 9.48 10.62 3.43 

12.32 0. 6.19 6.49 6.49 18.34 18.34 
0.4 6.83 6.94 6.72 18,49 6.54 
0.8 7.09 7.22 6.91 18.62 5.94 
1.2 7.30 7.41 7.07 18.73 5.51 
1.6 7.L6 7.54 7.21 18.83 5.20 
2.0 7.56 7.63 7.32 18.92 4.99 
2.4 7.64 7.69 7.41 19.01 4.85 
2.8 7.70 7.73 7.48 19.10 4.76 
3.2 7.73 7.75 7.54 19.16 19.18 4.71 
3.6 7.74 7.75 7.59 19.26 4.68 
1.0 7.74 7.75 7,62 19.34 4.68 
4.4 7.73 7.73 7.65 19.41 4.69 
4.8 7.71 7.72 7.68 19.49 4.73 
5.2 7.68 7.69 7.70 19.57 4.77 
5.6 7.63 7,66 7.71 19.64 
6.0 7.63 7.72 19.72 4.89 
6.4 7.60 7.73 19.72 19.80 .96 
6.8 7.56 7.74 19.87 5.02 

•••/ 



277 

TABLE VII (continued) 

_gun 	Tfne 	Tr  

EXIT. 
(m ins) 	00 

Tr 

ECLEL 
00 

Tr 	xr 

7::,  YCLEL A =T. 
00 	w/7% 

xr 	Cb-Cs 
0 

MCDEL Et x100  
w/7T%. 	g.mo1/1 

13.32 	0. 6.58 6.58 6.58 18.34 18.34 
0,6 7.35 7.34 7.03 18.56 7.46 
0.8 7.88 7.79 7.39 18.73 6.39 
1.2 8.22 8.09 7.67 18.87 5,67 
1.6 8.39 8.28 7.90 18.99 5.18 
2.0 8.50 8.41 8.07 19.10 4.85 

8.53 8,48 8.2.0 1921 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 4.6'5 
3.6 8.50 8.55 8.43 19.49 4.41 
4.0 8.47 8.55 8.4-7  19.58 4.42 
4.4 8.63 8.53 8.50 12.67 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 19.94 4.61 
6.0 8.20 8.41 8.55 20.06 2002 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 
0.,4 6.03 6.07 5.86 27.86 6.98 
0.8 6.36 6.41 6.09 28.,01 6.31 
1.2 3.64 6.66 6.29 28.15 5.80 
1.6 6.85 6.85 6.46 28.27 5.39 
2.0 7.02 7.00 6.61 28.39 5.06 
2.1 7.14 7.12 6.74 28,49 4,80 
2.8 7.22 7,21 6.85 28.59 4.60 
3.2 7.29 7.28 6.95 28.66 28.68 4.44 
3.6 7.36 7.33 7.03 28.77 4.31 
4.0 7.40 7.37 7.10 28.85 4.22 
4.4 7.41 7.39 7.15 28.94 4-14 
4.8 7.41 7.41 7.21 29,02 4.09 
,).2 7.4.1 7.42 7.25 29.09 4.07 
5.6 7.10 7.1_2 7.28 29.17 4.05 
6.0 7./0 7.42 7.31 29.25 4.04 
6.4 7.39 7.1 7.34 29.32 4.04 
6.8 7.38 7.40 7.36 29.39 4.06 
7.2 7.37 7.38 7.37 29.47 6008 
7.6 7.36 7.36 7.39 22.49 29.54 4.10 

•••/ 
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T;LBLE VII (continued) 

Run Time 	Tr 

F=T. 
(Fnins) 	°0 

-r 

00 

Tr 

.00 

xr 

EX7ZT. 
w/1-r% 

xr 	Cb-Cc 

iv:CDEL B x103 

wA, 	gamol/1 

16.33 0. 5.45 5.45 5.45 27.65 27.65 
0.4 5.67 5.80 5.62 27.82 6.65 
0.8 5.88 6.05 5.78 27.96 6.18 
1.2 6.06 6.24 5.91 28.08 5,82 
1.6 6.24 6.38 6.03 28.20 5.53 
2.0 6.36 6.19 6.14 28.31 5.30 
2.. 6.47 6,58 6.23 28.52 28.41 5.13 
2.8 6.56 6.6/ 6.31 28.51 4.99 
3.2 6.65 6.69 6.38 28.60 4.88 
3.6 6.71 6.72 6.44 28.69 4.80 
..0 6,73 6.74 6,49 28.78 4,75 

6.74 6,75 6.54 28.90 28.87 4.71 
-,.8 6.73 6.76 6.58 28.95 4.69 
5.2 6.73 6.75 6.61 29.03 4.69 
5.6 6.72 6.74 6.64 29.11 4.69 
6.0 6.70 6.73 6.66 29.19 -1.70 
6.4 6.68 6.71 6.68 2.c.35 29.27 4.72 
6.8 6.65 6.69 6.70 29.35 4.76 
7.f.' 6.61 6.67 6.72 29.43 4.79 

9.34 0. 3.49 3.49 3./9 42.38 42.38 
0.4 3.70 3.74 3.61 42.55 5.73 
0.8 3.86 3,93 3.73 42.69 5.43 
1.2 3.99 1-.08 3.83 42.83 5.18 
1.6 4.10 4.20 3.92 42.95 4.98 
2.0 4.17 4.29 4.01 42.99 43.06 4.81 
2.4 4.24 4.37 4.09 43.17 4.67 
2.8 4.30 4.43 4.16 43,28 4.55 
3.2 4.36 4,18 4,22 43.38 1.46 
3.6 /-40 1.51 4.27 43.43 43.47 4.38 
4.0 4..43 4.54 4.32 43.56 4.32 
4,4 4.47 4.56 4.36 43.65 4.26 
4.8 /<.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 43.91 4.17 
6.0 4.55 4.56 4.49 43,99 4.16 
6.4 ---56 4.55 4.51 44.00 1-(.07 4.17 
6.8 4.58 4.51 4.53 14.23 4.18 
7.2 4.51 4.55 44.31 4.19 
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Su=ary cu Steady-state a=s, showing bloc's code Eric: nean 7rofEction rates  

B1,001: 

CODE 

S1 

S2 

S3 

S4 

S5 

sTla=a 
SPEED 

1; 
RPM 

142C 

142C 

950 

1420 

1420 

xf  
,,, 	' 
Jbw/T7 

.69 

9.65 

9.65 

9.80 

9.37 

Vr 
/ 

4.40 

4.02 

4.05 

3.35 

3.35 

V1 
	Tower S7.?ecial 	r (Cb-Cs) 	Kla 

1 
	

Tyke 	7P. Feature gm/7:in g.Tc1/1 :Kcal/min 

3.50 20.5 31121 .070 	44.5 .00299 

3.16 21.4 Dual .070 	43.5 p.00284 

3.7C 8.6 Dual .033 	42.1 .00420 

3.25 3.0 Single .024 	35.3 .00489 

3.25 3.0 Single .024 Distributar 39..4 .00440 

1.03 

1.03 

0.658 

0.608 

0.608 



LE  

Steady-state runs: Si 	1420 	Dual IQpeller 

-nTN P vf 	Tr 

cm3/nin °C 

Tf 
o, 

xf xr V* (Te-Tr)(Tr-701)(Cb-ed 
g.1101/1 
x103 

r 
Kcal/ 

g/nin 	in 

7.eactor 
Heat Load 
Kcal/min 

44. 43. 460. 10.29 10.03 9.69 10;43 7.1 0.71 2.32 2.21 33.8 4.09 3.96 
2-5. 43. 460. 10.13 10.03 9.69 10.68 9.4 0.85 2.16 2.66 45.0 5.15 5.04 
'6. 43. 460. 9.97 9.94 9.69 10.97 11.7 1.00 2.30 3.09 55.6 6.19 6.03 
:7. 43. 293.. 10.11 9.94 9.69 11.33 14.5 0.83 2.14 2.56 44.0 5.15 4.94 
'8. 40. 460, 9.94 9.45 9.69 10.73 9.7 1.00 3.48 2.98 46.2 5.15 5,06 
9. 40. 293. 9.97 9.39 9.69 10.89 11.2 0.75 3.71 2.25 34.0 4.09 3.93 
60. 40. 460. 9.42 9.04 9,69 11.03 12.1 1.30 3.16 3.83 58.0 6.19 6.07 
11. 40. 293. 9.64 9.33 9.69 11.38 14.8 1.06 3.38 3.13 45.1 5.15 5.00 
e2. 37. 460. 9.24 8.95 9.69 10.78 10.1 1.23 4.78 3.49 48.2 5.15 5.24 
_3. 37. 293. 9.51 8.90 9.69 10.97 11.7 0.95 5.05 2.73 35.4 4.09 4.05 

* hydrate hold-up, 0h 	= 1.3s- 
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Steady-state runs: 32 	1420 3PY, Dual Impeller 

:UN P 

psig cm3/min 

Tr 

00 

Tf 

00 

xf xr 

w/T% % 

(Te-Tr)(Tr-T1 )(013-0s ) 

g.rio1/1 
00 	00 	x103  

r 

g/min 

Q f  

Kcal/ 
min 

Reactor 
Heat Load 

Heal/min 

1. 43. 335. 10.14 9.91 9.60 11.08 13.4 0.81 2.17 2.53 46.4 5.15 5.13 

3.  43. 46C. 10.17 9.74 9.60 10.64 9.7 0.81 2.20 2.53 46.6 5.15 5.03 

4.  43. 210. 10.11 9.82 9.6C 12.15 21.0 0.77 2.14 2.38 45.7 5.15 5.08 

5.  43. 460. 10.05 9.85 9.60 10.91 12.0 0.91 2.08 2.63 57.2 6.14 6.09 

7. 43. 460. 10.34 9.79 9.60 10.36 7.3 0.66 2.37 2.04 34.9 4.09 3.93 

19. 40. 460. 9.27 9.16 9.63 10.99 12.4 1.44 3.01 4.25 59.0 6.19 6.29 

24. 40. 460. 9.95 9.51 9.68 10.46 7.5 0.80 3.69 2.39 35.6 4.09 4.03 

26.  37. 293. 9.13 9.38 9.67 11.46 15.6 1.30 4.67 3.67 47.4 5.15 5.09 

27.  37. 460. 9.59 9.21 9.67 10.47 7.4 0.90 5.13 2.58 36.4 4.09 4.14 

18. 37. 293. 9.53 9.21 9.68 10.93 11,4 0.93 5.07 2.65 34.7 4.09 4.06 

7. 40. 335. 9.88 9.51 9.67 10.75 1C.0 3.85 3.62 2.54 34.9 4.09 4.05 

;i8.. 40. 460. 9.56 9.42 9.67 10.88 11.1 1.16 3.30 3.45 53.0 5.57 5.74 

43. 335. 10.50 9.80 9.67 10.44 7.4 0.51 2.53 1.56 25.6 3.17 3.11 

1, 43. 460. 10.03 10.03 9.68 10.86 10.9 0.94 2.06 2.93 51.8 5.57 5.74 



TL LE XI  

Stec/137-state runs: S3 	950 11Pr, ua1  

-iiN F 	of 	Tr 

psig cm3/:Lin °C 

Tf 

°C 

xf. 

17/4, 

xr 

w/w% 

(T c -T  r )(Tr )(Cb-c 	) 	Q }  

	

g

x103 
.:101/1 	Kcal/ 

g/riin 	min 

rieactor 
Heat Load 
Kcal/r2in 

9.  43. 460. 9.53 9.79 9.60 10.95 12.3 1.43 1.56 4.39 58.8 6.19 6.06 
10.  43, 293. 9.68 9.77 9.60 11.44 16.1 1.25 1.71 3.85 48.8 5.15 5.08 
12.  43, 460. 9.65 7,59 9.60 10.90 11.9 1.32 1.68 4.15 57.2 5.15 4.87 
13.  43, 460. 9.88 12.52 9.60 10.41 7.8 1.12 1.91 3.48 37.1 5.15 5.17 
T4. 43. 460. 9.88 13.33 9.60 10.59 9.3 1.10 1.91 3.44 44.5 6.19 6.20 
15. 40. 293. 9.04 9.27 9.60 11.41 15.8 1.65 2.78 4.80 47.9 5.15 5.03 
.19. 40. 460. 8.60 9.10 9.63 10.07 12,2 2.13 2.34 6.08 58.2 6.19 6.16 
fi-9. 37. 460. 8.78 8.69 9.68 10.50 7.8 1.71 4.32 4.78 37.2 4.09 3.97 
3C. 37. 293, 8.62 8,64 9.68 10.98 11.8 1.84 4.16 5.10 36.0 4.09 3:90 
73. 37., 335d  9.16 8.52 9.67 10.62 8.9 1.32 z_.70 3.76 31.0 3.17 3.25 

10. 335. 9.66 9.21 9.87 10.55 8.3 1.08 3.4C 3.23 29.0 3.17 3:11 
5. 4C. 335. 9.27 9.24 9.67 10.87 11.0 1.45 3.01 4.27 38.3 4.09 4.10 
2.  43. 335. 9.79 9.77 9.68 10.85 10.8 1.18 1.82 3.64 37.4 4.09 4.02 
3.  43. 335. 10.08 9.77 9,68 10.54 8.2 0.91 2.11 2.83 28.3 3.17 3.10 



TABLE XII  

Steady-state runs: S4 	1420 npL, Single Inpeller 

aur P of x{  xr 

pig cr_13/Lin 00 	w/w% w/4 

( -T T c r 

C 

r221)(Cb-Cs) r 	9` 
g.!'.101/1 	Real/ 

o
C  x103 7/7iin Sin 

aenctor 
Heat load 
Ycal/flin 

43. 460i 8.25 8.81 9.77 10.73 8.9 2.52 0./9 7.39 42.7 5,15 4.60 
32. 43. e60. 8.93 8.13 9.80 10.66 8.1 2.05 0.96 6.17 38.5 4.09 3.85 

46. 460. 9.94 9.65 9.80 10.59 7.5 1.28 6.35 4.12 35.6 2.09 3.77 
54. 46. 460,  9.68 9.04 9.80 10.97 10.7 1.52 0.09 4,82 50.9 4.09 e.90 
35. 43. 293. 9.68 8.93 9.80 10.81 9.3 1.29 1.71 4.00 28.4 3.17 2.95 
).). 46. 293. 10.32 10.14 9.80 IC.68 8.2 0.90 9.73 2.91 25.0 3.17 2.81 
58, /0. 293. 9,29 8.87 9.81 10.73 8.6 1.25 3.03 3.25 26.1 3.17  2.83 



TAT LE I I 

Steady-state runs: S5 
	

1420 apy, Single Ir2peller with Freon distributor 

'atm P 	vf. 

psig - c1-3/1:-Iin 

Tr 

0C 

Tf xf  

w/r4- 

Xr 

w/kit??,, 

„ (T c -Tr  )(Tr  -T 

00 	©c
x103 

)(Cb-Cs) 

g.mo1/1 

r 

g/r2in 

Q' 

rnin 

j'eactor 
Feat load 

Kcal/min 

43. 460. 9.36 8.72 9.37 10.;9 10.7 1.63 1.39 50.8 5.15 4.90 

71.  16. 460. 10.34 10.08 9.37 10.19 8.0 0.90 0.75 2.92 30.3 4.09 3.94 

72.  43. 460. 9.90 9.71 9.37 10.20 8.1 1.12 1.93 3.48 38.8 4.09 4.01 

73.  46. 460. 10.17 9.97 9.37 10.45 10.3 1.06 0.58 3.42 49.2 5.15 4.95 

74.  40. 460. 7.71 7.91 9.37 10.32 9.2 3.05 1.45 8.41 43.8 5.15 4.64 

75.  40. 460. 9.21 8.78 9.37 10.24 8.5 1.55 2.95 4.57 40.5 4.09 4.06 

76.  43. 293. 9.90 9.60 9.37 10.28 8.8 1.11 1.93 3./16 26.8 3.17 2.94 

77.  ,46. 293. 10.24 10.11 9.37 10.29 8.9 1.00 0.65 3.23 27.1 3.17 3.01 
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F = agent feedrate (g/min) 

figure A13 	Calibration of Freon-12 'teed Rotameter 
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Appendix C Propane hydrate data 

Cl 	Introduction to Propane ydrate Experiments 

A comparison of the formation rates of propane and 

freon hydrate by J7op-pers (V,) shows that the freon 

hydrate formation rate is just the larger of the two for 

a given theral differential. 	There is insufficient 

data available to memz.e a  conparisen in terles of the 

concentration driving force or to draw any conclusion 

as tc, the effect of the operating pressure on the propane 

hydrate formation rate. 	In order to rake this 

comparison and perhaps strengt]ben the case for the 

postulated models, section 6.2, experiments mere carried 

cut with propane in the five litre reactor, 

The experiel.ents were conducted batchwise in a 

similar fashion to the earlier freon runs. 	The analysis 

was restricted to -measureeient of the steady, unsteady- 

state temperature Tr' and to a heat balance check by 

sareuling the concentration of the mother liquor. 	Only 

one agitation rate, 1420 RFE, and one sucrose concen-

tration, 10°", was considered, corresponding to 

experimental block .11. 	The operating conditions were 

chosen by the sae.° criterion as was used for the inter- 

block comparisons in the freon runs. 	T?:ie noan leropane 

hydrate production rate was chosen to correspond 
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approximtely to the formation rate of froon hydrate 

in block .11, such that the hydrate hold-up and heat 

load on the system, are eQuivalent. 

The critical decomposition te-73erature and pressure 

for 10% sucrose is ap7roxinEctely 4.9°C and 7S.5 

resective3y, hence it was necessary to maintain the 

glycol bath at -12°C and the reactor at 50-60 psig.. 

The glass reactor was considerably outside its safety 

limit in this range s  so the number of experiments was 

kept to a niinimum. 

The 	E“_'!DC rota meter as was used for liquid freon 

was used for liquid propane feed to the reactor. 	Since 

the latent heat of propane (90 cal/g.) is rather larger 

than fcr freon-12 (35 cal/g.), the flow rate of propane 

was considerably reduced to satisfy the criterion of 

equivalent production rates. 	The feed rotaneter was 

dealing with a very small flow rate (maximum 50 g/min., 

see figure A15) at approximately 0o0, hence the feed 

tended to boil unless both feed subcoolers were working 

efficiently. 	The only operational difficulty arose 

from the fact that pro7ane, unlike freon, is lighter 

than water. 	Any water vapour condensed in the condenser 

tended to collect near the liquid propane outlet in the 

condenser base. 	As a result, the feed line was 
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frequently blocked with hydrate, 

The subceelinuT required for spontaneous nucleation 

to occur ras of the same order,. 	2°  to 3°0, as in 

the equivalent freon hydrate runs. 	No nucleation 

res 	aro given in this secticn, sir e° the spontnecns 

nucleation te7perature was in the region of 0°0 and was 

consequently difficult to rLeasure with the potentiometer. 

02 	Experimental Results 

Table XV shows details of the reactor conditions 

and production rate, the sane nomenclature being used 

for the propane and freon systems. 	A heat balance is 

given; the net cooling rate Q was measured at Tr vritTo 

no hydrate .present, and the reactor heat load was 

determined from a pass balance. 	Samples of other 

liquor were withdrawn and analysed during the course of 

the reaction. 	From this data, Table XVI, the rate of 

hydrate for-lation at Tr  was estimated, see section 6.4. 

A coonarisen of the _measured rates of heat end mass 

transfer is shown in figure A14. 

03 	7hase Dingralli. for 7ropane ydrate 

The data resented by -Villin17:s (23) for the syste:1 
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water-propane-hydrate can be fitted to the same nodel 

as that described in section 4.22, 

Tc = 10.528 log10.  Pa  - 14.50 

The analysis of the propane hydrate runs reouired 

the evaluation of the freezing point depression on the 

hychcate equilibrium by 10% sucrose solution. 	The phase 

diagran was experimentally deternined by the aethod 

described in 4.12. 	Although this aethod is not 

cenrdetely satisfactory, the error is negligiT,?le over 

the s=11 range of telLiseroture considered: 

Tho 	of the above e=ession was cuite 

representative of the sucrose results, hence for the 

range of 10% sucrose: 

To  = 10.528 legs. ra  - 14.50 - 6.67xr 

The results aro shown in Table :ill and the coLplete 

phase diagram is given by figure A16. 	Vapour pressure 

data was obtained from the Refrigeration :landbcok. 

The saturation terperature T1
oC corresponding to Pa psi:. 

can be expressed: 

Tl  = 77.37 (loglo.Pn  + 1.8357) 
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Pressure Tenporiture :ncentrotion I 

50. 3.81 11.14 
54. 4.08 10.98 
58. 10.75 
60. 4.40 10.60 
48. 3.62 11.03 
52. 4.08 10.77 
56. 4.33 10.43 
60. 4.53 10.17 
48. 3.72 11.04 
52. 4.02 10.82 
56. 4.26 10.52 
58. 4.38 10.43 
48. 3.71 9.88 
50. 3.91 9.82 
52. 4.07 9.76 

psig. 	
o C 	w/w%  

! 
1 
1 

TABLE XIV: Experimental Phase rri:ilibrium  

04 	T2ropane Solubility in Sucrose Solutions- 

The solubility of mcopane in brine solutions vas 

"ublished by U: no (80); it T7,9 sh.own tat Herry's Law 

L:.; 1s for this systeL:. 	The solubility codel discussed 

in section 4.4 is used therefore to describe the 

solubility of propane in sucrose solutions. 	The 

'salting-nut' constant K woe assumed to he the sae for 

TDropane in sucrose as for freon in sucrose; the '_Zer.ry's 

L-Ivi constant h:s the sane order of magnitude in each 

case. 	A correlation for the constant is given by: 

log10H = 8.25 - 1262.5/T + 7.51N 

Umano's data and this expression is shown in figure A17. 
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10 	20 	30 	40 	50 	60 
r= g. of water as hydrate /min. 

figure A14 Plot of cooling curve versus formation rate of 

propane hydrate 
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F= agent feed rate (g/min) 

figure A15 	Calibration of Propane feed Rotameter 
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figure A16 	Phase diagram: Propane sucrose, system 
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figure 417 	Variation of Henry's law constant with temperature 
for propane in saline solutions 



TABLE XV 

PaCPLITE HY:HATE: 1420 	(DUe_L II:PELLE70, V1  = 3.55 1. 

7':.7LJN -r  
Taig 

Xr 
w/w% 

T (1c-1r ) (Tr-T1) 
oc 

 (Cb-Cs) 

x103  
g.mo1/1 

r '/C*Devia- 
Lion 
'ziC73312 	75 	Kcal/ 

nin 

::reactor 
Heat loed 
',cal/-in 

101 52. 2.09 10.50 4.00 1.91 2.98 4.46 38.2 3.5 3.17 - 
102 56. 2.96 10.50 4.27 1.31 1.89 3.33 37.8 -10.8 3.14 2,58 
103 56. 3.11 10.50 4.27 1.16 2.05 2.97 29.4 1.4 2.44 2,49 
104 52. 2.35 10.50 4.00 1.65 3.24 3.91 29.4 14.0 2.44 2.32 
105 52, 1.54 10.50 4.00 2.46 2.43 5.54 53.0 -2.0 4.40 4.40 
106 60. 3,42 10.50 4.52 1.10 0.51 2.97 41.3 6.8 3.43 3.08 
707 58. 3.25 13.50 4.40 1.15 1.23 3.02 34.0 2.8 2.82 2.49 
108 54. 2.78 10.50 4.14 1.36 3.68 3.35 34.0 -9.4 2.82 2.87 
109 56. 2.52 10.50 4.27 1.75 1.46 4.31 50.0 -6,3 4.15 4.65 
110 54. 2.00 10.50 4.14 2.14 1.90 5.02 50.0 1.1 4.15 4.32 
t11 58. 3.11 10.50 4.40 1.29 1.11 3.35 42.5 -6.6 3.53 3.57 
'12 54. 2.32 10.50 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 
114 56. 3.17 10.50 4.27 1.10 2.11 2.83 26.9 4.9 2.23 2.24 

F/0 Deviation = 100 (Predicted rate - neasured rate)  
Predicted rate 

ro at 
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TABLE XVI  

Pro,.uction rEYte frt Tr estir]ated fro": sucrose 

concentration 	Vt: 	= 3510.g 

TI-f.E 	x  

nins 	w/110  

0 ,,,, 9.95 
3.1 10.36 .0396 139. 

1C1 4.95 10.75 .0744 261. 
8.9 10.79 .0778 273. 
8.5 10.95 .0913 321. 

0 9.35 
2.8 10.35 .0386 136. 

102 4.5 
6.7 

10.46 
10.66 

.0407 

.0666 
171. 
234. 31. 

8.8 10.93 .0897 315. 
11.0 11.13 .1060 372. 

0 0.95 
2.5 10.28 .0321 113. 

103 5.1 10.60 .0613 215. 30, 
7.55 10.75 .0744 261. 
10.0 11.03 .0979 344. 

0 9.95 
3.3 10.43 .0460 162. 

101 5.75 10.70 .0701 246. 28, 
7,85 10.88 .0855 300. 
10.0 11.09 .1028 361. 

0 9.95 
105 2.05 

3,55 
10.36 
10.62 

.0396 

.0631 
139. 
221. 53. 

5.65 10.88 .0855 300. 

0 9.96 
106 2.75 

4.35 
10.59 
10.87 

.0595 

.0786 
209. 
276. 37. 

6.25 11.02 .0962 338. 



297 

HUN 

TKME XVI (continues:) 

g. 

dy/dt 
g./min 7ins 

0 

r 
w/ w% 

9.96 

1-xf/xr 

2.35 10.40 .0423 148. 
107 3.45 

5.55 
10.55 
10.78 

.0550 

.0761 
196. 
267. 30. 

7,5 10.98 .0929 326, 
9.75 11.22 .1123 394. 

0 9.93 
2.8 10.35 .0406 142. 

108 5.0 10.62 .0650 228. 34.5 
7.2 10.87 .0865 303. 
9.65 11.18 .1118 393. 

0 9.95 
2.0 10.43 .0460 162. 

109 3.45 10.68 .0684 240. 56. 
5.60 11.25 .1155 4.5. 
7.35 11.45 .1310 460. 

0 9.94 
110 2.35 

4.3 
13.38 
10.70 

.0424 

.0710 
149. 
240. 52. 

6.75 11.12 .1061 373. 

0 9,94 
2.45 10.50 .0533 187. 

111 3.7 10.74 .0745 261. 43. 
6.05 11.04 .0906 350. 
7.85 11,22 .1141 400. 

0 9.97 
2.3 10.46 .0468 164. 

112 4.35 10.74 .0717 252. 46. 
6.3 11.00 .0936 329. 
7.75 11.28 .1161 408. 

0 9.93 
3.55 10.42 .0470 165. 

113 6.3 
9.55 

10.73 
10.99 

.0746 

.0965 
262. 
339. 28. 

12.8 11.16 .1102 387. 
15.9 11.52 .1380 485. 



298 

Appendix B Decomposition results 

D1 	Heat and Kass Balance during iydra e Decomposition 

The following sectien outlines the method of 

checking the actual rate of decoaposition of hydrate 

against the total heat input to the reactor. 	The 

ethod is only valid for a constant slurry teLlperature, 

Eydrate was rroduced in a volume Vs of aqueous 

sucrose solution of concentration xg , to give a hold- 

up of ai:;proxio,:itely 15-20% of hydrate. 	The heater was 

switched on andl vihen e steady decomposition ter.rerature 

was reached, the concentration of nether liquor, XU, was 

Thereafter the concentration x was 

measured at given tine intervals. 

TE,Ii-0 a aces b 1 'nee on the solvent abase: 

yc  + Vo,o  (l-xo) = y + Vt.-, (1-x) 

A nass balance on the solute phase: 

V- „ 
0\'0x  0 - \)-6,  =Vnx 

S S (D2) 

where the non-subscripted variables are functions of 

tine and liTere the subscrirts refer to: 

s - reactor conditions before hydrate is formed 

- conditions Then te'rerature is constant nt T 
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Eenee froze (D1) and 02) 

y-3' = V0,`'   o (x0/x - 

yo- y =
s/x 0 

(D3) 

ExT.erimental values of 3z fl.f calculated values of 

(y-y) are rpresented in Table XIX, and (Y0-Y) is plotted 

against time for all runs Dl - D15 in figure A18., 	The 

slope of y0-y with time gives the rate of decomposition 

of the hydrate. 

D2 	Calorimetric Checli: on Total Heat Input 

The total heat input was the sum of three ter-is; 

the hest leall into the reactor, the rover dissipated by 

the stirrer and the power consumed by the imersion 

heater. 	The latter was measured by a watt meter and 

the other ten- s were estimated by a calorimetric cali- 

bration. 	Heating curves were cbtained for aqueous 

solution in the stirred reactor, Table XVII, within tree 

te::percture range for decomposition and with no hydrate 

nresent. 
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D3 	Specimen Calculation of Heat and Yass Ealance 

Examr3le: 880 7i.F14,-, 3.30 litres of 10% sucrose, 

100 watts iniput. 

dT heat load + stirrer -zo-7-er + heat leaf - =(w+w') 	/Qt 

w 	= Heat ca-acity of sucrose solution = 3.15 0  
Xcal/ C 

wt = --7eat caracity of reactor and fittings. 	This;  

was estimated 7=,y considering eT/dt  fflr 

different values of the heat load = 0.295 
Ncol/°0 

• • 	Total heat in7)ut = (3.15 + 0.295) 0.475 

= 1.63 Kcal/min 

Now frog:. figure A18, the rate of deconposition of 

'ay-drate is given; 	= 17.8 g. of water as hydrate 
as hydrate/min 

rate of absor7tion of heat = 17.8 x 90. cal/ 
min 

= 1.60 Kcal/min 

N 	Eeater .Eeating! Total Decomposition 	Feat 

	

load ' qate ! teat ; 	'late 	'Absorption' 

dTdt 	input , 	Rate 
RPM 	Watts. C min Neal/min 	g/nin 	Kcal/Din 

------- - 
880 	100 0.475 	, 1.63 17.80 1.60 

880 	200 0.892 3.06 33.75 3.04 

1420 	260 0.982 3,38 	i 37.25 3.35 

Table XVII: Comparison of I.eat and mass transfer 
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2 	4 	6 	8 	10 	12 
time (mins) 

figure 418 	Decomposition of hydrate slurry with time 



TA''T_E XVIII 

RUN Heater 
input 
(jatts) 

Decomposition tuns D1-D15, summary of reactor conditions 

Pa,*  N 

RPM 

P 

psig 

Td 
00 

Tc Equilibrium Cs 	Cr 
Pressure 

psia 	g.no1/1 g.mo1/1 

CS-Cr  

Dl 100 880 31. 10.36 9.90 50.54 .01076 .00974 .00102 .700 
D2 100 880 34. 10.53 10.20 52.35 .01108 .01030 .00078 .745 
D3 100 880 40. 10.87 10.73 56.37 .01174 .01139 .00036 .837 
D4 100 880 43. 11.19 10.98 60.,_4 .01240 .01184 .00056 .882 
D5 100 080 46. 11.42 11.21 63.54 .01290 .01232 .00058 .928.  

D6 200 880 31. 10.68 9.90 54.10 .01137 .00960 .00176 .700 
D7 200 880 34. 10.81 10.20 55.64 .01162 .01017 .00145 .745 
D8 200 880 37. 11.17 10.47 60.18 .01236 .01062 .00174 .790 
D9 200 880 40. 11.30 10.73 61.90 .01264 .01116 .00148 .837 
D10 200 880 43. 11.45 10.98 63.96 .01297 .01170 .00127 .882 
D11 200 880 46. 11.53 11.21 65.08 .01314 .01226 .00088 .928 

D12 200 1420 31. 10.37 9.90 50.56 .01078 .00974 .00103 .700 
D13 200 1420 34. 10.58 10.20 52.92 .01117 .01028 .00089 .745 
D14 200 1420 43. 11.08 10.89 59.78 .01238 .01189 .00049 .882 
D15 200 1420 46. 11.33 11.12 63.12 .01292 .01238 .00054 .928 
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TA2LE XIX  

Rate of Hass Tran'gfer during Decomposition  

Time 

(mins.) 

x 

0. .1130 
3.  .1120 
9, .1078 
13, .1048 

0. .1090 
4.  .1060 
8. .1045 
11. .1026 

0. .1133 
3. .1114 
6. .1097 

.1060 

0. .1167 
4. .1138 
7. .1119 
11. .1092 

0. .1173 
4.5 .1141 
8. .7115 
12. .1091 
16, .1078 

0. .1100 
3.  .1C70 
6. .1032 

0. .1080 
4.  .1033 
8. .1006 

.UN 

D1 

02 

03 

04 

D5 

D6 

D7 

V i() S S 

(gn) 	(g7) 

n20. 	0. 
49.5 
165. 
253. 

3050. 	0. 
60.5 
131. 
190. 

2910. 	0, 
49.5 
96: 

2840. 	0. 
72. 

' 121.5 
195. 

2840. 	0. 
79.5 
147. 
213. 
250. 

3020. 	0. 
85. 
199. 

3050. 	0. 
139. 
224. 

/x -3 0  
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RUN 

DO 

D10 

T4212 XIX (continued) 

Tiue 	xs 	Y-Y0 / 0  

	

Ww) 	(go) 	(gm) 

	

0. 	.1092 	2950. 	0. 

	

2, 	.1065 	75. 

	

5. 	.1037 	157, 

	

0. 	.1088 	2950. 	0. 2.3 	.1060 	77.5 

	

4. 	.1045 	121. 

	

7. 	.1013 	222. 

	

10. 	.0987 	300,  

0. 	.1162 	2940. 	0, 4. 	.1105 	146. 7. 	.1073 	235. 

D11 
0. 
4. 
8. 
12. 

.1168 

.1122 

.1070 

.1030 

3000. 	0. 
123. 
275. 
403. 

D12 
0, 
3. 
6. 
9. 

.1122 

.1092 

.1053 

.1016 

2960. 	0. 
81.2 
193. 
309. 

	

0. 	.1138 	2920, 
D13 	3. 	.1097 

	

6. 	.1056 

	

9, 	.1022 

0. 
109, 
227. 
331. 

	

0. 	.1282 	2600, 	0. 
D14 	3. 	.1236 	96. 	i 

	

5, 	.1191 	198. 

	

7, 	.1170 	248. 

	

0. 	,1362 	2440. 	0. 3.5 	.1291 	134. D15 	6. 	.1244 	231. 

	

10, 	.1180 	376. 

	

12. 	.1131 	498, 



Sub 

Appendix E Solubility and Equilibrium Data 

El 	Calculation of Solubility 

Calibrated System Volume  

Total volume of system = 155.76 cc. + burette reading. 

(System bounded by valves V2, V3 and mercury surface) 

Sample 1  

Reactor Pressure 	= 61.7 psia. 

Rector Temperature 	= 10.49C 

Burette Reading 	= 23.90 cm3 

Weight of sample in F 	= 128.25 g. 

Atmospheric pressure 	= 760.0 mm. Fig 

Ambient te.:perature 	= 20.0 0C 

Vapour pressure of water 
at ambient T 	= 17.5 mm. Hg 

Total volume of system = 155.76 + 23.90 = 179.66 cc 

. .Volume of Freon 
flashed from 
solution 

• 
. .Solubility of Freon 

= (179.66 - 128.25) 

= 51.41 cm3 

in sample above = 51.41 1 	742.5 273.2 
solubility at cell 128.25 22.4 	760 293.2 
pressure 

= 0.0163 g.mole/litre 

Solubility of Freon at 
742.5 mm Hg & 20°C 	= 0.00028 g.00le/litre 

..Solubility of Freon 
nt 61.7 psia & 
10.49°C = 0.00191 g.mole/litre 
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E2 	Correction for eat of Solution 

For a volatile solute which obeys Eenry's law, the 

Leat of solution is given by Glasstone (83): 

.J_Lac) 
. 31/1, 7?  

where H 	Heat of solution 

and 777 ere the right hand side nay be estimated directly 

from the best-fit equation (10), for freon in water: 

lnc) 
= 2.3026 x 1633.2 , 1 

0 /T p 

Es = 7472 cll/grlole. 

The correction to the heat of forLiation calculated in 

section 41.21 considers the difference between the reactor 

conditions and the standard states of the reactants. 

'Larduhn (38) gives the correction factors: 

A o = (1 - s + r) g bs  + r 
V 

whereAH0  = -;eat of for=tion at standard state 
conditions 

s 	= Moles of freon dissolved in water 7hase 

r 	= Kolcs of 1=atc.r eveacrated in gas pLase 

= Latent heat of water 

Zott 	and r are evaluated at the critical tens erature 

and 7ressure, the freon concentration is given by equation 

(10): 
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c = 0.0188 gmole/litre 

c = 0.00034 mole fraction 

and since the solubility is so low, the estimate of s is 

given by: 

s = 17 (0.00034) 

since 17 molecules of water are incorrorated with one 

molecule of freon in the hydrate unit cell. 

The saturated vapour pressure of water at 12°C is 

10.'6 mm. Hg, and since the cell pressure is 3435 mm. Hg, 

by Dalton's law: 

10.6/3435 = 0.0031 
Hence: 

AHo 	-0.9974 x 31150 + 0.0031 x 10611 - 0.0057 x 7472 

.4V.Ho 	-31,09 Kcal/;mole 

E3 	Helationship between (cb-cs) and (Tc  -Tr  ) 

c -c b s = cb (1 - cs/cb) 
FromEenry's law for constant Tr and xr' and the definition 

of pressures, figure 16a: 

cs/cb = Ph/F  
From the equilibrium line, equation ( 7 ): 

Tc 	10.58 in P + f(xr) 

Tr 	10.58 In Ph + f(xr) 

s 	
-(T -T )N  -c 	cb (1 - 10 	c r  
10.58 

Since the R.H.S. is almost linear with (T -T ) ut to T -T c r 	c r 

= 3°C, over a small range the temperature and concentra',L 

driving forces are almost equivalent.. 



308 

TABLE XX 

Freon-12, hydrate, water: Equilibrium Data in 
Unstirred Cell 

Therocouple 
mvolts 

Hydrate 
teETernture 

T°C 

Cell 
rreElsure 

17sia 
T13athoC  

.325 8.3C 27.95 5.7 

.293 7.55 23.45 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 10.53 2.3 

.074 2.10 7.57 1.8 

.090 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 6.27 27.95 11.5 

.330 0.45 28.95 12.0 

.360 9.20 34.95 12.9 

.374 9.50 37.95 13.5 

.390 9.95 40.95 13.6 

.410 10.40 44.95 14.3 

.440 11.10 52.95 14.8 

.450 11.35 55.95 15.1 

.460 11.60 59.95 15.7 

.463 11.65 62.95 16.5 

.470 11.80 64.85 16,5 
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TAELE XXI 

Freon-12, hydrate, 	sucrose: 	Cquilirium Data 
Reactor 

in Stirred 

Reactor Sucrose Slurry Model Experimental 
7ressure Concentration Temperature Temperature Temperature 

Estimate Corrected 
to HounCeC 

:Ps is (,/w) °C °C Concentration 

34.7 .4164 6.16 6.03 6.42 x=.400 
38.7 .4085 6.65 6.61 6.78 
42.7 .4031 7.10 7.10 7.15 
44.7 .4279 6.94 6.86 7.41 
48,7 .4216 7.30 7.33 7.66 
52.7 .4104 7.77 7.84 7.93 
54.7 .4238 7.72 7.76 8.12 
56.7 .1156 7.93 8.05 8.18 
42.7 .4276 6.71 6.68 7.17 
46,7 .4196 7.19 7.19 7.51 
50.7 .4104 7.67 7.68 7.83 
54.7 .3999 8.10 8.16 8.10 

40.7 .31E3 7,97 7.96 8.14 x=.300 
44.7 .3118 8.46 8.40 8.57 
48.7 .3066 8.85 8.80 8.91 
52.7 .3014 9.24 9.17 9.26 
56.7 .2963 9.61 9.52 9.57 
31.7 .3083 7.43 7.40 7.51 
38.7 .2988 7.90 7.94 7.89 
42.7 .2899 8.36 8.42 8.27 
44.7 .3044 8.43 8.48 8.47 
48.7 .2977 8.83 8.89 8.81 
52.7 .2928 9.20 9.25 9.11 
56.7 .2869 9.59 9.61 9.47 
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TA=LE XXI (continued) 

aeactor 
Pressure 

Psia 

Sucrose 	Slurry 
Concentration Tem7,erature 

(w/7) 	o C 

Eodel 
Temi)erature 
Estimate 

o C 

ti;x72erimental 
Te=erature 
Corrected 
to hounded 
Concentration 

307 .2030 8.61 9.71 9.66 x=.200 
42.7 .1980 9.07 9.15 9.06 
46.7 .1933 9.52 9.55 9.47 
52.7 .1884 10.08 10.07 10.00 
46,7 .2138 9.39 9.40 9.49 
50.7 .2089 9,79 9.77 9.86 
54.7 .2043 10,17 10.11 10.20 
58.7 .1979 10.48 10,45 10.46 
34.7 .2102 8.22 8.22 8.29 
30.7 .2058 8,68 8.69 8.72 
42.7 .2002 9.13 9.13 9.13 
46,7 .1953 9.53 9.53 9.50 

34.7 .1071 8.87 8.92 8.91 x=.100 
38.7 .1048 9.35 9.38 9,38 
42.7 .1031 9.78 C.79 9.80 
44.7 .1027 9.97 9.98 9.99 
42.7 .1187 9.72 9.69 9.84 
/1-3.7 .1151 10.10 10.08 10.20 
50.7 .1114 10.4,5 10.45 10.52 
54.7 .1083 10.78 10.78 10.83 
4_8.7 .1205 10.24 10.22 10.38 
52.7 .1167 10.59 10.57 10.70 
56.7 .1127 10.91 10,89 10.99 
60.7 .1095 11.21 11.19 11.28 

44.7 .0 10.55 10.52 
48.7 .0 10.87 10,87 
54.7 .0 11.36 11.34 
58.7 .0 11.64 11.64 
62.7 .0 11.90 11-.90 
36.7 .0 9.70 9.71 
10.7 .0 10.11 10.13 
44.7 .0 10.51 10.51 
50.7 .0 11.00 11.03 
60.7 .0 11.78 11.77 



TATLE XXII 
Solubility of Freon-12 in Sucrose 

Sam7le x 

w/1-41. 

Tr 

o C 

P 

psis. 

Samyle 
7eight 

gm 

Freon- 
12 

3 
OE 

Ambient 
Te.7:1era- 
ture 
oC 

Ambient 
Pressure 

(corrected) 
cLm.Eg. 

Solubility 
above 
AtLiosTlheric 
g.mo1/1 

Total 	Estimate 
Solubility from 

Model 	(10) 
g.1101/1 

1 0. 10.49 61.7 128.25 51.41 20.0 742.5 .0163 .0191 01914  , 
2 0. 7.59 53.7 123.65 48.76 20.0 741.5 .0160 .0188 .0191  
3 0. 7.61 53.7 128.15 49.51 20.1 741,5 .0157 .0185 ,0191 
4 
5 
6 

0. 
r, 0, 
0, 

8.61 
9.48 
20.00 

57.7 
59.7 
69.7 

120.81 
122.29 
133.90 

45.85 
54.52 
34.11 

20.5 
20.5 
21.6 

739.4 
736.0 
730.0 

.0153 

.0179 

.0102 

.0181 

.0207 

.0131 

.01955 

.0194 

.01405 
7 0. 20.05 54.7 133.55 25.81 21.6 738.0 .0078 .0105 .0110 
8 0_ 18,56 52.7 135.60 25.66 21.7 738.0 .0076 .0104 .0113 
9 0. 9.64 28.3* 142.56 24.44 20.0 742.5 .0070 .00975 .0096 
10 0, 10.23 41.7* 138.25 37.21 21.3 732.3 .0131 .0107 .0135 
11 C. 9.08 31.5* 134.55 27.69 20.2 732.3 .00825 .01105 .01044 
12  0. 9.01 30.75* 137.17 25.99 20.2 737.1 .00765 .0104 .0102 

13 0. 12. 129 120.93 13.43 24.9 738.9 .00442 .00413 
14 30. 12. 14.06 129.79 8.22 24.8 726.9 .00279 .00278 
15 30. 12. 14.:6 136.36 8.30 25.2 726,9 .00268 .00278 
16 0. 12. 14.27 121.36 13.93 25.1 737.7 .00456 .00413 
17 30. 12. 14.34 135.30 7.86 25.1 741.8 .0O265 .00283 

18 10. 13.72 50.7 132.79 31.00 20.5 739.4 .0098 .01217 .01225 
19 10. 12.96 55.7 139.35 37.62 20.5 739.4 .0113 .0137 .0139 
20 10, 5.82 45.2 127.55 41.75 20.7 734.4 .0136 .0160 .0158 
21 10. 6.78 48.2 129.50 42.31 20.3 734.9 .0136 .0160 .0161  
22 10. 6.79 50.7 131.75 43.10 21.2 730.7 .0135 .0159 .0169 
23 10. 10.83 41.7 133.64 28.99 21.0 742.4 .0091 .0115 .0115 

* 	presure viith hydrate crystals 



Sample x 

TA,  

Tr 

' 	oC 

P 

70sia 

TALE XXII (continued) 

Solubility Total 	Estimate 
above 	Solubility from 
.;_tos7heric 	Model 	(10) 
g.mo1/1 	g.mo1/1 

Car--le 	Freon- Arabient 	Ambient 
weight 	12 	Te=era- Treasure 

,) 	ture 	(corrected) 
gn 	cm 	or, _, 	c,i.Eg. 

24 10. 10.60 42.7 134.75 	29.82 	20.7 734.9 .0092 .0116 .0116 
25 10. 12..43 41.7 131.21 	26.61 	21.2 739.2 .0085 .01093 .0107 
26 10. • 8.75 50.7 128.19 	10.53 	21.2 739.2 .0132 .0156 .0154 
27 10. 10.20 47.7 133.55 	37.10 	20.3 739. .0116 .0140 .0136 
28 10. 10i26 46.7 137.75 	36.05 	20.5 736. .0109 .0133 .0132 
29 10. 10.03 60.7 122.60 	45.16 	20.0 735. .0153 .0177 .0174 
30 30. 12.79 55.7 12.10 	27.91 	20.5 732.9 .00885 .0108 .0106 
31 30. 10.14 47.7 138.69 	27.00 	20.8 731.8 .00875 .0107 ,0103 
32 30. 10.37 53.7 137.55 	29.25 	20.5 738.3 .00965 .0116 „MI',  
33 30. '8.48 47.7 136.71 	28.69 	21.3 734.5 .00945 .0114 .0111 

A 0. 25. 90. .01445 .01465 
B 0. 25. 70. .0111 ..0114 
C 0. 25. 50. .00794 .00614 
B xJ,  0. 25. 30. .00478 .00488 
E 0, 30. 100. .01293 .01322 
F 0. 30. 80. du Pont data (37) 	A-N .01043 .01057 
G 0. 30. 60. .00778 .00793 
H 0. 30. 40. .00516 .00529 
1 0. 35. 80. - .00872 .00865 
J 0. 35. 60. .00655 .00649 
K 0. 35. 40. .00418 .00432 
L 0. 40. 80. .00766 .00712 
M 0. 40. 60. .00566 .00534 
N 0. 4C. 40. .00368 .00356 
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Appendix F Filtration data 

Fl 	Calculation of Solids Fraction in Wash Column 

The following calculation arrives at a value of the 

void or interstitial volume of liquor retained within the 

bed independently of the 'breakthrough' estimate. 	A 

total slurry volune, V, is introduced into the wash 

column to form a drained bed of height 1 cm. 	The volume 

of filtrate, VF, and its concentration, xF, is measured 

as the bed is drained. 	The voids in the bed are filled 

with sucrose solution of the same concentration as the 

initial filtrate and occupy a total interstitial volume, 

Vi. 	If the true weight of water in the form of hydrate 

crystals is MD, then assuming the slurry to be 

re2resentative of the reactor contents, a mass balance on 

the slurry may be written: 

k  (vF  + Vi)(1 - xF) + 	= vef(l - xf) 	solvent 

= a7  (VF + Vi) x, 	= Vn 
f  xf 	

solute 

Hence: 	Mm  = (4, i(VF  + Vi)(1 - xf)(xF/xf  

After washing, consider the void volume to have been 

replaced by wash water containing a small fraction of 

sucrose 
	When the bed is decomposed by heating,a total 

melt volume V is obtained, 	Hence: 

Mm + ViF 
 - V  D\ m 

where 	F 	 density of final wash effluent 

density of decomposed hydrate 
and wash liquor combined 



Hence: 
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F = V 	- 
	 1)(1 - xf )( xF/xf  - W 

Examr.le: Run Fl  

The data is presented in Table XXIII and XXIV 

115 - 1.038 (530 + Vi)(0.902)(0.50/9.8) 

Hence 	V. = 87 cm3 

Compare with the voidage volume given by the 

criterion xF/xo = 0.5 for Fl in figure A19, 

i.e. 	V.= 103 en3  

Mm  = 28 gras. of water as hydrate. 

From the composition of freon-12 hydrate: 

Total volume of crystals = 28 x 427/306 = 39 era3. 

Hence the solids fraction = 21.7% 

F2 	Calculation of the Dispersion Coefficient 

Danekwerts (76) -,..esented a mathematical treatment 

of the general problem of displacement of one fluid by 

another in a cracked bed. 	The a=oximate solution for 

the diffusion equation is given by: 

xF  = xo  (1 - erf 047)) 
2 	24t 

where 	xo = sucrose in initial filtrate 

xF 
= sucrose concentration in effluent stream 

number of displacements of void volume 
dispersion coefficient based on super-
cial velocity (cut/sec)  

sunerficial 777asb velocity 	(cm/sec) 

1 	= bed height 	(cm) 



VA-  = 160 cm3 

3 
1 = 15.8 en 

= C.0374 en/sec Vi  = 103 cm 
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The ratio xF/xo is tabulated in Table XXV and plotted 

Dinst the accumulated sash vciume VA in figure A19 to 

A21. 	At xF/x0 =0.5,V4 =. Vi ,the void volume, i.e. N"= 

The dispersion coefficient may be estimated by using a 

point taken from the wash curve. 

The accumulated wash volume at xF/xo = 0.A is VA* 

hence T = VA*/Vi. 	Substituting in the Danchwerts 

equation: 

1 - 2xF/xo = 0.98 = erf 

715-17-7 i 2 	1 A  ! 
Vilu 

Since, Iron 1-qathematical tables, the argument of the 

error function of 0.98 is 1.645: 

. D1 	
5 
	VA  */V. - 1 

3.29 /  -VA*  
vVilu 

From Run Fl: 

V,* /v  - 1.. 

D1 	10.65 x 10-3 cm2/sec 

Alternatively Dancwerts recommended the use of the slope 

of the wash curve at VA = Vi  :  

( 

d(xF/x 
° ) ) d(SSA/Vi  ) V V A--  i 

, 	0,5 41„. liu 
D2' 
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From aun Fl: 

Slope at (XF/x0 = 0.5) = 1,56 

• • D2 = 18.8 x 10-3 cm2/sec 

Estimated values of D1 and D2 are given in columns 6 and 

7 of Pablo XXIII. 

F3 	Pressure Drop keasurements Across the Bed 

For a selection of runs the pressure drop across the 

Led of hydrate crystals Was measured for a given wash rate 

A mercury manometer was attached to pressure probes lolaced 

above and at the base of the bed. 	The probes :ere 

provided with filter caps to prevent the ingress of 

hydrate crystals. 

It was considerably difficult to purge the connecting 

lines efficiently. 	This was mainly due to the mal- 

distribution of liquid in the bed. 	At some points the 

bed was bypassed, leaving the probe isolated in the gas 

Phase. 	The results below were obtained for the 

conditions given in Table 7_XIV. 

The Carnan equation (86) for fluid flow through 

packed beds,at a qeynolds number of less than one,gives: 

Dc
2 = 180 107 (1 - e)2 

AFe3 

where 	void fraction 
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Assuming the crystals to be spheres, the crystal sizes 

are shown in Table 	Stable pressure drop readings. 

could be obtained only when the space below the filter 

disc was flooded and a small head of wash water was 

maintained above the crystal bed. 

yr 

Run 
AP 

cm. Hg. 

Void 	Superficial 
fraction wash 

e 	velocity 
Iu cm/sec 

Dc 

microns 

F10 
	

11.3 
	

0.62 
	

0.028 
	

25 

Fll 
	

5.5 
	

C.63 
	

0.030 
	

35.5 

F12 
	

8,9 
	

0.60 
	

0.035 
	

35 

F13 
	

12.4 	| 	0.66 
	

0.032 
	

21 

Table F3 Esticiatederystal Size  
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1. 

A 0.9 

x°  
ti 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

50 	100 	150 	200 	250 
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figure A19 	Concentration profile in wash effluent — 15.5 cm. bed  
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figure A20 	Concentration profile in wash effluent - 22 cm. bed 
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figure A21 	Concentration profile in wash effluent - 15.8 cm. bed  
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SunLiary of Wash 

TABLE XXIII 

2" dia. Cplunn 

02z103 

CD2/see 

ExperineOs in 

Run Sucrose 	Bed 
Feed 	Volume 

W/ W% 	CE
3 

Solids 	Wash 
Friction Rate 

vol .% 	cE3/nin 

D1x103  

CD2/sec 

Fl 9.80 182. 21.7 44.2 10.65 18.8 
F2 9.80 179. 27.2 47.7 5.5 11,7 

F3 9.80 181, 32.5 45.0 7.2 10.5 
F4 9,80 /79. 35.7 40.2 6.5 12.3 

F5 9.81 181. 35.0 45.8 6.3 20.6 

F6 9.82 256, 39.2 39.0 6.4 3.3 
F7 9.81 256. 33.3 46.0 8.1 12.3 

FB 9.82 256. 25,4 21.6 0.2 15.8 
F9 9.80 256. 29.8 30.0 10.8 8.8 

F10 9.81 256. 38.0 33.0 11.1 9.6 

Fll 9.80 260. 37.2 35.5 4.3 4.6 

F12 9.82 262. 40.0 41.0 10.6 17.5 

F13 9.81 256. 33.7 37.4 3.6 4.8 

F20 25.21 182. - 35.0 13.3 4.4 

F21 25.22 182. 21.2 48.0 40.5 29.7 

F22 25.21 182. 28.0 40.3 22.9 43.2 



Reactor Conditions 

Impeller 
S single) 
D Dual) 

psig. mains e A 

40 8.8 4.85 S 
43 8.8 7.3 S 
46 
46 

8.8 
8.8 

10.4 
10.7 

S 
c. S 

46 8.8 5.7 S 

43 13.7 9.25 S 
40 13.7 8.90 S 
46 8.8 10.0 S 
46 8.8 10.1 S 

43 8.8 10.8 D 
43 8.8 10.4 D 
43 13.7 10.4 D 
43 8.8 6.9 D 

- . 
36 13.7 7.32 D 
36 13.7 7.92 D 
36 13.7 7.10 D 

98. 
:103. 

,Inter- ;Reactor L:lesidence, 	0 
stitia/HPressure: Tine 
Volume 

en3 1 

87. 
25. 
96. 
07. 
90. 

133. 
131. 
119. 
117.  

106. 
118.  
119.  
118. 

TABLE XXIV  

Sunnary of wash and hydrate formation conditions  

Wash Conditions 

Run Bed 	Filtrate Filtrate. Eelt Melt ,Crystal 
;Height V, 	xF V 

• 
xM  Volume IV  

cm. 3 CE t 	W/T% 
3 cm J 1 w/ 3 cm 

Fl 15.8 530 10.30 :115 '0.65 .  39. 
F2 15..5 320 10.57 130 :0.12 49. 
F3 15..8 305 10.9/I1R ...„8 0.22 58.5 
F4 	. 15.5 335  10.97 , 143 ' 0.28 64.2 
F5 	: 15.8 740 10.40 i 135 : 0.18 . 63. 

....., 
F6 22. 655 10.80 205 0.03 100. 
F7 22. 580 10.75 192 0.025 85. 
F8 22. 355 10.89 166 0.29 65. 
F9 22. 120 10.01 171 0.08 76. 

F10 22. 530 11,10 175 0.05 97. 
Fil 22.4 530 10.95 186 0.09 95. 
F12 22.5 575 10.95 192 0.05 102. 
F13' 22. 790 10.54 179 0.04 85.5 

F20 15.8 - - 76 - - 
F21 15.8 390 27.38 130 0.48 43.5 
F22 15.8 505 , 	27.14 139 0.30 50.5 



TA2LE XXV 
••• 

Effluent Wash Liquor concentration with Accumulated Volume  

RUN Fl, 

VA xF/ o 

wash 

xF  

: 	10 reins. um F2, 'rash 
VA 	xF 

, 

: 	10 mins. 

xF/x o 

7,Uil F3, 

VA 

wash 

xF 

: 	15 mins. 

xF/x 

25. 10.63 1.0 25. 10.9 1.0 25. 11.25 1.0 

50. 10.54 0.99 50. 10.9 1.0 75: 11.29 1.01 

74. 10.19 0.956 75. 10.14 0.93 101. 10.20 0.905 

84.5 8.41 0.790 85. 9.74 0.894 111.5 4.35 0.386 

91,5 6.67 0.628 94.5 7.60 0.698 121. 2.4 0,213 

105. 4.85 0,456 104.5 5.00 0.459 132. 2.0 0.178 

115. 3.36 0.316 114.5 3.32 0.305 142.5 1.4 0.124 

135, 2,06 0.1941 138.5 1.20 0.11 167.5 0.85 0.075 

164. 0.89 0.084 165.5 0.45 0.041 192.5 0.45 0.04 

188. 0.30 0.036 190.5 0.35 0.032 218.5 0.20 0.017 

212. 0.13 0.017 215.5 0.17 0.015 328.5 0.20 0.017 

317. 5.12 0.011 330.5 0,35 0.032 438.5 0.10 0.009 

442. 0.07 0.007 477.5 0.04 0.004 558.5 -.07 0.006 

668.5 C.03 0.003 

ca 



TIOLE XXV (continued) 

RUN F7, wash : 

V
A 	

xF 

10 TAns. 

xF/x 
 

RUN F8, 

V, 

wash 

xF 

: 	17 	r2ins. 

xF/x 

RUN F9, 

V
A 

wash 

xF 

: 	12 	rains. 

x
F/xo 

24. 11.07 1.0 25. 11.2 1.0 24. 11.20 1.0 

50, 11.08 1.0 50. 11.2 1.0 49. 11.20 1.0 

76. 11.07 1.0 76. 11.2 1.0 74. 11.20 1.0 

101.5 10.48 0.945 103. 10.93 0.975 99. 10.07 0.896 

111,5 7.70 0.695 113.5 8.83 0.708 109. 6.75 0.602 

122. 5.65 0.510 123.5 6.87 0.6/3 119. 4.70 0.420 

132.5 i 	3.85 
t 

0.348 133.5 5.50 0.490 129. 3.4 0.303 

143.5 2.5 0.226 144. 4.30 0.384 139. 2.5 0.223 

169. 1.6 0.14 169. 3.1 0.277 163. 1.5 0.134 

195. 3.19 0.017 195. 2.0 0.178 189. 0.75 0.067 

220. 0.035 0.003 210. 0.7 0.062 214. 0.33 0.029 

313. 0.04 0.0O3 332. 0.1 0.009 309. 0.105 0.009 

461. 0.04 0.003 367. 0.02 0.002 409. 0.030 0.003 

455. 0.010 0.0009 

ca 

rP 



TABLE XXV (continued) 

aliN F20, wash 
VA 	xF 

: 	13 rins. 
xF/x 

0 

RUN F21, wash 

	

V, 	x, 

	

I-1 	10 

: 	20 mins. 
xF/x 

0 

HUN F22, wash 
VA 	xF 

: 	20 mins, 
xF/x o 

25. 24. 1.0 , 	25. 28.35 1.0 25. 28.62 1.0 

5a. 23.5 0.98 51. 25.0 0.0E32 51. 26.65 0.932 

76. 21.0 0.875 76. 15.0 0.53 76.5 20.95 0,733 

95. 12.5 0.52 86. 86.5 14.7 0.515 

106. 8.0 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. 11.30 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. 2.05 0.12 166. 6.0 0.212 167.5 2.85 0.10 

188. 1.60 0.067 191. 3.85 0.136 192.5 0.85 0,029 

213. 1.35 0.050 214. 2.35 0.083 218.5 0.25 0.009 

233. 1.35 0.056 331. 0.95 0.033 335.5 0.40 0.014 

263. 0,80 0.033 443. 0.18 0.006 450.5 0.13 0.004 

373. 0.60 0.028 568. 0.10 0.003 586.5 0.10 0,0035 



Appendix G Calibrations and physical constants 

G/ 	Calibration of Thermocouple-.Probes 

The coror-constantin ,roloes were individually 

calibrated against a standard platinum resistance thermo-

meter in a stirred Dewar flask for the range 5-12°C. 

The characteristics of the -:,latinun thernometer were 

known; the naxinun possible error in the absolute value 

of the temperature was +1/20°C. 	The thermocouple e.u.f. 

was linear with temperature in the small range considered, 

the temperature °C was given by: 

T = 28.98 E 

where 	M = Potentioreter reading in mv. 

G2 	Sucrose - Refractive Index 

The variation in the refractive index of aqueous 

solutions with sucrose concentration at 20°C is well 

documented in the literature; Eonig (81) and International 

Critical Tables. 	The former reference is nest useful 

since it includes a survey of all physical properties of 

sucrose solutions. 

The Abbe 1601  refractoLeter reads directly in degrees 

and minutes rather than employing a non-linear refractive 

index scale. 	ellinghaa and Stanley publish tables for 

the sodium D1 line (5896 A) for converting the critical 

angle to a refractive index value. 
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The accuracy with which the refractometer may Toe 

read is +C.1 ninute, which corresponds to a refractive 

index variation of +0.000016. 	This in turn represents 

a change in the sucrose concentration of +0.01 w/10, an 

error which contributes +1% error to the estimation of 

the production rate of hydrate in the reactor. 

The effect of dissolved freon on the refractive index 

was checked by conducting a series of experi7onts with a 

standard sucrose solution and saturating samples with 

freon under pressure. 	The freon had no effect when the 

sample was brought to equilibrium with atmospheric 

pressure, expelling residual freon. 	If the sample was 

introduced onto the refruetcucter prism before a neriod cf 

ecuilibration, tiny bubbles of freon caused on uneven file-,  

of solution to be for':Ied, with gas traed between the 

glass surfaces. 

G3 	Sucrose-Viscosity and other physical constants 

Adequate data is available (81) for a large range of 

sucrose concentrations an;_71 solution temperatures. 	Since 

the viscosity is an inportcnt variable in this work and 

apT)ears in computer solutions, a mathematical exaression 

for the variation in viscosity was preferred to a 

graphical interpolation technique. 
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The equation was based on tte Andrade equation ouoted 

by Perry (71), which describes the effect of temperature 

on liquid viscosity: 

= aB/T  

where A and B are constants for a pure licuid and Till 

beconie variables for a 2 comronent systeE. 

Assume: 

A = ao + aix + a2x2 + a3x3 

bo + blx + b2x2 + b3x3 

where a o , al , ... bo , 131, 	are constants and x is the 

weight fraction of sucrose in solution. 

Data covering the range 0 to 45% (w/w) and 0-30°C 

was obtained fro;:2 Eonig (81) and the non-linear model 

above was fitted to the data by a hill-climbing corputer 

2rograra7e ) which Liinimised the sun of squares of the errors. 

This gave the expression: 

- 10-3(-154 - 6.32x + 11.88x2 - 76.51x3 )e13/T 

where 
= 1923.4 + 2347.5x + 1283x2 + 5343x3 

and 	is given in centipoise and T is raeasured in o, 

The estimate of the standard ..'_Can deviation is 0.054 

and the mean percentage deviation Iron the model was 

±1.5%. 	All data fell within +5% of the estimated 

viscosity for the range considered. 
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The surface tensions of sucrose solutions (84) and 

freon (82) are given in figure A22. 	It is noteworthy 

that the interf'Acial tension varies only slightly over 

the entire exr:,erimental range. 

The suer-ose density (84.) may be expressed: 

0.9945 t 0.435x 	(g/cm3) 

The sucrose specific heat, International Critical 

Tables; 

c = 0.992 - 0.61x 
	

(cal/g.) 

G4 	Calorimetric determination of power input 

It is desirable to estimate the relative pcy,:er 

consumed by the dual and the single impeller systems, 

since the power input is used as the scale-up criterion. 

Calorimetric tests were run to measure the power 

dissipated as heat in the reactor. 	The results were 

reproduceable, with the reactor operating at ambient 

temperature in an atmosphere of air. 	The results are 

summarised in table XXVI, and presented in graphical fcru, 

figure A23. 	The relevance of the change in power 

consumed with liquid head is discussed in chapter six. 
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figure A 22 	Variation of surface tension with temperature 
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figure  A 23 	Plot of power consumed in aqueous phase versus 
volume of phase  
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Table XXVI  

Stirrer lower input with liquid depth 

Run 
,--L-'-,• 

Impeller 
speed and 
type 

React©r 	Total 	Heating 
liquid 	heat 	,rate 
capacity' capacity, 

. 	0 1 	;KcW 	' °C 	C/nin 

Stirrer 

HP 

G1 4.55 4.69 0.0592 0.026 

02 1120 rpm 3.55 3.72 0.0688 0.024 

03 Single 3.14 3.39 1 0.0770 0.024 

GA 3.95 4.11 :0.0650 0.025 

05 3.19 3.37 0,1475 0.053 

06 3.35 3.53 0.1530 0.0575 

G7 1420 rpm 3.95 4.11 0.1675 0.0735 

C8 4.70 1.88 0.2015 0.105 

09 Dual 4.15 4.31 C.174 0.080 

010 3.70 1.87 0.123 0.064 

Gil 	' 3.35 3.53 0.159 0.060 

0"12 3.14 3.33 0.152 0.054 

014 950 rpm 3.74 3.91 0.0790 0.033 

015 Dual 3.80 3.97 0.0803 0.034 

Note: 
a Het capacity of r eactor = 	0.295 Kcal f e 

Heat leak into reactor 0 10°0 = 	0.34 Kcal/min 
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Notation 

Ab 
Av 
a 
cb 

0 

c o  

i 

 

D 
D as 

ss 

DT 
DD2 

E 
E 

g 

G 

Kh 
k 

k 
k1 

1I 

= total surface area of bubbles 
= total heat transfer area of agent 
= sTecific surface of dispersed phase 
= equilibrium agent concentration at bubble 

surface (g.mcl/cm3 ) 
3‘ r,gent eoneGntrp.tion at crycltal gurfaee(g.mol/em ) 

specific heat of aqueous Ttase 
specific heat of hydrate crystal 

= agent concentration in bulk aqueous 
phase 

= agent concentration in equilibrium 
with hydrate 

= impeller diameter 
= molecular diffusion coefficient of 

agent in sucrose solution 
= diffusivity of sucrose in aqueous 

solution 
= tan.t diameter 
= dispersion coefficients based on 
superficial velocity in wash voluran 

= energy dissipated rer unit volume 
= energy dissiDated under gas load 
= void fraction 

= liquid agent flow rate 
	

(g/min) 
= gaseous agent flow rate 
	

(co3/min) 
heat transfer coefficient 

	
(cal/Nin.cm2.oC) 

= total heat leak into reactor 
	

(cal/min) 
= liquid-film mass-transfer coefficient 

	

for diffusion to crystal surface 
	

(cm/sec) 
= rate constant for surface Trocess 	(cm/sec) 
= liquid-film mass-transfer coefficient 

	

for diffusion from disDersed agent 
	

(cm/sec) 
= modified liquid-film transfer 

coefficient 
	

(g.cm/g.mol-imin) 

(cal/g°C) 

(cal/g°C) 

(g.mol/c1:3) 

(g.mol/cra3) 

(cm) 

(cm2/sec) 

(cm2/sec) 
(cm) 

(cm2/sec) 
(EP/ft3 ) 
(HP/ft3 ) 



(r.p.E.) 
(p.s.i.n.) 

(p.ssiorf..) 

(E.P,) 

(cal/Elin) 

(cal/min) 
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Le 

IT 

Ph 

p 

Q 

Re 

r 

rA 
rd 

Sc 

T. 1 
T1 

Tn 
Vg  

1 
Vr 

C 
of 
X 

Notation (continued)  

= Lewis nunber 
D 
as 

= stirrer speed 

= reactor pressure 

= hydrate equilibrium pressure at 
invariant point 

= agitator power input under gas load. 

= hydrate equilibrium pressure at 
temperature of bulk aqueous phase 

= agitator rower input in liquid phase 

= reactor heat loafl, equation (58) 

= net cooling rate in steady state runs 

= Reynolds nuaber 

= rate of hydrate production expressed 
as water flux 

= agent transfer rate 

= rate of hydrate dece=osition as 
water flux 

= Schmidt nu7ber ('/Das) 
= equilibrium teaperature of hydrate at 

P'xr 
= teET:erature at crystal surface 
= condensation temr)erature of agent at 

reactor pressure 

= nucleation temperature 

= superficial gas velocity in reactor 
= volume of liquid in the reactor 

= total operating volume of four—phase 
dispersion 

= reactor recycle rate 

= sucrose feed rate 

= nole fraction of sucrose in solution 

(g/min) 

(g.ncl/sec) 

(E/nin) 

(cc) 

(00) 
(0C) 

(ft/sec) 

(cm3) 

(cm3) 

(cn3/min) 

(cry 
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Notation (continued)  

x 	= weight fraction of sucrose in solution 	(w/v) 
xf 	= weight fraction of sucrose in reactor feed (w/w) 
xs 	= sucrose concentration at crystal surface 	(w/v.7) 

= distance measured from crystal surface 	(cm) 
y 	= hold-up of water in hydrate form 	(g) 
z 	 = distance 177,ecLuuroc: from bubble ourf:7ec 	(co) 

r)4. 	= mole ratio of water to agent in hydrate 
molecule, 	refers to weight ratio 

if 	= heat cf fcrmation of hydrate phase 	(cai/g) 

= latent heat of vaporization of hydrating 
agent (cal/g) 

= viscosity of dis'ersed phase 	(g/em.sec) 

r(h = viscosity of hydrate slurry 	(g/cm.sec)  
= viscosity of continuous liquid phase (g/cm.sec) 

g 	
= volume fraction of gas in dispersion 

Oh 	= volume fraction of hydrate phase in dispersion 

1 	= volume fraction of liquid agent in disr:,ersion 

= liquid density 	 (g/cm3) 
EY 	= interfacial surface tension 	(dyne/cm) 

= conversion of aqueous feed 

f,r,b,d = subscripts used throughout to denote feed and 
reactor conditions, bubble and drop sites 
resjectively. 
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