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ABSTRACT

This work presents the results of experiments and modeling of tetrahydrofuran

single crystal hydrate growth. The purpose was to study growth kinetics , inde

pendent of mass transfer and heat transfer. We used a single crystal apparatus, at

stoichiometric concentrations of tetrahydrofuran and water, varying the fluid shear

to decrease the boundary layer at the crystal surface.

We were completely successful in eliminating mass transfer and we minimized

heat transfer effects, so that the best kinetic growth constant was obtained. In order

to obtain the kinetic coefficient, the heat transfer coefficient had to be extracted, using

wedge flow correlations. A simple moving boundary model successfully correlated the

data and indicated that at high flow rates, the heat transfer effect was reduced below

20% of the total resistance, with the kinetics effects at 80% of the total resistance.

Data analysis indicated that the growth rate was a function of orientation of

the crystal faces to flow, which resulted in different flow patterns. Impinging flow

resulted in the maximum shear and resulting growth rate of the crystal faces. Growth

rate increased with the driving force (i.e. subcooling). The growth process was

established to occur by a step mechanism. We could not eliminate the heat transfer

effect completely, due to the flow rate limitations in the single crystal apparatus.

However this work represents the best kinetic hydrate growth measurements available

for THF- hydrate formation.

We found that with extreme precautions to totally eliminate mass transfer and

to minimize heat transfer via high shear, it is very difficult to obtain reliable kinetic

constants for the single hydrate crystal growth system. The results of this work
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suggest that assessment of heat transfer, previously ignored in multiple crystal growth

studies for e.g. Englezos and Bishnoi (1988a,b) and extensions of Englezos and

Bishnoi model by Skovborg and Rassmussen (1994), is vital to obtain accurate hydrate

kinetics.
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Chapter 1

INTRODUCTION

This chapter is a brief introduction to hydrates. It gives an idea of the how,

what and why of hydrates. Most of the discussion has been taken from Sloan (1998);

further details can be obtained from this reference.

1.1 Hydrates as a Resource for the Future

Around early 1960's, research into identifying energy resources for the future took

a major leap. The existence of gas hydrates in nature was proven in 1965 (Makogon,

1965). Natural gas production started in 1970 from the Messoyakh hydrate deposit

in Siberia. Currently, Japan and other countries are considering the possibility of

producing natural gas from their offshore in situ deposits of gas hydrates. Hydrates

can store large amounts of gas. This has lead to investigate the resource potential

of hydrates for the future. Along with new measurements of hydrate properties,

came several studies to determine the recoverability of energy for gas hydrates. Some

of the techniques that have been proposed consist of pressure reduction, thermal

and geothermal stimulation, inhibitor injection, and more recent by carbon dioxide

sequestration.



1.2 Overview of Hydrates

The history of hydrates dates back to almost 200 years. Priestley (1790) and

Davy (1811) were the first to publish experimental results on SO2 and CI2 hydrates,

respectively. Villard (1888) first determined the existence of gas hydrates of methane,

ethane and propane.

Hydrates are crystalline compounds - similar to ice - with the guest molecules

trapped in cavities or cages formed by the hydrogen bonded framework of water

molecules. The most important difference is that ice forms as a pure component while

hydrates form only with a guest molecule of a particular size. The van der Waals

forces between the guest and the water molecules of the cavity help in stabilizing

the hydrate structures. It is important to note that there exists only these weak

interactions and hydrogen bonding without strong chemical bonds in the hydrate

structures.

1.3 Crystal Structures of Hydrates

All common natural gas hydrates typically form three kinds of structures - cubic

structure I (si), cubic structure II (sll) and hexagonal structure H (sH). Molecules

like methane, ethane, ethylene oxide etc. form si, while propane, iso-butane, tetrahy-

drofuran form sll, and mixtures of methane and still larger molecules like methylcy-

clohexane are known to form sH. The water molecule framework of cavities, which

are the building blocks of these hydrate structures are usually of five different sizes.

Figure 1.1 represents the 5^^ cavities consisting of 20 water molecules, arranged in

12 pentagonal faces forms the pentagonal dodecahedron. The tetrakaidecahedron,

consists of 12 pentagonal faces in combination with 2 hexagonal faces. The
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Figure 1.1: The five different cavities of si and sll hydrates, (a) 5^^ (b) (c)
(d)435«63 (e) 5^268 fYom Sloan, (1998)

hexakaidecahedron, consists of 12 pentagonal faces plus 4 hexagonal faces. The

irregular dodecaherdron, 4^5®6^ has three square faces and three hexagonal faces, in

addition to the six pentagonal faces. The largest cavity has twelve pentagonal

faces and eight hexagonal faces.

The si unit cell is formed by combining the two 5^^ and six cavities. The

general stoichiometric formula for si is given as 6X. 2Y. 46H2O. The sll unit cell is

formed by combining the sixteen 5^^ and eight cavities. The general stoichio

metric formula for sll is given as 16X. BY. I36H2O. Figure 1.2 represents the si, sll

and sH unit cells. The sH unit cell is formed by combining the three 5^^, two 4^5®6^

and one cavities. The general stoichiometric formula for sH is given as



Figure 1.2: Unit cells of hydrate structures, (a) si (b) sll (c) sH Prom Sloan, (1998)

3X. 2Y. IZ. 34H2O, where X, Y and Z represent 5^^, and cavities respec

tively.

Jeffrey (1991) has suggested some semi-clathrates formed by compounds of alky-

lamines and quaternary ammonium salts.These hydrates are isostructural with the

gas hydrates. The building blocks in these semi-clathrates consist of large cavities

like formed when four polyhedra are combined by sharing hexagonal faces

and omitting the vertex common to all four polyhedra.



1.4 Hydrate Thermodynamics

Hydrates generally are considered to be nonstoichiometric compounds. The term

nonstoichiometric compounds denotes compounds with variable compositions which

is due to the variable occupation of the host framework cavities by the guest molecules

depending on the equilibrium conditions. Hydrate thermodynamics have been studied

extensively. Computer predictions like CSMHYD, which uses the van der Waals and

Platteeuw (1959) theory, provide predictions of pressure-temperature data, and are

extensively used in oil and gas industry.

Figure 1.3 represents a pressure-temperature phase diagram for a simple system

like methane-water. Qi represents the quadruple point where four phases (Ice-Liquid

water-hydrate-vapor, I-L^-H-V) coexist. Hydrates form to the left of the lines

H-V and I-H-V. Industrial operations typically try to keep away from this region, as

these conditions are favorable for hydrate formation, resulting in problems of flow

assurance.

1.5 Hydrate Kinetics

Hydrate kinetics is the most challenging and intriguing field. Question regard

ing hydrate formation, dissociation and kinetics of hydrate inhibition has yet to be

addressed successfully. The kinetics of hydrate formation can be described as follows:

(1) Formation of critical sized nuclei

(2) Growth of this critical sized nuclei to a crystal

(3) Diffusion of the components to the growing hydrate surface
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(4) Dissipation of the heat of crystal formation

All the above steps are inter-related and a satisfactory quantitative model has yet to

be found.

The preliminary research on hydrate formation started in Russia (e.g. Makogon,

1974). In the last 10-15 years, the work by Bishnoi and coworkers has set the path

for modem kinetic studies. Other studies by Skovborg and Rasmussen (1994) are

some of the very few practically useful models. Further discussion of these models is

postponed until the next chapter.

The state-of-the-art in hydrate kinetics can be summarized as:

• Hydrate nucleation is both heterogeneous and stochastic

• Hydrate growth studies are apparatus dependent; the experimental data ob

tained in one laboratory may not be easily transferable to another laboratory.

Typically the models have been shown to fit only about 80% of the data on

which the model parameters were based.

• All the kinetic models proposed are mass transfer based and hence ignored

the heat transfer effects.

1.6 Inhibition Technology

Hydrates have always been a problem to the natural gas industry. Hydrates may

form plugs to block entire pipelines, valves and other processing equipment. There

have been four approaches to prevent the hydrate plugs:

(1) Remove either water or the guest molecules (gas)



(2) Maintain the temperature the equilibrium condition

(3) Maintain the pressure below the equilibrium condition

(4) Use thermodynamic inhibitors like methanol, glycols, or salt, to shift the

hydrate equilibrium to lower temperatures or higher pressures

The above methods are expensive as indicated by Englezos (1993). The re

quirement of as much as 40-50 wt% of these thermodynamic inhibitors is the main

drawback. Hence two new techniques have been invented for inhibition of hydrates.

First is the anti-agglomerant method, where the hydrate particles are prevented from

agglomerating, thus providing flow assurance. The second method of kinetic inhibi

tion intends to prevent the growth of hydrate crystals. A new technology of using a

combination of kinetic inhibition and anti-agglomeration is under study. The syner-

gistic effect caused by using this combination results in preventing the growth and

agglomeration of the hydrate crystals.



Chapter 2

FUNDAMENTALS OF HYDRATE CRYSTALLIZATION

Kinetics of hydrate crystallization is in its primitive stages, especially with very

few data. A brief idea about hydrate crystallization is presented here, a comprehensive

overview is presented by Sloan (1998).

2.1 Justification for the Present Project

This study is an extension of the earlier single crystal work by T. Makogon

(1997) and Larsen (1997). Makogon started the initial investigations concentrating

on computer simulations and performed the first single crystal work on sll hydrates.

Larsen (1997) continued this work and found that growth studies of sll THF single

hydrate crystals was heat transfer dominated in stagnant systems. He suggested using

recirculation in order to eliminate the heat transfer effects.

This present work concentrated on eliminating heat transfer effects by fiuid cir

culation across the crystal faces. As in the earlier work, single crystal studies were

chosen in order to understand the basic phenomena to eliminate mass and heat trans

fer effects. It was our belief that such a fundamental investigation would aid in un

derstanding the mesoscopic phenomenon by obtaining experimental data which are

very scarce in this particular field.
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2.2 Hydrate Nucleation

The condition of supersaturation or supercooling alone is not sufficient for a

system to crystallize. Before the hydrate crystals can grow in the solution, a number

of minute embryos or nuclei should exist. These embryos have to reach a critical size

where the Gibbs free energy is maximum. The excess free energy consists of surface

free energy and a volume free energy (Mullin,1993) given by:

AG = AGs + AGv = + ̂7rr^AG„ (2.1)

Figure 2.1 represents the free energy diagram for the nucleation process. The figure

explains the existence of a critical size nuclei which represents the minimum size

required for a stable nuclei. The critical radius represents the minimum size, above

which a nucleus will grow into a crystal.

The studies of Skovborg (1993) and Natarajan (1993) indicate that macroscopic

tools such as pressure and temperature will not be sufficient to determine nucleation.

A new generation of spectroscopy tools are required to describe this phenomenon,

e.g. the work by Ripmeester et al. (1994) indicated NMR evidence of the cluster

formation as a building blocks for the formation of critical sized nucleus. Recent ex

periments by Subramanian and Sloan (1998) have also proved the pre-cluster theory

by using Raman spectroscopy. Recent experiments using automated lag-time appa

ratus (ALTA) by Barlow and Haymet (1995) indicate that nucleation of ice system is

stochastic and heterogeneous with first-order kinetics.

Hydrate nucleation is effected by guest size and composition, surface area, im

purities, history, degree of supercooling, supersaturation and agitation in the system.
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Figure 2.1: Free energy for nucleation. From Mullin (1993)



12

2.3 Literature Review - Hydrate Growth

Modeling hydrate growth is easier than modeling the stochastic nature of the

nucleation process. Early theories and experimental studies showed that there exists

a transition between general crystal nucleation and growth processes (VanHook, Pg.

92, 1963) and the processes have to be studied independently.

Pre- 1980 kinetic studies of hydrates involved miscible systems like tetrahydofu-

ran (THE) or ethylene oxide (EO) to eliminate the mass transfer effects. Glew and

Hagget (1968a,b) indicated that multi-crystal growth of EO was heat transfer limited.

Pinder (1964) found that hydrate kinetics of THE -I- H2S was diffusion limited. Pin-

der (1965) observed that the reaction in a THF-water system to form a gas hydrate

occurs between two hydrogen bonded complexes and the rate of reaction between the

two complexes is strongly diffusion dependent.

Post- 1980 kinetic studies resulted in experimental and initial growth expressions.

Englezos et al. (1988a, b) obtained a model for single components of CH4 and C2H6,

and then extended the model to incorporate binary mixtures of CH4 -1- C2H6. This

model was the first of its kind to include both kinetic and mass transfer effects.

Englezos-Bishnoi model assumed hydrate formation to consist of three steps:

(1) diffusion of gas from vapor phase to bulk of the liquid

(2) diffusion of gas from bulk of the liquid through a diffusion boundary layer

(3) reaction of the particles at the hydrate interface

As with any model, Englezos and Bishnoi model has certain limitations. The

parameters fitted to si, hence the model should be used with caution for sll and sH
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systems. The linear growth rate assumption is valid only during the first 100 minutes.

The fitted parameters like surface area, number of particles and particle size are very

difficult to measure. It is very important to study the hydrate phase in order to

obtain the hydrate properties.

Skovborg and Rasmussen (1994) extended the Englezos-Bishnoi model by re

stricting the hydrate process to be only mass transfer limited. The Skovborg-Rasmussen

model was simplified by assuming that all the hydrate particles were of the same size

and have same growth rates. This assumption may not be true, as morphological

changes in crystals result in different growth rates. Skovborg was not able to re

late fits between his and Englezos-Bishnoi apparatuses due to lack of surface area

measurements in his blind cell. Both the Englezos-Bishnoi and Skovborg-Rasmussen

models did not account for the heat transfer effects.

Other crystal growth models by Ghara and Reid (1973) also concentrated on

mass transfer limited growth, neglecting the effects of heat transfer. Bylov (1997)

used a computer program called HYLAB to simulate induction times and growth

rates in gas hydrates. This program used Skovborg and Rasmussen model. Bylov

mentions that the assumption of gas and oil are always in equilibrium during a gas

hydrate experiment may not be valid. Using this assumption one would overestimate

the amount of gas hydrate formed in an experiment. All these above experiments and

models apply to multiple crystal growth studies.

Hydrate single crystal growth rates was first studied by T. Makogon (1997). He

concluded that THE hydrate single crystals grow as regular octahedra from stoichio-

metric concentrations exhibiting triangular {111} faces. Figure 2.2 represents a sll

THE hydrate crystal composing 8 triangular {111} faces arranged like two pyramids.
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sll hydrate crystals have cubic unit cells, and Figure 2.3 shows how these crystal faces

appear by stacking cubic building blocks. Figure 2.4 represents the axes and planes of

the cubic sll unit cell as described by T. Makogon (1997). Larsen (1997) concluded

that the crystal growing planes {111} which are exhibited macroscopically are the

slowest growing planes and the six-membered rings of the large cavities all lie

on these planes. Larsen (1997) observed that growth process in sll single crystals in a

stagnant system was heat transfer dominant. Rider (1999) observed skeletal growth

in sll octahedron single crystals at subcooling greater than 2.0°C. Rider found that

growth rates changed with morphological changes during growth process.

Kossel's model was the first detailed consideration of the mechanism of general

crystal growth. Figure 2.5 represents the possible positions at which the individual

atoms are incorporated in the crystal lattice. The most favored of all the positions

depends on whether the growth process can take place at preferred sites, in this

case designated by (1/2) representing a kink or a repeatable step. Growth would

proceed by successive addition at these positions until the row is completed. Further

discussion of this modelis postponed until Section 5.3.

Chalmers (1967) discussed a useful criterion between the rate of solidification R

and the departure from equilibrium AT to define the type of mechanism of crystal

growth:

(1) For an interface in which all sites are equivalent, then R oc AT

(2) If the interface is atomically smooth i.e. growth proceeds only by surface

nucleation mechanism, then R = a exp(-b/AT)

(3) If the growth process is only by steps, then R oc AT^
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Figure 2.2: Octahedral crystal shape, with family of {111} planes. Prom Phillips,
(1951)
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Figure 2.3: Conceptual view of octahedron emerging from cubic building blocks. From
Phillips, (1951)
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<001>

<010>

•<100>

Figure 2.4: Three crystallographic axes (100), (010) and (001). Prom Makogon,
(1997)
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Figure 2.5: Kossel's crystal model. Prom Langmuir, (1948)
1) Edge 2) Comer 3) Surface 4) Edge adsorbed molecule
5) Comer adsorbed molecule 6) Edge position step
7) Surface adsorbed molecule or center 8) Surface hole 1/2) IcinV
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Kirkpatrick (1975) indicated the importance of crystal morphology on the growth

mechanism. Jackson et al. (1967) indicated that mechanism of growth to be either

lateral or continuous. Hillig (1966) dealt with the mathematics of step growth mech

anism.
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Chapter 3

SINGLE CRYSTAL APPARATUS AND EXPERIMENTAL

PROCEDURE

3.1 Introduction

This work presents the results of experiments and modeling of tetrahydrofuran

single crystal hydrate growth. The purpose of this work was to study growth kinet

ics independent of mass transfer and heat transfer. Mass and heat transfer effects

play a major role in crystallization. The importance of these two factors has been

summarized in the Figures 3.1 and 3.2. Figure 3.1(a) and 3.1(b) show a schematic

of concentration of THF as a function of distance.Figure 3.1 (a) represents a THF -

water system. Using a miscible liquid system, a gas - liquid interface is eliminated,

only a soHd (hydrate) - liquid interface has to be considered as shown in Figure 3.1(a).

Further the concentration boundary layer can be removed by using a stoichiometric

(1:17 mole ratio) THF- water solution, eliminating maas transfer effects as shown in

Figure 3.1(b).

Earlier growth experiments by Larsen (1997) were conducted in heat transfer -

dominant conditions; the temperature profile is shown in Figure 3.2(a). The thermal

boundary layer at the solid - liquid interface leads to heat transfer dominant studies.

To eliminate the heat transfer effects, it was proposed to use a recirculating system, to



. . . solid-liquid
hydrate

boundary
layer

(not K) scale)

Gas-Liquid Interface eliminated by
using THF-water system

hydrate
boundary layer eliminated

distance" (not to scale)

Mass transfer boundary layer eliminated

Figure 3.1: Schematic for Mass Transfer Effects

transfer heat of crystallization to the fluid system, thus decreasing the effect of heat

transfer. This would lead to the closest possible kinetics - limited growth studies. The

temperature profile is shown in Figure 3.2(b), where the boundary layer is eliminated

by circulating the fluid across the interface.

Tetrahydrofuran (THE) was chosen as a structure II hydrate former for the

reasons of eliminating a gas-liquid interface. THE is a liquid below 66°C, and is

completely miscible with water at all ratios. Von Stackelberg and Meinhold (1954)

indicated that THE is large enough to only fit the large cavities of sll hydrates.
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Heat transfer dominant

solid-liquid
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Kinetic studies made easier by eliminating heat transfer

Figure 3.2: Schematic for Heat Transfer Effects



23

Table 3.1: Physical and Chemical Properties of Tetrahydrofuran

Property Value

Molecular Formula CiHsO

Molecular Weight 72.107

Boiling Point 66"C

Melting Point -108.4"C

Evaporation Rate 8

Flash Point -21"C

Hydrate Structure Formed six

Equilibrium Hydrate Dissociation Temperature, 1 atm 4.4"C

Specific Gravity 0.886

Vapor Density 2.49 Kg/m^
Viscosity 0.48 cP (0"C)

Vapour Pressure 143 mmHg (20"C)
Solubility in Water complete(30 g/100 ml at 25°C)

Table 3.1 shows some of the properties of THF.

In all our experiments, we used only high grade spectranalyzed 99.5+ wt% THF

without inhibitor from Fisher Scientific. We used a stoichiometric solution of THF-

water mixture to form the hydrates. For sll hydrates, 17 water molecules per large

guest (i.e. THF) or 19 wt% THF in the solution. This corresponds to 21 vol% or

5.56 mol% THF. Figure 3.3 shows a partial phase diagram for the THF-water system

at 1 atmosphere. The equilibrium hydrate dissociation temperature at 1 atmosphere

is found to be 4.4°C.

Detailed studies on THF hydrate properties can be found from the work by

Finder (1964, 1965a, 1965b), Gough and Davidson (1971), Lebedev et al. (1978),

Kiyohara et al. (1979), and Leaist et al. (1982).
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Figure 3.3: THF-water phase diagram at 1 atm. Dyadin et al. (1973)
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3.2 Single Crystal Apparatus

A schematic of the experimental apparatus is shown in Figure 3.4. The water

bath contained a round bottom flask, which had a U-tube connected to it at the bot

tom. The temperature of the water bath was controlled by using a coolant, typically

water in this case. The temperatures were measured by using thermocouples. The

round bottom flask had a glass stirrer attached at the top, which can be operated

up to 5000 rpm. The design of the stirrer was such that the diameter of the blades

was almost equal to the diameter of the U-tube.The stirrer was used for circulating

the fluid between the round bottom flask and the U- tube, and used to eliminate

the heat transfer boundary layer across the crystal faces. A Charge Coupled Device

(CCD) was used to monitor the growth process. The CCD was attached to a Video

Camera Recorder (VCR) for recording the experiment, and used for experimental

measurements which will be described in Section 3.3 and Section 3.5.

3.3 Experimental Procedure

Single crystals were grown at the top of the U-tube with a pipette. A cold wire

was inserted in the pipette to act as a nucleation site. A single crystal grew out of

the pipette into the melt. The following were the experimental conditions;

(1) Atmospheric pressure

(2) Fixed subcooling: defined as Teg - Tbath

(3) 19 wt % stoichiometric THF - water solution

(4) Equilibrium temperature Tgg =4.4°C
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Figure 3.4: Schematic of the Experimental Apparatus
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(5) Fixed Recirculation rate of either 300, 600, 850 or 1200 rpm

Single crystals thus grown in the melt were sll hydrates. The measurements

were conducted by recording the growth process via a Charge Coupled Device (CCD)

camera (with a magnification of up to 50) on to a Video Cassette Recorder (VCR).

The growth studies consisted of measuring the growth of a face with respect to time.

Figure 3.5 shows a schematic of the THF hydrate single crystal grown at a subcool-

ing of 1.5°C. Upon melting the THF hydrate crystals, we found that they contained

appreciable amounts of air. Figure 3.6 shows a schematic of the single crystal grown

in the apparatus, and then dissociated to see the air inclusions. The effects of air

inclusion in sll THF single crystals were studied by Larsen (1997). Cough and David

son (1971) showed that air is included in the small cavities, hence the stoichiometry

of THF solution was not appreciably effected, except for changing the equilibrium

conditions (and therefore the subcooling). We did experiments by forming a hy

drate crystal and dissociating it at 4.5''C. This experiment indicated that, there is

no appreciable change in the equilibrium dissociation temperature (less than O.FC)

with air included in the hydrate structure. Hence we used 4.4^0 as the equilibrium

dissociation temperature in all our single crystal experiments.

3.4 Calibration Plots

As stated earlier, the growth rates were measured at fixed circulation rates.

Experiments were conducted to obtain a calibration curve between impeller revolution

and velocity of the fluid. In order to generate the calibration plot, a dye was used

to determine the flow rate between points A and B in the U-tube. The impeller

revolution was determined by using a phototachometer with an accuracy of +1 rpm.
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Table 3.2: Calibration for Fluid Velocity

Impeller Revolution

(rpm)
Centerline Velocity Uoo

(cm/s)
Standard Deviation

300 2.481 0.204

450 4.506 0.22

600 5.315 0.532

800 7.495 0.373

1000 9.909 0.764

The calibration is shown in Figure 3.7. The values on abscissa represent impeller

revolution and ordinate values correspond to the measured velocity of the fluid. The

results from this plot were used in the model to estimate the Reynolds numbers.The

velocity thus obtained was assumed to be centerline velocity. The data collected in

the experimental work had impeller rpm ranging from 300 rpm to 1000 rpm.The mean

and standard deviation for the trials is listed in Table 3.2. The growth studies were

conducted at as high as 1200 rpm, hence the centerline velocity was extrapolated

from Figure 3.7.

3.5 Calculation of Growth Rates

The experiment was set up at the desired conditions and the growth was recorded

on the VCR. The recorded process was used for experimental measurements. Figure

3.8 represents a schematic of the growth measurements. Figure 3.8 shows movement

of the face of a single crystal with time. The distance the face moves dX and length

of the face L was noted with respect to time. The angle(0) which the face made

with the flow direction was measured. A plot of distance dX(/xm) versus the time t(s)

gives a straight line. Figure 3.9 represents a typical trial for growth rate calculation.
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Figure 3.8: Schematic for Calculation of Growth Rates

Distance is plotted on the ordinate and time on the absicssa.The slope of the straight

line gives the growth rate of the face. In the case shown in Figure 3.9 inclination

of face to the flow direction (0) is equal to 107° and the growth rate at 300 rpm is

found to be 0.9083 fxm/s. The length of the face which was measured with time, was

used in the calculation of Reynolds number and heat transfer coefficient, which were

required in the model.
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Chapter 4

EXPERIMENTAL RESULTS

4.1 Growth Studies

As stated in section 3.5 growth rates were obtained for a fixed subcooling and

circulation rates. Experiments were conducted at subcooling's of 0.4°C,1.0°C and

1.5°C. Growth rates at the above mentioned subcoolings were conducted at different

circulation rates of 300 rpm, 600 rpm, 850 rpm and 1200 rpm.

4.1.1 Growth Rates at Driving Force(AT)= 0.4°C

Growth rates were measured at a subcooling of 0.4°C for different circulation

rates of 300 rpm, 600 rpm, 850 rpm and 1200 rpm. The growth rates were measured

as described in Section 3.5. The data obtained from the experiment as discussed in

Figure 3.8 were used to calculate the growth rates of the crystal face by the method

described in Figure 3.9.The equilibrium dissociation temperature at 1 atm and 19

wt% THF-water stoichiometric concentration is 4.4°C. The bath temperature of the

system was set to 4.0°C.
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(1) No Circulation Rate: Stagnant Flow

Some experiments were conducted with no circulation in the system. This

yielded the growth rates for stagnant flow conditions resulting in heat transfer

dominant systems. Growth experiments under these conditions were done by

Larsen (1997). Figure 4.1 shows four trials at a subcooling of 0.4°C. The

mean growth rate (G) for these trials is 0.665 //m/s and standard deviation is

0.087. The reproducibility of the growth rates in the single crystal apparatus

is 15%. In this case the heat transfer from the crystal face is by natural

convection, and is a function of the inclination of face to the flow direction.

Analysis of these experimental and modeling kinetics has not been considered

in this particular work.

(2) Fixed Circulation Rate of 300 rpm:

The experiments were conducted by varying the circulation rate to 300 rpm.

The idea was to determine the effect of flow across the single crystal face

on the growth rates. The growth data for a circulation rate of 300 rpm are

summarized in Table 4.1. It shows the growth rates of the single crystal face

in /xm/s. Angle 0 represents the inclination of the face to the flow direction.

Figure 4.2 shows the single crystal face front movement(dX, nm) with time(t,

seconds). The growth rate G in /xm/s was obtained from the slope of the

straight line fitted to the data. In most cases we found that a straight line

resulted in a good fit, i.e. a H? value greater than 0.96. As seen in Figure 4.2

for the case when angle © is equal to 154° and 147°, the data do not seem to

fit well for a straight line. Nevertheless the growth rates were calculated from
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Figure 4.1: Growth rates for a subcooling of 0.4°C and no circulation.

Table 4.1: Growth rates at a subcooling of 0.4°C and circulation rate of 300 rpm

angle,© G,/im/s
147 1.0892

154.15 1.093

141 0.6827

107 0.9082

177.8 0.5305

107.1 0.9632
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Figure 4.2: Growth rates for a subcooling of 0.4°C and circulation rate of 300 rpm.

the slope of the straight line. It can be seen that the growth rates in general

are higher than for the case when there was no circulation in the system.

(3) Fixed Circulation Rate of 600 rpm:

The experiment was modified by varying the stirrer speed to the a circulation

rate of 600 rpm. Growth rate data for a circulation rate of 600 rpm are
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Table 4.2; Growth rates at a subcooling of 0.4°C and circulation rate of 600 rpm

angle,0 G,//m/s
159.3 0.8665

180 0.9158

90 1.6405

162.3 0.7849

107.6 1.3792

summarized in Table 4.2. It can be seen that the growth rate is maximum

for the case when Angle 0 is equal to 90°. This particular flow pattern is

called as impinging flows, which will be discussed later in Section 5.1.

Data obtained for a flxed circulation rate of 600 rpm in Figure 4.3 exhibit a

maximum for the case of angle 0 equal to 90°.

(4) Fixed Circulation Rate of 850 rpm:

Experimental conditions modified by changing the circulation rate to 850

rpm. Table 4.3 shows the growth rate data for a circulation rate of 850 rpm.

The growth rate for the case of 850 rpm is higher than for 600 rpm. The

growth rates for a flxed circulation rate of 850 rpm are plotted in Figure 4.4.

It can be seen from Figure 4.4, that for two trials at an angle of 137°, the

growth rates were found to be 1.211//m/s and 1.445/:zm/s. These data again

show the precision of the experiment.
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Figure 4.3: Growth rates for a subcooling of 0.4®C and circulation rate of 600 rpm.

Table 4.3: Growth rates at a subcooling of 0.4°C and a circulation rate of 850 rpm

angle,© G,//m/s
137 1.2111

119 1.6527

137 1.4457

115.5 1.6526
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Figure 4.4: Growth rates for a subcooling of 0.4°C and circulation rate of 850 rpm.
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(5) Fixed Circulation Rate of 1200 rpm:

Table 4.4 shows the growth rate data for a circulation rate of 1200 rpm. We

measured growth rates at this high shear rates, so as to eliminate the heat

transfer effects, hence obtaining a pure kinetic growth rates.

Table 4.4: Growth rates at a subcooling of 0.4°C and circulation rate of 1200 rpm

angle,© G,//m/s
127 1.98

137 1.85

126.7 2.01

117.8 2.12

180 1.29

Growth rates for a fixed circulation rate of 1200 rpm are plotted in Figure

4.5. The Figure shows that the slowest growth rate for a face is when the

angle is equal to 180°. The growth rates at 1200 rpm are higher than the

cases for 300, 600 and 850 rpm. (considering the same inclination of the face

to the flow direction)

4.1.2 Growth Rates at Driving Force(AT)= 1.0°C

Growth rates were measured at a subcooling of 1.0°C for different circulation

rates of 600 rpm and 1200 rpm. The growth rates were measured as described in

Section 3.5. The bath temperature in these experiments was fixed at 3.4°C. We

obtained higher growth rates for these set of experiments as compared to the experi

ments summarized in Section 4.1.1.
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Table 4.5: Growth rates at subcooling of 1.0°C and circulation rate of 600 rpm

angle,© G,//m/s
180 3.74

180 3.59

133 4.283

119 6.547

(1) Fixed circulation Rate of 600 rpm:

The growth data for a circulation rate of 600 rpm are summarized in Ta

ble 4.5. The Table shows a drastic increase (four fold) in the growth rates

compared to the values in Table 4.2. Figure 4.6 shows the growth rates at a

circulation rate of 600 rpm.

(2) Fixed Circulation Rate of 1200 rpm:

The growth data for a circulation rate of 1200 rpm are summarized in Table

4.6. The growth rates for the case when flow is perpendicular to the crystal

faces is maximum.

Growth rates for these experiments are plotted in Figure 4.7. This plot depicts

the importance of considering the flow proflles while measuring the growth

Table 4.6: Growth rates at subcooling of 1.0°C and circulation rate of 1200 rpm

angle,©
90 6.5321

180 4.11

106.7 6.15

180 4.12
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rates of single crystals. We could not measure growth rates at higher flow

rates owing to massive nucleation.

4.1.3 Growth Rates at Driving Force(AT)= 1.5°C

Growth rates were measured at a subcooling of 1.5°C for diflferent circulation

rates of 600 rpm and 1200 rpm. The growth rates were measured as described in

Section 3.5. The bath temperature was set to 2.9''C.

(1) Fixed circulation Rate of 600 rpm:

The growth data for a circulation rate of 600 rpm is summarized in Table 4.7.

The data shown in this Table are plotted in Figure 4.8. It can be seen from

the data shown that the growth rates are very high, this shows the clear effect

of increasing the subcooling, which is the driving force in the crystallization

process.

Table 4.7: Growth rates at subcooling of 1.5°C and circulation rates of 600 rpm

angle,© G,//m/s
116.5 16.308

131 13.47

180 7.7

180 8.02

131.8 11.028

(2) Fixed Circulation Rate of 1200 rpm:

The growth data for a circulation rate of 1200 rpm are summarized in Table

4.8.The data are plotted in Figure 4.9. Even at these high growth rates the

data are again within the specified precision of the experiment. The growth



47

1400

1200

1000

8

CA

o

800 -

600 -

400

200 -

G= 11.028

0 = 131.8

G = 16.308

0= 116.

G = 13.473

0= 131

G = 7.6974

0 = 180

60 80

Time, sec.

G = 8.0215

0= 180

100 120 140

Figure 4.8: Growth rates for a subcooling of 1.5°C and circulation rate of 600 rpm.



48

Table 4.8: Growth rates at subcooling of 1.5^0 and circulation rate of 1200 rpm

angle,© G,/im/s
132.1 16.5

136.5 15

137 14.1
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Figure 4.9: Growth rates for a subcooling of 1.5°C and circulation rate of 1200 rpm.

rates obtained are three times higher than at a subcooling of 1.0°C, and an

order magnitude greater than the growth rates at a subcooling of 0.4''C.
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4.2 Experimental Challenges

The problems that arose in growing single crystals from a melt were a result

of the fact that it was nearly always necessary to control one or more of the fol

lowing characteristics of the crystals that were to be grown: orientation, shape and

perfection. The challenges in conducting the experiments at high circulation and sub-

coolings caused hindrance in having an insight of the growth rates and the process.

We were not able to measure the growth rates at higher circulation rates than 1200

rpm owing to the following reasons:

(1) High flow rates across the crystal face caused the crystal to move in the

U-tube, hence making measurements very difficult.

(2) At these high flow rates, the very high growth rate led to imperfections in

the single crystals.

(3) At high subcoolings > 1.0®C massive nucleation was observed at these high

shear rates in the apparatus.

We were not able to measure growth rates at higher subcoolings > 1.5°C due to

problems encountered in growing single crystals. At subcoolings higher than 1.5°C,

we observed skeletal growth, dislocations and changes in morphology, resulting in

deformed crystals. Sometimes we found multiple crystals growing from the melt.

We had some initial problems regarding the inclination of the single crystal faces

to the flow direction. We wanted to obtain crystals with a paralleled orientation to

the flow. In order to have control the orientation, we used a pipette and a cold wire

to start the nucleation. However the melt nucleated in large number of orientations,

so it was very difficult to obtain the same orientation twice.
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Chapter 5

DISCUSSION ANALYSIS OF EXPERIMENTAL RESULTS

The previous chapter summarized all the experimental results. Analysis of the

results showed that growth rate depended on three factors:

(1) Circulation rates

(2) Inclination of face to the flow direction

(3) Subcooling, which is the driving force in this process

This chapter deals with analyzing the results and the effects of the above mentioned

factors.

5.1 Discussion of Growth Rate Results with Circulation Rate

Growth rates of a crystal face depend on how fast the heat is removed from the

surface and this depends on the rate of heat transfer at the interface. The rate of

heat transfer is a function of the stirring in the system. We found that the inclination

of the face to the flow direction plays a significant part by changing the flow patterns

adjacent to the crystal faces. This change in flow patterns resulted in different heat

transfer coefficients, which will be discussed in Chapter 6.
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Figure 5.1 shows data for the case of subcooling at 0.4°C, with growth rates

plotted on the ordinate and the angle of inclination to the flow direction on the

abscissa. The data for circulation rates of 300 rpm, 600 rpm, 850 rpm and 1200 rpm

are shown. Figure 5.1 suggests that the growth rates axe maximum when the angle

of inclination to the face is equal to 90®, i.e. when the flow is perpendicular to the

crystal face, called impinging flows. A schematic of impinging flow is shown in Figure

5.2.

The heat transfer coeflacient is a function of shear stress, which is different for

each orientation of the crystal face. Shear stress is maximum for impinging flows,

thus resulting in higher heat transfer coefficients, leading to higher growth rates of

the crystal faces. Shear stress decreases as the inclination of the face increases, hence

we should find a decrease in growth rates. Figure 5.1 supports this hypothesis. The

same phenomenon was observed for the cases when the subcooling is equal to 1.0°C

and 1.5°C as shown in Figure 5.3 and 5.4 for circulation rates of 600 rpm and 1200

rpm at a subcooling of 1.0®C and 1.5®C respectively.

Cross plotting the data of Figure 5.1, Figure 5.3 and Figure 5.4 was done in order

to obtain the effect of circulation rates on the growth rates at a fixed inclination of

the faces to flow direction. The cross plotting was done by fitting the data to straight

lines to find the growth rates at different angles. Figure 5.5 shows the result of the

cross plotting for a subcooling of 0.4®C. Growth rates are plotted on the ordinate

while circulation rates on the abscissa. The lines on Figure 5.5 represent the results

from cross plotting. The points represent the data obtained experimentally. It can be

inferred from the Figure 5.5 that the growth rate increases with increase in circulation

rate for the same angle of inclination to the flow. The same trend is observed for
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Figure 5.3: Growth rate versus angle of inclination of the face for a subcooling of
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Figure 5.5: Growth rate versus circulation rate for a subcooling of 0.4°C.

the cases when subcooling is 1.0°C and 1.5°C. However cross plotting at 1.5°C was

obviated by a lack of data. Figure 5.6 shows the growth rates at subcooling of l.O^'C,

which give growth rates higher than those in Figure 5.5. The effect of subcooling will

be discussed in the following section.
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Figure 5.6: Growth rate versus circulation rate for a subcooling of 1.0°C.
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5.2 Discussion of Growth Rate Results with Subcooling

The driving force in crystallization is either the concentration gradient or the

temperature gradient. In the system we studied, concentration gradients are elimi

nated by using a stoichiometric solutions. The driving force in the present growth

process is subcooling. Growth rates increase with driving force as observed in our

single crystal experiments.

Figure 5.7 shows growth rates as a function of subcooling at a constant stirrer

speed of 600 rpm. Growth rates G (/xm/s) are plotted on the y-axis and subcooling

AT (°C) on the x-axis for inclination of face to the flow direction ranging from 90° to

180°. Figure 5.7 shows that the growth rates increase with subcooling. The growth

rates are proportional to nth power of subcooling, where n varies roughly from 1.63-

1.83. A logarithmic plot of this flgure yields Figure 5.8. The logarithmic plot is a

straight line.

We could not obtain the growth-subcooling plots as described above for a cir

culation rates of 300 rpm and 850 rpm due to lack of data at 1.0°C and 1.5°C. We

were concentrating on obtaining data at higher circulation rates in order to minimize

the heat transfer effects. Figures 5.9 and 5.10 shows growth rates as a function of

subcooling for a circulation rate of 1200 rpm. The growth rates are proportional to

nth power of subcooling, where n is equal to 1.62.

As described in (Chalmers, Pg. 45, 1967), growth process is by step mechanism,

when the growth rates are proportional to the square of the subcooling. In our case,

we found that growth rates are proportional to a power of subcooling, where the

power ranges from 1.62-1.83, values close to 2.0. Hence, we propose that hydrate

growth is by step mechanism .
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Figure 5.8: A lograthmic plot of growth rates versus subcooling for a circulation rate
of 600 rpm.
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5.3 Mechanism of Growth in sll THF Hydrates

As described in the literature review section, growth occurs when atoms are

adsorbed on particular sites on the surface. Growth process can occur at kinks or

repeatable steps, where the surface free energy for adsorption is the least. This

can be argued based on the number of nearest neighbors for that particular position.

Figure 5.11 shows the different positions available for an atom to preferentially adsorb.

The edge position or step is represented by 6, where as 1/2 represents the kink or

a repeatable step. The edge position has three, while the kink has four nearest

neighbors. Hence the surface free energy for adsorption is minimum for the kink,

thus an atom would most likely attach to the kink site rather than the edge position.

The crystal building process then consists essentially of the laying down of successive

strips and the advance of these strips across the uncompleted surface. When each layer

is completed the necessity of starting a new step arises, the difficulty of establishing

a kink is greatest at the center of a face (7) and least at a corner (2) of a crystal.

In sll the growth mechanism can be explained by the following hypothesis. The

formation of building blocks consists of THF molecule surrounded by water molecules

forming clusters. These building block are geometrically close to the large cavity of sll

with 28 water molecules coordinated around each THF molecule. Once this cluster is

formed in the THF-water solution, it seeks an energetically favorable position on the

hydrate surface. The position here would be most likely a kink site. The cluster would

be incorporated in the kink site, where the cluster would be energetically transformed

into a large cavity. These large cavities thereby stabilize the structure, forming empty

small cavities at the hydrate surface. This process would continue until all the kink

sites are exhausted on that particular layer. Further growth would occur by the
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incorporation of the clusters at a center. The above hypothesis requires spectroscopic

analysis of which cavity formation in THF-water system is the rate limiting step.
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Figure 5.11: Schematic of sites available for adsorption of an atom on the surface.
Prom Langmuir, (1948)
1) Edge 2) Corner 3) Surface 4) Edge adsorbed molecule
5) Comer adsorbed molecule 6) Edge position step
7) Surface adsorbed molecule or center 8) Surface hole 1/2) VinV
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Chapter 6

MODELING GROWTH KINETICS

Modeling crystal growths with diffusion limitations has been widely studied

(Mullin, J. W.,1993). As seen earlier from the experimental results, the growth pro

cess is a strong function of the heat transfer effects. Hence, an attempt has been made

to study the growth process by including the heat transfer effects. This chapter deals

with modeling the combined heat and kinetic growth process for the single crystal

hydrates.

6.1 Moving Boundary Model

We have modeled the single crystal growth as a moving boundary. The boundary

here is defined as the hydrate interface i.e. the single crystal face. Figure 6.1 shows

the schematic of the moving boundary with time. The figure shows the temperature

profile with distance across the crystal face. Clearly there are two phases, the solid

hydrate phase and the bulk of the liquid phase. At the microscopic level, the THE

molecules in the liquid phase migrate to the hydrate surface, resulting in the growth of

the solid hydrate phase. The surface temperature and bulk temperature in the liquid

are represented as T, and Too respectively. X(t) and X(t-l-dt) represents the position
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Figure 6.1: Schematic of the moving boundary.

of the moving front at time t and t+dt respectively. The distance dX represents the

movement of the front in time dt.

Model Assumptions: As in any model, there are certain assumptions that are

needed before the problem at hand can be modeled effectively.

(1) The surface temperature T, is constant throughout the crystal face, i.e. there

are no temperature gradients on the crystal face

(2) The surface temperature T^ is assumed to be equal to the equilibrium tem-
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perature Teg (=4.4°C).

(3) Temperature gradients in the bulk of the solution are neglected.

Mathematical Model;

The mathematical model consisted of an energy balance at the moving boundary.

Crystallization is an exothermic process, hence the energy liberated due to the growth

of the face is transferred to the bulk of the liquid. Equation 6.1 represents the energy

balance:

PhA{dX)X = KAATdt (6.1)

where ph is the hydrate density, A is the surface area of the face, A is the latent

heat of formation of hydrate and K is the overall or the combined heat and kinetic

coefficient given by Equation 6.2.

K ~ kAT- ̂

k represents the kinetic coefficient, and ho»j is the average heat transfer coefficient

across the crystal face. Using Equation 6.2 in Equation 6.1 yields

.dX AT , ^
"  1 I 1 (6-3)

kAT^ havgit)

where ̂  is the growth rate of the crystal face. The symbol n in the above Equations

6.2 and 6.3 is called as the power factor.

From the above equations we can obtain the growth rates at two extreme con

ditions. The first case when the growth process is heat transfer-dominant (i.e. with

fast kinetics), the governing equation would be
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dX
— havgit)^T (6-4)

Equation 6.4 is obtained with a very high value (theoretically k ->oo) of the

kinetic constant in Equation 6.3 .

The second case, when the growth process is kinetics dominant (i.e. high heat

transfer rates), the governing equation would be

pX~ = kAT^+' (6.5)

Equation 6.5 is obtained when the average heat transfer coefficient is a very

high value (theoretically ho^j-^oo). Equation 6.3 was used to calculate the kinetic

constant. To obtain this value, we had to quantify the average heat transfer coefficient

in the system. The following section deals with the related mathematical equations

to calculate the average heat transfer coefficient.

6.2 Wedge Flow Correlations

We attempted to eliminate the heat transfer efiects to obtain the pure kinetic

growth rates. At no circulation, heat transfer effects are maximum, i.e. the thermal

boundary layer protrudes across the entire diameter of the U-tube.With flow, the

flow patterns in the system under consideration are typical to what are called as

wedge-flows. The boundary-layer solutions corresponding to these potential flows are

called as the wedge-flow solutions or the Falkner and Skan flows, as correlated to

measurements by Kays and Crawford (1980). Figure 6.2 represents these kinds of

flows.
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^=0

K ^=90'
f!=n

Figure 6.2: Family of "wedge" flows ( Kays and Crawford, 1980).
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The free-stream velocity (Uoo) varies with distance (x) along the crystal face as

given by:

C/oo = Cx"* (6.6)

where the exponent m is given by

§.

m = ̂  (6.7)
TT

Figure 6.3 shows a schematic of the thermal boundary layer ((Jy,) and the momen

tum boundary layer (5^)- The axis of reference is shown in the figure. The applicable

energy differential equation of the thermal boundary layer is given by Equation 6.8

dr dr
a

where

T -T
r= ^

Too-Z

a is the thermal diffusivity, is the velocity component in the x- direction and Uy

is the velocity component in the y- direction.

To solve the differential Equation 6.8, we used the following boundary conditions:

r = 0, at y = 0, X > 0

r = 1, at y 00, X > 0

r = 1, at X = 0,y > 0

The solution of the differential equation is

NuRe~^-^ = constant (6.9)
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Hvara"!:

Figure 6.3: Schematic of the boundary layers.
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The constant in Equation 6.9 was obtained (Eckert, 1942; Kays and Crawford,

1980). The constant is a function of Prandtl number and value of m. Nu is the

Nusselt number and Rex is the local Reynolds number. These equations were used to

calculate the local heat transfer coefficient. The heat transfer coefficient was obtained

by averaging the local heat transfer coefficient over the length of the crystal face using

Equation 6.10

. _ li-Kdl _ So'-h,dl

The average heat transfer coefficient is obtained by averaging the heat transfer

coefficient over time as given in Equation 6.11

_ /o hdt _ /q hdt /Tin
" fodt " ~r

6.3 Modeling Results

Using Equations 6.9, 6.10 and 6.11 average heat transfer coefficient was obtained.

The parameters regressed using Equation 6.3 were k, the kinetic constant, and n, the

power factor. As described earlier, we measured the length of the crystal face with

time, this was used to calculate the local Reynolds number and the local heat transfer

coefficient. The local heat transfer coefficient was averaged over time of the growth

process to obtain a average heat transfer coefficient. The results from the regression

analysis are shown in Table 6.1 for a subcooling of 0.4°C. is obtained by averaging

the length of the crystal face over the growth time. The quantity defined as effect of

heat transfer and kinetics are obtained by
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effect of heat transfer = (6.12)
K

effect of kinetics = (6.13)
ic

Equations 6.12 and 6.13 represent the ratio of heat transfer resistance and kinetic

resistance to the combined resistance (K) respectively, where K is obtained from

Equation 6.2. We can see from Table 6.1 that the heat transfer effect reduces with

increase in circulation rate. The mean value of n (the power factor) is 0.75. We can

see from the table that the heat transfer effects were reduced to 13% of the total

resistance.

Similarly, regression analysis for subcooling of 1.0°C was conducted and is sum

marized in Table 6.2. The regression analysis was independent of the value of n, as

the subcooling is 1.0°C. We can see from the table that the heat transfer effects were

reduced to 22% of the total resistance, a lower reduction than that achieved in the

case for subcooling of 0.4°C.

Table 6.3 shows the results from regression of the data for subcooling of 1.5°C.

The mean value of n was found to be equal to 0.71. We could achieve only 45%

reduction in the heat transfer effects.

The values of n obtained from the regression are summarized in Table 6.4.

The table compares the values obtained from literature for step growth mecha-

nism(Chalmers, 1967, and Kirkpatrick, 1975) and experimental results from the

present single crystal work. We can see from the table that the values agree within

our error limits.

The regression analysis was conducted so as to set the value of n to 1, the lit-



Table 6.1: Heat transfer effects at subcooling of 0.4°C
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angle G effect of effect of
rpm 0 m Ijm/s W/m^ K k n heat transfer Kinetics
300 147 0.0035 74.05 1.09 2389.57 2068 0.8 0.293 0.707
300 154.2 0.0019 41.78 1.09 3025.6 2078 0.87 0.237 0.763
300 141 0.0034 72.408 0.68 2519.92 1492 0.86 0.212 0.788
300 107 0.0031 66.016 0.91 3310.29 1875 0.82 0.211 0.789

300 177.8 0.0042 89.05 0.53 1754.65 1080 0.79 0.230 0.770

300 107.1 0.0046 98.03 0.96 2714.76 1851 0.88 0.233 0.767

600 159.3 0.003 126.82 0.87 3349.64 1601 0.92 0.171 0.829

600 180 0.0014 61.211 0.92 4167.69 1524 0.85 0.144 0.856

600 90 0.0024 103.8 1.64 5778.61 3203 0.66 0.232 0.768
600 162.3 0.0056 238.49 0.78 2391.6 1664 0.76 0.257 0.743

600 107.6 0.0042 180.85 1.38 3985.46 2210 0.7 0.226 0.774

850 137 0.0029 176.53 1.21 4701 2238 0.7 0.200 0.800

850 119 0.0045 275.7 1.65 4251.76 2597 0.63 0.255 0.745
850 137 0.0045 271.93 1.45 3788.02 2019 0.66 0.225 0.775

850 115.5 0.0042 257.9 1.65 4497.97 3545 0.65 0.303 0.697

1200 127 0.003 256 1.98 5933 1934 0.6 0.158 0.842

1200 137 0.0025 212.8 1.85 6055 1820 0.8 0.126 0.874

1200 126.7 0.0024 209 2.01 6562 1949 0.7 0.135 0.865
1200 117.8 0.0026 223 2.12 6768 2037 0.68 0.139 0.861

1200 180 0.0028 239.12 1.29 4228.58 1650 0.65 0.177 0.823
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angle botjg G bapp effect of effect of
rpm e m fxm/s W/m' K k n heat transfer Kinetics

600 131.6 0.0046 211 7.42 3568 4392 1 0.552 0.448

600 180 0.0037 168 3.7 2863 1420 1 0.332 0.668

600 180 0.0037 169.3 3.59 2855 1393 1 0.328 0.672

600 133 0.0038 172.8 4.28 3919.6 1680 1 0.300 0.700

600 119 0.0038 172.5 6.56 4327.8 2822 1 0.395 0.605

1200 90 0.0033 303 6.53 7725.5 2188 1 0.221 0.779

1200 180 0.0028 253.44 4.11 4697.2 1394 1 0.229 0.771

1200 106.7 0.004 364.5 6.15 6421.4 2145 1 0.250 0.750

1200 180 0.0035 316.9 4.12 4200.77 1444 1 0.256 0.744

Table 6.3: Heat transfer effects at subcooling of 1.5®C

angle bopp Re G hovp effect of effect of
rpm 0 m fjLxa/s W/m2 K k n heat transfer Kinetics
600 116.5 0.0043 210.7 16.308 3966.38 7052 0.8 0.711 0..289
600 131 0.0038 182 13.47 3871 4520 0.65 0.603 0.397

600 180 0.0036 174 7.7 2825 2000 0.63 0.478 0.522

600 180 0.0039 191 8.02 2704 2096 0.73 0.510 0.490

600 131.8 0.0044 212 11.028 3580 3023 0.73 0.532 0.468

1200 132.1 0.0039 374 16.5 5352 5508 0.64 0.572 0.428

1200 136.5 0.0047 460.61 15 4689 3680 0.79 0.519 0.481

1200 137 0.0027 258.3 14.1 6213 3822 0.7 0.450 0.550

Table 6.4: Comparison of "n" values

rpm Literature Experimental
600 2.0 1.62 - 1.83

1200 2.0 1.62
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Table 6.5: Comparison of values for kinetic factor

AT, ("C) Average Standard deviation

0.4 1034 353

1 1811 524

1.5 5298 2352

erature value. We found that the kinetic coefficient so obtained had a huge scatter.

Hence we decided to regress both the kinetic coefficient and power factor simultane

ously.

The results of regressing the kinetic factor are shown in Table 6.5, representing

the average and standard deviation for each set of subcooling. For the case when sub-

cooling is 1.5°C, we had a huge scatter in the regression analysis, hence the standard

deviation is very large.

The results from the regression are summarized in Figure 6.4. The figure rep

resents the effect of heat transfer with changed circulation rate for the subcoolings

investigated in the experiments. Figure 6.4 shows a straight line drawn roughly to in

dicate the relation between the heat transfer effect and circulation rate. The straight

line shows a negative slope, hence supporting the argument that increasing circulation

rate reduces the heat transfer effects.

An important observation can be made with respect to the subcooling. We could

not reduce the heat transfer effects to the same values for all the subcoolings under

investigation. The reason can be attributed to the challenges of measuring crystal

growth rates at higher circulation rates.
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Figure 6.4; Effect of heat transfer with circulation rate.
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6.4 Discussion of Modeling Results

As shown in Figure 6.4, recirculation across the crystal face reduced the heat

transfer effects. We can see that the growth rates increased with subcooling. The

growth rates are a strong function of how fast heat is removed from the system, higher

the heat transfer rates, higher is the growth rates. Prom the Figure, it is evident that

for subcooling of 1.0®C and 1.5°C, we could not reduce the heat transfer effects as

substantially as for the case when subcooling was 0.4°C.

At high subcoolings the rate of heat evolution from crystallization process is

higher and the heat transfer coefficient in Equation 6.3 must be increased to maintain

a constant kinetic effect. In order to obtain kinetic dominant growth rates, we need

to investigate higher subcoolings at very high circulation rates (as high as 2500-

SOOOrpm). This presented an experimental difficulty due to massive nucleation at

rapid circulation.

Figure 6.5 shows an Arrhenius plot of the kinetic factor with change in sub

cooling. The kinetic factor (k') was defined as k AT", where n is the power factor

obtained from the regression analysis. A semi lograthmic plot gives a straight line.

In reaction kinetics, rates increase with temperature. Higher temperatures leads to

increased collisions between the molecules, and hence a higher probability of having a

successful collision (i.e. leading to a reaction). In hydrate kinetics, the driving force

is the subcooling, and Figure 6.5 shows that rates increase with subcooling.

It is clear from the single crystal experimental and modeling results that heat

transfer effects play an important role in kinetics of hydrate formation, and that it

is difficult to do pure kinetic measurements without heat transfer as claimed by all

previous kinetic investigations.
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1/AT,K

Figure 6.5: Arrhenius plot for the single crystal hydrate surface.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

As mentioned in Section 2.3, previous work in multiple crystal hydrate growth

measurement has been of two types. In the first it was assumed that the system

was a combined eflfect of mass transfer and kinetics (e.g. the work of Bishnoi and

Englezos) without consideration of heat transfer. In the second (e.g. by Skovberg

and Rasmussen) the data of Bishnoi and Englezos were analyzed and extended, with

a mass transfer controlled model, but kinetics and heat transfer were neglected.

In the current work we show that, with extreme precautions to totally eliminate

mass transfer and to minimize heat transfer via high shear, it is very difficult to obtain

reliable kinetic constants for the single hydrate crystal growth system. The results

of this work suggest that assessment of heat transfer, previously ignored in multiple

crystal growth, is vital to obtain accurate hydrate kinetics of single crystals. The

situation should be exacerbated for multiple crystals.

Following is the summary of the conclusions based on the experiments and mod

eling kinetics of tetrahydrofuran single hydrate crystal studies:

(1) Mass transfer effects eliminated by using stoichiometric solutions, while ex-
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treme measures required to reduce the heat transfer effects

(2) Growth rates are strong function of shear across the crystal face, impinging

flows result in fastest growth rates

(3) Growth rates of the crystal face increase with driving force (subcooling) in

the system

(4) The growth process in sll hydrates may be controlled by a step mechanism

7.2 Recommendations

As stated above, the difficulty of removing heat transfer effects indicate that

the process might be heat transfer dominated in single crystal hydrate studies. The

extension to multiple crystal hydrate growth would exacerbate this effect. It is this

aspect which is to be taken into account while performing experiments and modeling

kinetics of hydrates. As described earlier most of the hydrate models have been based

on either mass transfer or kinetics. It is appropriate to incorporate the heat transfer

effects into these models. This would help engineers who are interested in estimating

the rate of hydrate formation.

The present work is totally based on single crystal studies. This work can be

extended further by modifying the present experimental apparatus, so as to totally

eliminate the heat transfer effects. This would help us have an idea of pure hydrate

growth kinetics. The next step would be to look at a more complex systems i.e.

multiple crystal hydrate studies. This can be conducted using sophisticated instru

ments like laser light scattering. A film growth study of hydrates at the interface is

also recommended. This would help us in understanding the growth process. The
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experiments can be conducted by doing a crystal size distribution analysis or even

measuring the film growth. In this case study we would be able to concentrate on

gas hydrates of si and sll.
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Chapter 8

NOMENCLATURE

In equations, normal size:

A : Surface Area,

Cp : Specific heat capacity of stoichiometric THF-water system, J/Kg K

dX : Growth of face in time dt, /xm

^ : Growth rate of crystal face, /xm/s

G : Growth rate of crystal face, /xm/s

h : Heat transfer coefficient, W/m^ K

havp : Average heat transfer coefficient, W/m^ K

k : Kinetic coefficient

k' : Kinetic factor (= k AT"), W/m^ K

kth : Thermal conductivity of stoichiometric THF-water system, W/m K

K : Combined heat and kinetic coefficient, W/m^ K

L(t) : Length of face, /mum

Lavg : Average length of face, /mum

n : Power factor

Nu : Nusselt number (=

Pr : Prandtl number (=
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Rex : Local Reynolds number (=

Reo„g : Average Reynolds number

t : time, s

Tj : Surface temperature, °C

Tg, : Equilibrium dissociation temperature, °C

Too : Bulk temperature, °C

AT : Subcooling, "C

Ux : Velocity component in x-direction, m/s

Uj, : Velocity component in y-direction, m/s

Uoo : Free stream velocity, m/s

X(t) : Front position at time t, //m

X(t+dt) : Front position at time t+dt, ̂ m

Greek Symbols:

a : Thermal diffusivity, m^/s

5m • Momentum boundary layer

5th '• Thermal boundary layer

A : Latent heat of hydrate formation, J/Kg

fj,: Viscosity of the fluid, cp

6 : Angle of inclination to flow direction

p : Density of the fluid, Kg/m^

Ph : Hydrate density, Kg/m^

T : Dimensionless temperature (=^~^ )
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APPENDIX A

AIR INCLUSIONS IN sll SINGLE CRYSTALS

A rough estimate of the occupancy of small cavities by air is given here. The

estimate is based on the recovered volume of air upon melting.

Assumptions:

(1) 10 % crystal volume is recovered as air

(2) Air is included only in the small cavities of sll hydrate

(3) All faces of octahedron are equal

length of crystal face (a)= 0.0035 m = 3.5 * 10~^m

volume of crystal = v = = 2.02 * 10"® m®

To calculate the number of small cavities in v ml of crystal:

volume of sll unit cell = (17.3 * 10"^°)® = 5.177 * 10"^^

number of unit cells in v ml of crystal ~

number of small cavities = 16 * 3.9 * 10^® = 6.29 * 10^®

To calculate the number of molecules of air in O.lv ml using ideal gas law:

P = 1 atm = 1 * 10® Pa

V = O.lv
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T = 276 K

number of moles = 8.803 * 10~® mol.

therefore, number of molecules of air = 8.803 * 10~® * 6.022 * 10^^ = 5.3 * 10^®

The occupancy of air in small cavities = ejfgjfo'fg = 8.4 * 10"^

i.e. occupancy of air is on the order of 0.084%.




