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SUMMARY,

The effect of reactor size on the nett rate of formation of
hydrazine in an electrical discharge in ammonia gas has been studied,
Three geometrically similar reactor units, the largest of which was

greater in volume by a factor of 6%4:1 compared to the smallest, were

used in this work.

The nett rate of formation of hydrazine has been found to be inversely

proportional to reactor size. Lvidence has been provided which suggests

that changing the reaction tube size results in a change in the con-

centration of atomic hydrogen in the reaction zone. As the

reaction tube diameter is increased the rate of diffusion of atomic

hydrogen to the reaction tube surface is decreased. This results

in a decrease in the rate of recombination of atomic hydrogen at

the reaction tube surface, and consequently an increase in the

concentration of atomic hydrogen in the reaction zone. In turn this

leads to an increase in the rate of destruction of hydrazine by atomic

hydrogen attack and as a result, a decrease in the nett rate of

formation of hydrazine.
Attempts to minimise the concentration of atomic hydrogen in a
large scale reactor, by packing the reactor with a quartz surface ( wool ),
failed due to field distortion with subsequent discharge constriction,
and also due to the catalytic nature of the quartz surface employed.

In the early experimental work several of the major reactor design

problems encountered in scale up were identifieds One of these was the

constriction of the discharge zone into a narrow beam thereby allowing

some of the gas to by-pass this zone completely. Because of this, the

early work was directed towards obtaining a set of reactor units, in



which the discharge occupied the entire volume between the electrodes
over a wide range of operating conditions., In this work it was
found that under dc discharge conditions, electrodes of diameter
greater than a critical size which is dependent upon a number of

interdependent factors viz.

a) the nature of the reactant gas

b) reactor unit geometry

¢) electrode material and electrode piofile
d) the flow pattern of the gaseous reactant

e) electrical and operating conditions = of which the
most important are electric current density,
operating pressure, and gas flow rate

give rise to non-uniform constricted discharges.

In chapter 2.3 the hypothesis that physical similarity ( similarity
in the physics of the discharge ) in two geometrically similar discharges
of different size, ensures chemical similarity has been examined,

This was done by testing whether or not the ' similarity principle' could
be applied to electrical dischargesin which chemical reactions occur,.

The results of this investigation show that while discharge processes
depending on single electron impaet activation follow the ' similarity

principle ', the relationship does not hold for chemical reactions where

secondary processes are of primary importance. Consequently semi-

theoretical methods of investigation have been used in this work and

an equation of the form -

(r D) o (MIDD™ (0*P)® (L)
(FC) (F¢) (FC ) (D)

<

where r: nett rate of formation of hydrazine

D: reaction tube diameter

F: ammonia gas flow rate
C: ammonia gas concentration



Vet potential difference across the reaction zone ( positive

column ) of the discharge
I: discharge current
L: 1length of the reaction zone ( positive column )

p: pressure in the reaction zone ( positive column )
a,by, c: constants

which was derived using the technique of dimensional analysis, has

been used to correlate the experimental results satisfactorily.
Finally during the course of the experimental work it was

discovered that the nett rate of formation of hydrazine depended on the

reactor unit * age ', and consequently a small amount of work was

carried out to investigate this phenomenon. The results of this

research indicate that the effect of reactor unit ' age ' is primarily

due to a change in either the catalytic and/or adsorption properties

of the reaction tube surface, and hot due to changes in the electrode

surface as was previously believed.
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1,0, INTRODUCTION

lele General Introduction

The powerful reducing character of hydrazine has made it a2 useful
analytical reagent. It may be used to separate and precipitate
certain matallic ions as the free metals and it also precipitates

complex compounds of nickel, cobalt, and cadium and can be used for the

quantitative determination of these substances. In addition hydrazine

is now being used in the developmen: of new drugs and various bio=
chemicals and dyes.

There is little doubt however, that the present high cost of

hydrazine is a major obstacle to its more extensive commercial

development. If a cheaper method of hydrazine production could be

developed then its very unusual chemical properties could find
application in fluxes, photographic develoring agents, explosives,
insecticides, dyes, pharmacuticals and many other areas.

Currently hydragzine is only produced commercially by the Raschig
process ( first developed in 1907 ) in which ammonia or urea is

oxidised by sodium hypochlorite in aqueous sclution., Unfortunately

this process involves a number of inherent expensive separation,
purification and eoncentration steps which are necessary to obtain
hydrazine which meets commercial specificationse

The search therefore, for a reduction in the cost of hydrazine has
moved towards the development of alternative methods of synthesis rather

than improvement of the existing process.

At present methods of hydrazine synthesis can be placed into three

categories which are:=

1) Reduction of compounds containing a nitrogen=to=-nitrogen linkage.

2) Partial oxidation of ammonia or ammonia derivatives such as urea.

3) Decomposition of ammonia,



In the last category hydrazine has been obtained by pyrolysis
photo-decomposition, electron bowbardment and t'.e action of an electrical
discharges Of these methods the discharge route appears to have more

commercial potentialities because of tlic lover energy costs involved,
In the past the use of electrical discharges for chemical synthesis

has received limited commercial exploitation. Although this means of

chemical synthesis has been recognised for over one hundred years

its use has been confined to the production of ozone ( first synthesised

as far back as 1857 ) hydrogen peroxide and the electrocracking of

hydrocarbons to give olefins and acetylene. More recently it has

found application in surface polymerisation processes for the coating

of metals and plastics.

Wider commercial development however without doubt has been hindered

by the lack of understanding of both the chemical reactions which occur

in the discharge and the actual discharge itself, 'This lack of

understanding has persisted until recently for a number of reasons viz:-

l. The discharge reactions and the actual discharge itself

are extremely complex, When a molecular gas is subjected

to an electrical discharge a complex mixture of gas molecules
unchanged by the discharge, initial, intermediate and final

reaction products including ions and electrons result.

2e The electrical and chemical characteristics of the discharge

are not independent. For example changing the reaction tube

diameter changes the surface to volume ratio in the discharge
which in turn may change the fraction of chemical reactions occ-

uring on the walls to that occuring in the gas phase.
Not only does this add to the complexity of the discharge,
but also it makes optimisation of discharge chemical synthesis

extremely difficult if not impossible.



3« There is an absence of fundamental discharge dataes If for
a particular chemical synthesis information such as the
particle energy and density distributions, the processes
involved and their rates and cross sections was available,
then it would be possible to predict the effects of the dischargee
In practice very little of this information is known, and
only a small amount of that which is known, is applicable to the
conditions normally found in commercial discharge reactors.
be There has been a lack of systematic investigations, “espite

the numerous investigations of the past, only a fraction have

helped to clarify the effects of discharge and operational

variables upon chemical reactionse Apart from the factors

outlined above the main reason for this, has been that in the
past no systematic studies were carried out in which all of the

variables which effect discharge chemical synthesis, were studied

for a single system,

In the last twenty years a number of developments ( for example the
manufacture of more sophisticated and dependable electrical generating
equipment and the possibility of a reduction in.the relative cost of electrical
power ( with the advent of nuclear reactors)) have occured which have
significantly increased the commercial potential of the discharre route
terest

of chemical synthesis. This has triggered a resurgance

in the electrical discharge and in the last decade systematic studies

have been undertaken, resulting in a greater understandi® of the

factors which influence discharge chemical reactions. In particular

increased knowledge of the optimum conditions for the synthesis of

hydrazine has established that both high conversionsand yields of hydrazine



can be obtained ( Savage(1970))e Up to the present time however these
commercially attractive results have been achieved using laboratory
scale reactors and the way in which they depend upon scale=-up
parameters has not been determined. This is the object of the experi=-
mental studies outlined in this thesis which to the author's

knowledge is the first systematic investigation of these effects,

le2, Gas Discharge

le2s1e General Features.
The term gas discharge is used to describe the flow of electric

current through a gaseous medium, This requires that some of the gas

particles should be ionised, by rome means, and that there should be an
electric field to drive the charged particles produced to form a current,
Gas discharges can ta e place over a very wide range of pressure
and carry curroﬁta ranging from scarcely measurable values to over 10°
Ampse
Three distinect types of discharges can be formed which are the

Dark or Townesend discharge, the Glow discharge and the Arc discharge

( see Fige lol. ). The form of these discharges depends to a small

extent on whether s direct current (de), alternating curreut (ac),
high frequency (hf), radio frequency (rf) or microwave discharge system
is employed, or in other words on the frequency of the applied voltage
used. In addition, the type of discharge formed varies with the
nature of the gas,pressure, dimensions of the reactor and the type,

size, separation and material of the electrodess

The discharge system used in the research presented here was aedeCe

glow discharge system and this is discussed in further detail belowe



1.2,2, The dc glow discharge,

The gas in a discharge tube always contains a few stray electrons
which have been formed as a result of gas ionization by cosmic or

other background radiatione.
The glow discharge originates with the aprlied voltage accelere=

ating these electrons, which acquire kinetic energy as they are attracted
towards the positive electrode. Their passage through the -lectrode

gap is interrupted by collisions with molecules after which the are

re=accelerated towards the anode.
As the voltage ie increased some of these electrons gain sufficient

energy to ionise the gas molecules on collisions The ions produced

drift towards the cathode, becoming sources of more electrons by secondary

emission when they hit the cathode. In addition photons emitted

as a result of ion=electron recombination and metastable atoms formed

through collisions in the discharge also extract electrons from the

cathode. These secondary emitted electrons are capable of further gas

molecule collisions, and the sequence of events repeats itself. 4s a

result the discharge current is increased aid a point is reached where

breakdown occurs and the selfesustaining discharge called the Townsend

or Dark discharge is formed ( see Fige lole )o V“hen the applied voltage

is further increased the current becomes large enough (~10 TAmp ) to

bring about the transition from the Dark discharge into the more complex

form known as the glow discharge, and the potential across the discharge

tube falls to a constant value.
If the gas pressure is above the arbitrary level of 20 mmHg, the

visible nature of the discharge alters into glowing streamers, or

striations and the term silent discharge is useds If in this dischhrge
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region the electrode surfaces are highly curved a non=homogeneous

electric field is set up near the highly curved electrode and the discharge

plasma concentrates in this region forming a corona dischargee As
the voltage is raised still further the intencity of the visible plasma

. increases and the discharge enters the abnormal region before passing

into the high current are.
In the normal region of the glow discharge ( Fige lele ) the cathode

glow covers only part of the cathode surface and the area covered

increases or decreases in proportion to the current flowing. ‘'then the

voltage across the tube begins to rise with increasing current this

signifies that the electrode surface is completcly covered by the
cathode glowe At this point the current demsity is no longer constant

and increases with increasing currents Vhen this occurs the discharge
is said to have entered the region of the abnormal glow.
In general the dc glow discharge is characterised by the presence

of a distinct series of luminous and dark zones ( see Fige le2e )e One

of these luminous zones is the cathode glow from which the glow discharge

derives its name, In each of these regions of the discharge different

phenomena are important. From the physical point of view the dark spaces

may be considered as areas in which charged particles are accelerating

,and acquiring energy, while the glowing regions are the areas where this

energy is transferred in ionisational and excitationad collisions, with

the subsequent emission of light. As a result of the different physical

characteristics of these regions, different chemical reactions
proceed preferentially in one region or other in the discharge. In

the case of the nitrogen~hydrogen discharge for example ammonia and
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hydrazine are formed preferentially in the negative glow and positive
column respectively, ( Westhaver (1929) (1930) ).
As the voltage across the discharge does not vary linearly
( because of space charge ) as a function of the distance from one

of the electrodes, ( see Figs le2. ) the electric field in each of

these regions is different. Initially the field is high at the

cathode, howeve it decreases in magnitude towards the negative glow,
and after passing a minimum in the Faraday dark space stays constant
through the positive column and only rises again at the anode.

Inspection of Fig. l.2. shows that most of the applied potential

is dissipated in the cathode dark space. The potential drop across

the cathode dark space is known as the cathode drop or fall,
Space charges are set up in the discharge due to the different

rates of diffusion of the electrons ( =ve ) and positive ions ( + ve),

As the electric field in the positive column is constant the concentration

of electrons at any point is equal to that of positive ions. If

both these species diffused freely to the tube walls a positive space

charge would build up due to the faster electron diffusion. This

is prevented however as the negative space charge which accumulates

on the walls gives rise to a radial field, which forces electrons

and ions to diffuse equally fast. This is called ambipolar

diffusion.
The field in the positive column is several orders of magnitude

smaller th.n that found in the dark spaces. This,as well as the

uniform appearance of the positive column,indicates that the electrons



gain sufficient energy for ionisation in this part of the discharge,
as a result of the large random velocity they acquire by elastic collisions:
rather than from their drift velocity gained under the action of the
field,

If the electrodes in the glow discharge are moved together
the positive column disappears indicating that it is not essential
to the existence of the discharge. When the distance between the
electrodes increases the length of the negative zones remains
unchanged while the length of the positive column varies., In

practice the positive column can be extended to any length provided
the voltage for initiating and maintaining the discharge is sufficiently
large.

As the gas pressure in the discharge is increased the negative zones
of the discharge contract towards the cathode ( above 100 mmHg only the

Faraday Dark space is clearly visible ) and the positive column expands

to fill the vacant space. At higher pressures however radial

contraction of the positive culumn occurse

l.2. . Chemical Activation

Activation in a gaseous discharge depends largely on collisions

of electrons and gas molecules. [Essentially an electron can undergo

two types of collision, which have been design=ted elastic and inelastic

collisions,

An elastic collision involves a small change of kinetic energy

only, between the colliding particles, whereas an inelastic collision
results in a change in the internal energ of the particles. Thus

encounters in which excitation or ionisation occur are inelastic, since

some of the kinetic energy of the striking electron is transformed

into potential energy of the molecule,



In order to make an inelastic collision an electron must acquire
sufficient energy to exceed the excitation or ionisation potential of
the particle it collideswiths Obviously not all electrons acquire
this level of energy, and in practice, a distribution of electron energy

exists in the discharge, the form of which primarily determines the probe

ability of a certain type of collision ( Fige l.3. illustrates an example

of a theoretically calculated energy distribution. Normally this

distribution is concentrated around a definite maximum which depends

on field strength, gas pressure and collision frequency). This probability

is often prepresented as a crossesection, for example, ( Qi) is the cross=

section for ionisation ( see Fig, l.4. ) and similarly ( Qew is the

cross=section for excitation. The total crosse-section ( Q ) for all

collisions is simply the sum of the particular crossesections for

particular types of collisions.

Normally the electron energy distribution can be broken down into

three different energy classes depending on the origin of the

electrons. In general the electrons from each of these classes

predouitantly take part in a particular type of reaction.

The first group of electrons consists of high energy electrons
enitted from the electrodes as a result of the impact of positive ions

and other speciese These electrons form the high energy tail of

the electron energy distribution and are primarily responsible for

ionisation in the discharge. 1In the second group the electrons

are of lower energy and are released from the gas molecules.as

they are ioniseds These electrons rarely acquire enough energy

to ionise g=s molecules on single impact but play a predominant

role in other activation phenomena leading to chemical reaction.
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Finally in the third group there are low energy electrons which originate
from other secondary processes,

When an effective collision occurs between an electron of
suitable energy and a molecule ( or atom ) the conversion of electron
energy may give rise to an excited or ionised molecule ( or atom ) or

else molecular dissociation may occur with the conseguent production

of atoms,radicals,or ions.
Similarly activation may result from molecular or atomic impact
with fast ions and neutral atoms, the latter usually resulting from

charge transfer processes involving ions and gas molecules. Again the

following possibilities arise:=-
1) Atomic and molecular excitation.

2) Atomic and molecular ionisation..

3) Charge transfer processes resulting in the formation of neutral atoms.

4) Molecular dissociation into atoms, radicals or ions.

In the glow discharge the energies of ionic species are only of
the order of tens of volts and consequently the cross-sections for

ionisation and excitation are very smalle. In contrast although the

average energy of the electrons in the discharge is only about

2-3% ev, the cross-section for electron ionisation and excitation are much
larger. Therefore, as mentioned previously, in most instances

activation arises from electronic impacts and ionic impacts play only

a secondary rolee
Furthermore only a small fraction of electrons in discharge have

sufficient energy to bring about molecular ionisation, consequently
in regard to chemical synthesis, the primary jaseous processes of

importance are excitationse
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When a molecule is excited by electron impact, the excited species
or a molecular fragment resulting from its spontaneous decomposition
( ieee atoms, radicals and ions ) may then react with the numerous
other species present forming eventually a final product. In
a molecule many different excited states can be generated by
electron impact, each involving a different energy change, Thus
in a discharge where the electrons have a distribution of energy,which
depends on the gas and on the discharge parameters,many different
electron imp.ct reactions may be occuring simultaneously, with the
result that a whole spectrum of products exists. This is one
reason why the chemical reactions in a disch:rge are so complex and
so difficult to understand.

In addition further complications arise if the desired
product can be destroyed in the discharge. Thus for example in the
case of hydrazine synthesis it is reported in section 2.2. that degradation
of hydrazine or its precursor, in an electrical discharge, may occur by
both electron and atomic hydrogen attacke

Consequently, the rate of synthesis of a particular product
may depend not only upon the extent to which the distribution of electron
energy in the discharge coincides with the energy range required to
initiate the primary reactions which lead to the formation of this
product, but also upon the attainment of favourable conditions
which ensure that the species formed by primary reaction are
consumed mainly in reactions leading to the desired product, and also

that no significant loss of product occurs before it is removed from

the discharge zone and isolated.
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Finally with reference to the effect of reaction tube size on
chemical synthesis it will be shown in section 2.2. thht both the nature
and ' active area ' of the reaction tube surface may influence the
chemical reactioms which occure This is extremely important

as the ratio of reactor surface area to volume varies in geometrically

similar reactors of different sizee.



CHAPTER 2.0,




2¢0e SURVEY OF PREVIOUS WORK.

Normally the original investigation of a chemical process is
carried out in the laboratory on a small unit, Before chemical

production of the process can be realised methods of increasing

throughput must be investigateds

In the case of chemical synthesis in electrical discharge
reactors there are basically two ways in which this can be achieved,
by reactor scaleeup and by a step-up technique using an appropriate

number of parallel discharges each of similar dimensions to the

laboratory scale reactor. The work in this thesis is concerned only

with the first of these methods.

A larze scale reactor may be considered similar to a laboratory

unit if the nett rate of formation of product per unit volume is

the same in each case. This mituation would ounly be expected to

arise if the following conditions were satisfied.

1) The discharge in each reactor was uniform occupying

the entire volume of the reaction zone.
2) Physical and chemical similarity existed in each reactor.
The first of these conditions is necessary to ensure both uniform

activation intensity of the discharge and no by=-passing of the reaction

zone by the reactant gas. Thus a large proportion of the experimental

work reported in this thesis, involved the development of a set of

reactor units in which these requirements could be maintained over

a wide range of experimental conditions. A discussion of the engineering

design criteria associated with this work is presented in the first

section of this chapter.
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In the second section of this chapter physical similarity and the
application of the ' similarity principle ' to electrical discharges
in which chemical synthesis occur is discussede In the present

study physical similarity is defined as similarity in the physics of

the dischargé. ( The physics of a discharge determine the activation

phenomena which lead to chemical reactions ).
Finally in the third section of this chapter a summary of the
chemistry of hydrazine formation and destruction in a glow discharge

is outlined, ( A comprehensive review of the chemistry of hydrazine

synthesis in a glow discharge can be found in the work of ( Savage (1970) ).
Also a small amount of work dealing with the effect of reaction tube

size on the decomposition of ammonia and the synthesis of hydrazine

in a glow diecharge is reviewed. Reference to photochemical and

radiolysis studies has been made in this section where the results
of such work support important discharge findings, or provide
new ideas which have not been examined in discharge studies.

2els Reactor development = enginecrin- decign and criteriae

Thornton (1966) has put forward a classification of the

different gas discharge reactors the main types of which are shown

in ( Fige 2.1. )¢ Two principal classes have been recognised, single
phase homogeneous reactors and multiple phase heterogeneous reactorse.
Only reactor types of the first series in which a single gaseous

phase is present in the reactor were suita le for the work outlined

in this thesis, and only these will be discussed.
Of these, the double electrode discharge (see Fige 2.1(a) ) is the

only reactor which operates solely with dc power ( 'continuous' or 'pulsed' ).



The main advantage of using other types of power is that the discharge
is normally of a more uniform nature than the dc glow discharge.
In the case of the electrodless discharge ( Fige 2¢1o (f) ) additional
advantages may result from the fact that it contains no metal
electrodes in the reaction zone.

The main disadvantages ( at the time this study commenced) of
using power other than continuous dc were:=

1) Although power measurement with continous dc is reasorizbly simple

and accurate this is not the case for alternative modes of
‘ pover.supplye.
2) In the context of this study the use of other types of

rewar u.ul” introduce new factors ( for example, frequency

if a h.f, discharge was used ) the effect of which little
or nothing is known.

3) With pulsed dc power in addition to the reasons outlined
above even if desired, this could not be used as a suitable
generator for this type of power is not available.

Thus the double electrode discharge reactor was chosen for this

study and the engineering design criteria discussed is pertinent

only to this type of reactor.
Once the type of reactor to be used is decided, the next important

step involves the selection of the correct electrode configuration, and
direction of flow of reactant gas, to meet the criteria of ' uniform
discharge ' and ' no reactant gas by-passing '.

Thornton (1966) has detailed the various electrode and flow

arrangements ( Fige. 2.2« ) electrodes may consist of parallel plates,
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co=axial cylinders or a pair of points, whilst the gas flow may
be parallel or at right angles to the plane of the discharge.

In relation to the present study some of these systems
were not considered to be worth testing because of their inherent
unsuitability. For example it is obvious that the point electrode
configuration is associated with considerable and variable by-passing
of the discharge zone.

Co=-axial electrode arrangements are normally associated

with non-uniform electric fields. If the radius of the co=axial

electrodes is ve}y different from unity, the field intensity

will 'e higher around the inner electrode, and the activation

intensity of the discharge will vary across the interelectrode gape
Fortunately this can be partially rectified if the interelectrode

distance is minimised. In this way the field intensity can be

made to approximate that of a uniform fielde Although this imposes

severe restrictions it nevertheless allows the use of this cone

figuration over a certain range of conditions. This is important

as the use of coeaxial systems in which the reactant flows through
the annular space between the electrodes is the simplest way
of meeting the ' no by-passing ' requwirement.

The choice of correct electrode configuration and direction
of gas flow can be influenced by other considerations. In
particular any electrode configuration and direction of gas flow
may be influenced by the shape and profile of the electrodes, and

also the shape of the reaction zone (Eremin (1965)).
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Non-uniform electric fields are set up about the edges of
electrodes unless they are suitably profilede To minimise this
ffect the physical size of the electrodes can be made very large to
help reduce the boundary to surface area ratio of the elsctrode.
Different electrode shapes show different effects., An
electrode shape of the nozzle type might lead to a decrease in

discharge uniformity resulting in increased by-passing and variation

in activation intensity. Likewise a change in the diecharge shape

€.Zs venturi shape instead of a cylinderical one could have similar eflects.
In respect to chemical synthesis it is important to note that

as well as variation in discharge uniforgity ( discharge activation

intensity ) and degree of ' by-passing ', electrode and reactor

shape can also influence the electro-aerodynamic discharge conditi ns

by affecting; the power requirements to sustain the discharge, and

also both residence time and residence time distribution,

Thus if the necessary type of reactor, the correct electrode
configuration and direction of reactant flow, and the correct electrode
profile and shape and reactor shape, could be identified; then all the
necessary ' engineering design ' criteria to meet the conditions of
' uniform discharge ' and ' no by-passing ' would be satisfied,

Unfortunately this in itself wou.d not guarantee that these
latter conditions would be satisfied as it has been shown that other
factors may significantly effect the discharge characteristics.

work on the dc discharge ( Bruce (1949) ), ( Pearson et al (1969) )
and ( Gosho (1969) ) has shown that together with engineering design
considerations, gas precsure, gas linear flow rate and distribution,

and location of the reactor walls effect the stability of a discharge

systems



It will be shown later that these observations have been confirmed
in the present study., In addition it has been found that discharge
constriction  ( i.e. formation of non-uniform di-charge ) may also
depend upon the discharge current,

Constriction phenomena are complex and as yet not well understood
however since completion of this experimental study Woolsey (1970A)
(1970B) has published some detailed work in this area.

According to Woolsey thrce types of constriction or contraction

of the positive column of a dc discharge can occur. The first

is a gradual contraction which appears to occur in most discharges,

The second is a constriction of the entire discharge down to a diameter

of 1-2 mn; this takes place suddenly at a critical current which

dependson the pressure and gas propertiess This effect gives

rise to a bright mobile discharge thread with a sharp boundary.
The third type of contraction changes the uniform positive column

to one containing a bright cone l=2 cm in diameter with an outer

diffuse region extendiny to the tube walle This effect is common

in electronegative gas such as iodine vapour. ( Woolsey (1970B) ).
Finally in passing it is unfortunate to note that in spite
of the extensive investigations into the glow discharge

synthesis of hydrazine in which:=

1) A number of different reactor and electrode configurations
have been used over a wide range of experimental conditions.

2) The use of low work function metal cathodes ( Manion (1958) )
( Rummel (1940) ) e.gs tantalum, caesium coated tungsten.

3) The use of various metal electrodes - nickel, aluminium,

stainless steel or electrodes coated with thin metallic



filme eege gold, silver ( Eremin et al (1966) (1968) )
have been examined, in all of this work little or no reference

is made to the nature of the discharges obtained,

Derivation -nd application of the *Similarity Principle!

2ol
to electricag_ggschargea.

Any chosen property of a discharge, for example the potential
(V) depends on a number of others, the current (I) gas pressure (P),

size of the vessel and electrodes. The dependence is often

complicated, and sometimes caniot be expressed analytically at all
but only in the form of curves ( theoretical or experimental ),
linking various parameters.

Obviously, an infinite number- of such curves would be required

to describe every pocsible state of the discharge, given by every

combination of dimensions, current, pressure etc. 'Fortunately,

this can be simplified by grouping together some of these parameters
for example the breakdown potential (Vs) of a gas between plane

parallel electrodes depends upon the inter=electrode distance (d)

and on the pressure. Lxperimentally Vs does not change if the product

pd is kept constant ( except at very high pressures ) ieee Vs = ¢ (pd)
for any one combination of gas and electrode material

The importance of such groupings was first realised by De La Rue
and Muller (1880) and later by Paschen (1889), Townsend (1915) and others
who noted that (EN represents the energy gained by an electron
moving along a free path (») and pd is proportional to the number of

molecules between two electrodes of given size.
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Thus if (EM) or(E/p) and pd are maintained constant multiplication
of electrons between the electrodes is fixed.

These groums of parameters and others can be deduced more
generally as shown below, partly following the treatments of Holm (1924),

Von Engel (1925), Steenback (1932) and Dallenback (1925).

Derivation of Similarity Relations.

Consider two discharges in the same gas with the same electrode
material in which all the corresponding linear dimensions are different

by a factora( see Fige 2.3. )« This includes the vessel, electrodes

and the properties of the gas e.g. mean free path ( but not the mean

distance between the molecules ). Assume that the gas temperature

is the same in both, and that corresponding points ( e.g. Al, A2: Bl, B2 )

have the same pofential difference between them; the potential across

the electrodes is V. Such discharges are called similar ( i.e.

physically similar )
oV o—

R,

'/\1 EB;

-then the following relations hold for corresponding points in the two

discharges. For the linear dimensions of vessel and electrodes

d| = a d]_
r = ar,
R( = B.R;.

where r is any radially measured distance.
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For elements of area dA, = a® dA,

For the mean free paths of electrons, ions or molecules in the gase

No= a)\:-

Hence the gas density ( number of molecules per em® ),

n| = nz

a

since by defininition the temperature is the same in both, pressure
Pol ny hence for the pressure.

P = Ra
a

The potential V, = V., by definition.

The electric field Ex = - %.\./
Y

Hence E, = E,
a

Surface and volume charge densities & , @nett,can be derived from

E surface = 4T ©T

€ = s (pt - pT)

Ix
whence 5 = %.L
+ - + -
and (@ =@ ) -%’ (P = ) (2-1)
from which E, N, = E, %
E, = E,
P, P,

may be deriveds

Relations involving current.

Relations between the nett space charge densities have already

been founde
(et - ) =1 (" =4
Q @ i ':1. (3 P -

\3- includes both electrons and negative ions,

The general expression for the total current density is

j -@"v" +EV = (e*-@') (W av) + v A ("f"’-—w



To find the relation between j, and ja. the semond form of the above
equation is used adding the apprépriate suffixes 1 and 2« Then
using equation ( 2 = 1 ) and assuming only single stage processes

so that A = Y, it can be seen that a simple proportionality

between j, and j,. can arise only when

P'— '\/: + @l+ ’V; = -]—‘ ( P:.- V: * PI‘ VL- )
a’*

which together with equation (2 = 1 ) results in
+ 5 -
@‘ R P‘+ i ?a = 1 Gk
a* a*

Particle and current densities are thus related by

+ + - -
Nl . l N; ; NI . l Na.
a* a*
- = l 3.
a*

and, since areas transform by the factor a* , total current is

dA, = 1 j, a di,= i,

11 = I

al—

This equality of current in two discharges is used by most
yriters as part of the definition of similar discharges, i.e.
two discharges are defined as ( physically ) similar when the potential
and current at corresponding points are equal and all linear dimensions
are different by a factor a.

In the above paragraphs the similarity transformations of a number

of discharge parameters have been presented. The results of the

transformation of a number of other parameters are given in table

2.1.
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TABLE 2.1.

System

Linear Dimension

Gas density or pressure
Interelectrode potential
Field Strength

Surface charge density

Total mass of gas between
electrodes

Total electric charge in gas
Ratio of ccnsity of ionised
to neutral olecules
Electric current

Current density

Voltage current characteristic

Temporal growth rate of current

Space charge density

H < W ox

0

Nz/Nu

Vel

21/

M/a*

N:/NJ

J/a*
Vel

/3¢
¢
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It follows from what has been said ( and the transformations
presented in table 2.,1. ) that the discharges in two geometrically
similar reactors of different size, can be made physically similar
if the reduced field strength (E/p) is made the same in both.

This condition may be achieved by varying either the operating
pressure or the voltagee

In turn it follows that if the rate of those discharge
physical processes ( activation etc. ) upon which chemical
synthesis depend are solely dependent upon ( E/p ), then it
would be possible to make two geometirically similar discharges
of different size chemically similar by making the reduced field
strength the same in both ( i.e. by making them physically similar ).

In order to test the feasibility of this approach it is
necessary to identify those fundamental discharge processes which

follow the similarity principle and consequently are solely

dependent upon (E/p)e This has in fact been carried out by

Francis ( 1960 ) and thus it is only necessary here to present

a few examples for illustration. Before doing this however it is

helpful to define the meaning of the terms ' permitted ! and
' forbidden ' in the context of the similarity principle.
Thus those processes which conform to the similarity

principle are referred to as ' permitted' while those which

do not are distinguished as ' forbidden 's It should be

realised, however, that these terms refer only to whether or not
a process obeys the similarity principle, and have no bearing on

whether or not a process can physically occur in the discharge.
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Examples of Permitted and Forbidden Processes

The concentration N of any type of charged particle, at any
point in a steady state discharge, can be derived by equating the

rates of production and lo s at that point,.

Thus in accordance with the similarity prineiple Ny must equal

(1)N, and dt, must equal adt, then

a’

(an) = 1 (av) (2 =2)
(at), a’ (dt)

where dN is the sum of the rates of production by a number of
dt

elementary processes e.ge
(an) = (N + (o)  + (aN)  + (ON) $ oo
(dt)total (5t)g%iiggggsbt)drift(angfusiggt)photoionieation

BEach process whether gain or loss must transform by the factor 1
al

in order that equation ( 2-2 ) is satisfieds Considering processes

separately reference is made glways to corresponding points or small

volumes in the two discharges.

Ionisation by Single electron collision

The rate of ionisation by single collisions of electrons
with gas molecule= depends on the concentration Ne, of electrons and
their energy, and on the concentration n of gas molecules.
Assuming that the glectron energy is the same in both discharges
the rate of production of ions and electrons is

(on) = C Ne.n, = CNe,n, = 1 (oN)

(3%), a* a a? (3t)

This process is therefore permittedes The constant C and in the following

equations C, C, ~= - merely indicate proportionality.

Secondary collision prccessow.

Stepwise Ionisation: (collision of the second kind)

Ionisation by these processes can occur when the electron hits



an already excited molecule, when two excited molecules col ide, or
when an excited ( metastable ) molecule of one gas hits and ionises a
neutral molecule of another ( Penning effect ) This last process

can occur only when the excitation potential of the one gas exceeds the

ionisation potential of the other.

The equilibrium concentration N* of excited molecules is given
by equating rates of production and loss, assuming that electrons

produce, by single collisions, excited states having an average

life T
( QN ) proouction o« N n (where Ne = concentration
(7t ) of electrons,.
n = concentration
( @N* ) lossx N* of gas molecules).
( 2t ) e

hence N* o Nen
v -8
For excited molecules which simply radiate within about 10

. o~
seconds and whose radiation is not absorbed in the gas, [ is much

shorter than the time between collisions and is therefore a constant,

This gives N* o Nen

i.ee N.* = l Nz . (2-“)
aJ
(N,‘s Ne,n.s}_‘,{m 21-_]; NL.)
a

a* a
..8 N’.‘ = Ne‘]_ n;

For metastable atoms or molecules (7 concentration Nu® ) destroyed
by coliision with ges lolesculse ( their own gas or impurities ) or
|
on the walls T o< iy or ‘U o< R hence

( N*m )\ o ¢ Ne.n

Nen, = Ne n. aT= %t(Nm')l( 2-5)

. .

This is true provided that no metastables are produced by electrons
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falling from higher levels.

In conditions where rcsepnance radiation is appreciably absorbed
and re-emitted in travelling through the gas the rate of production
of resonance states (Nr* ) in any given volume is determined by

the nett flow of resonance photons through this volume, as well

as by equation ( 2 « 4 ). These photons come from other parts of the

discharge and the nett flow in any one direction (e.g. x ) is prop=

ortional to ( N2 )
£ (%)

hence for resonance states
Nt of Ne n + const 2 (N%)

% L

ang taking-qfn constant

" Nr* oL Nen + const JNp*
X

From this it follows that N,* does not transform with any simple

factor of a, in particular
(Ne*) £ 1 (%), (2-6)

al-
The rate of ionisation caused by electrons hitting these e cited

molecules is proportional to the concentrations of both. [Equations

(2«4 ) and (2-«5 ) and ( 2 = 6 ) may be used to determine the

following, For ionisation by electrons - excited molecules
(N) = CNeN* =1 (9N)
(9t ] o a‘ (-ﬁ)x
electrons - getastable molecules
@§) = cCyNe (No*) =1 (ON)
Gt M ' av (3t )y
electrons - resonance states
(ON) = CzNe ( No* )l (ON)
(73 ), a’ (Ot),

All these processes do not therefore conform to the similarity principle.



The rate of ionisation by the collision of two excited
molecules is proportional to the concentrations of both

i.e.

N) = C,N,* N_* 1 ()
5o e SO g

where Ny N,* is any combination of N* , N.*, N, *, hence all possible

processes of this kind do not conform to the similarity principle.

Recombination

Recombination between positive and negative ions follows the

law

(N ) = —ai" N
(ot )

where & is the recombination coefficient. At high pressure «

+ —
is proportional to .| and so transforms with factor a, while N', N

each transform with 1 thus finally )N transforus with 1 « The
ar ot a®
At low

process therefore obeys the similarity principle.

pressures® is proportional to p , and gy_ transforms with _]_._s
t a

and the process does not conform to the similarity principle.
For recombination between electrons and positive ions o
is never proportional to 1, but rather is proportional to

P
ﬁ% hence JN never transforms vith;gs and the process never conforms

ot a
with the similarity principle.

The results of the transformations of the most important discharge
processes are summarised in table 2.2. ( after Francis (1960) ).
Inspection of table 2.2. reveals that the application of the
similarity principle to electrical discharges in which chemical synthesis

takes place is limited to those synthesis where primar, reactions
arising from single stage physical activation phenomena ( permitteu processes )

control the rate of synthesis. In practice as noted in section 1.2.

chemical synthesis depends upon secondary processes ( i.e. two stage
processes - forbidden processes ) and thus having two physically similar
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discharges will not ensure that the chemistry of these

discharges will follow suit, It is still a matter of speculation as

to which parameters control these secondary processes and hence

should be preserved in scale-upe

Also the role of molid surfaces

adjacent to she discharge is etill not clear. This is important

in that the surface area per unit volume varies in geometrically

similar reactors of different size, however one way of overcoming

this may be by packing the larger reactors with solid material.

This procedure has been examined in the present study and is discussed

in chapter 5,0,

TABLE 2426

PERMITTED PROCESUES

electron collision

Penning effect,

Electron attachment and
detachment,

Drift

Self ropulsion} of charges
Diffusion

Charge transfer ion — fast

neutral
recombination ion - ion

at high pressure

by impact of:

Electrons (7 )

Ions ({i)

Non-resonance photons (fp)
Metastables ( 4~)

Fast neutrals (6. )

diacharge,

In the gas ionisation by asingle

Cn the walls secondary emission

FORBIDDEN FRUCLISSES

All stepwise ionisations,
collisions of second kind
except Penning effects
Photo-ionisation.

Charge transfer: fast neutral
—» ion”®,

All recombination except
ion = ion at high pressure.

Thermal icnisstion.

Llectrons emitted by fast

Photo=electric effect by
diffusing resonance
photons.

field emission.

* Fast neutral molecules are assumed to be those already
formed by charge transfer at some other point in the

ions formed by charge transfer*
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2¢3e Chemical studies of the electrical discharge synthesis of gxdrazine

from ammonia

Most of the early studies of discharge chemical reactions were
aimed at identifying the reaction mechanism, Two prinecipal mechanisms
were put forward = that of Lind (1928) in which ionic reactions only

were proposed and that of Lunt and Mills (1925) who interpreted the

reactions on a free radical basis. Although support for both these

views can be deduced from experimental data from various reactions, it
is clear that the mechanism of chemical reactions in di-chorges do not
all follow the same pattern.

In the synthesis of hydrazine from ammonia in a glow discharge
although Westhaver (1933) favoured the ionic mechanism the majority
of workers ( e.g. Ouchi (1949) (1952) (1953), Anderson et al (1959) )

have preferred the free radical mechanism, and a lar e amount of

evidence supporting this view has been obtaineds For example

(1) Devins and Burton (1954) have shown that relative to the
number of electrons adequate to excite ammonia ( to the lowest excited

state in light absorbtion~ 5.1 e.v. ) the fraction of electrons with

-2
energy adequate to ionise ammonia is ~ 1.8 x 10. (2) Anderson et al

(1959) ( in their work in which the rate of ammonia decomposition

was related to a theoretical model of the discharge ) have shown that the
electivn energy in the discharge is approximately 42 eeve which is not

sufficient to ionise ammonia gas ( 10.2 e.v. ) on a single collision.

gxdrazine Formation.

In the free radical mechanism of hydrazine formation ammonia gas
molecules are first excited by electrons and then undergo dissociation

into free radicals., Two principal ammonia decomposition steps have been
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put forward viz.

NH; + '—yNH: + .:NH; + H +e (2=-7)
KH + Hy + e (2-8)

These free radicals are the precursors for hydrazine formation.
Most workers ( e.g. Devins and Burton (1954) Skorokhodov (1961) )
have favoured ( 2 = 7 ) ( which requires an activation energy of
be52 eev. ) with the subsequent formation of hydrazine by the reaction
N, +  NHy, + (M) — NH, (2-9)
although Ouchi (1953) suggested that the reaction
NH +  NH; — Nj He (2-120)
was the primary reaction for hydrazine formation.
A great deal of photochemical evidence favours ( 2 « 7 ) and ( 2~ 9 ),
Different wavelengths of light have asscéiated with them corresponding
energies hence by conducting experiments at various wavelengths
the threshold energies for dissociation reactions can be found,
In this way it has been shown that the NH radical only appears with
light of wavelength below 1600 A4 ( i.e, above 78 e.ve ) but Ni,radicals
appear above and below 1600 °: ( Schmepp and Dressler (1960) Bayes et

al (1963) ).
Further evidence for ( 2 = 7 ) and ( 2 «.9 ) has been obtained

from the wopkiof McCarthy and Robinson (1959) who positively
identified the NH, radieal in high frequency discharge products
trapped in an argon matrix at 4.2 °K and by Haines and Bair (1963),
These workers made photolytic measurements of NH, absorption as

a métion of time following a radio frequency discharge pulse

through ammonia, Trxey observed that N, radicals appeared much
earlier ( after fewer pulses )} than NH radicals indicating that NH,
radicals were the prima:y product of ammonia decomposition.

They also showed that under the proper conditions the kinetice



of the disappearance of NH, was second or.er with respect of

NH,. This was attributed to NH, recombination to form hydrazine

by the reaction ( 2 - 9 )y rather than NH, recombination to form ammoniase
Recently Mantei and Bair (1968) studied the flash photolysis

of ammonia and showed that the NH radical is formed by a cecondary

reaction, either

N, + H ——— NHE + Ha (2=-11)

or

2NH, —— NH - NH, {2 «12)

and it decays by the insertion reaction
NE + NH; —3 NH, (2-10)
This work proves conclusively that although hydrazine can be formed

from both NH ( 2 « 10 ) and NH, ( 2 « 9 ) radicals, the formation of the

NH, radical ( 2 = 7 ) is the primary reaction in each case,

Hydrazine Decc:position.

The majority of studies into the decomposition of hydrazine

have been concerned with investigafing whether -

1) Hydrazine decomposition takes place via atomie hydrogen

attack and/or electron collision.

2) The decomposition takes place via N = N bond fission and/or
N « H bond splitting.

Evidence of hydrazine destruction by atomic hydrogen was obtained
in 1932 by Dixon who found that when atomic hydrogen and hydrazine
were reacted together in a flow reactor hydrazine decomposition
occurreds

Further evidence of this mode of hydrazine ( or its precursor )
destruction was obtained from the extensive photethemiecal work:-of

MeDonald, Khan and Gunning (1954) and McDonald and Gunning (1955),
and in experiments in which the concentration of atomic hydrogen
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was decreased with a resultant increase in the yield of hydrazihe.
The concentration of atomic hydrogen can be reduced by either
( or both ) of two approaches =
a) prevent H atom formation
b)'aelect1v91y scavenge H atoms with appropriately reactive

substances,

The first of these approaches was used by Lampe et al ( 1967 )
in his radiolysis work using mixtures of ammonia and Krypton,
According to Lampe if the rare gas absorbed all the radiation
energy the ionisation of ammonia ( with Krypton ) would be =

Kr + NH,-’NH;' + Kr
and the decompos.tion path with Krypton should lead to fewer H

atoms than with pure ammonia,

The second aﬁproach involved either the introduction of special
catalysts e.g. platinum ( Devins and Burton (1954) Rathsack (1961)
Eremin et al ( 1966) (1968) which favoured hydrogen recombination)

or the use of various scavenging agents e.g. ethylene ( Manion (1958) ),
In all these experiments evidence of increased hydrazine

Yields were obtained indicating that hydrazine yield is influenced

by atomic hydrogen attacke Whether this attack is upon hydrazine

itself ( i.e. destruction ) or upon hydrazine percursors ( e.z. NHp )
(i.es prevention of hydrazine formation)was not established,

Electron attack of hydragine-has also been shown to occur

by several workers ( e.g. logaa et al (1969) ). Logan et al

studied the electrical discharge decomposition of hydrazine
and concluded that decomposition could occur by collisions

with electrons, possessing energy greater than the dissociation
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energy of hydrazine ( 3.3 e.v.(Foner (1958) ),

In a glow discharge in ammonia since the energy required to
rupture the ( N =« H ) bond in hydrazine is only 3.7 ev. as compared
with 5.5 ev. required to dissociated ammonia ( Altshuller (1954) )
into NH, and H - atome the number of electrons capable of dissociating
hydrazine is greater than that for ammonia dissociation. By
assuming a Maxwellian distribution of energies in the positive column
of a ammonia glow discharge with mean electron energy of 1.25 ev.

Savage (1970) found that asbout 6.5% of the electrons present had

enough energy to break the ( NH, = H ) bond while 25/ had sufficient

energy to break the ( Hy NNH « H ) bonde By further assuming the

area of hydrazine molecules to be approximately twice that of ammonia
he was able to give a first estimate of the relative rates of
reactions between electrons and hydrazine and electrons and ammonia
as 7.7: 1l A similar analysis was carried out by Barker (1970)

for a microwave discharge using an estimated electron energy of

1.0, ev, A ratio of 5:1 was obtained,

AneHer indication of the relative rates of reactions between

electrons, hydrazine and ammonia maybe deduced from the work of

Takahashi (1960) using 100 to 250 MHz discharge. From the initial slopes

of her data and assuming no difference between electron energies
in the 8.4 mmHg and 11.0. mmHg discharges it can be seen that with
a 100 MHz discharge the rate of reaction of hydrazine with electrons

is 10.0 times faster than that of the reaction of electrons with

ammonia., This agrees reasonable well with the previous estimates

despite the inherent assumptions of both methedss
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Using this data in a simple kinetic model of the discharge
Savage has compared the relative importance of hydrazine decomposition
by atomic hydrogen attack with electron = induced destruction of
hydrazine, Savage concluded that atomic hydrogen attack is the primary
mo:e of decomposition of hydrazine although some electron destruction
OCCUrse -

Barker ( 1970 ) also attempted to determine the relative
importance of these two destruction mechanisms aad reasoned

that this could be achieved by the use of atomic hydrogen scavengers

( eege Allyl alchol )s Addition of sufficient scavenger should re.ove

all the H atoms allowing the study of any other important destruction

mechanisms that are present,
In this way Barker established that the mode of decrease in

hydrazine yield varied with the power input. At lower powers

( 265 « 10.2 watts. ) atomic hydrogen attack of hydrazine

predominated whereas at higher powc:s ( 50 « 100 watts. ) electron

destruction of either hydrazine or its precursor NH, was more

significant,
The second main area of investigation involving the decomposition

of hydrazine has centred on elucidating whether decomposition is by

N « H bond fission and/or N - H bond splitting. Attempts to

identify the hydrazine decomposition products and their subsequent

reactions have only been partially successful due to the complex nature

of the reactions taking place,
Evidence of both modes of decomposition has been obtained by

several workers including =



Bamford (1939), Birse and Melville (1940), Schiavello and
Volpi (1962), Diesen (1963), Gray and Thymne (1964) etce ( N = H
bond splitting ) and Ramsey (1953 ), Hussain and Nourish (1963)
etee ( N = N bond fission.)

Some of the most extensive investigations were carried out
by Stief and DeCarlo (1965), (1966), (1967A), (19678), (1968),
who demonstrated that approximately 80X of the nitrogen formed in the
direct photolysis of hydrazine resulted from reactions which did not
involve the fission of the N = N bond.

Jones and Lossing (1969) have carried out the most recent work

in this area., These workers obtained evidence to suggest that

both types of breakdown occur in the photochemical decomposition

of hydrazine. They tentatively suggested that the reaction involving

N =« N bond fission was approximately twice as fast as the re,ction

involving N = H bond splitting.

Thus it can be seen that despite the numerous investigations
which have been carried out the exact mechanism of hydrazine
formation and destruction in the disch rge has not been elucidated.
Consequently it is still not clear which factors control the
reaction kinetics and hence should be preserved in scaleeup,

In view of this it is not surprising ‘hat the scale-up of discharge
chemical reactors for hydrazine synthesis has received little
attention, and practically no data is available on the effect of

reactor size on reaction yields.

Only two references dealing with the effect of reactor size on the
decomposition of ammonia in an electrical discharge have been traced

in the literature. In 1935 Wiig studied the photo-decomposition

of ammonia and showed that the quantum yield ( the



number of ammonia molecules decomposed per absorbed quanta of
radiation ) decreased with decreasing pressure. Wiig associated this
with an increase inthe adsorption of NHz radicals ( formed in the
decomposition of ammonia ) on the silieca surface, and subsequent
recombination with H atoms to form ammonia. Wiig postulated that
if this process occurred then it should be decreased by increasing

the size of the reaction vessél. In 1937 he sho.ed that the

quantum yield did in fact increase under these conditions.

Hydrazine synthesis or the effect of reactor size on the formation of

hydrazine was not mentioned in this work.

Devins and Burton (1954) carried out a small number of ex-
periments in which reaction tube diameter was varieds The influence
of this parameter on the reduced field ( L/p ) was measured and found to
agree with the theoretical analysis of Engel and Steenback (1939).

The yield of hydrazine however waé found to be a function of tube

radius as well as ( E/p )e This strongly suggested that the discharge

surface as well as the discharge characteristics influenced the

chemical reactions. Devins and Burton found that the yield

of hydrazine decreased with decreasing value of the product of
pressure x tube radius, however no explanation of this was given,

The implication that reactor surfaces effect the reactions
occuring in the discharve is extremely important with reference to the
study of the effects of reactor size, in that the ratio of surface
area per unit volume varies in geometrically similar reactors of
different dize,

Therefore togebher with some other importart developments in the

glow discharge synthesis of hydrazine a summary of.the work dealing



with the effect of discharge surfaces follows,

One of the most significant developments in the study of the
synthesis of hydrazine in a glow discharge has been the discovery

by Westhaver (1933) and later confirmed by Devins and Burton
(1954) and Rathsack (1957, 1960, 1961) that hydrazine is formed
only in the positive column of a glow discharge.

It is important to realise this means that it is the reaction

conditions in the positive column of the discharge which determines

the nett rate of formation of hydrazine. In the past unfortunately,

almost without exception investigators have used electron energies based
upon the mean electric field strength of the discharge instead of

the electric field strength in the positive column ( which is

much smaller ), for correlation and discussion of their experimental
data, This has ofcourse lead to misleading conclusionse

Similarly the residence time of the gas molecules in the total
discharge volume has been considered, instead of the residence

time of the gas molecules in the positive column ( providing gas

flow is in the direction of cathode to anode )e This is especially

important in experimental work in which either the discharge
current and/or pressure were varied since the length of the positive

column is a function of both these parameters as well as interelectrode

separation,
Westhaver (1933) was also responsible for the discovery of another

unknown characteristic of the glow discharge namely the ' working in '

of the cathode. He reported that a freshly machined cathode gave a

far greater rate of ammonia decomposition than an aged one.  4s

the cathode aged the voltage increased while the rate decreased for



39 -

a period of about three hours after which the conditions remained

fairly constant,

Running the discharge in pure oxygen or hydrogen had no effect on
the worked in conditions although a discharge in water vapour
readily restored the original freshly machined characteristics.,
Westhaver concluded that this was due to the reduction of a nitride

film on the cathode, the formation of whica was :esponsible

for the ageing effectes With a freshly machined cathode an abnormally

low cathode potential drop was observed and he attributed this to
the adsorption of ammonia on the surfacee

Brewer (1930) demonstrated that the work function of a surface
could be lowered from a third to a half by the adsorption of ammonia:
due to the dissociation of ammonia into ions by the surface forces,
Since the lowering of the work function increases the ease with which

the electrons are emitted from the cathode it should enhance the efficiency

of the discharge.
A further possibility of accounting for the abnormally high rates

on fresh surfaces was put forward by Brewer whc found that ammonia

adsorbed on the metallic surfaces could undergo decomposition at a

temperature as low as 250°C. In most glow discharges ' cold cathodes '

are used however it is quite possible that the bombardment by positive
ions, atoms, and metastable molecules received by the cathode during
the discharge could be as efficient as a hot surface in dissociating
adsorbed ammonia.

Devins and Burton (1954) also noted the effect of surfaces upon the

chemical reactions occuring in the discharge. 1In some of their

experiments platinum probes were used in the discharge and these



greatly increased the yield of hydrazine but when placed just outside
the discharge they had no effects By coating the discharge walls
with platinum they yield of hydrazine was increased significantly,

but the yield of nitrogen was only slightly effected. This is rather
surprising as nitrogen is considered to be a product of degradation

of hydrazine. If, as proposed in their work the platinum walls prevent
the degradation of hydrazine by promoting the recombination reaction

H + H— H, and hence inhibiting the proposed reaction H + NyH, —»
NHy + NHy;it would be expected that the nitrogen yield would fall,

Thus because this effect was not noted it may be concluded that this work
did not establish whether the improvement in hydrazine yield was due to
prevention of its destruction by hydrogen atoms or the catalysis of its

formation.
Kathsack extended Devins and Burton's work and showed the effect

wall surfaces and metals acting as catalysts had on the formation of

hydrazines It was known that hydrogen atom recombination was retarded

by coating the reaction vessel walls with phosphoric acid so experiments

were carried out with and without this treatment. With the reactor

treated to prevent hydrogen recombination yields and conversion to

hydrazine were only one fifth of those from the untreated reactor, clearly

showing that hydrogen atoms either prevented the formation of hydrazine or

degraded it. Rathsack also put forward the possibility that hydrazine was

also formed on the r-actor walls explaining his theory in terms of

Cuchi's reaction mechanism viz,

NH; —» I&H: sy Wiy

2H + _NH
wall ' ¢+ NHy
Hy *

o N +°2H, “N,H,



-4

This reaction mechanism fitted his results and also explained
why the yield of hydrazine fell when the resctor walls
overheated,

By using electrodes made of different metals Rathsack
demonstrated that the increase in yield of hydrezine was not due to
a change in the work function of the electrode or electrical
, characteristicc @f the discharge but was caused by the catalytic

effect of the electrode materials, Platinum was found to be the best

electrode material in agreement with Devins and Burton.

Still further indications of the effects of discharge surfaces
upon the hydrazine yields was obtained by Schueler (1959) who used
a reactor lined with fused glass powder and by Eremin et al ( 1966 ),
(1968) who confirmed that the effect of thin metallic films in the
discharge zone was to accele ate the recombination of hydrogen

atoms,

Williams (1967) obtained increased yields of hydrazine by

iraddating gaseous ammonia in the presence of a solid e.g.
Zeolites ( ' which attracted and incorporated H atoms by chemsorption with
the result that less destruction of hydrazine or its precursor
NH, radical was apt to occur through H atom attack * ),
The most recent evidence of surface effects was obtained by
Savage (1970) who showed that packing the positive column of a

de glow discharge with glass wool approximately doubled the yield and

conversion to hydrazine. Savage proposed that these increases were due

to a decrease in hydrazine destruction by atomic hydrogen attack because

of increased atomic hydrogen recombinaztion on the extra surface in the

dischargees
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To summarise it follows from the work which has been reviewed
that the intrcduction of a catalyst into the reaction zone does
increase the nett rate of formation of hydrazine, but the exact
role of this catalyst in the overall kinetics of the process

remains to be established.
.

In addition to the catalytic effect of discharge surfaces
another important surface effect which adds to the complexity of the
discharge reactions, is the adsorption of discharge products
by the reaction tube walls.

In 1932 Gedye and Allibone working upon ammonia decomposition
showed that ' out gassing ' by an electric discharge altered the
catalytic activity of the glass surface.

Srikantan (1935) investigated the kinetics of ammonia decomposition
in a high frequency electrodless discharge at low pressures and found

that reproduceable results could not be obtained due to the

effects of the vessel walls, Amronia was more rapidly adsorbed by

the walls of highly evacuated glass tubes than was hydrogen. vhen

the walls of the vessel were saturated with ammonia, the extra

gas supplied decomposed into nitrogen and hydrogen. In the presence

of the discharge the hydrgoen was adsorbed leaving only nitrogen.
Amuonia adsorption was found to be irreversable under the influence

of the discharge but hydrogen could be adsorbed as well as desorbed

from the surface by the discharge.
One very important aspect of discharge surfaces which appears

not to have been considered is the possible effect resulting from
the migration of loosely bound species in the material of construction

of the reaction tubes.



Most reaction tubes used inte glow discharge studies have been
made of quartz or silica,

Details of the methods by which vitreous silicas are manufactured
are proprietory but four basic types can be recognised ( Hetherington
(1962 (1963) ) with differences based principally upon hydroxyl
and metallic impurity concentration and on methods of fusinge

At present very little is known about the effe ¢t of high field
gradients in the region near the surface of a quartz reactor, however
Hetherington (1965) has suggested that inside quartz there are a number
of loosely bound species which could possibly migrate under the
influence of the field.

As different types of quartz contain varying amounts of OH
and metallic impurities it is possible that migration of these svecies
to or from dischs: ge surface might significantly increase or decrease
the catalytic efficiency of the surface.

As far back as 1922, Yood in his work on the dissociation of
hydrogen in a low frequency discharge concluded that water vapour

or oxygen reduced the ability of the walls to catalyse H atoms

recombination, Recently a large amount of work has been carried

out on the catalytic production of atomic H in a discharge when small

amounts of Hy0 or O, are added. Increases of H atom yield by

factors of ten or so when switching from dry H, to H, containing
Oel « 0.3% H,0 have been noted ( Kaufman (1969) ).
Thus the presence of OH in the discharge could significantly

inhibit the recombination of atomic H and the presence of metallic

impurities could catalyse this recombination.
At present surface effects are poorly understood and are open

to speculation and until further work is undertaken the role of the

surface will remain a bottleneck in the understanding of discharge

chemistry,
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2e0s Scope of present investigation.

The primary aim of the experimental work presented in this

thesis was to investigate the effect of reactor size on the

nett rate of formation of hydrazine in an electrical discharge

in ammonia gas.

In the course of this work however it was

found that the nett rate of form:tion of hydrazine depended

on the reactor unit ' age ' and consequently a small amount

of work was carried out to investigate this phenomenuong

The experimental work can be summarised in three main

parts as follows: -

1)

2)

The design, development and testing of suitable

reactor units.

A number of homogeneous double electrode discharge
chemical reactors employing various electrodes, and
electrode configurations, were investigated in order
to develop a set of reactor units in which the
discharge occupied the entire volume between the
electrodes ( i.e. the reaction zone ) and in which

no by-passing of the discharge zone by _he reactant

gas occurrede Thus for example electrode configurations

of coeaxial, point, and cylindrical parallel plate

design were studied. In addition basic electrode

design features were investigated involving the use
of electrodes of various shapes, and material of
construction, ( for example porous circular electrodes
of both aluminium and steel, multipoint branched

copper electrodes and many others ).

Investigation of the effect of reactor size on the

nett rate of formation of hydrazine.

Three geometrically similar parallel plate reactor units

of different size were used in this experimental worke



These reactors have been designated large,intermediate
and small, the volume of the large unit ( 50.7 cm®) being
eight, and sixty four times, that of the intermedi:ste and
small units respectively.

In each reactor three sets of experiments were carried
out to determine the effect of reactor size when the operating
conditions of residence time, current density, and

reduced electric field strength ( E/p) were varied. An

equation of the form:-

b c

(r D%) o (VID¥) (%p ) (L)

RO X ) (FE) (D)
where: r: nett rate of formation of hydrazine(M [3T1)(GMCM'3SEC'1)

D: reuction tube diameter( L )(CM)

F: ammonia gas flow rate (L3 T- )(CM35 EC1)

ammonia gas concentration( M L-3 )( GM CM-3)

Vg potential difference across the r§act§on

zone of the discharge (MLET (_’)U(VOLTS)
I: discharge current (Q T1 )(MAM PS)

length of the reaction zone ( positive column ) ( L J(CM)
: pressure in the maction zone (M E1 T—2 )(MMH G)

asby, ¢ : constants

which was derived using the technique of dimensional analysis

was found to correlate the experimental results obtained

satisfactorily. Inspection of this equation reveals that

the nett rate of formation of hydrazine decreases with

increasing reaction tube size.
One explanation of this is that the rate of destruction
of hydrazine by atomic hydrogen increases with increasing reaction

tube size. +n order to test this hypothesis, a few
=W experiments

were carried out, in which a Jarge surface area in the form of



3)

-14'6-

quartz wool was introduced into tne positive column of the
intermediate and large reactors. In this way it .as hoped to
increase the rate of recombination of atomic hydrogen at

the discharge surface and consequently decre,se. the concen-

tration of atomic hydrogen available for hydrazine destruction.

Investigation of the effect of reactor unit are on the nett

rate of formation of hydrazine.

T'wo sets of experiments were carried out in this work.
In the first set the effect of electrode age was studied and
in the second set the effect of reaction tube age was

investigateds The results of this research indicate that
the age effect ( on the nett rate of formation of hydrazine )
is primarily due to a change in either the catalytic and/or

adsorption properties of the reaction tube surfaée and not

due to changes in the electrode surface as was previously

believede
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4O, EXPERIMENTAL

bels LXPERIMENTAL EQUIPMENT

helsls Design, Comstruction and Arrangement.

The equipment was designed to study the effects of reactor

size on the synthesis of hydrazine in a glow discharge. A
general view of the equipment is shown in Fig. 4.1,
In the design and construction of the flow system and

reactors, particular attention was paid to the maintenance of high

vacuum and prevention of air leaks. \Vhenever possible glass

sections and quickfit ground glass cone and socket joints were
useds where these were impracticable, such as the rotameter (s)
connections, fluted stainless steel nozzles which could be screwed

onto the rotameter (s) and sealed with Neoprene O - rings

were employed. High vacuum stop cocks and glass valves were welded
into the flow line where practicable. If metallic valves were

necessary stainless steel valves ( to prevent corrosion by ammonia )
with polythene tubing sealed onto them were usede
Gas flow lines to and from the reactor (s) consisted of

polythene tubing which was carefully sealed to the reactor (s)

inlet and ontlet ports. For those parts of the equipment which

were frequently dismantled for cleaning and maintengnce etce ' @ !
sealing compound or quickfit screw joints were preferred.

Apezion high vacuum grease ( Types M and N ) was used
throughout the flow system where applicable, and to minimise
pressure drops lamge bore (> 10mm ) polythene tubing was incorporated

wherever possible,
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Most of the equipment was assembled on a firm Lexion framed bench
giving ready accespg to all parts of it., Lablux stands and retorts
were used to support glass pipelines and flow-meters, and manometers
were assembled on 1/2" wooden panels clipped onto lablox stands,

Instruments were situated at the front of the rig or in a
prominent position to facilitate easy reading. For safety

the generator was positioned so as to ensure a minimum length of

high voltage leadto the reactor (s). ballast resistors were

housed in a suitably insulated container anu &ll electrical
connections to the reactors were routed under the bench to prevent
accidental contact,
Follwing each experiment, after switching off, the electrical
apparatus was discharged by plucing a suitably insulated length
of high tension cable between the high tension and earth sides.
The gas sampling vessel for chromatographic analysis was

2 §eparate, detachable unit, which could be connected to the exit

ports of the reactor (s).

All switches and controls were positioned such that operation of
the rig could be controlled from one areae

Lele2s Flow system

A line diagram and a photgraph of this section of the apparatus

is shown in Figs. 4.2. and 4.3, respectively. Reactors could be

easily removed or plugged into the system and the use of quickfit
joints ( vacuum tight to 10 ~ Torr ) facilitated both reactor and

flow system modification. Only one cylinder of distilled anhydrous

ammonia containing less than 200 ppm impurities of mainly oil and

water, was used for all the experiments, so the gas composition can be

considered as constant.



At the entrances to the metering systenm, high pressure ammonia
gas from a eylinder was reduced to a pressure slightly above
atmospheric by a pressure reducing unit (2),

Depending upon the magnitude of the gas flow ( a number of
different sized flow meters were required over the range of flow
studied ) the ammonia could be directed through a three way stop
cock into one of two flow pathse

In the flow path 1, the gas was metered through a previously
calibrated rotameter at a known temperature and pressure ( indicated
by a mercury manometer (4) fitted with a mercury trap (5) ( in case
of blow outs ), The small flows encountered were re;ulated
by a high vacuum stainless steel needle valve (6); and adjustment
of this valve in conjunction with the pressure reducing valve (2)
permitted regulation of the pressure in this section of the system,
In order to allow direct reading, the flow meters ( which were calibrated

at 762 mmHg pressure ) were maintained at the calibration pressure

of the flow meters,

In flow system 2 the stainless steel needle valve (6) was replaced
by a glass valve ( 7A ) which enabled flows of up to 12 litres minute~t
at S,T.P. to be used. Pressure regulation of this section of the
system could be controlled by adjustment of valves (2) and (7a),

Herardless of which flow system was used ammonia gas emerged
into the wvacuum side of the equipment where it was directed through the
reactor (8) and then bubbled through three absorption bottles (12).

The last two bottles contained ethylene glycol, to remove any
hydrazine which had been formede The first absorption bottle was

empty and acted as a trap to prevent suck back into the reactor and

other parts of the equipment.
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Vacuum flov of ammonia was maintained by a Ldwards high vacuum
pump (14) fitted to the exit side of the analytical systems The
pump displacement at normal speed was 980 litres minuté' and pump
operation was controlled by an auto-memota starter ( 2.0 = 440 amp. ).

All the effluent gas was discharged directly to te atmosphere.

KEY TO FIGS. 4.2. and 4,3,

l, Ammonia cylinder manufactured by Agricultural Division, ICI 1ltd.
2. Ammonia pressure reduction unit ( MK 2 ) code no. A5.

3a) and 3b) flowmeters.

L, Mercury manometers.

S5« Mercury trap.

6. Edwards high vacuum stainlees steel needle valve.

7a) and 7b) Glass valves.

8. Reactor - ( small, intermediate and large ).

9 Barometrically compensated Speedivac pressure gauge - type CG3.

10, McCleod gauge ( O = 10 Torr ) = type K2470.

11, Two litre, glass detachable gas collection vessel, fitted
with high vacuum glass taps at each end used for chromatographic
samples,

12, Adsorption train ( quickfit B19/26 cone and socket joints ).

13, Five litre surge flask fitted with quickfit B/55/W44 cone and

socket joints,
14, Edwards high vacuum pump/(Speedivac model I.S.C. 900. Single

stage gas ballast rotary pump).
15 Gas input line.
16. Gas output line,
17 Pump starter.
@9 0 = 50°C Thermometer inserted in glass sleeve.
QD Quickfit three=way high vacuum taps (12mm bore).
--=- Absorption train byepass.
Flow path 1. 2, 3a, 6.

Flow path 2, 2, 3b, 7a.
Gas flow rates were measured by three Fischer and Porter flat meters.



In experiments where gas samples 1or COTOliA VUKL APIILY ssraay — e

were required the sample collection vessel (11) was placed between

the reactor and the absorption traps,
The pressure in the reactor was regulated by a valve (7b)

and measured just downstream of the reactor by both a iicCleod

gauge and a Speedivac pressure gauge. Pressure fluctuations were

reduced with a 5 litre surge flask (13) and a by-pass system was

incorporated to allow product gases from the reactor to by-pass

the absorption train,

44le3es Discharge Reactors.

A considerable number of reactors which are described in
Chapter 5.1, were tested before a suitable unit was obtained in which no
by-passing of the discharge by the ammonia gas occurred.

Three geometrically similar reactors of different size were

used in the experimental work. Figs. 4.4 and 4.5 show a djagram and

a photograph of the intermediate sized reactor. The important

dimensions of the three reactors are listed in Table 4.1.
Zach reactor consisted of a cylindieical quartz tube

containing a ' push fit * 2lectrode ( to allow for expansion )

positioned at each end of the reaction tube. The electrodes which

were made from stainless steel were highly polished and suitably

.rofiled to reduce edge effects. Ammonia gas was fed into the

reactor through four inlets fixed at right angles to each other

and the reaction tube and reeemerged through four identical

correspondingly positioned outlets. These inlet and outlet

ports were conuected so that the pressure drop along each ' arm !

was the same. This facilitated a uniform gas flow through

the reactor which enabled a uniform diffuse glow discharge to be

maintained over a fairly wide range of flow conditions.
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KEY TO FIGe 4o4 INTERMEDIATE REACTOR

PLAN VIEW

Quartz tube 2,0 mm wall thickness,

Highly polished stainless steel electrodes

suitably profileds
Quickfit screwed joint = 8Q4/24,
Quickfit SQL/24 tapered into quickfit SQ4/18.

Quickfit screwed joint SQ4/18.

Glass insulating sleeve ' araldited ' into
position. '

Stainless steel conductor, 0,635 ecm diameter,

Four identical quartz 4.0 mm bore outlets, each 2,0" long.

Four identical quartz 4,0 mm bore inlets, each 2,0" longe









TABLE 4e1, Dimensions of Discharge Reactors.

Quartz Tube | Electrode | Electrode | Discharge | Discharge|Electrode
Internal Thickness | Spacing Volume Surface (Diameter
REACTOR Diameter Area
(cm) (cm) (cm) (ed) (et (cm)
LARGT 3.15 0.635 650 50466 60,308 3.110
RLEERTs 1,575 0.635 | 3.25 6433 | 15.075 | 1.565
BMALL 0e794 04635 1.625 0.805 3.803 04756

belob, Hydrazine Sampling and Analytical Equipment

Hydrazine formed during the discharge operation was absorbed in
ethylene glycol, and analysed colorimetrically, Transmittancy
Measurements were made with Unicam SP 600 ( series 2 ) spectrophometers
The instrument incorporated a tungsten filament lamp as the light source
two vacuum photocells ( blue and red ) and two light filters ( clear glass
and OX7 filter ). The setting of the required wave length ( 458 mm ) was
achieved by using the blue photocell in conjunction with the glass filter.

Samples for chromatographic analysis were collected in a detachable

2 litre gas collection vessel ( situated just down stream of the reactor )

and transferred to the chromatograph at the end of each exveriment. The

unit is shown in Fig. Al.,1*., A description of this unit, its operation

and the column operating conditions employed is outlined in Appendix l.

keleS5. Electrical Equipment,

The electrical system consisted of a modified hf power supply,
valve volt meter coupled to a dc multiplier, milliameter and ballast

resistorse A diagram of the electrical circuit is shown

throughout this thesis table or figure numbers prefixed by the
letter A indicate that this table or figure is located in the

appendix of that number,
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in Fig. 4.6, and a photograph of the electrical equipment'in
Fige 4476

The dc power was supplied by a modified Cl2/BRadayne generator
with output transformer capable of 4,2 kve, The HI output was
tapped off after rectification and then fed to a ' smoothing

system ' before passin: to the reactor, By the combined use of

' choke ' coils in series with the load and condensers in parallel
with the load, it was possible to reduce time amplitude of the
ac ' ripple ' so that it was of the order of only 1. or lesa of
the dc component. The current and voltage signals from the
system were periodically checked on a dual trace oscilliscope.
The electric circuit of the power supplyis shown in Fig. 4.8.

An insulated airmec dc multiplier ( factor X 1000 ) was used
in conjunction with a multirange valve voltmeter ( Airmec Type 314 )
to measure voltage up to 4.0 kv. A.25.0kl( welwyn ci7) ballast
resistor was used in series with the reactor(s) in order to limit

the current and thus prevent the glow diescharge [rom developing

into an arc discharge. The current was measured by either a universal

Ivometer ( model 8§ Mk IIl ) or one of three t.I.C. moving coil
milliameters ( O = 20, O = 100, 0 = 200 milliamps. ) depending
upon the current magnitude.

.olythene insulated 14/.0076 plain core with outer sheaf of

VuVeCo extra high tension cable ( safe up to 15 kv, ) was used

for circuit connections.
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K:Y TO FIG. 446,

' Modified Radyne ' dec. power supply.
' Choke circuit ‘.

Ballast resistance ( 25 KN ),

Valve voltmeter ( Airmee type 314 )o

Moving coil milliameter,
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KoY TO FlGe 4.8,

Meter output,

Ammeter.

Capacitor meter by-pass: 0.0%p Fe
Mains switch and circuit breaker.
Ag¢ByCyD: Contactor,

High tension output,.

Fush button off.

Push button on.

Silicon rectifiers.

Filiament dropper.

Cathode resistors 150 10v,
Relay cathode trip.

Panel switch (H.7 on indicator ).
Yater pressure switch,

Lamp 'mains on' indicator,

HeTs Transformers

L.T. Transformer

Poten!iometer.

Variace
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b,2, Materials used in experiments.

The chemicals which were used as reactants, absorbents and for

chromatographic analysis are listed in this section, KHeagents

used in analysis of the products are detailed later in the description

of the appropriate analytical method.

1. Ammonia - Commercial Grade (99.5/) ' Distilled Anhydrous®
ammoniae

2e Ethylene Glycol = BDH Reagent Grade.

3e Nitrogen « 99,5% pure was supplied by the British

Oxygen Coe

4, Hydrogen = 99.,5% pure was supplied by the British
Oxygen Coe

5¢ Helium =« 99.9% pure<1,0 ppm oxygen supplied by British
Oxygen Co.

L,3, Experimental procedure

In the small number of experiments*® in which chromatogmaphic

analysis was carried out each experimental run was performed

twice under identical operating coditions. Both these runs the

first with liquid absorption of the hydrazine and the second to
collect the gaseous products for chromatographic analysisy involved

routines which were identical, In the remaining experiments for

which it was not possible to carry out chromatographic analysis only

one experimental run was necessarye

The apparatus referred to in this section are identified in

Fig. 4.2,
4,3,1, Description of an experiment using liquid absorbent.

The first step in a normal routine involved switching on all

* Originally it was planned to carry out chromatographic analysis of the
reaction products for all of the experimental runs. Unfortunately however
as it was not possible to obtain stable conditions continuously is the
chromatographic unit, analysis was limited to a few runs carried out
in the small reactor, during a short period when the chromatographic

column appeared stable.
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of the electrical instruments according to the Manufacturer's

recomsiendations, Following this the absorption kreps were filled

with ethylene glycol ( 50.0 ml. ).

/ith the valves (5§, 7a) which connect the input lines to
thereactor closed the vacuum pump was switched on and the system
evacuated down to 1.0 mmHg pressure. The system was then held
in this state for about 10 minutes in order to warm up the pump oil

(using full zas ballast) to assist in preventing vapour condensation in

the pump and to completely de-gas the systems During this time the

pump was inspected to check that-

1) The oil level was not below the upper limit of the lower
sight glass - if it was the oil was topped up and once

every three months it was changed.
2) The cooling water flow rate was above 0.5 litres mina

The three way trap situated between valve (7b) and the absorntion

traps (12) was closed and the system tested for leaks, From time

to time it was necessary to recoat the stop cock keys with high vacuum

grease. Also the rubber vacuum seals in the pump, glass valves and

the pressure gauges were checked periodically. In the absence of

detectable leaks the Speedivac gau-e (9) remained at zero over a period

of minutes ( the pressure was checked at the beginning and end of this

period with the McCleod Gauge (10) ).

Hegulation of Flow and iressure,

The gas input line was connected to the reactor and the apparatus

was flushed with ammonia, until the glycol in the absorption taps

was saturated, and then allowed to come to the required temperature

and pressure ( fine control of the pressure in this section was

achieved by adjustment of the valves (2) and (6) or (72) ( depending

upon the range of flow desired ).
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The pressure in the reactor was controlled by valve (7b).
In early experiments the absorption traps were switched out, the compressed
air from the mains éupply blown onto the ballist resistors and the
discharge switched on and allowed to come to steady conditions.
As the discharge reached a steady form, almost immediately, the
by-pass was not used in later experiments.

The power input to the reactors was controlled by adjustment

of the generator variac control. with the product gases passing through

the absorption train where any hydrazine which had been formed was
removed, the discharge current and voltage were noted and then

the discharge switched off arter a fixed time. The flow rate
readings and the temperature and pressure at the measuring points
were recorded.

Finally, the system was returned to atmospheric pressure, by
closing valves (2) and (6) or (7a) ( depending upon which flow
system was used ) and opening the vacuum tap situated between the
absorption traps and valve (7b), to the atmosphere with the
punp switched out. The pump which was now isolated from the
system was allowed to run for a further fifteen minutes, with
maximum gas ballast flow, to remove any corrosive ammonia vapours.

During this time the absorption traps were removed and the contents

thoroushly mixed, sampled and analysed by the methods described in

section (L4.4),

Fluctuations of the g;ggrimontal Variables.

Unavoidable fluctuations of the experimental variables occurred

during a run., Readjustment was necessary during the preparation
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period, but the magnitude of the fluctuationsduring the discharge
operation were very small:
1) The movement of the float in the flowmeters was very
much reduced by trial and error adjustments of the
pressure in the input lines. It was more serious at low
gas flow rates in which the oscillation of the float
could vary to 54 of the desired flow rate.
2) Fluctuation of the reactor pressure due to pumping, operating
conditions, and heating of the cathode were negligible
( estimated at 1l40% )o and readjustment was not attempted during
the short operatir. times involvedes This effeet was more
pronounced in the smaller reactor,
3) Also due to cathode heating small changes in current and

voltage were noticed ( estimated at 1l,0% ) and again

readjustment was not attempted.

44342, Description of an experiment to collect samples for
Chromatographic Analysis.

The chromatograph was left running continuously from the time

that the desired operating conditions were achieved and samples

could be analysed at any time.
Experimental procedure was identical to that described

for using liquid absorbents except that immediately before

switching off the discharge the gas sample collection vessel

was seuled off by closing taps (2) and (3) Fige Al.le At the

end of the run the collection vessel was transferred to the
chromatograph, and connectéd as shown in Fige (4.9).  The

lines from the injection point to the collection vessel were then



evacuated and flushed with helium several times, then finally,
evacuated and the sample injected and analysed, The whole
procedure occupied seven to ten minutes,

Fluctuation of the Experimental Variables.

During discharge operation these were identical to those
for the absorption experiments. In addition leakage occurred
during the transfer of the collection vessel and the preparation

period for sample injection. Fine control of sample injection

pressure was achieved by use of the three way tap (Y) Fige (4¢9),
however, variations occurred resulting in differences in sample

volume and hence peak height. Lrrors in measurement of peak

height and variation of detector sensitivity contributed to an

overall apparent error of = 6 = 3% for the small concentrations

involved,

4.4, Measurements and Chemical Analysis

In this section the analytical procedure and the calibration

of instruments are described. Reference is made to sources of

error and where possible an estimate is made.

belels Analysis of Productse
In the few experiments in which the exit gases from the reactor

were analysed a Perkin Elmer 452 gas chromatograph was used, which
employed a molecular sieve 5A to facilitate separation and analysis

of nitrogen and hydrogen. The column also showed the presence of air

from leaks as oxygen peak, Helium was used as the carrier gas,

Chromatographic determination of ammonia was not attempted

as it was more accurate to calculate ammonia by difference than by



direct analysis, for the small percentage decomposition obtained
( Carburgh (1967) )« For the same reason colorimetric determination
of the small concentrations of hydrazine encountered was preferred to

chromatographic analysise.

Chromatograrh Calibration Froccdure,

Various mixtures of nitrogen, hydrogen and ammoniz were prepared in
an apparatus especially constricted for this purpose (Fige 4¢9)e

These mixtures were injected into the chromatograph at a constant

injection pressure of 6.0 mmig. Fine control of this injection

pressure was achieved by use of the three way stopcock (X).

Fige Al.2 shows an example of a chromatographic trace obtained from

one of these mixtures.

Calibration curves of percent nitrogen versus nitrogen peak
height (Fig. Al. 3) and percent hydrogen versus hydrogen peak

height (Fig. Al.4) were plotted from these results which are

tabulated in Table Al.l.
In the experimental runs the collection vessel was scaled off

and then transferred to the chromatograph. Any air leakage which

occurred during transfer showed as an oxygen peak from which a

nitrogen correction to give the actual percent nitrogen in the sample

could be calcul=ated.

A chromatographic trace obtained from an experimental run is

shown in Fig. A.l.5. The apparatus used for injecting samples of

air or gas samples from the experimental runs is shown in fige 4.9,

Sources of error in Chromatographic Analysis

Errors arose due to & -

a) Base line drift at low range settings.

Noise interference resulting in a distorted base

b)
line at low range settings.
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c) Because of the similar retention times of nitrogen
and hydrogen the attenuation range had to be the same
for both gases. This resulted in a greater error
in the measurement of the small hydrogen peaks,

d) The use of peak height rather than the area under
the peak as the basis for measurement of the component
concentrations in the gas samples,

e) Reduced accuracy of pressure gauge at low pressures
leading to variations in the injection pressure volumes

of the samples injected.

f) Reading of instruments etc.

Analysis of Hydrazine.
A detailed description of the method used, standarisation of the

solutions employcd and experimental procedure used is contained in

Appendix 2,0,
Basically the hydrazine in the exit gas from the reactor was

absoroed in ethylene glycol and then analysede The concentration of

hydrazine in the ethylene glycol, was only of the order of a few
parts per million so a colorimetric method of analysis using p =

dimethylaminobenzaldehyde was used.
A standard hydrazine solution was prepared using hydiazine

sulphate,quantitatively analysed by titration against standard

potassium iodate with chloroform as indicator. The hydrazine solution

was then carefully diluted to the concentration range required,

0.01 to 0.2 ppm for the ~colorimetric analysis. A calibration

curve of absorption at 45§p against ppm hydrazine was plotted

using these standard solutions in a Unicam SP 600 (series 2)

spectrophotometer see Fig. A2.1. The experimental solutions

could then be determined against this curve,
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Although analytical grade p = dimethylamino benzaldelyde was used,
its appearance and colour developing properties varied slightly from
batch to bateh, so new colour solutions were always recalibrated,
Colour solutions and standard hydrazine solutions could be ‘ept

for about one month without deteriorati n,

Analxsis of Ammonia,

Literature indicated that ammonia eonversion could be estimated
by bubbling the ammonia from the exit gas through acid and baek titrating
any uneutralised acid.

Savage (1969) reported that this method did not give reproducable
results and consequently it was not used.

4olie2, Iower Measurement.

Power was supplied by a modified Radyne hf generator. A choke

coil operated in series with the generator was used to reduce
any ' ripple ' to the order of 1% or less of the d.C. component.
The current which was measured by an universal Ivometer or an
appropriate milliameter depending upon current magnitude, was
limited ( to prevent arc formation ) with a 25 KMl ballast resistor
placed in series with the reactor.
Voltage was mea.urdd by using an Airmec de¢ multiplier
( factor X 1000 ) in corjunction with ar Airmec valve voltmeter
Power supplied to the discharge was computed as

( type 314).
the produect of amps x volts = watts for all experimental results,

+
The es imated accuracy of the power measurement was = 5.

bebe3. Flowrate Measurements,
The flowrates of gases were measured with Fischer and Porter

rotameters of 1/8"and 1/16" nominal diameters using spherical stainless
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steel and/or tantalum floats, individually calibrated to read:-

Ammonia: 0el—s3.0 om® se€'( @ 15.6°C and 762 mnlg Fress )
FP=l/16=10=0=5/84 stainless steel float.

Ammonia: 3.0—1240 co’ seé' ( @ 15.6°C and 762 mmHg Fress)
FP=l/16=16=G=5/84 tantalum float.

Ammonia: 13.3-66.0cm® sed' ( @ 15,6°C and 762 mmHg Press )
FP = 1/8=20=(=5/84 stainless steel float.

The meters were calibrated to a method described by the manufacturers
( the results were checked with results obtained from calibration

procedures involving the use of a soap bubble burrette and also

a wet air moter ).

The reproducibility of the flowrate determination with the soap

buboie burrette indicated an accuracy of t!e order of:t3 - ki,

l. Soap Bubble Method.

In this method operating pressure was maintained constant throughout

the calibration procedure. By timing the flow of a soap bubble

between two graduated marks on a soap bubble burrette, a table of

volumetric gas flow rates was computed over the range for a

particular tube at an operating condition R.JTn. The temperature

Ty being the inlet temperature of the gas to the flow meter. A

plot of volume flow rate of ammonia ( @ 15.6°C and 762 mmHg ) as a

function of flowmeter scale reading was then constructed. This

method was only suitable for low flowrates ( 0.1—3.0 cm’ secs ).

2e Fischer & Porter Calibration Procedure.

In this method the flowrate is related to the flowmeter

conditions by the equation:

Yy = B ((Pf - eopt ) eopt)t
F = calculated flowrate at operating pressure and temperature

(4-1)

where
@;a density of float gm cm
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@opt = deisity of gas at operating temperature and preseure gm cm’3

constant for each tube

w
f

'flow co-efficient' given by the manufacturers as a function

«Q
"

o1 vube dimensions, scale reading and 'viscous influence

number N

N

;%”e((ef - popt ) popt)t (hed)
A = constant for each tube
Table 6, F & P Manual gives values of@opt and/u opt as a function
of temperature.
Table 7, F & P Manual gives values for size factors A and B for
various tube sizes,
Procedure,
1) From equation ( 4 « 2 ) calculate viscous influence
number N,
2) Using the float characteristic curve ( Fig, 11 F & P Manual)
for the relevant tube values of C over the scale range
can be calculated for the compited value of N,
3) Determine the value of F (gm min) using equation ( 4 = 1)
for each C value determined.
4) The corresponding values of flowrates at some standard

temperature and pressure can be computed from conversion

formula:

SeToFe cm wn, = grams Win (4=~ 3)

@ BeTaPs

The results and calibration curves and an example of the

calibration procedure are given in Appendix 3. The estimated

accuracy of flow measurement by this method was : 3% ( however

at low flows the error could be up to = 5/ ).
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Key to Figure l".9o

Be
Me
Qe
Pe
Re
Te

Ve

We

Graduated mercury container,

Mercury Manometer.

Graduated mark etched on container B,

Gas mixture storage vessel.

Movable mercury container,

Gas chromatograph.

Gas collection vessel.

Speedivac Pressure gaugee

Gas cylinder ( ammonia, nitrogen, or hydrogen).

Three way tap used to eontrol sample injection pressure,

Vacuum pumpe

Gas burrette system for making precision gas mixtures at

low pressure,

Connection for analysis of samples from discharge experiments,

Connection for analysis of air and precision gas mixtures,

¥rocedure for preparing and analysing precision gas mixtures at low

ressures,

1.
2e

3

All letters and numbers refer to Fige ( 449.)...
Connect appropriate gas cylinder and pump with vacuum tubing.
Close 2 and 3 to all limbs.

Open 1 toichrometograph line flush out with helium and evacuate
severa. tines., [Evacuate.

Close 1.

Open 2 to A and C,

Open 3 to C and D,



7e

8.

P

10.
11,
12,
13.
14,
15
16.
17
18.

19.
20,
2.
224
23
2he

25

Raise gas pressure to approximately 1/2 atmosphere,
Connect A and B on 2,

Raise R to fill B with mercury.

Switch 2 to connect A and C.

Open 3 to C,D and E.

Switch on vacuum pump to evacuate apparatus and gas line.
Switch off 2 by rotating 45 anticlockwise.

Switch 3 to connect D and C.

Raise gas pressure to slighily over 1 atmosphere.

Connect B and C by rapid anticlockwise rotation of 2.
Lower mercury in B to lower mark .

Keep volume in B constant while gas pressure is adjusted to desired
value by use of 3.

Switch off 3.

Connect A and B by clockwise rotation of 2.

Raise R to fill A and B.

Switch off 2 anticlockwise.

Connect new gas supply to D.

Connect C, D and E on 3 evacuate the system.

Go to instruction 13 for next gas,
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2+0s Experimental results and discussion.

The xperimental studies are reported in three sections,
5¢1ls The design, devlopment and testing of a set of geometrieally
similar homogeneous double electrode discharge reactor units in
which the discharge in each reactor occupied the entire volume
of the reaction zone ensuring that no by=passing of the reaction

zone by the gaseous reactant occurred.

5e2¢ Investigation of the effect of reactor size on the nett rate

of formation of hydrazine in an electrical discharge.
5e¢Je Investigation of the effect of reactor unit ‘age' on the mett

rate of formation of hydrazine in an electrical dischargee.

Sel, Design, development and testing of chemical discharge reactors.

S5elels Experimental FProgramme.

The various factors effecting the design and operation of
reactors in which the eonditions of 'uniform discharge' ( no

radial contraction) and ' no reactant gas by-passing ' have been

outlined in chapter 2.1,
In the experimental work several different reactor units were

testeds COnce a suitable design of reactor unit was obtained in

which the above requirements were satisfied, l.. ger-size units were

constructed and testede In the design of these units the

following specifications with reference to the small initial test

reactor were.used.

1) Geometric similarity ( i.e. both reactor and electrode configuration ).

2) Identical material of e~~~ muction ( for all of the reactors

tested quartz tubing w:s used. Electrodes of various metals

were investigated ).



Sele2e Results and Discussion

The first ' reactor set ' tested employed a coeaxial electrode

configuration with stainless s*eel electrodes ( see Fige 5.lea. ).
The electrodes were profiled with the boundary to surface area
ratio kept to a minimum to remove ' edge ' effects.

Even with the interelectrode distance reduced to 2.0 mm the
discharge in ammonia gas constricted into a thin pencil beam,

' Cleaning ' and ' polishing ' the electrodes ( on several

occasicas ) ciowed no improvement, .or did substituting aluminium

electrodes ( in place of the - tainless steel electrodes ).

Four possible reasons were put forward to explain these

observations:

1) A high spot ( due to surface roughness or some other
factor ) existed which reduced the work function of the material
resulting in an electron avalanche at this point.

2) The precence of the earthed reactor walls distorted the

discharge fielde ( Harrisonm (1967) reported this effect to be negligible ).

3) The magnitude and variation in flow of the ammonia gase

4) The nature of the ammonia gas.
Each time the discharge was switched on the pencil beam struck
from a different point which suggested that neither surface
roughness, not hot spots, contributed to the pencilling effect
( it was not po=sible with this reactor to verify this by rotation |

of the electrodes = i.e., if surface hot spots were responsible for

the constriction the discharge point would not move over the electrode

surface ).
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The fact that no impruvement was obtained by using lower work
function electrodes ( aluminium ) suggested that this also did not
account for the pencilling ( it should be noted however that alu inium
cannot be ' polished ' as well as stainless steel ). \When air
was used as the ( statiomary ) reactant gas a uniforu Jkf use
discharge was obtained even at increasing intere-electrode distances.

In order to test the effects of variation in the flow pattern
of the aumonia gas a distributor was fitted into the smallest reactor.
Operation at very low pressures and flow resulted in a slight broadening
of the constricted discharge, but the pencil beam still only occupied
a small fraction of the electrode surface.

Signifiéantly the discharge point appeared only at the gas exit

end of the eactor indicating that the low magnitude and pattern was

responsible for the non-uniformity. It was concluded that this

type of reactor design was unsuitable.

The next reactor ( test number 4 Table 5.2. ) consisted of a
cylinderical reaction tube with push fit ( no By-passing ) porous

aluminium parallel discharge electrodes ( see Fige 5.1b ). Again
a rauially contracted discharge was obtained however experimentally

it was established that a diffuse discharge existed at conditions

of =
1) Very low flow rates and pressures ( of the order of 5.0 mmig )

at higher pressure the discharge became striated.
2) Reduced electrode perforation diameter.
3) Reduced number of perforations.

4) Reduced electrode gap.
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m‘JY TO FIG. 5.1&.

1. Cylinderical glass support.
2e Two perspex outlet tubes Q.25" bore,
3e Perspex distributor drilled with 1/6" holes,
by Inner stainless steel electrode.
De Cuter stainless steel electrode,
6. Eight tie rods ( 0,25" diameter B.3.F. bolts ).
7 Glas insulating sleeve,.
8. Stainless steel conductor attached to inner electrode.
9. Stainless steel conductor attached to outer electrode.
10, Two perspex inlet tubes 0,25™ bore.
11, Perspex tube araldited to Sindania heat sink (14).
72. Sindania bush heat sink for inner electrode,
13« High temperature silicon '0' ring.
14,  Sindania heat sink for outer electrode.
TABLE 5.1, DIMENSIONS OF REACTORS
SHOWN IN FlGe S.la,
Reactor Inner electrode Quter electrode | Electrode | Electrode
Test Radius Radius " | Length Gap
Number ( emes ) (em. ) ( em. ) ( em. )
1. 2.54 3.34 3.0 0.8
2. 1.27 1.67 1.5 Ok
3. 0.635 0.835 0.75 0e2




1.
2e
3
b,
Se
6.
7e
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KEY TO FIG. S5.1b,

Quartz tube ( 2,0 mm wall thickness ),

Interchangeable perforated aluminium eleetrode.

Stainless steel conduector.

Two quickfit screw joint 5Q'i,"12 inlets.

Two quickfit screw joint 5Q4/13 outlets.

~uickfit screw joint 5Q4/18.

Gla<s sleeve insulator,

Compressed stainless steel gauze ( 0.25" thick ) was also

used for electrodes in these reactors.

TABLE 5.2 DIMENSIONS OF

BACTORS SHOWN IN

FIGe Selbe

Reactor Reactor Tube Electrode Electrode Perforation

Test Diamoger Diameter Gap Diameter

Number ¢ em. ) ( em. ) ( cme ) ( ins. )
k4, 0.8 0.795 1,625 1/32, 1/16
5. 1.6 1,590 3e25 1/16, 1/8




Because of the difficulty in machining fine holes ( 1/32", l/b4"

diameter ) through stainless steel, electrodes of this mate-ial

were not testeds Although it would have been feasible to machine

1/16" holes through stainless steel, as experiments using aluminium
electrodes had indicated that with this perforation size noneuniform
discharges were inevitable, this was not tested. When the
diameter of the aluminium electrodes was increased by a factor
of 2 a diffuse discharge could no' longer be maintained.

Applying the principle of porous electrodes with very small pores,
a reactor using pushe=fit electrodes of compressed stainless steel

gauze ( 0,25" thickness ) was .ested at the optimum conditions

determined previously. No ei. :ificant improve .ents were detected

and a diffuse discharge which decreased in uniformity as the

electrode diameter was scaled-up, was observed.

Continuing with this design of electrode a reactor with an increased
ratio of tube diameter to electrode diameter was examined. At
increased electrode diameters and small inter=-electrode distances

this gave a uniform discharge, however because of significant

by=passing this approach was discontinued.
With all the reactor ( electrode ) designs tested, if nitrogen

gas was used in place of ammonia a much more uniform discharge

was obtained, strongly suggesting that the nature of ammonia gas

was a significant factor contributing to the discharge constriction.
At the time of this study similar comstriction phenomena were

being encountered using pulsed de discharges( Thornton et al (1970) ).

These workers found thatuniform discharges could be obtained using

highly polished parallel, spherical, stainless steel electrodes
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with a cross flow arrangement, At higher flows however the discharge
was pushed onto the gas exit ports causing gas by=-passing and consequently
this design was not considered,

The next type of unit tested consisted of a cylinderical tube
with parallel ' branched ' electrodes ( see Fige, 5.2 ) resulting in
a number of point dischargese Again however only partial uniformity
which decreased with scaleeup resulted. Because of this, a cross
flow deeign which had been developed to remove the ! by-passing !
associated with the parallel flow reactor was not progressed.

Finally, a reactor which was designed to eliminate the efflects

of flow variation was tested. Highly polished stainless steel

electrodes profiled to remove edge effects were used in this unit.
The profile consisted of a flat central area toprovide a uniform

field guarded by a curved edge ( resulting in a surface over

which the electric field is lower than in the central region ).

A uniform diffuse discharge was obtained over a wide range
of experimental conditions of flow, pressure etc. even when the

electrode diameter ( of 0,794 ems. ) was increased fourfold ( and

the iutir-clectrode distance increased by the same ratio ). Above

this diameter irrespective of operating conditions discharge

contraction occurred. increasing power input ( current density )

merely intensified the glow of the constricted discharge suggesting

that a transition from a glow discharge to a glow=toearc or arc

type discharge was occuring. This design of reactor was used in all

of the preceding experimental work and has been described in detail

in !1'.1.3.
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5¢2. Investigation of the effect of reactor size on the nett rate of

formation of hydrazine,.

5e2ele Lxperimental programme and operating conditions.

Three geometrically similar reactor units of different size designated
large, intermediate and small were used in this part of the experimental
studies, The volume of the large reactor (50,7 cn’ ( i.e. reaction zone
volume) ), was eight and sixty four times as large as that of the
intermediate and small reactors respectifely.

Three sets of experiments were carried out in each reactor
in which the effect of mactor size was investigated when the

operating parameters of residence time, current demsity, and reduced

field strength E/p were varied. In each set of experiments

one parameter was varied while the other parameters were held

constant.

It was planned originally to use the same range of operating cone
ditions in each reactor, however because of equipment limitations
and the need to maintain a discharge which occupied the entire

volume of the reaction zone ( in every experiment ) this was

not possible.

Equipment limitations were mainly associated with the pumping

and generating equipment. As the product of pressure and inter-

electrode distance was increased a point was reached where the
generator could not supply sufficient power for breakdown to occur and

initiate the discharge. Even when the discharge could be initiated

( using small inter-electrode disiauces ) there was a limit to the

magnitude of the operating pressure which could be used above which

radial contraction of the discharge occurred, In addition pumping

capacity and pressure drop through the apparatus controlled the range

over which flow and pressure could be varied.



As mentioned previously three sets of experiments were carried

out in each reactor. The range of operating conditions used in these

experiments is detailed in Table 5.3.

TAB]J':' E. E.

Range of investigation
Series Operating Small Intermediate| Large
Parameter Reactor Reactor Reactor
1, Flow (cm® sec') Oult = 3k 07 = 5.7 1.8 = 15.2
Fressure (mmHg) 905 9¢5 9.5
Current
( Milliamps ) ~ 2745 ~ 43,0 ~103
2e Current 1745=68.0 23%=145 87=208
Pressure 95 945 9e5
Flow 1.6 3.8 5.8
Se Reduced field
strength ( volts
cm"" mmﬁg" Ve 3w 5.2 3.7’6.6 240=9,2
(positive column)
Current v 27 ~ 36 ~ 145
Flow 1.6 2.4 10.5

In the first set of experiments residence time was varied
( in the context of this study residence time is defined as the

ratio of the volume of the discharge reaction zone to the volumetric

ammonia gas flow rate ( measured at operating pressure ) )by varying

the flow rate of ammonia gas. The range of residence time which could

be investigated using the large reactor was limited at the low end by

the maximum flow rate which could be obtained at the operating pressur

useds For the intermediate and small reactors the smallest obtainable

residence time was governed by comstriction of the discharge with



- 79 -

increasing flowe Increases in residence time for all the reactors

was limited by the minimum flow rate which could be measured

with the equipment ( rotameters ) used,
Each reactor was operated 2t the minimum power input

required to sustain a diffuse discharge ( occupying the entire

discharge volume ) over the range of flow investigated.
Unfortunately however it was not possible to maintain the reduced
field strength at a constant value over the entire range of conditions

investigateds This was especially difficult in the experiments

carried out in the large reactor where a variation in £/p of up to

; 6% from the desired value was obtained, For the intermediate

and small reactors the variation of E/p was much smaller and wi‘hin

the limits of experimental error.

In the second series of experiments in which current density

was varied this was achieved by varying the discharge current. The

range of current density investigated was limited for each reactor

at the upper limit by cathode overheating ( with subsequent

discharge constriction and formation of ah arc discharge ) and

at the low limit by instability and constriction of the discharge.
Originally it was believed that cathode overheating would severely

restrict the range of current densities which could be investigated.

As the discharge was found to stabilise within & few seconds however

it was possible to limit the experimental runs to 2 = 4 minutes

duration, Over this period of time ohly very slight cathode,heating

occurred this beingz most pronounced in the small reactor. !l:vertheless

even for this reactor under the most severe conditions used no

fluctuation of the discharge preusure or current was observed.
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In the final series of experiments the reduced electric field
strength was varied by varying the pressure in the discharge
reaction zone. In all of the experiments in this series a higher

running voltage was required ( at constant power input ) with increased

Pressure,

The range of . B/p investigated was limited in each reactor
at the lower end by the pumping capacity at the flow rate used and

at the high end by constriction of the discharge.

As will be shown later it was found that the results from these
three sets of experiments were correlated by an equation which

was derived using the technique of dimensional analysise.

In order to test the validity of this correlation a number of
additional experimental runs were carried out in each reactor

over a wide range of operating conditions.

The influence of ' packing ' ( a reactor ) on the nett rate of hydrazine,

In order to investigate the effesct of wall reactions on :he fermation
and degradation of hydrazine the positive columns of thelarge
and intermediate reactors were packed with quartz wool. By weighing
the wool and measuring the fibre diameter, using a travelling microscope,
it was possible to determine the weight of wool ( surface area ) which
needed to be packed into the intermediate and large reactors,so that
the surface area to volume ratio ( of the positive column ) in |
these reactors, was identical to that of the unpacked small reactor.

Four experiuen®.]l runs covering a range of operating conditions
were carried out in both the intermediate and large reactors (packed).

In the experiments using the intermediate reactor the discharge contracted

into a thin pencil beam, zigezagging its way through the packing and

considerable reactant gas byepassing was observeds The discharge
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in the large reactor (packed) although occupying the entire reaction
zone appeared more intense ( striated ) in various parts of the
reaction tube,

Four experimental runs were also carried out in the small
reactor ( packed ) however as with the intermediate reactor discharge

constriction occurred and considerable reactant gas bye-passing was

notede

Presentation of Lxperimental results.

Delele

The most widely used parameter for the correlation of chemical

discharge experimental data has been W/I" thc ratio of power to

flow rate, This parameter was first introduced by Kobozov, Vasile'ev
and Eremin in 1936 and has since been used to correlate experimental
data obtained under different conditions of current, power, flow rate
and reactor geometry.

Sergio in 1968 carried out an analysis similar to that presented

by Deckers (1966) in which a region of an electrical discharge was
considered where the electrical variables field strength, current

density, and electron concentration were uniform. (This hypothesis

corresponds very closely to the conditions of the positive column of

a dc discharge ).

An equation was developed in which the energy received by the
electrons from the field was related to the energy dissipated in elastic and
inelastic collisions of the electrons with the species in the
discharge and on collisions with the wall.

Solution of this esquation showed that the nett rate of formation
of stable products in a discharge is proportional to \/F whenever the

rate of formation of these products is controlled by elementaqnsteps
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involving inelastic collisions with electrons, thus giving some

theoretical justification to the use of /F,

Savage (1970 ) used W/F to correlate experimental data obtained

from the de¢ glow discharge synthesis of hydrazine. Over the range
of power and flow rate investigated “svage reported that a very

poor correlation was obtained. Skorokhodov et al (1961) noted

that the parameter W/F had always been used to correlate data obtained

in constant pressure experiments. These workers preferred the more

general parameter WP/F to correlate their experimental data obtained

for the synthesis of hydrazine. Carbaugh (1967B) however reported

that the parameter I Y( discharge current x gas residence time )
gave a better correlation of experimental data than WP/F while Thornton
et al (1969) and Savage ( 1970 ) preferred a combination of the
parameters T /P and T.
In 1968 Waller carried out an analysis of the discharge system
in which the parameter W/FP was developed and used to correlatfe
experimental data obtained from a methane discharge system. It
is interesting to note that this parameter may be rearranged to give:
W/FP = E/P x Y x 4

where E/P = the ratio of the electric field strength to pressure,

T = reactant gas residence time,

J = current density,
this is important in that the primary activation of a molecule in a
discharge depends upon the energy impartéd during an inelastic
eollision ( i.es primary activation depends upon L/ ) and the
frequency with which collisions occur ( i.e. depends upon 5, )

and thus is a function of the ddimensiomless combination W/FP,
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To the author's knowledge this parameter has never been used to
correlate data obtained in the glow discharge synthesis of hydrazine.
It is unlikely however that this paramgter alone could describe the
chemical processes occuring in this discharge system because of the
importance of secondary processes »nd of the discharge surface.

Confirmation of this has in fact been obtainad in the present
study in which WP/F ( where ¥ is the power in the positive column )
failed to correlate the experimental data satisfactorily.

It follows from above that the active surface area of the
discharge must be considered in any analysis of the glow discharge
If the active surface area is defined

synthesis of hydrazine.

as the ratio of the surface area of the positive column to the

volume of the positive column, then in a glow discharge reactor

of fixed geometry, the nett rate of formation of hydrazipe

will depend upon the variables -
Ammonia gas flow rate: F

Pressure ( in the positive column ): P

Ammonis gas concentration ( in the positive column ): C

Discharge current: I

Potential across the p§sitive column: Vp

Length of the positive column: L

Diamot?r of the reaction tube: D

Inspection of these variables reveals that even if sufficient time
was available to determine the effect of each individual variable on
the nett rate of hydrazine formation by empirical means ( i.es the

empirical method of obtaining an equation relating these variables to
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the nett rate of hydrazine formation would require that the

effeet of each separate variable be determined in turn by systematically
varying that variable while keeping all others constant ) this would
not be possible as all of these variables can not be varied
independently.

Fortunately however, a method which is intermediate between
formal mathematical development and a completely enmrirical study
exists,which can be used in order to develop an equation
relating these variables to the nett rate of hydrazine formatione.
This method is often referred to as dimensional analysis and is
based upon the fact that, if a theoretical equation does exist
among the variables affecting a physical process that equation must
be dimensionally homogenodns. Because of this requirement it is
possible to groupmny factors iuto a2 smaller number of dimensionless
groups of variables which are often independent of each other even
when the individual variables in the groups are interdependent.

Application of dimensional analysis to the present investigation

yielded the following relationshipie

(?)C W2 % )® (1)° (5 -1)
@c ) ( ;Eci (F°¢ ) D)

which has been used to correlate the experimental results obtained in

this study. Derivation of this equation is outlined in Appendix 5.0.

The validity of this analysis depends solely upon whether or not
all of the relevant variables which effect the nett rate of hydrazine
formation im an electrical discharge were included in the dimensional

analysis. The fact that this equation ( as will be shown later )

has been found to give a very good correlation of the experimental

data is indicative that this requirement was probably satisfied,



As noted in chapter 2.0 hydrazine is formed only in the positive
column of a de discharges Therefore it would seem logical that
the experimental conditions in this part of the discharge should
be used in the correlation of experimental data.

To the best of the author's knowledge,with the exception of &
single study by Devins and Burton (1954) no correlation of

experimental data using parameters based upon the positive column of

the discharge has been reported in the literature. VWithout doubt

this is due to the difficulties and time consuming calibration

experiments associated with the measurement of conditions in the

positive column of a discharge. 1In this respect the present investigation

is no exception as the time scale for experimental work made the
measurement of the operating conditions in the positive column
impractible.

Fortunately however, detailed measurements of the cathode fall
of poteatial and the length of the cathode dark space,for a glow
discharge in ammonia, have been recorded by Ouchi (1953) for a wide range
of operating conditions of current and pressuree. Inspection of this
data has revealed that equations can be developed from which
the potential difference across the positive column and the length

of the positive column may be estimated for the range of experimental

conditions used in the present studye The derivation of these

equations is detailed in Appendix 6.0.
Essentially an equation was developed from which the cothode

fall of potential (Vc) could be estimated and consequently the

potential across the positive column could be determined from the

relationship =
Vp = V = Ve=Vy(volts)
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where V = potential across discharge, V¢ = the abnormal cathode fall
of potential, Ve = the potential across the positive column, and Va =
the anode fall of potential,

Similarly a relationship was developed between the length
of the cathode uark space, discharge operating pressure, and the abnormal
cathode fall of potential facilitating estimation of the former.
From the length of the cathode dark space the distance (dn) between
the cathode and the leading edge of the positive column could be
estimhted and thus the length of the positive column could be

determined simply by subtraction of (dn) from the inter-electrode

distance.
2.2.2. Results and Discussion

The results of the experimental runs in which flowrate,
discharge current, and E/p were varied are recorded in tables
A1, Ab 4, and AkL.7 respectively for the large reactor, Ake2,
A4k,5 and Ale8 respectively for the intermediate reactor and
Ale3, Ake6 and Ah.9 respectively for the small reactors

Substitution of these results into equation ( 5 = 1 ) shows

that for each size reactor a number of experiments were carried

out in which -
1) The parameter (V ﬁb was varied at constant values of
('§§7')
the parameters
(0%) and(L)
(F3C) (D)
2) The parameter (p*P) was varied at constant value of the parameter
(¥3C)

The first set of results have been used to evaluate the relationship

between (rD ) and({ID)which was found to be of the form (rl) o (y“i) )
(P c) ¥ (FC, (F
where the mean value for the three reactors of the index

a was-0.27. Llots of 1n g g)"’ 1n ('ch) for the large, intermediate

1

(L
(D
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and small reactors are shown in Figs. 5.3, 5.4 and 5.5 respectively.

The corresponding results for these plots are located in tables

Alig2, Ak.5 and Abe8 respectively.

The second set of results ( with _22’ corrected for variation of
FC

(gD‘) ) were used to evaluate the relationship between (rD’) and(D'P).
(F°C (¥¢)  (F%0)

This was found to be of the form (rD’) ot ( DYP )* where the mean
(FC) ( 70 )

value for the three reactors of the index b was 0.,71. Plots

of 1n ( (E_D_’) ( D’fz; vas 1n (D*P) are shown in Figs. 5.6, 5.7 and
&) ) (7%5) N

508 for the large, intermediite and small reactors respecti-ely.

The results for these plots are located in tables Ak.l, A4.4 and

A4.7 respectively.
Finally, the relationship between (r0’) amd (L ) ( with the for-er
(FC ) (D)

corrected for variatiopin: (@’) and (DYP) ) was determined to be of
(F¥2) (C) .

the forn (r) o (L) where the mean value for the three resctors for
(F¢ D)

the index‘ Cc was = 0.59.

Plots of 1n ((r1?) ( e D’P)";' ve 1n (L) are shown for the
(Fc) (7%¢) ( F7O) (D)

large, intermediate and small reactors in Figs. 5¢9¢ 5.00 and 5.11

respectively. The results for these plots are located n

tables Ak,3, AlL.6 and A%,9 respectively.
All of the experimental results ( tables A4.l = Abo12)were

substituted in the equation =

(e0*) o« (@) % )" (W (5=-2)
Ry “@e) @) O
) vs 1n ( (@D*Y

3
S plots of ln (rD’ oF
Figs. 5.12, 5013 and 5,14 show &) LD

(p%p ,.1(1'5.-«) for the large, intermediate and small reactors resp ctivelye
(c) M



Regressional analysis of these plots showed that within the limits o1
experimental error equation (5«2) correlates the results obtained

in_the three reactors of different size and varying in volume

by a factor of up to 64.1. The correlation coefficients obtained

for these three plots were 0,99, 0.97, 0.98, for Figs. 5¢124;5.13,

and 5434, respectively.
1loof the experimental results ( tables Ak,l = ik,12 ) are

plotted in the form of the qquation (5=2) in Fige 5.15. Inspection

of this plot confirms that equation (5-2) correlates the experimental

data within the limits of experimental error. A correlation

coefficient of 0,98 was obtained for this plote

As mentioned previously a number of additional experiments
were carried out in each reactor in order to test the validity of
equation (5-2). The results of these experiments are located in

tables A4.10, A4,1l and A.4.12 for the large intermediate and small
reactors respectivelys All of these results are plotted in the
form of equation (5=2) in Fige 5.16. Inspection of Fige5.16

confirms that within the limits of experimental error equation

(5=2) correlates experimental data obtained from the glow discharge

in ammonia gas.

Uffeet of reactor size. -

From equation (5-2) it may be deduced that r & 57*“dndicating

that as reaction tube diameter (size) is increased the nett rate

of formation of hydrazine is decreased. This is not im agreément

with the fimdings of Devims and Burton (1954). It is not correct

hovever to compare directly the findings of these two studies

&s Devins and Burton reported only the initial rate of formation,
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and not the nett rate of formation of hydrazine as is reported

in the present study. In chapter 2,0 it was noted that hydrazine

'
was decomposed in an electrical discharge and consequently the
initial rate of formstion of hydrazine may not always vary in the
same manner as the nett rate of formation of hydrazine with changes .

in operating conditionse, Unfortunately it is not possible to
determine the nett rate of formation of hydrazine frcm Devine and

Burton's data so that a correct comparison can be made,

Effect of packing reactors.

The results of the experimental runs in which the large and
intermediate reactors were packed with quartz wool -re recorded in Table

Alhe13 and in Figse. 5.17 and 5.18. Inspection of these results

reveals that =
1) the nett rate of formation of hydrazine in the large

packed reactor was significantly less than in the unpacked

large reactor.
2) The nett rate of formation of hydrazine in the intermediate

reactor was significantly less than in the unpacked inter=

mediate reactor.

In Table A%.13 and Fige 519 the results of the experiments

in which the small reactor was packed are recordeds As with the large

and intermediate reactors the nett rate of formation of hydrazine
was significantly decreased as a result of packing the reactor.

The decrease in the nett rate of formation of hydrazine as a

result of packing the intermediate and small reactors may be
attributed to the large amount of by-passing which occurred in
these reactors because of discharge constriction. In the large

reactor however no constriction was observed ( although stri.l.og

was apparent ) and consequently the nett rate of formation of hydrazine
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must have been reduced for another reasone.
Savage (1970) using a similar reactor to the large size
reactor employed in this study, observed an increase in the nett

rate of formation of hydrazine, on packing, in direct opposition to

the findings of the present study. The only significant difference

between the experiments of Savage and of the present investigation is

that glasz wool packing was employed in the former studye. Variation

of catalytic properties with the nature of the discharge surface
( or packing ) has been observed by a number of workers, and
most recently by Brown and Howarth (1970) who found Liag a
quartz surface was more favourable to hydrazine synthesis than a

pyrex surface. The results of these workers suggest that the

use of gquartz wool packing in comparison to glass wool packing, should

increase the nett rate of formation of hydrazine and not decrease

it, as has been observed in this study.

Sede Investigation of the effeet of Reactor Unit ' age ' on the

nett rate of formation of hydrazine.

During testing of the small reactor { as part of the reactor

development study ) in a few of the initial runs the nett rate
of formation of hydrazine was measured in order to obtain
experience of the analytical method and examine its limitations.

At a later date after the reactor had been run for a period of
approximately two hours ( intermittently ) to ' run in ' the electrodes
the earlier runs were repeated ( under identical bporating conditions )
to examine the reproducibility of the results.

A decrease of up to ~ 48% in the nett rate of formation of

hydragzine was observed ( the results of these two sets of experiments

are recorded in table 5.4 ). On operation of the discharge for a
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further ninety minutes it was found that the nett rate of formation
of hydrazine remained constant ( within the limits of experimental
error ), indicating that the reactor and electrodes were in a

' steady state ' condition.

In view of these results both the large and intermediate
reactors were ' run in ' for a period of approximately three hours
until a ' steady state ' condition was achieved, before commencing the
experimental study outlined in chapter 5.2. As with the
small reactor a decrease in the nett rate of formation of hydrazine
with increasing reactor age was observed for both these reactorse.

On completion of the work detailed in chapter 5.2 a short experimental
programme was carried out to investigate the ' ageing ' phenomenuon
previously described.

As identical operating conditions were used for the two sets
of experiments recorded in table 5.4, the most probable explanation
for the ageing effect observed was that the reactor unit surface
influenced the nett rate of formation of hyarazine in some way, and
the degree of this influence varied with reactor agee.

As noted in chapter 2.3 Westhaver (1933) reported that with

freshly machined electrodes the cathode fall of potential is

significantly less than with aged electrodes. Thus for fixed

conditions of intereelectrode distance and operating pressure a

reduction in the cathode fall of potential should give rise to

either a decrease in the inter-electrode voltage or an increase

in the potential difference across the positive column ( i.€e if the

inter-electrode voltage remained constamt).
Examination of the results in Table 5¢4 shows that the intere

elecirode voltage is independent of whether freshly machined or aged
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- electrodes are used suggesting =
1) the cathode fall of potential is independent of electrode
age or
2) the cathode fall of potential is increased when aged
electrodes are used,however the potential difference across
the positive column is deereased by a corresponding amount,

with the result that the intecreelectrode voltage remains
constant,

If the first of these alternatives is correct Chen it . ould appear
that the reaction tube surface and not the electrode surface is
responsible for the ageing effects noted ( it is unlikely that the
electrode. surface could have a catalytic influence on the nett rate
of formation of hydrazine as the electrodes are relatively distant
from the positive eolumn ),

If the second alternativa is correct, then the nett rate of
formation of hydrazine would be expected to increase with increasing
electrode age (i.e. as the potential difference across the positive

| Eolumn decreased, then E/p and consequently the mean electron energy

should decrease. As will be shoun later, over the range of canditions

investigated, a decrease in the mean electron energy leads to an increase
in the nett rate of formation of hydrazine due to decreased destruction

of hydrazine (or its precursor) by both electron and atomic hydrogen

attack).

In fact a decrease in the nett rate of formation of hydrazine

.  with increasing reactor age was observed (see Table 5.4) suggesting

that electrode age does not influence the nett rate of formation aof

hydrazine. In order to confirm this an identical reactor (designated

the 'neuw' intermediate reactor) to the intermediate reactor (which will

now be referred to as the 'aged' intermediate reactor) was constructed

-

‘and a series of experiments uas carried out.
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( using identical operating conditions ) in which freshly machined

and aged electrodes were used in both these reactors. Results

of this work are located in table 5.5.

In both reactors the use of freshly machined electrodes

resulted in an increase in the nett rate of formation of hydrazine,

( by approximately 4.2 and 4el; in the new and aged reactors

respectively ) however the increasse was within the limits of

experimental error, indicating that electrode age does not significantly

effect the nett rate of formation of hydrazine. In agreement

with the experimental findings for the smel! reactor, ( revorted in

table 5.4 ) no difference in current = voltage characteristics
were observed in either of the intermediate reactors, sﬁggeating
that reactor age does not influence inter-electrode voltage.

The most significant thiag about the results reported
in table 5.5. however, is that the nett rate of formation of

hydrazine is approximately 515 larger in the aged reactor

than in the new reactor, in direct contrast to the results obtained

in the small reactor ( tables 5e4.)e

In view of this a further series of experiments were carried out

using the new intermediate reactor ( with freshly machined electrodes )

operated under identical comditions to the previous series of experiments

reported in table 5.5. Fifty four runs of one minute duration were

earried out in which the nett rate of formation of hydrazine was

measured during every fifth run. A further seventy ' one minute !

experiments were carried out with the nett rate of formation of hjrazin

measured for every tenth run. The resulis of these exneriments are

located in table 5.6 and Fige 5.20 which illustrates how the nett rate

of formation of hydrazine varies with the reactor age.
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Inspection of Fige 520 reveals that the nett rate of formation
of hydrazine increases wit! increasins reactor age. This again is in
direct contrast to the trend observed in the experiments using the
small reactor. lxamin-tion of the results in tahle 5.5 and 5,6
shows that even after more than twohours operation the nett rate
of formation of hydrazine in the new intermediate reactor was
lese than in the aged intermediate reactor ( although the dilference

between the rates in the two reactors was within the limits of

experimental error ).
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TASLE S.4. ( Small Reactor ).

Reactor | Run Pressure| Flow Current | Voltage | Ve Vp L r x 10" B Eif Z
Age Noe | (mmHg) (cr’ sec' )| (meamps) | (volts) | (volts) | (volts) | (em) (gms cm sec )| FC
New ; 89 2,0 0.35 26,0 680 668 1.0 0.125 | 654 596 035
2 50 0.88 31.5 560 ! Skl 5.0 0450 1165 1700 | 0,48
3e 9«5 1,68 30,0 590 489 90.0 0.98 797 1203 | 0.24
4, 15.0 2465 30,0 550 46k 5 114.5 1.2 1030 1204 | 025
Se 19.5 3elt1 29,0 610 457 142,0 1.3 992 983 0e26
Aged be 2.0 0e35 31.5 560 548 1.0 0.125 | 341 311 0e3%
Te 5«0 0,88 315 560 Sl S5e0 0.5 820 1197 | 0,48
8. 5.0 0.88 31.5 560 Skl 50 0.5 894 1305 | 048
9. 2.5 1.68 30,0 540 489 90.0 0.98 565 854 02k
10. 15.0 2.68 30,0 610 46k o5 134.0 1.2 617 721 Oe2h
11, 19.5 3elt1 ) 29,0 610 L59 142,0 1.3 686 680 0426
TABLE 5,5* (Intermediate Reactor )
Aged (NE) 1. 9.0 \ 1.13 49.5 615 467 137 2.55 | 45.4 11383 | 2,12
(AE) 2. 9.0 1.13 L4 .5 620 Lep 142 2.55 43,6 10932 | 2.11
New (NE)| 3. 3.0 1.13 49,5 620 Le7 142 2.55 3042 7572 | 2.11
(AE) &4, 9.0 1.13 49.5 620 Le7 142 2¢55 28.8 7221 2.11
TABLE 5.6. ( Intermediate 'Reactor )
Time ** ,
(mins) | 1. 2.0 1.13 49.5 620 467 W42 2,55 | 30.28 7592 | 2.11
2. P 1] " " n " n 29.51_* 71‘07 "
3. " " " " " ) ] " 31 .OO 777'5 "
L}. i3 1" 1" " " " " 31.38 7868 "
5. " " " " 1} it " 11} " i
6.. " " " " ] " " 36.}5 9122 "
7. " " " " " " " 37.61‘_ 9438 "
(3. " " 1] " " " " 33.96 8515 "
9. " " " " " " " 1+O.21+ 100% i
lO. " " " :: :: :l "v gg!ga 8?56 Tv
11. " " " ! ' 1 : .¥ 89’5 '
12. " . i ' . ' 30,28 7592 |

- Gf -



TABLE 5.6. (continued ).

Reactor | Run Pressure | Flow Current | Voltage | Ve Vp L r x 10° rp? Z

Age Noe (mmHg) (er®se¢ )| (meampe)| (volts)|(volts) | (volts) (em) | (gms i sec ) | FC
13. 9.0 1.13 49,5 620 467 142 2455 | ‘36492 9257 2.11
11*,. " n " " " " " I 36.60 9177 "
15. " " " " " " " "3.56 10922 "
16. n " 1] n " " " 41.70 10u56 "
1?. " " " " " * " 39.8( 9994 "
18. " " " " " " " 1’2.40 10631 "
19. " " n " " " n g3.34 10867 "
20. " " " " " " " 1‘_2.94 10767 "
21. " " " " " " " 1,2.71‘, 10717 "

»

-8 7

F°C)

Ni= New electrodes.
Ab= Aged electrodes.

(L)=s"
)

Each result is an arithmetic mean average of threce results.

The discharge had been operated for ten minutes prior to these experiments.
r= Nett rate of formation of hydrazine in positive column.

T= v I D )-0-1‘7 (DQP)O‘H
( PC

9% =
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6e0. Interpretation of Results,
7% I Dischar‘g Constriction

In the present study it has been shown that there is a
limit to the diameter of electrodes which may be employed in
a de discharge {eactor, above which discharge constriction occurs.
This critical size of electrode is dependent upon a number of
different factors, the principal ones being:=

a) The nature of the gaseous reactant.

b) Reactor unit geometwry.

¢) Electrode profile and material of eonstruction.

d) Flow pattern of the gaseous reactant ( which is
dependent upon (L) ).

e) Electrical and operating conditions, of which the nost
important are electrical current density, operating
pressure and gas flow rate.

Constriction phenomena are complex and as yet very poorly undepstood.
Although it is beyond the scope of this investigation to examine
such phenemena in detail, a few general observations seem pertinent,

Considering factors (a) to (d) as fixed for a particular

reactor unit and reactant gas then.operating pressure, electrical
current density, and gas flow rate become the independent variables
upon which the maximum diameter of electrodes which can be used

( without dischar e constriction ) depend,
The eifeet of higher pressures will be to hinder the diffusion

of electrons and ions that tend to spread the discharge radially thus
it might be expected that constriction effect should set in at
higher pressures, for gases which have larger ambipolar diffusion

coefficients as is observed for helium relative to other rare

gases ( Massey (1965) ).
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High current densities on the other hand contribute to the

narrowing of the conducting channel in a much more complicated
fashion., A summary of some possible reasons siven by Phelps(1967)
is as rollows :=-

1) Thermal gradients which result from the flow ¢f heat from the

centre of the are to the wall result in a reduced gas density and

higher L/p at the centre of the arce If the rate coefficient

for ionisation increases sufficiently rapidly with E/p then the
higher ionisation rate more than compensates for the faster
diffusion.

2) Cumulative ionisation. Cumulative ionisation refers
to the ionisation of excited atoms or molecules which have been
produced by electron impact. Because this process is proportional
to the square of current density, this will lead to higher rates
of ionisation in the regions of higher current density and tends

to contract the discharge.

3) Electroneion recombination. Some authors ( Kenty (1962) )
have proposed that the recombination of electrons and ions at large radii

leads to constriction of the discharge.

L) Eleetron - electron interaction. Since collisions among
electrons tend to make electron energy distribution functions more

Maxwellian and to increase the excitation and ionisation rate

coefficients The ionisation rate near the centre of a discharge

will be higher and will tend to comstrict the discharge, ( Golubovskii

(1966) ).
The effect of high gas flow rates is to di lort the electric

field and consequently bring about chanelling of the discharge zone,
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According to Maier (1934) this effect becomes signi ' cant when

the gas velocity is cémparable to the drift velocity of the

ions, i.e. in the range of 40 - 100m per sees It is usually

found that under these conditions the gradient in the positive
column becomes mon=-uniform along its length, and less than the
normal value in still gasses, and also shortening of the positive column

oCCurse Similar effects have also been observed in the case of radio
frequency discharges ( Romig (1960) )e In the vresent study

flow rates exceeding approximately 8m per seec. broucht about

discharge constriction.

It follows from what has been said ﬁhat most laboratory
size discharge reactors wil! not be amenable to treatment
by eonventional scale-up criteria because of di-charge constriction.
Thus until sufficient knowledge is acquired to prevent constriction
during the operation of large scale reactors, it will be necessary

to develop: novel reactors in which the limitation of constriction

is overcome. (ne possible way in which this might be achieved

would be by employing a reactor where a means for moving the discharge

relative to the gas stream is provideds In this way scanning of

the entire reactor crossesection will result and by-passing of the
reactant gas should be minimised ( Haji (1972) Thornton (1972) ).

Effect of reaction tube size upon the nett rate of formation

6e2e

of hydrazine,
In chapter 2.3 the following reaction machanism was put forward:

Nij + e —v NE: + e —yNH» + H + e

NH, + NH, + (M)—s N Hy + (M)

N,H, + H — products
N, H, + @ ——» products

Inspection of equation (5.2) reveals th=:t the nett rate of
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formation of hydrazine decreases as reaction tube diameter is increased.

This may be explained by either -
6e2s1) a decrease in the rate of form:tion of hydrazine, and/or
6e242) an increase in the r te of destruction of hydrazine
or its precursors

6e2ele Decrease in the rate of form-tion of hydr zine.

As hydrazine is formed primerily by the combination of two
amino radicalsya decrease in the rate of form i tion of hydrazine
must in practice result from a decrease in the concentration
Such

of amino radicals available for hydrazine formatione

a situation could arise from either:=

6e2ele 1) a decrease in the rate of form tion of amino radicals or
6e2.1. 2) an increase in the rate of reaction of amino radicals
to form products other than hydrazine,

6s2+2¢ Increase in the rate of destruction of hydrazine.

As noted in chapter 2.3 an increase in the rate of destruction

of hydrazine or its precursor may occur in two ways which are:=
6e2e2¢ 1) an increase in the rate of electron destruction, and

62,2, 2) an increase in the rate of atomic hydrogen destruction.

Each of these alternatives will now be considered to determine

which if any are in agreement with the experimental results obtained.

6s2sle 1. Decrease in the rate of formation of amino radicalse

Amino radicals are formed prim-rily in the decomposition of ammonia
and therefore a decrease in the rate of form:tion of amino radicals
mast result from a decrease in the rate of decomposition of ammonia,

It was planned to measure the decomposition of ammonia in all of

the experimental work however this aim was not achieved as the

chromatographic equipment was not functionale Thus it was not

possible to measure whether or not the rate of ammonia decomposition
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was a function of reaction tube size. From a theoretical point ot
view however it may be concluded that the rate of ammoniz decomposition
is independent of reactor size and is prim:rily a function of the
energy of the electrons in the discharge. It follows therefore
that a decrease in the nett rate of formation of hydrazine with
increasing reactor size is not due to a decrease in the fate of
formation of amino radicals.

6e2ele 24 Reaction of amino radicals to form products

other than hydrazine.

A number of reactions of amino radicals to form products other

than hydrazine have been suggesteds The most important of these arc

listed below.

a) NH, + H + (M) —> NH3 + (M)

b) NH]_ + NH,_-’- (l“l) _—) Nl + aﬁz 2 (M)

c) NHy + Ny He —_— NH3 + N Hy
d) Ny H, + 2 NH, ——> 2N H; + N;H,_

e) NH, + NH, ——» NH; + NH

f) NH + NH» — [ H, + Ha

g) NH: + e — LN+ H +e

An increase in reaction tube diameter should lead to a
decrease in the rate of diffusion of amino radicals to the reaction

tube surface and conversely to an increase in the concentration

of amino radicals in the gas phase. Both reactions (a) and (b)

have been shown to occur on the reaction tube surface ( (a) wiig (1937),
(b) Swarzc (1949) ) and therefore the rate of these reactions should

decrease with increasing reaction tube diameters

If the rate of reactions (c) and (d) increased with increasing

reactor size this would account for the experimental results

obeerved in this investigation. It is unlikely however that these
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reactions are of any significance in comparison to the reaction of
hydrazine with atomic hydrogzen toms.

3ince amino radicals and hydrogen atoms are rroduced =zt the
same rate ( from the decomposition of ammonia ) and amino radicals
can disappear more readily ( react more readily ) the amino radical

steady state concentration should be much smaller than the hydrogen

atom steady state concentration. The reaction of hydrazine with amino

radicals should therefore be negligible, comp-red to the reaction of
hydrazine with hydrogenatoms.

Increasiné the reaction tube diameter will decrease the
rate of diffusion of both amino radicals and hydrogen atoms to the

tube surface and therefore increase the concentration of both in

the gas phase. ‘s «tomic hydrogen recombination does not occur

in the gas phase over the range of pressure used in this study

( but amino radicals can react to form hydrazine and other products )

it is unlikely that amino radical destruction of hydrazine will be

increased in lzrge size reactorss
Neither of reactions (e) or (f) are known to occur on the

surface of the reaction tube and therefore it is feasible that the

rate of these reactions would increase as reaction tube size is inereased,

A considerable amount of evidence has been put forward in chapter 2.3

( for example Haines and Bair (1963) ) however suggesting that

the most important reaction of amino radicals is in the form tion of

| hydrazine and also that this reaction takes place in the gas phase

( Anderson et al (1957) 8korohodov (1961) ) and not on the reaction

tube surface as suggested by Rathsack (1961)s  Increasing reaction
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tube dismeter should lead to an increase in the concentration of
amino radicals in the gas phase and in turn an increase in the
primary reaction of amino radicals to form hydrazine. Thus it is un-
likely that reactions (@ or (f) ( or in fact reacfiona (a) to (g) )
are of any significance compared to the reaction of amino radicals
to form hydrazine and it is equally unlikely that these reactions
become important as reaction tub~ size is increased.

It will be shown in 6.1.2.1. that the destruction of amino
radicals ( and thus hydrazine ) with electrons ( reaction (g) )
is not significant in comparison to atomic hydrogen destruction ol
hydrazine. £ven if thiswre not so however the rate of electron

decomposition of amino radicals is governed primarily by the energy

of the electrons in the discharge. Thus changing the reaction tube

diametor should not change the primary conditions which !ead to
amino radical destruction by this route. Increasing the
reaction tube diameter however will lead to a decrease in the
rate of diffusion of electrons to the reaction tube surface and
therefore to an increase in the concentration of ~lectrons in the

discharge reaction zone. As electrons diffuse to the discharge

surface much faster than do atomic hydrogen atoms,however it is
unlikely that the increase in eleciron concentration in the gas
phase would be significant, compared to the increase in atomic

hydrogen atom concentration, in large size reactors,

To summarise it wou.d seem that the experimental results may not
be explained by an increase in the rate of reaction of amino radicals to form
products other than hydrazine or in more general terms to a decrease
in the rate of formation of hydrazine. On the contrary it wouid appear

that increasing reaction tube size should lead to an increase



in the concentration of amino radicals in the gas phase and as
a result to an increase in the formation of hydrazine.

As this is not in agreement with the experimental results
observed it follows that the ro:te of destruction of hydrazine
must be increased in larger size reactors to such an extent that the
nett rate of formation of hydrazine is decreased.

6+.24241s Jestruction of hydrazine by electron collision.

It is relevant at this stage to examine the significance
of eleciron destruction of hydrzzinc over the range of conditions
used in this studye.

In chapter (2,3) it was reportcd th-t Savage (1970) using a
mathematical model of the dischérge in ammonia compared the relative

importance of hydrazine destruction by electron attck and atomic

hydrogen attack. ©Savage showed that although electron induced

decomposition of hydrazine was relatively significant the
primary mode of desgruction was by atomic hydrogen attack of
hydrazine,

The range of reaction conditions i.ees reduced field strergth
( electron energy ) used in Savage's work is very similar to the
reaction conditions used in the present study ( compare reduced
field strength values of ~ 12 volts cﬁ'mmﬂé' (Savage) with
10 volts chmmﬂé' used in the present study ) and consequently
it may be assumed that Savage's findings are applicable to the
present study.

Further evidence of this may be obtained from the work of

Barker (1970). Barker reported that in addition to electron

induced decomposition of hydrazine, at higher electron ensities
another electron=induced decomposition reaction comes intoc play,

namely the reaction between elcctrons and amino radicals =
( ioe. reaction (g) in 6.2.1.20)0



This will not only remove amino radicals necessary for hydrazine
formation but also produce more hydrogen atons Which will engage
in hydrazine degradation reactions. Barker has found that
electrons reaet more efficiently with amino radicals than they do

. with hydrazine. By assuming a Maxwellian distribution of electron

energies and taking thecbond dissociation energies as D (NH =H) = 3.8

eeVe (Altshuller (195/) ) D ( H,N NH = H )= 3,3 e.ve ( Foner (1958) )

and D ( NHy= H ) = 4,5 e.ve ( Altshuller ( 1954) ) he showed that
the rate constants for the electron -~ induced decomposition
reaction were in tie crder =
K NH, + e 2> KNHy + eD KiHy + e
Barker's work showed that for a power input of 2.5 to 10
watts the major mechanism of hydrazine destruction is atomic hydrogen

attack, but that at 50 watts and above electron - induced decomposition

of amino radicals and hydrazine predominates.

The volume of the discharge zone used in Barkers experiments
was approximately 3.0 en’ ( in some of the experiments at higher
power and flow the discharge extended outside the volume of the
discharge tube cavity*® ) therefore the power densities corresponding
to the power inputs of 10 = 50 watts are approximately 3.33 and

16.66 watts cm respectively. In the present study power: densities

usedranged from 0.43 to 5.11 watts om ( positive ecolumr ) i:idieating
that electron = induced destruction of hydrazine or aminc radicals

was of little nisnificancé.
Furthermore as the rate of electron - induced decompdsition

* private commmnication.



of hydrazine is governed primarily by the cnepgy of the electrons
in the discharge, it should be independent of reaction tube

size even under conditions where thic mede of destruction would
be significant.e It may be concluded therefore that another
mechanism of destruction of hydrazine is primarily :esponsible

for the experimental results obtained.

6¢2.2+2 Destruction of hydrazine by atomic hydrogen attack.
H
The destruction of hydrazin:iatom attack has been established

by a number of workers as reported in chapter 2.3 ( for examplelﬂanion
(1962) Barker ( 1970 ) ). As atomic¢ hydrogen atom recombinstion occurs
at the reaction tube surface and not in the gas phase it follows that
when the diameter of the reaction tube is increased, the rate of
diffusion of atomic hydrogen to the reaction tube surface would be

decreased, This will lead to an increase in the concentration

of atomic hydrogen inthe gas phase, which in turn will lead to an
increase in the rate of - estruction of hydrazine, and consequently
Sueh a sequence

a decrease in the nett rate of formation of hydrazine.

of events is in agreement with the experimental results obtained in

this study.
6.2. Effect of Reactor age on the nett rate of form:tion of hydrazizes

Variation of reactor surface ' activity ' with ageing has

been observed by other workers. Brown and Howarth (1970) reported

an ageing effect similar to that observed in the small, intermediate
and large reactors i.e. a decrease in the nett rate of hydrazine

formation with increasingreactor age. On the other hand

Savage (1969) noted an increase in the nett rate of hydrazine formation

with reactor ageing ( i.e. similar to the trend observed in the new

intermediate reactor ) which he attributed to either ' surface effects !
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or to better analysis techniques,

Details of the methods by which vitreous silicas are manufactured
are proprietory but four basic types ean berecognised ( Hetherington
(1962) (1963) ) with differences based principally upon hydroxyl
and metallic impurity concentration and on methods of fusing,

For three of these four types metallic impurity concentrations are in
reverse order of the hydroxyl contents ( Hetherinton (1965) ).

At present very little is known about the effect of hich
field gradients in the region near the surface of a quartz reactor,

however Hetherington (1965) has suggested that inside ouartg

there are a number of loosely bound species which could migrate

under the in¥lucnce of the field,
As discussed in chapter 6,2 the presence of atomic hydrogen
in an electrical discharge results in a decrease in the nett rate

of form tion of hydrazine, Thus the migration of sprcies which increase

or decrease hydrogen atomrecombination to or from the discharge

surface would increase or decrease the catalytic efficiency of

that surface, and consequently increase or decrease the nett

rate of formation of hydrazine.

The different types of quartz contain varying amounts of hydroxyl

and metallic impurities, As far back as 192, VWood in his work

on the dissociation of hydrogen in a low frequency discharge conc'uded

that water vapour or oxygen reduced the ability of the maction

tube surface to catalyse atomic hydrogen recombination. ﬂfecently

a large amount of work has been carried out on the catlaytic

production of aomic hydrogen in a discharge when sgall amounts

of water or oxygen are addeds Increases of atomic hydrogen yield



by factors of ten or so when switching from dry hydrogen to hydrogen
containing O.1 = 0.3% water have been noted ( Kaufmann (1966) ),
Whereas hydroxyl inhibits the recombination of atomic hydrogen
many workers ( e.ge. Eremin et al (1967) (1969) ) have demonstrated that
the presence of metallic surfaces in an electrical discharge catalyses

the recombination of atomic hydrogen. Therefore depending upon the
type of quartz used ( i.e. the concentration of hydroxyl and metallic
impurities ) the operation of an electrical discharge could effect

the catalytic activity of the reaction tube surface in a number of

different ways,

The quartz used for the new intermediate reactor was not
from the same batch as that used for the construction of the other
reactors ( ae it was a remnaat of previous stock ) thus the
different surface ageing behaviour observed in the new
intermediate reactor compared with the other reactors may be due to
the different types of quartz used in the eonstruction of these
reactors.

The behaviour of the new intermediate reactor cou/d be

explained by assuming that this reactor was made from high

hydroxyl content silica, Thus initially the efficiency

of the reaction tube surface to catalyse hydrogen atom recombination
would be low ( compared with a silica surface rich in metallic

impurities ) however as increasing operati-n of the discharge
impaniies

promoted migration of hydroxyngway from the rcactor surface
( and/or migration of metallic impurities to the reactor surface )
s0 the catalytic efficiency of the surface would increase ( with

a corresponding increase in the nett rate of formation of hydrazine ).
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Similarly, the behaviour of the other reac¢tors could be explained

by assumiﬂg that these reactors were constructed from high

metallic impurity content silica. Thus initially the efficieney

of the reaction tube surface to catalyse atomic hydrogen reccmbination
would be high ( compared with a silica surface rich in hydroxyl
constituents ) however s increasing operation of the discharge
promoted migration of metallic impurities away from the reactor
surface ( and/or mwigration of hydroxyl impurities to the reactor
surface ) so the catalytic efficiency of the surface wou d

decrease ( with a corresponding decrease in Lhe neit rate of

hydrazine forsation ).

Another. possible explanation of the different surfaces properties
observed in the various reactors may be connected with the variation

of surface adsorption processes over a period of discharge

operation, Ammonia discharges in the small, intermediate and

large reactors had been operated for a fairly long period of time
( during the reactor development study ) before commencement of the

experimental programme outlined in chapter 5.2. and it is quite

probable that the surfaces of these reactors were saturated

with ammonia and other discharge gasese This ammonia layer

could prevent atomic hydrogen recombination and as the layer graduallly
thickened this effect wduld increase with a resultant decrease in the
nett rate of formatiom of hydrazine.

In the new intermediate reactor the walls wou d be unsaturated

and therefore in the earlier runs the rate of adsorption of dischar e

gases including hydrazine would be highe As discharge operation

was continued this adsorption rate would decrease ( as the walls

became saturated ) resulting in an aroarent increase in the nett rate
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of formation of hydrazine.

Perhaps if the discharge in the new intermediate reactor had been
run for a much longer period of time, the reactor walls would have
become saturated with discharge gases and then the new intermediate

reactor wou'd have displayedidentical ageing characteristics

to the other reactorse.

It is of interest to note that Brown and Howarth (1970) investigated
the formation of a molecular layer on the curface of the reaction
tube. In thei~ axperiments, an aged quarﬁz reaction tube in
which the nett rate of formation of hydrazine, had been found
to decrease with increasing reactor age, was thoroughly elsanasd
with hydrofluorie acid in order to remove any molecular layer
which might have been formed.
This treatment was found to have no effect upon the nett rate
of formation of hydrazire, indicating that either a molecular layer
tect

was not formed on the tube surface, or if cone was it did not e

the nett rate of formation of hydrazine.

feolts The influence of guartz wool packinz on the nett rate of form:tion

of derazine.

In principle adding extra surface area to the positive column of

the discharge should lead to an increase in the rate of recombin=tion

of atomic hydrogen with a subsequent increase in the ne t rate of

formation of hydrazine,.
One explanation of why the experimental results ( for the packing
of the large reactor /) did not exhibit this trend may be associated

with the nature of the packing useds The preparation of quartz

wool in a water vapour atmosphere would almost certainly ensure
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a high hydroxyl content wool, Thus as noted in 6.3 the presence of
this hydroxyl in the discharge would inhibit the recombination of
atomic hydrogen, rendering the extra surface area of little use,

if any,. “hether or not the presence of this hydroxyl in the
discharge zone could influence the efficiency of the discharge

tube itself to catalyse atomic hydrogen recombination is a matter

of conjecture, If this was the case however it would explain the reduced

nett rate of formation of hydrazine in the packed large reactor in which
no gas by-passing was apparent.
At present surface effects are poorly understood and are open

to speculation and until further work is undertaken the role of

the surface will remain : ! bottleneek ' in the unde standing of the

discharge chemistrye.
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7+0e Recommendations for future work,

A comprehensive review of the necessary research into the
chemistry and physics of electrical discharges has heen given
by Spedding (1969). The present inv.stigation has highlighted

some of the engineering problems th:t are associated with the

gas phase glow discharge synthesis of hydrazine, There are

many areas of study where further research is necessary,

l. Reactor Design
In the present study it has been shown that it is feasable

to maintain uniform discharge$only over limited electrode areas
and under conditions which are not of practical interest. Thas
the range of operating conditions over which constriction of the

discharge does not occur is located mainly in the low pressure

regions with all the attendant engineering diffieculties. Certainly

more research into the effects of:
a) reactor unit geometrey,

b) nature of electric power

is required to determine whether or not constriction may be minimised,
howcvery it is probable that the solution of this problem may be

found by Jevoloping means of overecoming, rather than eliminating

discharge constriction. In this respect the development of novel

reactors in which a means of moving the discharge relative to Lic

gas stream is provided, may prove to be rewarding. In such reactors

scanning of the entire reactor crossesection will ensure that

by-passing of the reactant gas will be minimised ( Haji (1972)

Thornton (1972) ).

Chemical Studies.
1. Further work is needed to confirm whether or not increasing
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reactor size results in an increase in the concentration of atomic
hydrogen in the discharge zone with a resultant increase inthe

destruction of hydrazine. OUne way of doing this would be by the

use of an atomic hydrogen scavenger ( for example an allyl compound

i.es 2llyl amine, allyl alcohol ete )« If an increase in atomiec

hydrogen concentration does occur in a large size reactor then
addition of sufficient scavenger to react with the additional
atomic hydrogen formed should yield an increase in the nett rate
of formation of hydrazine ( i.e. compared with the nett rate of
formation of hydrazine obtained when no scavenger is used ).

2e Additional information concerning the role of the electrodes

in the synthesis of hydrazine is neededs Such information

could be obtained by using a reactor with an adjustable size opening

between the electrode compartments and the reaction zone of

the apparatus. In this way it would be possible to determine

the nett rate of formation of hydrazine for a range of hole sizes.

Extrapolation to zero hole size could be used to eliminate the

effect of the electrodes on the nett rate of formation of hydrazine.
3¢ The present study has confirmed the importance of the

discharge surface and in this respect more information isrrequired

coneerning:

a) The catalytic efficiency of different discharge surfaces.

b) Variation of this efficiency over a period of discharge operation.
¢) Methods of rejuvinating aged discharge surfaces.
Point (¢) is of particular importance from the standpoint of

industrial application of chemical discharge reactorsas surface



ageing will play an important part in the process economicse.
4  Further work under different conditions utilising different
packing materials could lead to a much clearer explanation of

the changes occuring on packing a reactor.
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8e0 Conclusionse

Within the limits of experimental error and in the domain of
the experimental conditions investipgated, several significant

conclusions can be drawn from the present investigation.

Ae Heactor Design otudies.

l, COne of the major problems of scale-=up has b en identified. This

problem is the constriction of the discharge zono into a narrow beam
%

thereby allowing some of the reactant gas to by-pass this zone completely.

Vork in this field has shown that there is a limit to the dizmeter of

electrodes which may be employed. Under dec discharge conditicons electrodes

of diameter greater than a critical size which is dependent upon a nunber

of interdependent factors give rise to non-uniform constricted discharges,

The principal factors are:-

a) The nature of the reactant gas.

b) Reactor unit geometny.
e¢) Electrode material and electrode profile.

d) The flow pattern of the gaseous reactant ( which is dependent

on (b) and (C).

e) Electrical and operating conditions - of which the most

important are electric current density, operating pressure

and gas flow rate.

Be Electrical Studies.

1, The continuous de¢ glow discharge operated in the a'nornal glow region

where an increase in current is accompanied by a slicht increase in voltage,

2. Lguations have been developed from the data of vuchi (1952) which

may be used to estimate the cathcde fall in potential and the length of the
positive column for a discharge in ammonia gas operatin; in the atmormal glow

region. These equations are of the form =
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Ve = o (F°) + ¢
and
L =1 = ¢ (¢; = cuVc) v
where Ve, J, I, L and 1 represent cathode fall in potential, current
density, pressure, length of the positive column and intereelcctrode

distance respectively and m and ¢ are constants.

C. Chemical Studies,

l. The application of the similarity principle to electrical discharres

in which chemical reactions occur has been examined. /hile the dischar;e

processes depending on single electron impact activation follow the

similarity principle the relaticnship does not hold for cheumical reaction where

secondary processes are of primary importance. Thus it may be concluded

that if two discharges are physicually similar this does not mean that

the chemistry of these discharges will follow suit.

2An equation of the form -

039 . 01
(') , (y, ) ' (n*e) (L)

(FC ) (F*C) (D)
developed using the technique of dimensional analysis has been found

-0-$9

to correlate the experimental result« obtained over a wide range of the

operating parameters, reduced electric field strength, current density and gaseous

reactant residence time.
3, Evidence has been provided which sugpests that hydrazine is degraded
ih the discharge primarily by atomic hydrogen attack rather than vy
electron - induced destruction.

4y The nett rate of formation of hydrazine has beer. found to be inversely

proportional to reactor size.

5. Evidence has beea provided whicn sugrests that changing the resction

tube size results in a change in the concentration .¢ . tonmie hydrogen

in the reaction zone. As the reaction tube diameter is increased ihe
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the rate of diffusion of atomic hydrogen to the reaction tube surface

is decreased, This results in a decrease in the rate of recombination

of atomic hydrogen at the reaction tube surface and consequently an
inerease in the concentration of atomic hydrogen in the reaction

zone, In turn this leads to an increase in the rate of destructicn of hydrazine

by atomic hydrogen attac: and as a result a decrease in the nett rate of forme

ation of hydrazine.
6. Attempts to minimise the concentration of atomic hydrogen in large
scale reactors by packing the reactors with a quartz surface ( wool )

failed due to field distortion with subsequent discharge constri tion and also due

to the catalytic nature of the gquartz surface employed.

7. The important effects of the discharge surface on the nett rate of

formation of hydragzine have been noted. It has been obrerved that not

only does the neit rate of formation of hydrazine depend upon the material

of construction of the discharge surface but also upon the ' age ' of the

discharge surface. It has been found that as the discharge surface

ages the nett rate of ‘ormation of hydrazine may be increased or decreased
as a result of changes in the reaction tube surface and not due to changes
in the electrode surface as was previously helieved.

8e A number of explanations of this ageing phenomenaﬁ'have been advanced,
namely -

(1) the action of the electric field on the suriace of the quarts reaction
tube is to promote the migration of metallic impurities ( which catalyse
the recombination of atomic hydrogen atomns ) and or hydroxyl ions
( which inhibit the recombination of atomic hydrogen atoms ) to, or
away from the reaction tube surface, with the result that the aviliiy

of the surface to catalyse the recombination .f atomic hydrogen atoms

( and consequently the neit rate of formation of hydrazine , iacrsases
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or decreases with increased operation of the discharge ( i.e. reactor age e
(2) In a new reaction tube the rate of adsorption of hydrazine

onto the reaction tube surface decreases with increasin: discharpe

operation ( i.e. increasing reactor age ) resulting in an ingcrease in

the nett rate of formation of hydrazine. Once the reaction tube surface

is saturatec with gases however a layer of pas molecules ( predominately
ammonia gas ) is formed on the surface inhibiting the.recombinxtion of
atomic hydrogen atoms on this surface.As this layer thiclkens with
increasing discharge operation(increasing reactor age) the rate of
recombination of atomic hydrogen progre:sively decreases and as

a result the nett rate of formation of hydrazine also decreases,
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9.0. me‘o

Ao Area.

Ao Constant ( equation 4 - 2 ).
A Constant,

ae Constant ( equation 5 - 1 ),
B, Constant ( equation 4 -1 ),
b. Constant ( equation 5 - 1 ).
C.. immonia gas concentration.
Ce Constant.

Ce Gonstant ( equation 4 - 1 ),
Ce | Constant ( equation 5 = 1 ).
De Reaction tube diameter.

d. width of cathode dark space,.
de Inter-electrode distance.

dn, Uistance between cathode and leading edge

of the positive column.

E. “lectrie field strength.
F. Ammonia gas flow rate.
I. Discharge current.

Je Current density.

Ke Rate constant,.

Le Length,

Le Length of the positive column ( equation 5 - 1 ).
1. Inter-electrode distance,.

M Mass.

e Gonstant.
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Nomenclature (¢ 1 tinued ).
Ne Viscous influence number,
Ne Concentration of charged particles.
N. Concentration of ges molecules.
P,yp. Gas prescure.
o Electric charge.

Collision crossesection.
Re. Gas constant.
Rere Radially measured distance.

Nett rate of formation of hydrazine.

re
Te Temperature.

Ts Time.

te Time.

Ve Potential difference across  an electrical discharge.
Va. The anode fall of potential,

Vpe Potential difference across the positive column of a

discharge,
Vse Breakdown potential.

Ve Gas volume.

Vol. Volume o gas collection vessel.

e Electron drift velocity.
We Discharge power input,
e Ppm hydrazine.

Rate coefficient for electroneion recombination,



- 121 =

lomendature ( continued)

I S e

5= A 39

Density.

Zpace charge density.

Rate coefficient for eleciron emission.
Secondary rate coefficient of electron emissione.
Flectron mean f{ree path;

Gas iwscositye.

Permeability of free space.
Permittivity of fren apace.

Surface charge density.

Lifetime of excited sjpecics.
Gas residence tine.

rower d nsity.

Uhm -
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Appendix 1,

Doacrigtion of the Chromatosgggg.

The complete chromatograph was housed in a screened metal
case which eontained a thermostatically controlled oven and the
detector device. The carrier gas which was supplied from an
external cylinder, was maintained at constant pressure by two pressure
regulators, one at the external source and ore within the instrument,

After leaving the pressure regulator in the instrument the gas fed

the reference chamber of a thermal conductivity detector before

paseing on to the sample injection system. Gaseous samples
were introduced into the system tarough a special gas sampling

valve, The combined carrier gas and sample mixture then passed

through the analytical column, where the components of the sample
were separated according to their affinities for the material with

which the column was filleds Thos components having little affinity

for the column material passed through the column rapidly, while

those with greater affinities were retained in the eolumn for

longer periods. After leaving the column the separated components

were swept one by one into the sensing chamber of the thermal

conductivity detector. [Heated platinum wires or thermistor beads

in both the reference and sensing chambers were connected into a

balanced bridge circuit. Heat was lost from these eliments by

conduction through the gases and when both chambers were filled

with pure carrier gas the bridge was balanced. Vhen a sample

component entered the sensing chamber the difference in thermal

conductivity modified the heast losses, causing a change in the

wire or thermistor temperature. This resulted in a resistance change,

which unbalanced the bridge, generating a signal that was proportional
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to the thermal conductivity. This signal drove the pen of a
standard strip chart recorier ( Kent Recorder ) to produce in
graphic form a qualitative and gquantitative deseription of

the sample. The detector semsitivity could be varied by means
of a range control which attenuated the signal fed to the
recorder by successive factors of two so that each sensitivity

setting was half that of the previous setting.

Choice of Carrier Gas,

The choice of carrier gas depended to a large extent on tne
best sensitivity and linearity achieved with the thermal conductivity

detectors. In this respect, the best carrier gas was one whose

thermal conductivity was very different to .that of the sample,

Both argon and helium although expensive were suitable because

of ' their chemical inertness ', Helium has a high thermal

conductivity ( 34.8 x lds-Cal/Cm/Sec/‘C ) with respect to argon
( 3.98 x 10 % Cal/om/See/C ) ehsuring a better deteector sensitivity.

However, helium has the disadvantage that it gives a poor response

to hydrogen in comparison with nitrogen.

Chronntogggggz Column,

The separating ability of a column depends upon many factors,
the length and diameter of the column, the particle size and structure
of the material with which the column.‘ia filled, the uniformity of
packing, the operating temperature, the properties of the components
in the sample mixture and the flow rate and pressure of the carrier gas.

An 18ft. column packed with molecular sieve 5. and operated

at the following conditions was found to be suitable for analysing
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nitrogen and hydrogen in a sample mixture at 6,0 mmig pressure.

= 30°C.

Oven Temperature

Carrier Gas pressure (internal) = 10 1b. in-?

Carrier Gas pressure (external) = 23,0 1b. in™*

Detector sensitivity setting. = .0,

Injection block temperature. =

Sample injection pressure

0°c.

= 6.0 mmHg,

TABLE Al.l % Hydrogem and Nitrogen in

Calibration mixtures and corresponding

peak heights,

Sample injection | % Nitrogen. Nitrogen ,» Hydrogen, [Hydro=zen
Fressure. FPeak Height. Peak lieighte

(ZTSRJ 1.58h 5.05 2.51 1.0

100 24130 56 2¢513 1.0

6.0 20200 56 4495 1.65

6.0 5e54 13.1 9.58 3.2

6.0 1C.00 26,7 9.8 3406

6.0 13.04 3546 12.84 4e35

6.0 15.92 41,3 16.81 5.6

6.0 19.68 5249 20,08 648
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Appendix 2.
drazine Analysis.

Discussion of Colorimetrie method employed.

Methods for the determination of hydrazine depend upon its
basic character or reducing properties, and are thus subjeet to

interference owing to the presencu of other substance- having similap

properties. 'he method of analysis described by Watt and Chrisp(1952)

was used for all the experimental results.

This method ses the yellow colour developed upon the addition

of p -~ dimethyl amino benzaldehyde to solutions of hydrazine
in dilute hydrochloric scid as the basis of an spectrophotometric

method of hydrazine determination. This system is charact-riced

by a transmittancy minisum at 458Cy1 The calibration curve for this

method in which absorptancy ( 100 = % transmittancy ) at MSBty»

is plotted against log concentration of hydrazine in parts per

million exhibits maximum slope at about 63% absorptancy; in

agreement with Beers lLaw and thus has a maximum accuracy corresponding

to 2,7% relative analysis error per 107 absolute photometric error
or about 1.2% relative error for a precission of 0.4 in making the

measurements. To attain this precision it is necessary to ensure

that cross contamination of solutions via transfer pipettes does

not occur. In order to keep the relative analysis error within

1,07 the hydrazine concentration must be within the limits 0,06 to

0.47 ppme
At room temperature the yellow eolour devlopes immediately

and is stable after a period of ten minutes. For a given concentr-tion

of hydrazine the per cent transmittaney is unchanged if the hydrochloriec
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acid concentration is less than 1l. but increases at acid
concentrations greater than 1M, Thus for a hydrazine concentration

of 013 ppm, the relative transmittancy is increased 1.6% if the

acid concentration is 2M. and 4.5¢ if the acid concentration is 3,

" Coloured solutions containing different quantities of
hydrazine h:ve been found to show no measurable change in transmittancy

in twelve hours. Also for a colour developed sample containing

hydrazine 2t a concentration of 0.2 ppm, the effect of temperature
over the range 20°C to 40°C has been found to amount to 0.1k

absolute transmittancy per 1°C; this effect is completely reversible,
Uver the hydrazine concentration range O.1 to 0.3 ppm, samples having

the same hydrazine concentration gave an average deviation of 0O¢l%

absolute transmittancy.
Materials.

Hydrazine dihydrochloride, ethylene glycol, p. dimethyl amino
benzaldehyde were :IH reagent grade chemicals used without further
purifiecation.

Potassium Iodate -~ analar reagent grade chemical.

Conc Hydrochlorie icid < BDH reagent grade chemical.

Chloroform = BUH reagent grade chemical.

Industrial Lithanol.

Pistilled water.

Preparation of standard hydrazine solutions for use

in calibration procedure.

Fotasium iodate KI O3 is a stronger oxidising agent than iodine, The

reaction of potassium iodate and reducing agents, such as potassium
iodide or arsenious oxide, in fairly acidic solutions say 0,1 - 2,0M lC1l

stops at the stage when the iodate is reduced to iodine,



In 1903 L.%. Andrews showed that in the presence of a high
concentration of hydrochloric acid ( 3 « 9 M ) iodate is rdduced

ultimately to iodine monochloride.

-

105 + 6HY 4+ ¢ + be == I €l + 3H,0 (A2-1)
In hydrochloric acid solution, iodine monchloride forms a stable

com;lex ion with the chloride ion:

ICl + €l=1C, (A2=2)
the overall hzlfl cell reaction may therefore be written as:
10; + 6" +20CU + he = I €L, + 3HO0 (A2-3)

The reduction potential is l.23 volis, hence under tcse conditions
potassium iodate acts as a very powerful oxidising agent. Furthermore
under these particular conditions the equivalent weight of potassium
iodate is one fourth the molecular weight KIO,/4.

Oxidation by iodate ion in a strong hydrechloric acid
medium ( 3 « 9 ¥ ) proceeds through several stages.

I0; + 6H" + 6e=1 ¢ 3H,0 (a2=l)

I05 + S5I° + 6H = 3I, + 34,0 (A2-5)

Io; + 2L, + 6B = SIY 4+ 3H,0 (A2-6)

free iodine is liberated

In the initial stage of the

LY PR

as more titrant is added, oxidation proceeds to iodine monochloride
and the dark colour of the solution gradually disappearse The

overall reaction may be written as:
10; + 687 + be=IT & 3H0 (a2-7)
Detection of end point,
Starch cannot be used because the characteristic blue colour
of the starch iodine complex is not formed at high »cid concentrations =

a few mls of an immiscible solvent e.g. chloroform iz used, Tf 11
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the required acid is added initially, the pink colour of the iodine
chloroform layer does not appear at the beginning of the titration.
The end point is marked by the disappearance of the last trace

The immiscible

of violet colour due to iodine from the solvent.

solvent may be replaced by certain dyes e.z. amaranth (3.C.I. No.184),

Preparation of Solutions,

An approximate O.4N hydrazine dihydrochloride solution was

prepared and standardised by titration with standard potassium

iodate solution as follows. A mixture consisting of 10.0 pm1

of the hydrazine solution, 20 ml of concentrated hydrochloric

acidy and 15 ml of chloroform was prepared in an iodine bottle
and ccoled to about 10°C in an ice bath. After addition of

approximately one half of the quantity of potassium iodate golution
required in the complete titration, additional concentrated

hydrochloric acid was added to give a total acid concentration within

the range 3 to 6 ¥ , and the titration was then carried to

completion.
The susceptibility of hydrazine to catalytic oxidation

and/or decomposition necessitated that the hydrazine solutions
should be analyced as soon as possible after preparation.
Appropriate aliquots of the hydrazine stock soluti9n were diluted
to the desired concentrations and used in the colour .cvelopmeat.-

Colour developmente.
The colour reagent employed had the following compositione.

p. dimethylamino benzaldehyde. 0.2 gmy ethanol, 10 ml, concentrated
hydrnchloric acid, 1.88 nll, distilled water 5.0 ml, and ethylene

glycol 5.0. ml. 20 ml of this reagent was added to aliquots of
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the standard hydrazine solution seiected so that the tinal
hydrazine concentration would be within the range 0.02 to 1.0

ppmy the resulting mixture was 1M with respect to H €1. The
blank consisted of the above solution ( not including the hydrazine )
and was made 1M with respect to hydrochloric ueid.

From the results a ealibration curve of | absorpancy vs

log hydrazine concentration in ppm was plotted ( Fig. A2.1).

Analysis routine for experimental results.
At the #nd of an experiment the ethylene glycol in the
absorption viaps was thorcughly mixed then 2 mls, were pipetted

( from a pipette which had been rinsed with this glycol ) into a

glass bottle with a ground glass stopper. If dilution was

necessary distilled water was added, then 20 mls. of standard

colour reagent was added and the mixture thoroughly shaken and

then allowed to stand for 10 minutes to develop the colour.
One unicam cell was washed out then filled with the standard colour
reagent while the other was rinsed then filled with the analysis

mixture., The two cells were then placed in the spectrophotoumete:

and analysed for hydrazine.

Preggggtion of calibration curve for the determination

of hxdrazinc.
Determination of hydrazine.

Hydrazine reacts with potassium iodate under the usual Andrews

condition thus:
10; +NHy + 28 @ € = ICL + I, + 3H,0 (A2-8).

thus K10y = NaHy
or 1Ml of 0,025 M KIO; = 0.0008013 gm N, H,
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Freparation of standard K10 Solution.
- + -
I103 + 6H + @1 + 4eesm 101 + 3H,0 (42-1)
o®e 1.%375 gm of K10, in 250 Ml of distilled water gives a

0,025 M or O.,1N solutione

weight of beaker + iodate 95,8755

weight of beaker 9445380
weight of K10s 1.3375 Bite

An approximate Oo4N solution of hydrazine HCl was prepared:
NyHy 26 C1 — N, +2061 + 6H" + 4e  (A2=9)

e o equivalent weight of N,H,H ce = Mwt/h = 104,97/

The hydrazine solution was titrated against the 0,025 M K103 (or 04IN)

Titration l. Titration 2. Titration 3.
0.0 0.0 0.0
39.0 3940 29.1

K103 3940 cec 39.0 cc 39¢1 cc

-
o o average volume of Kl Ojused = 39.033 cc.

Now Vi N = V. N, (vol. x normality)

o o 39.033 x 0.1 = 10 x lz
Na = 0.39033
hence prams hydrazine = 0s39033 x Eg_

= 301226“ Bhle

Alternative method of calculation.

e o 39,033 ml of Hq_—?_ 39,033 x 000008013

= 0,031277 gm N Hyim 10 cm® solution

e o in 1 litre of NyH,solution there are
3,1277 gms of hydrazine.



Preparation of diluted hydrazine solutions.

lppm = 1lgu im 10cm

. . 3.127? gms ilﬂ.03 cm

ie 341277 x 10° ppm
10?

i.e. 3127.7 ppm.

The standard soiution was then diluted to give a number of

solutions in the range 0,021 = 1,00 ppm, colour reagent was

added and the sample compared with the standard blank solution,
From the results a table of % absorpancy and corresponding hydrazine

consentration was constructed ( table A2.1 ).
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TABLE A2ele

Hydrazine Concentration

% Absorpancy (100=j

Average

Ppile

Transmittancy)e.

swbsorpancy) .

0,021

0,042

0,062

0,083

0.104

0s125

0.20

0,40

0460

0.001

1.00

975
10.25
10.75

19.0
19.75
19.5
19.75
20,0
2065

28.0
2775

3540
3640
3565

4145
4Q¢5

48425
4845
48,0

62.95
6175

8745
875

94425
94475
94e5

no
o

9845
98.5

995

- 995

10.25

19.75

27.875

41 .0

47.125

62435

875

94e5

9845

99.5
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Flowmeter calibration results.

Table A3.1 Calibration values for FP «1/16 =« G = 5/84 flowmeter

( Tantalum float ( demity = 16.6 gm en® ) )

A = 13, B = 136, N = 1599./1-'780.00975.(30#-0.000716

cale C value Flow at762 mmHg Flow at 762 mmHg
Reading at N = 1599 | and 15.6 °C and 15.6°C
(gm min:') (em? seel’ )
1. 0,0063 0,009341 0s21744
2. 00140 002076 0.48320
Se 0.0290 040430 1,00090
be 0.0450 0.06672 1.55300
Se 00680 010080 2434600
6e 00920 0e13640 3,17510
7e 01155 0.17125 3498630
Oe 041390 0420610 4479750
9. | 0.1615 0.23950 557500
10. 0,184 0627810 635000
& 0.208 0.30839 717850
12, 0.232 0434398 800700
13 062625 0438920 9.0600
4o 042930 0o 434418 10.11220
15 0.3240 0.180381 11,18210
16. 0e 3550 052634 12,2520
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Table A3,2 Calibration values for FP « 1/16 « 10 - G = 5/84

flow meter. (Stainless steel float. (density 8.02 gm ey ) )

A = 1"’3’ B = 1}.6. H = nll.h"/‘m oz 0.00975’@0’7 = QQOOU716

Scale C value at flow at 762 mmHg and | Flow at 762 mmHg and
Reading No= 1111.4 15.6°C(gm. min:') 15.6°¢(‘em? gecst)

e 060044 0004534 0.106

ke 0.0170 0.017520 0,408

Se 0.0290 04029890 0.696

6e 0.0470 0048440 1.128

7 00680 0070100 1.632

8. 0.0920 0.094800 « 207

Fe 0.1170 04120600 2.807

10, 01420 0.146340 3.406
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Table A3e3. Calibration values for FP « | = 20 = G = 5/84 flowmeter

(5tainless steel float. ( density 8.02 gm cii’) )

A = 40k, B = 76,8, N = 3140.0./4»: = 0.00975, forr = 0,000716

Scale C value at Flow at 762 umig Flow at 762 mnig
Reading | N = 3140,0 | and 15.6°C{gm miny ) | and 15.6°Clcm’ secy')
6o 0.098 045703 13428

7 0.121 047040 16439

e 0.143 0.8320 19.37

9 0.171 049950 23416

10. 04200 1.1640 27.10

11, 0.226 1.3150 20.61

12, 0.252 1.4670 34415

13, 0.279 1.6240 37.80

1k 04306 1.7810 41,46

15. 0.330 1.9210 4l o 72

16, 0. 365 2.1240 49 Lt

17 0e395 2.2990 53452

18, 0.425 2.4730 57457

19. 04456 2,6540 | 6178

20. 0.486 2.8280 65.63

Example of flowrate calibration procedure.

FP @ | @ 20 = G = 5/8k4,
Stainless steel float density 8.02 gm. e’

From table 7, page 12, Fischer & Porter Handbook 10A9010

For tube diameter ," A = 404, B = 7648

/""T-/Msv + ( temp. coefficient ) (T = 70 )

from table 6, page 9, F & P Handbook

Temp, coefficient = 0,000019
s @ Mot = 0.,00994 + (04000019) (60-7C)




o 149 =

/40?7' 0.00975
/Jm = 0,000716 ( 762 mmHg and 60°F )

, £
/..”A..; ((ff pl)/;oﬂ )

308

000975

3139846

@ 762 mmHg and 15.6°C.

o
]

((8,02 = 0,000716) 0.000716 )

N

i

Using the float characteristic curve ( Fig. 10, P 13, F&P

Handbook) for (" = 20 values of C can be read off at N = 3140

and tabulated in column 2 of table A3.2.
From equation 7.31
furpur

values of ¥ ( §m mins') can be calculated and are tabulated in column

F = c.a(ﬁa;

3 of table Ad424

0.098
00098 X 7608 ( (8102 -

For C =

F = 0,000716 ) o.ocmwft

F o= 0.570% gm min
Converting F to cnf sec”

0.0703 =
60 x 0.000715

F x1 B 13.29 eni sec’

EOxp

Table AZ.‘\‘ Calibration values of FP = 5 = 20 = G =5/84
using Soap Bubble Manometer.

\
Scale Pressure Volume Time Flow at 762 mmHg and
Reading (mnHg. ) (em? ) (sece) 15.6°C(cm> eec?' )
7e3 802 200 11.7 18.1

175 940 300 9.0 41,1

18.0 975 450 10.0 575
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Appendix 4,
Tabulated Results,
w

Reactor | Run |Press |Flow Current Voltage | Ve Vp L r x 10’ (rx10° )p? Z
No. |(mmHg) |(em’seé') (m.amps) | (volts) (volts) | (volts) |(em) (gms ca sec' )| ¥8

Table #4.1

large l. | 9.5 1.84 109 650 457 181.4 5.82| 4,07 29644 8.76
2e | 945 1.84 109 650 457 181.4 582 | 4.88 35589 8.76
3¢ | 945 3611 108 660 457 192 5¢83| 9.08 23205 5.0
be | 945 Jell 108 660 457 192 5.83| 7.92 20240 540
Se | 945 k50 103 690 457 222 5.83| 10.60 12894 3.25
6e | 9.5 737 100 710 k57 2h2 5.83| 18.90 8594 1.92
7e | 945 10,24 99 720 457 253 5683 | 27.40 6469 1.32
8« | 9.5 - 12.53 98 725 L57 258" 5.83] 32.90 5179 1.06
9« | 9.5 15.18 97 730 457 263 5¢83| 35,20 3780 0487

Table Ak bk

Large 10.| 9.5 575 87 710 455 2y 5¢83| 15.70 11734 2456
11.| 9.5 575 87 710 55 2k 5¢83| 15.50 11625 2456
12.| 9.5 5¢75 152 690 L6 218 5.83| 12.50 9482 2¢25
13e| 945 575 208 630 Loe 203 9.33| 10,55 8500 212
Ve = abnormal cathode fall of potential = QDY (*p)y™ ( Ly
Vp = potential difference ~cross positive column, (F°C) (F*C ) (D)

r = nett rate of form-tion of hydrazine in positive column,

e



Table Ak.7.

Reactor | Pun Press Flow Current Voltage | Ve L ja L e 10' i (r:l&f,L? Z
Noe (mmHg). | (co®sec' ). | (meamps) | (volts) | (volte) |{wolts) | (em) (gms cwi sec | FC

Large 1, 70 10,32 149 670 472 181 50k 32458 4848 0.87
1. 9e5 10,32 140 710 460 239 5483 23.82 5540 1.19
16, 945 10,32 140 710 460 239 533 22466 5261 1.19
17 12.0 10,32 138 720 507 202 6.0 3735 11271 1.72
18, 12,0 10.32 138 720 507 202 640 36.61 11048 1.72

Table AYL

Inter- | 20, 9.5 0470 4y 615 463 141 2.58 273 19079 3.32

mediate,

- 21. 95 0.70 ek 615 LE3 141 2458 277 19342 369k
22, 9e5 © 117 43 620 463 146 2458 5243 13092 2427
23e | 965 117 b3 620 463 146 2.58 49.3 12337 2.27
2, 9.5 1.89 43 625 L63 151 2458 7249 6983 1.35
25e 9.5 2481 Ll 630 463 156 2.58 104,7 4539 0.88
26, 9.5 2.81 L3 630 463 156 2.58 110.6 4796 0.88
27 95 373 42 635 463 161 2.58 118.2 2903 0.65
28. 9e5 4,73 L2 640 463 167 2.58 139.1 2128 0.50
29« | 945 Se7k 41 650 k62 177 2458 16346 1700 0.61
zp abnormal fall of potential
P

potential difference across positive column
nett rate of formation of hydrazine in positive column

t e

R



Table Akl.S

Reactor | Run | Press | Flow Current | Voltage | Ve Vp L r x 10° (r x1&)D? z
No. | (maHr)| (en’sed ) | (m.amps) | (volts) | (volts)| (volts) | (em) |(gms oii’ sea' ) FC

Inter= '

mediate. 30. 95 3677 23 635 456 168 2.58| 117.4 2821 0.75
3. 9.5 377 Ly 640 463 166 2.58| 128.8 3104 0.63
324 2.5 3.77 63 650 k70 169 2.59| 11642 2807 0457
33e 9.5 377 63 650 470 169 2.59| 123.1 2971 0.57
Bhe 945 377 106 €40 485 [ 2.60| 110.4 2680 051
35 95 377 106 640 485 i LT 2.60| 108.4 2631 0.52
6. | 95 | 3.77 145 640 499 131 | 2.60| 9.3 2289 0.49

Table A‘+.8

Inter= )

mediated 37. 4.0 2.6 39 610 524 75 1.80| 122.1 2200 0o lilt
38, 4,0 2,56 39 610 524 75 1.80! 127.7 2300 Ooith
39, 72,0 2.36 38 620 472 127 2.36| 99.1 4092 0.76
50, Ge5 2e36 37 630 472 147 2:59| 85.8 5291 1.12
k. 15.0 236 35 670 453 206 2:82| 773 8195 1.88
42, 20.0 2.56 35 680 451 213 2.93| 69.3% 10161 2.72
43, 20.0 2.% 35 650 451 215% 2.93| S4.6 8012 2.69
ve abnormal. cathode 1all ol potential
Vp

potential difference across positive column

nett rate of formation of hydrazine in positive column

( wot)ye ( p* r™
( F*C )

( FC)

(D)

(L)%

- Ghl -



Table A‘ia 2

Reactor| Run |Press. | Flow Current Voltage | Ve Vp L r x 10°® ( r x1¥)D? 7
No |(mmHg) | (en®se?d ) | (m. amps) | (volts) | (volts) | (volts) | (em) | (gms cu’sed') | — +C
Small. hli,| 9.5 Oe1 28.0 570 486 73 0.98 153.1 3853 1,16
b5.| 9.5 0470 28,0 580 L86 83 0.98 287.C 2478 0.65
b6e| 9.5 1.13 28,0 580 486 83 0498 388,0 1285 0439
b7.| 93 1.63 270 580 486 84 0498 5493 875 0e26
b3e| 95 1.63 27.0 590 435 ok 0,98 59440 946 0,25
49.| 9.5 1.63 27.0 580 485 84 0.98 5423 864 0.26
50s| 945 2421 28,0 580 486 83 0.98 74540 645 0.19
5% | 95 | 281 28,0 580 436 83 0.98 83047 L5 0.15
52.| 9.5 3.1 28.0 580 L36 83 0,98 11535 420 Oel2
Table A4.6
Small 53e | 9e5 1.63 175 570 45k 105 0.95 55245 $00 0.28
She| 9.5 | 1.63 17.5 570 L5k 105 [0.95 | 531.3 950 0428
55| 945 1.63 21.0 580 477 92 0.97 60649 956 0.27
56.| 9.5 1.63 29.0 580 483 41 0.98 60344 961 0e27
57« | 9¢5 1.63 50¢5 590 517 62 1.01 43947 722 024
58e | 9e5 1.63 68.0 590 541 38 1.03 476.9 798 0.25
Ve = abnormal cathode fall of potential
Vp = potential difference acro s positive column L o=
r =

nett rate of form:tion of hydrazine in positive column

FiC

HD‘ )-MJ (Etp )o-'ll (L)'o-ﬂ'
) (F=C )

(D)

-9’7'(-



Table Ah.g.

Reactor | Run [Press. | Flow Current | Voltage |[Ve Vp L r x 10% B (Ec_!f_)_lf 4
No. |(mmHg) | (cnsec ) | (me.amps) | (volts) |(wolts) | (volts) | (em) (gms em sec ) P
Smalle 59. | 3.0 1.63 28.0 560 548 1.0 |0.125 4629 ? 0.25
60e | 5.0 1.63 28,0 560 Sl 540 | 0450 1078 460 0.26
61« | 9.5 1.63 27.0 580 485 84 0.98 52546 453 0.26
62. | 15.0 | 1.63 27.0 580 463 106 | 1.20 45k 42 1398 0.4
63« | 20.0 1.63 2645 590 456 123 1¢31 3775 1691 0.50
Table Ale1lO.
Large. 6he | 5.0 1.13 96..5 620 L78,3 130.5 | 53 35 32430 714
65. | 5.0 | 1.13 96.5 | 620 | 478.3 | 130.5[5.3 2.87 26558 | 7.4
66e | 50 be35 21.0 620 51442 e | 563 17.22 10776 4435
67. | 5.0 4,35 21.0 620 514,2 9.6 | 5.3 17.48 13113 k.35
68 | 5.0 3.11 97 630 47845 40,3 | 5.3 18,05 22086 5¢32
69« | 5.0 3011 97 630 478.5 14043 | 5.3 19.13 23400 5e32
70. | 9.0 1.69 138 650 461.3 177.5 | 5«8 6.83 55701 12,22
7 | 9e5 3.68 156 650 461.5 177.3 | 5.8 12.9 23472 9.84
72¢ | 965 575 13645 700 459.8 229 | 5.85 2h o2k 18210 7.97
73« | 10.0 | 1.69 177 645 461.8 172 | 5.87 5406 46440 12.68
74e | 10,0 | 1.69 93.0 660 455,2 193.6 |5.86 8.48 77630 15.2

- il -



Table A4,10. (continued).

reactor Run | Press.| Flow Current | Voltage | Ve Vp L r x 10° (rx10%) D3 Z
No, | (mmilg)| (ord sec') (m.amps) | (volts) | (volts) (volts)| (em) | (gms. cn':’sec') ~rC

Large 75« | 10.0 2.9 138.5 660 455.8 190 5.86 - 13.53 42119 10,59
76e | 15.0 | 14.0 118 730 452 266.8 |6,07 55.98 1618 10,86
77 | 17.0 | 20.0 116.5 740 451 277.8 |6.12 59455 6917 11.46

Table A4,11,

Intere

mediate. | 78. | 5.C 1.13 99.5 600 573.4 1Bl |2.17 89.28 10587 1.59
79. | 5.0 0.88 58.5 600 521.9 67 2,08 7615 14274 1.29
80s | 840 1.13 6145 625 478.2 135.6 |2.47 74445 16514 1.77
81, | 8.0 2.21 62 620 L78ek 1304 |2.47 15517 8760 Te446
82. | 9.0 1.13 95 630 484,8 134 2.57 66.15 163844 1.87
83 9.0 1.13 49.5 620 467.1 141.7 |2.55 79.08 19836 2.2
84e | 940 1.13 49.5 620 467.1 14147 | 2455 77417 19359 242
85 | 9.5 0.41 45 615 463,6 14042 | 2,58 «30,69 62453 3.45
86s | 9.5 1.88 47 630 464,3 1545 2458 127.29 12320 1.98
87. | 10.0 | 2.50 35.5 635 459 164.8 [2.61 170.65 9945 2.04
388+ | 10,0 3677 38 640 460 168.8 |2.61 248,17 6361.5 1.75
89« | 10.0 | 3.77 38 640 460 168.8 |2.61 237.19 6081 1.75
9. | 15.0 | 377 3845 630 453 215.5 [2.82 212,19 3855 2.7




Table A‘+.11= Scontinﬁedg.

Tl | o | (e ] Dot e e o ety | B

Inter=

mediate| 91, 15.0 377 38.5 680 453 215.5 2.82 205.9 8555 2.7
92, 17.0. | 20,05 13545 710 462.6 2%6,2 2488 | 796.5 1362 1.27

Table AL,12,

Small, | 93, 5.0 1.13 105 570 553.8 | 5 0s52 | 844,.3 785 0.28
9h4 5.0 | 0,88 63 560 543.8 | s 0.50 | 1026.8 1508 0.3k
5. 5¢0 0.88 31.5 560 543,8 5 0.50 | 851,9 1254 0.41
9. 540 0435 3145 560 54348 5 0.5¢ 918.3 1350 Okl
97 740 1.13 93 570 5539 5 0.83 642.0 1332 042
98, 5e0 l.13 675 570 48, 10 0.93 | 766.7 2033 0446
9 1«0 2.21 67.5 570 548.8 10 0.93 1248,3 867 0a36
100, 940 1.13 107 560 543,8 5 1.0 57549 1851 0.56
101, )0 1.13 53 580 529.1 397 0.98 594,.8 1874 De38
102, o5 Dol 48.5 570 51448 ledy l.01 212.95 5540 0.58
103, o5 3ol 14,5 570 45748 e 096 2043,6 731 0.29
104, Jo5 1.88 o5 590 5173 | 61,5 1.01 | 9%61.8 1191 De31
105, | 9.5 | 1.13 16.5 590 4705 | 103.3 | 0.97 | 728.4 2399 0.43
106. | a5 1.13 17 570 471.2 | 87.6 0s97 | 728.4 2399 046

- ol =



Toble A.4.12, (continued)

Reactor |Run | Press. | Flow Current Voltage | Ve Vp L r x 108 : (r x108)D0° pA
No. Kmmilg) (crdsed' ) | (m.amps) | (volts) | (volte) | (volts) | (em) (zme enfi’sec) FC
Swmall, 107.| 9«5 2.58 275 580 485.7 83.1 0.98 1680.0 1073 030
1084 9.5 1.63 1265 570 46449 9349 0,96 1347 2109 Oek3
109, 10,0 1.13 63 580 5262 42,6 1,05 £79.1 2544 O.41
110.| 15.0 254 30 590 béh b 114k 1.2 11565 1475 049
111,| 15.0 2654 30 590 LGl o it 11heh %1e2 115665 1475 0.49
112.| 19.5 341 29 610 4753 11.5 1¢3 Bl gl 1260 0459
T“bl' AL‘. 1}.
Large 1. 9e5 737 100 715 457 207 583 | 1130 5150 2.0
Je 9.5 15.18 100 730 457 222 583 16,76 1800 0.91
b, 9.5 15.18 140 735 460 264 5.83 6452 700 0.77
Inter =
6. 9.5 377 145 620 49845 110.5 2.61 48430 1168.0 Q49
7 9e5 12.82 63 615 L7720 134 2459 130.0 270.0 0.15
8e 95 12,82 145 630 598.5 | 110.5 | 2.61 | 98.0 205.0 0.0%
Ve = ab ormal cathcode fall of rotential
Vp = potential difference acrosas vositive column
r = nett rate of formation of hydrazine in positive column
& n J*¥C D P Lyt

¢ g

~»

) (7C )

(D)

-OQL-



Table ALFQ

13 (econtinued)

Reactor | Run | Press, | Flow e Current Voltage | Ve Vp L r x 10° (r x®¥)p? Z
No |(mmHg) | (cm®sec’) | (meamps) | (volts) | (volts)| (volts) | (em) [(zms cm sec' ) ¥C

small e 95 1.63 17.5 615 L5k 150 095 70.9 106.,0 0«25
10. | 9.5 1.63 27.0 605 L85 109 0.98 63,3 97.7 0.24
11. | 9.5 3¢ 1745 615 4504 150 0.95| 393.6 134 b 0.17
12 | 945 3e41 270 605 485 109 0.98| 231.8 81.7 Oell
Ve = abgormal cathode fall of potential
Vp = potential difference across positive column
= nelt rate of T

=011

= (gp* )™ (
65%57‘ (

(Ly°s
(D)

forration of hyurazine in positive column

p*p §7"

- LGl -
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Appendix 5.0
Dimensional Analysis

The hethods of dimensional analysis aye of very wide application
and are especially valusble in the study of phenomena which are
too complex for complete t!.oretical treatment. There is little
doubt that chemical synthesis in a glow discharge may be
classified in -this catepory and thus lends itnmelf ideally to

study by dimensional analysis.

, Dimensional analysis may be defined as a study of the restrictions
placed on the form of an algebraic function by the requirements of
dimensional homogenity. iore simply this means Llat dimensional

analysis indicates the poussible ways of croupin: the magnitude

of thosephysical quantities which the investig: tor hs: supposed

relevant to the phenomens under study. It is important to note

that dimensional analysis cannot tell the inveslipator whether the
quantities he lists are in fact relevant,

Dimensional Formula.

‘Tho fundamental magnitudes Mase (1), Length (L), interval
of time (I') and electric charge(3i), have been used in this study.
The choice of electiric charge was purely arbitrary. ' The
magnitudes of magnetic permeability of free Bpace'ga.). the
permittivity of free space ( £, ) or electric resistance could
equally have been chusen.

In table A5.1 the dimensicnal formula for tie selected discharge

parameters are listed.



Table AS.1

Jjuantity Symbol vimensional Wormula
Llectric Current I ( g ')
Potential difference across the
length.of the positive column,. Vp ( M L?I-ttd)
. 2 (,: -1 )
Vclumetric flow or reactuut gase F LT
i i (wir™ )
Pressure in reaction zone. P i L T
Concentration of reactant gae in
positive column (s (m1? /
J
Diameter of reaction tube D ( L
Length of positive column L (v )
B S
Nett rate of hydrazine formation. r ( L T )
in positive column,

Analysis
ros o f (W) (D W

Fo

substituting dimensional formulae

-3 = - = ok
MET a ¢ (METG) (@I Qf (L

Balancing the exponents of LI and {
Q) 0 = - a8 * b .
M) 1 = a + £ .+

2a + ¢ + d +

L) =3

t) =l ==2a - b - e = 2f

Lliminating e gives

=% «2f + 1

gives =
ca + ¢C

+ 4f - ¢ - 3

elimimating d
-3
i d - La

+ d - 92 + 3 -

6f

o @ @t ©)?

s

)¢ (MLTY)F (L)

f - 3g
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Thue r = FC o (Vp IDEL, D*P) (A 5-1)
D3 (F3ic D 7 )

Agsumine an exponential relationship

rD . K (vp_ 1 D* (1) “p)¥ .
F C (( 73C 5‘5? (']()w_ljg)) e

Although ecuation (A5-2) has been used to correlate the
experimental results obtained in the present study, it should be
noted that ecuation (A5-1) may be rearranged into a number of

other ecquations which might also have been used to correlate

the experimental data. Thus for example rearranging equation

(A5-1) by replacing Vp I D' with the quotient of Vp I D and D*P
. FIC F*C

™
yields;
rD = f|(.P__V I'Q'P:f)
F C (FP D TF*C

It is interesting to examine the possible physical significance
Thus the group f'fgmay be rearranged to give

of these groups,
FC

r Zr):I - r
FC

C

1
D3
For the experimental conditions used, the specific volume of armonia

pas ( reactant gas ) may be assumed to be constant, and it follows

therefore that the group F C is a function of the armonia space

velocity. Thus r D is the ratio of the nett rate of formation of

hydrazine to the armonia space velocity.

The primary activation of a molecule ( armonia ) in a discharge
depends upon the energy imparted during an inelastic collision
(i.e.{'gE ) and the frequency with which collisions occur

(i.e.§f (J,T) ). The group Vp I may be rearranged to give
FP
Vp I = E.IJ.X'T
F P P
and thus it follows that the primary activation of a molecule in a discharge

is a function of the direncionless combination Vp I''. -

In the context of this study 'primary activation ' refers to the
decorpositior of ammonia molecules into amine radicals. These amine
radicals react in two principal ways, either in the gas phase ( to form.

hydrazine ) or at the surface of the reaction tube ( to form products

other than hydrazine ). The dimensionless group DYP may be rearranged to yield
FC

D'Pu PO (FC)
C F (1)

where the pgroup E C is a function of the 'translationnl' space




Velocity of the amine radicals and the group P D is a function of
 a

the ' diffusional ' space velocity of the amine radicals. More

simply the dimensionless group P;g is a function of the:ratio

F
of the resicence time for the reaction of amine radicals to

form hydrazine ( in the pas phase ) to the residence time for

the reaction of amine radicals to form products other than hydrazine
( at the surface of the reaction tube ).

Finally it was noted in chapter 5.0 that the rate of
destruction of hydrazine by atomic hydrogen attack cdepends upon the
concentration of atomic hydrogen in the reaction zone {£2& phase). The
concentration of atomic hydrogen in the reaction zone will depend upon
the rate of diffusion of atomic hydrogen to the rea%tion tube surface

and also upon the (activg) area of the reaction tube surface which

is available for the recombination of atomic hydrogen (ice. the surface

area of the reaction tube occupied by the positive column of the

dischargce ). Thus it follows that the rate of destruction

of hydrazine by atomic hydrogen will be a function of the

dimensionless combination L.
D
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Appendix 64.0.

fethod of estimation of the abnormal cathode fall of notential

and the lergth of the positive column,

For a dec glow discharge operated in the abnormal mlow recion

Von tnzel (1955)has shown thecretically that =

Ve = f ( Jp*) and d = £ (Vc) where
Ve = the abaormal cathode fall of potential

J = the current density

]

P pressure
d = width of cathode dark space.

A number of investigators { including wolf (1939), Guntherschulze (1930)

and Penning (1957) ) have chown th-ot over a wide range of currcat

density and precsure for most gases and electrode materials the

relationship between Vc and J5° is of the form -

Ve = m (Jp*) + C where C = a constant

and

dp = m (Ve ) + C, where C) = a constant

Estimation of potential difference across the positive columm.

For a dc glow discharge operated in the abmormal glow rcgzion the
total potential across the discharge may be assumed to be the sum of

the abnormal cathode fall of potcntial, the anode rall of potential

and the fall of potential across the positive columne Thus assuming

the arude fall of potential ( which is normally very small ) to be of

the order of magnitude of the ionisation potential of aumonia i.e.

11,2 volts,
V = Ve « Vp + Va

where V is measured experimentally Va 11,2 velts and Ve is estimated

below.
Thus Vp may be calculated from =
Vp= V « Ve - Va
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Lstimation of Ve,
In table 4641 values of Ve and J p ( for a glow discharge in

ammonia gas ) obtained fiom the work of Ouchi (1952) are recorded.

These results are “lotted in Fig. 46.1 which illustrates that a

linear relationship exists between Ve and J p*. TRegression analysis

of this data yielded the equation -
Ve = 61.40 J §* + U47,90

which has been used to calculate Ve for #ll the eiperimental results

reported,
rgtimation of the lenegth of the positive eolumn,

The length of the positive colunn in an abnormal glow
discharge may be estimated as the Histance between the electrodes

minus the distance from the cathode to the edge of the positive

column \ catrode end )e

In table A6.2 values of Ve and dp ( for a glow discharge in
sumonia gas ) obtained from the work of Ouehi (1952 ) are recorded.

Fig. A6.2 shows a plot of these results illustrating that a linear

relationship of the form -
d-p = - 0.0008 Ve + 0095%

exists between dp and Ve, Thus if Ve is known (estimated) then d

may be calculated for any pressure.
In an abnormal glow discharge the ratio of the distance bot.sen

the cathode and the point at which the positive column begins and

the length of the cathode dark space is a constant, Inspection

of Ouchi's data shows that the value of this constant is 10.7.
Thus the length of the positive column of a discharge operated in

the abnormal region may be estimated as -

L = Inter-electrode distance (1)
wh .
i d = (0,953 = 0.,0008 Ve ) p~
This relationship hus been used to estimate L for all of the

~ 10.87 d

experimental results reported.
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Table AG
a2,

o1

~
'

Pressure

Current

(mmHg) (milliamps)
10 15 20 25 %0
Jp=+ | Ve Jp> Ve Jp=* | Ve Jp* Ve |Jor Ve
\;_.M, (volts
2 L4 ‘l U:') ‘7" / Je ‘)7 (.45’1) ’7.(1‘& ()“f(’:-‘ ')055 -
3 o1 012 557 2403 07 Slb | 657 [4e24 700
L 0«30 471 1.19 514 1.59 | 546 1.99 | 586 [2.39 614
Sa Oe61 L6k D676 37 1,02 | 521 1,27 | 650 |Le53 575
6 o35 | 458 0.63 +75 0.71 | 504 | 0488|529 |1.06 557
7 0e20 450 Oe 39 Lol .62 | 479 0,65 | 507 |0.76 529
o] )e 20 +9 Yo A +50 040 | 471 0e50 ; .60 507
9.5 Calh 440 Oe21 45 0e28 | 452 0.35 | 473 |0.42 487
Table Ab.2
Fressure Current density
( mmilg) (milliamps cif™)
12,73 19,10 25,46 31487
dp Ve dp Ve dp Ve b Ve
(C £ (Vf)lb
3.13 U'D ;‘37‘7 OOQ’? 5670{ Oet? 7e5] Oat /"‘i?7-,c7
4420 0659 [49242 0.55 | 514elt | 0455 | 53645| 0450 55847
6«30 0663|4670 0,57 | 477" .57 | 148743|0e57 L9741
‘3.0 0064 Q()O. 0062*' L”:)UQZ 0056 1*7&.)..3 05 ) L*?B./f

10.0

0.60

45946




Specimen Calculation.

Run 1, Table 4Ak4el

Potential difference across positive eolumn,

Abnormal cathode fall of potential (Ve) = 61l.4 x current dencity + 447.9

( pressure )*

e e Ve = (1. x 122 X 'l + 44749
T X 3615.9:.5"
4

e e Ve = 95 + 11479

45744

.
.
<3
O
]

i.e, Vp = 650 - h57.4 - 11.2
1814

<<
<)
i

Length of positive column.

L = intere-electrode distance = 10,87 d.
where d = (0,953 = 0,0008 Ve ) p™
o L = 6.5 = 10.&7((0.9536 - (0,0008 x 427.4)) = 5,82 cme

( 9 5 )
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APEn% 7.0
Specimen Calculations,

AZe1l Nett rate of formation of hydrazine (r)

ilydrazine uroduced in a fun,

In all runz hydrazine was absorbed in 50 mls of ethylene glycol.
A sample of this material was diluted then analyscd for ppm hydrazine.

Thus if the reading chtained from the calibration curve was JC ppm

hydrazine then in t minutes
<
grams of hydrazine =Xx 10 x dilutien x 50 ( volume of ethylene glycol)

«"s nett rate of formation of hydrazine = ?ms. of hydruzine . 3
t x6C) secs x (WD°L) cm

CH )
wvhere U = reaction tube diameter
L = length of the prositive column
T D" L = volume of the positive column
E’
Jypical Case.
All typical case examples presented in thiz avpendix refer to
run nusber l,table A4.1.
X = 0,402 ppm velume of ethylene glycol = 53,0 mlae
D = 35,15 cm volume of analysis sample = 2.0 mls,
L = 5,82 cm volume of water and/or
t = 2 mins. colour reagent added = 20,0 mls. :
-6 , p
grams of hydrazine = 0,402 x 10 x 20+ X 50 = 2,2154 x 10 grans,
2
- -8 i
.*. nett rate of formstion of hydrazine = 2.2154% x 10 x 4 = 4,07430 gms
3 ) }
120 ¥ x 3.15z x5e82 cm sec

42,2 (r x 10°) O
FC

3
formation ofhyirazine x 10)x( diamsof eaction kule)

(r x 10‘2 0* = (nett rate of
e ( mronia flow st op. conditions) X (Concene. of avmonia gas)
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Iypical Case,
(r x 1

D = 3,15 cm.

4407 gm e sec,

F = 1.84 em’sec”’

C = 2.9x ld‘gms cﬁl(seen7.}).
(rxld5u? = 4,07 x 3,15 = 29644 (dimensionless)

C 1.85 x 762 x 2.9 x 10°
)

A?+3. Concentration of ammonia gas,

C = Flow of ammonia gas (E£> x density of ammonia gas (gms)
(see) (cm?

volume of positive colurn (ca’)

EZEical Cases

1.84 on’ sec

0.000716 gm cm™

e |
i

B V)
]

= 5.82 em
-<
C = 1.54 X CQQOO716 X Il' = 2.9 X lo Ema
cm?sec

T x 3415 x 5.82

A7.4. (vp 1 0%)
C F3¢ )

y " &
Vp I Y= (Voltage difference across positive column)(Current)(Diem, of reactiont: be)

p’c (Ammonia flow at operating conditions)’ x (Concentration of ammonia gas).

Typical Caae.
4 4
V’C ID = 18101“ x 109 x 3.15 - 2106? ( dimensionlesa).

£ (184 x 762)° (2.9 x 10)
9.5




A7.5 (D*P )

(¢ )

(D' ) = (Uiameter of reaction tube)? (Pressure in reaction tube)
(*¢c )  (Ammonia flow at operatin; conditions)*(Concentration of ammonia gas)

Exgical Case.

;':4-)- - 3-12* X _9¢5 = 1479 (dimensionless)
Fic ) (1. 8L4x762) (2. Ox10'®)
a5

AZ+6
L = Length of positive column (dimensionless)
D Diameter of reaction tube

Typical Case.

= 2.82 = 108“
5615
AZ.Z |
) 4 027 o 2 o8
Ezgé D 3 x g_féf%_f - s% ; (dimensionless)

Typical Casee.

<o %7 - o7l o -esd )
(21067 ) x (1,479 x 10 ) x ( 184 ) = 8476
A7.8
(Reduced electric field strength ) pose cole = E volts
D cm wunHg
where & = volts per cm of positive columm j.e. Vp
L
ical Case.
L = 181.4 = 3,30 ( volts pos. col.)
P 5.82 %945 (cm mmHg )

A7.9 Chromatography Resultse

Method of Calculation

a) From ammonia flow rate grams per minute calculate the number of moles

entering the reactor in unit time, say one minute.
Moles = grans = grams

Molecular 1
weight.
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b) From chromotography results -
a N, N2 H iy NH3a
2 y x 100 = (x+y+z) moles percent.

c) Calculate weight percent - assume onemle of gas mixture.

“edght of 0,02 =

Weight of N, = 0s28 y
Jeight of NaHgz 032 x
‘eight of NHi= 0417 (100 = (x+y+z) )

o
»
i}

therefore weight percent of hydrazine = 100 x/ Qe S2x
(0.17(100=-(x+y+z) )w.oa;m.z&ﬁ?;’&)

d) Let Y be weight of hydrazine obtained by analysis.

Let V be weight of ammoniz entering reactor

- : - _Y_ X lOO = OJZX X 100
W 0617 LO0 = (x+y+2z)+04022+0428y+06 32x )

¥

therefore solving for x gives mole percent hydrazine in gas mixture.

e) Partial pressure of ammonia in gas collection sample vessel

P x 100 =~ (x+y+z) = P NH,
100

z and y are obtained directly from chromotography results, x is

calculated as shown previously.

P = total pressure in gas collection vessel ( measured at a point

just down stream of reactor, i.e. just between the reactor

and the collection vessel).

£) Number of moles of ammonia in collecti-n ves-el.
time of discharpge (60 secs.)

n=_V x txFe where t = »
®T Vol " = "low rate at operating press. cnf sec.
" n=DPNLxtxF, Vol = volume of gas collection vessel
__J_-—RI' ¢ = pr of NI
P = Temp’C ( 20°C )
n = Ny x 60x(BoX 762)y . Gas constant
\ Fe2)y = Volume of gase

(273 + 20) x 0,08206 x 1000(litre) x 760(atmos)

n = 0,002501 x FSIP x PNH;
P

g) Moles of Nil;decomposed is given by #oles going into reactor - moles
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going out of reactor .

h)

# hydrazine formed from ammonia decompnsed

= pms hydrazine / 32 x 100

Moles ammonia decomposed

1= Calculation. Run los 50 (Ale3) and (A7.1)

1)

2)

3)

5)

Conversion based upcn ammonia entering reactor = 0,229
Chromatography analy is Hz = 2,254 No = 05%

. . : y —« . =

Hydrazine analysis 2.1725 x 10 gms min

Ammonia entering 0,095%8 gms mir'

Molal % hydraozine

06229 = 32x L
0617 (100 = (x+0s5 +2425) + 0402(2.25) + 0.28(0.5) + 0.32x

0e229 = 32x '
16. 7175 + 0415x

x = 0,119763%

Partial pressure of ammonia in collection vessel

Reactor operating pressure = 965 mmig

*e pNHy= 9.5 x (100 = (2,25 + 0,5 + 0.119763))
100

PHs= 9.5 » 0.9713
Plilig= 9422735 mnmHg

Number of moles of ammonia coming out of reactor.

n = 0002501 x ¥ x Piills

P
= 0,002501 x 2207 x 9.22735
9e5

= 0,005361 Holes

Moles of ammonia decomuoseds

Moles in - lioles ont

Oa 2&8 - 0.00§§§1
17 '
i.04 C.005576 - 04005361

ioe. 0.000215
i.8¢ 2.15 x ld' Moles of ammonia decomposed.

7 Hydrazine baSed upon ammonia decomposed.
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261725 X 10-" - moles of hydrazine formed
X 32
2.15 x 107" - moles of ammonia decomposed.
= 6.289
2e15

Ze15%



Table A7.1

4 ]
: % NH
Run | Pressure | Flew 4 NaHe H, peak |lole [N, peak |Mole #|Mole ¥ [Fartial press.|Moles of {Moles of |lioles of de;OZH-
No. | (mmHg) (gms min) | gmox10'height | Ha |neight* |N, Halle of Niin coll-|NH; enter—|NH;leav- |VH;decomp- msedrl
ection vessel. |ing C.V. |ing ©.V. |osed x 1C¢*
x 10 x 10°

50. 9.5 0.0948 21725 | 0.8 2¢25 08 05 0119583 9622735 54576 5e 361 2e15 3.86
56.‘ 9¢5 0,07011 1.8975 | 1.5 440 0.8 0.5 0.106%5 9025 12415 3876 2.4815 6,02
99. 8,0 04,0474 1.8400 | 145 | 4e2 | 1ed 0e65 [|0.076107 7 «606 5576 5247 5e29 590
100, | 9.0 0404545 06915 | 4e75 | 14.1] 10,7 holt  |0,00007 | 74335 27809 242299 | 5651 19.8
108, | 9.5 0,070111 |2,052 |0.40 |1.05|0.8 0e5 |015493 | 94338 te12L45 4,0 1.2415 3e71
Table A;.l

cont'd

pun | Moles of Moles of | Moles of | Hole % NaHg Mole & Ea liole % Na Jeight Nally

Noe | MaHgx 10° | Hyx 20% | N.x 10° from NH; de- based on 'Hj based or: NHs| based on NHs

composed. deconposed decomposed entering. .

50. | 64789 12,40 2.75 3415 5747 12.79 04229

56e | 549296 17.90 2.0k 24,40 72.13 8e22 0271

99« | 575 23410 3+50 1,748 70.21 10,64 04196

100 | 2485312 3970 12.40 Ce520 7205 2251 0,188

108. | 6.4125 k20 1,90 5165 33483 15.3%0 «293

* gorrected for air leakage.
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