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ABSTRACT

A FUNDAMENTAL STUDY OF K,CO;-CATALYSIS
OF HYDROGASIFICATION OF CARBON AND
THE ROLE OF OXYGEN IN THE CATALYSIS

By

Hossein Zoheidi

The existing and projected shortages of natural gas in the United States have
stimulated extensive research on production of syntheti‘c natural gas (SNG) from coal,
the largest fossil fuel resource in this country. Potassium carbonate has been identified
as the most economically attractive catalyst for gasification. In this process, coal is
reacted with steam to produce a mixture of CO and H,. The product hydrogen can
further react with either CO or coal to produce methane. However, understanding the
mechanism is complicated by the reported strong retardation effect of product hydrogen
on the kinetics of both uncatalyzed and the catalyzed steam gasification. This
retardation effect and the catalyzed reaction of product hydrogen with carbon are

relatively unexplored and are not fully understood.

Recently, studies have suggested that the catalyzed steam gasification rates are
directly proportional to coverage of carbon surface by oxygen complexes, and that
reaction of carbon with hydrogen is enhanced by the presence of oxygen, implying that
interaction of K,CO; and hydrogen with these surface complexes may be the key to

understanding the mechanism of the retardation effect and hydrogasification.

In this work, therefore, fundamental experimental kinetic studies of K,CO;-
catalyzed and non-catalyzed hydrogasification of carbon blacks at 700-865° C and 500
psi hydrogen pressure have been conducted to gain more insight into the role of K,CO;
and oxygen complexes. In these studies, the effects of different catalyst loadings on

hydrogasification rate, potassium loss at high temperature, the nature of oxygen



complexes in carbon black, and effects of oxygen chemisorption at 400° and 800°C
and /or degassing at 1000 ° C on non-catalyzed and the catalyzed hydrogasification have

been investigated.

From the effect of various oxygen surface groups on rate of hydrogasification, it is
postulated that oxygen groups thermally desorb from the carbon surface and create
‘nascent’ active sites which act as active sites for hydrogasification, hence enhancing the
reactivity of the carbon. K,COj catalytic activity and potassium losses are influenced
by the nature of oxygen surface groups. The formation of stable and active
potassium-containing species via interaction of K,CO; and oxygen complexes leads to
reduced potassium losses and enhanced hydrogasification rates. The interaction of
K,CO; with carbonyl groups forms both stable and active species. Interaction with
basic oxygen complexes, which are relatively inactive in uncatalyzed hydrogasification,
form active but unstable intermediate species. Interaction with acidic complexes is not
well characterized from the experiments. Degassing removes non-basic groups and
thermally anneals the ‘nascent’ active sites, resulting in reduced gasification rate and

increased potassium loss.
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Nomenclature

total heat transfer surface area in cooling coils, ft2
flange ring design parameter, see Eq. A-1

flange ring design parameter, see Eq. A-1

internal cross sectional area of copper cooling coils, in®
cross sectional area of reactor wall, in?

cross sectional area of rupture disc, in?

atomic weight

constant

constant

flow constant of gases through rupture disc

molar concentration of reacting component A, mole/cm?®
specific heat capacity of cooling water, Btu/lb - *F

specific heat capacity of the {th component of a reaction mixture, cal/g mole- *K

gaseous binary diffusivity of H,—CH, system, cm?/sec
Knudsen diffusion coefficient, cm?/sec

effective diffusivity, cm?/sec

inside diameter of reactor vessel, in

diameter of 4-ray detector crystal. in

outside diameter of reactor vessel, in

inside diameter of cooling coils, in

Young modulus of elasticity, psi

intrinsic activation energy, kcal/g-mole

apparent activation energy, kcal/g-mole

~-ray energy, MeV

fraction of potassium lost from a sample

fraction of surface covered by detector crystal
fraction of 4-ray radiation passing through shielding layers
shearing modulus of elasticity, psi

heat transfer coefficient, Btu/ft%-h-°F

constant, set to 0.62 by ASME Code when rupture disc is the sole relieving device

equilibrium constant

ratio of r; to ry

ratio of specific heats

rate constant of uncatalyzed hydrogasification, sec™

rate constant of a first order reaction, sec™

rate constant of a second order reaction, cm®/gmole-sec
constant

constant

constant

constant

distance from cooling coils to furnace inlet, in .
X-ray width of microcrystallites of carbon black, A
X-ray height of microcrystallites of carbon black, A
length of cooling coils, ft

distance between sample and 7-ray detector crystal, in
total mass of potassium at any time, g

total initial mass of potassium, g

mass flow rate of cooling water, Ib,,/h

mass flux of cooling water inside cooling coils, lby,/in%h
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Avogadro’s number, 6.023%x10% atoms/g-mole
number of atoms of *'K at time t

number of atoms of ’K at time t

initial number of atoms of 'K

initial number of atoms of K

number of major metal components in Haynes-25
effective load on flange, psi

reactor vessel total internal pressure, psi

exhaust pressure of rupture disc, psi

hydrogen partial pressure, psi

T

I

methane partial pressure, psi

total axial heat flow in reactor wall, Btu/h

volumetric flow rate of gases through rupture disc, SCFM

axial heat flux in reactor wall, Btu/(in%h)

universal gas constant, cm®-atm/mole- * K

rate of nuclear disintegration of *’K nuclei in a sample, d/s

measured rate of nuclear disintegration of “?K nuclei by 4-ray detector, d/s
rate of evolution of methane, gmole CH,/cm®-sec

Reynolds number, dimensionless

hydraulic radius, cm

rate of reaction, gmole/cm®-sec

radial distance from the central axis of reactor, in
mean radius of pores in a carbon black particle, cm
inside radius, in

outside radius, in

inside radius of flage ring, in

radius of bolt circle, in

total surface area of carbon black particles, cm?/g
inverse of Poisson’s ratio u

= temperature of reactor wall, °F

temperature of furnace, °F

room temperature, *F

inlet temperature of cooling water, °F

outlet temperature of cooling water, °F

reaction temperature, ‘K

time elapsed after the end of neutron bombardment, h
= period of neutron bombardment of potassium atoms, h
flange ring design parameter which is 1 at weakest spot of flang ring
volume fraction of ith elemental component of Haynes-25
volume of a control element, in®

molecular weight, g/mole

hydrogen molecular weight, 2.016 g/mole

methane molecular weight, 16.043 g/mole

= potassium molecular weight, 39.102 g/mole

= fraction of carbon gasified

= thickness of y-ray shielding material, cm

= fraction of hydrogen converted to methane at equilibrium
flange ring deflection under stress, in

methane mole fraction

atomic number
distance along the central axis of reactor, in
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Greek

@ = thermal expansion coeflicient, in/(in - ° F)
r = Gamma constant of 7-ray radiation
AOP = Zuicp‘;
i
AH = heat of reaction, kcal/g mole

AH, .o = heat of reaction at 25° C, kcal/g mole

ApH = change in pH of a solution induced by carbon black oxygen surface groups
AT = heat transfer driving force in cooling coils, *F

AT, = temperature rise of cooling water in cooling coils, *F

AT,, = log-mean temperature difference, °F

Ar = radial thickness of a control shell, in

Az = axial length of a control shell, in

€ = In2/t,, proportionality constant of radiation and mass, h™
€ = porosity of a carbon black particle

€ = porosity of carbon bed

¢ = thickness of the reactor wall, in

Sy = thickness of flange ring, in

Ch = thickness of closed end of the reactor vessel, in

n = cross section of 'K atom for neutron absorption, 1.5%107?* ¢m?
K = thermal conductivity of reactor wall, Btu-in/ft*h-*F

K, = thermal conducitvity of cooling water, Btu/ft-h-*F

A = attenuation coefficient of 4-ray shielding material, cm™

A = attenuation coefficient of pure elements, cm™!

u = Poisson’s ratio

U, = viscosity, lby/in-h

v = absorption coeflicient of photoelectric effect, cm™!

V; = stoichiometric coefficient of the {th component of a reaction mixture
13 = compton scattering absorption coefficient, cm™

p = density, g/ml

Opmax = maximum overall normal stress, psi

o, = radial stress, psi

O pptere = tensile rupture stress, psi

g, = longitudinal stress, psi

oy = circumferential or tangential stress, psi

T = tortuosity factor of carbon bed

T = circumferential or tangential shear stress, psi

T, = longitudinal shear stress, psi

T, = radial shear stress induced from z-direction, psi

) = neutron flux, neutrons/cm?s

¢ = Thiele modulus

% = mass fraction of total potassium as K
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Chapter 1

Introduction & Background

In the United States, it has been realized for the last two decades that the
natural gas resources (e.g. methane) are being depleted at a rate faster than it is
possible to replace by nature, and the estimated reserves of some 2500 trillion
cubic feet (in 1974) could easily be depleted by the turn of the century. These
existing and projected shortages have stimulated extensive research to find viable
alternatives and to develop the technology for commercial production of
synthetic high BTU gases. Imported liquid natural gas can ease shortages, but it

is much more expensive than natural gas (5-10 times) [1].

In this general effort, one of the most logical alternatives is to convert
coal, the largest fossil fuel resource in this country, to gas and oil. Gasification

of coal with steam is such a process, and today the technology for commercial



production of synthetic natural gas (SNG) exists, albeit possibly not in the most
economical or elegant way. In this process, coal is reacted with steam to produce

a mixture of CO and H, (synthesis gas)

which can subsequently undergo nickel-catalyzed methanation reaction

CO + 3H, — CH, + H,0 (1-2)

or, alternatively, the product hydrogen gas can directly react with carbon to

produce methane

C + 2H, — CH, (1-3)

The products of these reactions can further react with steam, coal or other

reaction products in secondary reactions:

CO + H,0 — H, + CO, (1-4)

CO2 + 4H2 - CH4 + 2H2O (1'5)

2CO — C + CO, (1-6)



Reactions 1-2, 1-3 and 1-5 produce the highly desirable methane and all are

exothermic [1,2].

Therefore, the gasifier effluent gas stream is a mixture of H,, H,O, CO,
CO, and CHy, and its composition depends on the pressure and temperature
inside the gasifier and on the catalyst used. The optimum reaction conditions
are thus the conditions under which methane formation is maximized; t.e., lower
temperatures are favorable because of the exothermicity of Reactions 1-2, 1-3
and 5. In fact, it was the search for gasification conditions at lower
temperatures (to favor methane formation) that led Exxon researchers and other
investigators to explore the alkali-metal catalysis of steam gasification of coal,

first realized more than a century ago [3].

As far as the catalytic activity is concerned, most transition metals of
groups IIIB-VIIIB, such as nickel, are superior catalysts compared to alkali
carbonates [4-7]. However, these metal catalysts are expensive and are easily
poisoned by sulfur which is invariably present in coal. In contrast, alkali
carbonates are not as effective, but are not poisoned severely by sulfur and are
relatively cheaper and thus more attractive [8-10]. Among carbonates, catalytic
activity increases with alkalinity; but, again the determining factor for
commercial feasibility is cost effectiveness, or abundance in nature. In terms of
abundance of the elements in earth’s crust, sodium ranks sixth, and potassium
at seventh is 90 times as plentiful as carbon [8]. Yet, potassium has more than
enough activity relative to sodium to justify its somewhat higher cost. On the
other hand, rubidium and cesium, though more active than potassium, are far
too costly to be used commercially. Hence, potassium carbonate seems to be the

most promising catalyst for any steam gasification of coal on a commercial scale.



To maximize gasifier throughput and to use potassium carbonate
effectively it is essential to understand kinetics and mechanisms of various
reactions taking place inside the gasifier and the influence of the catalyst on
these reactions. A knowledge of mechanism and kinetics allows selection of
optimum gasification conditions such as temperature, pressure, catalyst loadings,
etc., so that more economical processes and gasifiers can be designed. For
instance, if the mechanism of catalyzed interaction of hydrogen with carbon is
known, perhaps the strong retardation effect of hydrogen on reaction of steam
with carbon [10-14] can be diminished and, at the same time, the rate of
Reaction 1-3 can be enhanced significantly. This way, SNG (methane) could be
produced at much higher rates and the process would be more economically

attractive.

Catalysis of steam and carbon dioxide gasification by alkali carbonates, in
particular K,COg3, has been studied extensively during the last few decades and
several different mechanisms have been proposed. McKee et al. [15-18] have
proposed a redox cycle which involves the decomposition and reformation of the
carbonate on the surface of the carbon with the alkali oxide and hydroxide as
intermediates in CO, and steam gasification, respectively. Veraa & Bell [19] and
Huttinger & Minges [20] have supported this mechanism for steam gasification.
Mims et al. [21,22,13] have believed that the formation of C-O-K complexes on
the surface of the carbon is an essential step in the catalysis and thus determines
the activity of the catalyst. Yuh & Wolf [23] have proposed a reduction-
oxidation cycle involving these groups. Wood et al. [24,25] have postulated the
formation of a non-stoichiometric oxide with excess alkali metal which acts as a
center for extraction of oxygen from gaseous reactants and extraction of
electrons from the carbon matrix, thus facilitating the reaction of adsorbed

oxygen atoms [26]. Huttinger & Minges [14] have used this mechanism to



explain their steam gasification results, but have gone one step further and have
suggested KOH as the active intermediate. Recently, Saber et al. [27] have
concluded that presence of oxygen on the carbon surface is essential for the
catalyst to remain active, implying that oxygen might be involved in the
catalysis process. Wen [28] has outlined a mechanism involving formation of
potassium-intercalation compounds of carbon. Wigmans et al. [29,30] have
suggested that all three catalysis processes are simultaneously competing and

dominate at different stages of the gasification.

Applications of FTIR [31], in situ FTIR [32,33], tn situ e.s.r. [34,35] and
EXAFS [36] have provided further support for each of the these proposed
mechanisms. However, in spite of all these studies, and many similar ones
employing a wide range of different techniques, the nature of active sites and the

sequence of events are not yet fully understood.

Catalysis of hydrogasification is relatively unexplored compared to steam
gasification. Much less attention has been given to this reaction and much less is
known about the catalysis process, in spite of the fact that hydrogen is a
product of steam gasification (Reaction 1-1) and is involved in an important step
(Reaction 1-3) in production of SNG from coal. A priori, the above mentioned
redox cycles cannot be accepted as reasonable mechanisms for hydrogasification,
because the oxidizing gases (CO, or HyO) which account for the oxidation step of
these mechanisms are absent. This is further supported by the observation that
hydrogen gas strongly inhibits the catalysis of steam gasification by alkali
carbonates [10,14]. Thus, in the reducing environment of high temperature
hydrogen gas, the driving force for maintaining these cycles operating is

diminished if not completely eliminated.



Wood et al. [37] and Gardner et al. [38] have already shown that
potassium carbonate can not only catalyze steam gasification but also catalyze
reaction of hydrogen with carbon appreciably. The catalytic activity of K,CO4
in hydrogasification thus may arise via another reaction pathway or process.
For uncatalyzed hydrogasification, Cao & Back [39] have shown that presence of
oxygen in the gas stream enhances hydrogenation rate of pure carbon
significantly and Blackwood [40] has related methane formation rate in pure
hydrogen to oxygen content of a coconut char. However, the mechanism of this
enhancement is not known. In addition, there has been no study on the

influence of surface oxygen complexes on K,COj; catalysis of hydrogasification.

The importance of oxygen in catalysis of steam gasification has only been
realized very recently [27,41,42]. Hoshimoto et al. [41] have indicated that the
rate of steam gasification is directly proportional to the amount of oxygen on
carbon surface. In contrast, Sams et al. [42] have demonstrated that gasification
rate is a function of potassium to carbon ratio only, and that heat treatment of
carbon is immaterial. Saber et al. [27] have reconciled these findings by
illustrating that the amount of potassium retained on carbon surface is indeed
proportional to the amount of oxygen on carbon surface. Yet, no study has so
far been done to examine the nature of oxygen groups in conjunction with their

impact on catalysis process in steam gasification or hydrogasification.

The nature of oxygen containing groups on carbon surfaces has been the
center of intensive studies for over six decades due to their important and vital
impact on rubber reinforcing properties of carbon blacks. Numerous chemical
techniques using different reagents have been devised to study the chemical
behavior and hence the nature of these groups [43-48]. These studies have
shown that a great part of the oxygen surface groups are chemically inert toward

the reagents [46-48]. Aromatic ring-type ether groups have been proposed to



account for these inert groups [45,49]. The reactive part of the surface groups
show acidic, basic or inert characteristics depending on the conditions under
which they are formed [47] (acidic or basic in the sense that they neutralize
dilute hydroxide solutions, such as NaOH or KOH, or dilute acid solutions such
as HCI, respectively). For example, if carbon black is freed from all surface
compounds by heating in vacuo followed by cooling in the absence of oxygen, its
surface becomes covered with basic surface oxides upon exposure to oxygen [47].
It has also been found that oxidation at temperatures of 300-500° C establishes
acidic groups on graphite [50], charcoal [51] and carbon blacks [52,53]. The
nature of these acidic groups has been the source of great controversy. Different
functional groups such as carboxyl and phenolic hydroxyl groups [47,48], a
rather indefinite type of “COy-complex” [52], and lactone groups [40,49,54,55]
have been proposed as the acidic surface complexes. These groups all decompose
and give off CO, upon heating the carbon to higher temperatures. These studies
have also shown that the amount of base neutralized by these groups is directly
proportional to the amount of CO, evolved upon thermal decomposition. The
optimum condition for the formation of these acidic groups has been suggested

to be 400° C [43,51].

The oxygen surface groups formed at temperatures of 750° C or higher
are predominantly basic in nature [56,57]. Pyrone-like structures [48] as well as
benzpyran structures called chromenes [58] have been speculated to be
responsible for the basicity of these surfaces; both thermally decompose to yield
CO. It has been suggested that carbonyl groups also decompose to yield CO,
but they are neutral in character [50]. The chromene structures are known to
oxidize to lactones [58]. The chromene structures are also thought to be
responsible for the low reactivity of residual chars toward hydrogen (to produce

methane) at temperatures as high as 870° C [40]. These residual chars had lost



their highly active sites associated with lactone groups and temperatures above

1200 ° C were used to decompose their chromene groups completely.

Oxygen surface groups also play a key role in the wettability of the
carbon surface. A well-cleaned graphitic carbon surface is essentially
hydrophobic; the presence of oxygen complexes on some fraction of the surface
renders that surface hydrophilic [59]. The wetting by water is due to the
formation of hydrogen bonds both between the oxygen complexes on the surface

and between the adsorbed molecules themselves [60].

As evident from the above literature survey (additional and more detailed
and in depth review of the litrature will be given in the appropriate sections
when seems necessary), various studies have concentrated on either just
identifying the nature of oxygen surface complexes under isolated conditions or,
at most, the influence of mere presence of oxygen on potassium retention. No
study has yet been done to study the influence of ‘different’ oxygen complexes on
potassium carbonate catalysis of either steam gasification or hydrogasification.
Such a study is of vital importance since a knowledge of nature of the most
active oxygen complex(es) would eventually provide more insight into the steps

involved in the catalysis process and its mechanism.

The work presented here is an attempt to fill this gap. The study of the
influence of different oxygen surface groups on alkali catalysis of
hydrogasification (Reaction 1-3) of carbon blacks is the focus of the work
presented here. Within this context, the influence of different oxygen groups on
hydrogasification reaction in the absence of potassium carbonate is also reported
and a mechanism is postulated. These fundamental studies of alkali
carbonate-catalyzed hydrogasification of carbons are necessary to enhance our
knowledge of the catalysis process and the nature of the active sites.

Examination of similarities and differences in the behavior of the catalyst in



oxidizing and reducing environments will reveal more information about the
steps involved in the catalysis process in oxidizing gasification as well as in

hydrogen.



Chapter 2

Ezxperimental Apparatus Design

2.1 Design Objectives

The design objectives are to design a complete high temperature/high
pressure reactor system suited for gas-solid reaction kinetic studies. The heart of
this system is a differential micro-reactor that can operate at 1000° C and 1000
psi pressure simultaneously and can handle severe oxidizing and reducing
atmospheres of high temperature air and hydrogen gas, respectively. The
operating temperature of 1000° C is chosen because this reactor is primarily to
be used for gasification studies of carbons with hydrogen and, as will be
discussed in Chapters 4 and 5, the previous studies have shown that
temperatures above 700° C are needed to obtain reasonable reaction rates even

for reactive chars and an additional temperature range of 100-150°C are

10
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necessary to evaluate kinetic parameters such as activation energies. For
graphite samples, which are the least reactive of carbons, even higher
temperatures are necessary. DBesides, degassing of carbon samples that is
essential for studying of surface groups on carbons is traditionally done at

temperatures higher than 950 ° C.

Gasification rates of carbons with hydrogen are much slower than those of
other gas reactants such as steam or carbon dioxide and, therefore, in addition
to using higher temperatures much higher pressures are also used. Pressures as
high as 1000 psi are reported in the literature, but not simultaneously with
1000°C. Thus a set of design objectives of 1000°C and 1000 psi seems

reasonable and practical.

2.2 Reactor System Design

A preliminary design outlay of this complete reactor system reveals that
this system must consist of a differential micro-reactor, a gas collection system, a
gas-analyzing system, a reactant-gas purifying system and a gas flow control
scheme. A ~-ray detection unit is also needed to monitor the amount of

potassium in Ky;COg-loaded carbon samples during gasification experiments.

Such a system was designed, constructed and tested. As more
experiments were conducted some unpredicted problems (such as presence of air
inside the reactor even after prolonged purging of the system and interference of
metallurgical carbon from the reactor wall with hydrogenation rate measurement
of graphite) were faced and a new evacuation system and a quartz lining for the
reactor were added to this system to resolve these problems. At occasions some

minor revisions were also implemented and what is presented in Figure 2.1 and
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is described hereafter is the final scheme of the system that was successfully used

for gasification experiments.

2.2.1 Reactor Design

Due to the high operating pressure of 1000 psi the reactor to be designed
is basically a high pressure cylindrical vessel closed at one end and a flange and a
cover disk bolted together at the other end for enclosing the sample and isolating
the reaction environment from the surroundings. The design and description of

individual components of this reactor unit are discussed below.

2.2.1.1 Heating System

A heating system is needed to heat a sample under study inside the
reactor to a desired temperature up to 1000°C. This could be achieved by
either internal or external heating: internal heating being inserting some heating
elements inside the reactor and heating the sample directly. Internal heating has
three main advantages:

t ) Much faster heating capability than the external heating can be obtained.
The main mode of heat transfer from the heated surfaces to the sample inside
the reactor is by radiation at the high temperatures of interest, and the sample
can be heated fast if the hot surface of heating elements is close to the sample
and faces the sample directly. In external heating the reactor wall has to be
heated first and only then can the sample be heated by radiation from the
reactor wall. This may take considerably longer times specially if the reactor
wall material has low thermal conductivity and is thick.

#t ) The heating elements inside the reactor can be insulated from the reactor
wall and thus the reactor wall can be kept at much lower temperatures than the

sample temperature inside the reactor. This translates into much higher
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strength of the reactor wall material, and that bin turn results in requiring a
thinner reactor wall and lower construction costs.

411 ) The heat loss from heating elements for internal heating are much less due
to a smaller size and insulation from the reactor wall, so that heating is localized
only around the sample. The smaller size of the heating elements and their

better heating efficiency reduces construction and operating costs.

However, contamination is a big disadvantage to using internal heating.
Both the heating elements and insulating materials (refractory bricks)
contaminate the gaseous reactant stream and introduce complications and
uncertainity into interpretation of the experimental results. This is highly
undesirable, and therefore it was decided to concentrate on designing and
evaluating the external heating option. For this purpose a Lindberg single-zone
tube furnace model 54232 is chosen. This model has a 12"-long heating zone and
is suited for heating tubes with 2" OD. This model is chosen for the reasons
that will be discussed in Reactor Wall Thickness section. This implied that the
reactor wall material has to be an alloy that is suitable for operation at 1000°C

and 1000 psi pressure.

2.2.1.2 Material of Construction

The problem of selecting a suitable metal alloy for construction of the
reactor is complicated by the so called ‘“Hydrogen Environment Embrittlement”
phenomenon (HEE) which is induced by hydrogen gas. This phenomenon has
been observed over a wide range of hydrogen pressure, 1078 Torr to 10000 psi.
The exact mechanism of this process is not fully understood, but it has been well
agreed upon that dissociative chemisorption of hydrogen molecule and
absorption are necessary steps. The necessity of diffusion of the hydrogen atom

into the alloy lattice has provoked marked disagreement [61]. Subsequent crack
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initiation, internally or at the surface, and crack growth degrades one or more

properties such as ductility of the alloy [62].

The high-strength structural alloys such as steels and nickel-base alloys
are particularly susceptible to HEE [61]. Super strength alloys such as stainless
steels 316, 304L, A-286 and some other alloys such as 19-9DL, N-155, IN 800 and
aluminum, magnesium and copper alloys have excellent resistance to HEE but
all lack structural strength that is needed at 1000° C [61,63,64]. Generally these
alloys are usable only at temperatures below 800°C. Pure titanium is also a
very good metal but is extremely expensive. The choice is then limited to some
cobalt alloys such as Haynes-25 (L-605) that have acceptable resistance to HEE
and have good structural strength at 1000° C. Haynes-25 alloy is thus selected
as the material of construction for the micro-reactor. This alloy can also handle

the oxidizing environment of air at 1000 ° C.

2.2.1.8 Reactor Wall Thickness

The differential micro-reactor to be designed here can be classified as a
thick-walled cylinder. Traditionally, two widely accepted formulae are used to
calculate the desired thickness of this vessel wall, Lamés formula and Barlow’s
formula, which is only applicable to cylinders subject to internal pressures [65].
Barlow’s formula embodies more assumptions on the side of safety than the

Lamé's formula and thus is used as the design equation. This formula is

¢ = (2-1)
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where 0y is the circumferential or tangential stress, p is the internal pressure of
the reactor, D, is the outside diameter of the reactor and ¢ is the thickness of

the reactor wall.

The rupture stress in 10000 hours at 1000° C is 2000 psi and is used as
the value for gy in the above equation [64]. Internal pressure p is set at 1100 psi
to include a safety factor of 109 into the calculation. Equation 2-1 clearly
shows that the wall thickness ¢ is directly proportional to the outside diameter
of the reactor D, and therefore smaller diameters are more favorable because the
reactor wall material would cost less. However, the axial hole inside the reactor
has to be big enough to provide sufficient space for convenient insertion and
removal of samples inside the reactor and thus bigger reactor diameters are
favored in this respect. Hence, a compromise has to be made for an optimal
diameter size. It was then decided to try an outside diameter size of 2" as a first
guess for the optimal size; a wall thickness of 0.55" was obtained from Equation
2-1. This leaves a cylindrical space with 0.9" diameter for housing the sample
inside the reactor, which seems to be a reasonable and practical space for a

sample. The actual size of the drilled hole is 7/8".

The required thickness of the closed end of the reactor vessel is calculated

from an equation for circular flat plates [66]

Cpo=—— 2 (2-2)

where ¢, is the head thickness, D; is the inside diameter (7/8") and oy,, is the
maximum allowable stress which for this case is equal to 2000 psi (rupture stress
of Haynes-25 alloy at 1000° C in 10000 hours [64]). Substitution of these values
into Equation 2-2 yields a thickness of 0.28". The actual thickness of the
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fabricated head is 1" and thus the highest stress, which is at the edge is only 160

psi.

2.2.1.4 Flange Design

For the purposes of containing the high pressure reaction environment
and convenient insertion and removing of samples from the open end of the
reactor, three options are available; a flange, a screw cap and a clamp-on hinged
cover disk. The last two options are not reliable due to leaks and inconvenience
in handling and proper positioning of samples. Different types of flanges such as
forged integral, loose or fusion lap-welded hubbed and ring flanges, etc., can
safely be designed and operated [67]. A plain fusion welded ring flange is chosen
because of its simplicity of design and lower costs. This flange is made of
Haynes-25 alloy so that it can be easily welded to the Haynes-25 reactor

cylinder.

The surface contact between the flange ring face and the cover disk is not
gas-tight enough to contain the high pressure reactant gas(es) and some gasket is
thus required for this purpose. The type of gasket needs to be known a priors
so that the required sealing stress can be included in flange stress analysis and
thickness calculations. Metal gaskets generally require very large sealing stresses,
much higher than the hydrostatic pressure in the present case, and furthermore
are not reusable. O-ring gaskets, when mounted properly, are sufficient for
handling 1000 psi design pressure. A 1%" ID and 3/16" thick Viton O-ring is
used with the mounting grooves on the cover disc. The sealing stress for this
O-ring is 100 Ib; per inch of the O-ring [68]. The stress on the O-ring should be
uniformly distributed for an optimum seal and thus larger number of bolts are
favorable. Four to six bolts, with nuts and locker washers, are reasonable for a

3%"-diameter bolt-circle. This bolt-circle diameter is the smallest diameter for
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which the bolts and nuts can easily be put together without interference from

the reactor wall and the flange welded laps.

The detailed calculations for the flange ring thickness are presented in the
Flange Design section of Appendix A. The O-ring is assumed to be the only
place of contact between the flange ring face and the cover disc and the analysis
and design formulas [69] presented in Appendix A are true only for this
particular case. Th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>