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SUW1ARY. 

The effect of reactor size on the nett rate of formation of 

hydrazine in an electrical diBcharge in ammonia gas has been studied. 

Three geometrically similar reactor units , the largest of which was 

greater in volume by a factor of 6'+ :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. Evidence has been provided which suggests 

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

crentration of atomic hydrogen in the reaction zone . I.e, 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 cltOmiC hydrogen in a 

large scale reactor , by packing the reactor with a quartz surface ( wool ) , 

failed due to f i eld 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 identified. One of these was the 

constriction of the discharge zone into a narrow beam theroby nllowing 

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

early \\Iork was directed towards obtaining a sct of reactor units, in 



which the discharge occupied the entire v 'lume 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 

c) electrode material and electrode plofile 

d) the flow pattern of the gaseous reactant 

e) electrical and operating conditions - of \"hich 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 prinoiple ' could 

be applied to electrical discharges in which chemical reactions occur. 

The results of this investigation show that while discharge processes 

depending on single electron impact 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 -

where r : nett rate of formation of hydrazine 

D: reaction tube diameter 

F: ammonia gas flow rate 

C: ammonia gas concentration 



Vp : potential difference across the reaction zone ( positive 

column ) of the discharge 

I: discharge current 

L: length of the reaction zone ( positive column ) 

p: pressure in the reaction zone ( positive column ) 

a , b, c: constants 

~hich was derived using the technique of dimenSlr)nal 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 • abe . , ana consequently a small amount of work was 

carried out to inv stigate this phenomenon... '.ilie results of this 

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

due to u chane;e in either the catalytic and/or adsorption properties 

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

surface as as previously believed. 
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1 . 0 . INTRODUCTI N 

~ General Introduction 

The powerful reducing character of hydrazine has made it a useful 

analytical reagent . It may be used to separate and pr cipitate 

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 co t of 

hydrazine is a jor 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 developing agents , xplosives , 

insecticides , dyes , pharmacuticals and many other areas. 

Currently hydrazine is only produced commercially by the Raschig 

process ( first developed in 1907 ) in which ammonia or urea is 

oxidised by sodium r~ochlo~itp, in ~queous solutiou. Unfortunately 

this process involves a number of inherent expensive separation, 

purification and concentration steps which are necessary to obtain 

hydrazine which meets commercial specifications. 

The search therefore , for a reduction in the cost of hydrazine has 

moved towards the development of alternative methods of synthesis rather 

than im rovement of the existing process. 

At present methods of hy azine synthesis can be placed into three 

categories which are :-

1) eduction of cvmpounds containing a nitrogen- to-nitrogen linkage. 

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

3) Decomposition of ammonia. 
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In the last category hydrazine has been obtained by pyrol ysis 

photo- decomposit ion. electron bomb rdment and t Ile action of an electrical 

discharge. Of t hese methods the discharge route appears to have more 

commercial potentialities because vf t !J.e l CiJer energy coats involved. 

In the past the use of electr ical discharges for chemical synthesis 

has received limited commercial exploita tion. though this means of 

chemical synthesis has been recognise for over one hundred ye re 

its use h'ls bee.n confined to the product ion of ozone ( first synthesised 

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

hydrocarbons to give olefina and ac tylene . More r ecently it has 

found application in surface polymerisation processes for the coating 

of metals and plastics. 

Wi der commercial develo ment hO~/ever without doubt has been hindered 

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

in the di s charge and the actual discharge itself. '.rhis lack of 

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

1 . The disch rge reactions and the actual discharge itself 

are extremely complex. When a molecular gas i s 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 . 

2. The electrical and chemical characteristics of the dischar ge 

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 occuri ng in the gas phase. 

Not only does t hi s add to the complexity of the discharge, 

but also it makes optimisation of di scharge chemical synthesis 

ext remely difficult if not impossible . 
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3. There i s an abs ence of fundarnent a dischar ge data . f for 

a particular chemical synthes is infor mat i on s uch a s the 

particle ener and density dis tributions , the processes 

involved nd their r a tes and cross sections was available , 

then it would be possible t o predict the effects of the discharge. 

In pra ctice very little of this information i [ known , and 

only a sm, 11 amount of t hat which i !mown, i s applicable to t he 

conditions no a l ly found in COl'1mercial di s charge reactors . 

4. There has been a l a ck of systematic investi gations . Vespite 

the numerous investi ·ation of the past , only fraction ha ve 

helped to clarify the effects of disc rge and operational 

v riables upon chemic 1 reactions. Ap t from the factors 

outlined above the main reason for this , has been that in the 

p t no syst tic studi s were carried out in which all of the 

vari bles hich effect discharge chemical synthesis , \/ere studied 

for a single syst m. 

In the last twent y 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 relativ coat of electrical 

power ( with the advent of nuclear reactors ) have occured which have 

significantly increased the commerci al potential of the dischar~e route 

of chemical synthesis . This haa 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 parti cular 

incr ased knowledge of the optimum conditions for the synthesis of 

hydrazine has established that both high conversions and yields of hydra zine 
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can be obtained ( .' Up to the present time however these 

co~ercinl1y attractive results have been achieved using laboratory 

scale r actoro and the way in which they depend upon Bcale-up 

par meters ha ... not b-en ter .ined. thiB 1& th object of tho expcri-

mantnl studies outlined in thistnesis which to th author's 

knowl dge 1s the first eYDtematic investigation of these effeots. 

charge 

e. 

The term as di~cn~r' is uS.d to d scribe the flow of e1 ctric 

current throur.h a. aaeoua medium. '!'hi requires tha t some of th gas 

partide shoul be ioni edt by eorn ean 1 nd th t there should be an 

electric field to drive the cll'lr.~ed rtic1es produced to form £i current. 

di ch go ant '01 co over 
./ 

and carry curr nt rc 11 

very vi 

bI 

range of pre .• sure 

b vnluos to over 10 

!'bree distinct types of ui.acharge can be form which are t 1e 

D rk or Townsend dioch rge. the Glow di '.charge nd the rc d' noharge 

(se Fig. 1 . 1 . ) . form of the e diachnrbes do en a to 8· 11 

extent on ..... hether ~ direct curr nt (de) . a1ternatin' curreu c) . 

}u h frequency (hI) , r dio frequency (r£) or icrow ve discoarge system 

i8 mploy d. or in other words on the frequency of the applied volt ge 

used. In addition , th typ ot di .. charg fOl'Cled vtiI'ies with th 

nature of the Sl~e t di naions of th re etor d the typ , 

size. par tion and t rial of t h. ctrud • 

The di'ch rgc syat m u. d in the carell pres nted h re \Ii a . d. c. 

glow di charge 'yetem d thi i n di cuse d in furthor detail below. 
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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 radiation. 

1 e glow discharge originates with the applied voltage acceler­

ating these electrons , which acquire kinetic ene rgy as they are attracted 

towards the positive electrode . Their passage throu h t he ~lectrode 

gap is interrupted by collisions with molecules aft er which the are 

re- accelerated towards the anode . 

As the voltage is increased 6 me of these electrons gain sufficient 

energy to ionise the gas molecules on collision. The ion produced 

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

emission when they hit the cathode. In addi t ion photons emitted 

as a result of ion- electron recombination and metastable atoms f ormed 

through colli i 0ns in tha di . char~e also extract electrons from t e 

cathode. These secondary emitted electrons are capable of furt~er gas 

molecule collisions , and t he sequence of events r epeats itself. As a 

result the discharge current i s increased i:J.i·d a point is reached where 

breakdown occurs and the self- sustaining discharge called t e Townsend 

or Dark discharge is formed ( see Fig. 1.1. ) . \" hen the applied vol taBe 

is further increased the current becomes large enough ( -v 10-1f Amp ) to 

bring about t he transition from the Dark discharee i nto the more complex 

form known as the glow discharge , and the potential across t he discnarge 

tube falls to a constant value. 

If t he g pressure is bove the arbitrary level of 20 mmHs , tile 

visible nature of th discharge alters into glo\Ying s treamers , or 

s triations and the term silent discharge i s used. If in this discharge 
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region the electrode surfaces are highly curved a non- homog neous 

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

plasma concentrates in this region formins a corona isch r e. 

the voltage i r ised still further the inten l ity of the visiblp. plasma 

increases and the discharge enters the bnormal region before passin 

into the hi~h current arc. 

n the nor 1 r ion of the glow disch,rge ( ~ig . 1 .1 . ) the cuthode 

glow covers only part of the cathode surf ce and the are covered 

increases or ccreas s in proportion to the curr nt flowing. \ hen the 

voltag acroso th tub begins to rise with increasing current this 

signifies that the electrode surface is co lei~ly covored by the 

cathod glo . At thi point the current density is no lonG r constant 

and incr ase with increa ine current . .Ihen this occurs' the disc lurt,e 

is said to have entered the re ion of the abnormal glow. 

In general the dc gloi discharge is ch 'cterised by the presence 

of a distinct series of luminous and dark zones ( see Fig. 1. 2. ) . One 

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

derives its narne . In ach of these regions of the discharge different 

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

may be consid red 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 excitationaJ collisions , with 

t subsequent emission of light . s a result of the differcnt physical 

characteristics of thes r gions , different chemical reactions 

proce d preferentially in one region or other in th discharge . In 

the case of the nitrogen-hydrogen discharge for example aomoni~ ~ 
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hydrazine are formed preferentially in the negative glow and positive 

column respectively. (Westhaver (1929) (1930) ) . 

As the voltace across the discharge does not vary linearly 

( because of space charge ) as a function of the distance from one 

of the electrodes , ( see Fig. 1. 2. ) the electric field in each of 

those 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. 1. 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 

bot h these species diffused freely to the tube walls a positive space 

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

i s 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 . 

diffusion. 

This is called ambipolar 

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 
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gain sufficient energy for ionisation in t his part of the discharge . 

as a result of the l arge random velocity they acquire by elastic collisions : 

rather than from their drift velocity gained under the ac tion of the 

fi~~ 

If the electrodes in the glow discharge are moved together 

the positive column disappears indicating that it i s not essential 

to the existence of the discharge . When the distance between the 

electrodes increas~the length of the negative zones remains 

unchanged while t he 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 Bufficiently 

large. 

As the gas pressure in the discharge is increased the negative zones 

of the discharge contract towar ds t he ca thode ( above 100 rmnHg 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 po~itive cul~n occurs. 

1.2. ; . Chemical Activation 

Activation in a gaseous discharge depends l argely on collisions 

of electrons and gas molecules . Essentially an electron can undergo 

two types of collision. which have been designP.ted elas tic and inelastic 

collisions. 

An elastic oollision 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 i s transformed 

into potential energy of the molecule. 
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In order to make an inelastic collision an electron mus t acquire 

sufficient energy to exceed the excitation or ionisa tion potential of 

the particle it collideswith. 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 prob-

ability of a certain type of collision ( Fig. 1 . 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 croGs- section , for example , ( ~ ~ ) is the cross-

section for ionisation ( see Fig. 1. 4. ) and similarly ( ~eJ is the 

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

collisions is simply the sum of the particular cross- sections for 

particular types of collision. 

Normally the electron energy distribution can be broken down into 

three different energy classes depending on the origin of the 

elect rons. In general the electrons from each of these classes 

predomfrantly take part in a particular type of reaction. 

The first group of electrons consists of high energy electrons 

e:utted from the elect rodes as a result of the impact of positive ions 

and other species. These electrons form the high energy tail of 

t he eler.tron energy distribution and are primarily responsible for 

ionisation in the discharge . In the second group the electrons 

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

they are i onised. These electrons rarely acquire enough energy 

to ionise gas 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 nolecular dissociation may occur with the consequent production 

of atoms ,radicals ,or ions . 

Similarly activation may result from molecular or atomic impact 

with fast ions and neutral atoms , t he l atter 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 small . In contrast although t he 

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 mos t instances 

activation arises from electronic impacts and ionic impacts play only 

a secondary role. 

Furthermore only a small fraction of electrons in diacharge have 

sufficient energy to bring about molecular ioni ation , consequently 

in regard to chemical synth sis , the primary ~useous processes of 

importance are excitations. 
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~en a mol ecule is excited by electron impact , the excited species 

or a molecular fragment resulting from its spontaneous decomposition 

( i . e. atoms , radicals and i ons ) 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 pararneters ,many different 

electron imp ct reactions may be occuring simultaneously, with the 

result that a whole spectrum of products exis t s . This is one 

reason why the chemical reactions in a discharge are so complex and 

s o diffioult to unders t and. 

In addition further oomplications 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 degr adation 

of hydrazine or its precursor, in an electrical discharge, may occur by 

both electron and atomic hydrogen attack. 

Consequent ly , the rate of synthesis of a particular product 

may depend not only upon the extent to which the distribution of electron 

energy in the di schar e coincides wi th the energy range required to 

initi te the primary r eactions which lead to the formation of this 

product, but 100 upon the attainment of favourable conditions 

which ensure t hat the species formed by primary reaction are 

consumed mainly in reactions leadin ~ to t he desired product , and also 

that no s ignificant loss of product occurs before it i s removed from 

tho di s charge zone and i solated. 
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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. thnt both the nature 

and I active area t of the reaction tube surface may influence the 

chemical reactioIBwhich occur. This is extremely important 

as the rati o of reactor surface area to volume varies in geometrically 

similar reactors of different size. 
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~ SURVEY OF PR:,VIOUS ":ORK. 

Normally the original investigation of a chemical process is 

carried out in the l aboratory on a small unit . Before chemical 

production of the process can be realised methods of increasing 

throughput must be investigated. 

In the case of chemical synthesis in electrical discharge 

reactors there are basically two ways in which this can be achieved, 

by reactor scale- up and by a step-up t echnique us ing an appropriate 

number of parallel discharges each of similar dimensions to the 

laboratory scale reactor. The work in t his thesis is concerned only 

with the f irst of these methods . 

A lar3e 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 situation would only be expected to 

arise if the following conditions were satisfied. 

1) The discharge i n each reactor was uniform occupying 

the entire volume of the reaction zone . 

2) hysical 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 t he react ion 

zone by the reactant gas . Thus a l arge proportion of the experimental 

work report ed in this thesis , involved the development of a set of 

reactor unite in which these requirements could be maintained over 

a wide range of experimental conditions . A discussion of t he engineering 

design critoria associated with this work i s prosented in the first 

ection of this chapter . 



- 14 -

In the second section of this chapter physical similarity and the 

application of the • similarity principle • t o electrical disoharges 

in which chemical synthesis occur is discussed. In the present 

study physical similarity is defined as similarity in the physics of 

the di charge. (The physics of a discharge determine the activation 

phenomena which lead to chemical reactions ) . 

inally in the third section of this chapter a summary of the 

chemistry of hydrazine formation a.nd destruction in a glo J 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) ) . 

so a small amount of work dealing with the effect of reaction tube 

size on the d composition of ammonia and the synthesis 0 hydrazine 

in a glow discharge is revie ed. Reference to photochemical and 

radiolysia ~tudies 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. 

~ Reactor development ~ e~~~~!!i~~S6ign and criteria. 

Thornton (1966) has put forward a classification of the 

different gas discharge reactors the main types of which are shown 

in ( Fig. 2. 1. ) . Two principal classes have been recognised . sins le 

phase homogeneous reactors and multiple phase heterogeneou reactors. 

Only reactor types of the firs t series in which a single aseous 

phase is present in the reactor were suita 10 for the work outlined 

in this thesis . and only these will be discussed. 

Of these . tho double electrode discharge (see Fig. 2.l(a) ) is the 

only re ctor which operates solely with dc power ( • continuous , or ' pulsed ' ) . 
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'rhe l'l1Qin advantage of using other types of power is t hat t he dischari4e 

is normally of a more uniform nature than t he dc glow discha.r ge. 

In the case of t he electrodless discharge ( Fig. 2. 1. (f) ) additional 

advantages may result from the fact that i t contains no me tal 

electrodes in the reaction zone . 

nle main disadvantages ( at the time this study commenced) of 

using power other t han continuous dc were: -

1) Although power measurement with continous de is reason~bly simple 

and accurate thi s i f not the c~se for alternative modes of 

power supply. 

2) In the context of this s tudy the use of other types of 

pOloi31' \; _·ill :i.ntroduce new factors ( for example , frequency 

if a h. f . discharge was used ) the effect of which little 

or nothing is known. 

3) ~ith 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 disch~rge r eactor was chosen for this 

study and the engineering design criteria discusoed is pertinent 

only to t his type of r actor. 

Once t he type of reactor to be used is decided . the next import ant 

step involves the selection of the correct electrode configura tion , and 

direction of flow of reactant gas , to meet the criteria of ' uniform 

discharge • and ' no reactant gas by-passing '. 

Thornton (1966) has det aileu the various electrode and flow 

arran.:Jements ( Fig. 2. 2. ) electrodes may consist of parallel plates , 
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co ial cylinders or a pair of points , whilst the gas flow m~ 

be parallel or at right angles to the plane of the discharge . 

In relation to the present s tudy some of these systems 

were not considered to be worth testing because of their inherent 

unsuitability. or example it is obvious that the point electrode 

configuration is associated with considerable and variable by- passing 

of the 'scharge zone. 

Co-axial electrode arrangements are normally associated 

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

electrodes is very different from unity , the field intensity 

will:.e higher aro L'nd the inner electrode, and the activation 

intensity of the discharge will vary across the interelectrode gap. 

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 field . Although this imposes 

severe restrictions it nevertheless allows the use of thio con-

figuration over a cer tain range of conditions . This is important 

as the use of co-axial systems in which the reactant flows trough 

the nular space between the electrodes is the simplest way 

of meeting the I no by-passing t req~irement . 

The choice of co~rect electrode configuration and direction 

of ga flow can be influe~ced 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 e1 otrio fields are set up about the e~lea of 

ttlectrodes unleos th.ey re Duitably profiled. To mininti. e this 

effect t.le phy ical ize of the electrode can be made v ry 1 r ge to 

help reduce the boundary to urface area ratio of the el~ctrode. 

'{ferent electrode ~h. pes show different effoct. An 

electrode sh pe of the no~zle type might lead to a decrease in 

discharge uniformity r 6ultin in incr ased by-p sing and v i a tion 

in a ctiv' tion intensity. Likewise a change in the discharg shape 

e •• venturi ,'h pe inata d of a cylin orieal one could h vo similar of:f'ct~; . 

In r sp ct to chemie 1 synthesis it is ioportnnt to note t~~t 

as w 1 8.' variation in discharge uniformity ( ieohl:1rge 'lcti vatioD 

inten ity ) and degree of • by-pa sing 't electrode and reactor 

shape can so influence the eloctro-a rodyn mic dischArge conditi ns 

by ffeoting; the po,ler r quirolll nte to Bust in the discharge , and 

aleo both residenco time and residence time distribution. 

l~u if th n ce sary typ of reactor . the corroct electrode 

conti tio and direction o reactant flow , and the correct electrode 

profile and sh"pe and reactor 6h~pe. could be identified; then all the 

n c Sfl rye en neering design • criteria to meet the conditions of 

f uniform di charge t and • no by-passing f would be satisfied. 

Unfortunately thi in itoelf wou. not gu rantee that these 

1 t ter conditions woul b satia ied as it has been shown that other 

factor y .i ~ifieMtly ffeet to. discharge characteristics. 

. or. on th de d'acbar e ( ruee (1949) ) . (Pe Gon et al (1969) ) 

and ( Gosha (1969) ) b s own th ttogeth I' with nginecrin~ design 

conside . tiona , gas pr ~~ur • gus linear flow rate an distribution. 

an loc tion of th reactor 118 effect the stability of u dischargo 

5yst m. 
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It will be shown l ater t hat t hese obs ervations have been confirmed 

in t he pr esev t s tudy. In addition it has been foun d tha t discharge 

constriction (i.e. f or mation of non- uniform di~chargg ) may also 

depend upon t he discharge current . 

Constriction phenomena are complex and .~ yet not well understood 

however since completi.G!l of this experimental study t'/oolsey (1970A) 

(1970B) has pt!blished sO'7le detailed work in t his ar ea. 

According to Woolsey three 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 cons triction of the entire discharge down to a diameter 

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

dependson t he pressure and gas properties. 1~is 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 1- 2 cm in diameter with an outer 

diffuse region extendin ' to the tube wall . This effect 1s common 

in electronegative gas such as iodine vapour. ( Woolsey (1970B) ) . 

Finally in passing it is uneortunate 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 . g. tantalum, caesium coated tungsten . 

3) The use o£ various metal electrodes - niokel , aluminium, 

stainless steel or electrodes coated with thin metallic 
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films e . g. old , silver ( Eremin et al (1966) (1968) ) 

have been examined , in all of this work little or no reference 

i s made to the nature of the di~chargos obtained. 

2. 2. Derivation , nd application of the ' Similarity Principle ' 

to electrica~~~arges . 

Any chos en propet't~r 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 

complica ted , and sometimes can,lOt be expressed analytically at all 

but only in the form of curves ( theoretical or ex~erimental ) , 

linking various parameters. 

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

to describe every po~sible state of the discharge , given by every 

combination of dimensions , current , pressure etc. Fortunately , 

this can be simplified by &rouping together some of these parameter 

for example the breakdown potential (Ve) of a gas between plane 

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

and on the pressure. Experimentally Vs doee not change if t he product 

pd is kept constant ( except at very high pressures ) i . e . Vs = f (pd) 

for anyone combination of gas and electrode material 

The importance of such groupings was first realised by D~ La Rue 

and Muller (1880) and later by aschen (1889) , ownsend (1915) and others 

who noted that (E ~ represents the ener gy gained by an electron 

moving along a free path (~) and pd is proportional to t he nwnber of 

molecules between two electrodes of given size . 
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ThUG if (E'>') oreE/p) and pd D.re maintained cons tant multiplicati.on 

of electrons between the electrodes is fixed. 

These grouJBof parameters and others can be deduced more 

generally as shown below, partly following the treatments of Holm (1924) , 

Von Eneel (1925 ) , Stcenback (19.32) and Dallenback (1925). 

Derivation of Similarity Relations. 

Consider two discharges in the same gas with t he same electrode 

material in which all the corresponding linear dimensions are di fferc:nt 

by a factor a., ( see Fig.~ 2.3. ) . This includes the vessel, el ectrod f.)s 

and the propert i es of the gas e.g. mean free path ( but not the mean 

distance between the molecules ) . Assume that the gas t emperature 

i s t he same in both , and that corresponding points ( e.g. AI, A2: BII! B2 ) 

have the same potential difference between t hem; the potent ial across 

the electrodes i s V. Such dischar ges are called s i milar ( i.e. 

physically simil a r ) 
~ v 

-A, S,' -

d, 
oVo 

R~ I 
I /·A1. Bil I 

dl-

. then the follO\ving relations hold for corresponding points in the two 

dischar ges . For the linear dimensions of vessel and electrodes 

"'/here r is any radially measured dis tance . 
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For ele~ents of area dA \ 

For the mean free paths of electrons , ions or molecules in the g s . 

Hence tho "'as density ( nu ber of molecules per cm3 ) . 

= 

since by Jefininition the temperature is the same in both , pressure 

P ol n, hence for the pressure . 

= 

The potontial VI = V~ by definition . 

The electric field .~ " = - J V 

Hence E. := _ 1-

a 

Surface and volume charge densities EI • ~ nett, can be derived from 

surface = 4 ~ ~ 

()~ = 4 IT ( p+ - ~ ) -d)<. 
whence 

~ ~'l-a 

f- + p~ ) ( 2 - 1) Q.f\d. «<'I - ~I ) = 1 ( pt. -
a "" 

from which E \ )\, = E 1- 'r-l-

~ , = ~ l. 
P , P 'l,.. 

may be d rived. 

e a t ions involving current . 

Relations between the nett space charge densities have already 

been found. 

= 1 
a 'l. 

( ~ t- _ ~ ) l-

~ includ s both eloctrons and negative ions. 

The aneral expression for the total current density i s 

j = ~t-./t - -,'v + ~'\f = 
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To find the relation between j , and j ~ the second form of the above 

equation is used addin the a!11 ,rd>pria te suffixes I and 2. Then 

using equation ( 2 - 1 ) and assuming only single sta e proces es 

so that ~ it can be seen that a imple proportionality 

betw' en j , and j ,. can arise o~ly when 

- 1- + - 1 ( ~ - '\1.+ f/ ,,{ ) PI '\/1 ... ~ I 0/1-
::: + 1. \. 

a ). 

which to eth r with equation (2 - 1 ) results in 

• 1 -- r~ 
a 1. 

+ = 1 N1. NI ::: 1 NJ. 

a ~ a 1-

1 j ", 

a ). 

and , since areas transform by the factor a~ , t otal current is 

= 1 

is quality of current in two discharges is used by most 

~riters as part of the definition of similar discharges , i . e . 

two oiscll ges ru-e defined as ( physically ) similar when the potential 

and curr nt t correspondin points are equal and all linear dim nsions 

are differ nt by a f.1.ctor a . 

In t he above p9ragr phs t he simil rity transfor~~tionB of a number 

of discharge ra eter have been presented. The results of the 

transformation of a number of other parameters are given in tabl 

2. 1. 
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T LE 2.1. 

System 

Linear Dimension 

Gas density or pressure 

Interelectrode potential 

Field Strength 

urface ch rgc density 

Total sa of gas between 

elec ro es 

Total electric char in gas 

. tio of ~lsity of ioni ad 

to neutral l'loleeule 

rlectric current 

Current density 

Voltage current oharacteristic 

Tempor 1 rowth rate of current 

Space charg density 

1 

K 

p 

V 

E 

M 

e 

I 

J 

V. I 

';) I/~t 

(0 

2 

aK 

Pia 

V 

E/a 

to /a 

Mia" 

e a 

I 

J/a"'" 

V. I 
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It follows from what has been said ( and the transformatio~s 

presented in table 2. 1. ) that the discharges in two Geometrically 

similar reactors of different size , can b made physically similar 

i the reduced field strength (E/p) io made the same in both. 

This condition may be achieved by varying either the operating 

pressure or the voltage. 

In turn it follows that if the rate of those discharge 

physical processe (activation etc . ) upon which chemical 

synthesis depend are solely dependent upon ( E/p ) , then it 

would be possible to make two geometrically 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). This has in fact been ca ried out gy 

Francis ( 1960 ) and thua it is only neceshaT,Y here to present 

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

he1pfu~ to define the m aning of the terms • permitted ' and 

, forbidden ' in the context of the similarity principle . 

1~us those proces es which conform to the similarity 

principle are referred to s ' permitted ' while those which 

do not are distinguished as • forbidden '. It should be 

realised , however , that these terms refer only to whether or not 

a proce~r. ob ys the similarity principle . and have no bearing on 

whether or not a proce s can physically occur in the discharge . 



- 25 -

amples of crmi ttcd and }<'orbiddcn Processes 

The concentration N of any type of charged particle , at any 

point in a steady state discharge , can be derive by equating the 

rates of production and 10 n at th t point . 

Thus in accordance with the nimi1ari ty principle Nit must equal 

( 1 )N~ and d~, must equal adt ~ then 
a l 

( dN) 
(dt"). 

= 1 (2 - 2) 

where CUi is the sum of the rates of ,roduction by a nunber of 
dt 

elementary processes e . g . 

( dN) = (uN) + ( dN) + ( d ) + ( ~ N) + • • ' . . 
(dt)total (~electron(~)drift(a-) ff .(at)photoionisation 

CO.LLl.Sl.O ~ 1 151.dn 

, ch process whether gain or loss must transform by the factor 1 
a1 

in order that equation ( 2- 2 ) is satisfied. Considering processes 

separately reference is made alway to corresponding points or omall 

volumes in the two discharges . 

Ionisation by Single electron collision 

The r te of ionisation by single collisions of el ctrons 

with gas ~~ leculc~ depends the concentration Ne , of electrons and 

their energy , and on the concentration n of gas molecules. 

Assuming that the electron energy is the same in both discharg s 

the rate of roduction of ions and electrons is 

(dN) 
(dt) I 

:: 

This process is therefore permitted. The constant C and in the following 

e uations C. C:a. - - - merely indicate proportionality. 

Secondary col1is1.on prccesse~ . 

stepwise Ioni a tion: (collision of t Ie second kind) 

Ionisation by t hese processes can occur when the lectron hits 
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an already excit d molecule. when two excited molecules col ide. or 

when an xci ted ( m taatable ) molecule of one gas hits and 1oni6e8 a 

neutral molecule of another ( enning effect ) . Thi last process 

can occur only whe the excitation potential of the one as exceeds t he 

ionisat ion potential of the other. 

The equilibrium concentr tion of excited molecules is iven 

by equating rates of production and loss . assuming that electrons 

produce, by single collisions , excited states having an average 

life ~ 

( d N ( -rr 
{ 0..l!.· 
( ~ t 

) pro ct lO~ 
) 

) 10ssO( !!* 
) 't 

hence • 0<.. Nen 

N~ n (where Ne = concentration 
of electrons. 

n = concentration 
of gas molecules) . 

~ 
For excited molecules which simply radiate within about 10-

8 

seconds and whose radiation is not absorbed in the gas ,cr is uch 

shorter than the time between collisions anc is therefore a con tant. 

This giv s N* ol.. Nen 

: 

a N1. * 

e , D , = !!"­
a~ 

( 2 - 4 ) 

For metastable I1toms or molecules ( ' concentration N~ ) destroyed 

b:: 001.d6ion wit e.:.. IQol ... culee ( their' own eas or impurities ) or 

on the lis G'r eX- -L or "r 0( R hence ~ 

( N*"" ) , IX ~ Ne. n 

Nel n , = !!!l- .!! l. a 1 : ! (Nm*)l ( 2 - 5 ) 
2. 

"c',- a " a a 1-

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

In conditions where r esonance radiation is appreciably absorbed 

an re- emitted in travellin through the as the rate of production 

of resonance stat s (Nr* ) in any given volume is determined by 

th nett flow of resonance photons throuPft this volume, as well 

as by oquation ( 2 • 4 ) . The e photons come from other parts of the 

discharge and the nett flow in any on direction (e.g. x ) is ro -

ortional to L 
'I x 

( *) 
( 'r ) 

hence for resonance states 

t. e n 
"? 

and taking '[; = constant 

+ const d 
7X 

r* eX. Ne n + const di'l r* 
rx 

(Nr, ) 

'r 

From this it follows that Nt - does not t ransform with any sim le 

factor of a , in ticul 

( Nr ·), :t. .1 (Nr*)1. ( 2 - 6 ) 
... 

The rate of ionia tion caused by electrons hittin these e cited 

molecules is proportional to th c ncentrations of both . qu tions 

( 2 - 4 ) d ( 2 - 6 ) may b used to determine the 

following. ~ or ionisation by electrons - excited molecules 

(d ) = C ,N£ N, • = 1 ('IN ) 
(~) , a~ (1"1')), 

electrons - etastable mol cules 

(IJ l ) = ' l Ne (Nm ), = 1 (~N ) 
<n-), tr (d'tTL 

electrons - re.90nance states 

= 

All thene proce S 5 do not therefore conform to th similarity princinlo. 
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The rate of ionisation by t he collision of two xcited 

molecules is proportional to the concentrations of both 

i . e . 

Cd ) 
(~ 

= 

wher NA ~B is any combination of N* , N~ · , Nr · , henc all possible 

processes of this kind do not conform to the imil rity principle . 

Recombination 

Recocbinution between positive and ne6ative ions follows the 

law 

where ~ is the recombina tion coefficient . t hi h pressure 0( 

is proportional to ..2... and so transforms with factor a , while !t , N 
p 

each transform wi th 1 thus finally ?N transform with l . The 
;''1. ~t a 1 

proce~c therefore obeys the similarity prinei Ie . At low 

pressures <X is proportional to P t and 'I N transforms 
i F 

ith 1 
a $ 

nd th process does not conform to the similarity principle. 

or recombin tion between electrons and positive ions ~ 

is never roportional to 1, but r thor is proportlonal to 
p 

p) hence ~N never 
dt 

transfJr~s with 1 and the proc 86 never conforms 
a3 

with tIlt;, 8imil rity princi le e 

he r suIts of the transformations of the most important discharge 

processe re um, rised in table 2.2. ( after Francis (1960) ) . 

Ins ection of t ble 2. 2. reveals that the a plication of th 

simil ity rinciple to eleotrical discharges in which che~ical synthesis 

tak 5 plac 16 limited to those synthesis where prim9r r actions 

ari in~ from sin le tage phy 1cal activation phenomena ( permitteu processes) 

control the rat e 0 synthesis . In practice as noted in flection L,2. 

chemical syntheSiS depends upon secondary processes ( i . e . two stage 

proc sseo - forbidden pr ocesses ) and thus having two physi cally 8imilar 
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discharges will not ensure that the chemistry of these 

ill follow sui t . It i s till tt r 0 s.eculation 8 

t o which !l r meter c ntrol th e second ry roce res and henoe 

;hould be preserved in sc -up. 'loth role of olid surfacee 

djacent to h diAc rge is ~ti11 not cle r. Thi i important 

in th t the surf ce ar p r unit volu~ varies in 8eometrically 

similar r ctors of iff r nt size. ho ever onp way of overcoming 

thi b cking the I ger r c.tOl'S wit oli.1 IJUtte i 1 . 

I ni proc w'e ha 

in ch pter 5.0. 

rABLl:. 

. , 
In t. 6 ioni t on by sin 

llision 

ff ct . 

.lectron att ch ent d 

charges 

c st r ion -- fast 
neutr 
recornbin ion - ion 
at hi pressure 

th prenent etuay and is iecu6 e t 

2. 2. 

Ie All rt pwi i niG tions . 
co li"Jion of con 1 kind 
exc pt enning effoct . 
hoto-ionisation. 

Char e tr sfer : fast neutral 
~ ion. 

11 r c r:'Jiru ti m xc l)t 
ion - ion ... t igh pro sura. 

~ r I i cniv tion. 

11 c no ry mis io 'tt d by sat 
of: 
( is ) 

neutr 1 I 
d by chars 

i ch rue. 

i nB form d by char , tr nArer­
.hoto- 1 ctric ffect by 
diffusinp: r sODllnce 

oton .• 
. field emi sion. 

to b tho Ire dy 
other int in th 
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2. 3. Chemical studies of the electrical discharge synthesis of hydrazine 

from ammonia 

Most of the early stUdies of discharge chemical reactions were 

aimed at identifying the reaction mechanism. Two princi pal mechanisms 

were put forward - that of Lind (1928) in which ionic reactions only 

were proposed and t t of Lunt and ~ulls (1925) who interpreted the 

reaction on a free radic 1 basi • Although suoport for both these 

views can be deduced from exp rimental ta from various reaction~ . it 

is clear that the mechanism of chemical reactions in i ch rge~ do not 

all follol the sace pattern. 

In the synthesis of hydrazine from ammonia in a glow dischar e 

although Westhaver (1933) ~avoured the ionic mechanism the majority 

of worker (e. g_ Ouchi (1949) (1952) (1953) , Anderson et al (1959) ) 

have preferred th free radic 1 mechanism, nd alar e amount of 

evidenc aup orting this view has been obtained. For example 

(1) Devins and Burton (1954) tJ.ave sgown that relative to the 

number of electrons adequate to excite um~oni (to the lowest excited 

stat e in light absorbtion,v 5 . 1 e. v. ) the raction of electrol':1.s with 
-1-

energy adequate to ioni~e ammonia is N 1.8 x 10. (2) Anderson t al 

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

was r ~ated to a theoretical model of the discharge ) have shown that the 

electl'u!l .. ner in the discharge is ap roximately 4. 2 e . v. which is not 

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

Hydrazine Formation. 

I n th free r adical mechanism of hydrazine formation ammonia g s 

molecules arc first excited by electrons and then undergo dissociation 

into free radicals. Two principal ammoni~ decomposition s teps' have been 
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put forward viz. 

ha 

+ -+- U + e 
Hl. e 

( ? - ? ) 
( 2 ... 8 ) 

r d.1 1 nr o r cur 0 for hydr zin for tion. 

t (e.~. vin and ton (1954) ~korokhodov (1 61) ) 

vour.d ( 2 - 7 ) ( n ctiv tion en r of 

4. 52 .v. ) it. the ub equent for~ tion of hydr zinc by the re otion 

chi (195 ) au sted th t the r etion 

+ ( ? - 10 ) 

w t h pri' ry r ction fo hydr zine form tien . 

nl of photoch cal avid nee f voura ( 2 - 7 ) 'Uld ( ?- 9 ) . 

D1 en th of 1i ht h v n. ~iat d wi th t 1e cor e nondin 

h nee by conductin <1 .. v: riou ~, velen ttl" 

for is ociation r ction c n b found . 

~ it b n own Y aIIl cars '1 th 

11 ht of w vel n th b 10 16 • (i. b ? 8 • A ove • .v. ) but UHl r dic In 

n b 10 1600 °' ( ·chn p and Dre .s r (19 0) y 0 et 

1 (1%3) ). 

th r e~d nce or ( 2 - 7 ) and ( 2 - 9 ) ha been obtai n d 

fro th ~Dfk of cCarthy d obin 0 (195) who oBitively 

i ent' fie th die in hi J fr quency disch rge roducts 

trap ed in n on trix t 4.2 °t nn by in ir (l 63) . 

he e worker hotolyt·c a ur ent ot Hl b orptlon a 

function 0 r io trequ ncy d16char 'e 

thr o .. oni • y 0 d uch 

rli (att r few r pul as } than H radio 1s 1ndictin~ th t HL 

~ dical w r t h y • oduct 0 nie d co 0 ition. 

y 1 0 show d th t und r th • ro r cJn i tionn he kinetica 
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of the dis ppearance of NUl w 5 second o. er with respect of 

NH2. . This was attributed to NU 2 recombination to form hydrazine 

by the reaction ( 2 - 9 ) , rather than NH l recombination to form aT.1nJonia . 

ecently Mantei and Bair (1968) studied the flash photolysi 

of a onia and showed t hnt the NH radical i s formed by a econdary 

reaction, either 

MIL + H - - ..... ) NH + Hl. ( 2 - 11 ) 
or 

+ ( 2 - 12 ) 

and it d cays by th insert ion rea ct ion 

( 2 - 10 ) 

This work proves conclusively that al though hydrazine can be formed 

f r om both NH ( 2 - 10 ) and NH ~ { 2 - 9 ) r adicals , t he formation of the 

NH 2 r dical ( 2 - 7 ) is t he pri ry reaction in each case. 

Hydrazine D c~ position. 

The at jority of studies into the decomposition of hydrazine 

have been concerned with investlg 'ng whether -

1) llydrnz';.n decomposition takes place via a tomic hydrogen 

attac a~d/or electron collision. 

2) Th decompos ition takes place via N - N bond fission and/or 

N - H bond splittino. 

idence of hydrazine destruction by atomic hydrogen was obtained 

in 1932 by Dixon who found that when a tomic hydrogen and hydrazine 

were reacted to ether in a flow reactor hydrazin decomposi tion 

occurred. 

Further evidence of this mode of hydrazine ( or ito precursor ) 

destruction was obtained from the ext ensive nhotooA mteal' ~~k: 6f 

McDonald , Khan and Gunning (1954) and 1cDonald and Gun ing (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 hydr ihe . 

Th concentration of atomic hydrogen can be reduced by ither 

( or both ) of two p roaches _ 

a) pr vent H atom formation 

b) selectively scaven e H atoms with appropriately reactive 

substance~ . 

The first of these approaches wao used by Lampe et al ( 1967 ) 

in his radiolysis work using mixtures of ammonia and Krypton. 

Accordin to Lampe if the ra~e as absorbed all the radiation 

energy th ionisation of onia ( with Krypton ) would be _ 

K r Kr 

and the decompo ~ tion path with Krypton shoul lead to fewer 1 

atoms than with pur ammonia. 

The second appro ch involved either the introduction of sp cial 

catalysts e.g. platinum ( Devins and Burton (1954) Rathsack (1961) 

Eremin t al ( 1966) (1968) which favoured hYdrogen recombination) 

or the use of various scavenging ents e . g. thylene ( I1anion (19s8) ). 

In all these experiments evidence of increased hydrazine 

yields were obtained indicating that hydrazine yield is influenced 

by atomic hy gen attack. ether this attack is upon hydrazine 

itRelf ( i . e . destruction ) or upon hydrazine percursors ( e.g . Nti~ ) 

( i . e . prevention of hydrazine formation) was not established. 

lectron attack of hydr zin hau so been shown to occur 

by everal work rs ( . g . I..ogcJ.1l. ~ ~J. (1969) ) . Logan et al 

studied the electrical discharge decomposition of hydrazine 

and conclu ed that decomposition coul occur by collisions 

wi t h lectrons , p ssessing energy gr ater than the dissoci~tion 
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energy of hydrazine 3. 3 e . v.(Foner (1958) ) . 

In a glo\ discharge in ammonia since the energy required to 

rupture the ( N - H ) bond in hydrazine is only 3. 3 eVe as com~lred 

with l± .5 eVe required to dissociated ammonia ( Altshuller (l95l~) ) 

into NHl and H - ato the number of electrons capable of dissociating 

hydrazin~ i~ reater than that for ammonia dissociation . y 

assuming a Maxwellian distribution of energies in the positive column 

of alammonia glow discharge with mean electron energy of 1 . 25 eVe 

Savage (1970) found that 'lbout 6 . 5~ f of the electronll present had 

enough energy to break the ( NHl. - H) bond while 25/ had sufficient 

energy to break the ( H l. NNH - Ii ) bond. By further assumin.j the 

area of hydrazine molecules to be apnroximately twice that of anwonia 

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: 1. A similar analysis was carried out by Barker (1970) 

for a microw've di char6e using an estimated electron energy of 

1. 0. eVe A ratio of 5:1 was obtained. 

A~o~ indication of the relative rates of reactions between 

electrons . hydrazine and ammonia maybe deduced from the work of 

Takahashi (l960) using 100 to 250 MHz discharge . From the initi 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 tnat with 

a 100 MHz discharge the rate of reaction of hydrazine with electrons 

i s 10.0 times faster than that of the reaotion of electrons with 

ammonia. This agrees reasonable well with the pr~viou6 estimates 

despite the inherent assumptions of both met noas . 
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UsinG this d' ta in 11 simple kinetic model of the dibchllrge 

~avage has compared tho relative importance of hydrazin uecompoaition 

by atomic hydrogen atta ck with electron - induced destruction of 

hydr zine . Sav ge conclud d th t atomi hydrogen attac~ i s the primary 

mo e of decomposition of hydrazine although some electron destruction 

'OcCl.lrs 

Barkel ( 1970 ) also attempted to determine the relative 

importance of thes e two destruction mechani~ms a~~ r easoned 

that this could be achieved by the use of atomic hydrogen scavengcr3 

( e . g. Allyl alchol) . Addition of sufficient scavenger should re ove 

all the H atoms allowing the study of any other important destruc J~on 

mechanisms that are present . 

In this way Barker establiahed th3t the mode of decrease in 

hydrazine yield varied with t he power input . At lower powers 

( 2. 5 - 10. 2 w tts . ) atomic hydroRen attack of hydrazine 

preJominated whereas at higher pO\JC e (50 - 100 w tts . ) electron 

de truction of either hydrazine or its precursor NH~ was more 

significant . 

The second main area of investigation involving the decom osition 

of hydrazine has centred on elucida ting whether decompooition i s y 

N - H bond fission and/or N - H bond splitting. l ttempts to 

identify the hydrazine decomposition productc and their subsequent 

reactions have only been partially succes ful due to the complex n ture 

of the reactio takinG place . 

Evidence of both modes of decomposition has been obtained by 

several workers including -
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Ba ford (1939) , Biree and ~ elville (1940) , Schiave110 and 

Volpi (1962) , Diesen (1963) , Gray and Thymne (1964) etc. ( N - H 

bond splitting) and Ramsey (1953 ) , Hussain and Nourish (1963) 

etc . ( N - N bond fission.) 

Some of the most extensive investigations were carried out 

by J tief and DeCarlo (1965) . (1966) , (1967A), (19678) , (1968) . 

who demonstrated that approximately 8o~: of the nitrosen 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 mos t recent \vork 

in this area. These workers obtained evidence to su~gest 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 t wice 8S fast as t ' e re~ ction 

involving N - H bond splitting . 

Thus it can be seen that despite the numerous investi :ttions 

which have been carried out the exact mechanism of hydrazine 

formation and destruction in the di ~ch rge has not been elucida t ed. 

Consequently it io still not clear which faotors control the 

reaction kinetics and hence should be preserved in scale- up. 

In view of this it is not surprising ~h~t the seal - up of discharge 

chemical reactors for hydrazine aynthesi ha r ceiv d little 

attention, and practically no data is available on the effect of 

r actor size on reaction yields . 

Only two referenc s dealing with the ef fect of reactor size on the 
decomposition of ammonia in an electrical dischar e have been traced 

in the literature. In 1935 \ ii8 studied the photo-decomposition 

of ammonia and showed that the quantum yield ( the 
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number of ammoni a molecules decompos ed per absorbed quanta of 

radiation) decreased with decreasing pressure . Wiig associa ted this 

with an increase inthe adsorption of NH1 radicals ( formed in the 

decomposition of ammonia) on the silica surface , and subsequent 

recombina tion with H atoms to f orm a mmonia. ~/iig pos tula ted that 

if this process occurred then it should be decreased by increasing 

the size of the reaction vess el. In 1937 he s hoved tha t the 

quantum yield did in fact increase under these condi tions . 

Hydrazine synthesis or the eff ect of reactor size on the forma tion of 

hydrazine was not mentioned in this work. 

Devins and Burton (1954) carried out a small number of ex-

periments in which reacti on tube diameter was varied. The influence 

of this parameter on t he reduced field ( Elp ) was measured and found to 

agree with the theoretical analysis of Engel and Steenback (1939). 

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

radius as well as ( E/p) . This stroll 1y suggested tha t the dis charge 

surface as well as the discharge ChQc~~+qrisiic5 lnfluenced 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 rea ctor surfaces effect the reactions 

occuring in the discharve is extremely important with reference to the 

study of the effects of re ctor size , in that the r atio of surface 

area per unit volume varies in geometrically similar reactors of 

different ize. 

Therefore toe:.0 her with some other important dEHrelopments in the 

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



- 38 -

with the e l fect 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 i s the reaction 

conditions in the positive column of the discharge which determines 

the nett rate of formation of hydrazi ne . In t he past unfortunately, 

almost without exception investi. a tors have used electron ener5ies baaeQ 

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 of course lead to misleading conclusions. 

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 ) . This is especially 

important in experimental work in which either the dischar ge 

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 disch'rge namely the ' working in ' 

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

far greater rate of ammonia decomposition than an aged one . Ad 

the cathode aged the volta~e increased while the r ate decreased for 
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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 disch.r in water vapour 

readily restored the ori~inal freshly machined characteristics . 

Westh ver concluded that this was due to the reduction of a nitride 

film on the cathode , the formation of whicil was :'esponsible 

for the a eing effect . \.i th a freshly ~ chined cathode an abnormally 

low cathode potential drop was observed an he attributed this to 

the adsorption of ammonia on the surface. 

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 pos3ibility of accounting for the abnormally hi h rates 

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

adsorbed on the metallic surfaces could undergo decomposition at a 

t emperature as low as 250 °C. In most glow discharges ' cold cathodes ' 

are used however it is quite possible thft the bombardment by positive 

i ons , atoms , and metastable molecules receivod by the cathode during 

the di~charge could be as efficient as a hot surf~c in dissociating 

adsorbed ammonia. 

Devin and Burton (1954) also noted the e fect of surfaces upon the 

chemical reactions occuring in the discharge . In some of their 

~xpepiments platinum probes were used in the dis charge and these 
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gr atly increased the yiel~·of hydrazine but when pl ced just outside 

the discharge they had no effect . By coating the discharge walls 

with platinum they yield of hydrazine was increased significantly, 

but the yield of nitrogen was only sli6htly ef cted. This is r a thor 

surprising as nitrogen i s considered to be a product of degrad'tion 

of hydl'u.zine . I f , as proposed in their work the platinum JaIls prevent 

the de radation of hydrazine by promotin, the recombin,'l tion reaction 

H + H ~ H2 and hence inhibiting the pro osed reaction H + N1 H~ ~ 

NHL + NH3it would be expected that the nitrogen yield wou d fall . 

Thus becaus this effect was not noted it may be concluded that this work 

did not establish whether th improvement in hydrazine yield waG due to 

prevention of its destruction by hydrogen atoms or the catalysis of it 

formation. 

Rathsack ext nded Devins and Burton ' s work nd showed the effect 

wall surf ces an met Is actinb as catalysts had on the for~~ tion of 

hydrazine. It w known that hydrogen atom r ~combination was retarded 

by coa ting the reaction vess 1 walls with phosphoric acid so experiments 

were carried out with and without this treatment . 'lith the reactor 

treate to prevent hydrogen recombination yields and conversion to 

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

showing that hydro en atoms either prev nted the forrn, tion of hydr Zlne or 

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

also formed on the r actor walla cxpl ining his theory in terms of 

Ouchi ' s re~ction mechanism viz . 

--+ NIl , 

+ NH 
, t + NH3 

NI. H~ ... 
N1. +,12I4. 'l.. Nl. Hlf 
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This reaction mechanism fitted hiG results and also explained 

why the yield of hydrazine fell when the renctor walls 

overheated. 

By using electrodes made of di:ferent metals Rathsock 

demonstrat ,d that the increase in yield of hydr~zi~c was not due to 

a change in the work function of the electrode or electrical 

characteristic~ 9f t~e discharge but was caused by the catalytic 

effect of the electrode materials . Pl atinum was found to be the best 

electrode material in agre ment with Devins and Burton. 

Still furtler indications of the e fpcts of di scharge surfaces 

upon the hydraz i ne yields was obtained by Schueler ( 959) who used 

a reactor lined with fused glass powder and by Eremin et 1 ( 1966 ) , 

(l96~ ) who confirmed that the effect of thin metallic films in the 

discharge zone was to accele ate th, recombination of hydrogen 

atoms . 

Williams (1967) obtained increased yields of hydrazine by 

iraddatin gaseous ammonia in the presence of a solid e.g. 

Zeolites ( • which attracted and incornorated H atoms by chemsorption with 

the result that less destruction of hydrazine or its precursor -

NH 1 radical was apt to occur through H atom attack • ). 

The most recent evidence of ourface effects was obtain d by 

Savage (1970) who showed that packing the positive column of a 

de glow discharge with gl ss wool approximately doubled the yield and 

conversion to hydrazine. Savage proposed that these incr ases were due 

to a decrease in hydrazine destruction by atomic hydrogen attack bGcause 

of increased atomic hydrogen recombination on the extra surface in the 

di~charge . 
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ro sllnmarise it follows from the work which has been reviewed 

that the introduction of a catalyst into the reaction zone does 

increase the nett rat of forma tion of hydrazine . but the exact 

role 0 his catc lyst in the overall kinetics of the process 

remains to be established. 

In addition to the ca t alytic effect of discharge surfaces 

another important surface effect which adds t o the complexity of the 

diSCharge reactions , ia the adsorption of discharge products 

by the reaction tube walls . 

I n 1932 edye and llibone working upon ammonia decomposition 

showed that • out gassing • by an electric discharge altered the 

catalytic activit ofth~ glass surface. 

Sri kantan (1935) investigated the kineti cs of ammonia decomposition 

in a high f r equency electrodless discharge at l pw pressures and found 

t hat reproduceable results could not be obtained due to the 

effects of the vessel walls . Am onia was more retpidlJT adsorbed by 

t he walls of highly evacuated elass tubes than was hydrogen . ,'Ihen 

the walls of the vess 1 were saturated with ammonia , the extra 

gas suppli ed decomposed into nitr~gen and hydrogen . In the presence 

of t he discha ge the bydrgoen was adsorbed l eaving only nitrogen. 

Aa. oni a dsorption was found to be i rreversable under the influence 

of the discharge but by ro~en could be adsorbed as well as des orbed 

f r om the surface by the di &charge . 

One very important aspect of discharge surfaces which appears 

not to h ve bben considered is the po~sible effect reaulting from 

the migration of loosely bound species in the material of construction 

of t he reaction t ubes . 
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ost r act ion tubes used in~e glow discharge studies have been 

made of quartz or silica. 

Detail~ of the methods by which vitreous silicas are manufactured 

are propri tory but four basic types can be reco nised ( Hetherington 

(1962 (1963) ) with difference ba d rincip~l y u on hydroxyl 

and metallic impurity concentra tion and on methods of fusing. 

At pr esent v ry little i s known about t he effe~ of high fi el d 

gradients in the r a ion near t he surface of a quartz reactor , however 

Hetherin t on (1965) has sug~e6t d tha t inside quartz there are a number 

of loosely bound s ocies which could possibly raigr a te under t he 

influence of the field . 

As different ty~cs of quartz contain varyin~ amount of OH 

and metallic impurities it is possible that migration of these species 

t o or from di ch ~ ge surfac ~i~ht significantly increas or decrease 

the catalytic e fficiency of t he urfac. 

s far back as 1922, ~Jood in his work on the dissociation of 

hydrogen in a low frequencY disch3r e concluded t hat water vapour 

or oxygen r duced the abilit:, of the walls to ca t lyse H atoms 

recombina tion. R cently a large amount of work has been carried 

out on the catalytic production of atomic H in a disch r e when small 

amounts of H~ O or 01 are ~ddea. rn c~eas of H atom yield by 

factors of t en or so when switching from dry H~ to H1 containing 

0. 1 - 0. 3" HtO have b en noted ( Kaufman (1969) ) . 

Thus the presence of OH in the dis chRrge could significantly 

inhibit the recombination of atomic H and the resence of metallic 

impurities could cataly e thi recombination. 
At pr esent surface effecto ar n poorly understood and are open 

to specula tion and urltil furt er work is undei'taken the r ole of t e 

surface will r emain a bottleneck in the understanding of di schar ge 

chemistry. 



,£HAPTER 3 .. 0 .. 
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~ 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 fo~tion of hydrazine depended 

on the rea ctor unit ' age ' and consequently a small amount 

of work was carried out to investigate this phenomenQ~ 

The experimental work can be summarised in three main 

parts as follows: -

1) The design , development and t esting of suitable 

re ctor units . 

A number of homogeneous double electrode discharge 

chemical reactors employi ng various electrodes , and 

electrode configurations , were investigated in order 

to develop a set of reactor units in which the 

discharge occupied the entire volume bet een the 

electrodes ( i . e. the reaction zone ) and in which 

no by- passing of t he discharge zone by he reactant 

gas occurred. 1.hus for example electrode configurations 

of co ial , point t and c" I. \ t'\.ol r i. ca.\ parallel plate 

design were studied. In addition b' sic electrode 

design features w~re 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 ) . 

2) Investigat ion of t he effect of r eactor size on the 

nett rate of formation of hydrazine . 

Three geometrically similar parallel plate reactor units 

of different size were used in this experimental work. 
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These reactors have been designated 13rge . intermediate 

and small , the volume of the large unit ( 50. 7 cm3 ) being 

eight , and sixty four times , t hat of the intermedi~ te and 

small units respectively . 

In each reactor thr e sets of experiments we e ca ~ied 

out to determine the effect of reactor size when the operating 

condition of re i nce ~ime , current density , and 

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

e uation of the form:-

(r D~ ) eX (V I D II- ) Q. (,) If p)b (L)" 
( a) ( FJ a ) (F 1a) (1) 

where : r : nett rate of formation of hydrazine(M [3f1)(GMCM-3 SEC1 ) 

D: re' lction tube diameter ( L ) (C M ) 
F: romonia as flow rate (L 3 T-1 )( CM3S EC1) 

I : 

L: 

a , b, c 

ammonia gas concontra tion (M L -3 ) ( G M eM -3 ) 
pot nUal difference across the r j::, 1ction 1 
zone of the dischar ge (tv! LC.j2 d )( VOL T S) 

( -1 
discharge current Q T ) (M.AM PS) 

len -th of the re<.< ction zone ( posi ti ve column ) ( L ) ( eM) 

prassure in t he :reacti n zone (M [ 1 T-2 ) ( M M.H G) 
constant 

which was derived usin the tec'mique of dimensional analysi s 

was found to correlate the ex erimenta results obt ined 

sa tisf ctorily. Inspect ion of thi equCltion reveals that 

the nett rate of for tion of hy azine decrea, as with 

increasin re ction tube size. 

One explanation of this is th t the rate of destruction 

of hydrazine by atomic hydrogen increases with incr asing reaction 

tubo size. n order to test this hypoth sis , a frw 
'mI experiment s 

were carried out , in which a l arge surfac& area in the form of 
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quartz wool was introduced into tne positive gQl~mn of the 

intermediate and large reactors . In this way it .as hoped to 

increase the r ate of recombination of atomic hydr gen at 

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

tration of atomic hydrogen available for hydrazine destruction. 

3) Investig t 'on of the effect of re ctor unit sje on the nett 

rate of fo rmation of hydrazine . 

Two 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 

investigated . The r esults of this research indicate that 

the age effect on the nett rate of form~tion of hydra zine ) 

i s rim ' rily due to a change in either the catalytic and/or 

adsorption pr operties of t he reaction tube surface and not 

due to changes in the electrode surface as was previously 

believed. 



CHAP'rER 4.0. 
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4. 0. E.:XPBHl MEN1'AL 

4.1. E.:XPERI~rTAL GQUIPM~NT 

4.1.1. Design . Construction and Arrangement. 

The equipment was designed to study the effects of reactor 

size on the aynthesis of hydrazine in a glow discharge . A 

general view of the equipment is shown in Fig. 4.1. 

In the design and conatruction of the flow system and 

reactors , particular attention was paid to the maintenance of high 

vacuum and prevention of air leaks . \'/henever possible gl ass 

sections and quickfit ground glass cone and s ocket joints were 

used. -here these were impracticable , such as the rotameter (a) 

connectiona , fluted stainless steel nozzles which could be s crew d 

onto the rotameter (s) and sealed with Neoprene 0 - ringe 

were employed. High vacuum stop cocks and gl ass va ves were welded 

into the flow line where practicable. If metallic valves were 

necessary atainleas steel valves ( to prevent corro ion by ammonia ) 

with polythene tubing sealed onto them were uaed. 

Gas flow lines to and from the reactor ( 6 ) consisted of 

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

inlet and outlet ports . For t hose parts of the equipment which 

were frequently dismantled for cleaning and maintenance etc . ' Q ' 

seal in 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 laxge bore (::::- 10mm ) polythene tubing was incorporated 

wherever possible . 



no. 4.1 
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~jost of the equipment was assembled on a firm 1Jexion framed bench 

giving ready acces~ to all parts of it . Lablux stands and retorts 

were used to support glass pi pelines and flow- meters , and manometers 

were as"'"embled on 1/2" wooden panels clipped onto lablox stands. 

Instruments were situated at the f ront of t he rig or in a 

prominent pos ition to facilitate ea~y r eading. 

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

high voltage lead t 'o ttte reactor (s) . Ba tTts t resistors were 

housed in a suitably i nsul ated container an~ ~ll electrical 

connections t o the reactors were r outed under the bench to prevent 

acci dental contact . 

Fol]slwing each experiment , aft er swi tching off , the electrical 

appar atus was dischar;ed by pl ucing a suitably insula ted length 

of hi gh tension cable between the hi tension and earth sides . 

The gas ampling vessel for chromatographic analysis was 

a Sgi>o.rate , detachable unit , whi ch cot.l be connected to the exit 

ports of the reactor (s) . 

All switches and controls were positioned such that operation of 

the rig c 1.. be controlled from one area. 

Flow system 

A lino diagr am and a photgraph of t his section of the apparatus 

i s sho igs . 4. 2. and 4. 3. respectively . Reactors could be 

easily removed or plugged into the system and the use of quickfit 

-:2-
joints ( vacuum tight to 10 Torr) facilitated both reactor and 

flow system modific~tion . Only one cylinder of distilled anhydrous 

ammonia containing less than 200 ppm i mpurities of mainly oil and 

water , was used for all the experiment s , so t he gas composition can be 

considered as constant . 
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At the entrances t o the metering system, high pressure ammonia 

gas from a cylinder 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 paths . 

In the flow path 1, the gas was metered through a previously 

oalibrated rotameter a t a known temper ture and pressure ( indicated 

by a mercury manomet er (4) fitted with a mercury trap (5) ( in case 

of blow outs). The small flows encountered Here re , ulated 

by a high vacuum stainless steel needl e valve (6); and adjus tment 

of this valve i n conjunction with th pressure reducing valve (2) 

permitted regulation of the pressure in this section of t he system. 

In order to allow direct reading , the flow meteLo ( which were calibrated 

a t 762 mmHg pressure ) were aintained 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 litre. minute- l 

at v. T.P. to be used. Pressure regula tion of this section of the 

system could be controlled by adjustment of valves (2) and ~ 7a) . 

rdless of which flow system was used ammonia gas emerged 

into the vacuum side of the equipment where it was i irected through the 

reactor (8) and then bubbled t hrough three absorption bottles (12) . 

The last two bottles contain~d ethylene glycol , t o remove any 

hydr zine which had been formed. 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 flo of ammonia waS maintained by a Edwards high vacuum 

pump (14) fitted to the exit side of the analytical system. The 

pump displacement at normal speed was 980 litres "nut€' and pump 

oper tion was controlled by an auto- memota starter ( 2. 0 - 4. 0 amp. ). 

All the effluent gas was discharged dir ctly to ~e atmosphere. 

K1~ TO FI S. 4. 2. and 4.3. 

1 . Ammonia cylinder manufactured by Agricultural Division , ICI ltd. 

2. Ammonia pressure reduction unit ( MK 2 ) code no . A5. 
3a) and 3b) flowmeters . 

4. rercury manometers. 

5 . Mercury trap. 

6. ' dwards high vacuum stainless steel needle valve . 

7a) d 7b) Glass valves. 

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

9. Barometrically compensated Speedivac pressure gauge - type CG3. 

10. ~1cCleod gauge ( 0 - 10 Torr ) type K2470 . 

11. Two litre , glass detachable gas collection vessel , fitted 

with hi · vacuum glass taps at each ,end used for chromatographic 

samples . 

12. Adoorption train ( quickfit Bl9/26 cone and socket joints ). 

13. Five litre surge flask fitted with quickfit B/55/44 cone and 

socket joints . 

14. ·dwards high vacuum pump/(Speediv c model I.S.C. 900. Single 

stage gas ballast rotary pump) . 

15. Gas input line. 

16. as output line. 

17. Pump starter. 

~ 0 - 50 °C Thermometer in erted in glass sleeve. 

~ uickfit three- way high vacuum taps (12mm bore) . 

bsorption train by- pass . 

Flow path 1 . 2 , }at 6. 

Flow path 2. 2 , 3b , 7a . 

Gas flow rates were measured by three Fischer and Porter f i a t meters . 
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In experiments where gas samples lor CnrOL!k.l"V~J.C1.t' ..... " ...... _-J---
were required the Gample collection vessel (11) was placed between 

the reactor and the absorption traps . 

The pressure in the reactor was regul ated by a valve (7b) 

and measured just downstream of the reactor by both a I"JcCleod 

gauge and a Speedivac pressure gauge . ressure fluctuations were 

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

incorporated to allow product g s s from th reactor to by-pass 

the absorption train. 

4.1. 3. Discharge Reactor . 

A cons iderable number of reactors which are described in 

Chapter 5.1. were tested before a 6uitable unit was obtained in which no 

by-passing of the discha ~0 by the ammonia gas occurred. 

Three geometrically similar reactors of different size were 

~ t.~e experimental work. Figs . 4.4 and 4.5 show a ul4gram and 

a Ihotograph of the inte~mediate sized reactor. The important 

dimensions of the three reactors are listed in Table 4.1. 

Sach reactor consisted of a cylin\~~ ' cal quart z tube 

containing a ' push fit • electrode ( to allow for expansion) 

positioned at each end of the r eaction tube . The electrodes which 

were made from stainless steel were highly polished and suitably 

i rofiled t o reduce e e effects . Ammonia gas was fed into the 

reaC ··Ol through four inlet fixed at ri ht angles to each other 

and the r eaction tube and r - merged through four identical 

correspondingly positioned outl ts . These inlet and outlet 

por ts were connect~d 60 that the pressure drop along each ' arm ' 

was the same . This facilitated a uniform gas flow throup,h 

the reactor which enabled a uniform diffus e ~low disch 1rge to be 

maintained over a fairly wide range of flow conditions . 
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KEY TD FIG. 4. 4 INTERHEDIATE REACTOR 

1. ~uartz tube 2. 0 mm wall thickness. 

2. IIighly polished stainless steel electrodes 

suitably profiled. 

3. uickfit screwed joint - SQ4/24. 

4. ~uickfit ~4/24 tapered into quick/it sQ4/l8. 

5. uickfi t scrmled joint sQ4/ 18. 

6. Glass insulating "sleeve ' araldited , into 

position. 

7. Stainless steel conductor. 0. 635 cm diameter. 

8. Four identical quartz 4. 0 mm bore outlets , each 2. 0" long. 

9. Four identical quartz 4. 0 nun bore inlets . each 2. 0" long. 
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TABLr.. 4.1. Dimensions of Jiseharge Reactors • 

uartz Tube .r..lectrode .ulectrode Jischarge uischarge Llectrode 
Internal Thickness ,spacing Volume Durface Diameter 

Ht:.. CTOR Diameter Area 

(cm) (cm) (cm) (c ) (c ) ( crn ) 

G~ 3.15 0.635 6.50 50. 66 60.308 3.110 
rtf: 

1.575 0. 635 6. 33 1.565 3. 25 15.075 

J . LL 0. 794 0. 635 1. 625 0.805 3.803 0.756 

4.1. 4. gydrazine Sampling and Analytical Equipment 

Hydrazine formed during tt~ discharge oper ation was absorbed in 

ethylene glycol , and analysed colorimetrically. Transmitt'3ncy 

measurements were de with Unieam 2P 600 ( series 2 ) spectrophometer. 

The instrum nt incorporated a tungoten filament lamp as the Ii ht source 

two vacuum photocells ( blue and red ) and two light filters ( clear glnss 

and 0 7 filter) . The settinp;; of the required wave length ( 458 mr ) was 

achiev d by usin the blue photocell in conjunction with the glass filter. 

S pIes for chromatograuhic analysis were collected in a detachable 

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

and transferr~d to th chromatograph at ~h~ ~~~ of p~~h exneri~ent . The 

unit is shown in Fi g. Al. I·. A description of this unit, its ope ation 

and the column operating condi tions employed is outlined in Appendix 1. 

4.1.5. ~ lectrical ~quipment. 

The electrical system consisted of a modified hf pm-fer supply . 

valve volt meter coupled to a dc multiplier, milliameter and bal ~~t 

resistors . dia am of the electrical circuit i s shown 

• throughout thia theei table or figure nW1bers prefixed by the 

letter A indicate t h t this table or figure is located in t he 

appendix of that number. 
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in Fi • 4. 6. d a photocr ph of the elcctri~~l e uipment in 

Lee po er was ouppli·u by a modified 12/BRadayne eenerator 

with output transformer capable of 4. 2 kv. 'rho 1ft output w s 

t nped off ,iter rectific~tion an th n fed to a • 6moothin~ 

51st m ' before paoBin " to the r ctor. y the cdmbin d use of 

• choke • coil0 i serie~ with the load and conden ere in parallp.l 

with t h 10 d, it w possibl~ to r duce tic a~ litudc of the 

c • ripple ' 0 th t it 'las of the order of only L or le, l 01 

the dc compan nt . "he current and volt{.qe 1'31 r;na13 from the 

nyatem were periodically checked on a dual tr ce oscilliscope . 

'J.'he el ctrio circuit of the power supply i s shown in Fig. 4 . ~ . 

An insul~ted airmec de mU4t i plier ( factor X 1000 ) wa us a 

in conjunct ion .... ith r.ru1tiran,le valv voltm ter ( Airmec Type .;>14 ) 

t o me Bure vol ge up to 4. 0 kv. J . 25.0kA ( elwyn e/17) ballci,~ t 

resi s tor was used in seriee wi t h the r ctor{s) in ord r to limit 

the current and thus pr event th l ow discharge rom d velopi 

into an r c di char 8 . l 'h curr ur d by eith r a universal 

I vometer ( ooel 8 ~ I 1 ) or Ole of tnree L. I . C. moving coil 

milli m t ere ( 0 - 20 , 0 - 100, 0 - 200 mi lli amps . ) depending 

upon the curr nt nitude • 

. v~yth ~e i naul ted 14/. 0076 pI in cor e with olter sheaf of 

J . V . ~ . e~ trs hi h te.n ion c ble ( ate up to 18 kv. ) was u ed 

for ciroui t contlectio • 
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K".Y IG . 4. 6. 

1 . • .odifi d dyn • d. c. po~ r upnly . 

2. • Choke circuit I . 

11 t r latance ( 25 ). 

Valve voltm t r ( ir ee t .314 ) . 

5.ovin coil milli et r . 



l' G. 4.7 .. 
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4. 8. 
SZULa-

A. Meter output . 

@ Ammeter. 

Cl . Capaci t or meter by- paso : O.Ol~ F. 

CS1. • ina switch and circtit bre ker. 

CT1 . Contaotor. 

ten ion output . 

PB1. -ush button off. 

PB2. Pu button on. 

Rl::Cl . Silicon rocti~i re. 

. . Fili ant dro r . 

R3-R4. thode resistor 150 10' '. 

• elay cathode trip. 

S1 . anel witch (ti . ? on indic tor ). 

S2. ter pr sure switch . 

SLIA. Lamp ' ·ns on ' indicator. 

TI. . . transfor ' r . 

T2. L. T. Tranafo m r 

VRL. r~te t ic ter. 

VH2. riac. 
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4. 2. 11aterials used in experiments. 

The chemicals which were used as reactants , absorbents and for 

chromatographic analysis are lis ted in this section. .l-Ieagents 

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 ' 
ammonia. 

2. Ethylene Glycol - HDH Reagent ~rade. 

3. itrogen - 99.5, pure was supplied by the British 

Oxy en Co. 

4. Hydro en - 99.5, pure was suppl ied by the Briti h 

Oxygen Co . 

5. elium - 99. 9. pure ~l.O pp oxygen supplied by British 

Oxygen Co. 

4. 3. Experimental procedur 

In the 11 number of expeI"iments* in which chromatognaphic 

analy is was canri d out each xperimental run was performed 

t wice under identical operati coditions. Both these runs the 

first with liquid absorption of the hydrazine and the second to 

collect the gaseous products for chromatographicanalysis~ involved 

routines which were identical. In the remaining experiments for 

which i t was not possible to carry out chromatographic analysis only 

one experimental run was necessary. 

The ap ratuc re erred t o in this section are identified in 

.l'ig. 4. 2. 

4. 3.1. Description of an experirne 1t using liquid absorbent . 

The fi r st step in a normal routine involved switching on all 

* Originally it was planned to carry out chromato~raphic analysis of the 
react ion roducts for all of the experimental runs . Unfortunately however 
as it was not possible to obtain stabl e conditions continuously i~ the 
chromatographic unit, analysis was limited to a few runs carried out 
in the small reactor, duri ng a short period when the chromatographic 
col umn appeared stable . 
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of tho e1 ctr'cal in~trument ccording to the. nu!actuTor's 

tiona. 0110win this the baor ption Hf'4:f'B re fi 1 ed 

witl! at yle e 1ycol ( 50. 0 ml. ) . 

(6. '1 ) which connect the input lin 6 0 
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e ery thre 

'he coolin. 

month it w chang d. 
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1n 

he w y tra situat u between valve (7b) and th abso ntion 

tr (12) c105 d nd the systo teo t d for 1 k . 'rom time 

to tim it ry to reeo t th stop cock -eye with high vacuum 

Gr a e. th r bh r v cuum l~ in the • ump . g . 1 

the pre ure C C1. d p riodio 1.1. 

d t at bl th(; 5 :>e div 0 au (9) ro in d t z ro ov T a riod 

of nute (th pr ur' B ch c d a the beg nning ao( nd of this 

perio ith the "eCl 0 u e (10) ). 

ura . 

lho a input lin wa con .oct d to th re ctor nd the pnar tUB 

was flush i t h a onia. until the b1ycol in th 

wa. tur ted, d th n llowf: toJ com to th r quire t per tur 

and pres Ul (fine cvntrol of th pr asur in thi ction was 

chieved b adjust ent ot th 

upon th r e of flow deeir d ). 

(2) and (6) or (7a) ( depending 
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The pressure in the reactor was controlled by val va (,lb) . 

In e3rly experiments the absorption traps were switched out , the compressed 

air from the mains supply blown onto the ballist resistors and the 

discharge switched on and allowed to come to steady conditions . 

As the disch T e reached a steady form , almost immediately , the 

by-pass was not used in lat~r experiments . 

The power input to the reactors was controlled by adjustment 

of the generator variac control . ~ith the product gases passing through 

the absorntion train wh re any hydrazine which had been formed was 

r moved , the discharge current and voltage were noted and then 

the discharge switched off alter a fixed tirn~ . The flow rate 

readings and the temperature and pressure at the measurinf points 

were recorded. 

Finally , the system was returned to atmospheric pressure , by 

closing valves (2) and (6) or (78) ( depending upon which flow 

system was used) and opening the vacuum tap situated between the 

absorption trapG and valve (7b) , to the atmosphere with the 

p p switched out . The pump which was now isolated from the 

system was allowed to run tor a further fifteen minuteS t with 

maximum gas ballast flow , to remove any corrosive ammonia vapours. 

Juring this time the absorption traps were removed and the contents 

ly ixed , sampled and analysed by the methods described in 

section (4. 4) . 

FluctUations of the Experimental Variables. 

Unavoidable fluctuations of t he experiment 1 variables oocurred 

durin;> a r un. eadjustment was necessary during the preparation 
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por ' od , but the mag itude of the fluctuat loos during th discharge 

op ration were very small: 

1) The movement of the float in the flowmeters was very 

much reduced by trial and error adjuot ,nents of the 

pressure in the input lines. It w 6 more serious at low 

g s flow rates in which the oscill tion of the float 

could vary to 51 of the desired flow rate . 

2) Fluctuation of the reactor preasure due to pumping , operating 

con i ions , and heating of the cathode were negligible 

(estimate a 1.O~) . and readju tment was not attempted during 

the short opel'a.ti ~... times involved. 

ronounced in the smaller reactor . 

bis effeet was more 

3) Iso due to c thode heating small changes in current and 

voltage were not'ced ( estimated at 1. 0) ) and again 

readjustment ias not attempted. 

4.3.2. Description of experiment to collect samples for 

tographic Analysi • 

e chro ato aph was left runnin continuously from the time 

that the de ired operatin conditions were achieved and sam les 

could be anal sed at any time . 

Experim ntal proce ure was identical to that described 

for us'ng liquid absorbents except that immediately before 

s itchiDb off the discharge the gas sample collection vessel 

was sekled off by closing taps (2) and (3) Fig. Al . l . At the 

end of the run the collection vessel was transferred to the 

chromatogra , and conn cted as shown in Fig. (4. 9) . The 

lin 8 from the injection point to th collection vessel were then 
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evacuated and flushed with helium several times . then fin lly , 

evacuated and tho ample injected and analysed. The whole 

procedure occupied G~ven to ten minutes. 

Fluctuation of the Experimental Variables. 

During dischar e operation those 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 oample injection 

preusure was achi ved by use of the three way tap (y) Fig. (4. 9) , 

however , variations occurred re ult i ng in diffe rences in sample 

volume and henae peak height . Errors in measurement of peak 

height ane vPriatian of detector sensitivity contributed to an 

oV .rall apparent error of ! 6 - at for the small concentrations 

involved. 

4. 4. 1easurements and Chemical Analysis 

In this section the analytical procedure and the calibration 

of inotruments are described. eference is made to sources of 

error and where possible an estimate is made . 

4. 4.1. alysis of roducts. 

In the few experiments in which the exit gases from the react or 

were snalys d a erkin Llmer 452 gas chromatograph was used , which 

emplo ed a lllolecul r sievo 5A to facilitate separation and analysis 

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

from leaks a oxygen peak. Helium was used as the carrier gas . 

Chromatographic determination of ammonia was not attempted 

~s it as more accurate to calculate ammonia by difference than by 
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direct analysis , for the small percentage decomposition obtained 

( Carburgh (1967) ) . For the same reason colorimetric determination 

of t he small concentrations of hydrazine encountdred was preferred to 

chromatographic analysis . 

roc dure . 

Various mixtures of nitrogen , hydrogen and ammoniA were prepared in 

an apparatus especially constructed for this purpose ( i g. 4.9) . 

These mixtures were injected into the chromatograph at a constant 

injection pressure of 6. 0 mmHg. Fine control of this injection 

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

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

one of these mixtures . 

alibration curves of percent nitrogen versus nitrogen peak 

height ( ig. Al . 3) and per cent hydrogen versus hydrogen peak 

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

tabulated in Table . 1 . 

In the experimental runs the coll ection 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 ted. 

chromatographic trace obt ined from an experimental run is 

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

air or gas samples from the ex-perimental ru.ns is shown i n Fig. 4.9. 

Sources of error in Chromatographic Analysis 

Errors arose due to : -

a) Base line drift a t low range settinos . 

b) Noise interference resulting in a distort ed base 
line at low r an e Gettings . 
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c) ecnus of the similar retention times of n trog n 

and hydro' n the attenuation ran e had t J bl" th sa . e 

for both ga es . 'I'his resulted in a gr ater enor 

in the measurement of the 11 hydrogen peake . 

) e use of p ak height r ather than the area und r 

th as t he basis for measurement of th component 

concentr tions i n t he gas samples . 

e) educed accur cy of pressure gauge t low pr aures 

leading t o variations in the injection pres ure volumes 

of th amples injected. 

f ) o instruments te. 

nalysis of Hydrazine. 

d tailed description of the method used, stan isation of the 

solutions employ ,d and experimental procedure used is contained in 

Appendix 2. 0. 

Basica 1y the hydrazine in the exit gas from the reac t or WaD 

absoroeu in ethylene glycol and then analysed. The concentration of 

n drazine in the ethyl ne glycol , was only of the or er of a few 

parts per million so a colorimetric method of analysis using p -

dim thyl minobenzaldehyde was used. 

A standard hydrazine soluti on was prepared ~"in h;; 1:.~l?;:ine 

sulph t ,q tit ' tively alysed by titration against standard 

potassium iodat ith chloroform as indi cator . he hydrazine solution 

w s then carefully diluted t o the concentration range required , 

0. 01 to 0. 2 ppm for t @ color" etric analysis . calibr Hon 

curve of absorption a 458;V agains t ppm hydrazine w s plotted 

using these standard solutions in a Unicam P 600 (aeries 2) 

s ectrophotorneter e ii'ig. 2.1. The ex erimental -olutions 

could then be det crmin d gainst this curve . 
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lthou h analytical gra e p - dirnethylamino benz delyde was used . 

its appearance and colour ev loping properties varied slightly from 

batch to batch. so new colour solutions were always recalibrated. 

Colour solutions an standard hy razine solutions could be cpt 

for bout one mo~th without deteriorati .n. 

fl~alysis of mmonia. 

Literature indicated that ammonia conversion coyld be estimated 

by bubbling the ammonia from the exit as through acid and baCk titrating 

any uneutralised acid. 

avage (1 69) reported t hat this method did not give reproducable 

results and consequently it was not used. 

4.4. 2. 

Power was ~upplie by a modified Radyne hf generator. A choke 

coil operated in series with the gen r tor was us t o reduc 

any ' rippl 'to the order of 1, or les of the d. v. component. 

rhe current which was measured by an univer"al Ivometer or an 

appropri te milliameter de ending upon current magnitude . was 

limited ( to prevent arc formation) with 25 K~ ballast r sistor 

placed in series with the reactor. 

Voltage was meavured by using an irmec de multiplier 

( factor 1000 ) in co~junction with an Airmec valve voltmeter 

( type 314) . ower supplied to t e dis charge was computeQ as 

the product of amps x volts = watts for all eEPerimental results. 

+ 
~ e es ~ ~ ted accuracy of the power measurement was - 5~ . 

4. 4. 3. Flowrate teasurements . 

The nowrates of gases were measured with Fischer and Porter 

rotameters of 1/8 'and 1/16" nominal diameters using spherical stainle s 
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~teel an lor tan lum floats , individu lly calibrated to rend:­

onia: 0. 1 --+3. 0 cm] ec ' ( .J 15. 6 DC and 762 mmIlg ress) 

-1/16-10- -5/84 stainleos steel flo t . 

. monia: 3. 0_ 12.0 em' sec' ( 15. 6 DC d 762 mmHB ress) 

FP-l/l6-16- 3-5/84 tantalum float . 

Ammonia : 13. 3-t 66 . 0cm3 sec' ( 15. 6" and 762 mmH Press) 

P - 1/8- 20 ' -5/84 stainless steel float . 

The meters were calibrated to a m~thod d serib d by th manufacturel's 

( the results were checked with results obtained from calibrat ion 

procedures involving the use of a soap bubble burrette and also 

a wet air mnter ) . 

The reproducibility of the flowrate determination with the s oap 

bubole burrette indicated an accuracy of t l e order of:! 3 - 4/ .. . 

1. Soap Bubble ethod. 

In t his method oper tins pressure was maintained cons tant throughout 

th 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 conditi on R" T, . The temperature 
po, 

• being the inlet temperature of the g~ t o the flow mete~ . A 

plot of volume flow rate of ammonia ( 

fUnction of flowmeter scale reading was then constructed. is 

( 3 - ' ) method was only suitable for low flowrates 0.1 -.. 3. 0 em sec. • 

2 • • ischer & Porter Calibration Procedure. 

In this method the flowrate is related to the flowmeter 

con itions by the equation: 
J. 

F = C B (C, r - ~ opt ) eopt )4 ( 4 - 1) 

where F . calculated flowrate at operating pressure and temperature 

-') 

~~ ; density of float gm cm 
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• 

~ opt = d .. sity of gas at operating temper ture lilld preseure ~m cm- ) 

B = constant for each tube 

able 

C = ' flow co- fficient t given by the manufacturers as a function 

N = 

A = 
6, & 

01 ~ube dimensions , scale reading and ' viscous influence 

numhc..r N 

(~f - ~ opt ) f oPt )-l ( 4 - 2 ) 
P"pf: 
constant for each tube 

lianual give values of ~ opt and I" opt as a function 

of temperature. 

able 7, F & Panual gives values for size factors A and B for 

v rious tube sizes. 

roceo ure . 

1) From equation ( 4 - 2 ) calculate viscous influence 

number N. 

2 ) Using the float characteristic curve ( Fig. 11 ~ . & P Hanual) 

for the relevant tube values of C over the scale r ge 

can be calculated for the compllted value of N. 

3) etermine the value of F (gm mini) using equation ( 4 - 1) 

for each C value determined. 

4) The corresponding values of flowrateo at some standard 

temperature an pressure can be computed from conversion 

formula : 

.... . T. e . 
3 

cm 
-I mn • = ( 4 - 3) 

The r sults and calibration curves a nd an example of the 

calibration procedure are given in ppendix 3. The estimated 

accuracy of flow measurement by this method was ! 3.' (howevor 
+ at low flows the error could be up to - 5, ) . 
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Key to ~ 'gure 4. 9. 

B. Graduated ercury cont iner. 

~1. Mercury Lanometer. 

~ . Gr duated mark tched on container B. 

P. Gas mixture storage vessel. 

R. Movable mercury container. 

• a chromatograph. 

V. Gas collection vessel. 

v. Speedi c Pressure gauge . 

• 

Y. 

• 

1-- i 
I I 

~- .' 

~as cylinder ( ammonia , nitrogen , or hydrogen) • 

Three way tap used to control sample injection pressure . 

Vacuum pump • 

as burrette system for making precision gas mixtures at 

low nressure . 

Conn ction for analysis of sa les from discharge experiments. 

Connection for analysis of air and precision gas mixtUres. 

"rocedure for preparing and analysing precision gas mixtures at low 

pressures . 

All letters and numbers refer to Fi g. ( 4. 9.) •.. 

1 . Connect aorr priate Gas cylinder and pump with vacuum tubing. 

2 . Close 2 and 3 to all limbs . 

3. Open 1 to ,ohro tograph line flush out with heliu and evacuate 

severo"!, tir:: s . Evacuate. 

4. Clo~e 1. 

5. Open 2 to A and C. 

6. Open 3 to C and D. 
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7. Raise gas pressure to approximately 1/2 atmosphere . 

8. Connect A and B on 2. 

9. ·se R to fill B with mercury. 

10. Switch 2 to connect A and C. 

11. Open 3 to C,D and E. 

12. Switch on vacuum pump to evacuate apparatus and gas line . 

13. Switch off 2 by rotating 45 anticlockwise . 

14. Switch 3 to connect D and C. 

15. Raise gas pressure to slightly over 1 atmosphere . 

16. Connect B and C by rapid anti clockwise rotation of 2. 

17. Lower mercury in B to lower mark ~. 

18. Keep volume in B constant while gas pre sure is adjusted to desired 

\ lue by use of 3. 

19. Qwitch off 3. 

20. Connect A and B by clockwise rota tion of 2. 

21 . Raise R to fill A and B. 

22. Switch off 2 anticlockwise. 

23. Connect new gas supply to D. 

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

25. Go to instruction 13 for next gas . 



CHAPTER 5,.0. 
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perimental results an discussion. 

The ec:perimental studies are reported in three t·eotions . 

5 . 1. The design , dev10pment and testing of a set of geometrically 

similar homogeneous double eleetrode diseharge reactor units in 

whioh t he discharge in eaoh reactor occupied the entire volum 

of the reaction zone ensuring that no by- passing of the reaetion 

zone by the gaseous reactant occurr d. 

5 . 2. Investigation of the effect of reaetor size on the nett rate 

of formation of hydr zine in an electrical discharge . 

5 . 3. Investig tion of the effect of reactor unit ' age ' on the uett 

rate of formation of hydrazine in an electrical discharge . 

5 . 1. Design , development and testing of chemical discharge reactors. 

5.1.1. Experimental 

The various factors effecting the design and operation of 

rea ctors in which the conditions of ' uniform discharge ' ( no 

radial contr etion) ~d I no reactant ga by-pas sin ' have been 

outlined in chapter 2. 1 . 

In the experiment 1 work several different reactor units were 

tested. ce a suitable desi n of reactor unit was obtained in 

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

constructed and tes ted. In the design of these units the 

following sp cifications with reference to the small initial test 

reactor were .used. 

1 ) Geo etric 

2 ) Identic 

i larity ( i.e. both reactor and electrode configura tion ). 

material 0 1 o~-~ etion ( for all of the reactors 

tested quartz tubing '''''.:.8 used. 

were investigated ). 

ectrodes of various metals 
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2 . 1 . 2. Results and Discussion 

The first ' reactor set • t ested empl oyed a co-axial electrode 

configuration with stainless r+p.el electrodes ( see Fig. 5.1. a. ). 

The electrodes were profiled with t he boundary to surface area 

ratio kept to a minimum to remove ' edge • effects . 

Even with the intere1ectrode di~tance reduced to 2. 0 mm the 

di charge in ammoni a gas constricted into a thin pencil beam. 

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

occaait.J1G ) ~:h(Jwed no imprOVec.lent t i.O~ did substi tuting aluminium 

electrodes ( in place of the tBinless ate 1 electrodes ). 

Four possible reasons were put forward t o explain these 

observations: 

1) A hi h spot ( due t o surface roughness or some other 

t ctor ) exis ted which reduced the work function of the mat erial 

resultl ng in an e1 ctron aval anche at this point . 

2) The preLence of the earthed reactor walls distorted the 

dLctt09:r'ge field. (Harrison (196?) reported this effect to be negligible ) . 

3) The magnitude an' variation in flow of t he ammonia gas. 

4) The nature of the a~~onia gas. 

Each time t he discharge was switched on the pencil beam struck 

from a different point which suggested th t neither surface 

rou hnes t not hot spots , contributed to the pencilling effect 

( it was not pO~Bible wi t h this reactor to v rify this by rotation 

of the el~ctrodes - i.e. if urface 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 imJruv men was obtained by using lower work 

function electrodes ( luminium) sug ested that this also did Dot 

account for the pencilling ( it should be noted however th t alu inium 

cannot be f poli hed ' as we 1 as stainless at el ) . v.hen air 

was used as the st 

discharge was obtai 

In order t o test 

onary re' c nnt gas a . f or 11 ",i f \,L. e 

t increasing inter- electrode distl;Ulces . 

e e!fec s of vari ation in the flow pattern 

of he a n.monia gas a distributor was fitted into the srr. llest reactor. 

Operation t very low pressures and flow resulted in a slie-,ht broadening 

of t he 0 0 tricte discharge , but the pencil beam still only occunied 

a small fr ction of t electrode surf ce. 

~igni ican ly the discharge point appeared only a t the gas exit 

end of the eactor indicating that t he l low magnitude and pattern was 

ro ponsible or t le non- uniform! y. It was conc luded t hat t hin 

type of reactor de ign as unsuitable . 

The nex r actor est nUlnber 4 'l"able 5.2. ) consisted of a 

cylinderic 1 r ction ube with push fit ( no hy-passinti ) porous 

aluminium parallel discharge electrodes ( see Fig. , .lb ) . Again 

a ra~ially contracted dis charge was obtained however exp.rimentally 

it was s bli hed th t a diffuse discharge exis ted a t conditions 

of -

1) Very low flow rates nd preSSlres ( of t he order of 5 . 0 mmHg ) 

t hig er prcosure the discharge became striated. 

2) 4 educe electro ' e perford.ti n diameter. 

3) Reduced nUlnber of perforations . 

4) educed elec trode gap. 
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KLY TO .l! IG. 5 . 14. 

1 . Cylinderical lass support . 

2. Two perspex outlet tubes 0. 25" bor • 

3. Perspex distributor drilled with 1/6" hole • 

4. Inner stainless st el electrode . 

5. Outer stainle s steel electrode . 

6. Eight tie rods ( 0. 25" diam ter 13. J.F. bolts ) . 

7. Glas insulating sleeve. 

8. Stainless steel conductor attached to inner electro e. 

9. Stainless steel conductor att eh d to outer electrode . 

10. Two perspex inlet tubes 0. 25" bo~e. 

11. erspex tube araldi ted to Sindania he t sink (14) . 

12. Sindania bush heat sink for inner electrode. 

13. H~h t pmperature silicon '0' ing. 

14. Sindania heat sink for outer electroue . 

'teaetor Inner electrode Outer electrode 1:1 ctrod F.lectrode 
Test Radius Radius L ngth Gap 

Number cm. ) (em. ) ( em. ) ( em. ) 

1. 2. 54 3. 34 3. 0 0.8 

2. 1.27 1.67 1.5 0. 4 

3. 0. 635 0. 835 0. 75 0. 2 
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KEY 

1. uartz tube ( 2. 0 mm wall t hickness ) . 

2. Inter chanoeable perforated aluminium electrod . 

3. btainless steel conductor. 

4. Two quickfit scr w joint .:>~ ',/~ ; .inlets. 

5. Two qui ckfit scr w joint ~~4/13 outlets . 

6. uickfit cre joint ~4/18. 

Compressed stainle s steel gauze ( 6.25" t hick ) was also 

used for electrodes in these reactors . 

Reactor Re ctor Tube lectrode lectro • erforation 
Test Dial' j: ,. amet er p Di eter 
Number ~ cm. ) ( em. ) ( e • ) ( ina . ) 

4. 0. 8 0. 795 1. 62.5 1/32, 1/16 

.5. 1.6 1.590 3. 25 1/ 16, 1/8 
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Because of the difficulty in machining fine holes l 1/32", llb'f." 

di amet er) through stainless teel, electrodes of this mate ial 

were not tested. Although it would have een feasible to machine 

1/ 16" hOLes through stainless steel, as experiments using aluminium 

electrodes had indicated that with this perforation size non- uniform 

discharges were inevitable, this was not te ted . When the 

"ameter of the aluminium electrode was increased by a factor 

of 2 a diffuse discharge could no' longer be maintained. 

~pplyin the principle of porou lectrodes with v ry small pores , 

a reactor using push- fit electrodes of compressed stainless s teel 

gauze ( 0. 25" thickness) was "ested a t the optimum conditions 

det ermined previously. No ei .. -' i 4;'i~ant improv~ .!'?nts 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 

r tio 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 signifi cant 

by- p Bsing this approach was discontinued. 

~ith all the reactor ( electrode ) designs tested, if nitro en 

gas was used in place of ammonia much more uniform di charge 

wa obtained, trongly sug ea ting that the nature of ammonia ga 

was a si ificant factor contributing to the discharge constriction. 

At the time of t his study similar constriction phenomena were 

being encountered using pulsed dc discharge&( Thornton et al (1970) ) . 

These workers found thatuniform disch rges could be obtained usin~ 

highly olished parallel , spherical . stainless steel electrodes 
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with a cross low arJ:angernent . At higher flows however the di t3charge 

was pushed onto the gas exit ports causing gas by- p aGing and consequently 

this design was not considered. 

The next type of unit tested consisted of a cylinder ical tube 

with parallel • branched f electrodes ( see Fig. 5. 2 ) result i n3 in 

a number of point discharges . Again however only partial uniformity 

which decreased with scale- up resulted. Because of t hi s , a cross 

flo deeign which had been developed to remove the f by-passing , 

associated with the parallel flow reactor was not progress ed. 

Finally, a reactor which was designed to eliminate th(; cf .... ucto 

of flow variation was t.st ed. Highly polished stainlGGs steel 

electrodes profiled to remove edge effects were used in this unit. 

The profile consis ed of a flat central r ea to}rovide a uniform 

field guarded by a curved e ge resulting in a surface over 

which the electric field is lower than in the central regi on ) . 

uniform diffuse discharge was obtaine over a wide range 

of experimental conditions of flow , pressure etc . even when the 

el ctrode diameter ( of 0. 794 ems. ) was increased fourfold ( and 

the illt r.r- o l ectrode distanoe i ncreased by the same ratiO ) . Above 

this diameter irrespective of operating con itions di scharge 

contraction occurred. :ncreasing power input ( current density) 

merely intensified the glow of the constrioted discharge suggesting 

that a transition from a glow discharge to a glow- to rc or arc 

type discharge was occuring. This design of reactor was u~ed in all 

of the prec9d' ng experimental work and has been described in det 11 

in 4.1.3. 
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5 . 2. Investigat ion of the effect of reactor size on t he nett rate of 

formation of hydrazine . 

5.2.1 • ..:.xperimental programme and operatinc:; oonditions. 

Thre geometricall si. · lar reactor unite of difforent iz d signated 

lar~e , inte mediate and all were used in this prt of the exporim ntal 

s tudies . The volume of the lar e reactor (50.7 c (i . e. reaction zone 

volume) ) , was eigh t ixt y four t i es as lurge as that of the 

inter mediate and sma 1 r actor s respectively . 

Three sets of experiments were carried out in each reactor 

i n whi ch the effect of reactor size was in~estignted when the 

operat in parameters 0 resi ence time , current density. and reduce 

field strength E/'P were varied . In each set of e.<periments 

one parameter '-las v ried whil· the oth r parameters were held 

const ant . 

I t was pl anned originally to use the same range of operating con­

ditions in each react or . however bee use of equipment limitations 

and the need to maint ain a discharge \-Ihich occupiecl the entire 

volume 0 the reaction zone ( i n every experiment ) this was 

not possibl e. 

Equipment limit t ions .• "" ,. ... mainly as/'Jociated with the pumping 

and generating equipment. As the product of pres~ure and inter­

electrode di t ance was increased a oint was rec<ched wh,re e 

generator could no t uppl y suf f i cient power for breakdown to occur lilld 

l nfti t e t he discharge. Even when the di char e could be initia t. ed 

( u ing small inter~electrode dlu ~~AUeG ) t her e was a limit to the 

magnitude of t e opera t i ng pr essure which could be used above which 

radial cont r action of t h dis char e occurred. I n ddition pumpi ng 

capacity and pressure drop t hrough t he apparatus cont rolled the range 

over which flow and pressure could be varied. 
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entioned previou ly rec sets of experiments were c rried 

out in e ch reactor. ere of operatin conditions u d in these 

ri nts i detail d in ble 5.3. 

eries up hng 
Param ter 

mall 
Rango of inve tieation 

Intermediate Large 

1 . 

2. 

3. 

flow (cm3 seo' ) 

Te6sure (mmHg) 

) 

Current 

ssure 

Flow 

due d field 
trongth ( volts 

cm -1 mmHg-1 ) . 
(po itive column) 

Current 

Flow 

R actor 

tv 27.5 

17.5-68.0 

9.5 

1.6 

3 - 5. 2 

27 

1.6 

ector ector 

0.7 - 5.7 
9. 5 

3.7-6.6 

r/36 

2. 4 

1. 8 - 15. 2 
9.5 

..... 103 

87-208 

9.5 

5. 8 

2.0-9.2 

",,145 

10. 3 

In th first set of exp rimente residence time was varied 

( in the context of this study residence time is defined ao the 

ratio of the volum of the discharg reaction zone to the volumetric 

ammonia as flow r t (measured at opcrntin ressure »by varying 

the flo ra to of onia gas . The range of r sidence til'!1e which could 

be investi ated u i ng t e arg reactor was limited at the low end by 

th imum flow rate which coul d be obt ined at the operating pressu~e 

used. or the intermediate and small reactors the smallest obtainable 

residence time .as governed by constriction of the diacharge with 
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increasing flow. Increases in residence time for all the reactors 

was limited by the minilIDWm flow rate which could be measured 

with the equipment ( rotameters ) used. 

Each reactor was operated the minimum power input 

ruquired t o sustain a diffuse dischar e ( occupying the entire 

discharge volume ) over the range of flow investigated. 

Unfortunately however it ~8S not possible to maintain the r ,duced 

field strength at a constant value over the entire range of conditions 

investigated. This was especially difficult in the experiments 

carried out in th large reactor where a variation in F./p of up to 

+ 
~ 6% from the deDired value was obtained. For the intermediate 

and small reactors thp. 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 thi was achieved by varying the discharge current . The 

range of curr nt denSity investigated was limited for each reactor 

at the upper limit by cathode overheating ( with subsequent 

discharge constriction and formation of arc discharge ) and 

at the 101 limit by instability an oonstriction of the discharge. 

Originally it wa .... believed that cathode overheating would sever ly 

restrict the ran e of current densities which could be investigated. 

As the discharge was foun t stabilise wittin & fev secondo however 

it was possibl to limit the experimental runs to 2 - 4 minutes 

duration. Over this period of t ime obly very slight cat hode,heat ing 

occur d this bein mo t pronounced in the small, reactor. 

even for this reactor under the most severe conditions used no 

fluctuation of the discharge ~~~ouure or current was observed. 
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In th final series of experiments the reduced electric field 

stren h was varied by varying the pressure in the discharge 

re etion zone. n all of the experiments in this series a higher 

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

pressure. 

The range of ~/p 'nvestigated was limited in each reactor 

at th 10 er en y the pumpi capacity at the flow rate used and 

at the hi~h nd by constriction of the discharge . 

ill be shown later it was found that the~sults from these 

three sets of eA~eriments were correlated by _n equation which 

was derived usin~ the technique of dimensional analysis. 

In order to test the validity of this correlation a number of 

additional experimental runs were carried out in eaoh reactor 

over a wide ran e of 0 crating conditions. 

The influence of ' packing , ( a r actor ) on the nett rate of hYdrazine. 

In order to investigate the effect of wall reactions on ':he f0rriation 

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 diamete~uaing a t ravelling microscope , 

it was possi 10 to det ermine the weight of \'/001 ( surface area ) which 

needed to be packed into the int r mediate and large reactors, so that 

the urface area to volume ratio ( of the positive column) in 

the e react~~~waB identical to that of the unpacked B~l reactor. 

Four exper~1eil~~1 runs covering a range 01 operating conditions 

were carri d out in both the intermediate and large reactors (packed). 

In the experiments using the intermediate reactor the discharge contracted 

into a thin pencil beam, ~ig-zag~ing ita way through the packing and 

considerable reactant s by- passing was observed. The discharge 
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in the large reactor (packed) although OCCUpying t he entire reaction 

zone ppear~d more intense ( stri ted ) in variou parts of the 

reaction tube . 

Four experimental runs were also carried out in the small 

reactor ( packed) however as \iith thp jntp.rmediate re ctor discharge 

constriction occurred and considerable re ctant gas by- passing was 

noted. 

Fresentation of xperimental results. 

The most widely used parameter for the correlation of chemical 

discharge experimental data has been /1 t. r atio of pow~r to 

flow rate. This parameter was first introduced by Kobozov, Vasi1e 'ev 

and ~remin in 1936 and has since been used to correlate experimental 

data obtained under different conditions of current , power , flow rate 

and reactor eometry. 

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 concentrat i on were uniform. (This hypothesis 

corresponds very closely to the conditions of the positive column of 

a dc dischar~e ) . 

An equation was developed in which the energy received by the 

electrons from the field was related to t e energy dissipat t in elastic and 

inelastic collisions of the electrons ith the species in the 

discharge and on c 11i810ns wit the wall . 

Solution of this squation sho cd thflt the nett r~te of formation 

of stable products in a di charge is proportional to IF whenever the 

rate of formation of these roducts is controlled by element ~teps 
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involving inelastic collisions with electrons, thus giving some 

theoretical justification to the use of ,/F. 

Savag (1970) u~ed W/F to corr late experimental data obtained 

from the dc glow discharge synthesis of hydrazine . ar the range 

of power and flow rate investig to '::'1' ge reported that a very 

poor correlation was obt ined. okorokhodov et al (1961) noted 

that the parameter IF h d always been used to correlate data obtained 

in constant pre sure exporiments . These workers preferred the more 

general paramet r !/ to correlate their experimental da ta obtained 

for the s.ynthesio of hydrazine . Carbaugh lj078) however reportea 

that the arnet r I ~( discharge current x gas residence time) 

gave a better correl tion of ex? ri~ent 1 data than IIF while rhornton 

et al (1969) an vage ( 197C ) preferred a combination of the 

paramet ers 1f /P and 't. 

In 1968 a1ler carried out an analysis of th discharge system 

i n which the rameter wi was developed and uoed to correlate 

experimental data obtcined trom a ethane discharge system. It 

is intere ting to note that thi parameter may be rearran ed to giv 

/FP = E/1 x ~ x J 

where ,/p = the ratio of the e1 ctric field atrength to pressure . 

~ = reactant g s resi ence time . 

J = current density , 

this is important in that the ri ry activation of a mol calc in a 

discharge depends upon the nergy imparted uring an inelastic 

collision i .e. primary activ tion ependa upon .. / 1) ) and the 

frequency with which collisions occur (i.e. epend upon J ,~ ) 

and t hus is u function of the d IlIeosiOJnless combin tion '/FP. 
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To the author'8 knowledge this parameter has never been used to 

correl te data obtained in t ho glow disohar e synthesis of hydrazine . 

It is unlikely however that this parameter alone could describe the 

chemical proc ssee occurin in this di, charge system because of the 

importanc of secondary processes A)"In of the di3char e 3urface . 

Confirm tion of thi ha in fact .en obt . n.3d L1 the present 

study in which l/'" ( where withe power in the positive column ) 

fail d to correlate the experimental data satisfactorily . 

It follow8 from bove that the active surface area of tho 

discharge munt be considered in any an 1 ,~o of the glow discharge 

ynthesis of hydrazine . If the active surface area is defined 

3.5 the ratio of the surface arE'a of the positive column to the 

vol e of the positive colu n , then in a glow di6char"e re ctor 

of fixed geometry , the nett rut. of fOl'I:lution of h draz_ne 

will depena upon the variables -

ml!lonia gas flow r te: 

r seuro ( in t h positive column): P 

onia a conc ntration ( in the po itive coluln): C 

ischargc current: I 

otential acrous t e positive column: Vr 

Leng h of the pos itiv column: L 

i meter of th reaction tube: D 

Ine ection of these variablcs r veale th t even if sufficient tiM 

was availabl to etermine t he effect of each individual variable on 

the nett rat of hydrazine formation by empirical means ( i . e . the 

empirical method of obt ining an equation relating these variables t o 
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th nett rat of hydr zine formation lould requir th'lt the 

ffect of ach separate variable be determined in turn by ay te tically 

varyin th t v ri ble while ke ping all others constant ) thia woul d 

not b po sible a a1 of those variables can not be varied 

inue ndently. 

Fortun tely however , a method which is intermediate bebreen 

ormal thematical development nd completely emFi rieal study 

xiste , hich can be used in order to develop an equation 

rel tin thea v r1 bI to the nett rate ofhydr zine formation . 

od is oft n re rred t o aa dimensional analysis and i s 

b dun t e fac t tha if a theoretical equation does exist 

amon t e variabl B affectin a physical process that equation must 

be " n ion lly homogeneous . Boca se of this requirement it is 

possibl to roupnany factorc; i.uto a ... maller nUC1ber of dimencionless 

groups of variable whic are oft en independent of each other even 

when th i ndividu 1 v riabl s in the groups re interdependent . 

pclication of dimensio 1 an lysis to t h present investi gation 

yield d the followi relationship : -

( r '1 )~ ( 
(Jf\; ) ;,-~~ 

which h s been used to correl te the experimental results obtained in 

this study. Deriv tion of this equation i3 outlined in Appendix 5. 0. 

Th validity of this analysis depends solely upon whether or not 

al of the relev t variables which eff ct the nett rate of hydrazine 

formation an electrical discharge were included in the dimensional 

analysis. '!he fact that this equation ( as will be shown later ) 

h s b en found to ive a very good correlation of the exp rirnental 

dat a i6 indicative t t this requirement was probably satisfied. 
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a noted in chapt r 2. 0 hydrazine is formed only in the positive 

c)lurr~ of a dc disoharge . Ther fore it would scem 106i;a1 th t 

tb experiment I conditions in this part of the discharge should 

be used in the oorrelation of experimental data . 

To t e beat of the uthor ' s Knowled e ,with the exception of a 

sin Ie study b evins Burton { 954) , no correlation of 

exp rirnenta1 data using ar m C• ( ~ < b sed upon the posi tive column of 

he discharge has be n reported in the literature . ithout doubt 

this i uue to the difficulties and time con~umin c libration 

experi nt at" ociated with the measurement of conditions in the 

positive colu n of a discharge. In thia respect the present investiGation 

i no exception as the time scale for experimental work m de the 

mea urement of the operatin, conditions in the positive column 

·cpractible. 

'ortunate1y however , det iled m asurementa of the cathode f 11 

of oteatial nd the len th of the c thode dark space ,for a glow 

disch rge in a muDi have been recorded by uchi (1953) for a wi e range 

of operating conditions of our.cnt and pre sure . Inspection of this 

ata has revealed that equation can be developed from which 

the potential differenoe acrOGS the positive column and the length 

of the positive column may be estimated for the ran e of xperim nta1 

condi tions used in th pr ~ent tudy . The derivction of these 

equ tiona is detailed in ppendix 6.0. 

ssentially an quation was developed from which the c tllode 

f 11 of potenti (Vc) coulu be e ti t d and con equcntly the 

potential acro s the oitiv column could be det rmined from the 

relationship -

Vp = V - Vc-V~ ( volts) 
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where V = pot nti. ero s scharge , Vc = the abnormal cathode fall 

of potential , Vc = the poteuti I across the positive column , and V = 
the anode fall of potential • 

.. imilarly relationship was developed between the length 

of the thoa ar. space , iacharge op r tin preD ure , and the abnormal 

c t ode fall of po ent~a ~ cilit ting es it tion of the for ere 

'ro t e length of the cathode dark space the distance ( nn) between 

the cathode and the leacdng edge of the positive column could be 

e8t ted and thus th length of the positive column coul be 

ctermin simp y y subtraction of (dn) from the int r-electr de 

di ance . 

esulta and uiscussion 

'he result of tIl e perimental runs in h' ch flowrat • 

discnar e current , ana £/ p '~ere vari dare recor ed in tabl 6 

A4. 1 , A4 . 4 , and 4. 7 respec ively for the large reactor , A4. 2, 

A4. 5 and .8 respectively for t he intermediate reactor and 

4.3, 4.6 an ectively for the small reactor. 

ub.Ut ution of these results into equation .5 - 1 ) shows 

th for • ch i r actor number of xperiments were cnrried 

ut in which -

1) rhe parameter (VpI was varied at constant valu s of 
(~) 

the ameterD 

The rameter ( ff) las varied 
(F C) 

t constant Value of th parameter ( L ) 
( '1 ) 

e first set of results have been u ed to evaluate the r~lationship 

betw en r~' ) and( j )which was found to be of the for 
(fe) (F C 

(r ) 0( 

(Fe 

where the ean v lue for the three reactor of the inde x 

was-O. 27. 
D~ ) for th large , intermediate 

p l C) 
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and small re ctors ar hown in igs . 5. 3, 5.4 and 5.5 respectiv lYe 

The corresponding re ults for t hese plots loc t d in tables 

A4 . 2 , A4 . 5 and 4. 8 respectiv lye 

( 
( 

va 

The second t of results ( wit r correct d for v riation of 
C .. ) ) 

C) 
ere used to evalu te t e relationship b tween (rD' ) and(D' I). 

(7C) ( l" ~ ';) 

is was found to be of the form (ru' ) 
(Fe) 

for the t r, r ctora of the in<. ex was 0.71 . Plots 

of In ( (_:l) (' 
','f'I ) 

(il l') are shown in Fi 6 . 5. 6, 5. ? and 
(F loC) -v 

5. d 4 r h large , int r ed~ te an small reactors respecti ' ely . 

h results or these plots are loc ted in t3bles .1.4 .1 , 1".4 ' nd 

4.7 resp ctively. 

inally . the relationship between (r } ) 
erc ) 

d (L ) ( with the for. er 
(D ) 

corrected or vari ti II r'\... ( D~ 
(F; '.;) 

d ( Df p) ) was det rmined to be of 
( F loC) 

th f r (r 0( ( t where th r e valu for th three r ct or for 
C1c (-) 

th in ex c a - 0 • .59. 

lots 0 In ( (r.J~ ) 0·17 j) . ! ) O)?I Yf> In ( L) are shown for t he 
(~ C) ( F 1 C) (D) 

1 r ge , inter ediat dOd sroatl re ctors i n Figs . 5.9. 5.mO and 5. 11 

r spe~tiv lYe r sults for th e plots ar located I~ 

t bles 4.3. 4.6 and A4. 9 respecti vely. 

1 of the exp riment al results ( tables J . 1 - 4. l2 )w re 

substitut d in 

r 3) 0( 

(-;-;' ) 

the equation -

f)'t f ~'P( l) " )0.11 

I ' 3 J) (~) 

( ) -0')""1 

(D) 
( .5 - 2) 

d 5. 14 how plots of ln (rn? ) va In « D't r o,1."? 
(- ) ( F ' ) 

( IJ'f'l f ll (L)" ") for the large , intermediate and mall reactors res£) ctively. 
(Fi"C) (0) 



.egressional analysis of these plots showed t h t within the l~mlts 01 

experimental error equation (5-2) correlates the results obtained 

in the three reactors of different size and var ying in volume 

by a factor of up to 64. 1. The correlation coef ficient s obtained 

for these tree plots were 0. 99, 0. 97, 0. 98 , for Fig~. 5. 12 , .5.33. 

and ,~4. respectiv lYe 

lloof the experimental results ( tables A4.1 - A4.12 ) are 

plott d in t he form of the uation (5- 2) in Fi g. 5. 15. Inspection 

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

dat a within the limits of experimental error. A corr lation 

coefficient of 0. 98 waG obtained for thiB plot . 

s mentioned previoUbly a number of addi tional ex erimente 

were carried out in each reactor in order to test the va i 'ty of 

e uetion (5-2 • The results of these experiments arp. loc8ted in 

tab1es.4. l0, 4. 11 and . 4. 12 for t ho lar e intermediate and emaIl 

r e ctors r sp ctive1y. J 1 of these results are lot'ted i n t he 

form of equat'on (5- 2) in Fi g. 5. 16. Inspection of Fi . 5. 16 

confir t hat within t c limits of experimental error equation 

(5- 2) corr l aLes experimental data obtained from the glow dis charge 

in ammonia gas. 

ffect of reactor size. 

rom eq tion (5- 2) it may be deduced that r Ol !r'~indicating 

that as reaction tube diameter ( ize) is increased tile nett rate 

of for ,tion of .hydrazine is decreased. This i s not ift agreement 

with the fifiQings of Devine and Burton (1954) . It is not correct 

hale er t o compare directly the findings of these two studies 

~s .~vins and Burton reported only the initi 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 
I 

W s decomposed in an electrical discharg and consequently the 

initial rate of for~tion of hydrazine may not always vary in the 

same manner as t he nett rate of formation of hydrazine wi~ ohanges . 

in operatin, conditions. Unfortunately it is not post3ible to 

d termine the nett rate of formation of hydrazine frem Devine and 

Burton's dat a eo that a correct comparison can be made. 

'ffect of pac: "ng renctors . 

The results of the experi mental runs in whj ch the l ar ge nnd 

"ntermediate reactors were packed with quart z woGl ~ re recorded in Table 

A4. 13 and in igs . 5.17 and 5.18. Inspection of the~ e results 

reveals that -

1) t nett ra t e of form tion of hJdrazine in the large 

packed reactor was significantly less than in the unpacked 

1arg re ctor . 

2) he nett r te of forc tion of hydrazine in the intermedi te 

reactor wa significantly les~ than in the unpacked inter-

mediate reactor. 

In able A4. 13 and Fig. 5 . 19 the result of the exueriments 

in which the small reactor was packed are recorded. s with the large 

nd intermediat e reactors the nett rate of forma t ion of hydrazine 

was significantly ec eased as a result of packing the reactor . 

he deer aae in t he nett rate of form tion of hydrazine as a 

result of packing the intermediate and small reactors may be 

att ributec! to t h large amount of by- passing whi~h occurred in 

these r eactors because of discharge constriction. In the large 

r e ctor ho' ever no constriction was observed ( although stri .t", ." 

was apparent ) and consequently the nett rate of formation of hydrazine 



9·3 -

9-2 

9~ 

--_._--- ._-----------

L p.r~GE 

REf-\,C TOR 

9.0~--.J---~:---.--L----c:7)---..l-------;~1~-, 
5'4 5-8 6-2 &6) 

F IG 5.3 ( L n ( ~3l D~ ) 
F C 



,. 

I 
I 

I 
~l 

(YL, )' 
L' 

_ILL 
.' L ' 

::::::1 c 
-~ I 
8-')-

I 

7-9-

7-8 

\ 

\ 
\ 

\ 
\ 

\. 

\ o 
\ 

o \ 
\ 

\ 
OJ 

o 
o 

770!:-.4-----1-L,.Oc----------:2-;::;-;!O~---­

FIG 5-4 

I 
--30 



----------------- -- --. 

( ",' '; I , [ .... . )' 'l _ 
F(Ff'..C TC) I ) 

a9 
o 

o 

o 

o 

I ) 



o 
10 

16 

1 
FIG 5·6 

/ 

--- - --- - - - - - - ~-. -

LARGF. 
REhC j(Jt1 

) ) 



y--. ,-
c· 

, 1 _ 

r ",\J 
~:ll~L ->1" 

..... ../ 
r--.. 

~I 
'~U . 
~LL '-

10 

1d 

16 
F I C"J-- 5.f~ 

/ 
/ 

I I I I l I 
10 



.- -----------1 

C) --

o o . 
~ 

'-" o 

..--... 
N 
0 .......... 

. 'f~~ 
""-" .......... 

~~ 
'-'" 

........... --........... Q I 
'b ~ 

. ) 
~ 

) 

FIG 5·8 



~;:- r--------------­tiu 
't (\) -
O!lL 
):l-" 
Or-:--

blu 
H(Y") 
jjLL 

g·o 

o 

7·0 

F -LG 5·9 

0-5 

8 

0-6 0 -7 



8-5 0 
o 

7'5 

O~ 0,2 

F IG 5~10 

-- ,---- -------- .-------

o 

0-3 0-4 

I NTERfvlLDIl Tf­
R LAC 'Te)/') 

o 

o 

o 

o 

0·5 06 , 

i 
I I 



t: ~'. 
0'-, r---­
I,.~", 

0..(. ; 
·r I , 
o ~L 
. -' ",.. 

o -
8·0 

70 

SlvlA L.L 
R E..'~.C TO[( 

------- o 

o 00 

6,0 ~----------------~------------------~----------~ 
-1D 00 06 

( L n (-b)) -2·0 
FIG 5·11 

( 
J ,. 
~ 

) 

-\ 



o 

o 

o 

00 

~ 

(Y) 

11>0 U 

--. u.. L -
'-' b --

'b 0 
1"'0 

-- ----
FIG 5 ·12 



'1 ~ 3 
~ 1U~( (r.10'il)0 ) 
Q F C 
lJ1 . 
~ 

l...v 

101+1 

@ 

o 

I NT ERIV1E DIATE 

REAC10R 

I I I I I I , I I I I I I 
crt I I 0 1 0 D4 - 'J' 0 4 f' .T« I ) ~;' 

10-' 10 «-f'-3-
C 

) lF 2C) D 



11 
H 101t-
Q 

Ul 
. ~ 

~ 

10 

( (r.1Q~)D3 
Fe) 

o 
o 

o 

':...; 

S!v1A LL 

REAC TOR 

I \ I I I I I I I I I I I I I 10 
10' 1 116-1 10° ~ID4 -'2( D4 Pr(~r" , 

10-' ( (FJC') F2C D ) 



101-
O~ 

o 
o 

FIG 5·15 

I I 
1-0 

---r 

o 
o 

i 

I 

v:; I 04 _0·1.1 D 4p 0·11 L -O·5~ 
(( -4

3
- ) (1=-2-) (-) ) 

F C FeD 



-- ------ - _ ..... ---

~ 
(Y") 

o!~ 
------11'0 
~-

~ c 
~ 
~ 

0 

10 0 
0 

0 

o 
1cY 

1 I I I I I I I 
0·1 lO 

- - ----- --- ----- -----._---- --- ---l 

0 

(j 
® 
0 0 

0g 
0 

0 
0 

Q 

0 

/ 0 
0 

0 

0 

I I I 

10 

Vt I 04 -0'1] 0 4 P 0·11 L -O' 5~ t;f 

( (..:!£.3- ) ( -2 - ) (- ) ) ~ 
F C F C 0 



L LL 

1 

o 

1 

o 

o 
o 

LARGE-----i 
REACTOR 

LEG END 

PACKED 0 
UNPACKE D 



o 
o 

FIG 5·18 

IN TERMEDIA TE 

REACTOR 

/ 

LEGEND 
PACKED 0 
UNPACK~D 

( "41 D4 -0:21 D 4 pO-II L -O -~q 
( 3 ) (-2 - ) (- ) } 

F C F C 0 



,.-----------_.--- - -- ---- - -- --- -- - --- ---- . 

C , I L 
",,)1/1 AI..... 
REA C TOF< 

10 

o 
1 o 

L EGEND 
PACKED 0 
UN PACKED 



- 90 -

must have been reduc d for another reason. 

avage (1970) using a similar reactor to the large size 

reactor e ployed in this study , observed an increase in the nett 

rate of formation of hydrazine , on packing , in direct opposition to 

the findings of the pre ent etudy. The only significant difference 

between the experiments 0_ avage and of the present investi~;atioll i 6 

001 packing was employed in the former study. Variation 

of catal tic pro rtf s with the nature of the dischar e 6Urf~ce 

( or packin6) s been observed by "l number of worlters , and 

mo t recently by rown and Howarth (1970) who found t aj a 

quartz surfac wae ore favourable 0 hydrazine synthesis than a 

pyrex surface . e results of these workers SU3?est that the 

us of quartz wool packing in comparis on to glass wool packing , should 

increase the n tt rate of formation of hydrazine and not decrease 

it , as has been oba rved in this study. 

5·3. lnve tigation of the effect of Reactor Unit • age • on the 

nett tion of hydrazine . 

Duri test! 0 th s 11 reactor { as part of the reactor 

development tudy ) in few of the initial runs the nett rate 

of for ion of hydrazine was measured in order to obtain 

experience of the analytical rn thad and examine its limitations. 

At a later date after the reactor had been run for a period of 

a p roximately two hour (intermittently) to • run in • the electrodes 

the earli r runs w re ep ated ( under identical operatin' conditions) 

to examine th reprodu&i bi lity of the results . 

d crea e 0 up to IV 487 in the n tt rate of forma tion of 

hydr zine ~ 0 ohserved ( tne reeults of these two aetD of experiments 

are r ecord d in table 5. 4 ). On oper tion of the discnar c f or 



further ninety minutes it was found that the nett rate of formation 

of hydrazin re ained constant ( withi~ the limits of experimental 

error ) . indicating that the reactor and electrodes were in 

• steady st te • condition. 

In view of th se results both the large and interm diate 

reactors were • run in • for a period of a proximately three hours 

until a • ste Qy state • condition was achieved , before commencinb the 

experim ntal study outlined in chapter 5 . 2. s with t he 

amall reactor a ecrea c in the nett rate of fornation of hydraz1ne 

with increasi r actor age w s observed for both these reactor s . 

On completion of the work detailed in chapter 5 . 2 a short experimental 

programme was carried out to inv~stigate the • ageinG • phenomenum 

previously de cribcd. 

,S identical op r a tin conditions were us cd for the two sets 

of experiment recorded in table 5.4, the most probable explanation 

for the in effect observed was that the reactor unit surface 

influenced the nett r te of formation of hydrazine in some way, and 

the de ree of thi influence varied with r actor age. 

s noted in chapter 2. 3 e thaver (1933) reported that with 

freshly machin d electrodes the cuthode fall ~f potential is 

significantly lesa than with aged electrodes. us for fixed 

can 'tions of inter- electrode distanc and operatin pre ure 8 

r duction 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- el ctrO(8 voltage remained canst t) . 

Examination of the results in Table 5. 4 shows that the inter-

eleCGrode voltage is independent of whether freshly machined or e ed 
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lectrodes are used sug e ing -

1) the cathode fall 0 potential is independent of electrode 

ag or 

2 the cathode fal of potential is increased when aeed 

electrodes e used , however the potential difference aero s 

the itiv eolu~n is ecre'sed by 11 correspon ing ~mount , 

with the result tho t the ~nt r - electrode voltAge remains 

constant . 

If tne fir t of these alt rn· tives in correct then it uld apoellr 

th t the r etien tube uri ce and not the electrode surfnc is 

responsible for the ageing effects noted ( it is unlikely th t the 

electrode surface could have a catalytic influ nee on the nett rate 

of form tion of hydrazine as the electrodes are relatively dist ant 

ir the sitive column ) . 

If the second alternative 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 positi ve 

column decreased, then E/p and consequently the mean electron energy 

should decrease. As will be shown later , over the range of conditions 

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 ne~t rate of formation of hydrazine 

with increasing reactor age was observed ( see Table 5.4) suggesting 

that electrode age do es not influence the nett rate of formation of 

hydrazine. In order to confirm this an identical reactor (designated 

the 'new' intermediate reactor) to the intermediate reactor (which will 

now be referred to as the 'aged' intermediate reactor) was constructed 

and a series of experiments was carried out. 

, 
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u,in~ i~entic 1 operatin conJitions) in whic. _reshl~ oachine 

an a ed electro e. were u ~ i1 both these reactors . He uJts 

of thi- wor are located in table 5.5. 

In both r actor:... tile u"e of freshly muchined electrode' 

result: d in an inc e se in tl e ne;-.t rate of formlti u of h cir'l.:line , 

( by a roxirn t ly 4. 9 and 4. 1. in til new md a cd reactors 

re p ctiv ly how ver the increase waG \"i thin the lil.!i to of 

expcr.i ental error . inclicating that electro Ie age does not si·.'nificantly 

effect the nett rate of ormLtion of hydrazine . 

wi tn th experimental .findin s for the s.l<.d reactor t ( re urt· in 

tabl e 5. 4 ) no di ferenco in current - vol b 'e cr.ar ctcri -tic~' 

ere observe a in either of tl inter~ dilte r~actor~ , rug,entin3 

that reactor age does Lot influence inter-electroae voltage . 

l'he ltOS significant thi.ag at) ut tl. re HI ts reported 

in tablA 5.5. 10'11 ver , is th~t the nett riA te 01 fom tion of 

hydrazine is approximately SL larger in t he aged reactor 

than in the new reactor , in direct contI' it to thn results obtained 

in t.e s 11 reactor able . 5. 4 ). 

n viev of this a further serie of ~xT)eril!lents ~/ere c'rried out 

u"'ing t he new inter ediate r actor ( iIIith freshJy ,·chin.d electrooe:=; ) 

operatpd under i dentical con tiona t o the previous series of exp,"rimenta 

reportert in tabId 5.5. Fifty four runs of one minute dur ti )n \"l _re 

carried out in whic tne n tt r at'=! of or-mati n ,)f hydrazine \'IC>.S 

m asared during every fifth run. L fu.rther seventy , one I'llinute • 

cxp ri ent we::e carried out with the r. tt 1" t of fer]' ti"n of 1,' 1 azin 

measured for every tenth run . The results 01' tlle.(. oyoeri lent:s tire 

located in t able 5.6 na ig . , . 20 whic] i1lustr~lt 6 ho'w the " tt t' tf 

of for tion of hy razine varies \.,rith the reactor a e . 
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nspection of ' ig. 5. 2 rev(nll thdt tiw n t.t r_te of for' ti")o 

z ne ~ncre 5 B ~it incrC3lnn . ~ • ge • ~lin a" in i~ in 

direct c tr- t tl t tren 4 oo.,crlled in tile ox' I'lmcntlJ utnn the 

sna 1 r lictor. 

t h_t ~ven' fte r :nore ch'n t o ur or r 't r. tee n tt rite 

of tion of hydra?:..n< i th~ new in \' (l 

the t.: • ";'nt· rll" di te r actor ( al t lOU h t'l ,11. .e' u1CP 

b two n t he r t~ .. 'n t'1e t~o re ctors v'lEi within t I 11 .it .... of' 

oxp rimental error ) . 
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TA lLI, 5. 4. ( Small Reactor ). 

Reactor Run Pressure Flow Current foltage Vc Vp L 
.\ge No • (tmHg) (eul sec' ) (m. amps) (voltE;) (volta) (volts) (em) 

New 1. 2. 0 0. 35 26.0 t:;A') 668 1.0 0.125 654 596 0. 35 
2. 5. 0 0. 88 31 .5 560 ' 544 5.0 0. 50 1165 1700 0. 48 
3. 9.5 1. 68 30.0 590 489 90.0 0. 98 797 1203 0. 24 
4. 15.0 2. 65 30.0 590 464.5 114. 5 1. 2 1030 1204 0. 25 
5. 19. 5 3. 41 29 ~0 610 457 142.0 1.3 992 983 0. 2, 

I\ged \ 6. 2.0 0. 35 31 .5 560 548 1.0 0.125 341 311 o. 
7. 5.0 0. g8 31 . 5 560 54,+ 5.0 0.5 820 1197 0. 48 
8. 5.0 0. 88 31 .5 560 544 5.0 0.5 894 1305 0. 48 
9. 9.5 1.68 30.0 540 489 90.0 0.98 565 854 0. 24 
10. 15.0 2.68 30. 0 610 464. 5 134 .. 0 1. 2 617 721 0. 24 
11. 19.5 3. 41 29.0 \ 610 457 142.0 1. 3 686 680 0. 26 

5. 5- (Interm~diate Reactor ) 

(~r. \ 9. 0 \ 1.13 \ 49. 5 \ 615 \~7 \ 137 
2.55 \ 45.4 113tl3 2. 12 ~ 

( A .. ) 2. 9.0 1.13 44. 5 620 467 142 2.55 43.6 10932 2.11 
New (NE 3. 9.0 1.13 -49.5 620 467 142 2.55 30.2 7572 2.11 

( AD ) 4. 9. 0 1.13 't9.5 \ 620 467 142 2. 55 2d.8 7221 2. 11 
LL 5. 6. ( Intermediate Reactor ) 

• I 
1. 9.0 1.13 49.5 \ 6~ '4tl7 142 2. 55 30. 28 7592 2. 11 
2. !! " " " n If " 29.54 7407 " 
3. " " " " tI II " 31 . 00 7773 " 
4. t. 1! " " " " " 31 . 38 7868 " 
5. " " 11 " " II " " " 
6 .. " II " " II II It 36. 38 9122 " 
7. " " II " " " " 37. 64 9438 " 
8. 'I " II " " " " 33. 96 8515 " 
9. " " " !I " \I " 40.24 10090 " 
10. " " " " " ,I " ~~.~! a~§O " 
l I. " " 

I' " \I " " 3;~ 8515 
., 

12. " !, ., II " " " ~ .. 28 7592 " 



TABLE 5. 6. (continued ) . 

Reactor Run ~ressure Flow Curl'ent Voh'l.ge '1c vp L 
Age No. (mml~g) ( cnf sec' ) (n. amps) (volt s) (volts) (volts) (em) 

13. 9.0 1.13 49. 5 620 467 1J*. 2 2.55 
14. 11 , tl II " " " 
15. " ., " 11 " " " 
16. n " " " " It II 

17. " II tI " " I " 
18. " " It " " " It 

19. " " 11 11 " II " 
20. " " II " " " " 
21. " n " .1 " " II 

• Each result i s an arithmetic mean average of three results • 
•• lOe discharge had been operat ed for ten minutes pr ior to these experireents. 
r= Nett rate of formation of hydrazine in positive co~umn. 
~ = (Vp I O't )"o.n (U 'tp )',·1f (L)-o ,S'I 

( FJC) O·1C) (0) 

1'; .... = New electrodes. 
A.u= Aged electrodes. 

r x lOs rDJ Z 
(flTl 

-~ -I ) 
CfJ ".lee FC 

36. 92 9257 2. 11 
36.60 9177 n 

43.56 10922 " 41.70 10456 tt 

~9. e~ 9994 If 

42. 40 10631 " 
43. 34 10867 " 42. 94 10767 It 

42. 74 10717 " '<R 



CHAPTER 6.0. 
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~ Int rpretation of Results . 

~ ·scharge Constri ction 

In th present study it has been shown that thera is a 

limit to the diameter of electrodes which may be employed in 

a dc di charge re ctor , bove which discharge constriction occurs . 

~ is criti siz8 of electrode is de endent ul_on a nUMb r of 

cliff rent f ctors , the principal ones being: -

) The nature of tlc gaeeouG reactant . 

b) Re ctor unit geomE't (" ~ • 

c) lectrode profile and m terial of const ru.,etion. 

d) '10 pattern of the gaseous reactant ( which is 

dependent upon (L) ) . 

e) lectrical and operating c nditions, of which the ost 

im ortant are electric~l current density , operating 

pressure and gas flow rate . 

Constriction henomena are complex and as yet very poorly unde~5tood. 

Althou h it is beyond the cope of this inve tigation to xa ne 

such phenemena in det iI , a few general observations seem per~n~~t . 

ollsidering factors (a) to, (d) as fixed for a particular 

reactor unit and reactant gas then operatin~ pre Rure , electrical 

current den ity , and gas flow rate bccom the independent variables 

upon which the 

( wi thout isch 

imum diameter of electrodes which can be u ed 

c c notriction ) depend. 

The e f~ct of hi-her pressures will be to hinder th diff.usion 

of electrons and iona that nd to spread the dischar e r~dially thus 

it . ht be expected that con.triction e fec~ shoul set in at 

hi her pr saUTes, for g ses which have larger mbipolar diffusion 

coefficients as i 0 served for helium reI' tive to other rare 

g ses ( Massey (1965) ). 
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High curr nt ensities on the oth r hand contribute to the 

rrowin of the conductin channel in a much more complicated 

a hion. s~y of some po sible reason iven by helpa(1967) 

i s 1'0 lows :-

1) Ther 1 ~radients which result from the flow cf he t from the 

centre of the arc to tae wall result in a reauced as density ADd 

higher /p at th centre of the arc. If th rato coefficient 

for ioni ation increase uffident1y r pidly with E/p then the 

.igher ionis tion rate more than compensates for t.le faater 

i..fu ion. 

2 umul tiv ionioation. Cumul tivc ionisation refers 

o th ioni. tioD of excited atoms or mol cu1ea whic'} have been 

pro uced by electron iop-ct . Iecause this process i s pro ortiona1 

to c quare of current dell ity , thi will le to hi her rates 

o ioni tion in th ions of hi h r current density and tends 

o contract the discharge . 

J) lee ron- ion r combination. Soene uthors ( h.enty (1962) ) 

hay ro 0 d th t the recombin tion of el ctrons and ions nt large radii 

lea to constriction of the discharge . 

1 etron - electron inter ction. inc collisions among 

electrons tend to ke electron energy distribution functions ore 

wellian d to increa e th excit. tion and ionioation rat 

coeffiei nt . e ionisation rate !lear the centre 0 a discrmrge 

ill be hi 1 r and will tend to eonntrict the di <, char et ( Golubovskii 

(1966) ) • 

.l. e "ect of high gas flow rates is to .:. tor the e1ec ric 

Ii 1 and c n equent1y bri bout cbane11ing of the discharge zone . 
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ccordin to aier (1934) this e fect becomes signi cant when 

the gas v loci t y is compara Ie to the dri ft veloci t of tlw 

ions , i . e . in t1 e raT) e C'f! - 100m per Gec . It i usually 

foun that un er thee conuitiom, the iSrad::'ent in the :positive 

column becomes Don- uniform alon~ it.::; length , £.tIll le<s than tne 

normal value in ~till gas e. , d 1 0 ortenin of the ,oc itive column 

occurs . ~imilar e fects have also been obcerved in the c&se of rJdio 

frequ ncy di ch,r es ( Romig (196» ) . In the resent study 

flow rates exccedin approximately 8m per sec . brou ht about 

dischar6e constriction. 

It f lloW5 from ~hrt h's been::; id that most la.boratory 

size discharge reactors wil not be amenable to treatment 

by cQnventio a1 ucale-up criteria b~c~uy of di charte constriction. 

Thus until sufficient kno'.Jledge is acquired to pr vent con~l: t'iction 

durin" the per .... tion of lar e dcale eactoro , it 't ill be nece :::,ary 

to evelop novel r ctors in which the limitation of constriction 

i.. .. overcome . ne omiible way in which t L, might be achieved 

would be by em' loying re~ctor wI ere a leans for moving the diHcl~rge 

reI tive to the as ~trea is provided. In this way~arning of 

the ettire r eactor crons- section will ro ult and by-passin, of the 

reactant as sho Id be min lmi d ( .~ji (1972) fhornton (1972) ) . 

6. 2. r:ect of reaction tube size u, .0n the nett rate of for!;' tion 

of hydr zine . 

In em pter 2. 3 the fol10\Jing reaction machanism was put fOI"o'lard : 

l~ + 
+ e _ Nn,) + e __ 

iH~ + H + e 

NlIl. + NH%. + (J) - NLH* + (! ) 

L H 't + H ~ product s 

Nt. ICf + e products 

Inspection of equation (5 . 2) reveal s to t the nett ate of 
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formation of hydrazine deere e n reaction tube diameter is increased. 

Thi~ may be explained b ~ either -

6.2. 1) a deer fiSC in the r't of form tion of hydrlzinc , and/or 

6.2.2) an increabe in the r te of destruction of hydrazine 

or it~ recur~or . 

6.2.1. Decrease in the rate of f orn ti n of hydr zine. 

A hydrazin is form d lrim' rily by the combin'! t i 'm of two 

amino ra ica ls, a deere se in the r te of forM tion of hydr~zine 

must in practice result from a decrea~e in the concentr~tion 

of amino radical~ av ilr.b1e for hydrazi e formation . Fueh 

a situation coul arise from eith r: -

6. 2. 1. 1) a decrease in th rate of form tion of amino radicals 

6. 2. 1. 2) an incre(l",e in the r.te of reaction of r.J.mino r'ldica1s 

to for pre ucts other thw hy azine. 

6. 2.2. Increase in the rate of destruction 01 hydrazine. 

As not d in chapter 2. 3 an increase in the r te of destruction 

of hy azine or its prpcursor may occur in two ways which are: -

6 . 2 . 2 . 1) inere~6 in the rate of e ectrJn destruction, and 

6.2. 2. 2) an increase in the r te of atomic hydro~en destruction. 

F..ach of th se a 1 ternati ve'" wil ' now be con . (ered to dete mine 

whic if yare in agreement ith the experiMent 1 r Gults obt~incd . 

6. 2.1. 1. Decrea e in the rate of fOrTllntion of amino radicals . 

;-\mino r dicals are form d ri!l" rily in the decoMposition 0 f arr:r~onia 

d therefore a dec~e re in the r te of form tion of anino adic21s 

must result fron D. decrease in the r'1te of deeomno.-ition of am1'10niH . 

It ~'as la ned to ;'lsure the decom os ition of ~~nr"onicl in all of 

the xp l'imenta1 work however thiG ai'1'l was not 'lcLi f>vod 's the 

chro~'to ra.hic equipment s not function"'ll. ',L'hu" it 'me not 

ossible to measure whether or not the r' te cf a 1monia deconJoo.>i tion 

or 
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was a function of reaction tube size . from a theoretl.ca.l pOl-nt 01 

view however it I:I Y be concluded th'lt the rate of romonia decompo'-i tion 

i s independent of reactor size and is nrim"rily function of the 

ener r of the electr,ns in th~ ivcnar e. It f 110 s therefore 

that a decrease in tne nett rate of furm tion 01 hy r ... inp. with 

incrc·sin. reactor size is not due to a decr ase in the rate of 

formation of amino radicals. 

6. 2.1. £. e~ction of 3.mino radicals to form productr-

other than hydrazine. 

11 number 0; reactions of amino radicals to fornl roduct::; oth r 

than hydr zine have been suggested. The most import -nt of tlese ar 

listt'd below . 

a) NH,. + H + ! ) -4 HH3 + ( J ) 

b) NH l. + NHl. + ( 11 ) -----+ N:l. + 2JI l.. + ( j'1 ) 

c) NH,. + t'h H~ --4 NH, + HJ 

) N,. H+ + 2 NH1. ~ 2 N IIJ +- Nt H .. 

e) NHl + NHl ~ NH-~ + NI! 

f) NIh + H .. ~ N .. t{1. + H ... 
g) NH1. + e • NH + 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 concentra tion 

of amino radic~ls in the g s phase . oth reactions (a) and (b) 

have been hown to occur on the reaction tube surfacL «.l) iig (1937) , 

(b) !3war zc (1949) ) and therefore the rate of these reaction ih uti 

decrease with increaain reaction tube diameter . 

If the rate of reactions (c) and (d) increased ... lith increRsinl:" 

reactor size this would account for the experimental results 

observed in this inveFti ~tion. It i s unlikely however tInt the<.3c 
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reaction~ ~re of any 6i~nificance in comp.rison to the reaction of 

hydr3zine wi th atomic hydro_en toms . 

""incc mi no radic..t1 r
• nna hy - rOLen r toms are roduced a t the 

8f:t'ne r at e ( from the decomposi tion 0: ammonia ) and amino r a<.licals 

can di sappear are readily ( react more readily ) the 'lmino r adical 

stea y s t a te concentra tion "'haul .... be much smaller than the hydro -en 

atom Gte dy s t a te cO~ CP tra tion . 'he reaction of hydrazine with amino 

r a i cnl s shou d t herefore be ne~li.:.>iblC t comp red. to the reaction of 

hy azine it'l hydro enatoms . 

Increasinb th reac tion tube diameter .. Jill decrease the 

rate of ai ffusion of both amino radicals and bydrof,en atom~ tv the 

tUbe surface 'lnl therefore increase the concentra tion of both in 

the gas phase . ~OII.iC lyero,; n recombin tion does not or-cur 

in the gas phase over the ranoe of preGsure used in this s tudy 

( but al:lino radica1.s CcUl reuct to form hydrazine and other products ) 

it is unlikely t hut amino radica l destruGtion of hydrazine will be 

increased in l J.rge s ize reactors . 

I either of r €:a.ctions (c) or ( f) b.re kno~m to occur on the 

surface 0 th reaction t ube and therefore it if, feas ible th, .. t the 

r ate of these reactions woul~ increase as reaction t ube size i s increased . 

A con -iderab1e amount of evidence has been put for ard in chapter 2.3 

( for xample faines and Bair (1963) ) however suggesting th"t 

the moet important reaction of amino radicals i s in the form tion of 

hydr zine and also that this reaction takes pl a ce in t he gas phase 

( Anderson et al (195)) Skorohodov (1961 ) ) and not on the reaction 

tUbe surface as su,,-;ges t ed by J:iathsack (1961 ) . Increasing reaction 
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tub atar should 1 d to an incroas in the concentrati,n of 

ncr e in th leal in the ~o phaoe 'n in tur~ 

pri ry r action of R ino r ical to form h hue i it un-

lik ly th t re ction or (f) ( or in fact r ctionc ( ) tn (-) 

ar of ny i 111c n e comp' r d to the r etion 0 mino r die 16 

te, form hydr zin md i i qu lly unlikely th t th 6 reactions 

b co i rtant l"eaetion tub izc i. increased. 

It will b shown in 6. 1.2. 1. th t the destruction of smino 

r dic1US ( nd thu" hydra.zine ) with elcetr ns re etion (g) ) 

is not si nificant in c rison to ate ic hydro1
o n de£1tructio 01 

hydr :dne. vcn if thi u \II' re not so ho 'ev r the :r t of 1 'ctr lfl 

ecoopo itio1\ of a ina radie 1 .. i governed prim:'lrils hy th en rgy 

of the e1 ctron in th o aiuchar e. rhUb ch n in the rc etion tube 

dia t r should not cnun e the pri ry condition whieh a to 

a ino dical d .• truction by this r ute. Increasin the 

r action tube di et r however wil ' lead to a d e ~a3e in th 

r t of diffusion of electron to the r ction tub 5urfnc and 

there1 0re t n iner as in th cone nt tion of ~leetrQn in th 

di8c r e reaction zone. IJ)ctron dif u to th din char 

ch f ter th do atomic hydro&en atom"', however it i 

unlikely th t th incre ~e in el c ~ron concentration in the as 

pha e would be "i nific nt, comp red to the incre se in to ie 

hydr en to c nc trlti n, in lar ize r actors. 

o um iS8 it wou d ee m tb t th exporim uta! results y not 

be expl ined by 

ro uct oth r th 

iner se in the rat of r ction of nmJ.no radicals to form 

by razin or in or neral to me to n decre~8e 

in th r te ot for. tion of 111 zine. ttl co tr ry j t wou ~.d a:-'~l.ar 

r action t ube size should 1 ad to an incre Je 
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in the conc ntr tion of ami 0 radic:tls in the S"S phaso and 3.S 

a re"'ult to incre se in the form.::.tion of hy r zine . 

s thi is not in a reement wit' the cxperi ntal r Gults 

observ dit fo110\-/5 th \; the r e of e..;truction of hydrazine 

ll',t b increas in lar r ize reactors to such an e.rtent th t the 

nett rate of formatior of hy razine i deere').) d. 

6 . 2 . 2 . 1 . by electron colli 10n. 

It i relevant at thic- stage to examine the oi nificance 

of elec ron destruction of hydr z·n· ov r the rlUlGc 0 conJitions 

used in thiR study . 

In chapter (2 . 3) it las rp.'Oort d th t ."av· ge (11''170) u""inr a 

mathe tical odel of the diach ge in mmoni compnred the rela tive 

importance of hydrazine destruction by electron H.t ck and atomic 

hydro en attack. avage aho\led that nlthourth electron inJue d 

d co pO"ition of hydrazine wa .. relati vely Qi '~nific."nt the 

rimary t10 e of de~truction was by ':lto.nie hy iror;en tt'l.C'. of 

The ran e o~ re ction conditions i . e . reduced field stre ·th 

( el ctron ener ) uued in Sava e ' s work ib very simil'r to he 

reaction c'1ndition used in the present study ( compare reduced 

fi I d tr 
-I ~I 

tb v lues o. I"v 12 voltr. em tlH (av r;e) with 

-, ~, 

10 volts c t" Hg used in the present turly ) and con.e uently 

it may be a"su~ed tl t avage's findings re applicable to the 

present study. 

Further evidcnc of this ay be obtained from t -{orK of 

arker (1970) . Bark r reported t J.t in ddition to electr n 

induced decom 0 .i tion of hydr zi '1e , t higher electron ew,i ticr, 

anot ler electron- induced decomponi tiOD reaction c' Incs ; 1 tu )1 y , 

namely the re ct ion bet een el, ctrons and amino radicals -

( i . e . r ction ( ") in 6 . 2. 1 . 2. ) . 
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This will not only remove amino radicals necessary for hydrazine 

forme tion but al 0 P oduQ(e re hydrog n at s Which will engaG 

in hydrazine degradation reactions . ker has found th(ft 

electron react mo efficiently with amino r ieals than t ey do 

with hydr zin • y assuming a ~wellian distribution of lec run 

nar i s d taking t bond . ..,oeiation energie a D (NH - li) : 3 8 

e . v. It ul1e~ 1, ... h) , I (ill H - H ) : 3. 3 e.v. ( 'oner (1958) ) 

and l) ( J -1 - ) = 4. 5 • v. ( ~tshuller ( 1954) ) he sho ell that 

the r te const th electron - induced decompo ition 

re etion wer in t: 'rd r -

~ + e /' 

ker ' 'Nork showed that or a power input of 2. 5 to 10 

watt t e jor ech ib o~ by zine destruction i atomic hydrogen 

at aek, but th t t 50 w tts and bove lectron - indue d decomooaition 

of amino radic Is d hyar zine predominates . 

e volum of t di charge zone used in Barker experimentR 

was proxi t ly 3. 0 cm3 
( in 5 m of the exp rirnents at higner 

po nd flow th discharge extended out ide th volume of the 

tub ca "ty ) therefore the power densiti s corr 'sponding 

to of 10 - 50 atts e pproximately 3.33 and 

16. 66 tt em res ctively. In the present study power densities 

U' dran d fr 0. 43 to 5. 1 atts crl ( "'lO itive eolumn ) :'~~1..i,. tinp; 

th t 1 ctron - induced e truction of hydrazine or amino radicals 

W 6 of littl c • 

or ore as the r te of el ctron - induced decomF4 ition 

• pr ivate corom nic tion . 
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of hydrazine is governed pri rily by th cn gy of the e1 ctrona 

in the ischarge . it should be ind pendent 0 re ction t ube 

size even under conditions where thic ode of destruction would 

be significant . It may be concluded therefore that another 

mechanism of de truction of hydr zine i s primarily ~c~ponsib1e 

for the exp rim ntal results obtain d. 

6. 2. 2.2 ,) struction of hydra 

-rlhe destruction of hy been established 

by a number of worker s reported in cha ter 2. 3 ( for example anion 

(1)62) rk r ( 1970 ) ) . atomic hydrogen atom recombinrti n v ·ur., 

at the re ction tub surface and not in the gas I.h;')se it follows that 

when the "ia eter of the reaction tube i s increase , the rate of 

diffu ion of tor ic h dro en t ) the reaction tube surf ce would be 

decrea ed. ~ia will lead tJ an increa6e in the c ncentration 

of atomic hydrooen in e gas phao , which in turn will lead to an 

incre se in th r te of estruction of hy zine , and conoequ nt1y 

a decreas in the nett r te of ormation of hydr zine . .Juch a se u r: ce 

o i ... in agr(·e ent . th the experimental results obtained in 

t hi tudy • 

... ffect of 

~ariation of reactor ~ur ace ' activity ' with geine h s 

been obs rved by oth r workers. Brown and Howarth (1970) rep rt rd 

an agein effect simil r to that obs rv d in the small , intermediate 

an lar e reactors i . e . a decr.ase in the nett r te of hydrazine 

f or mation with increasin. actor age . On t he oth r hand 

~avage (1969) not ed an increase in h n "t rate of hydrazine fOlmation 

with r act or a ein, ( i . e . similar to the trend 0 SR vael in the nel 

intermediate reactor) which he attributed to either ' 0 f ur ace effects • 
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or t o better analy. is techniques. 

eta Is of t h met.lOll..., by w'1..I.ch vitreou~ '-ilic [" ore m!lnut 'lc turf'd 

re propriptory but four ba ic types C 'ln be cormi:>ed ( !etherington 

(1962) (1963) ) \Vi t h dLferences based princi al1 upon h~rdroxyl 

flnd metallic impurity concentration and an methone of fuGin!." . 

'or three of thes e f our ty es met,11ic i~purity concentr' tions are in 

reverse order of the hydroxyl contents ( He t herinton (1965) ) . 

t re ent very little i s known about the effect of hi ·11 

Iield in the r e ion near the 3urf ce 0 ~ quartz r~actor . 

however iIeth rin ton (1965) has Gug eot d thC1 t insi e I"'fu:lrtz 

there are nut'lber of loosely bound. species which could mi ,r a te 

unuer the i lu _nce of the field . 

As ' scussed in chapter 6. 2 the pr esence of '-1 tomic hydroc,en 

in an electrica' discharge result~ in a decrease in the nett r ate 

of form tion of hydr~zine . Thu~ the mi f"r tion of sp ciee 'hich increase 

or decrease hydrogen atom recombin"' tion to or from the dif CHfll'~e 

surface would increase or decrease the catalytic efficienc of 

that surf ce , flnd consequently increase or decr ase the nett 

rate of for ' tion of hydr azine . 

'1'he different types 0 quartz c ntain varyi nr; Clmounts of hydroxyl 

and metallic impurities . A.s f· r back as !L 2 . ~ 'ood i n hiLs ~ork 

on the dissociation of hydror"en in a low frequency dischnrge cone I ueled 

that \vater vapour or oxygen reduced the ability of the rea" tion 

tube surfa ce to catalyse atomic hydror en recombinatian. R'ecently 

a large amount of work h r s been carried out 'on the c' tl!'!ytic 

production of atomic hydro en in ~ dis chprge when s all amount 

of wa er or oxygen are a dded. Increases of btomic hydrofJ en yield 
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by factors of ten or so when switching from dry hydrogen to hydrogen 

contain-ng 0. 1 - 0. 3, water have been not d ( uf nn (1906) ) . 

ereas hydroxyl inhibits the l'ecol!lbination of atomic hydrogen 

many work ra ( e . g. Eremin et al (1967) (1969) ) have demon tratcd th t 

the prcsence of metallic surfaces in an electrical dischar ge c taly&~s 

the recombin tion of tomic hydrog n. er fore depending upon the 

ty e of quartz uoed ( i . e . the concentration of hydroxyl and metallic 

impurities) the operation of an electrical di char;e could effect 

the catalytic ctivity of the r action tube surface in a nUMber of 

differ nt ways e 

The q rtz used for the new intermediate reactor was not 

from the same batch S' that UDed for the construction of the other 

react f rs ( as it w 5 rernA~t of previous stock) thus the 

different surfac a ing behaviour ob erved in the new 

intermediat reactor comp r d with the other reactors may be due to 

the different ty e of quartz used in th construction of these 

re ctors. 

e behaviour of the n w intermediate reactor cou d be 

expl in d by n uQin that this reactor was made from hi h 

hydroxyl content ilica. Thus initially the efficiency 

of the reaction tube surface to ca t alyse hydrogen atom recombin tion 

would be low ( co pared with a silica surface rich in metallic 

i mpurities) however s increa~in oper a ti n of the discharge 
'MPol\ .... ~ 

romot d ' gr tion of hydroxyl kaway from the .~~ctor surface 

( and/ or migration of metallic impurities to the reactor surface ) 

so the catalytic efficiency of th surface would inclease ( with 

a corr .onding increaee in th nett rate of for. tion of hydr zine ). 
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.3imilurly , the behaviour of t~e other reactors could be explained 

by ~ssuming th£'t these reactors were constructed from high 

metallic impurity content silica. Tbus initially the efficiency 

of the reaction tube c;urf';lce to c.'lt3.1yse atomic hydroGen rc.combination 

~ ... ould be hioh ( cOMparC'd ,..i th n silica surface rich in bydroxyl 

c msti tuents ) hO\~ever s increuoinl'" operation of the diGcharge 

promoted nigra hon of r.1o tallic impuri ties away from the reactor 

surface ( and/or migration of hydroxyl impurities to the reactor 

surface ) so the catalytic efficiency of the surl'dce WOlA d 

decrease ( with a COrl'eSFOndin- decrease in ~he nett rate of 

hydrazine for~tion ) . 

Another. po ,sible explanation of the different 6urfaces lJropertic'6 

observed in the various rC' ''I ctor.; may be connected Vii th the v 1'i "ttion 

of surface adsorption processes over a. :period of discharGe 

ope~'ation . rI..&'nJ::o'1ia discharoes in the small . intE'rmediate and 

lar 'e reactors had b('en operated for a fairly lon~ period of time 

( during the reactor development study ) before C()l"'~encemcnt of ti1e 

experimental progranlr.Je outlined in chapter 5 . 2. and it is quite 

probc'lble that t he surfaces of these reactors were saturated 

with mmonia and other discharge gases . TIlis ammonia layer 

could prevent atomic hydro,en recombination end as the layer graduallly 

thickened this effect would increase 'tIith :l resultant decrease in the 

nett rate of formation (If hydrazine . 

In the uew intermedlate reactor the walls 11011 d be unsaturated 

and therefore in the ear::'ier runs the rate cf aJ.sorption of diGchur 'P 

gases including hydrazine would be hi'"h. J.ls di::,charge opera.tion 

was cont inuei this adsorption rate w~uld decrease ( as the walle 

became sat urat ed ) resultin.,> in an ri' .arent incrense in tfl( 110tt r:lte 
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of for ~tion of hyar~zine. 

F~rhan- if the di"'c r;e in the new intermediate reactor had been 

run for a uch lon . I' eried of time , the reE ctor waIlt; ~lIOultl h:.tve 

b come "'atur ted \Ji th di9chnrge ases and then the new interme liatc 

r"actor ~lOU d have display,dr' identical a cing characteristics 

to the oth r reactc r' • 

It i of intereot to note that roun and Howar th (1970) inv~stigDtcd 

the ~ermution C'f a molecul r layer on the f.urface of the reaction 

tube . In the':' "'xperimen:s , e:ln aged qlt rtz reaction tube in 

wl ich the nett rate of for,nation of hydrazine , had been found 

to decrease ith iner in~ reactor age , was thorou~hly cleanced 

with hy rofluoric acid in order to remove any molec'llar lnyer 

uhich mif7'ht have been for ed. 

:::his treatment as found to hllve no effect upon the nett r.,:;te 

of for. ti011 of hydraziJ c t indicating that either a molecular l~yer 

was not for. ed on the tube surf9.ce . or if on~ was it did not e Le t 

the nett rate of form tion of hydrazine . 

[ . 4. The in! uence of quartz wool pclclein on thE' nett rate of for. tion 

of hydrazine. 

In principle adding extra surface area to the positive column of 

the diacharge clould le~d to an increase in the rate of recombin tion 

of atomic hydrogen with a subsequent increase in th~ ne c rate of 

formation of hydr zine. 

One explanation of why the experimental result8 ( for tIe packin~ 

of the I rge reactor) (lid not exhibit thiJ trend may be .3.J50ciatea 

with the na ture of the p ekinc uned. rhe preparation of quartz 

'.11001 in a water vapour tmosphere ,,,ould cdmost certainly ensure 
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a high hydroX'il content viool. Thus as noted in 6 • .3 the prusence of 

thin hydroxyl in the dir.;charge would inhibit the rocombination of 

atomic hydr ;;en , renderinr; the extra IJurface area of little uee , 

if any_ hether or not the presence of this hydroxyl in tt1l' 

dincharge zone could influence the et'ficiency of the di;,char"c 

tube itself to atalYGe atomic hydro[cn rccombin tion ie, n flU t tel' 

of conj ecture . If this waE1 the case however it \vOU, d explain the; reduced 

nett rate of forM tion of hydrazine in the packed Inrge reactor in which 

no gat; by-pal..min5 i'las apparent . 

It present surface effects are poorly understood und are open 

to t;pecull" tion and until further wor\{ is undertal{en the role of 

the surface will remain , bottleneck ' in the unde standing of the 

discharge chemistry. 



CHAPTER 7.0. 
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7. 0. Reeo work. 

com rehensive review of th nece sary research into the 

ch hysics of lectric 1 di c arges h 6 bep.n iven 

y '~peddin l' (1969) . The present inv ~ti ation has hie-hli hted 

80 e of the engineerin pro lecns th are a~Goci' ted with the 

hase low di char e synthe 's of h dra7.ine . 'l'here .:.re 

traany are s of study where f rther research is necea ry e 

1 . ector Desi gn 

In th p~e ent tudy it h B been shown th" t it is feasable 

o maintain uni for m di ch r:e§only over limited electrooe areas 

and under conditions which <re not of practical inter s t. 7.h' 

the r nge of ope~atin~ conditions over which constriction of the 

diRc~ ge do s not occur is loc ted Mainly in the low pressure 

reGions with all th attendant engine rin difficulties . Certainly 

more research into the effects of: 

a) reactor unit geometrey , 

b) nature 0 electric power 

is required to d termine whether or not constriction may be minimised , 

ho' ver it i probable that the solution of this problem may be 

fomt by 17i)!!:)ping mean 

i ch r e constr'ction. 

re ctors in which a mean 

of overcoming. rather th~n elimin~t ' n~ 

In t his re poct the development of novel 

of movinS the discharge relaiive to ~J 

gas strcrm is provi ed , may prove to bo rewarding. I such reactors 

scannin of the entire r actor crO~5-B ction will ensur thrt 

of the r actant as will be minimised ( Iaji (1972) 

Thornton (1972) ) . 

1. t her work is needed to confirm whether or not increasing 
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reactor size resul t s in an increase in t he concentration of atomi c 

hydrogen in the ischarge zone with a resultant increase inthe 

destruction of hydrazine . ne way of doing this would be by the 

use of an atomic hydrogen sea nger ( for exampl e an allyl compound 

i.e. allyl amine , allyl alcohol etc ) . If an increase in a tomic 

hydrogen concentra tion does occur in a large size reactor then 

addition of sufficient scavenger to react with the addi tional 

atomic hydrogen for med s auld yiel d an increase in the net t rate 

of formation of hydrazine ( i.e. compared with the nett rate of 

for mation of hydrazine obtained when no scavenger is used ) . 

2. Addi tional information concerning the role of t he electrodes 

in the synthesi s of hydrazine is needed. Such informa tion 

could be obtained by usin a reactor with an adjustable size opening 

between t he electro e compartments and t he reaction zone of 

t he apparatus . In this way i t would be possible to determine 

the nett rate of format·on of hydrazine for a range of hole sizes. 

Extrapolat ion t o zero hole size caul be used to eliminate the 

effect of the electrodes on the ne tt rat e of formation of hydrnzine . 

3. The present stuay has confirmed the importance of the 

discharge surface and in this reSpdct more informa tion is- required 

concerning: 

a) he c talyti c efficiency of dirt r nt discharge surfaces . 

b) Variation of this efficiency over a period of discharge opera tion . 

c) Methods of rejuvin ting aged discharge surfaces. 

Poi nt (c) i s of particular importance from t he s t andpoint of 

industrial applic tion of chemical discharge reactor.fas surface 
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ageing will play an important part in the process economics . 

4. Further work und~r different conditions utilising different 

packing materials could lead to a much clearer explanation of 

the changes occuring on packing a reactor. 



CHAPTER 8.0. 



8. 0 onclusions . 

i thin the limitE; of ex t!l'iment 1 p.rror and in thr dorn in of 

th expcrinentnl conditt IlS inveGti ted , s vera ai nifiCli! t 

conclu ions can be ... r'wn froo the Fro eut inve. ti"ation • 

• 

1 . ene of the major problcr~u uf ncale- u) hos I e 1 identi ied . _"'hi 0 

pr oblem i" th cvnstriction of the dinchCt '~e "cr. into a ll<lrrOW becU1 

thereby llowin aome of the reactrmt ~o.s to by-pact"' thif zone completel~ . 

\ ork 'n t~iB field h:>s shmm that there i .... '1 1i it to til, diemcter of 

electrcdes 'hich m y be ~mnloyed . Under (Ie dl.'>CLlIll'e"c can 'ti " electrodes 

of diD et r re.::t r than n critical i7.e which i'~ d pendent un n nu .ber 

of interde ndent facton; (i vo riot.! to non··uni for", COr.B tr let d disCH'lr ·C6 . 

The pr'ncipa1 f tors ar :-

a) :'he n tur f thp reactaI.t gas . 

) eactor uni t creOlll t: f" ~ . 

lectro rr.aterial nd eloctrl)de t rofile. 

a) The flOvl attern of the gaseous rcact~t ( \ hich is depend n t 

on (b) an (c) . 

e) ,,1ectrical and operatlng condition.;) - 0 wh":' -h the lost 

ira ort'nt 1'0 electric current den ity , O!,f'r tin reSf3ure 

a'HJ gas flow rate . 

1 . 'he continuou c Clow dischllr op r1te in til nor 1 ?10W rr> ion 

where an increa e in current i accor.1p<.lnied by a eli ht inr.r' c;e in v ltage . 

2 . ~quBtions have been developed frn~ the data of uc i (1 ~~) ~~ich 

may be used to estilJlate the cathode full in potenti Lad t " '·"m th of the 

positive column for a eli ChdIgu in a. monill t~ :> er t' n _ in t'l' 1 normDl Llow 

re ion . These equat ions are of th form -
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V ( . \...~ ) 
C = m "'t' 

nd 
L :: 1 . 1 

where Vc , J , r , Land 1 rJ re ent cDthode fal l in potential , curr nt 

d nsity , pressure , len th of the po~itive column und int~r-( ctro e 

distance l'O-=, ctively and rn and c are c'>lstant s . 

c. Chemical ~tudie6 . 

1 . he application of the similarity rinci n e to electl'icnl clischar es 

iT! which cl:.emical reactions occur has bOln examined. hile t e disc ar.e 

processes dependiIloJ on ai:! Ie el.o\,;tron il <lc t activation follow tho 

similari ty principle the relatil;n hip rtON not hoI or ch~Jir L re'cti n where 

secon ary , ro~ l3 ep are of prim.ry importancv . L'hu it mHy he concluded 

that if t 10 di chn.rges are physic 11y LiM l'1r thic uoep not (. In th t 

th ch mistry of those dischar s ill fol l ow suit . 

GAn equation of the £o~m -

ueve.o .. \ U in the t echnique of dillwnsionn.l ana lyd h s b(!cn fo nd 

to corr late the experi~ent I rpsult obt ined over a wide r Ln 'e or the 

operotinG rameter~ , r~ du ccd el.ctric field str.n th , curr nt density and gaseouo 

react t rosidcnc_ 

3 .. Evidence has b en rrovidea whi.ch SUC;,.sts that hydrazine is degraded 

in t c ischnrgc pri rily by tomie hydl'o"i n att cl . ra.tho't" thall 'oy 

electron - induc d destruction. 

4. '.rhe nett r te of for,~tion of hydrazin h s beer. found to b illv(.rsoly 

proportion 1 to reactor ize . 

5 . ' vid~n('!a h ... bee .. l pruvided whien "'U' e ts that chanv.in · be ro- ct.i.on 

tube oiz results in chan e in the c ne ntr~tion .' 

in th reaction zone . B the re ction tub ~llrnut.r 
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the rate of diffunion of atomic hydro~en t t he r eaction tube ~urface 

io decreaRed, :'hi"l r ult in C\ decrease in th(} rate of recomhin- tion 

of atomic hydro n at the reaction tube surface. nd conseqUl"'nt ly an 

incr ase in the concentration of ' tomic hydrogen in the re.ction 

zone . In turn thi'" Ie js t.::J an increase i:1 the r L of deF3tructil,n of hyrJ razine 

b.( atomic hydro en att c and's a result a d~cre se in th nct;t r:ttc of f'.Jrrn­

ation of hydrazin • 

6. ttem}t to n mi~e the concentr tion of atomic hy ro et' in Iar 'e 

scale reactor, by pac tin the r actors Wl t n a uartz surfRce t \1001 ) 

failed due tr field distortion with subsequent dischar; conat,...: ti n nnd also due 

to the catalytic nature of t!1e quar tz surface employed . 

7. :'he important effect of the diAchur e surfGtce on the nett rate of 

for tion 0 hydrazine htve been noted. It has been ob ervca that not 

only does t le e t r tc of for. "-Jtion of hydradne d pellC~ upun the material 

of c,:mstruction f th dischn.r"'e surface but Iso u'Jon the t tl Je ' of the 

It ha" b~en f lnd th t as the dischar~e ~urface 

ges the nett rate of ormation of hydradne "lay be increased or decreased 

as a result of chan s in the reF cti,m tube "'tu'face and not due to chaIlJcs 

in t he e:'.ectrode surface as waG I r viously believed . 

o. i nw ber of explann til:ms of t tis a,o in' rhenol.,eno", he ve been adv ulced , 

naoely -

(J.) t he ction of t. electric field Oil t.l(' ur <;iC" of t~te qU:lrt~ re.'lc tion 

t ube i to .rromot the mi gration of .et!l'i(:; impurities ( which catulytJe 

the reco")bination of atolIic hydrCl en tOJl5) and or hydroxyl ions 

( lhich 'nhibit t e recombinftion of tomic hydro"on atom ) to, or 

awny from the reac tion tub surface, with th' result t" t tnc UUi' ll.j 

the r comb n.1tH n f tomic hydrol/,rl tom 

nd c onoequenLly the r.o .. t r to 0 for bon of hydr ziI1(> ) i'wr roN' 
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or decr eases .Ii th incre,I.C:c operation of the diGcharge ( i.e. reactor aLe ) . 

(2) In a new reaction tubo the ~ate of ad'3orption of hydr3zine 

onto the reaction tube surface decreases with incre sin di <'char-Fe 

operation ( i . e . increaoin re ctor age) resultin in an ltlpreafi0 in 

t he nett r' te of ft)rootion of hydrazlne. Once the reaction tube surface 

i s oaturnteG \,Iitl gases ho ever a ll;r er of gas molecules ( predominately 

ammoniA gao) is formed on t..he surface inhihitinr; the recombjn Hon of 

atomic hydrogen atoms on this svr face . Aa tht s la.yer thickens with 

i ncreasin disc argo operation(increasing reactor age) the rate of 

recombi~~tion of atomic hydrogen progre 'oively decro~ ~s and as 

a result the nett rate of for ' tion of hydrazinc alco decrea 
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A. r a. 

t • Lon tant ( 64u·tion 4 - 2 ). 

• 'on tnt. 

Can"t nt ( quation 5 - 1 ) . 
B. Con t nt ( equ tion 4- - 1 ). 

b. Con tant ( equ tion 5 - 1 ) . 
c. c()ncentr~1 tion. 

• onat It • 

G. .onat. nt ( qu tion 1+ - 1 ). 

c. "':on t t ( eq I tion 5 - 1 ) . 

D. eaction tube diameter. 

d. 1dth of c thode dark space. 

d. Int r-el.ctrode di ,tance. 

dn. Di tanc betwfl n cl1thod and leadinG e<l e 

of the positive co umn. 

• 

F. 

1 . 

lectric fi~] d stre gth • 

oni' g s flo\o/ rate. 

Di sch rgc current. 

u . Current naity . 

K. t canst nt . 

L. La t. 

1... Length of the },O itiv column ( qu tion , - 1 ) . 

1. 

if. 

• 

In er-electrode di'ta.uc • 

Mas. 

60nat nt • 
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Nomencla ture \ i lued ). 

N. Viscous influence numb r . 

N. Concentration of ch-r d particles . 

n. 

P , • 

• 

• 

R. 

R, r. 

r . 

, 
• 

f . 

t . 

Conc ntration of geo molecules . 

Gas pre8oure . 

lectric char e • 

Collision cross- section • 

Gas con tent. 

dially measured distance . 

.ett rate of form tion of hydrazine . 

Temperature . 

'ime . 

ime . 

v. Potential diff erence across an electric 1 i s char e . 

Va . rhe anode fall of otential . 

Vp. Potential difference across t he positive column of a 

dischar e . 

Vs . Br eakdown potential . 

V. as volume . 

Vol . 

,.,r 

• 

Volume 0 a colI ction voasel . 

~l ctron drift velocity . 

Discher e power input • 

x. P hydrazine . 

te coefficient for electron- ion recom in ltion. 
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,O~ ndnture ( continu d) 

Density . 

'ce char eden i y. 

te co ici~nt f,r 1 c ron 1. ion. 

cocfficl~nt of It ctrOl1 iO!l. 

1 etron tb . 

v v:l. CO"'l ty . 

bilit- of fr e pac. 

r.it ivity fr c 

urf c ch r c~)·ty . 

i .. etl r xcited'; ci 

r 1 net tl 

11 J Ow r d n 1 ty • 

Jt 
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'p"oendix 1. 

DescriDtion of the Chromatogragh. 

The complete chromatograph was housed in a screened metal 

case which contained a thermostatically controlled oven and the 

detector device . e carri r gas which was supplied fro~ ~ 

external cylinder , was majntained at COL stant pressure by two pr essure 

regu.l tor , one at the external ource and one wi thin the inl3truroen t . 

iter leaving the pressure regulator in the i trument the gas fed 

the reference chamber of a thermal condu.ctivity detector be f ore 

pas~ing on to the sample injection system. Gaseous samples 

were introduced into the system t hrough a special 6a~ sampling 

valv~ . The combined carrier gas and sample mixture then passed 

throu, h the analytical column , where the component s of the sample 

were sep rated according to their affinities for the material with 

which the column was filled . Thos components having little affinity 

for the column material passed through the column rapidly , while 

those with greater affinities were retained in the column for 

longer p riods . iter leaving the column the separated components 

were £w pt one by n into the sensing chamber of the thermal 

conductivity etector. Heated platinum wires or thermi s tor beads 

in both the refer nce and sensing cha'mbers were connected into a 

balanced bridge circuit . Heat was lost f rom these eliments by 

condUction through the gases and when both chambers were filled 

with pare carrier as the bridge was balanced. Iben a ample 

component ent red the sensinb chamber the difference in t hermal 

conductivity modified the heast losses , causing a change in tIe 

wire or thermistor temp('rature . This resulted in a resistance change , 

whic unbalanced the bridge , generating a s i gnal that was proportional 
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to tether 1 conductivity. "his sienal drove the pen of [. 

t ndard trip chart recor er ( Kent r:{ecorder ) to produce in 

gra hie form a qualitative and quantitative (es riJtion of 

the sam Ie . 1 e detector sensitivity could be varied bJ manu 

of a r e control which attenuated the vignal fed to the 

racor er by ucces i ve . ctors of two so that each sen,~i ti vi ty 

s ttin half th t of the previous setting. 

Ch 6 • 

• e choice of c rrier ~as depended to a large e~tent on c l~ 

be t sen itivity nd linearity achieved with tb therm 1 conductivity 

de t ector • In t is r p ct , the best carrier gas w s one whose 

t ~r' conductivIty rl s very different to .t hat of the sa.mple . 

o h ar on an helium although exnensive were suitable becauEe 

of t t eir che" ical . nert ness t. Helium hus a higb thermal 

-$" " ) con uctivity (34. 8 x 10 0al/ m/vec/ C with res~ect to argon 

( ~. 8 x 105 
/ /&ec/ Dc.; ) ebsuring a better detector sen",i t,j" i i.y. 

However , heli has the di advantage th~t it gives a poor response 

to hydrogen in com. rison wi th nitrogen. 

Chro tography lunn. 

me separating ability of column depends upon many factors , 

t he length and diam ter of t he column , t he particle siz and structure 

of the t erial with which the colu i s f illed , t he uniformity of 

packin t th op r ting temperatur t the prop r ties of the components 

in th sample "xture nd the flow r te and pressure of the carrier gas . 

18ft . column p eked with molecul'r sieve 5. and operated 

a t the following con "tiona wa found to be suitable for analysin 
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nitrogen and hy ogen in a sample mixture at 6. 0 rnmHg pressure. 

Oven Temperature = 30°C. 

Carrier Gas prp.ssure (internal) = 10 lb. in -'1. 

Carrier G s pressure ( external) = 28. 0 lb . • -1-In 

~etector sensitivity set ting. = 8. 0. 

Injection block temperature . = OOC. 

S. mple injection pressure = 6. 0 ""~Hg. 

TABLb Al.l ~ Hydrogen and NitroBen in 

Calibr a tion mixtures and COrrHRLJOnding 

peak heights . 

8amp1e inj ction '" Nitrogen. Nitrogen , Hydro cn . llydro \cn 

Pressur e . 1 eak leight. II" oak Hei ght. 
( d 
6. 0 1.884 5. 05 2. 51 1 . 0 

h. O 2.130 5. 6 2. 513 1. 0 

6 . 0 2. 200 5. 6 4. 95 1. 65 

6. 0 5 . 54 13.1 9.58 3. 2 

6. 0 10. 00 26 . 7 9. 8 3. 06 

6. 0 13. 04 35.6 12.154 4. 35 

6. 0 15 . 92 41 . 3 16. 81 5 . 6 

6. 0 19. 68 52. 9 20. 08 6. 8 
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ppendix 2 . 

Hydrazine lysis . 

Di6cussion of Colorimetrie ethod employed. 

et od for the determin"ti n of hydrazine depend upon its 

ba 1c char"cter or r ducing roperties , an~ are thus subjeet to 

interier nee owin to t he presenc\l of other substanc : having aimHEu' 

prop lties. l e method of analysis described by ~att an Chrisp(1952) 

was u for 11 he experimental resul ts. 

is m tlo\.. 15es t he yellow colour develop d upon the u ition 

ot p - i thyl ino benzaldehyde to solutions 0 hydrazine 

in dilute hy rochloric eid as the basis of an spectrophotometric 

method of bydr zine eter in tion. is system L, chc.<r,.c t ... ' i~ed 

by transmittancy minimum at 458~ The calibration curve for this 

etho' in which b or tancy ( 100 - % transmittancy ) ~t 4J ~~ 

io lotted a ainst log concentration of hydrazine in part s per 

million exhibits imum slop at about 63 absorptancy; in 

gr ent with rs !..alo( and thus haa a maximum ccurscy co responding 

to 2. 7 relah ve analysis error per 10 ' absolute photometric error 

or about 1.2 rela tive rror for a preei sion of o.l~ in makin tho 

m·aeurements . ~o attain this precision it is neceussry to ensure 

that cro s contami tion of solutions via transfer pipett 3 doen 

not occur. n order to k ep the reInt" ~ ~ly is er ror within 

1.0 th hydrazine concentration must be within the limits O. Ob to 

0. 47 p m. 

At room temper ture the ye1101o( colour devlop immediately 

and i stable aft r a period of ten minut s . or given concentr~tion 

of hydrazin the per cent transmitt· cy is un chang d if the hydrochloric 
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acid concentration is less than HJ. but increases at acid 

c nc ntrations greater than IN. Thus for a hydr zine concentration 

of 0 . 13 PPC'I , the reldtive transmittanc: is in~rea8ed 1.6 if tie 

acid concentration is 2M . and 4 .5~ if the acid concentration is 3H. 

oloured solut ions containing different quantitie8 of 

hydrazin h .ve been found to show no measurable change in 'transMittancy 

j.n twelve hours . ,lso for a colour developed sample containing 

hydrazin c a concentration of 0 . 2 ppm , the effect of teC'lperature 

th 20 D over e range to 40°C has been found to amount to 0. 14 

absolut transmit ancy per l O~ ; this ef ect is completely reversibl • 

v~r the hydr zin concentration range 0.1 to 0. 3 ppm, samples having 

the same hydrazin concentration gave an average deviation of O.l~ 

absolute transmittancy. 

terials. 

tlydrazine dihyarochloride, ethylene glycol , p. dimethyl amino 

benzaldehyde were 1I reagent grade chemicals use without further 

purific tiona 

otassium Iodate analar reagent grade chemical. 

c.one 1 ydrochloric ,hcid - .dDH reagent grade che;nical . 

Chloroform - BVl reagent ade chemical. 

Industrial ,-,thanol. 

istilled 'ater. 

reparation of standard hydrazine solutions for use 

in calibration prooedure. 

~otaaium iodat F~ 03 is a stronger oxidising a ent than iodine. ?he 

reaction of potassium iodate and reducing agents , such as potar,sium 

iodide ,)r arsenious oxide , in fairly cidic solutions say 0 .1 - 2. 0 M He l 

stops a t the stage when the iodate is reduced t o iodine . 
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In 1903 L • • ndrews shoded t htt in the presenco of u high 

concentration of hydrochloric acid ( 3 - 9 M ) iodate i s r4duced 

ultimately to iodine monochloride . 

I O~ + + Cl + 4e ~ I Cl + 3 () (A2- 1 ) 

In hy ochloric aci solution , iodine monchloride forms a stable 

co~ ler. ion with t he chloride ion: 

- -
I Cl Cl ~ 1 Cl.l 

the over 11 r." If cell r .... lct ion I. ay t herefore be rit ten aG: 

-
I 0; of. + 2. Cl- + 4e ~ I CI l-. + 31 ,, 0 ( 1\2- 3) 

The reduction potential i s 1 . 23 vol s . hence under t rse conditions 

pota-siu iodate acts as a very powerful oxidising agent. Furthermore 

under these particular conditions the equivalent welgl,t of pot~u~ium 

iodate i s one fourth t he molecular weigl!t KIOJ /4. 

Oxidation by iodate ion in a strong hy~ro chloric acid 

medium ( 3 - 9. ) proceeds through several sta~e • 

I I; + 6rl .... + 6e ~ I - ( A2- ) + 3til. O 

I (".j + 51- + 6H .... = .3I). + 3H1. 0 (A2-5) 

I l.I1 + 2 + 6H+ = 5 + 3H1. ( 2- 6) 

In t he initial stage of the r free iodine i s liberated 

as more titrant i s added . oxidation proceeds to iodine monoch:oride 

and the dark colour of the solution gr adually di oa pears. The 

overall reaction may be written as: 

+ + 

Vet ction of end point . 

St arch cannot be used bee use the characteristic blue colour 

of the s tarch ioaine complex if: not formed thigh ' cid concentr!tions _ 

a f ew ml s of an i . Gcible solYent e . g. chloroform i s used . If all 
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the required acid is added in tially , t e pin colour of the io ind 

chlorofor 1 yer 0 not appear at the be iru ino of the ti trc.. tion • 

.I.be end )oint is r ed by t e isapp.arance of the 1 at trnc 

of violet colour Jue to iodine from the solvent . rhe immiscible 

solv nt y be replaced by certain dye'" e . ~ . amranth ( j .v.l •• 0 . 184) . 

ration of olutions . 

n approxiL~~ 0. 4 hydra~ine dihy ochloride solution was 

p par d and standar ised by titration wi h r-tandard potassium 

iodate solution as follows . A mixture consisting of 10. 0 ml 

of the hy ~inc s lution , 20 ml of concentrated hydrochloric 

a cid, and 15 ml of chloroform was prepared in an iodin bottle 

and cooled to about 10°C in an ice bath . After addition of 

approximat ly one half . f e qu ntity of potas sium iodate 03olution 

re uired in the complete titr tien , additional concentra t ed 

h droe loric cid was added to give a total acid c ncentr ttion .,ithin 

the r nge 3 to 6 

co pletion • 

, and the titr tion las then carried to 

.I. e ~u5ceptibility of hydrazin to catalytic oxidation 

and or ecompo Hion necessit ted that the hydrazine solutions 

s ould be 1y u. s soon s possible after pr p ation. 

nropri te aliquots of the hydr zine stock solution were diluted 

t t e ir d concentr tions and used in the colour . ~velo ment. · 

Colour development . 

'le colour rea ent em loyed h d t1c f llowin, comnosition • 

• dimethyl mino ben"aldehyde 0. 2 g thanol . 10 mL, concentrated 

hydr')chloric aci d , 1.dB mL, (list "lIed water 5. 0 ml, no ethylene 

Clycol 5. 0. ml. 20 , m! of this reagent was added to aliquots of 
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the t nd r hy r ine solution selected so that the .:t'inal 

hydr zine concentr tion would be within the rang 0. 02 t o 1.0 

p m, the r ultin mixture wa I} ith r cpect to H Cl. The 

blank co the a ove solution ( not including the hydr zine ) 

and e 1 wit l r ect to hy ochloric .cid. 

' ro th r sult c libr tion curve of I bsorpancy v 

10 hyar z' ne eoncentr tion in ppm was plotted (i'ig . 2 . 1). 

t the end of an x erim nt the thyl ne glycol in the 

absorption ~L 3p w thoruughly ixed then 2 mls . were pi ttpn 

( rom a pi tte which had be n rinsed with this rlycol ) into a 

1 se; bottle lith Ground glaa stopp r . If ilution /!5 

necessary 'stilled w ter was <i ed , th n 20 mls. of tandard 

colour r gent 

then 110w d to 

a ed nd the mixture thorouGnly sh ken and 

tand for 10 minutes to develop the colour. 

e unic cell was washed out then filled with t e tand rd colour 

r gent while th oth r w r ins d th n fille( wit the analys is 

'xtu e. h two cells w ro then pI ced i n the spectrophoto lHt I 

and analy d for hydrazine . 

Prep r tion of c libration curve for the determi tion 

of hy zine . 

Det tion of hydr zine . 

Hydr zine r ct wit potaD ium io ate under the usual nur , 

con i tion thu 

I 0; 2. I It 

t hus 03 = N1 M~ 

or ... ml of 0. 025 4 

CI- = I Cl ( Ae!- 8 ) • 

lOs = 0. 0008013 
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I - 61t - 4e ~ 1 Cl + + Gl ~ 31I" ( 2-1) 
• • • 1. 5375 gm of .103 in 250 of tilled water giv s a 

0. 025 • or u . lN S'11ution. 

wight of b er + iodate 95 . ~755 

r 94 • .53 

weight of 0, 1. 3375 gtr. . 

approxi te Jo • solution of hydrazine ICl ;'is prepared: 

4e ( ~2-9) 

( \2- 10) 

• • • equivalent wei ht of ~ l ~H ce - wt/4 = 104. 97/4 

1 e ydr zine solution \.,as titrated against the 0. 025 ~, 10.03 (or O. IlI) 

• 

itration 1 . 

0. 0 

l'itr tion 2. 

0.0 

9. 0 cc 

• • aver ge volume of K O, uGed :: 39.033 cc . 

Titration 3. 
0. 0 

59.1 cc 

Pow :: Vl. ).. (vol. x nor ality ) 

• 
• • 

'1 nc 

39. 033 x 0 . 1 = 10 X K.1 

1 = 0. 39033 

r rns hydr zine = 0. 39033 x ~ 

= 3. 12264 gm. 

thod of c lculation. 

1 ml of 0.025 0 .::::::::: 0. 0008013 m J. If' 

• 
39. 033 ml of • IOJ .= 39. 033 x 0.0008013 • • 

- 0. 031277 NL ~ in 10 e m' solution 

• 
• • ~n 1 litre of N~ ¥~ solution there are 

3.1277 gms of hydrazine . 
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, re~ration of diluted nydrazin~ solutions . 

1 ppm = 1 gm !Im 

• 
3.1277 gms 

) 

inlO em 

it 3. 1277 X 10 '" ppm 
101 

i . e . 3127.7 ppm. 

& 
lOem 

'l'he standard solution \lias the~ 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 bl nk solution. 

From the results a table of ~ absorpancy and corresponding hynrazine 

con~entration was constructed (table 2.1 ) . 
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rl'ABL~ 2.1. 

1 ydrazine oncentration Absorpancy (10 Aver ge / 

Transmittancy) . ...,orpancy) • ,. 
-

0. 021 9. 75 
10. 25 
10. 75 10. 25 

0. 042 19.0 
19. 75 
19.5 
19. 75 

• 20. 0 
20.5 19. 75 

0. 062 28.0 
27. 75 27. 875 

0. 0t33 35.0 
36.0 
35. 5 35.5 

, 

0. 104 41 .5 41.0 +0.5 

0. 125 48. 25 
48.5 -'+7 . 125 48.0 

0. 20 62. 95 6~ . 35 61 . 75 

0. '+0 87.5 (j7.5 
87.5 

0. 60 94•25 
94. 75 94 .5 
94.5 

0. 001 
,.,0 5 
,I • 

98.5 98.5 
98.5 

1.00 99.5 9.5 
99.5 
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endix 3. 

10 meter calibr·tion results . 

1ibr tion va1u 5 for ..1/16 _ 

( rantal float (denity = 16. 6 

_ 5/84 flowmeter 

- 3 ) em ) 

A = 143, B = 1; .6, 

c ~ 

l1din~ 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

o . 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

, 

C value 
at = 1599 

0. 0 3 

0.0140 

0.0290 

0.0450 

0. 06&> 

0. 0920 

0.1155 

0. 1390 

0.1615 

0.134 

0. 208 

0. 232 

0. 2625 

0. 2930 

0. 32'+0 

0. 3550 

l'low at 162 mH Flow at '162 mmHg 
and 15.6 <) C and 15. 6 0 C 

t glll min: ' ) t em 3 see;' ) 

0. 009:341 0. 21744 

0. 02076 0. 48320 

0.0430 1.00090 

0.06672 1.55300 

0.10080 2. 34600 

0.13640 3.17510 

0.17125 3. 98630 

0. 20610 4. 79750 

0. 23950 5.57500 

0 . 27~10 6. 35000 

0. 30839 7.17850 

0. 34398 8. 00700 

0. 38920 9.0600 

0. 4:;4418 10.11220 

0. '+80381 11.18210 

0 . 52634 12. 2520 



Table ~ . 2 Calibration value for - /16 - 10 - (j - 1]/I3L~ 

flow ter. ( tainless s t eel float. (d neity 8. 02 

A = 143. B = 13.6. fl = 1l11. 4,foP"r = O. OOc)75 .p.,p-r = Q. 000716 

( ca e C valu at ~low a t 762 mmHg and low at 762 . Jf and 
, eadin 1 :: 11 . 4 15. 6°C(gm. min: ' ) l5.6 "C:; ( cm.~ 0 c ; ' ) 

3. 0. 0044 0. 004534 0. 106 

4. 0. 0170 0. 017520 0. 40~ 

5. 0. 0290 0. 029 90 0. 696 

6. 0. 0470 0.048440 1. 128 

7. 0. 0680 0. 070100 1. 632 

8. 0. 0920 0. 094800 2. 207 

9. 0. 1170 0.120600 2. 807 

10. 0.1420 0. 146340 3. 406 
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l. ble A3. ,3 . ibration values for F - 20 - G - 5/84 flowmeter 

( tainle s steel float . (density .02 ~ ern3
) ) 

= 40 , E = 76 . 8, = 3140. 0 . ftt = 0. V097':J .!oJn = 0. 000716 

Scale low at 7b2 {g l.OW at 7 ? . 
e din . 0 nd 15. 6 oJ ~ ( n Clin~' ) nd 15. 6'\;le 3 

6. 0. 098 ') .57 3 1 . 28 

• 0.121 0. 7040 16. 39 

0.14,3 0. 8320 19. 37 

9. 0. 171 0. 9950 23. 16 

10. 0. 200 1. 1640 27. 10 

11 . 0. 226 1. 3150 30.61 

12. 0. 252 1 . l~670 34. 15 

13. 0. 279 1. 6240 37 . ~O 

14. 0. 306 1. 7810 41 . 46 

15. o. 1. 9210 44 . 72 

16. o. 5 2. 1240 49 . 4 

17. o. 95 2. 2990 53.52 

18 0 . 42 2. 4730 57 57 

19. 0 . 15 2 . 65~0 61 . 78 

20 .. 0. 486 2. 2 0 #)5 . 83 

~ample of flowrate calibration procedure . 

- 20 - - 5/ 4. 

t 8 -3 t ee1 float d nsity . 02 gm . c • 

r o bI 7, 12, isch r & Por er ndbook 10 9010 

'or t :: 404 , B :: 76. 8 

;u~,-r = jAS7P 
fro t b1 

( • eo fficien t ) : - 70 ) 

, 
p . coeffici nt 

•• . tA,n = o. 94 

ndboo 

= 0. 000019 
(0. 19) (60-7 ) 

c: ' ) 
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~(JP'f = 0. 00975 

rn = 0. 000716 ( 762 ~ Hg and 60"F ) 

~ = ( <fF f ~Of1).l;. 762 mmHg nd 15. 6 "'C. 
j"'Df'f 

.J. 
U ;: 404 « 8. 02 - 0, 000716) 0. 000716 ) l. 

0.00975 
H = 3139. 846 

an t bu1 t d in column 2 of table 3. 2. 

ro e u io 7.31 

= 
v lu s of ( j ., mini ' ) can b calculated and are tabulatf' d in column 

3 of table 3. 2. 

'or = 0.09 
= 0. 09 x 76. 0 « , 02 

:: 0.570 • -I gm mln 

Can v rting F t err? sec-' 

x 1 = 
~ 

.L 

0. 0 0716) 0.00(716 ) 2. 

:J -I em sec 

ibrat10n v lues of FP - ~ - 20 - G -5/84 

u ic 'IE" ;ano :teter . 
\ 

veale re ure Vol ume Time low at 762 mHg and 
J; ad'n ( cnHg. ) l cm.'J ) ( sec.) 15. 6 OCt em ;) sec: ' ) 

7. 3 02 200 11.7 18.1 

17 
• .5 940 300 9. 0 41 .1 

18.0 975 450 10.0 57.5 



16 

14 

12 

10 

8 

6 

4 

2 

o 2 4 6 8 10 12 14 . 
FLOW (CMJ / SEC at762mm Hg.Press.and 15'6~C)1 I 

CALl..BRATION CURVE FOR (FP-1J16-16-G-5/84): . I . FI G,A 301 



10 

!.!J7 
z 
H 
o «6 
w 
0:: 

w 
....J5 « 
l) 
V) 

4 

3 

2 

1 

o 0'4 O' 1·2 1·6 2·0 24 2,8 
!- LOW (eM3 at 762 mm Hg Press o.nd 15'6

Cl

C) 
FIGA3QCA LI 8RAT.I.ON CURVE FOR( FP-V16-10- G- 5/84) I 



20 

18 

16 

14 

12 

(9 

Z10 
H 
o 
« 
w8 
0:: 

w 
-.J6 
~ 
u 
If) 

4 

2 

o 10 2q 30 40 50 60 70 80 
FLOW(CM ISEC at 762.mm.Hg.press.and156°C) 

F.lGA3.3 CALIBRATION CURVE(FOR FP-1S-20-G-S/84 

" 



APPENDIX 4.0. 



Appendix 4. 

Tabulated Results . 

,~eactor Run Lress 1"10\11 Current loltage Vc . 'p Ccrl aec ' ) No. ( L":DHg) (n. amps) (volts) (volts) (volts) 

Table '-44.1 

~ge 1. ' .5 1;.84 109 650 457 181 .4 
2. 9. 5 1. 84 109 650 457 181. 4 
3. 9. 5 3.11 108 660 i t57 192 
4. 9.5 ;'. 11 108 660 457 192 
5. 9.5 ,+ !' 50 103 690 457 222 
6. 9. 5 7. 37 100 710 It57 2l.2 

7. 9. 5 100 21;. 99 720 457 253 
8. 9. 5 12. 53 98 725 457 2~8 . 
9. 9.5 15. 18 97 730 457 263 

Table A4 . 4 

I 87 455 244 
Large 10. 9. 5 5.75 710 

11. 9.5 5. 75 87 710 45~) 244 
12. 9.5 5. 75 152 690 461 218 
13. 9.5 5. 75 208 680 Lt66 203 

Vc = abnormal cathode f~ll of potential 
Vp = potential difference ~ cross nositive column . 

r = nett rat p. of form tion of hydrazine in posi tive column. ~ 

T ... 
(cm) 

5. 82 

5. 82 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

5. 83 

,.33 

r \( 108 (rxll ) 1 '7 
u - ') -I 

( 'ms Ci.l r~c ) FO'-

4. 07 29644 8. 76 

4. 88 3558~ 8.76 

9.08 23205 5. 0 

7. 92 20240 5. 0 

10.60 12894 3. 25 

18. 90 8594 1.92 

2?04o 6469 1. 32 

32.90 5179 1. 06 

35. 20 3780 0. 8? 

15. 70 11734 2. 56 

15. ')0 11625 2. 56 

12. ~ ;;() 9482 2. 25 

10. 55 8,\00 2.12 

= (~If ?'2'7 ( Dofp )0,''' ( L r O '~f­
(FlC) ( F~C) ( D ) 



Table A 4.1:. 

.n Press 1''1.0'' ~urrent Voltage Ve , 
.L r x 10'i 

(mmHg). ( 1 .. -t ( n. amps) (volts' ( 7clt (volt~) (em) 
, - 3 

o . c. "ec , . ,nn c 
I I 

..arJte I 14. 7. 0 10. 32 149 670 472 1 1 .) . ()1. ,32. 58 I 4818 I 0. 87 

15. 9.5 10 •. 32 140 710 L60 2:59 5. 83 23. 82 I 5';40 I 1.19 

16. 9.5 10. 32 1ttO 710 .60 239 5 . 83 22. 66 5261 1. 19 

17. \ 
12 .0 

\ 

10 .. 32 138 720 507 e:J2 6. 0 37. 35 11271 1. 72 

18. 12. 0 10. 32 138 720 507 202 6. 0 36.61 11048 I 1. 72 

.1- I I I I ~ 

t= 
Inter- \ 20 . 9. 5 0. 70 41; 615 lj63 141 2. 58 ?7. 3 19079 3. 82 
medi a te. 

21. 9.5 0. 70 1.4 615 4(:~ 141 2.58 27. 7 19342 3. 9 

22. 9. 5 1 .17 43 620 463 1/t6 2. 58 52. 3 13092 2. 

23. \ q . ~ 1. 17 tt3 620 463 146 2.58 49. 3 12337 2. 27 

24. 9.5 1.d9 43 625 463 151 2. 58 72. 9 1)98:3 1.35 

25. \ 9. 5 2. 81 4J~ 630 463 156 2.58 104. 7 4539 0. 88 

26. 9.5 2. 81 43 630 463 156 2. 58 110. 6 4796 o. 

• I 7.5 3. 73 42 635 463 161 2. 58 11S. 2 2908 0. 65 

28. 9.5 4. 73 42 6L.o 463 167 2. 58 139.1 2128 0.50 

29. 9.5 5. 74 41 650 462 177 2.5c 163. 6 1700 0. 61 

Vc = abnormal fall of potential 
Vp = potential differ ence across positive column 

r = net.t r ate of form .. tion of hydrazine in positive colunn - = f ~~~-o .~' ~ ~:~ t,t (g-o, ~'f: 



'able A4.5 ....... 

Reactor I Run 'r eS6 "'lo" I '.;urrent Voltage c ~p L Ir )( 10· I ( r x rei ) ,,) 

No . (mmH ~) (el3 sec' ) \ l . amp, ) ( volts) (volts) (volta) (em) ( ns c~? & -I 

Inter-
lIdirte. 30. 9. 5 3.77 23 635 456 168 2.58 117.4 2821 0. 75 

31. 9.5 3.77 44 6LI{) 463 166 2. 58 128. 8 3104 0. 6 

2. 9.5 ' . 77 63 650 470 169 2. 59 116i2 2807 0. 57 

3. \ 
9. 5 3. 77 63 650 470 169 2. 59 123.1 2971 0.57 

34. 945 ' .77 106 640 485 1 r1 2. 60 110. 4 2680 0.51 

35. 9. 5 ; . 77 \ 106 640 485 144 2. 60 108. 4 2631 0. 52 
....a. 

. I 9.5 3. 77 145 640 499 131 I 2.60 I 94. 3 2289 0. 49 cr; 

'able A4. 8 

Int er- \ 
mediate . 37. 4.0 2. 36 39 610 524 75 1.00 122.1 2200 0. 44 

38. 4 !"O 2. 36 39 610 524 ?5 1. 80 127. 7 2300 O. L~ 

9. 7.C 2. 36 38 620 472 137 2. :;6 99.1 4092 0. 76 

40. 9.5 2. 36 37 630 472 1~7 a;'9 850 8 5291 1.12 

1. 1:. 0 2. "..:> 35 c'70 L53 206 2. 32 77. 3 8195 1. 88 
42 . 20. 0 2. 56 35 6~0 451 213 2. 93 69. 3 10161 2. 72 
43 . 20. 0 2 • .56 35 b~O 451 215 2. 93 ~4 .6 ~012 2. 69 

= pot;ent;l.a.l. Ul..I I.b! enc~ GlCrUb b l'· u ,·· .1. ... .1. e C .. 't1Ui:lIl 

r = net t rate of formed.ion ~f hydrazine in . 106i ti ve column 

= ( ~ ... t o-1.") ( ,) 1# t ..,.?I (Lr o-s-/t 

( Fl C) (FloC ) m 



Table '.4.3 

Rea ct or Run _ resE.. "lol, ';urrent V'ltaJe Ie : ) , r x 108 ( r ). lOS' \ l Z 
·io (~tlllI!! ) (C, 3 '3er' (n . amps) (volta) voltf ) (yolta' (em) ( -1-1 

!jJll& c ... sec-

Small. if.,. . 9." 0. 41 28. 0 570 --r86 73 v. 9a 153.1 3853 1. 16 

45. 9. , 0 . 70 28.0 580 486 83 l. . 98 287.0 2478 0.65 

46. 9. 5 1.13 28 .0 580 486 83 0. 98 388. 0 1285 0. 39 
. 

47. 9. 5 1. 63 27.0 580 486 84 0.98 549.3 875 0. 26 

48. 9. 5 1. (,3 27.0 590 485 94 0.98 59!+ .0 946 0 .. 25 

49. 9.5 1. 63 27.0 580 1~85 84 0 .. 98 542. 3 864 0. 26 

50. 9. j; 2. 21 28.0 580 486 83 0.98 745.0 645 0.19 I-' 

~ 
51. 9.5 2. 81 28.0 580 486 83 0. 98 830. 7 445 0. 15 

52. 9.5 3. 41 28.0 580 486 33 0.98 115.3. 5 420 0.12 

Table "-4 .6 

Small 53. 9. 5 1.63 17.5 570 454 105 0. 95 552. 5 900 0. 28 

54. 9.5 1.63 17.5 570 454 105 0. 95 531 . 3 950 0. 28 

55. 9.5 1. 6.5 c1 . 0 580 477 92 0. 97 606. 9 956 0. 27 

56 . 9.5 1. 63 29.0 580 488 d1 - 0. 98 603. 4 961 0. 2:/ 

57. 9. 5 1. 6j 50. 5 590 517 62 1. 01 't59. 7 722 0. 24 

58. 9.5 1.63 68. 0 590 541 38 1. 03 476. 9 798 0. 25 

Vc = abnor~l cathode fall of ~otential 
Vp = potential difference aero s positive column 
r = nett rate of foro tion of hydrazine in positive co11lmn 

= (,Yi!tJo-11 (D'ff )""71 
( F~ C) (FI.C) 

(LfO ' ~" 
(D) 



~ .. - --- - , ~ 

Reactor Run Pr eAs . Flow I urrent Voltage 
(r::"~~1! ) lei} sec ) - l. amps) (volts) Ho . 

Small. 59. 3. 0 1 . 63 28. 0 560 

60. 5 . 0 1. 63 28 . 0 560 

61 . 9.5 1. 63 27. 0 580 

62. 15. 0 1. 63 27. 0 580 

6.3. 20. 0 1. 63 26.5 590 

Table A/t . 10. 

Large . 64. 5.0 1. 13 9b .. 5 620 

65 . 5.0 1.13 96. 5 620 

66 . 5. 0 4. 35 21 . 0 620 

67. 5. 0 4. 35 21 .0 620 

68. 5. 0 3. 1l 97 630 

69. 5. 0 3.11 97 630 

70. 9. 0 1. 69 138 650 

71 . 9.5 3. 68 156 650 

72. ) . 5 5. 75 136. 5 7 l 

73. 10. 0 1. 69 177 645 

74. 10.0 1.69 93.0 660 

Vc ';> I 
(volts) (volts) (CI..) 

548 1. 0 0.125 

544 5. 0 0. 50 

485 8/~ 0. 98 

463 106 1. 20 

450 123 1 . 31 

478. 3 130.5 5. 3 

478. 3 130.5 ·5. 3 

514. 2 94 .6 5. 3 

514, 2 94 .6 5. 3 

478.5 140. 3 '5 . 3 

478.5 1i.O . 3 5. 3 

461 . 3 177.5 ' 5. 8 

461. C; 177. 3 r) . 8 

459. B 229 5. 85 

461 .8 172 5. 87 

455. 2 193. 6 5. b6 

r x l Oa {~e )~ 
-3 -I ) 

( u7TllS C I sec 

4629 97 

1078 460 

5.35. 6 853 

454 . 2 1398 

377.5 1691 

3.5 32490 

2.87 26558 

17. 22 10776 

17 . 4~ 13113 

18. 05 22086 

19.13 23400 

6. 83 55701 

1, . 9 2j+72 

24. 24 18210 

5. 06 ,6-+'+0 

8. 48 776;t) 

Z 

0. 25 

0. 26 

0. 26 

0. 44 

0.50 

\ 

7.14 

7.14 

4. 35 

4. 35 

5. 32 

5. 32 

12. 22 

9. 64 

7. ')7 

12. 68 

15. 2 

! 

~ 

.r::­
......:J 



Table A4.10. (continued) . 

!<eactor Run Press. Flow Current loltfl"'e Vc Vp L r x 109 (rx lOi') .ol Z No . ( I.unrL~ ) (Cllt sec' ) (m . amus; (volts) (volts) (volte) (em) -3 _I 
.t~ ( L'XF; . em sec ) 

LarGe 75. 10. 0 2. 9 138. 5 6(.0 455 . 8 190 5. 86 13 • .53 4J1l7 10.59 
76. 15. 0 14. 0 118 730 ~52 266 . 8 6.07 .55. 98 1618 10. 86 
77. 17.0 20. 0 116.5 740 451 277. 8 6. 12 59. 55 6917 11. 1.6 

Table A4. 11. 

Inter-
mediate. 78. 5 '" 1. 13 99. 5 600 57~ . 4 15. 4 2. 17 89. 28 10587 1.59 

.'" 
79. 5.0 0. &' 58.5 600 521.9 67 2. 08 76.15 14274 1. 29 
Bo. 8. 0 1. 13 61.5 625 478. 2 135 . 6 2. 47 74 . 45 16514 1.77 
81. 8. 0 2. 21 62 620 478. 4 130. 4 2. 47 155. 17 8760 1. 46 
82. 9. 0 1.13 95 650 484. 8 13'+ 2.57 66. 15 16844 1.87 
83 9. 0 1.13 49.5 620 467.1 141. 7 2.55 79. 08 19B36 2. 2 
84. 9. 0 1. 13 49. 5 620 467.1 141 . 7 2. 55 77.17 19359 2. 2 
85 . 9.5 0. 41 45 615 463. 6 1l..0 . 2 2.58 .. 30. 69 62453 3. 45 
86. 9. 5 1 . ~B 47 630 464. 3 154. 5 2. 58 127. 29 12320 1.98 
87. 10. 0 2.50 35.5 635 459 164. 8 2. 61 170. 65 9945 2. 04 
88. 10. 0 3. 77 38 640 lI.6o 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 
90. 15. 0 377 38.5 680 453 215. 5 2. 82 212. 19 8855 2.7 

..A 

5; 



ble At . ll . 

\~ctor l .tun I ~ r~BE.. .J..o. I ', ... ~ .. ,.v~.l\, ,V01.1..ao", I 
vC I Vp L r IC 1 8 I (r /o.z .l 0 (.lOH~ ) (c 1 ~c) (" _ IlMn"~ (",,..1+_' (volt~) (voltE' (cm) ( 's -3 r ;.1) 

Inte%"-
dlDt- 1 ,1. 1 ~ .v I ~_ 11 -~;;; . I cu" L.53 215. 5 2 . 82 205 .9 855, 2. 7 ... I 1?~O 20.0C; 1~5 .5 710 462. ( 236.2 I c... ... Ll~ I IWt-'\ ., 

1~~ 1. 27 

11. I J3 . S.o l.13 lO? 570 55.". 0 5 O.Se 0'+"+ . ,;) 785 0. 28 

I ...... 
5.0 0. 88 h~ c:.f\o 543. 8 5 0 .50 102.6. 8 1508 0. 34 ~ 

• I 

I ~ • • I 5. 0 0 . 80 ~1 .5 .560 543.8 5 0.50 851 . 9 1254 0 . 41 
• I 5. 0 o_3.:J ~'1 .5 560 I ~I .. "l) . ~ ., 

O. ,lJ 91~ . 3 1350 0. 41 
7. 7.0 1. 13 QR 1:'1'"] ... , I --- , . 83 642.0 1;>2 0 . 42 
• I c •• o 1. 13 67. 5 'i?D I ~L.)( 

• 10 0. 93 766.7 ~» o. .0 2. 21 (...7.5 570 5l.8. L lO .J · 7~ 1t:: .. O . ,;) 867 0. 36 100. I 9 . 0 1.13 107 'if..n C/,." . 8 5 1.0 Y15.9 1851 0 .5 10) . I '1 . 0 1. 13 53 580 5?9. 1 39.7 0. 98 '~I.f. . ~ 1874 
102. . 5 0 . 41 48.5 570 ::>1'i . O '+If. 1 .01 

1 - '- • .,T./ X)'+U \ . 5 103. '.5 3. 41 14 .5 570 467. 8 91 ). 96 2043. 6 731 . 29 
104. ~ J.5 1 . "'J 50. 5 590 517. 3 61 . 5 1. 01 961.8 ll91 C. 31 105. I 9. 5 1.. 13 16. 5 590 ~70.) 1(}3 • .3 0.97 728. 4 23'}') 0. 43 106. I 9. 5 1.. 13 17 570 471 . 2 87. 6 0. 97 72S. 1t 2~':I~ /"\. 46 



T~bte A. 4.12. (continued) 

Rcz ... :: t or I Hun l l;rcss. I "low Current Voltaf'8 Vc Vp L r x 109 I ( r X 108 )1
3 

(cr..J .. oel ) (rl . nnp:. ) ( .,01t. .... ) (vo1tr) (volta) (em) -1 -I ...... ( -0 c r ~c c ) 

5 ..... 11.. \107.\ 9.5 
\ 

2. 58 2'1. 5 580 485. 7 83.1 0 . 91 1680.0 10 

1. 63 12.5 570 461 •• 9 93.9 ). 90 1347 2109 0 . 43 

1 .13 6} 580 526 . 2 42. 0 1 . 05 679.1 2544 0 . 41 

liC'1 15. 0 I 2. 51t 30 590 464. 4 114. 4 1. 2 1156.5 1475 0. 49 

ill. 15.0 2. 54 ~ 590 464. lt 114. 4 1.2 1156. 5 1lt75 0 . 49 

112. 1 19.5 I 3. L'1 29 610 475. 3 11~1.5 1. 3 8'·Li. 4 1260 0.59 

\('I..ble A.4. 13. 1 .1 -l. 

~ 
Lo..r~e \ 1 . 9. 5 I 7. 37 100 715 457 207 5. 83 11. 30 5150 2 . 0 

2. 9. 5 7. 37 1llO 720 Jt60 249 5. 8} 7. 68 3500 1.85 

• I 9. 5 I 15.18 100 7?JJ 457 222 5. 8} 16. 76 1800 0. 91 

4. 9.5 15.18 140 735 460 261 ... 5. 83 6. 52 700 0.7 

I"t er - \ 
M~iate. 5. 9.5 5.77 63 615 470 134 2. 59 48. 31 1161.2 0. 57 

6. 9. 5 3. 77 145 620 498. 5 110. 5 2. 61 48. 30 116H. o 0. 4 

7. 9. 5 12."),2 63 515 470 134 2. 59 130. 0 210. 0 0.15 
12 .. Q2 145 630 l'98. 5 110. 5 .::: . 61 98. 0 205. 0 0 . 0'1 

1 
= pa te · - -

r ;: nett r.t e of ! .)rN tion of hydrnz.ine in £lObi ti ve c lUJl 

Z = I,. L '" 5°"1.\ If 't --', (trO-Stt 

• FJe) (F"C) (:;) 



Table A4. 13 (continued) 

Reactor 'Run 1 ress. Flow Current Voltage vc Vp 
(nmHg) (c".l sec' ) (m. amps) (volt '3 ) (volts) (volts) No 

small 9. 9.5 1.63 17. 5 615 454 150 

10 . 9.5 1 . 63 27. 0 605 L~85 109 

11. 9.5 3. 1t1 17.5 615 45/+ 150 

12 . ,} . 5 3. 41 27.0 605 485 109 
-- - ----

Ve = abnormal cathode fall of potential 

Vp = potential difference across positive column 

r = n e , t r&t e 0 . \..~~ tion of hy raZ1U~ in positive column 

= ( ( .J ~r )'11 ( L)"o.S/f 
( .~ ( ~) (-) 

L 
f r x 10 

(em) 
-1 -I 

( ::ms ern Gee ) 

0. 95 70. 9 

0. 98 63. 3 

0. 95 393 .6 

0. 98 231. 8 

(r x ,J)n3 

~ 

106. 0 

97 . 7 

134. 4 

81 .7 

Z 

0. 25 

0. 24 

0. 17 

0. 11 

~ 

\n 
~ 
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AJ,Eendix 5.0 

[Iimpnaional Isis 

- 152 -

e ~etnod of dlr n -io l.nalysl l~ o~ ver, w'de plic tion 

and ~ r~ b c in the otudy of phenor.!I na which ar 

t oo complex for compl te tl.oretical treat nt . There in little 

doubt t t C leuic 1 t:s nthesis in a glow tll charge Cl!ly be 

elaeoifi d in ·thi c te ·ory nd t lendS ,~, le r i dtm 1y to 

tu.y by di e cional cm~ly is . 

' i ensien'l nalyais ~~J b derin d as ctu y of thE rcatr1ction~ 

pI c d on th form ,r n aI, brl-ic function by the r·qui E' entf.l of 

u i ~nBitn' 1 ho·o nity . 01' i'l pI t} is me • j I,. .', ji{;JPTib':')O, 

an 1y is t. Ie j;.>oG ible wayo of roupit· the M# .nitud 

of tho ie 1 qUl !titi which th inve. tic ~or h'" supposed 

l.vant t the heno' ena undl?r stu y . t io Ulportcmt to not 

tn<:.tt I' ensilln 1 aly. i C Ill'ot tell t c ill\' t.i. j tor ... h ther the 

quant'ties ,list lIe in ft t. relav nt. 

... he fUD ntal nitude sCI) . Length (1.) , interval 

of ti~ ( ) ni electric char ( ) , have been use in this at dy e 

Th choi e of 'ie ch r e w ure ly i'lrbi t r "(ry.' l·he 

m n~tud s of c gn tic er ubi 1i ty of ree a.taCt; (/1-0 ) t the 

ce ( fo ) or alec ric refJi- t'mce could J r ittivity 

e I lly h ve b ~n . 

4.n t 101e 5.1 U dim nsi"n 1 !orriul or t1.t 6elC'ctcd dine 
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able ;\5 . 1 

uantity . .)ymbol 

1ectric Current I ( -I ) 
.I. 

otenti-l diffp.rencc acrose the 

len t h . of ( .L'l _ 1. -I) t he o itive colwnn. Vp 

Vc1u. et ric flow or react . t F ( 
., 

n -I ) ga • ~ . 
( 

. 1 ) reSRure in reaction zone . P j L ~ -~ 

Concentration of r eact ant gas in 

positive column C ( r -') ) J. 

( ) 

Diameter of reaction t be D L 

Len th of ouitive column L ( L 

( .'l ..,-1 ) 
.'ett r a te of hydrazine fortn3. ti on . r .J 

in positive co1u • 

r = f ( 

Bubs titutin dimen i~ al formulae 
., -I 

..J.J J. = '1 _I )~ .I , o\.)i I 
1. ~ JJ. \ f ( L1.. [ 'L -I ) ", ( 

Ba1ancin t e expon nt ruld 

• 
) 0 = • b . . b = 

f) 1 = a + f + . • = 1 - 9. - f 

L) -3 = 2 + c + of- - f - 3 

t) - 1 = - b e 2f 

1i ina tine e i es -
- 1 = a - a 2f 

e = - 2£ + 1 

eliminating d gives -
3 2a c + d 9a + 3 bf f 3g 

= + 

d = 4a + 4f c 3 . • 
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E-Q f (V p I D~ ~ , n~p ) 
Dl (F J C D F loC) 

Thu s r - (A 5-1) 

Ae~umin~ an ex~o~~n t. i al rel a tionehip . . I 
r DJ. K «Vp r' iJ)o. (.!!)~ (D"'P )~) 
F C (FTc) (D) ( Ti' ~C) 

(A 5-2) 

Althou~h eaua tion (A 5-2) ha s been used to correla te the 

experimental results obt a ined in the present study, it should be 

noted t ha t equa tion (A5-1) may be rearranged into a number of 

other equa tions which miRht also have bee n used to correla te 

the expt"rim'ental data. Thus for example rearranging equation 

(A ~-l) by replacing Vn I D~ with th~ quotient of Vp I D· and D ~P 
F' C F

'
C F "C 

y ie lds 
1 r n ~ 

F C 

It is interesting to examine the possible physical significance 

of these groups . 

r J)3,. r - -F C F C 
n) 

•• 
Thus the ~oup ~ ' ijmay be rearranged to give 

Fe 

For the e~erimental conditions used, the specific volume of a lT' monia 

gas ( reactant gas ) may be assumed to be constant, and it follows 

therefore that the group F C is a function of the a~lT'onia space 
irS 

velocity. Thus r n1 i s the ratio of the nett rate of formation of 
rc 

hydra 7.ine to the a r.- monia spa ce velocity. 

The primary activa tion of a molecule ( alT'monia ) in a discharge 

depends upon the energy imparted during an inelastic collision 

(i.e. f f~~ ) and the frequency with which collisions occur 

( i.e. f (J,t) ). The group YE-I may be rearranged to give 
F P 

Vp I 
F P 

_ ~,xJ ,x 'I 
P 

and thus it follows that the primary activation of a molecule in a diDcharg~ 

is a function of the dilT'E'nFionless combination Vp r:· .·· ... " . 
r1--

In the context of this study ' primary activation ' refers to the 

deco~po ~ ition of ammonia IT'ol~cules into amine radicals. These amine 
radicals react in two principal ways, either in thE' gas phase ( to form . 
hydra 7. ine ) or a t the surface of the reaction tube ( to form products 
oth~r tha n hydrazine) . The dimensionless group D*P may be rearranged to yield 

F"C 

where 

n* p • P D (F c r' 
FloC F . (--P-) 
th~ P,Toup C is 

'1. , 

a function of th.... ' trnnsl ('. tionr.l' Elp.. .. c(> 



V~locity of th ~ amin~ radicals and th~ group P D is a function of 
-r 

the ' diffusional ' spac~ velocity of th~ amine radicals. More 

, 
simply the dim~nsionl~sB group D4p is a fUnction 01 the l ratio 

. F"t"C" 
of th~ r~si ~~nce time for the reaction of amine radicals to 

form hydrazine (in th~ ~as phase ) to the r~sidence tim~ for 

the r~action of amine radicals to form products other than hydrazin~ 

( at th~ surface of the r~action tube ). 

Finally it was not~d in chapter 5.0 that th~ rate of 

destruction of hydrazine by atomic hydrogen attack depends upon th~ 

concentration of atomic hydrop,en in the reaction zone {gas phas~~. The 

vonoentration of atomic hydrogen in the reaction zone will depend upon 

the rate of diffusion of atomic hydrogen to the reaction tube surface 
:; 

I 

and also upon th~ (activJ) area of the reaction tube surface which 

is available for the r~combination of atomio hydrogen (i~e. th~ surface 

area of th~ reaotion tube occupi.ed by the posi ti v~ column of the 

disoharp,'~ ). Thus it follows that the rate of destruction 

of bydrazine by atomio hydrogen will be a funotion of the 

dimensionless combination L. 
D 

•• 
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~d of est' tion of t e ____ f 1.1.. of notential 

~~ lecgth of the po itive column. 

·'or ~ c in 1 lOir: re "ion 

Von 1 OS' / ) 13 hown hecr tically t t -

Vc f d d = f Ve) where 

Vc = tne abo 0" c thode fall of ot ntial 

= t c current density 

p = pr ure 

d = wi t of cat,lOde dark space . 

uu.ber of 'nv oti dtor (includin olf (1939) . Guntherschulze (1950) 

an uuin (1 57) ) have chown th t over a wide range of curr nt 

density d pr u~e ~r 0 t as 6 an electroce mat rials the 

reI tiouohip b t en Vc nn v -~ is of the form -

Vc :: 

ru 

'or a 

( + C \ihere 

l V c) + h re 

. 
v = a C'D3t nt 

, = a con tnnt 

ositive column. 

dischrir e oper-:.tcc! ,in the a normnl g1010l .... ion t ho 

tot 1 potenti 1 eros th ischar _,0 may b a ssumed ~) be tl' a sum of 

fall 0_ at nti 1 , the ano e lall of poteHtial 

an rous the positive c lumn. 'hus aBsuming 

th of ot nti ~ ( hich i nor 11y v ry sr.all ) t o ~e 0 

the of th ioni ation pot ntia 0 a, monia i . e . 

11. 2 v It • 

.. 'Ip + Va 

where if i 8ured axp r l nt 11y Va = ll . ~ v It6 an Vc i s e6ti~nted 

below. 

' .• :'hu Vp be e leul ted from -

p = Vc 'a 



... 16 -

B' t mnt ion of Ve . 

In ta~le 6 . 1 values of Vc nd J p-1. ( for in 

, rn onin eaa ) obtained f1. ~r.t tho wor of re r OJ' f d . 

Those ro ults ~ re lott d in '1&_ b . l which iUu tr tp. th t 

linear rel tionahip cxi t b tw n Ve nd J - I-

• fJcr ion 

of this c to yiel,kd. t'1 'Ill Hon -

Vc = 61 . "+0 J -?. 
) + 1~47 . 0 

w ic'1 hnf'J been u ed to calclllate Vc for .\ n tho :p rim nt 1 r ul t 

reporte • 

of the Ie y,th of the positive column. 

l'he length of the poeiti ve colu n in n br,or' 1 R low 

uischar be c&tirnated as the di-st nee betwo n t'1 1. ctro e 

minus he co fr .... m the: c thoC' to the e 0 th 

In loble A6 . 2 value of Vc flnd l . ( or a o dircilarg in 

u. .. Cionia gas ) obt in from th work of u 1 (1952) r r cord d. 

.. 6. 2 showa pl ot of th-se r illu tr t~n th t lill r 

rolation~hip of the for I -

d . p = - 0. 0008 Yc + 0.95 

e 1st b teen d nd c . 1flU6 il Vc i ) h n d 

m' y be Cl lcul~l t d fOl any pr ur . 

In an di ch r,e th r tlO 0 th 

the cath e and t Ie point a.t which t t')lu 

t e lengt h of tho cat hod d rk Rei convt nt . In p cUon 

of Ouchi'B t a ahow th t the v lue of this con t t i 10. 7. 

TI1U the 1 n h of t he poaitiv. column of 

t he bnor 1 rogion y be eat i as .. 

L = Inter-electro eli t llC (l 

where 
d = (0 . 9.536 0 . 0008 Vc ) p-' 

,Thi s rel tionahi p h...lB been Uf Ld to stimat 

ex per 'ment 1 re ults repodod . 

il" 

1 • 7 d 

'or all 0, t I 



- 1; 1 -

'rab1e 6.1 

1 re aur( ~urrent 

( '.lmht,) 
(milliamps) 

Iv 15 20 ?5 30 

t.I ) - .... Vc J .... c < 
-"l- Ve Jp-1. 'Ie J'O -1. Vc 

I( . tt.~ 1 
. vIt." 

2 • I 07 .7 I 7 (h ;7 .... 57 7.4 I) 9't9 ).55 -
.3 . 1 t.) 2. 12 51]7 2. R3 607 7. . 54 657 . 24 700 

4 0 . 80 471 1.19 514 .59 5 6 1 . 99 5)6 2 • .59 614 

5. 0 . 61 46 t 
, ~87 1. 0.? 5.?1 1. 27 5S0 1.53 575 . 

6 0. 35 153 0.65 t75 0. 71 504 o. ck} 529 1 . 06 557 

7 J . 2 '4,)0 0 . 39 464 u. 62 1+79 0.6? .,07 0. 70 529 

8 v . cO :'9 ) . )0 J+C)O 0. 40 471 I.J . ]O I! J u .~0 507 

9. 5 ll . l lJ 0 0. 21 '~45 u. 28 4'?? 0. #5 '~73 0. 42 487 

TobIe 6. 2 

I- res ur( Cur ent den i t y 

( CIl! I'!) (milli ')8 C -1.) 

12. 73 19.10 25 . 46 31 . 8., 

l V'c c cl.p v..; Vc 

(c J (volta) 

3. 13 O.~ .'),-7. 7 0. 47 'j67 . ( • ? r J'i . r P. ,,1~7 . 5 

4. 20 0.59 492. 2 0. 55 514. 4 0. 55 536. 5 0.50 558. 7 

6. 30 0. 63 +~, l . u 0.57 477. ~ ') .57 ' 87. 3 0. 57 497.1 

~ . o 0. 64 460. 1 0. 64 460 . 2 0. 56 472. 3 0.56 478. 'i 

10.0 0. 60 L 55 .7 0. 60 459. 6 0. 50 1+63. 5 0.50 467. 4 
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~pecimen Calculation . 

run 1. Table ,4.1 

.otential difference across ~ositive colu n . 

Abnormal cathode fall of potential ( Vc) = bl . /t x current de r -ity + 447. 9 
( pressure )'-

• 

• Vc 61 . x !22. 1 • • = x + 

1f X 3.1 . 9.5 ~ 

4 

• Vc 9.5 f '+7 . 9 • • = + 

• 
• • 'Ie = 457. 4 

• 
• Vp = V - Vo - Va 

i . e . Vp = 650 - 457. 4 - 11. 2 

Vp ::: 181. 4 

Length of positi va colur,ll . 

'.,.7 . 9 

L = inter- electrode dista~ce - 10. 87 d. 

h re d = (0.9536 - 0. 0008 Vc ) p -I 

• 1, = 6. 5 - 10. / '{(0. 953tl - (0 . 0008 x 457 . 4» =: 5. 82 em. 
( 9. 5 ) 

. . 
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APPENDIX 7 .. 0. 

) 

J.e) 



7.0 

,.kl 

In all run 

1 

h o in 

hy r' zine th 

'T « 0 

• n t:t r t 0'-

bere = r netio. 

1 

ed i ')0 1 of t .yl n f~l col. 

th n an for 

fr tl c c li ration eur "'J )C. 

t or. 

lution 

hyd 

50 ( v 1 e 0 ~ thY erlO lycol 

I t 

3 
c~ 

= V 1J of t e 

c lur:: 

o dUv. c lu n 

!. 

1 tY"'ic 
, pI in t r f to ... 

r n nu b r I t t bl 4. . 
;:x. t1l vo: 0 = 5). 0 1 • 

D = 3. 15 = . 0 1 • 

u 5. 2 em v lO 

t 2 co r 
-G, 

2 . '15 .- o. j x 1 20+t? JC 1":0 .0 "rO • -c? 
-Jr -8 

tion 0 2 . "'1'}lf X In 4 4. 071• f e;r.- s n tt r t 0 = 
120 X 

~ r,2. 
) .1/ xr:: . i.!2 

J 
c ,e 

1 ~ ) .l ... X .. 
v 

) 

(r 109 ) 1 ( ct l f\~) = 
" ( on .. flo' t 4~) 



_ 1r~ _ 

1 Case . 

( r x ) 4. 07 
_1 -I = m em s c . 

:: 3. 15 em. 

1.84 -I = CI ee 

= 
• ~ -1 

2 • .; x 10 s em (,.e 7. 3) . 
= 4. 07 Yo. . 15 ~ 

1. 4 x ?62 x 2. 9 
., = 29641+ (dil'!l naion1c ) 

10 
. J 

A7. 3. Concentration of ammonia 6as • 

(iJ 
( . 
= 

,3 (, ( 

..L. = 

= 

= 

~ :: 

A.o = 
C :: 

<;-
.L I 

J J ) 

Fl f 1 ( c J) ow 0 ammon a as x d n ity of ~ oni gas ( m ) 
(em' (-c) 

volum of 0 itiv eo1u 11 ( Cu/') 

1. 84 c J - I 
e 

0. 0 0716 .1 
gm em 

5. 2 err. 

1. t{4 . 000716 x J~ 
- f 

= 2 . / x 10 

1-
em ' Gee 

-rr . 15 x 5. 2 

nositive ( Ju m. of rea tiont bi)'t-

con ition. )3 x (Cone ntr3tion of a' .oni g a) . 

181. 4 x 10') x 3.1 5 4- = 21067 ( imensior 1e ) . 
'] -~ 

(1. 84 x 762) (2. 9 x 1 ) 

9.5 
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( ~ ); ( "arncter of reaction tu r ~ ( re su e in reaction tube) 
('1 ) (. r.u:lOnia flo\{ at operutin conditiona) 2. (COriC"ei'it'i'-ation of amrnonid g s) 

e. 

( 1 ..., J 

L = 
lJ 

p06itive column (dimensi nle ) 
of reaction tube 

Typical t;ase . 

= 5. 82 = 1 . 8~ 
,5 . 15 

. If -0').7 
(V ~ J ) 

( J-- ) 

Tyvical vase . 
_0 ,1"1 

( If' f ' y 
(-..,...~ v-) (jim n ionle,s) 

-) 0'7' -0'<;'( 

(21061 ) ( 1. 479 xl) (1.8) = b. 76 

(educe eloctric field stren th ) ~os . col . = ~ 
'I') 

where = volt per ccn of OGitiv cOltlOn i. 0 V 
L 

ase. 

= I 1.4 = 3.30 ( volts pas . col . ) 

P 5. tl2 x9 • .5 (cm l.mJig 

ults . 

tion 

volts 
Cr.1 • Ig 

a) oni low r er r.tinute calculat the n uber of molps 

ent 'in th r ct r i1 unit ti say one minute . 

.ole = = ore f'S 

17 
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b) "ro chrn .oto raphy result 

. ,~b '1. 1- I 2- 't 

:r 1 - (xI-Y+z) moles percent . 

e) Calcu1 tt' weight ere nt - our:. on !l)le of gas ixture . 

of 1- = 0. 02 z 

eight 0 1- = 0. 28 Y 

eight a '1 .;- 0 . 32 x 

ei ht of . j = 0. 17 (100 - (x+y+z) ) 

therefore weight percent of hydrazine = 100 ~ I. 0. )2x ) 
lO. 17(lOO- (x+y r z» )+O. 02z+0. 28y+O. 32x 

d) Let Y be lei ht of hydrazine obtained by analysis . 

Let I be wei"h of a nin enterin re ctor 
• . . Y x 100 - = O. at x 100 

0. 17 (1 ) - ( Ty+z)+0. 02z+0 . 28y-t0 . 32 

ther efore solvin .... for c:ives. ole percent hydr'zine 1.n gas mixture . 

e) lartial r saure of x monia in gau col1~ction b ffiple vessel 

z and y 

calculate 

p x 

e btn .... Le 

100 - (x+y+z) 

1 0 

= P :.f J 

ir ·tly fro chr moto rC4phy r QuI tG , ~. ic. 

5 shown pI' iuusly . 

p = tot 1 r ~6ure in 9 collection vessel a point 

ju t do n ~tr a of r actor , i . a . ju t between tl relctor 

'nd the colleetl.on ven e1) . 

t) Nu.b r of Loles of ~ onia in colI cti n vee el . 

to . . 
n = V x t ~or 

VOl 

n !: r ' 1 

n = 

(273 ~ 20) x O.O~IJ6 x 

where t = tl.me 0 ~ -~! (~J 5 es . ) 
c' = low r t e at operating press. crrt sec~ 

Vol = volum c >1.. etian 10 L el 

= 
= 
= 
= 

p 0_ 

Te npo C 
lao c0n.:'t 
Jul ume of 
(atmos) 

gas . 

n = o. 25 1 x ~ x P l 13 

g) Moles of r til decomposed i b 1 . 'nt reactor - moles ven y mo eo g01ng 1 



_ 'If 

going out of reactor • 

h) I hydr zinc 'orm d fro monia decomposed 

= / '52 A 1 L 

d COrrilOS d 

0. 50 4. 5) snd ( 7 . 1) 

~onver",ion b t)", un" :monia e:lterin~ :;."eactor = 0 . 229 

r So = 0. 5i 

iydr' zinr ana1ysi 
-41' _I 

?172~ x 10 .. 1in 

.Mllloni entering 0. 09.8 ~m • _ 0 

::un 

1) olal r y Dzine 

0 . 229 = ..:2x 
-0~. 1~7~(1-OO---(-x-tO-.-5-t-?-. 25)- + 0."'02( 2. 25) + 0. 28(0.5) + 0 . 32x 

O. ?29 = ~3~2x~ ____________________ _ 

16. 7175 ~ O. 15x 

0 . 119763, • • • x 

2) Iartia1 pre8sur~ tof monia in colluction vc.), c] 

I ) 

cactor ?'. r"ltin -:?re 'ure = 9.5 mmHg 
• 

• • p tl3 = 9.5 x (1 - (2 . 25 + 0. 5 + 0. 11976) ) 
100 

p~ 3 = 9. 5 Y 0·9713 

p ,~ = 9 . 22'735 m:nHg 

umber of rrole3 of onia cor.in out o' reactor. 

n = 0 . 002501 x x -p 

= 0 . 002501 x 2 . 207 x 
9.5 

= 0 . 0 5361 01 s 

olea of oni 

ole 
o. 948 

17 
i.e . C.OO5576 
i.e . 0 . 00021.) 

in - c e,:; Olt 
e> . n_5361 

0. 005361 

9 . 22735 

-It 

i . e . 2 . 15 x 10 ~oles of ar:f.10lli< decompooed. 

5) Hydr ZLne b sed upon ammonia decomposed . 



100 x 

• 

2 . 1725 x lOif 
32 

= 6.789 
2. 15 

roles of hydrazine forme 

- ~olcs of aomonia decomposed. 



'l'ab1e A7.1 

run I l-ressure Flow hH'f 'l1 -neak .:ole lI~ ';leak ,ole " ole I. _rti'i1 prEf: • 01 F; 0 f' .01 R 0 . las of .7 

o. (mmHg) (grus l1i~ ) 1-" ~ei ht aei'ht · , - eco 
. '-' #' .6 '). ~-' 1. I ~ If of ~ -; in coll- , J (!nter- l \"ClV- 3 ece .~.J- sed 

ssel. i. ~ _' . • . " .... X TCif 

hi ( .3 

~ • . \ 9. 5 
0. 0948 2. 1725 0. 8 2. 25 0. 8 0 . 5 0 . 11~3 9. 22735 I 5 .. 576 5. 361 2. 15 3. 86 

-6 . 9 .5 0 . 07011 1.. 8975 1.5 4. 40 0. 8 8. 5 0 . 10Lfi~ 9. 025 (~ . 12415 I 3. 876 I ?4815 I 6. 02 

99 . \ 8 . 0 0. 0474 1. 8400 1 . 45 4. 2 1.1 0 . b5 0. 076l1.7 7. 606 5 . 576 I 5. 247 I '; . 29 I 5. 

100. 9 .0 0 . 0404') 1) . 917. 4. 75 14.1\ 10. 7 \ . 4 
0. 00007 7. ;'35 2 . 7~Oq 2. 229 ) 5 . 51 I 1]. n 

l OE . I 9. 5 0 . 070111 2 • .)52 0 . 40 1. 05 0. 8 0 . 5 . 1549> (1 . 3.58 ' . 124-:~) !f . O 1. 2415 I 3. ,'"'1 
I-' 
C'\ 
\Jl 

zl'Ul .loles of .01~f> 0_ .01ec of l:ole 1. ~ t·i!.J.e ;. b r:ole ; ' &. eight ~ '1 0.. l't 

jlo . " t
T 2 X lO S" r' .. x lOS ..c·rom , h le- based on based 0'" ~HJ based on ff fl N1 IIq x I.; h J 

cornposel • decor.lposet decomposed entering • • 

, . 
50 • 6. 789 12.40 2. 75 5. 15 57. 7 12. 79 0 . 229 

. . 
56. 5. 9296 17. 90 2. 01• 2. 40 72. 13 8. 22 0. 271 

99. 5. 75 23. 10 3. 50 1. 748 70. 21 10. 64 0 . 196 

100. 2. 85312 3Y. ?0 12. 40 0. 520 72. 05 22. 51 0. 188 

lOS . 6. 4125 4. 20 1. 90 5. 165 33. 83 '5 . ~ 0 . 293 

• corr ected for air leakage . 
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