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SUMMARY

The synthesis of hydrazine from ammonia at a pressure of
10 torr has been studied in two types of glow discharge reactors,
viz, , ® crossed discharge reactor and s beam scanning reactor. These
reactors were developed in an attempt to eliminate the problems
aaiochtcd with beam comstriction phenomena. A limited amount of
work was carried out with the first reactor and when it became
apparent that it had no real advantages, it was abandoned in favour
of the beam scanning reactor. The latter has now S«n studied in
depth using both continuous and pulsed DC powar supplies. It has been
found that both hydrasine formatiom and ssmouia conversion are improved
by beam scamming. Uader certain conditions, the effects of operating
variables may be described through two parsmeters; the product of the
discharge current and mean residence time in the continuous discharge
and the pulse mmber in the pulsed discharge. Decreasing values of
these parameters are associsted with an increasing efficiency of

hydrazine production.



The author wishes tu espress his gratitude v the following,

Professor J.D. Thornton for his supervision, advice, ané

encouragement throughout this work;

Profassor J.M. Coulson in whose laboratories this work wss

carrfed outy
br. C.R. Howsrth for countless stimmulating discussions.

Mr. C.A. Currie and his staff, and in particular,
br. G, Doherty, for assistance im the construction of the experimental

apparatus;
Mr. R.R. Randle for the photographic work;
Hrs. J. Doherty for her mtience in typing this masuscript;

The Ministry of 04l of the Republic of Irsq for fimsncisl
support;

Shelle, my wifc, for her paticace, undecrstonding, and

tocouragement throughout the course of this work.



(1i4)

CONTENTS

Sumnary
Acknowledgments

Contents

1,0, INTRODUCTION

l.1, General

1.2, The gas discharge

1.3. Electric discharge devices
1.3.1. General
1.3.2. The DC glow discharge
1.2.3. The pulsed DC discharge
1.3.4. The barrier discharge
1.3.5. The crossed discharge

1.4, Scale~up of a gas discharge reactor
l.4.1, Similarity principle
ls4.2. [I'roblems in applying the similarity principle

1.4.3. Alternative ways of scaling-up a discharge
reactor

(a) Scanning by electrical switching
(b) Scanning by mechanical means
(1) Electrode motion

(11) Scanning by means of a perforated
insulating barrier

(c) Electromagnetic scsnning

2,0. LITERATURE RELATED TO HYDRAZINE SYNTHESIS

2.1. General

2.2. Chemistry of hydraszine production from ammonia

rage No.

i1

111

12
14
17
19
19

23

25
26
20

26

27

27

29
29

31



2,2.1,

2.2.2.

(iv)

Hydrazine formation reactions

Degradation of hydrazine by secondary processes

2.3. Methods of minimizing hydrazine decomposition by
secondary processes

(a)
(b)

(c)
(d)

(e)

Using a low residence in the discharge zone

Minimizing of hydrazine decomposition by
reducing the electron density

Absorption of hydrazine in an inert liquid

Insertion of a suitable catalyst in the
discharge rzone

Removal of hydrogen atoms with scevengers

3.0, SCOPE OF PRLSENT INVESTIGATICN

4,0, EXPERIMENTAL WORK

4,1, The beam scanning reactor

4,2, Flow system

4.3. Ancilliery equipment

4.3.1.

4.3.2,

High voltage gemerators
Measuring equipment

(a) Valve voltmetcr
(b) Millianmeter

(c) Oscilloscope

(d) Techometer

4.4, Experimental procedure

"oanlo

4.4.2.

4.‘.3.

G.4.4,

Flowmeter calibratiom
Analysis of products

(a) Hydrazine

(b) Other gaseous products
Power measurement

Measurement of the electric field

31

37

43

43

49
51

55
36
39
ol
6l
02
65
65
67
67
67
68
68
69
69
71
71
2
77

78



b.s.

4.0,

5.0.

L3

a.i}.l.

“‘.{;’.2.

4.6.3‘

(v)

Routine experimentsl tun

Results

tlectrical end physical characteristics of
the discherge

Decomposition of ammonia in the continuous
DC discharge

(a) CGeneral
(b) Effect of power input and ammonia flowrate
(c) Lffect of scanning frequeacy

Decomposition of smmonia in the pulsed IDC
discharge

(a) Ceneral
(b) Effect of ammonia flowrate
(¢} Effect of pulse OFF-time

(d) cffect of scanning frequency

DISCUSSION AND INTERPRETATION CF KESULTS

1. Anode and cathodae fall potentials and mean electron
energy

2. Film deposition on the anode

3. Decomposition of ammonia in the continuous DC
discharge

5.3.1.

3.3.2,

5.3.3.

5.3“.'

Effect of discharge curremt and gas flowrate

rffect of scanning frequency

(a) Evaluation of ectivation residence time
and fraction of ammonia subjected to the
discharge

(b) Effect of scanning frequency on ammonia
decomposition and hydrazine formation

Comparison of reactor performance with and
without beam scamming

Corraulation of experimental data with and
without beam scanming

79
84

84

87

87

89

90

92
92
93
9%

95

97

97

101

103

103

109

109

113

114

121



(vi)

5.4, Decomposition of ammonia in the pulsed DC

discharxge 124

5,4.,1, Effect of ammonia flowrate and pulse OFF-time 124

5.4.2, Effect of beam scamning 12¢
S.4.3. Correlation of dats with and without beam

scaming 127

6.0. RECOMMENDATION FOR FUTURL WORK 129

7.0. CONCLUSIONS 130

NOMENCLATURE 135

LITERATURE CITED 139

APFPERDICES

APPENDIX 1. The crossed discharge 144

APPENDIX 2, Specimen calculations 154

APPIENDIX 3, Calibration curves 164

APPEINDIX 4., Tabulated results 165



1.0, INTRODUCTION.

l.1. General.

For more than a hundred years the phenomenon of electric
discharges has been the subject of extensive study and as a consequence
voluminous literature has accumulated. Most of this work, however, has
been dedicated to the atomic and subatomic phenomena but neverthelaess
some of it was directed towards the development of a commercial method of
chemical synthesis using non-disruptive electrical discharges. Ozone
production on a commercial scale was the only breakthrough provided by
this new technique of chemical synthesis. The failure to utilize this
teclnique inother processes was mainly due to the complaexity of the
discharge reactions and the insufficient data available to assess the
effect of operational variables on the yield of the desirzed products.
Another and more serious problem was that, the manufacture of the
appropriate slectrical generating equipment was in its infancy. Despite
this declining attitude, resurgence of interest emerged especially after
the Second World Wer, when there was an increasing demand for the commmercial
production of a large 'unge of specialised chemicals that could not be made
readily by conventional methods. This sophistication of chemical
technology has led to the necessity of synthasis and product fabrication
by some means other than the conventional methods. The gas discharge
appeared to have more attractive commsrcial potentiality than most of
the other novel synthesis techniques. This is because the energy
required for chemical activation could readily and quite efficiently

be supplied by electric power of varying natures in contrast to other



radiation methods such as ultra~violet radiastiom or radioisotepes
which are by comparison, very much mors expensive as far as energy
charges sre concerned, even though, they may be mors selective.l)
At preseat tha cost of thermal energy is cheaper than that of
elactrical energy and one can argue that it is more baneficial to use
the conventional methods of chamical synthesis then the sophisticated
and slightly wore expemsive techmique of ges discharges. Dut, it is
worthwhile moticing that the development of the breeder atomic reactor
is going to cut the cost of electrical generatiom quite cmsidetably.(z)
It therafore follows that over ths years ahead processss based on
elactrical emergy utiliszation arve going to be in a more competitive

position,

Cas-phase discharge synthesis has amother feature oi interest
over conveatiomal teclmiques, and this is the possibility of producing
compounds which are more reactive tham their starting matsrials
0.3, hydrasine from amwnis, osone from oxygen and hydrogem peroxide
from water. These are rslatively difficult processes for conventionmal
sethods and are indeed not easy in the gas discharge, the reason deing
that most gas discharge veactions proceed to couplsetion in oune stage
in the discharge in contrast to the multistags process used in meny
conventional chemical synthesis, smd as such the products formed ave
l1isble to dastruction by the actiocn of the dischargs. Fortmately,
it now appesrs possible to ninimise this effect by the correct
manipulation of operating variables. Another drawback of the gas
discharge {3 the incapability of resction selectivity which will result
in a spectrum of products and hence meking dowmstrsam purification a
problem. Again current developments have shewm that resction



selectivity can be obtained by the correct cholece of operating
(3)

variablas

It follows from the foregoing argument that the impetus
for the current gas-phase electrochemical research was inevitable.
This interest has also been triggered by the commercial success of
l1iquid phase techniques such as the industrial applicetion of the
l1iquid-pbasa electrolytic process for the production of adiponitrile

from acrylonitrile in the nylon prmu“’.

A gas in its normal form {3 almost a perfect insulator and
in every day life is widely used as such. Howsver, when an electric
field of sufficient intensity is established between two slectrodes,
the gas cen become a conductor and the transition from an insulating
to en almost complately comducting state is called the electzic
breakdown or gas discharge. The reason for this sudden disruption
is due to the build up of charged species in the region which will
eventually meke the conduction of electricity possible. The detsiled
physics of the processes involved in the fnitiation and msintensuce of
this discherge is very much complicated and for this resson has been
absndomed. For further study soms excelleat texts swch as VoM EuGEL's(®)
and otbers'”*3) will be recommended.

In any gas dischargs the prime agent responsible for most of
these processes is the electvon., It transfers the energy from aa
slectrical powsr supply to the gas, produces ions which engage in the
fon chemistry, and it excites molecules which will dissociate to fom
the free radicals from whemce originate the chemical chain processes.



The transfer of energy takes place through collisioas
batween the clectrons and the gas molecules. There are two types
of collisions which an electron can undergo, elastic and inelastic,
/n elastic collision is one in which there are no changes of energy
in the colliding particles, only electron scattering will result.
An inelastic collision on the other hand, involves in addition to
electron scattering changes in the cnergy of the gas molecule and
usually lcaves the latter in some form of excitation. The mode of
excitation resulting as a conscquence of this collision will be

dictated by the energy of the impacting electrom.

In a discharge the electron energy usually follows a
distribution similar to a Maxwell-Boltzmann distribution but the exact
nature of this is still the subject of some controversy(7’9). It
usually concentrates around a mean value which depends on the field
strength, gas pressure and collisional cross-section. The value of
this mesn energy is usually less than the ionization threshold. It
therefore follows that there are relatively few electrons in the
diminishing tail of the distribution function that are able to
ionize the gas molecules. These ionization processes play an important
role in the initiation of the discharge but thelr contribution to the
chemistry of the discharge leading to product formation is negligible.
The electron emergy distribution cam, for convenience, be broken dowm
broadly into three different energy classes depending ou the origin of
the electron. There are high energy primary electrons emitted from
the electrodes as the result of positive ion impact, field emission at

sharp points on electrodes, and thermionic emission in the case of

aic-type discharges where electrodes become strongly heated. There



are secondary electrons of lower encrgy emitted by the gas molecules

as they arve ionised by primary collisions of the form,
e + A—>» 28 + A+ 00.....0-.-0(1.1)

where, A is & ground stats neutral molecule or atom. Thase secondary
electrons do not possess envugh energy to fonise the gas, bdut play a
predoninant role in other activation phenomena leading to chemical
reaction. Finally, there are very low energy electrons which originate
from othsr secondary processes.

For each gas thers i{s a certain threshold value of electrem
energy below which only inslestic collisiom occurs. It therefore
follows that, since the thresholds for excitation are lower that for
ionisation and also the cross-section for excitation rise mors rapidly
vith energies sbove the thresholds tham do those for fontisatiea’!!+9%)
slectrons at the diminishing tail of the distridbution function can be
more effective in producing exchation thas ia producing iouisatien,
Severa) modes of excitation are pessible. A moleculs can be excited
sither rotationally, vibrationmally or electromically. The most
important of these is the vidzatiomal excitation. A vibratiomally
excited molecule ox atom could be fonised on future impact with electromns
or -itself ) could foniss particles whose fomisation petential i{s lower
than the excitation energy (Pemning ionisatien). Howaver, the most
important consequent event of molecular excitation ia the dissociative
decay of the molecule with a subsequent formatiom of free radicals, i.e.

e + AB—> 9 + A —> g + A + B 0-0000(1.1)

For this process to be feasible, the colliding slectron must have energy
in excess of the dissociation snergy. The above process will be
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followed by free radical reactions leading to product formation.
Free radical reactions have comparatively low rate constants of
approximately 107 - 1.()9 1it,/mole.sec., and therefore the rate of

neutral production 1s the rate of free radical reactions.

In a gas discharge electrons produced by the foregoing
processes must be balanced by loss mechanisms in order to keep a
steady state condition. The most common of these electron loss
processes is through the external circuit, in discharges with electrodes,
though a certain amount is lost by smbipolar diffusiom to the walls and
to a lesser extent by recombination. The foremost among the latter
processes is the loss of electrons by ion recombination reactiom,

vis.
e + AB+_—'—.A + 8 00000.00-00000(103)

Electron-ion reactions can be strongly exothermic and coulombic
attraction between the ions and electrons means the rate constants are

6 7.3

as high as 107 = 10 ' em”. sec 1AL A3,14) 4y procass is strictly

two-body, and the rate of electron loss can be described as,

dn
cﬁ -—o(d n. n+ c.-oo.coooo.oo(ln‘)

where, X d is the rate constant. Since the plasma is very nearly
electrically neutral, n, =0, snd the rate of loss can be re-written

dn 2
ft ] -Nd n. 000090.0..0-00(105)

}{

At electron densities of around 10 0 m'3 (typical of a glow discharxge),

the life time of an electron against recombination is around a millisecond.



= I

At higher electron densities ssy 10“ c-'3. & second
recombination process will bs of interest snd this is the third-dody
recombination with sn electron as the third body

e + & + A+__"e + A o-oco-oouooo.‘ln6)

Por most laboratory gas discharges in which n, ~ 10! cu3 ents

process ia not significant,

Aother recombination process which occurs so slowrly s
to bs megligible is radiative rocombimation, {.e.,

A+ 4+ ¢e——A + hl) oo;¢oco.~.-nc(1o7)

Rlactrons can also be lost through attachment to form
negative ions in gases for which negative fons axist. Three~body
attachment,

¢ + A ¥+ B—A + “ .............(1.8)

can oxist at au(q;mu and have a rvate constant of the order
15
1090 co®, sec™l . A second attachment procoss is the dissociative

attachnent of melecules,
e ¥ AB—=A ¢ B‘ -o.oncc-ouono(!o’)

This process usually requires the electrons to have an eunergy of &

fou e.v. in order to proceed. In general the rate coefficients for
this process can vange as high as 10720 ca’.sec.”} for ground state
molecules or could be highar 1f the molecules ave vidrationally or
electronically excited. Even with rates of wp to 10730 ca’, sec.”)
and gas pressures of a fraction of a mn Hg the electron lifetinw
against this kind of attaclment $s of the o.dez of a microsecond amd
therefore this process completely overvhelms dissociative recombination
as an electron loss mechanism. However, it is incorvect to assume
thet such a rapid process will descride the removal of electrons, The

reason being that when an electron recombines with an $on, it is bownd
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tightly in an atom, while in forming a negative iom the electron
binding energy is an order of magnitude less. Numsrous processes
will operate to dislodge the slactron from the negative iom, such

a8,

a) photodetechment, hy + B — B + ¢ veeesescese(l.10)
b) assoclative detachaent, A + B ——=AB + @ .ceveescseo(loll)
c) electron-impact neutralisation, ¢ + 8 —+=B + 28 .....(1.12)

The most probable of these in & gas discharge {s the associative
detachaent. For these reasons the concentration of negative ions
in o discharge 1s low. MELTON'S) has ehown that fn ssmcata with
100 e.v. electrons, only 0.4% of the spacies produced wers negative
foms.

L.3. Elestric Dlechazas Devices.
dadals Gemazal.

The nomenclature of most elestric dischargs reactors employéd in gas
éiacharge ressarch S somewhat descriptive of the physical maturs of
the given davice and the plasme eavizeoment formed in it, sad <&
somatimes influenced by the individual who was closaly sssociated with
the study of the psrticular device. For example, 2 gldw discherge
Teactor is ome in which the plasma glows and the prassure of the gas
is below 20 wm Hg whereas an osoniser s s éevice for producing osone.

An exsmination of the numerous types of slectric discherge
Mmmldrmdmtmhchutd&ntmqunmm



elements illustrated below,

(1) (2) (3)
POWER COUPLING PLASMA
SUPPLY MECHANISM ENVIRONMENT

D.C. Resistive Current leval
Pulsed D.C. Capacitive Pressure
A.C. Inductive Gas flow, temp.etc.
R.P.} or pulsed boundaries: solid
Microwave liquid phases

Electrical fields

Magnetic fields
Every device is sustained by an electrical source (1) through a givan
coupling mechanism (2), to a plasma with a particular enviromment (3).
It is clear that this simplified picture becomes much more complicated
if one considers the number of ways with vhich these three elements
can be combined. Therefore, it is not the intention to discuse the
classification of these devices as this has been dealt with

(3.17.18).

elsevhere Only those which I have experimented with are

going to receive any attentiom.

.3 L] l m ..

This is the simplest form of all gas discharges, It was
first studied by PARADAY betwees 1831 end 1835¢1°7, At low pressure
(1 sm Hg) he found that the discharge consisted of glowing areas
separated by dark spaces of the form shown in Fig. 1.1. The sequence
of these regions has been xrecognised as Aston dark space, cathode layer,
cathode dark space, nsgative glow, Faraday dark space, positive column,
anode glow and finally the anode dark space. The reason for the
nature of these dark and glowing regions 1ies in the fact that in the former
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clectrons are being accelerated while in the latter electron impact
causes ionisation and excitation of the gas molecules with the
subsequant emission of light. It theraefors follows that dus to the
different characteristics of these regions it is ressomable to expect
that cerdndn different reactions will proceed preferemtially in one
ragion or other in the discharge. This has been shown to bs the
case in the nitrogen-hydrogen discharge where ssmonia and hydrazine
are found to form preferentially in the negative glow and positive

colum rupocuvoly(m).

The physical sizes of these different regions depend on the
pressura of the gas and the electrode separation. In the case of
ommonia at low pressures (fraction of a mm Hg) the whole of the
discharge tube is filled with ths negative £low while at highar
pressures { >10 mm Hg) the positive column expands to practically fill
the whole cell. The sise of the positive celum is also magnified at
ths expense of the negative glow and other dark spaces vhen the
electrode separation is increased. For exsmmpls, for smonias at
10 um Hg end alectzede spacing of 6.3 cm, SAVAGE'Z!) nag found that the
positive colum was 3.0 cm. It therefore follows that from & hydrasine
syathesis viewpoint, it will bs more bemeficial to oparate at both high
pressures (maxiomm for glew discharge is 20 mm Hg) snd largs discharge
88p, but it must bs realised that thess counditions will satail high
voltage requiremsnts which will in turn poss a safety problea basides
the expensive cost of the gmerating equipment.

A sumacy of the slectrical propertiss of a glow dischaxge
fs showm in Pig.l.l. The most significant of thess is the variaetion
in the potential drops across these different vegiens. It {s clesr
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that wost of the applied potential is dissipated in the cathode dark
apace while the potentisl difference across ths positive column is
rather snall giving it & constant field strength of the order of a

few volts/cm. This field is not sufficient to cause considerable
fonization, indicating that iomization is not obtained from the
electron motion in the direction of the fisld but rather from the

lerge random velocity which the electrons acquire by elastic collisions.
The potential drop across ths cathode dark space is imown as the
cathode drop or fall, and it {s found to be proportional to the currmat
éenalty(u).

The glow dischargs could be operated in three diiferent
regions depending on the value of current. Thare {2 the subnormal
region characterised by a fall in the operating voltags as the current
is increased, the mommal glow region where the voltags is independent
of the current, and finally the abmormal glow whare further incresss
in curvent is ususlly accompanied by an increase in the operating
voltage. These transitions from one vegion to another are attributed
to electrods effects by u-“). or electron-iom recombinstions ia the
positive column dy om(zs'a) .

In order to sustain ths mem~disruptive naturs of the D.C.
glow discharge a ballast resistor is to be comnected in series with
the discharge cell. The value of the resistor will depend on tie
operational requirements such as pressurs, dischargs gap and current
levels and may rengs from 2K to as much as 2008, It is the
powsr dissipated in this load which puts the D.C. glow discharge at
an economical disadvantags.
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le3.3. The Pulsed R.C. Dischorge.

In this type of discharge the gas {s first broken dowm,
a8 glow discharge than generates which will last for a certain time
interval, followad by a voltage cut off. The dischazge then dacays
electrically and chemicslly until the next pulss is applied. It
follow: that both the voltags and current will be of a rising and
falling nature whose .met characteristics will depend oo the type of
gas used and the vast number of operating variables such as pressure,
pulse duration, pulse repatition rate, pesk current. Soms typical
waveforms are depicted in Pig. 1.2,

Vhen the pulse width is varied two effects coms into play.

Firstly, if the pulse width, tp’ is greater than the formative time
lag, tgy then it is possidle to extand the abhoulder, t..uubutu
consequant distortion of the waveforms. Gecondly, if the cut off
time, t,, s shorter then the formative time lag, t,, then the pesk
voltage, vp, increasss slightly ond also the slops of the leading edge
of the voltags pulse incrcases so as to decrease tha vise time, "r'
without a change in the current waveforms.

The power dissipated in the pulse discharge is not constant
throughout the pulse but varies with time. 89, in order to compute
the overall emergy in & pulse, 1t 13 necessary to calculsts the power
at every instant and then integrating over the whole pulse time taking
fnto account the pulse decay time tye This could be done efficiemntly
by oscilloscopic display of the curreat and voltage wavefornms follawed
by graphical integration of the exprassion,

T
Bnergy/pulse = So IV dt
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using Simpson's Rule of integration.

Due to the intermittent nature of the pulsed dischargs,
the running voltage is ususlly higher tham that for a correspondingly
similar divect current discharge. This is due to the fact that at
the beginmning of each pulse the mmiber of electromsavailablefer
ionisation is much lowsr compared with that ia a D.C. dischargs,
hence necessitating the requivenmats ef<a higher potential in oxder to
produce the axtra electrons nseded for discharge initiation. It
follows that by applying the power in the fomm of discrest pulses of
short duration at low repetition rates, it is possible to operats at
a voltage {n the vicinity of the striking poteatisl. In prineiple,
therefors, by applying the pulsad techniques Lt wowld be possible to
enhance the axial field and tlms incresse the slectrom energy. This
is by comparison far superior to ths direct current discharge wheve
variation in thaparamstsr, E/p, is only browght about by sither varying
the gas pressure, or the reactor and eslectrode geomstry, or the current
density. Amother charactaristic of the pulsed dischargs is the esse
with which the meximun valus of the axial electric field could de
controlled by simply varying the pulse off-tims. DROWM, HOMARTHN and
osrron 33) neve shown thet the pesk pulse veltage increased with
increasing pulse-off times until a platesu was resched.

The pulsed dscharge tetimigue was first exployed as o
device for reducing the ges activation time, sspecislly with systems
where product selectivity was faportent, e.g. synthesis of hydrasine
from smmonial32+36), 14 uuy mot watil later that other aspects of
the pulsed technique were realised!31+33)  oug of the mejor drawbecks
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of the pulsed technique, however, i{s the constriction of the visible
gsone, hence primary reaction sone, under conditions of low pulse

dutauon( a7) .

The latter was preferred to long duration from the
chemical synthesis standpoint, especially whan the products ars liable
to destruction by the action of the discharge. This constriction
will pose a savere problem when scaling up of these ladoratury units is

to be considersd for industrial utilization.

Lod:4. The Daxzier Discheris-

In this type of discharge the electric power is delivered
through electrodes which are physically separated from the plasma by
e dielectric barrier such as quarts. The discharge is of 3 more
uniform naturs and with desirable current limiting propertiss. Hence,
the complications arising from spark and arc build-up, which sra
encountered in conventional double electrode dischsrges such as the
D.C. discharge, are sliminsted. Also, dus to the adsence of centact
between the gas and metal electrodes, higher product purity could be
expected.

Breakdown iu this type of field is usually dus to randonisation
of electron motion caused by collisions with the ges molecules. If we
consider an electron moving in an A.C, fie}d which is of the form
E(t) = B coswt, thea Newton's law for the electron becomes in the
absence of collisions,

t - % l.mwt

whers ¥ 1s the acceleration due to the field and & 15 the charge to mass
ratio for the electron. The sbove egquation will then solve to glve
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the velocity of the electron as

8.
vVoe o aninu)t

the rate of energy pick~up from the field i{.e. the power, ¥ (s then
given by
2.2

w-nnv-:__fg coswt siawt

nw
which, if evaluated over a full cycle will give ssro, thus indicating
that there 15 wo naet transferral of energy from the fiesld to the
elactron. This {s of course a result of the fact that the applied
fiold and tha elactrom velocity are 90° out of phase. To explainm
vwhy breakdown takes place ons has to take into sccount the role of
collisions in building up the energy of electroms to the point where
fonisation can occur. Am electron will be accelerated by the field
during a portion of 138 cycles and then deflocted in a collision. The
energy parallel to the electric field is timus converted to energy
perpendicular to the field. The field then procesds to give the
electrous additional energy iun the directiom of the field. Energy is
therefore deing pumped from kinetic energy of wotion parallel to the
field to kinetic energy in sll dirvections.

The power supply associated with this type of discharge
i1s of osciliatory nature typically ranging frem ) u‘ to 10 l.‘-
The striking veltags, Vgr for this dischargs usually depends ou the
thickness and type of barrier, electrods separation, frequency of the
power source, £, as well as the nature of the gas end ite pressure, P .
It is usually foumd that v incresses with focressing barrier thickness
end discharge gapiut its dependence on f and P Lo more irregulas.
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At frequencies when the transit times of charged particles
ere very short compared with the period of the field, the breakdown
potential, V'. is sliost the same as in the case of steady fields.

As the frequency is increased, however, Ve venains substantially
congstant and then starts to lower when the thalf period: @f ths field
becomes comparable with the positive ions transit time . The
lowering of V_ is due to the incomplets removal of these ioas during
the half cycie and thus resulting in an accumulation of positive ion
space charge. Purther increase in £ vill not result in a decrease
ic thava!.ueofv.u the space charge will be limited by the rate of
loss of ions due to diffusion etc.

At yet higher frequencies a further rxeduction in Vs is
noted when the period of the fiald approaches the transit time of
electrons. Here, not all the electrons will be swept to the extarnal
circuit during half a cycle and the resulit will be to produca rore
electrons and positive ions by further fonization. At very much
higher frequencies when the period of the field will approach the
elactron msan freeiime, lonisation efficiency of the field is reduced
and sm incresse in v‘ uill be expectad.

The v. - P characteristics of this type of discharge have
the same familiar form as the Paschen Curves for a D.C. glow discharge,
1.9. a decreasse in the operating pressure will result in a lower v'
until a minimun point is reached after which sny furthar reduction ia P
will vesult ia higher values for v,. At high pressures clectromns will
suffer continsal collisions with the gas molacules and hence not acquire
enough energy to start iomisstion, while at very low pressurs;,
zvestriction {n ‘onizatiocn is due to a very much reduced collision rate
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end also because of the ease at which electrons will be lost by
diffusion to the walls.

Ons of the advantagaes of the barrier discharge as a
tool for chemical synthesis is the possibility of operating at much
higher pressures than that admitted with say & D.C. discharge.
This is a valuable proposition from an economic viewpoint since it
is better to operate at these elevated pressures where pumping costs
will bs more desiradle. Theres axe several disadventages associated
with this type of discharge and the most serious is the excessive
diclectric heating which apart from being an cxpensive process in
terms of power wastage, will maceéssitate some form of efficient
cooling. The other disadvantage 15 that the operating voltage will
be greater than normal because of the voltage drop across the barrier.
This will only be so at the lower end of the frequency band and it
becomas less troudlesome at higher frequencies, but, unfortunately at
these frequencies powsr losses from transmission linss to the
surroundings could sccount for a substantial fraction of the overall
powst input to the system. In practice, howsver, thers is much scepe
for ingenuity on the part of slectrical emgineers to overcoms this
problem. |

1.3:5, The Crossed Dischazzs.

The crossed dischargs arreungement comprises a low frequency
discharge at right sagles to ons of high frequency. The rsactor
assambly can take one of many forms as depicted im Pig. 1.3,

This type of discharge was first clatmed by coTTon‘23) wio
did an extensive study on the effect of this new techmique on the
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Figure 1.3. Schematic Diagram of Crosscd Discharge Reactors.

L,L' = Low Frequency Terminals; H,H' = High Frequency Terminals

— = Direction of Gas Flow.
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production of nitric oxide from air end was later granted six
patentsu” for his up to date discovery. The crossed discharge, e
claimed, was as distinct from the previously knowun types of discherges
such as the silent discharge, spark discharge or the glow discharge as
each of these were distinct from ons another. The characteristics
and distinguishing features of the new device were as follows:

a) It was possible to extend the limit of the glow discharge
chazacteristics up to about 350 ma Hg a8 compared with & maxisam
prossure of less than 20 ma Hg for the usus} D.C. discharge.

b) It was a relativaly cold discharge.

c) This type of discharge showsd a low power density dus to the
diffusion of the discharge sone.

d) 1t resulted in unexpectedly high sctivation of gases end relatively
high yields of resction products.

The mechanism that resulted in these characteristics were
not well understood end ‘us yet not clear. Purther it was observed
that as the difference in frequency of the two exciting components
discharges increased, the benefits and characteristics, as a rule,
became more pronounced.

Most of COTICN'S work concentrated on the nitric oxide/sir
system end sowe of his studies showed that when & low frequency
discharge (60 ll') was simultaneously crossed with a high frequency
discharge (1 m.) in an sssembly similar to that of Fig.1.3(a) the
yield of nitric oxide expressed as gms of nitric acid/K.V.A.br was
as much as 300% more than that when using either low or high frequency
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discharge alone, He found that the emergy yield of nitric oxtide
pasged through a maximm with increasing percentage of high frequency
power vhen plotted at a constant overall power faput. The value

and position of this maximum depended on the frequency of the high
frequency power as well as other factors such as the alectrode
material and their geomstrics. He showed that for every reacting
systen there existed a band of critical frequencies knowm as the
reaction and electrode critical frequencies. When the valuss of

these two critical frequencies for a given system me,QMmml
increase in the energy yalds resulted.

COTTON'S remarksble achievements led to another investigation
by Thoramats (%), This resesrch was directed towards the application
of COTTON'S crossed discharge ides to the decomposition of methans at
a pressure of 31 m Hg, using & resctor similar to that employed by
COTTON and within the same Tange of power frequencies. The results
of this study showsd the smowunt of methane decomposed steadily increased
with increasing fraction of high frequency power but wo meximms point
on the curve was obeerved. The conclusion that followed suggested
that there were no apparent advantages in using the crossed diacherge
and the characteristics claimed by COTION were still to be confirmed.

A laboratory scale reactor must have some desirable
features from chemical synthesis standpoint in order to give the
process commercisl viability. An economically acceptable unit should

fulfill three dasic requirements,
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(a) High emergy yield of product.
(b) High percentage conversion per paas.

(c) HRigh degree of selectivity for the dasired product.,i.e. sids
reactions with their comsequant wastage of material and enexgy
should be reduced to a minimum.

Once thess satisfactory design features have been eetablished,
the next step would be to consider the probability of scaling up such
a unit to uendlc the larger gas throwghput vequired in industrial

scale operation.

A large scale reactor moy be considered similar to a
laboratory unit if the net vete of product formation per unit volume i
the same i{n cach case. This situotion will only arise if physical
and chemical similarity escist in both reactors. By physical similarity,
it is oeent the similarity in the physics of the discharge which
datermines the activation phenomena leading to primery reactionms.
Under conditions of low pressure, small voltage gradient and low
frequency, these primery reactions, which include single~eleciron
collision phenomena such as ifonization and excitation, are direct
functions of the reduced electric fisld, E/p. It therefors follows
that excluding influsnces of secomdary processes, it would be possible
to find the factors governing the similarity of discharges of
dissficiicr dimensions by maintaining the same E/p ratios. The Mter
- condition can be achieved by varying either the cperatiag pressure or the
voltags.

Consider two similar discharges contained in two
geomatrically similar reactors sach provided with two parallel plate
slactrodes A, B, in system one and A, in system two. If the linsar
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dimensions of the first can be characterised by a, and the second
by 7 a & then the potentials at corresponding points $1 and isz in
the electrode gap of the two reasctors are,

das
4B

ds
vV, = g b, s,
ARy

where 45 is an elementary surface avea on an electrode distsnce r
from p, and § is the surface charge density. Now, since dS, = l%ﬂt and
ek S
then v, = . § 5 Rod8y/x;

i T}
It follows that when the voltages on the two reactors sre the same
f.0. When V, = V), then §, = 5,/ end when 6, = §, then the
voltages must follow the velation, K vx - va.

It follows that in similar discharges parsmeters depending
on single electron collisions will follow in a direct relaticnship to
the physical sise paramster K. Thore precesses which are »
consequence of these direct transforwations are termed the permitted
processes such as the previously mentioned single collision icnisation
and also Pemning effect, electron attaclment and detachment, drift etc.
Those which daviste from siuwlarity principle are called the ferbidden
processes and thess include phenossna such as stepwise ionizationm

photeioniszation, charge tramsfer etc. A full summary of thase precesses
are outlined by Francis‘®),



- zz.

The main similaerity transformations for the important
discharge paramsters when either the pressure or the voltags is
varied at a constant E/p bave boen computed and are listed below:

Parameter Reactor 1 Reacter 2 Roactor 3
Lab-Scale Pressure Varied Voltage Varied

Linear Dimension e ak ak
Gas Pressure P P/ 4
Operating Voltage v v Kv
Field strength E E/R E

Surface charge dansity 0 b/ )

Space charge density r f, /Kz P
Mass of gas M m:z lls
Plight time t Ke Ke
Current 1 1 ?
Curvent density 3 it 3

It is epparent from the above table that similarity laws necessitate
two basic requirements, which put this procedure at soms dissdvantage
and that 1s either the voltage is raised to inordinately high values
or the oparating ressure is very low. 1In both cases ths cost of the
process will be increased substantially; in the first case becauss of
the capital charges of slectrical gear, and h the second cass dus to
puping charges.
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Although the similarity principle seems to be a useful

tool in reactor scale-up procedures, its application in the gas
dischazgae 13 hindered by tha following:

a)

b)

Since the synthesis of most chemicals in the gas discharge

depends primarily on secondary processes having two sintlar
discharges will not necessarily mean that the chemistry of the
discharge will follow suit., It is still not clear vhat parsmeters
will control these secondary processss and hence should be pressrved
in scaling-up. Also, the zole of the solid surfaces adjacent to
the discharge sone i3 still undetermined. This is important in
that thae surface araa par unit volume varies in geometrically
sinllar reactors and matching up this difference by simply packing
the reactor with solid material will only result in field
distortion with its consequent effect on the value of E/p.

Bven if it was possible to have two reactors which wove physically
and chamically similar, there is still a problem which will
further handicap the application of similarity principles in
reactor scale-up procedures and this is, whether it is feasible
in practice to maintain uniforn discharges over large elactrode
arcas under conditions of any practical interest. This has been

found not to be ouy(u’n'”).

An increase in tha electrode
cross-section is usually sccompanied by constriction of the
discharge sone. The laitar will allow a siseadle fraction of the
resctant to dy-pass the reaction sone with its adverse effacts on

fraction of gas comverted. Also, high powar densities in the



dischaxge will resnlt in product degradation,

Constriction phenomena are complex and as yet very poerly
understood. In practice most discharges tend to comstrict at higher
prassuras and current deasities and as it hes been mentioned earlier
in the pulsed discharge, other operational variadles such as the
pulse width bave some effect on the constriction. The effect of
higher pressures will ba to hindex the diffusion of slectvons and ifons
that tend to spresd the dischargs radially lance one expects that
constxiction effects will set in at higher pressuxes for gases which
have larger ambipolar diffusion coefficients as is observed for

belium relative to other zare gms(“’ss).

The effect of short
pulse widths on constriction could alse be explained in terms of
aelectron and ions radial diffusion. Here,due to the short pulse
width (orvder of microsecond) little time is available for such
diffusion processes to taka place befors tha power is cut off. High
current densities, on the other hand, contribute to the narrowing of
the conducting chamnel in a much more complicated fashion. A summary

of some possidble reasons given by m"” 1s as follows:

1) Thermal gradients which result from the flow of heat from the
centre of the axc to the wall result in & reduced gas density and
higher B/p at the centre of the arc. If the rate cosfficient for
fonization increases sufficiently rapidly with E/p then the higher
fonization rate moxe thun compsnsates for the faster diffusion
loss of a narrvow conducting celumm.

11) Cmulative ionization. Cumulative fosksation refers to the
fonisation of excited atems or molecules which have been produced
by electron impact. Becauss this process is propertional to
the square of current density, this will lead to higher rates of
fionisation in the regions of higher current density and tend: to



contract the discharge.

144) Electron-ion recanbination, Some wﬂntt(37) propose that
the recombination of electrons and ions at large redii leads
to constriction of ths discharga.

iv) Electron ~ alectron interaction. Since collisions among
electrons tend to make electron energy dfistribution f actions
more Mavwallisn end to increase the excitation and lonization
rate coefficients, the fonisation rate near the centre of a

discharge will be higher and will tend to constrict the discharge®>®,

Another factor which iniluences the chamnelling of the
discharge sone i{s the field distortion brought about by the action
of the gas flov' ),  Tuls effect becomes significant when the gas
velocaty is comparable to the drift velocity ef the ions,i.e, in the
range 40-100 m/sec. It is usually found that under these conditions
the gradient in the positive column becomes non-uniform along its
length and less than the normal value in still gasas, and also
shortoning of the positive colum results. Similar affects have also
been obsarved in the case of radio frequency dnc!nrgasl’o).

It follows from what has been said that most laboratory siss
discharge veactors ars not amensbls to treatmant by cenventional scale
up criteria and the nesd for cther novel reactors vremeins s urgent \
problem. One poseible way of overcoming these limitations {s to have
a reactor where s msans for swoving the discharge relative tothe gas
stream is provided. In this way scanming of the entirve resactor cross-
saction will result and by-passing of reactant is cut to g oinicss,
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Sconning of the discharge beam could be achieved by one of thres

vaysi

In this device a multi~electrode assembly covering the
entire reactor cross~section i{s used. The electrodes ave fired
sequentially inpmirs with a repetition rate depending upon the gas
flow rats s0 that each gas molecule has tha appropriste activstion
residence time. The electrode mey be composite ones made up of
mutually insulated sections separately comnscted to the power supply
via a suitable switching devica. This device was exemined by
amisTorouros ), and later sbandonsd, It was clesr that this
system needed soms comsidsrable development becsuss of ths electrenic
problams associated with ultra-rapid switching of discharge currents.
With current rapid advances in electronic technology this reactor
should prove viable in the near futurs.

b)

The problems associated with these devices are less severs
and these reactors are more likely to yield an acceptable solution in
the short temm. Scamning is achieved by
$) Electrods Mption.

This device will bhave provisions ts move one or both
electrodes. The area of the electrode 1s made small emowgh so
that the discharge can occupy most of it and then causing this
area to rotate or oscillate. This allows the discharge to scam
& larger volums then would otherwise be possible with statiomary
electrodes. In practice it has been found that for the discharge
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beam to follow the ilmpoused rotation smoothly it ls zdvisable
tc rotate the cathode rather than the anode, or still betler, to

teke both clectrodes votate a2t the same time.

ii) Scanning by Heans of a Perforated Insulating Darrier.

A discharge not covering the wiwle of an electrode surface
can he made to move acruss that surface by the introduction of
a awving insulating barvier which has a suitable aperture through
which the discharge strikes. The size, shape, and dynamic path
of this aperture will depend upon the osature of the discharge
and the volums and gewsetry of the reactor which wust be scanned
by the discharge. This arrangeaent is a wuch better proposition
than the woving electrode reactor since elactrical commections to
moving parts are eliminated. Aleo if cooling of electrodes is
required, it is easier with this device then with the moving

electrode reactor.
¢) Elect tic .

A discharge struck between tio electrodes muy be deflected
by either a magnetic or electric field suitably positioned with respect
to the primary field direction. Using this principle it {s possible
to effect enlargement of the discharge volume if the secomdary ficld
has relative motion to the zlectrodes camsing the primery field.
Secondary fields may also be made to cause a spreading of the discharge
volime without any external rotation. Howaver, in this device
assessment of tha effect of beam scamning on the relative yield of
product will be difficult since the magnetic fiald itself wiil have a

marked influence on the discharge characteristics. Vork done by
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shows that when a low pressurs glow discharge in
Hz,lu, Ne, and Ar was investigated in the presence of a transverse
magnetic field, a decrease in the gas impedence and ionization
voltage was observed due to & dacrsase in the electron mesn free path

caused by the magnetic field.

To utflise the concapt of beam scanning for industrial
application one can have a combination of scanning devices in order
to davelop a large scale reactor. For instance, it will be possible
to have a raactor in which the discharge beam length £s stretched to
its limit in complisnce with voltage availability. This could then
be coupled with horizontal acanning provided by a rotating insulator
together with verticzl scanning provided by a sequentisl switching
device. An example of this type of reactor is shown in Fig.l.s4.

The gas will be flowing thrsugh the anmnulus betwaen the rotating
insulator and ths stationsry outer cylinder. 1If it is required to
minimise product degradation in this unit, intreduction of & suitable
absorbent in the form of a fine spray could be provided by the action
of the rotating insuleting tube.
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2.0. LITERA TED TO S15.
2:1: G&: 1.

The fixrst reported literature on hydrsazine and its
derivatives were in 1875“‘3). Interest in these chemicals has
increased through the years and today aserospace engineers have found
that unsymmetrical dimethylhydrazine provides t!i>m with one of thelr
best availsble rocket fuels. It has been reportad'?) that the
demand for hydrazine for domestic purposes only was increasing at
en annuzl rate of 15%. Hydrasine 13 used widely as a starting
material in the manufacture of weed killers and pharmaceuticals.

It {3 also used as 2 blowing sgent in the foem rudder industry and
as a scavenger for dissolved oxygen in boiler water. Howaver, the
extent of its applications are severely hindered by its high cost.
This is attributed to the high cost of the existing Raschig Process.

Nearly all the hydrasine is manufactured according to this
classical process using chlorine and emmonia ¢s raw materials. This

process can be represented schematically es follows,

Clz + 2 HaOR ——— NaOCl + HNaCl + uzo

30atm,

+ NeOCL
s 150%

RaOH +II8201

lﬂzcl + llll3 + m—»nzn,‘ + nzoﬂucx
The yield of this process is sbout 60% based omn chlorvine consumption,
but in order to preveant side reactions batween the hydrasine and

chloramine the cencentration of the former {s to be kept within 1-27%,



It is the cost of the final evaporation step that results in an

unwented coat increase for this proceas.

Since the turn of this century, the high cost of hydrasine
coupled with its incressing industrial applications have stimmlated
many researchers to look into alternstive techniques for {ts
producticn. One possible and interesting proposition wes its gas
phase synthesis from smmonia ueing either electrical energy or light
of an appropriate wavelength as reaction proemotsrs. Other techmiques
such as electron accelerators and Cobalt 60 were alse considered.
Here, electrons with known energy levels could be obtataed, but the
(43) of supplying power to the system using these
techniques as compared to direct powsr input of a glow, coroma or
microwave discharges put themat an economical disadvantags. The

relative cost

controllability over the level of energy imput from a light source
was also interesting, but the efficiency of converting slectrical
energy in the lamp into light wes low,resulting in high costs. Due
to these reasons the direct spplication of slectrical ensrgy to the
reacting system has substituted for all the othar sophisticated
techniques in recent years.

The synthesis of hydrazine from ammonia in & glow discherge
was first reported by BxssoN‘“®) wto by continwously flowing ssmcnia
through the discharge reactor for a long period was able to datect
measurable amownts of hydrasins. His discovery was followed by more
systematic stadies carried eut by other werksrs ia this field such
os 32201647) and vmsTAVERC3%+%8) | gy jatter ta particuler
contributed to the understanding of hydrasine synthesis vhen he found



that hydrazine could be frogen out ¢f the positive column but not

the negative glow. This sudden upsurge of interest was later
followed by a declining attitude due to the complexity of the system
as well as the fact that most of the hydrazine formed was degraded in
the reaction vessel due to its high reactivity as compared to ssmonia.
It wvas not until the 1950's when resurgence of intevest emerged
especlally after the ploneering works of OUCHI‘?2), end DEVINS and
sURTON1®) come to 1ight. This was followed by a better understanding
of the kinstic mechanisms ss well as substantial {sprovement in yialds

of hydrasine.

When emmonis gas is sudjected to am electric discharge,
the molecules are first excited by the alectrons and then undergoe
dissociation into free radicals. There m two pessible paths for
this disseciation process, thusi

* . /m:"'ﬂ"" ....(-1.1)

M4, + ¢e—>NR, +
. 3
\Il +Bz+0 ....(3.2)

Thess free radicals arve the precursors for hydrasine formatiom. There
is a slight controversy ss to which of ths above reactions is the
primary process and which rsaction following the dissociation  ssmonie
will lead to hydrasina. Most of the early literature supperts
resction (2.2). BREDIG, K0Eu10 end WAGHER‘Y?) proposed o mecheniem
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whereby !l radicals are first produced which then react with mors
amponia to glive hydrazine. wcm‘"’ also adopted this process
scheme.  LUNT and MILL5“®) mowever, went a 1ittle further by
assuming that after the formation of NH radicals, hydresins is
produced by the combination of two of these radicals with a hydrogen
molacule. Later work using both msss and absorption spectroscopy
techniques revealed that reaction (2.1) was the primary process with
NH radicals being produced by secondary processes.

In 1956 BAIR, LiDmd cRoSS°?) seudied the decomposition
of amnonia in a pulsed diacharge followed by absorption spectroscopy
of the free radicals produced. They showed that with pulse widths of
2 msac and repetition rate of 20¢/sec the primary free radical was
mz. Their work was done et 1 mm Mg, however,they mentioned that
the NH, concentration increased with ammonia pressures up to a valus
depending on the limit of the power supply sad trigger circuits as
well as ou the characteriatics of the discharge used. Thay also
pointed out that the mz concentration was independent of the flowrate
of amuonia at high flowrate but it fell off sharply at lower flowrates.
This could be explained if one vealises that at thess lower flowrates
the gas residence will be large emocugh to mm slactron induced
dissociation of o, redicals into NH and R-atoms.

Later ROBINSOM and McCARTY"L) positively fdentified the
N, radicals in a bigh frequency dischargs with the products belng
trapped in an argon matrix at 4.2%.

In 1962 NANES and BAIn(32)

lulz absorption as a functien of time following a pulse discharge of

made photolytic messurements of
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546 vse. duration at a froquency of 15 c/sec through ammonia. They
observed that NH, appeared much earlier (after few pulses) than NH
(after 50 - 100 pulses), indicating that NH, was the primary product.
They also showad that the kinetics of NH, recombination waos second
order with respect to Nﬂz agd gave a rate constant for this process
es 2.3 x 109 1it./mole.sec, This suggested that the NHZ recombination

process was of the fomm,

Nliz + Nﬁz'—————‘-— N2K6 oc.ouoocn.oo(ZoB)
rather than
m2 + R _———-Rﬂs ooocooucuooo(lo‘l)

HAINES and BAIR also investigated the effect of pressure
on reactions (2.3) end (2.4). They assumed that free radicals
essoclste tc give an activated complex which either deactivate by o
collision with a stable molecule or dissociate into its parent
radicals, vis,

kl * k(!l

A+ s=te=u
k

The observed rate constant for this process was given as,

AB

K

ob = KikgPlky + kP

whare P is the total pressure. To justify their assumption that
reaction (2.3) was responsible for NH, removal rather thes (1.4),
they calculated the cbssrved rate constant st diffexent pressures.
Their results are showm in Fig.2.1. It is clear that at their
operating pressures, reactiom (2.3) was predominant with (2.4)
becoming much more important at higher pressures. Their findings
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are consistent with the photolysis work of MDWALD(SB) end the
gas discharge work of RUBS‘!‘OVA(“). The former found that the
quantin yield in ammonia decreased with increasing pressure while
the latter observed a 30% reduction in ammonia decomposition when
the pressura was ralsed from 84 to 636 mm Hg.

CARBOUGH, MARCHELLO, and W(ss)

studied the
decomposition of mla in e glow discharge at pressures of 1.7 -

3.4 mm Hg. In addition to pure ammonia, mixtures of smmonis and
Krypton were also treated. In both cases using emission apectro-
scopy they were able to identify the presence of aaz radicals and
atonic hydrogen. They concluded that mtz was the product of the
primary decomposition reaction with NH radicals being produced by

secondary processes such as,

H‘ciz + m:_———.‘m + ms .........-.(2.5)

The feasibility of reaction (2.3) was later confirmed by SALZMAN
end BAIR'®®) uho, using flash photelysis method at 3 = 10 mm Hg

gave & rate constant of 0.5 x 109 14¢./mole.sec. for resction (2.53).

When talking sbout the kinetics of this complex system,
underestimate

ons camnot wndevmins the effort of photochemists  who added
considerable contributicuns teo the understanding of these processss.
Although pﬁ’tolylu and gas discharges are two different mchniques,
the basic steps leading to hydrasing formation arxe regarded by mmmy
workezrs in this field to be almost idemtical. The only difference
15 that in the former ths egents for gas wolecule dissociation are

photons with known emezgy while in the latter :ase slectrons of



varying energy levels act as the ggents for the primary processas

GL d&compoation.

Most of the photochemical work on ammonia dacomposition
supports the view that an is ths primaxy product of decompositioa.
HERSBERG and RAMSAY®”) decomposed ammonia at 10 mm Hg using flash
photolysis followed Ly absorption spectroscopy of the products
within 1 nsec of the photolyasis. About 50 absorpticn lines ware
observed between 570G - 69500°A. These ausorption bands (normally
callaed > -bands)were dus to uuz radicals, The complic:oted
structure of the X -bands was attributed to the asymmetvicity of
the NHy radical,.

MCHESBY, TAMAKA snd OKABE"®) found that when emmonta
was photolysed at 1849°A, it almost entirely decomposed to NH, end
Heatoms, but at 1236°A using c,n‘ a8 scavenger for hydrogen atoms,
about 17%Z of the hydrogen resulted from molecular processes of the
form, N, — N + Hy.  BECKER end VELDGE'?) observed on eniasten
band from NH in the photolytic decomposition of amwnia at 1165%A
and 1236°A and also et 1295°A. They did not find NH emission with
1470°A radiation, CROTH and ReexL ®®) geudted smmonis photolysts
at 1849°A, 1470%A, 1236°A and 1165°A both in stationary and flowing
systams. At 1849 they found the primexy process to be due to
resction (2.1), while at 1470°A, 12 - 13% of the ssmonia decomposed
according to (2.2) with the rest according to (2.1). At 1236
end 1165%°A, 14% decouposed according to (2.2) uhile the rest decomposed
sccording to (2.1) or,

l‘ls + h))"—"llll $+ H + R n........(z.é)

The study showed that the stationary concentrstion of H-atoms was
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ebout 3.5 times higher at 1236°A and 1165%A than at 1470°A due to

the significonce of (2.6) at these lower wavelengths.

One of the most recent studies on NH, and Ni radicals io
arswnia decomposition was done by MANTEI and BA:R("I). They uaed
kinetic spectroscopy following €lash photolysis in the 1500 ~ 2000%
region at a pressure of 1 mm kg, They showed that WH radicals
produced by secondary reactions of the priumary photolysis products,
thus

Nﬂz * H—-——*—ll!l + 82 ..0.0.0".'(:.7)

or 21!!!2 —— R + Rll, ...........(2.8)

The NU radicals will then decay according to,
m + ms——“.-" Nzﬂb .-...-.....(2-9)

The rate constant for reaction (2.9) wes found to be pressure
depondemt in the range O = 1.0 mm Hg. At the high pressure limit,

the rate constant was given as 1.0 + 0,3 x 1010

lit,/mole.sec, at
300°K.  Later MIABURN end GORDON'®2) ubo studied the pulse rediolysis
of smmonia,showed that the more likely process for NH disappssramce

was the recoambination reaction

Rl + Nﬂ*——"‘-llz + 2 ..-...-....(3.10)

with a rate constant of 7 x 10'! 1it./mole.sec. Although the rate
constant for this resction is far greater than that for (2.9), the
rate of reaction (2.9) will probabdly de as important if one realises
that the concentration of NH, 1n & gas discharge {3 far in excess of
NH concentration., It would therefere be comcluded that both of
these reactions will compete for NH disappsarmmce.
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In the glow discharge the mean electron energy in the
positive column 13 taken not to be in excess of 2.2 av, and since
nost of the photolysis work on amonia have indicated thet for
wovelengths of 1843%A and over (< 7 e.v) the product of the primary
reaction is mzz, 1% will not be unreasonabls to suppose that this
vadical will also be the product of the primary decomposition
process in the glow discherge case. Some NH will inevitably be

produced by secondary processes of the kiod,

NHz + “ﬂa'———"" NH + m& '-....-...¢.-(2.5)
m’Z + ¢ —m M + H + o oo--oo.o-on-.(z'l‘)

with (2.11) becoming rather important at high electron donsities'®¥,
iost of the uuz radicals will vecombine to give hydrezine accerding
to (2.3). The rate of this reaction is about 5 times greater than
that of (2.5). The NH radicals will then decay according to (2.9)
and (2.10) with the latter becuming move important at higher current
densities. Some ammonia will slso be regenerated by (2.4) and (2.3).
The latter becomes particularily important at higher pressures

( > 10 mn Hg).

Degxadation of hydrazine in the glow discharge decomposition
of ammonia has resulted in a relatively low emergy efflcleacy for ths
process. The most common of these degradative reactions is the
hydrogen atom attack and to s lassar exteat, the electron-induced
decomposition reaction., Hydrogen atoms are known to react afficlemtly



with hydrazine, and one of the first investigations on this system

£
vior conduted by DI}C-‘JN(G ’). He showed that with ammonia only a
very slight rveaction occurred accoumting for - 2% of the ammonia

belng decomposed.,  The reaction suggestod was of the form,

NBS + K ——*—Nﬂz + Hz 0..-.-.00.00(2012)

with an ectivation energy of &.5 k cals/mole. With hydrasine ca the
other hand, between 42 - 100% decomposition took place with the extent
of the reaction being favoured by high hydrogen atom concentration

and low gas velocities. His quantative messuremsnts were conaistent

with the proposad mechsunism,

R 4+ ﬂzﬂa———""ﬂzﬂa + Hz ............(2.13)

2Nzn3 _—"‘2““3'." Rz 000.0“0.0"(2-1‘)

A motre up to date study on this system wms carried out by SCHIAVELLO
ond vor163).  They not omly substantiated the above mechsniss but
also put forward rate constants for reactions (2,12),(2,13) and (2.14).
A flow systen, employing a mass spectrometer for the measuremsat of
the stesdy-state concemtrstions of the gases, was used. Using
deutrium instead of hydrogen, they found that about 93% of the ammonia
produced wos not dentriated suggesting that the mechanism was the
rupture of (N-H) bend vather then the (li+N) bond. From their
experimental findings, they suggested th: fallowing reaction scheme,

R + “2"" —_— '2“3 + az esscsvncasons (2013)
2 uzﬂ3 — 3 MS+ “z essecsas 0 (2.!‘)
“ + Kzlls—-——> “z + llzﬂn 9sssvastese (2.’.5)

l'allz ——-———"'Rz + llz Senssscvene ‘2.‘6)
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“he vete constents for vecctions {2.13) and (2,14) were given us,

&2.13 = 3, x 10Lg axp,. (=2000/RT) 1it./mole.sec.

R e 3 x10° 14t./mole.sec. at 130°C.

2.14

“h

&

ratio of 221‘!3/N2 was alwuays 2:1 suggesting that reactions (2.15)
and {2.1%) were unimportant. The reaction between hydrogem atoms
and ammonia was also investigated and shwwed only about 0,3% of the
amzionlia was consumed. On this basis and with the kmowlodga of
H~atom flowrate, they gave am estimated value for the rate conatant
of reaction (2.12) as 10® 1it,./mole,sec. with an activation emeryy
of 10 = 15 k cal/mole. This agrecs roocsonably well with DIXON'S

estimate of 3.9 k cal/mole.

The reaction betwcen H~atoms and hydrazine was also
investigate] by GHOSH end BAIR(%) at 2 later date, A hydrazine
concentration of someuhat 500 to 5000 times amaller than thet of
Heatoms were used, Emission spectroscopy for following the course
of the reaction was amployed. Thay found that the emission wes
wainly due to NH, radicals which were thought to have been produced

by,

H + Nzﬂ‘,.———" ms + miz .0...."0..'0(2.17)

Howaver, estimete of endssion quantum yicld showed that this was a
relatively minox process. Accepting tha conclusions of SCHIAVELLO
end VOLPI that the major decomposition process was reaction (2.13)
with a Tate constsat of 3,5 x 10° exp.(~3000/RT) lit./mole.sec., the
temperature dependence of the cmission intensity was interpreted inm

tarns of thase competing processes to give a rate constent of
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1.2 x 105 axp.(=2600/RT) lit./mle.sec. for reaction (2.17). The

unexpectadly high concentratfion of m, radicals was thought to have
been the result of the reactiom,

Nzﬂs + H— > 21@3 .-.-........-(2.18)

beconing important “m}(_ﬂzﬂ 6] is large.

The rate constent reported by SCHIAVELLO and VOLPI corresponds
to & value of 1,25 x 107 14¢, /mole.sec. at 300°K. This is a factor
of ten slower than the rate constant of 1.7 x 10° 1it./mole.sec.,with
0o temperature dependence between 251 - 315°K,reported by GEHRING
'3 31(67) using a fast flow system. This apparent uncertainty about
the value of the rate constant prozpted s further investigatiom by
rrancts aod Jones{®®),  Hare, the reaction between hydrasine and
Heatoms wes studied in a flow system at a pressure of 3.0 mm Hg.
The initial concentration of hydrasine to that of hydrogen atoms was
kept at a ratio of 20 and over, thus ensuring a pseudo-first order

reaction with the rate constant given as,

K = Ia( [l],z,,‘.oltn] V] ¢

vhere,
K = pseudo-first order rate constant
[u]‘z“4'° = gsteady-state conceatration of uareacted H-atoms
() » Inttial concentration of H-atoms
{!lz!l“] = concentration of hydrazine in the tube

determined from the limear flow velecity, the cross-sectiomal area
of the flow tube and the hydrasine mass flowrats.

t = ryesction time
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in 56K (Electron-spin Resonance) atom detection method was used to
measure the concentration of H-atoms. A wide temperature range of

300 - 540°K was used. From the Arrhenius plot the rate constant

of reaction (2.13) was found to ba (1.5 * 0.3) = 109 exp.(~1300 by 200/RT)
1it./mole.sec. corresponding to a value of 1.27 - 1.35 x 109 lit./mole.sec.
at 300°K.  This is significantly higher than the previous two figures
reported by GEHRING et al and VOLPI.  However, the activation energy

of 1300 ¥ 200 Kcals/mole agrees reasonably well with VOLPI'S

2000 Kcals/mole. The general conclusion from what has been said is

that hydrogen atoms react efficiently with hydrazine, but as far as

the value of the rate constant is concerned, there exists some clement

of umcertainty.

It was mentioned earlier that the other source for hydrazine
decomposition by secondary processes was its attack by clectroms.
The importance of this process becomes more pronounced at higher clectron
densities. Since the cnergy mquired to rupturc the (N~-H) bond in
hydrazine is only 3.3 e.v.(69> as compared to 4.5 e.v. required to
dissociate ammonia(7°) into NHZ and H-atoms, the number of clectrons
capable to dissociate hydrazinc is greater than that for ammonia
dissociation. By assuming a Maxwellian distribution of energies in
the positive column of an apmwonia glow discharge with mesn electrom
cnergy of 1.25 e.v., SAVAGES’Y) found that sbout 6.57 of the electroms
present had enough enmergy to break the (Nﬂz-H) bond while 257 had
sufficient energy to break the (HZNNH-H) bond. By further assuming
the area of the hydrazine molecule being approximately twice that of

ammonia, he was able to give a first estimate of the relative rates of
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rcactions between electrons and hydrazine and electrons and azmmonia
as 7.731, Another indicatlon of the relative rates of reactions
betueen electrons, hydrazine and ammonia is apparent from the work

vf i ,;:AL\;,‘HI( 72)

using 10U and 250 MHz discharge. From the initial
slopes of her data and assuming no difference between electron energies
in the o.4 mm Hg and 11.0 mm Hg discharges, it could be seen that with
& 10U Hz discharge the rate of reaction of hydrazine with electrons

is 1.0 times faster than that of the reactiom of clectrons with

anmonia. This agrees reasonably well with the previous estimate

despite the inherent assumptions of both methods.

At higher electron densities another electron-induced
decomposition reaction comes into play, namely the reaction between

electrons and NH, radicals.

2

e T NHZ — @« NH + H 4+ e oc.--.o.a.(Z.ll)

This will not only remove the BRI, radicals necessary for hydrazine
formation but also produce more hydrogen atoms which will engage in
hydrazine degradation reactionms. BARKER“” found that electrons
react more efficiently with NH,, radicals than they do with hydrazine
and accounted for a significant loss of hydrazine. By assuming a
Maxwellian distribution of electron energies and taking the bond
dissociation energies as D(NH-H) = 3.8 e.v.(m), D(HZ!iNH-H) = 3.3 e.v.(bg),
and D(NHZ-H) = 4.5 e.v.(m), he showed that the rate constants for

the electron-induced decomposition reactions were in the ovrder

KNHZ+ e > KNZH[;*- e > lSi!ifb- e



The degradative reactions discussed eariier have hindered
the commexcial viability of the smmonis/hydrasine process and it
follows that any ainimisation in these reactions should be reuflected
as an ovarall improvement in tha efficienty of hydrazine production.
The extent to which these reactions procesd can be controlled by one
or a combination of the following techniques:

(a)

One way of roducing the residence time will be to increase
the gas flowrate and thereby couse the rapid removal of hydrazine from
the discharge sme, Fig.2.2 shows typical curves depicting the effect
of gas flowrate on the enargy yield and concentration of a product
which {s first produced and then degraded by back reactioms, It is
clesr that before reaching the maxismmm, an increase in the gas flowrate
will result in an increass in the energy yield (expressed as gms.product/
ki:) end a corresponding fall in the concentration of the product in
the issuing gas stream. It therefore follows that in order to cut
down the degroe of ths degradative reactions one has to operate at a
relatively high gas throughput and tolerate the dilution affact of
the product. From practical point: of view this will pose a big
problen in so far as the separxation of the product and the mownting
pumping costs arc concerned. Despite thess practical drawbacks, the
use of high gas flowrate as a means for reducing the residance tims has
boon reflectad in almost all electric diachsrge work,
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Figure 2.2. Iafluence of Reactant Flowrate on Product Yield.

A = Reactant; B = Product; C = By-Product



BREDIG, KOENIG and WBER'®”) some of the first pioneers
of hydrazine synthesis in the electric discharge, found that the
convarsion of ammonia to hydrazine went through a maximm with
flowrate, but the total couversion was as low as 0.016 wtk although
about 80% of decomposed ammonia was converted to hydragina. The
best enorgy yield was not greater than 4.0 gavkih. mxm“’") in
his work on the decomposition of ammonis suggested that in order to
achieve appreciable reduction im back reactions a residence time of
not more than 10 msec. should be used.

The most comprebensive study on the effect of msmonia flow
rate on the production of hydrasine was carried out by ANDERSON,
ZWOLINSKY, and PARLIN'’3),  They decomposed ammonis 1n a sphericel
discharge tubs with 1.3 = 7.0 Miz power. Typical conditions were
91 om Hg, 100 mA discharge current end 5.1 mm elect:iode gap distence
with gas flowrate ranging from 3001400 cc/ain(STP). Their results
showed that hydrazine was formed in amounts from 4.7 - 37.1% of
anmonia decomposed. The higher percentages were achieved at the
higher flowrates. The maximum energy yislds corresponding to these
high flowrates were & = 6 gns/kWh. DBased on tetal amnia flowing
through the cell, the convarasion to hydrasine went through & maximum
at 0,335 molar 1. Similsr results showing the effect of ammonia

flowrete on hydrasine production have been reported by others(>>197s6%
71,78)

Expanaion nosales could be used as an altevnative to
increasing the gas velocity and thus overcoming the pumping limitations.
RoUY ot a1(75) nave pointed out the sdventeges that can be drawn by
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matching ths elactric field distridution with the velocity, pressure,
end temperature profiles set in this venturi type reactor. Rxpansion
nossles have also besn proposed as means for vapidly withdrawing
active species from a moderately high pressure discharge into a
secondary reactor where the reaction product is protectsd from the
action of the di.ulum(m). Although these rsactors sesm to have
some attractive features, their .ppuuuo-"""a’ gave low conversions
to hydrasine and wers not developed commercislly.

A much more flaxibledevice for reducing the gas residence
time wes thought of by 0UCHI{?2), and this wes the operation of an
intermittent or pulsating discharge, OUCHI compared ths reaults
from normal 50 Hs A.C. discharge with an intermittent discharge formed
by the half-wave rectificatisn of s 30 Hs A.C. voltage. This gave &
discharge with an ON-time of 8 msec. and an OPF-tims of 2 msec. and
12 meec. respectively. He found that both the energy yield and
conversion to hydrasine benefited in the intarmittent discharge. He
attridbuted this to the shorter residence time in the latter. These
results were later confirmed by JOGARAO and SASTRI‘?®) who used o cell
similar to that of OUCHI'S for carrying out their iavestigatiom.
Their results showsd that under semi-wave ¢ischarge, the hydrasine
concentration was ispreved to usarly dowdbls its value wnder ordinary
A.C, discharge. A

The success of the intarmittent dischargs led OUCHT to
attempting longer OFF-times with the expectation of obtainiag sven
higher energy yields. Por this a high voltage rectangular wave
generator was built giving pulses of 10 msec. long and OFF-times of
20 - 60O meecs. Vith this arrengement he was able to get energy
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ylelds of up to 9.5 gm/kWh. By increasing the pulse OFF-time still
further to about 0.700 second with the ON-time being 2 - 3.5 msec.
using an impulse generator, OUCHI was able to achieve energy yields
of up to 47 gm/kWh. However, the conversion to hydrazine was very
low at only 0.013%. This prohibitively low concentration was
attributed to the fact that at these very long OFF-times and short
On-times, about 70 - 80% of the total ammonia passed through the
discharge cell without even being irradiated. Allowing for this
by-passing effect the actual conversion to hydrasine would have been
about 0.45%.

An extension on OUCHI'S work was carried out by 1.C.I. of

Creat Btitain(so’sl) .

They used pulse ON-times ranging from 20 -
5004 sec (c.f. OUCHI'S 2 - 3.5 msec) and OFF-times of 20 - 44 msec.
Even with these short ON-times, the energy yields of hydrasine were
much lower reaching a maximum value of only 20 gm./kWh. compared with
OUCHI'S 47.0 gm./kWh. No explanation was given for this discrepancy,
but careful examination of the two systems would reveal some answer.
In all of I.C.I's work a liquid phase was introduced into the discharge
reactor to act as an absorbent for hydrazines and it is this fact
together with the lack of information on the level of power densities
which make the quantitative comparison betwsen these two studies
rather impossible. The latter in particular is thought to have a

major influence on hydrasine synthuis(n).

Another uncertaiaty
stems from the fact that all the calculation of energy yields was
based on the assumption that all the hydrazine was removed by the

liquid absorbent. Now, if a substantial proportion of the hydrazine
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was to have been carried away by the gas stream due to incomplete
absorption, then its consequent effect will account for the

difference.

The most up to date study on the effectiveness of the

pulsed discharge on hydrazine synthesis was carried out by SAVAGE(ZI)

and later by BROMN, HOWARTH, and THORNTON'Z®),

With a pulse ON-time

of 5 Jaec and an OFF-time of 10 msec. and a power density of 1.5 watt/cc
reactor volume, SAVAGE was able to obtain energy yields of hydrazine

as high as 506.5 gms/kwWh., However, the conversion to hydrazine
corresponding to this emergy yleld was only 0.1 wt.%. He also found
that the conversion to hydrazine reached a maximum with pulse ON-time
with the position of the maximum depending upon the particular pulse
OFF-time being used. Unfortunately the conditions for high energy

ylelds were found to give low conversions to hydrazine and vice versa.

This is consistent with OUCHI'S(ZZ) findings.

An interesting feature of the pulsed discharge emerged
when comparison between the results of direct current and pulsed
discharges waas made at the same active residence time. The latter
being defined as the total cumulative activation time, For a continuous
DC discharge it will be equivalent to the flight time of the molecule
through the discharge space whercas for a pulsed discharge it is given

by:

lgse ON-time x Gas Residence time
Active Residence time (ART) = Pulse ON-time # Pulse OFF-time
Figure 2.3. shows the effect of A.R.T. on energy yleld and conversion to

hydrazine. It can be seen that for am A.R.T. of less than 0.35 sec,

the emergy yield can be over 400% higher and conversions up to ten
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tines higher for the pulsed discharge than for the continuous D.C.
dis.harge. It therefore follows that & pulsed diacharge possesses
some attribute over and above residence time considerations which
enhances the net rate of hydrazine production.

Later BROWN, HOWARTH end THORNTON'Z>) showed thet when
operating with pulsed discharges, the peak voltags wes higher than
the operating voltage under steady stats conditions of a continmous
D.C. discharge, and could be meintained as high as the striking
potential by the correct mamipulation of the operating variadbles such
8s pulse ON and OFF-times and even the gas flowrate. The conseguence
of this high peak voltage will be reflected in the value of the reduced
electric £field (B/p) which i{s s measure of the mean electron energy.
They showed that for an electrode sepavation of 26.8 cm. the reduced
electric field in the positive colum of a D.C. discharge was only

6 = 10 volt, !

.mtlg"’ in the pressure range & - 10 mm Hg
corresponding to a mean electrom energy of only 0.5 ~ 1.0 e.ve By
contrast the corresponding figures for a pulsed discharge were 23 -
52 volt.cn.l.m Bg'x giving a mean electron energy around 2.2 e.v.
The consequence of this increase in electron enargy will de an

enhancement in ths rate of primery excitatiom of ammonia.

As well as reducing the active residence time amd improving
the mean elactron enecrgy, the pulss technique is found to have an
effect on the free radical resctions'®)). Due to the Satemittent
nature of the pulsed discharge, the gas is either not lonized or at a
low lavel of fonisation at the commancenment of ench pulse. This will
necessitate the requirement for a higher operating woltage in order to
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provide those extra electrons needed for breakdown. This will
Tesult in an increasein the rate of the primery process of ammouia
dacomposition as mentioned earlier, As a cousequence, fres radicals
are formed wore rapidly in such a system and even though no hydvasine
is formed vhile the pulse is om, the free xadicals will xeact to give
bydrcazine oven when the discharge is off. 1In this way, electron-
induced decomposition of hydrasine and its precursors is reduced
substantially. It can aleo be seen from the kinetic model proposed

by savacg(2d)

s that after the discherge is switched off, H-atoms

decay much faster than the NH, vadicals and hence a lesser degree of
hydrazine attack by hydrzogen atoms will result as a consequence.

The degradation of the hydrazine produced in the first pulse caused by
electrons at the onset of the secondpilse will not be so significant
due to the much smaller concentration of hydrasine compared to that of
amxomnia and one can sssume that 1t will escape the discharge without
considerable dacomposition. However, if the gas suffores a large
number of pulses before the hydrazine is dodng removed, the situatiom
will spproach that of a D.C. discharge and furthe: decomposition of the
hydrazine will result in lower emergy ylelds. This {s shown to be wo

by SavaGE‘?Y) and prowN and HOwARTH(27?.  They found thet decreastng

the pulse OFF time, fi.c. incveasing discharge pulse nmzber, resulted
in a decreais {u the energy yleld of lydrasine.

This is amother classical method for the minimization of
the back vsactions, Mnmo!m:um.hoththw
yiald and the fraction of ammonia decomposed which is converted to
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hydrasine are tucmm(n'zs’”’.

The velationship betwean the
power input (proportional to electron density) and the overall
conversion to hydrasine is similar to the gas flowrats effect om
convarsion. It therefore follows that euy improverwnt on the process
fn tetms of ensrgy yields of hydraaine is coupled with a covresponding
fall in the hydrasine comcentration, hence meking this method vather
unattractive. The effect of power input ou energy yield of hydrasine

can be well described by the empirical formula,

lnY = A-DBV, cecersesssacenss{2e19)
where,
Y = energy yleld
Wy = power density
A,B = constants,
If the operating pressure is also a variable the empirical formula
takes the form,

lnY = lnl*m.(-blh-wd

vhers P is the operating pressure and s,b,c are constants. THORNTOM,
cRARLTON, and SPEDODNG(%%) uged equation (2.20) to correlete thetr
experimental results, but although straight lime relationship existed
the values of s,b,c were found to be dependent on the reactor geomstries
as well as/operating conditions. SAVAGE'EY) cn the other hend, used
only ons reactor geometyy at ome operating pressuve (10 sm Ng) and
hence did not obsarve these oddities dut found that both A end B
decreased with increasing residence tima. Typical values of A were
1.6 at sero residence time to sbout 0.4 at a residence time of 0.9 sec.

) ..........(2.20)
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B, on tha other hand, decreased from 1.0 at sero residence time to
0.5 at 0.9 sec. after which any further increase in residence time
resulted in a slight increase i{n the value of B,

The equation relating the effect of power imput on the
overall conversion to hydrasine is of a much mors complicated nrture.
This is given in SAVAGE'S work as,

5

‘Rzﬁ& - La-f&-‘ v "a(A - de) ..........(2.31)

£

x“z“a is the overall couversion to hydrasine, N, is the mass flowrate
of ammonis in gm./sec., and W is the power in watts. Careful
examination of this formuls shows that xﬂzﬂ‘ will pass through a
maximus with power input with the position and the value of the meximm
depending on the flowsate of asmonis. 1In fact be found that the valus
of the maximum increased with increasing flowrate.

{c)

Interest in the design of these veactors, in which the
dacomposition of hydrasine is mininmised dus to its repid removal by the
11quid absordent, was stimulated by HIKLING'S investigations on the
synthesis of hydrasine by the glow discharge electrolysis of liquid
mu(m }f This was latsr followed by s movs dstailed study
carried out by 1.C.1. of Creat Britain{®, 1o thair early work
1.C.I. used liquid ammwmia (- 30°C to - 78°C) es an ebsorbent. But,
due to the high vapour pressurs of liquid ammonia at these temperatures
(30 mm Hg) in comparison to the optimum pressure for hydrasine synthesis
suggested by DEVINS and mron“‘” (5 - 10 ma Hg), this technique not
only gave poor energy yields (3 - 3 gms./kih) but also demanded a very

* This technique has been applied in other . discharge synt: & '8

(83 gt i
suc! ..» ozone ), hydrogen peroxide( and hydrocnrbons(b )
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precise tamperature coatrol. This difficulty wes lator overcoms
by replacing the axmonie with aqueous ammonis and later by ethylens

1(81), The latter was preferred to other sbeorbents due to

glyco
ita low volatility and its chemical inertness. Using thase absorbmmta
gave more flaxibility on the operating pressures and izproved tho
enorgy yields to up to 20 gm./Mh. In order to incroass the vats

of gas absorption, they introduced the liquid phase in the form of

ono or move jets, falling filme,and sprays produced by rotating discs,
vibrating surfaces or atomisation in a gas stream. Tha drop sise
produced by these techaiques was found to vary from 0.2 - 2,0 mm in

diameter.

In ovder to substantiate 1.C.I%s claims and to help clarify
the mechanisns taking place in these gas~liquid resctors, THORNTON,
CHARLTON and SPEDOING 2%) hove carried out o further tavestigation
on this system using ethylene glycol as tho liquid absosbent. This
work provides a direct comparison batwean emexgy yields with and
without the liguid absorbemt. 1.C.I.'s vosults lacked this infomation
as no experiments wove Jone without the absozbent. The various types
of veactors used in THORNTON'S work ave illustrated schematically in
Pigure 1.4, Raectors A and B ave of the berrier type with a 1.2 Mis
radio frequency power as the source of chemical activetion. The
contzal electrode in A 1s & votating dnm thvough which a spray of
siliylene glycol is admitted ubile reactor B amploys s central wive
slectrode with the absordent being admitted in the incoming amsonia as
o spray. Dispersion of the liguid wns achieved ultrascnically using
a vidbratory generator. BReactor C, on ths other hamd, ecploys & pair
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of rectangular electrodes 0 sat in the gas flow as to avoid reactant
by~passing. Dispersion of the liquid was done by the sams method
of reactor B. In reactor C pulsed D.C., power was used instead of

the radio frequency power.

Experinments with reactor A showed thet thare was & fivefold
increase in the energy yleld whon the liquid absorbent was in use, giving
it a maximm value of sbout 10 gms./ldh, An interesting featurs of
this reactor emerged when the energy yislds were plotted against the
power inputs using equation (2,.20). This showed that the slopes of
the straight lines were less negative when using the absordbent, which
te indicative of the role of the ethylene glycol as a mesns for reducing
the degradative reactions. However, the fact that this slope was
still negative emphasised that there was stfll a significant loss of
hydrasine due to secondary processes in the gas phass. Had all the
hydrasine being removed before sny decomposition taking place, the slope
of this line would have been either independant of discharge power or
possibly positive. It therefors follows that if s more efficient
absorption process was used, more hydrasine could bs racovered. In
order to subatantiate this supposition experiments with reactor B were
carried out whers a wore intimate contact between the liquid droplets
ond the gas was axpected. Unfortunately, their results showed that
yislds wave slightly below that of the film veactor A, This wes
attriduted to the dissimilarities in the construction of these two
reactors which led to radically different discharges being obtained.
Vhen discharge pulsing was used in conjunction with reacter C, energy
yields of up to 15 gme./kih were obtained but introduction of the
1iquid absorbent did not result in any improvemsnt. Mo possidble



axplanation has been forwarded, but if their pulss conditions were
such that degradation was negligible then introduction of the

cthylene glycol will have littla or no effect on reactor performance.

The use of liquid absorbents has the distinctive advantage
of minimizing the degradative resctions without affecting the rate of
electric energy input necessary for reactant activation, thus giving
increased energy efficiency without the sdverse effects on the overall
conversion to hydrasine associated with techniques relying on short
xesidence times such es the physical removal of hydrasine using high
asmonia flowratss or even the pulsed discharges. Also, since chemical
equilibrium in the gas phase could sot be established, it is pessible
to build up the concentration of thae hydrasine in the absorbeat to
substantial values by liquid recycling befors any considerable
degradation. From an engineering poimt of view liquid absorbeat
hos the added advantage of acting as coolant for the reactor when sowe
unneceasary heat is being generated during the discharge. However,
like sny other engimeering operation, this teclhnique is mot fres from
flews. One of the major disadventages of this method £s that under
certain conditions, decomposition of the absorbent by the discharge
action might vesult, thus not only leading to power losses dut also
giving/wide spectrum of woweated products. This will meke the detsiled
analysis of the reaction mechenism rather couplicated as well os
affecting purification procedures to a large etent, Although thers &ve
no rsported side sffects regarding the decompositiom of cthyuni glycol
in the smmonia/hydrasine system, its JCGurrénce has Mrweg
s8510'% when working on the partial oxidation of wethane.
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The result of DEVINS and BURTON'S'1?) work on the glow
discharge gynthesis of hydrazine from eammonis was & positive proof
of the effectiveness of this method as & tool for cutting dowm the
degradation of hydrasine. They found that hydrasine yild was not
only a function of the reduced electric field (E/p) but depended also
on the reactor diameter., This suggested the influence of the walls
on the chemical reactions, as well as the discharge characteristics.
Further support for this came to light when coating the reactor walls
vith platioum rings resuited in en eight fold incrense in the energy
yiald of hydrasine to 43 gme./kWh based on energy consumption in the
positive colum only, but oddly emough no appsrent chenge in nitrogen
yield was noticed. This they sttributed to the catalytic recombination
of hydrogen atoms which were bslieved to be the main ingredients for
hydzasine losses in the discharge. However, since the source for
aitrogen was balieved to arise from the decomposition of hydraaine,
then suy reductiom in the latter process should undoubtedly give
less nitrogen. Because 0o such effect was observed, their experimental
data failed to establish vhether the ismprovement in hydrasine yield
was dus to the prevention of its destruction by hydrogen atoms or the
catalysis of its formatiom.

DEVINS AND BURTON'S observations were later confirmed by
raTHSACK(®®) o carrted cut s series of mxperinents in vessals with
the walls treated with phosphoric acid to ratard the racombination
of hydrogen atoms. Ha later repeated these experiments with untreated
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wnlls mad found a four fold Increase in the yleld of hydraszine, thus
indicating the influence of wall reactions, RATHSACK also suggested
that vhon vsing electrodes of different materlals the dacrease in
hydrazine yield was not due to the change in the work fuactiom of the
metal but rathar to catalytic effects. He found that platinum was
the best electrode matarial. The effectiveness of platimmm as a
catalyst wvas proven by yet snother investigation carried cut by
RUBSTOVA and ERRNIN'®?) using en osoniser discharga st 633 wa Hg.
They found that coating ths tube walls with nickel and platinum
increased ths overall conversion by 50% and 200 - 300% respectively,
Rageneration of the catalysts reduced the efficiency of nicksl but
had no apparent effect on platinum.

It follows from what has been said that introduction of a
catalyat in the reactiom mons does improve hydrazine yiclds but the
esct role of this catalyst in the overall kinetics of the process can
not yot be assessed. PFurther basic rcesarch is therefore necessary
in order to determine the mechenism of these catalysis resctions.

(e)

The consequance of this taclnique is the reduction of hydrogen
atous concentration in ths reaction vessel and by doing so minimizing
their rate of reaction with NWydrazine. The scavenger used could de
any orgasic compound with & styong affinity tewurds hydrogen atems.

The fizst to tnvestigate the effact of these additives was MANION'"),
His mezsurements wers mads at a pressure of 5 mm Hg using an electric
diachargs current of 40 mA passed betuween electrodes 20 cm apart in

a vessel 2.4 cm {n diamster and an ammonia linear velocity of 526 ca/sec
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and sometimas at 5200 and 376 cm/sec respectively. IHis results
showed that additives comtributed to sn increase in hydrasine yield
by a factor of up to three. Of the additives invostigatad, aliyl
(C&l2 = CHCH) compounds were particularly effective with allylemine
giving the highest ylelds of hydrazine. Also, the additive baecame
more effective when present in concentrations remging from 0,1 -

1.0 molar %2, Another point of interest {s that the role of the
edditive as a scavenger became less important at highor ammonia flow
rates. This could be explained if ons realipes that under these
conditiona, the lower concentration of hydrogen atoms coupled with a
rapid removal of hydrasine by tha gas stream leaves Llittle room for
improvement on the part of the scavenger.

MANION reported energy yields of up to 30 gms/kVh with a
bydrasine concentration of 0.7 wt.% in a single pass. If higher
concentration could be attained by recycling the mixture of hydrasine,
onmonia and sdditive, as he suggested, then this techaique will he a
fruitful commercial proposition, Dut, on tha other hand, 1f the
additive itself underwent decomposition, then the problems associated
with it wuld be enormmous and industrial utilization ecomas doudbtful.

Similar results regarding the effect of hydrogan atom
scavengers were also reported Ly mmn“” using a microwave discherge
at 10 ma Hg with allyl alcobol as the edditive in concentrations of
up to 0,5 molar 4. DBABKER found that addition of the scavenger
increased both energy ylelds and comversion to hydrazins Ly 200%. He reported
moximum energy yield of 40 gms./kWh with a concemtration of hydrazine
equivalent to 0.00 molar %. He also found that the role of the
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scavenger became less significant at higher power inputs and lower
amonia flowrates in agreement with wmm's(”) findings. This

was sttributed to other mechanisms of hydrasine decompositions taking
place under thess conditioms, namely the electron-induced decomposition
of hydrazine and its precursor.
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3.0. SCOPE OF PRESENT INVESTIGATION

ampaba—

The purpose of this research programme was to develop novel
reactors in which the problems associaicd with the phenomenon of beam
constriction were to be eliminated. Firstly, attention was devoted
to the application of COTTUN'S crossed discharge technique. This
study, however, constituted only a minor part of the programme and
for this reason it is not included in the main body of this thesis but
is relegated to Appendix 1. The investigation was abandoned after it
became apiarent that some considerable and unavoidable error was
involved in the measurement of the high fr..quency power. Nevertheless,
a limited number of experimental runs were carried out which not ounly
indicated the ineffectiveness of this device but also helped to explain

some of COTTON'S findings.

The second and main part of this thesis is concermed with
the development of a new type of reactor embodying the principle of
beam scanning, Here, the problems assoclated with beam comstriction
were overcome by allowing the discharge beam to scemn the entire reactor
cross~-section, Mechanical scanning, as compared to other mesns such as
electromagnetic scamning or electrical switching devices, was used
because of its simplicity. Rotation of the discharge was achieved by
enclosing the cathode of the cell by a rotating insuylating tube which

was provided with an aperture of appropriate dimensions.

The performance of this reactor was studied in depth using
teth continuous and pulsed power supplies at an samonia pressure of
10 torr. The effects of scanning frequency,discharge current, smmonia
flowrate and pulse repetition rate (in the case of the pulsating

discharge) were fully investigated. Analysis for hydrazine as well as
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other gaseous products, namely hydrogen and nitrogen, hos been carried
vut and the influence of the operatimg variables om the degree of

wamonia decomposed and hydrazine formc: was established.

In the continuous DC discharge the field strength in the
positive column was measured using a single electrical probe and
subsequently an estimate of the mean electron energy has been made.
The probe also served to identify areas in the plasma which hitherto
bhad no mention in any published literature. These are now described
as active dark zones and are found to be responsible for some chemiceal

activation.

Another phenomenon which has escaped the attention of most
investigators in this field, i.e, the deposition of a film on the anode,

is reported and a possible explanation for its formation i3 also given,
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The reactor daveloped in this study comsisted in principle
of a stainless steel cathode rod (0) located axislly within an ennular
anode (M), The latter was fabricated from stainless steel machined
carefully to give it a smooth surface and curved periphery to minimise
edge effects and sparks which might have besn created due to somes
irregularities on the surface. The cathode was shiclded by an
insulating tube (1) containing a circular aperture which lay in the
plane of the anode. Vhen s potential difference was applied to the
electrode, a discharge beam was estabiished through the shicld aperture,
and by rotating the latter, ths besm was made to scan the entire
reactor cross-section. A deteiled diagrem fncorporating the dimensions
of the different componsnts of this reactor is showm in Pigure 4.1,
A supplementary photograph of the assembled cell together with its two
besic olements 13 showm in Figure 4.2.

The shell of the reactsr consisted of a borosilicate tubde (D)
closed at ths ends by Perspex end plates (G). The closures wers
maintained gas tight by Geco gaskets (K) and mild steel tie dars (K).
Gas entry (M) and exit ports (J) were provided at each end of the
reactor. These ware backed by chambers loosely packed with glass wool
which served to establish s uniform gas flow through the veactor. Flow
experiments with vacuum gauges upstresa and downstream of the reactor
showed that the pressure drop across the reactor was nagligible,

The cathode shield (L) was fabricated from Syndanyo tube
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Figure 4.1 The Scanning Beam Reactor



Key to Flhure 4.1
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M

Stainless steel shaft (diameter = k")

Rotary shaft seal

Perspex end plate (thickness = 5/10")

Borosilicate glass tube (internal diameter = 3";

height = 5")

Perspex sheath (baore = %'; wall thickness = 1/16")
Perspex sheath (bore = %'; wall thickness = 1/1'\;")

rerspex end plate (thickness = 5/1h")

Gas inlet (bore = %¥"; wnll thickness = 1/lt.-."; height = 1")
Brass bush and friction washer arrangement

Gas outlet (bore = %'; wall thickness = l/16"; hefght = 1")
Caco gasket seal (thickness = ¥")

Sindanyo tube (bore = ¥"; wall thickness = %'; aperture
diameter = %")

Stainless steel anode (internal diameter = 2%"; %" square
cross~-section)

Mild steel tie bars (dlameter = °/16 )

Stainless steel cathode (diameter = k")



Figure 4.2 SCANNING BEAM REACTOR
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and was driven through a variable speed gear box by means of a 1/30 h.p.
motor. This enabled speeds of up to 1000 r.p.m. to be attained without
excessive heating of the shaft secal element (B)., In order to stop the
downward movement of the votating shaft () during operation a brass
bush (1) was incorporated. Friction batween the latter and the rotary
shaft seal (B) was cut to a minimum by the insertion of a PTFE washer
between the two, Finally, the rotating cathode shield was surrounded
by two stationary Perspex sleeves (E,F) above and below the beam

aperture in order to minimize turbulence in the gas phase. 1In a later
investigationsing pulsed discharge techniques, the lower sleeve was
substituted by a Ferspex tube enclosing the cathode rod to within a
distance of less than 1/l.én" from the rotating insuletor, and the upper
sleeve was removed completely., The dimensions of the tube were 2 1'S/J.ts"
in length with an internal diameter of %" and a well thickness of 3/32".
The rotating Syndenyo tube was 1i" long with a wall thickness of 1/1(»".
The clearance between the latter and the cathode was kept at 1/32".

The sperture in this case was in the form of a rectangular slit measuring
}i" horizontally by k" vertically. This arrangement increased the
cross-sectional area available for gas flow from 26.6 cm2 to 29.7 cnz,

i.e, an increase of 11.7%.

4.2, Flow System

Figure 4.3 shows the flow system in a schematic form., Anhydrous
amonia, provided by I.C.I. with a minimum purity of 99.99%, was directly
fed to the system from the supply cylinder without any further drying or
purification, Its pressure was reduced to just above atmospheric with

a Matheson stainless steel reducing valve, The pressure of ammonia at
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Key to Fipure 4,3

Vl - Matheson stainless steel veducing valve model 12,240

V2 =« Stainless steel necdle valve incorporated within the reducing valve

Ml,2 - Mercury manometers

11, 2, 4, 6, 9, 10 = 3eWay high vacuum stopcocks

Fl <~ Fischer and Porter variable area flowmeter type O8F - l/),6 - 10 - "/36
with 1/lf:" stainless atsel float

F2 - Pischer snd Porter variable ares flowseter type PP >/8 = 12 = G = /81
wvith ,’/8" sapphire float

Th - - 10°C - 110°C mercury thenmometer

V3 - Ermeid stainless steel needle valve

VGl - Speedivac dial gauge model CG3

R« Reactor

T3, 35, 7, 8, 11, 12 -~ 2-VWsy high vacuum stopcocks

GST « Gas sample trap

31,2 - Absorption bottles

V& ~ Speedivac needle valve type OS1D with adjustable dial pointer

P1,2 - Double stage Censvsc TOLATy VEACWSR PUNDS

VG2 - GSpeedivac Vacustat model 1B2

~« Toepler punp wmit

« 1 litre Pyvex flask containing 730 mls of mercury

k lityve Pyvex flask

« Magnetically operated valve

« Gas sample tudbe

®» U O ® > g
$

= Gas sample tudbe unit
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this stage was massured with a mercyry manometer (M1).

At thias pressure the ommonia flow rate was measured by

ouc of two Fischer and Porter Tri-Flat varlable area rotaaeters (F1,F2)
ond its temperature was monitored by a mercury thermomster (Th). The
gas flow could be directed towsrds either of these flow meters with the
aid of a three way high vacuum stopcock (T1). With this arzengement
ammonia flowrate from as little as 10 cc/min to about 1300 cc/min (STP)
could be measured, Since the pressure in this part of ths system wuoa
above one atmosphere, there was no problem with alr leaking in.

The pressure of the ammomia was reduced to the required level
by a stainless steel needle valve (V3) and ite pressure at this stage
was monitoved by a Speedivac dial gsuge (VGl) having a vange of 0 - 20
torz. The asccuracy of this geuge was within 2.3% of the full scale
deflection. The gaseous products leaving the resctor either flowed
through the by-pass or through the gas sample trap (GST) followed by an
absorption train (B1,82). The second absorption trsp (B2) contained
50 ml. of ethylene glycol to absorb the hydrazine whilst the first (Bl)
was kept empty and served to trap any liquid absorbent which might be
inadvertantly dramm back,

Fine control of the gas flow was achieved by the corrsct
adjustment of the valve (V3) end a high vacuum etopcock (T8), VWhen
working with lower flowrates it was necessary to insort another stainless
steel neadle valve (V4) in parallel with T8 to give finer control of
the flow.

The system was majntained at reduced pressures by a doudble
stage Genevac rotating piston vacuws pump type GRD 2. This had o
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displacement of 56 lit./min and a capability of reaching vacuums of
wp to 2 x 10 * torr without gas ballast and 5 x 10°° torr with gas
ballast. A nom-veturn valve was available to stop oll suck back.
The moximm ammonia flowrate measured at 20°C and 760 um Hg, achleved
with this pump and the existing flow system did not exceed 200 cc/uin,
Also due to contsmination of the oil by the ammonia, reconditions of
the pump at regular intervals was nocessary in order to keep its
roquired efficlency.

The gas sampler (GST) wes & round glass flask of 2 litre
capacity end was enclosed in a wooden box for safety reasons. A gas
sample could be trapped whenever necessary and then tramsferred to the
Toepler pump wit(TP) via a high vacuunm stopcock (™). The Toepler
pump consisted basically of two Pyrax £lasks (A,B), a special valve (C),
vhich could be operated murstically when necessary, and a gas sanple
tube unit (5). Flask (A) was of one litre capacity and contained a
pool of mexcury (730 cc.) and flask (B) had a volume of 4 litre and
was connected to the gas sample trap (GST) by a capillary tubing which
also served as o manometer (M2). The valve consisted of a bundle of
1/16" steel rods sealed in a glass cavelope. The lattcr was positionsd
in the neck of flask (B) by a cons and socket assembly, The gas sample
tube unit consisted of a 10 ml glass buld with two high vacuum stopcocks
(T11,T12), ocne at cach end. The gas sample tube unit was comnected
to the Toepler pump by a socket and cons arvangement and could de
removed and connected to a gas chromatograph for gas snalysis wheneve:

0eCessarxy.

Vocuun in the Toepler pump was maintained by enother Cenevac
vacuss pump (eimilar to the previcus one) and pressure stability at
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high vacuums was observed on a vacustat gauge model 1B2. This gsuge
operates on the same principle as a Mcleod gsuge over the range

10 - 10°% torr.

As operstions were at a prassure of 10 torr, strict
attention was paid to the construction of the flow system to prevent
air leakages. Glass tubes were used vhenever possible. These ware
connected by means of Quickfit glass balls and sockets, and socket
and cone joints smeaved with Apeison high vactwn greass type M. Where
these were impracticable such as coonections to the reactor cell,
rotameters stc., flexible PVC hoses were used to make comnection betwsen
glass pipe lines and were kept as short as possible. Due to the highly
corrosive nature of sswonia, all metal parts of the different instruments
used in the flow system were fabricated from stainless steel. Flow
seters end manometers were assembled on ¥™ wooden panels and the whole
apperatus was rigidly supported on & wooden bench by Lsblox stands
and vetorts. All electrical switches wers confined to ons section of
the rig end within easy reach. Powzr transmission wes made through
special high voltage cables and comnections to ths reactor wers made
through Belling and Les high veltage single pole comnectass. Where
these could net be used, they were seplaced by crecedile clips.
Photogzaphs showing the experimental rig in detail cen be sem in
Pigures 4.4, 4.3,

Lo facilliaxy Esulomnt
8:3.1._Jish Yoltans QEMAXAtOTs

A D.C. voltage of wp to 4.0 kV could bda obtained from a
suitably built gemerator whose simplified circuit diagram is shown in
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Figure 4.6, Mains voltage from O - 230 volts was supplied to the
primary transformer and comtrolled by a Variac. The output from

the secondary transformer was fully rectified and smoothing was
achieved by a 10 Henrycoil and a A/MF high voltage capacitor, The
ganerator had a negative output, and for this reason the cathode

was the high tension eslectrode. To incresse the safety of the
equipment, micro-switches were provided on the supply cabinet doors

and the Variac. Both the primsary sad secondary circuits were protected
by fuses and thermal delay was provided on ths H.T. to the rectifier
vaives. Any residual charges on the high voltage capacitor at the

snd of each experiment were discharged to earth by a hoavily insulated
high voltage cable through s series of resistors which constituted the
ballast resistor. The latter was incorporated in the circuit between
the cutput of the generator and the resctor cell and its existence was
a necessity in ovder to limit the flow of current at the onset of the
discharge snd by doing so, sustain the non-disruptive nsture of the
glow discharge. A number of Welwyn type C47 enamel covered, wire wound
resiators wers used to mske up the required ballast resistor., Por the
existing reactor geomatry amd operating pressure, & valve of 175 K2 was
found to be suitable, The magnitude of this resistor could be knocked
down to as low as 3 K<, {f higher discharge currents were required.

In the pulsed discharge case, the power was provided by &
Velonex high powar pulse generator modsl 570, VWith this model pulse
width from O.1 - 300 M/ sac with s repetition rate c!:ippa-los pps
were obtainable. Peak output voltages from as high as 19 W to as low
as 40V could de obtained by the insertion of special Plug-in Units.
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For this particular investigation o dirvect output Plug-in Unit type
V-1097 was usad which gave voltages of up to 3 kV. When this output
was fed into a nominal rvesistance of 2002, a sguare wave was obtained
with & droop of less them 3%, The rise and fall times were 30 ns and
50 ns respectively. But d'a-/fh;hchcm wes in operation, delay in
the rise and fall times together with a distortion of the wuve-form
resulted dus to the dynamic impedence of the civcuit. The generator
had a duty factor of 1% at 22 kW peak, but graeataer for lower output
levels. A ballast resistor of 15 k7 was necessary and the output
voltage was again negative. The modal contained overload protection
with resat if the duty cycle wes exceeded or if the output was short
circuited., A flashing red pansl light advised the operator when the

high voltage was on.

832, Meapuring Enipmemt
£2)_Yalve Voltmeter

An Alraec valve voltmetar (ype 314 incorporating a 100031
D.C. sttenuator probe typs 372 with an input vesistance of 2 x 10° M4,
was used to read the D.C. voltage. This instrument could be adjusted
to read voltages ranging from 300 mV - 30 k¥, howsver, for most discharge
conditions the maximum ruming voltage was less then 1 kV accounting
for s curreat loss in the probe of less than 0.3uA. The eccuracy of
this meter was quoted by the manufacturers ufslof full scals
deflection.

£b) Millispatar

The D.C. current was msasured by a moving coil millismeter
fncorporating four sppropriate shunt resistances and a switching device.



With this arrangement the meter could read currents from O - 300 mA
in the steps, 0 - 10, 0 - 30, O - 100, and O - 300 mA raespectively.
VWhen this meter was checked against a standard Avometer, which had

an accuyracy of 1%, mo discrepancies were observed.

c illosc

In order to trace the current end voltage weveforms of
the pulsed discharge a Tektronix type 551 dual beam oscilloscope
incorporating a Plug-in Unit type K presuplifier, was used. The
oscilloscope had a sweep rate of C.1 usec/cm to 5 sec/cm, and a
continuwously variable deflection factor from 0.2 V/cm to 20 V/cm,
Continuously variable sweep rates were available from 0.1 M sec/ca to
0.12 sec/cm. Both the horimontal and verticsl sweep asplifier were
accurate to within 3% of the control setting.

The voltage signal from the discharge cell to the
oscilloscope could ba attemmwated 1000 times by a Tektromix probe type
P6015., The latter had sn imput resistance of 100 M2 and a capacitance
of 3 pF. With this unit pulsed voltages of up to 40 kV could be
displayed on the oscilloscope scresn without any damage to the components
inside the probe bedy. The probe hed two input terminals, one had to
be clipped to the voltage under investigation snd the other to a selected
ground point near the probe input comnectiom.

In some instances a Shackmen camera was mounted on the

oscilloscope screen to photograph the voltage and current waveforme.

{d) _Tachometer

Por measuring the speed of rotation or the discharge
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beam scenning frequency, a hand type Smiths tachometer was used. This
meter was graduated O - 200 rev./min, and & X10, X100 range switch
enabled higher readings to ba made.

WA ¥ 1 X

b4obol. 11b

The larger capacity flowmeter (FP~12-CG%l) was calibrated
using the soap film technique. A schamstic diegram for this arrangement
1s shown in Figure 4.7. The glass tube was about one matye long and
had a voluma of 500 ml. Markings on the outside surface indicated the
volumes at different positions. The flowrate for any set position of
the float wes calculated from the time taken by a 20ap film, produced
by pressing the rubbaer bulb, to sweep a certain volums. Ths ammonia
temperature and pressure were monitored by the thermometer and the
mercury menomaeter assembled on the gas flow line. These flowrates
were then corrected to standard conditions of 20°C snd 760 mm Hg using
the appropriate correlation between the gas flowrate and flowmeter

characteristics.

The flowrate of & gas 1s relatad to the flowmeter
conditions by -

L
'1 - cl B( p‘ - f:‘/ F)'l) oocnoono(“al)

where,
F, = sos flowrate calcuated at operating conditions
G - flow coefficient given by the mamufacturers as

a function of tudbe dimenslons, scale reading,
and viscosity nwmber
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constant for each tube

{’f = float density

ng = gas density at operating conditions.

ihe flowrate at standard conditions will be given as:

. ]
Fz = Lz B( Ff - fgz/ /)gz) ...........(6.2)

2 k

but for small changes in pressure and tesporature,

Pe= far =5~ a2 ™ G926

F,

%
TPy

‘1
Fl( Fﬁll pzz) 'OOD.‘.OQO(“.“)

%
Fl(Tzvlﬂlpl) 00.0.0-...(6.5)

flouxate et 20 ¢ end 760 sm Ng

flowrate at operating conditions

temperature and pressure at operating conditions
tenperature and pressuxe at standard conditions (i.e. 20°C

and 760 mn Hg respectively). The calculated flowrates at 20° and 760 ma Hg

together with the calibration curve ars showm in Figure A3.1, Appendix 3.

The flowrates wexc also evaluated for different float positions

at 20°C end 760 mm Hg, using the manufacturer’s data (Fisher and Porter Co.

Hendbook 10 A9010) and the results agreed well within experimental ervor,

For this reason and due to soms practical difficulty in maintaining a
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soap film at lower flowrates, the latter method was adopted to
calibrate the second flowmeter (08F-1/16-10-6/36). The celibration
curve for this floumeter is shown in Pigure A3.2, Appendix 3.

4,4 alysl oduct

‘g} mgrasiga

Quantitative snalysis of hydrazine cam be carried out using
gas chmt.oauphy(”) ’ utrauon(”) or colourimetric method of VATT
and cmusp("‘). However, due to the small smcunt of hydraszing produced,

it was felt that the colourimetric analysis was the most sensitive,

This technique used the 458 m Mabsorption band of the complex
furmed by the reaction of hydrazine with acidified p~dimathylamino-
bengaldehyde. The orange colonr of the complex develops  fully in
about 10 minutes and stays stable thereafter for a period of not less
than 12 hours. Beers Law holds for up to 0.77 p.p.m. and ammonia does
not {nterfers with hydrasine snalysis. Absorptiometric measuroments
ware carried out using a Unicem SP600 spectrophotomster which had e
wavelength rangs of 340 - 1000 BM. The instrument incorporated a
tungsten filament lamp as the light scurce, two vacuum photocells (blue
and red) and two 1ight filters (clear glass snd OX7 filter), The
settiag of the required wavelength (438 u/«) was achieved by using the
blue photocell in conjunction with the glass filter.

Tha spectrophotometexr was calibrated using mixtures with
known hydrasine cencentrations. Solutions ef 0.5 to 1.0 gm of
bydrazinium chloride in one litre of distilled water were first prepared
and then standardised by titration with standard potassium fodate solution
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uvaing chiloroform as an inlicator, The standardisaed solution was

then carefully diluted with distilled water to give concentration

of hydrasing of typically 100 gn/litre. The colour roagent employaed
had the following composition: p-dimsthylaminobensaldshyde, 20.0 gme;
ethanol, 1000 mle; distilled water, 500 mls; othylene glycol, 300 mlsj
mé concentrated hydrochloric acid, 158 mls, This mixture had o
wolarity of one with respect to hydrchloric scid and scrved ns the
blaak for the sbsorptiometri:c measurements. Bulks of this solution
ware prepered and kept for periods of up to ome month without cay
deterioration. Tweaty mls of this mixture were added to aliguots of
the diluted stondardised hydrazine solution, selected sc that the final
cuncentration of hydrazine would be within 0.03 ~ 0.8 p.p.ms 2fter the
colour was fully daveloped, the % sbsorptancy of the liberated complex
wis measured ggalnst that of the blank mixture, and calibratiom curwe
relating the % ebsorptamcy to the concentratiom of hydrasine was
produced. This i{s shown in Pigure A3,3, Appendix 3. The sensitivity
of the spectrophotomater was chacked at vegular intervals with froshly
prepared and standardised hydresine solutions, snd reproducibility was
found to be well within ¥ 0.5%.

£b) Other Gagqons Products

The gaseous products from the glow discharge decomposition
of amponis are hydrogen and nitrogen as well as hydrasine, and in oxder
ts give an estimete of the extent of the decomposition process snd also
the fraction of the decomposed ammonia which is counverted to hydrasine,
analysis of the pevisnsat gases (N, and H,) was a necessity.

A Perkin~Elmer gas~-liquid chromatograph modsl 432 wes used
for this purpose. The unit was equipped with a thermal conductivity
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detactor coupled to & Kent chart recorder. The signal genarated

by the detector drove a potentiomstric recorder to produce a graphic
display on s strip chart which could thea be related to the conceatration
of the gas sanple. A range control attenuated tha signal fed to the
Tecorder by successive accurate factors of two 80 that each sensitivity
setting was half that of the previous setting.

Hydrogen, nitrogen and oxygen were separated using s sevea
foot 5A moleculax sieve colum at 50°C. Argon st an input pressure
of 10 p.s.i.g. was used as the carrier gas. The choice of the carrier
gas depended to & largs extent on the best sensitivity achieved with
the thermal detector. Nitrogen was ruled out, since it was itself
one of the gasecus products, and helium, although {t gave a very good
Tesponss to nitrogen and oxygen. but poor response to hydrogen, was
not used due to its high cost. Argon was uwsed as it was chesper and
at the same tims extramely sensitive to hydrogen and also gave a fair
response to nitrogen and oxygen. The length and temperaturs of the
column together with the carrier imput pressure were determined
experimentally to give the best possible separation coupled with the
shortest possible elution times. With the existing conditions the
elution times were 49 sec. for hydrogen, 90 sec. for oxygen, and 128 sec.
for nitrogan when the colwm was fully activated.

The molecular sieve columm employed failed to give any
response to amonia and ansiysis of the gases emsrging from the
chromatograph showed no traces of amonia. In view of this obssrvation,
it was balieved that the ssmonia was absorbed permmmently on the surface
of ths packing material constituting the columm. Por this reason, it
was found that after constant opsration, the thermal detector becams
less sensitive, slution times shortened, and sometimss overlapping of
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the oxygen and nitrogen peaks resulted. However, rejuvenation of
the column was established dy baking at 200°¢C for a period of not
less than 12 hours. This was done regularly at weekly intervals.

The chromatograph was equipped with a special gas-sampling
valve for injecting the gas samples into the stream of the carrier
gas, see Figure 4.8, It can be seen that when the knob of the gas~
sampling valve s in the fully clockwise position the sample tube is
isclated from the instrument but is allowed to fill with the sample
mixture, Vhem ths control lknob is turned to the fully amti-clockwise
position the sample tube is discoonected fyom the sample entry and
exit connections and the retained sample is allowsd to be swept into
the instrument by the carrier gas. The gas sampling valve was fitted
with &" diameter stainless stesl tubing for comnection to the sanple
tube which itself was a 5 foot stainlaess stsel tube of the same diamater
and made in the form of a coil.

The instrument was calibrated by injecting gas mixtures of
known composition st different total pressures and msasuring the
response in terms of peak heights. Dus to the sharp and well defined
chromatograms, sea Figure 4.9, it was found umecessary to measure
the area under sach psak. Also, since the volums of the sample tube
was the same in each case, the partial prsssure of sach component in
the mixture wms directly proportional to the mole fraction of that
component. Calibration cyrves for nitrogen end hydrogen were then
produced giving the peak height as a function of the partial pressure
of each component in s Hg. These are showm in Pigures A3.4, A3.S
in Appendix 3. It can be sesn that the response {s linear in both
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cases and the straight lines pass through the origin. The
performance of the instrument was checked daily by injecting only

one sample and drawing a straight line through this poiant and the
origin. Por thealibration a gas mixture having the follewing
compositions 95.42% m3; 2.58% uzg 2.08% "2 on molar basis, was used.
This was speclally prepared and provided by Alr Products.

A shcematic diagram showing the arrangement for this
calibration techniqu: is shown in Figure 4.10. The general procedure
wns as follows:

{1) The line down stresm from the nsedle valve V1 was evacuasted by
the vacuum pump. With the lawb on the ges-sampling valve in the
fully clockwise position, this elso included the evacuation of
the incorporated gas sample tube,

(2) with the stopcock T2 closed, axgon was flushed iuto the system
by turning the gas-sampling valve knod on and off for a omumber
of times until the pressure indicated on the manometer wes slightly
above atmospberic.

{3) Valve T2 was then opened and the system was again evacuated.
When the pressure on the dial gauge was less than one torr V1
was slightly opened to let & stream of the gas mixture, fyom the
cylinder, flush the flow line.

(4) With Vi open, T2 was closed and when the pressurs in the system
built wp to the requivred level, Vi was then closed. Any
subssquent read justment of ths pressure could be achieved by
slightly opening T2.

(5) The pressure indicated on the manometer was then recorded end
the knob on the gss-sampling valve was turned into the fully
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enti-clockwise position to allow the retained gas in the sample
tube to be swept by the carrier gas into the chromatograph.

The valve was kept in this position for a long enough interval,
ususlly until all the peaks were obtained, to ensure that the
sample volume was completely swept by the carrier.

{~) The gas-sampling valve was then turned into the fully clockwise
position end valve T2 was opened for tha evacuation of the system.

(7) Records of the pesk heights ware made and the procedure was
repeated at exectly the seme injection pressure to eusure
reproducibility.

(8) Steps 1 = 7 were repeated at a different pressure. The injection
pressures were usually in the renge of 20 - 200 torx.

The flow system depicted in Figure 4.10 had provisions for
introducing & gas sample from an experimental run. Betwesn the
naedle valve and the mamomster thare was s Bl4 cone and sockat
arrangement such that the ges line fyrom the cylinder could be discomnected
at any tims sand instsad the sample tude from the Toepler pump wnit
inserted.

Since the molecular sieve column separated oxygen from
hydrogen and nitrogen, it was easy to detemine themgoi air in
the system and hence the contribution of this to the overall peak haight
of nitrogen. The partial presaure of nitrogen was corrected by
fnjecting pure air samples (0 ~ 3 torr) after each run and notimg the
pesk height of oxygen. By comparing this with that obtained in the
calibration procedure, it was possible to calculate exsctly how much
nitrogsn was coming from the air and hence give the correct figure for
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the partiel pressure oi unitiogen in tle actual gas mixture with air
being exciuded. ‘The presence oi air was believed to have resulted
ivom the incoumplete evacuation of the gas lines or due to leakages
into the gas-sawpling vaelve during operatiom.

Helie3 T t

Power meusurement in the DC discharge wea xelatively simpls.
The voltage and curvent were read from the voltmeter and ailllianater
respectively, see Figure 4.11(a), and their product was taken as the
power dissipated in the discharge. Howaver, in the pulsad discharge

its calcylation was more complicated.

In the pulsed discharge the energy consumed boetween times ¢t
and ¢t + dt 1s given by:

4 Et - Vt !‘ dat -ooc----o.(“.‘))

vhere, Et. Vt and It are the values of the energy, voltage end current
respectively at time t. It therefore follows that the average power
input, V, for a pulse duzation T, will be 3

T
1
W= ? S vt :t dat occoncooo-(“o7)

[

The integral will represent the amount of energy consumed in one puise.
In order to evaluate this integral, 1t is necessary to know the valus
of the product, (\?‘,b lt). at every instant of time. This was achieved
by displaying the voltage and curremt waveforms on an oscilloscope.

The current waveform signal was taken across & 100 high
stability resistor vhile the voltage signal from the discharge was
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attenuated 1000 times by an appropriate probe (ses Section 4.3,2(c))
before feading it to the oscilloscope. A circuit diagram showing
this arrangement is depicted in Figure 4.11(b). The oacillograms
were then traced on graph psper followed by evaluation of the integral
using either Simpson's Rulas of integration or by simply cutting and
then weighing the area under the curve. Knowing the area demsity
(gn/unit area) of the graph paper, the exact axsa under the curve was
then calculated.

A move sophisticated teclnigque was used by smmm”. Here
the oscillograms were first photographed then emlarged by a known
factor onto & shest of graph paper. A "Digitised Dacoder Qutput
Serialiser" machine was then used to trace the variables V, and I, on
s scresn. A special smitching device would then punch the dats onte
s computer taps ready for subsequent processing. The multiplication
and integration wers then carried out using s computer programme based
on Simpson's Rule. A comparison between the two tecimiques wexe made
by treating a sst of dats. Results showed no significant difference
(< ¥ 57) and for this reason the first methed was adopted since it
was less time consuming.

The fisld in the positive colum of the continuous DC discharge
was moasured using a conventional single Langmuir prods. The latter
consisted mainly of a 1/33“ platioum wire running through a length of &
capillsry tubing. The end of tho latter was fused to the wire with
one centimstres of the latter protruding from the fused junction. The

cepillary tubing was then positioned in & Quickfit screw thread



w79

comnectes and secuved by uweans of o sctew down cap, silicone rubber
compression ving and PIFE washer. The whole assambly was then fived
cnto the bowosilicate shell of the discharpge reactor through a hole
drilled st an appropriate position such that the tip of the probe
could be placed in the centre of the plasma. With this arrengement
it was possible to move the probe along tha plasma quite easily and
vithout disturbing tha opcerating pressure inside the reactor cell.

A schamatic diagram of this arrangemant {s showm in Figure 4,12.

The distance between the tip of the prode and the anode was measured
with the aid of a fixed marking on the moveble capillavy tubing and s
gtaduated scale on the fixed screw thread comnecter. The distance
could ba read accurately to within 0.25 mm.

Elactrical commection to the probe was made via a crocodile
clip and the output voltage signal wes attenuated 1000 times before
fecding Lt to aither the valve voltmster or the oscilloscopewing the
probas mentioned in Sactions 4.3.2{a) emd 4.3.2(c). ALl fleld
seasurements were carried out using the attennator prodbe type 373
{Section 4.3,2(a)). The latter incorporated sm input resistance of
2 x 10° N2 nd for this resson restricted the flow of currant through
the Langauir probe to within & fraction of s amp. It therefore
follows that since no sarious disturbences of the plasme were incurred,

the reading of the probe could be interpreted as tha actusal plasma

space potentlial.

At the commencement of sach rum, 30 ml of pura (99.9%) BDH
ethylene glycol was placed in the already cleaned and dried absoxption
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trap P2, see Figure 4.3. Previous tests had shown that it wes not
necessary to employ two traps in series and that 30 ml of the absorbent
was adequats to absord all the hydrasine produced in s single rum,

With V2 closed, V1 wvas adjusted carefully so that s pressure
of about 1 p.s.i.g. was obtained. T3 and T7 warse then closed amd
T4 positioned in ovder to disconnect the flow system from the Toepler
pusp unit. With all the other stopcocks and nesdle valves open (except
v2), pump Pl was switched on to evacuate the system. At the same time
P2 was switched on to evacuate the Toepler pump wnit TP, TIO and T9
were carefully adjusted so that the pool of mercury in A was not
disturbed. At this stage it was necessary to operats C magnetically
in order to ensure complets svacuation of B.

When the presssrs in the flow system, with TP excluded, was
less than ome tory, V2 was cpened gradually and at the some time V3 was
closed. By doing 80 the gas lines eyond V3 was isolatsd from the
rest and it was possible to pressuriss that part of the apparatus
between V1 and V3 to above atwoapheric. Por all subsequent operations
and experimental runs this ssction was kept above stmospheric pressure
and hence the possibility of air leskagss at this poiat was eliminated.

then the entire flow lines bayend V3 were completely evacuated,
v snd T8 were closed. The absmace of air leaks was them confirmod
by moting the pressuxe stability over a period of time. Lasks of wp
to 1 torz/13 mins. ware vegavded as toleradle, but if the zate excesdsd
this 1imit, the source of the leak was found waing a Tesla coil leak
detector, and rectiffed by blockinmg it with Araldite adhesive. Having
established a satisfactory condition, W and T8 were again opened and
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the system once more svacuated. Tl wes then positioned such that
the flow of gas was directed into either Fl or Fi.

At this stage V3 was slightly opened and at the same time
vl adjusted so that the pressure indicated om ML was stili above
atmospheric., Finaslly, the sxact flowrate and pressure dowmstremm
of V3 were obtained by the correct msnipulation of V3, V4 and T8,
Having reached this stage the smmonis was allowed to flow for a period
of 15 mins to purge any residual traces of air. T2 and TS wers then
adjusted to allow ammonia to bubble through B2 in order to saturate
the ethylens glycol. This usually veguived & period of 1.3 mins for
a flowrate 200 cc/min. (STP) %o up to 30 mins for a flowrats of
15 cc/min. (STP). For this resson, when operating at lower flowrates,
the absorbent was firxst saturated with smmonia flowing st 200 cc/min.
and then followsd by veadjustment of the flowrate to the required lower
level.

On completion of the saturation procedurs, T2 and 76 were
repositionsd to allow the gas to flow thxough the by-pess and the system
was veady for expsrimental investigation.

The discherge was initiated by increasing the voltage
gradually until breakdowm occurred. The voltags, current, and scamning
frequency were then set at the requived levals and allowed to veach s
steady stats. Having dome s0 the gas wes then passed through the
absorption trap for the duratiom of the wperiment. Due to a slight
pressure drop caused by the liquid, fine adjustment of V3 was necessary
{u ovder to bring back the pressure to the required level.

During a rwm which usually lasted from 2.5 - 30 mins, the
gas pressure monitored by Ml and VCl, temperature om Th, current and
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voltage readings, and scamning frequency were recorded. In the
pulaed discharge case voltage and current waveforms were traced on
graph papex, and records of pulae ON and OFF-times were made.

Before shutting down the run, T3 and T4 were closed such
that a gas sample was Srapped in GST. This wes immediately followed
by switching off the power supply and closing V3. V1 was them
read justed 50 that the pressure on Ml read only a few mm Hg above
atwmospharic. V4 and T8 wexe then closed and Pl was switched off,
Bl and B2 were then pressurised by opening T5. This was followed by
pressurising the rest of the flow system by first discommecting Bl
snd B2 from the rest with T6 and than opening T7. In this way the

possibility of unnecessary suck back of liquid absorbent from B2 into
Bl was sliminated.

The gas ssmple trapped in GST was later transferved into D

by puping it with mercury using the Toepler pump principle. The
procedure was as followss

(1) The pressuve stability in TP was checked thoroughly, and whan the
pressure indicated on VOCI wes less than 0.02 torrx, T12 was closed
aad the magnat operating C was removed.

(2) GCST was commected to B by turning T%.

(3) 79 was adjusted 20 that A was disconnected from P2 and instesd
coupressed sly wes allowed to flow fato A, This forced the gas
in B to be compressed by the mescury via C inte D.

(4) when the level of msrcury was just below T11, 19 was turmed in
sech a samner that the air supply was cut off but st the ssow
time A was connected to P2 via TI0. This caused the level of

the marcury to dvep and the gas in D was completely feolated
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from B by C. lhen A was fully evacuated, B would also be at
vacuumn and as a consequence more gas from GST will flow into
the latter,

(5) The whole pumping procedure was repeated until the pressure of
the gas in D was above atmospheric, usually about 800 mm Hg.
The pressure was taken as the difference batween the mercury
levels in M2 and S,

(¢) Having reached this stage, Til was closed, GST was disconmected
from TP by turning T4 and later pressurised by opening T3.

{(7) A wves than evacuated and 19 closed. P2 was switched off and
the gas sample unit (5) was then removed and conmected to the
gas chromatograph, see Pigure 4.10, for snalysis.

Since the gas sample tube of the chromstograph had to be

evacsated, the final injection pressurs of the compressed saple was
reduced to about 130 torr. The procedurs for mmalysis is descrided in
Saction 4.4.2(b),

Maslysis of hydvasine was carried out by first removing B2

and then washing the side arms of the trap with 50 ul. of distilled
watexr, 0.5 « 5.0 ml. of the final solution was added to 20 m}, of
the coloured reagent sad the % absorptancy of the liberated complex

was measured using the spectrophotomstsr. The amount of hydvasine
produced in the run was then calculated as showm in Appendix 2.

At the end of each experiment the sheorption trap was
thoroughly washed with hot water and X.C.I.'s Lissapol NDB detergent
to remove troces of gresse and ethylens glycol and later dried in a
bot oven to Temove the last traces of water snd sthylems glycel.
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4,6,1, Electrical ad Physical mncl_aq!tggg of the Digchaxge

For the continuous DC case a voltage of 1.6 kV was
required to breakdown the ammonia at a pressure of 10 torr, but once the
discharge was struck, it dropped to a value renging from 630 - 730 volts
depending on the discharge current. Under scamming conditions it wes
found that a slightly high%oltqc was required to sustain the same
current level. Figure 4.13 shows the relationship between the scemning
froquency and running voltage for three levels of current and emmonia
f ourate. It cen be seen that ammonia flowrate had no effect but the
fractional incresss in the running voltage at a particular scamning
frequency is higher at the higher curremt. For a current of 10 mA ond

a scananing frequency of 800 ntn'l an increase of about 14.3% is observed.

The glow dischargs was operatsd under the subnormal vegion
whereby a decrease fn the curreat necessitated & bigher applied potential.
Currents of the order 2.6 - 10 mA could only be iavestigated due to the
limitations imposed by the electrical circuitry and reactor design.

At low currents it was found difficult to sustain the dischexge
continwously unless higher ballest resistors ( > 200 kf)) were incorporated
in the circuit, whilst currents iu excess of 10 mA caused excessive
heating of the electrodes especially the cathode. During the period of
en experiment, which wsuslly toek 2.5 ~ 5.0 mims, this heatisg effect
Tesulted iu a sudden chenge in the sppearance of the discharge. The
glow turned from its ususl pale greem colowr into an intense white
discharge followed by the formation of a striated jceitive colwmm.,

These sbnormelities in the glow characteristics wers slso accompanied

by & rise in the nmusnlugo.‘
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FLCURE 4.13
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Under normal conditions the visible glow was recognised as
wedge shaped with height equivalent to the anode depth, i.,e. 6,35 m
(k"), end width increasing from 6.35 mi (%") near the aperture to
25.46 mm (1 inch) at the anode. Its volume was caslculated to be 12.75%
of the effective reactor volume, The latter was taken as the overall
volume contained between the anode and the insulator covering the cathode,
However, probs measurements conducted on a later date indicated that the
activae discharge volume extended far beyond the visidle glow boundaries,
In some instances it vepresented over 70% of the effective reactor

volume.

The breakdown procadura for the pulsed D.C. case was somevhat
similar to the previous case except that in the former a bigh potential
was necessary in order to initiate the diacharge (~ 3 kV) sud also the
rumning voltage was higher vanging from 1.4 - 2,1 kV depending on the
pulse OFF-time. It was found that the rumaing voltage did mot change
with scanning frequency, as was the case vuhu}:onu.mn D.C. discharge,
but under stationary conditions it increased with longer OFF-times umtil
s platesu was reached for OFP-times of 2 msec snd over. Under the
renge of ON and OFF-times invastigated in this study, the visible glow
was found to be much narrover than that of the contimuous D.C. discharge,
At the anode surface its width was found to be 6.35 mm (k") thus giving

it sn spparsnt volums equivalent to 3.2% of the effective raactor velume,

The positive colum of both discharges were seen to originate
from the sperture ia the insulating tmbe covering the cathode amd its
length was taken as the distance between this tube sod the amode surface.
For the continuous D.C. caso this was 23.5 mm whilst for the pulsed
discharge it was slightly loager at 26,2 mm.
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Pigure 4.15 Film deposit on the anode
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The space potential at different points in the positive
column of the continuous DC discharge was msasured using the Langmuir
probe. The results from these msssurements, using an aged anode,
i.e, an snode with a deposited film, are depicted on Figure 4.14,
Figure 4.14 indicates that only & smell proportion of the applied
voltage existed across the positive columm, the majority of it fell
across the two electrode regions especially the cathode region. The
snode and cathode falls were found by extrapolating the linsar portions
of the curves to sero and 23.5 mm from the anode. The space potential
at sero distance from the anode was then taken as the anode fall, whilst
that at 23.5 mm subtracted from the overall running voltage yielded the
voltage drop across the cathode layers. Also, the difference between
the overall voltage and the sum of these two falls, divided by the
Jength of the positive column gave the average fidd strength, E,
throughout the positive column. VWhen the results from three sets of
runs with current levels of 2.6, 3, and 10 mA were treatad in this manmer,
the anode and cathode falls wers found to be 115 and 360 volts respectively.
However, the values of the electric f¥ld at the three current levels
were calculated to be 108, 87.6, end 66 volts/cm respectively.

The rate of ammonis flow had no significant effect on the
discharge chazacteristics such as rumning voltage, field strength,
physical sise, etc., but with the continuous DC discharge and at flowrates
of less than 30 cc/min (5TP), a dark drowm film deposited ou the immer
surface of the ancde as showm in Pigere 4.15., The deposition took
place at the onset of the discharge and persisted to cover the aneds
thereafter. Reversing the polarity of the elactrodes did net dring
“about a similar depositimn on either electrode, but when treating an
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already covered snode in this meaner, the daposit started to diseppear
slouly. This vas possibly caused by local cathodic heating resulting
in the disintegration of the deposited filum.

The rate of fila deposition vas determined to be about
8.4 x 10‘3 gma/hr at an amwonia flowrate of 30 cc/min (STP) and &
discharge current of 10 mA. Vhen the deposit was scraped off the
anode surface, it proved to de a dark browm powder which was insoluble
in water but rveadily soluble in concemtrated hydrochloric acid.
Qualitative chamical tests had showm the powdsr to de rich {n ferric
fvon whilst a quantitative micrommalytical techniqua gave a cowposition
of 1,72% carbon, 1.84% hydvogen, and 5,967 nitrogen. The rest was
assuned to be irom since the pressnce of other most likely slements such
as oxygen was excluded. Support for this assumption came into light
wvhen a similar discharge in air produced no deposit., Also, X-ray
diffraction technique indicated that the cell structuzre and lattice
counstant of the powder wers differemt frem that of sny irom compound
containing oxygen. The X-rsy patterns showed the powder to have a
cubic cell structure and lattice comstant f{dentical to tha grade of steel
from which the anode was fabricated.

(a) Genexzal

Ammonia was decomposed at & pressure of 10 torr and the

gaseous product contained hydrasine as well as hydrogen and nitrogen.
The relative concentrations of thess products ware dependent on the

operating variables which were power fnput, amsmais flowrats, and



scamning frequency. The efficiency of hydrasine production may be
describad by the following parsmesterass

(1) Enexgy Yield, Y

This is a messure of the enexgy efficiency of the procass
and is given as grammes of hydrasine produced/Rilowatt<hour of
electrical enorgy actually dissipated in the discharga.

(11)

T,

This gives the overall efficiency in terms of hydrasine
production sud s given as grammas of hydrazine/100 grommes of ammonia
flowing through the reactor in ons pass. This is a useful concept
in reactor scale-up since it determines the degrse of rvecycling necessary
in order to achieve the required production rate.

(111)

This represents the fraction of the overall decomposed ammonia
vhich is converted to hydrasine. ?* X was calculated (ses Appendix 2)
4
using the overall stoichiometric equations for smmonia decowposition, vis.,

F ms"‘—“"‘ Hl + Rall‘ PP { WY ]
2 t!l!s-—" 3 R2+ Rz ooc.o-oooc-.‘bo7)

It can be ssen from the above two equations that the molar conversion
ori“:%mznmxumumuwmmwbymum
woles of hydrasine and nitrogen., Since the latter cem saly arise from
the decomposition of hydrasine amd/or asmonia, i"z" immediately affords
a measure of the extent of any degradative reacticns taking place in the
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discharge. For no degradation, )'(N y Should be 100%. Any figure
24

which 18 & 100% will be a direct consequence of these reactions.

The effectiveness of the discharge in decomposing ammonia
is reflected in ktm » vhich is the overall ammonia comversion. From
3
oquations 4.6 and 4.7 this 1s found to be twice the sum of hydrazime

end nitrogen.

The decomposition of amnonis wes studied at flowrates ranging
from 50 = 200 cc/min (STP) corresponding to a gas residence time across
the discharge gap of 0,266 = 0,0665 sec. respectively. For each set
of somonia flowrates three current levels were investigsted, asmely 10,
5, and 2.6 mA, corresponding to an overall power input to the cell of
6.3, 3.4, and 1,9 watts respectively. The results from thess runs are
given in Tables 1, 2, and 3, located in Appendix & and are showm in
Pigures 4,16 - 4.20.

Figure 4.16 shows the effect of power input amd flowrate
expressed in terms of residence time, on the oversll ammonia couversjon.
It is apparent that both longer residence time, i.e¢. lower gas flowrate,
and higher power levels favour ammonia decomposition.

In the case of hydrasine production, incrsasing the residence
time is accompanied by an increase in the concentration of hydrazime but
0o maximum is observed except for the 10 mA case where on ill defined
maxcioum doas occur at a residence time of 0.136 gac. (Figuve 4.17).

The dependence of ths energy yleld, Y, and molar comversion to hydrasine,

%

. » O 8as flowrate and power htput are identical; both decreased
2°6
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Energy Yield of Hydrazine, gms/kWh

FIGURE .18
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with increassing residence vime (Plpureas 4.15 and 6.19)., This is also
trye for the rate of hydraaslne production capressed in gme/hr. Hare
mwrc hydrazine is fowmed at highur {lowrates, l.e. shorter residence
tincs, but power imput has little or no effect (Figure 4.20).

()

The influence of bean scamning ¢on the decomposition of mmonia
end formation of hydrasine was investigated st flow rates of 200, 100,
and 3 cc/min (5TF) end dischexgs cusrrents of 16, 5, and 2.5 mA., In
order to prevent cxcessive heauting of the shaft sesl clomeat of the
renctor (Figure 4.1), most of this work was carzicd out at frequencles
senging from O - 800 win™l.,  The optismm scamnisg Eregsemcy (4%), that
is the minimms frequency Decoessary to give 100% frradiation of the
asonic i8 shoae later to depend ot both the amonia (lowrats and discharge
width (Section 3.4.1). The cai:ulated values at 200, 100, and 30 cc/umin
(577}, on tie umuoa that only the visidle zlow is respomsible for
chendcal activetion, are 787, 3%, and 197 min” ) respectively (Appendix 2).
1t therefore follows that the froquency range employed ensured at lesst

one full scan situstion in every case.

The results from thass series of wxperimaats are given in
Tadles & -~ 10 located in Appandiz &4 aad are plottad as performsnce of
the resctor ia terms of ssmonia decomposition and hydrasine formstion
versus scamning frequency in Figures &.21 - 4,32,

Plguzas 4,21 ~ 23 show ths effect of scamning frequency om
the fractiom of amonia dacomposed, sud it is apparont that an
enhancoment in tho lattez has vosulted as s consequence of beon scamning.
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Comparison beatween Figures 4.21 - 23 at a fixed frequancy shows that
the percentage increase in overall ammonia conversion is higher at the
lowost flowrate. Furthemmore, in cases where more than one curremt
level has been investigated, the dependance of xm’ on the scanning

4

fraquency bacomes progressively less marked at lower currents.

The effect of scamning frequency on the ovarall conversion

to hydrazine, xn R’ is shown in Pigures 4.24 ~ 26, Herve, the some
2%
trends in )(uza6 are apparent as in the case of xm:’. It is also

fnteresting to note that scaoning of ths reactor cross-section seems
to improve hydrasine production more significantly than oversll smuwonia
conversion., Exsmination of Figures, &.21 end 4.24 shows that for a
frxequency of 800 m’l snd a current of 10 mA the percentage increase
in xﬁzulo is 105% compared with 25% for xms.

The dependence of the energy yield and molar converaion on
scanning frequency appears to follow a similar fashion as shown in
Figures 4,27 - 32, i.e. both incressing with higher frequencles.

The bast energy yields of hydrasine wers obtained at the
lowest current level, highast fiowrate and highest scamming frequency.
Pigure 4.30 gives a maximum energy yield of 4.53 gme/MWh, The molar
conversion to hydraszine is also the highest at 34.4% (Pigure 4.27) dut
the concentration of hydraszing in ths issuing gases doos not exceed
0.11% iy weight (Pigure 4.24). Higher conversions of wp to 0.28% ave
possible at 350 cc/min, 10 mA, end & scemning freguency of 470 min”’
(rigure 4.26), but umfortwnately both the enargy yleld and ﬂu molar
conversion ave lower than the previcus case at 0.89 gme/k¥h aad 10,32
zespectively,
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(a) Goneral

The decomposition of amuonia was studied at a pressure of
10 torr, with and without beam scaming. The same reactor as for the
continuous DC case was employed, but with a slight modification in the
design of the insulsting barvier (see Section 4.1), It was found in
practice that in ordar for the discharge beam to follow the displacement
of the aperture in the insulator in an exact masner, it was necassary
for that part of the cathode axposad by this apertyra to be completaly
covared by the napative glow. Siace the width of tha viaible glow in
this cass was only 25% of that of the continuous DC discharge, scanning
1 and over, using the original
insulating tubs, caused the amode glow to lag behind the apesrture thus
giving the glow an involute shaps. This situation caused the glow to

of the beam at frequencies of 100 min~

wove in jweps rather than in & smooth mannex over the anode surface,
thms making the assessmont of the fractiem of the reactor cross-section
scanned by the beam & very difficult task. This practical difficulty
was overcoms by using smother insulating tude having & &" x 4"
rectangular slit (see Section 4.1).

The syathesis of hydrasine in the pulsed DC discharge has
been shown to be strongly dependent on the pulse characteristics such
as pulse O and OFF-times21137),  pecently row ot a1¢?7) nas shiown
that hydrasine wes best produced wmder conditions of very short ON-times
(ovder of /M sec) associated with OFF-times in excess of 0.1 meec, For
thsse reasons pulses of 3 - 6//uooc duration were also used {n this work.
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A constant peak current of 150 mA was chosen since it was found to
coupare reasonably well with the optimum value usaed in most of

CROWN et al worke Typical current and voltage waveforms adopted for
this work ara displayed in Figure 4.33,

(b) Effect of Amponis Flowsate

Flowrates ranging from 13 - 200 cc/min (STP) were imvestigated
corvesponding to s molecule flight time across the height of the discharge
of 0.99 = 0.075 sec., rvespectivaly. As wontioned earlier, only one
current level was used. The pulse OFF-tine was kept constant at 2 msec,
The pulse duration or (ti-time was found to be 4.3 raec with most of tha
current, however, decaying over the first 0.3 “sec. The emergy/pulse
resulting from this pulse was cooputed to be 2.4 x 10713 1ad, The
raesults from these runs ave givem in Tadle 11 locatsd in Appendix 4
and are graphically showm in Pigures 4.34 ~« 36,

Figure 4.34 shows the effect of flowrate interpreted as
residence time on the ovarall conversion of smmonia and moler conversion
to hydrasine, It can be noted that as for the DC cass, longer vesidence
times favour the decomposition of smwais but have an adverse effect on
the chemical sfficiency which 18 represented by the molar comversiom to
hydrasine. In sddition to lower molar conversionslongerrvesidence time
also produces less hydrazine per umit time (Figure 4.36). Many
interesting features of the pulsed techmique, such as the capebility
of reducing degradation of hydrazine by back reactiom, is apparsnt
from the relatively high solax conversions, > 9% in some instances,

This mesns that although very little ssmomia 1is decomposed, a significent
proportien of it is actually converted to hydrazine,



Pigure 4.33 Typical voltage and current waveforms for
the pulsed discharge.

(a) upper trvace - voltage, scale 1 kV/cm
(b) lower trace = current, scale 50 mA/cm

(c) sweep rate is 0.5 /uuc/c-
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The effact of residamce tims on the snergy yield and overall
conversion to hydrasine is showm in Figure 4.33. Here, the trends
observed in the DC discharge are also apparent with the pulsed discharge,
f.e. higher energy yields sud lower overall comversions at shorter
residence timas, but unlike the DC case yields of up to 30 gma/kWh axe
possible as compared to a meximum of just over 4 gms/kih. However,
the major drawback is that although higher energy yields ars obtained
the concentration of hydrasine in the gassous mixture leaving the

reactor is extremsly small.

(c) Effect of Pulss OFF-time

The effect of pulse repstition rate was studied at s constant
flowrate and pesk current of 50 cc/min (STP) and 130 mA vespectively.
OFF-times ranging from 0.1 « 10 msec were imvestigated. Due to the
different dynamic impedence of the dischargs st these repetition rates,
i1t was found difficult to heep the decay time of the pulse at & comstamt
value for all cases. However, with every pulse OFF-tims it was noticed
that the main portion of the curvent decayed over the first 0.3 ,sec of
the OM=time period. The actual Oi-time ranged from 3 - G/uuc with
decreasing OFF-times. This difference in the pulse duration mesnt
that slthough a constamt pesk curremt was used iam all cases, the actusl
energy/pulse was different. Ia fact the latter iscressed from 18.6 x
10"} ulm/pulse for an OFF-time of 10 meec te 33 x 10”12 wm/pules for
the shortest OFF-time, i.e¢. #n imcreass of almest 100%.

The results from these vwas are given {n Tudble 12 located in
Appeudix &, Craphs velating the effect of pulss OFF-time on smmonia
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decomposition and hydragine formation are shown in Pigures 4.37 « 39.
These indicate that although longexr OFF-times, i.e, smaller repetition
rates, result i{n higher energy yields and molar conversions, the overall
conversion to hydrasine is very small, With an OFF-time of 10 msec,
energy yields of up to 30 gme/kih, corresponding to a molar conversion
of just over 90%, are obiained. These figures would have been very
encouraging had they not baen associated with a low overall conversion
of only 0,009%. Thase very low conversions are a direct consequence of the
extremsly low overall azmonia conversions as showm in Figure 4.37,

In addition to low overall conversioms, long OFF-times also result

in a relatively low overall rate of hydrazine production as compared
with the short OFF-times, (Flgure 4.39).

(d)

The effect of scanning froquency was studied at & flowratas
of 50 cc/min (STP) snd four sets of pulse OFF-times, namely 0.1, 0.2,
0.3, and 2.0 msec. Taking the observed discharge width to ba k"
(6.35 mm), the optimum fraquency needed to give a full reactor cross~
section scan at & pressure of 10 torr and ammonis flowrats of 30 cc/uin,
1s 195 min”’ (Appendix 2). Por this resson end dus to lack of tima,
frequencies greatly in excess of this value were not investigated.

Results from thase rums are given in Tables 13 ~ 16 located
in Appendix 4, Only one set of graphs are produced from this data
showing the effact of scamning frequemcy on the ensrgy yisld of hydvasine
(Pigure 4.40). As indicated in Figure 4.40, beam scanning hes resulted
in a slight tsprovement in Iypdrazine yield, sspecislly at lower
froquencies ( < 100 min"}),  Higher frequencies have little or no affect.
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A glence at Tables 13 - 16 (Appendix 4) will reveal that this trend
is also true for the amount of ammonia decomposed.
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The probe measurements indicate sn abnormally high snode

fall of 115 volts compared with the theoretical prediction. The anode
fall i3 usually taken to be equal to the ionisation potential of the

gas under cmldcuuou( 30)

» Which for ammouia {s 11,2 e.v., and any
deviation from this value is due to disturbences caused by traces of
gaseous impurities and dirty anode atfncu(”). This discrepancy
between the theoretical and measured values suggests that disturbances
of this kind did exist and were probably caused by the deposit on the

anods.

The observed value of 360 volts for the cathode fall compares
veasonably well with those reported in the literature. DEVINS and
BRToN{1?) quote & cathode fall of 350 volts for their aged electrodes,
whilst oucm‘m gives a slightly higher figure of 423 volts. 1In the
latter case, the fact that OUCHI'S measurements were conducted under
tha abnormal region of the glow discharge will possidly account for the
difference, becauss under these conditions the cathode fall is expected

to be higher.

In the continuous DC discharge the reduced elactric fleld,

E/p, corresponding to the thres current levels imvestigated, namely 10,

1 1

5, and 2.6 mA, and s pressure of 10 torr ave 6.6, 8.7 end 10.8 V.cm . torr
respectively. Theoretical determimatiom of the mesn electron energy, €,
in the positive column using these reduced fields is not possible at
present, because of a lack 0f the necessary data such as ionic mobilities,

fonization cross-sections, fonisation efficiency etc. The mean electrem
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energy was therefore determined from the axperimental data of BAILEY

end DUNCANSON' )

who carried cut a detailed study on the behaviour

of electrons amongst the molecules of ammonia, water vapour, and hydrogen
chloride and their resulta for the mean energy of electrons in ammonia
ave shown in Figure 5.1 as a function of the reduced electric field.
Unless the validity of this curve is disproved, we observe that the

mesn electron energy cammot be significantly improved beyond 2 e.v. by
simply increasing the magnitude of E/p. This will mesn that in cases
vhere a substantial improvement in ths electric field is envisaged by
adopting new techniques such as the pulsed diascharge, the resultant

effectiveness in terms of electron energy will be very limited.

The mean slectron energies o this work together with those
reported by otlnu(m'n’z” are shown in Table 3.1, and it is evident
that & genaral disagreement exists. This i{s believed to be due to

the misuse of Pigure 3.1 by m(ZS) and unjustifiable assumptions by

(10.21). BROWN ot .1(25) gave the reduced electric field in

their discharge a value of 6 -~ 10 V.cn'l. torr.l and, veferring to

others

Figure 5.1, the corresponding values of L shoyld have ranged from 0,08 ~
0.44 e.v. rather than the gquoted 0.5 « 1.0 e.v. SAVAGB“” on the other
hand assumed a cathoda fall of 330 volts taken from the glow discharge
work of DEVINS and BURTON'1®), but failed to recognise that he was
operating in the abnormal ragion which clearly meant a higher cathode fall,
His data shows a lowast operative current of 13 mA, corresponding to a
voltage of 850 volts, Taking this condition to be the start of his
sbnormal discharge, then the extra 100 volts required to sustain & current
of 50 mA should have been added to the cathode fall rather than the
positive column., Thus, assuming sn overall anode fall of 1135 volts, the
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resultent potential difference scross the positive colusn should
have been 385 volts instead of the reported 600 volts, At a pressurs

of 10 torr and with a reported positive column length of 3 cm, the

1 1

reduced electric field, B/p, will be 7.7 V cm = torr = corresponding

to & mean electronm energy of 0.16 e.v.

In DEVINS and aun‘rou's“o) work, & was evaluated by
balancing ths energy the electrons gain from the fleld and the energy
they lose by collisioms. wnn"" gives the following relationship,

e E Vd - & (- E z/!)(al 7\‘) noooounu(’.l)
(98)
vy S
% = @F 7\‘/(20'-)" 00000000(502)

wvhere,
Vg " electron drift velocity
X = fraction of electrom energy lost im a collision
¢ = average random velocity of slectrons

= glectron mean free path.

e
e, m, E, and c- have their usual designation.

DEVINS and BURTON used equatiom 3.2 for the svaluation of 3.
snd the reported high value (1.4 s.v.) was a consequence of a combination

of wnfounded values for E, )., aad . Thus for example, they used a

1

field strength of 63 V cm , a consarvatively low value for  (0.024),

2

and & value for 7\.0!6.7::10' cm which was taken from BAILEY snd

DUNCANSON'S data at & pressure of 1 torr,

Accepting the validity of BAILEY and DUNCAMSOM'S data and
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aessuaing a Maxwellian distribution of slectron snergies, it can be
shown (Appendix 2) that the number of electrons with energies in
axcess of 4.5 e.v, (uuz-u bond energy) sad at mesm slectron enevgles

of 0,1, 0.2, and 0,74 e.v. are less than 10"‘0 9

, 1077, and 1072
respectively. With the exception of the last value, it appears that
virtually no electrons are avallable to rupture the (Hllz-ﬂ) bond by &
single collision but, nevertheless, breakdown of the ammonia does take
plece. This implies that unless some other mechanism is responsible
for the dissociation of ammonis, then the validity of BAILEY and
DUNCANSON'S date and consequently the values of & evaluated for thie

study may be in doubt.

This {s an observation which hes no precedent in any
published literature on emmonia decomposition in the glow discharge .
and it 1s not easy to establish why it has been so completaly overlooked,
Undasirsble operating conditions could be a commen cause but reluctance
to account for such unexpected surface phenomamon in a gensrally accepted
gas phase system might be a better reason. It sust be emphssised that
the exact nature of this deposit and the processes leading to its
formation are still not completely umdersteod.

A survey of some receat uuntur-“”

regarding alloys of
fvon containing traces of non-matals failed to ideatify any sllvy
containing the threas non-netals, namsly hydrogea, nitrogen and carbom,
togother. This observation coupled with the fact that the x-ray
diffraction patterns showed the cell structure amd lattice spacing of

the deposit to be almost identical to those for the steel from which the
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snode was fabricated, and yet have a very different physical sppearance,
suggests only one possible explanation for its formatiom. During the
course of the dischsrge, re-orientatiom ia the structure of the stesl

may have occurred which caused some of the iron atoms to be replaced by
hydrogen, nitrogen, and carbon atoms and this ve~arrangement inavitably
led to the complete breakdowa of the nature of the steel (n.r.'tmsm“m’).
The reason why such deposition should only take place at the lower ammonia
flowrates could be attributed to the fact that under these conditions

the concentration of the species responsible for the formation of this
product are higher then those at the higher flowrates. Turtherwore, if
one assumas that the migration of these species towmrds the anode 15 a
diffusion controlled process, then the higher flowrates will hinder such

& process due to the upwerd displacement of these species by the momentum
of the gas. Support for this arguement comes from the observation that
at the highest flowrates, only a faint deposit is produced covering the
upper rim of the snode. FPurthermore, when operating with the pulsed
discharge for long periods ( > 10 hrs.), the umount of deposit was found
to be very small in comperison with the coutinwous discharge. This

again &s possibly due to the much smaller concentration of species

produced in the pulsed discharge.

The source of the carbon observed in the deposit in such
large amounts (2.72% c.f. 0,06% in the steel) is questionsble. One
possible source is the small traces of carbom dioxide (40 ;.p.l) which
ore present in the smmonia. If it 1i»s asswsed that all the carbon
dioxid: is decomposed by the action of the discharge and that all the
resulting carbon is being deposited on the enode, togethar with the
other species required for the make up of the product, thea at en
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amonia flowrate of 50 cc/min (STP), the amount of carbon resulting

in the product will be 2,34 x 10™°

gms/hr. The percentage of carbon
in the deposit was 2.72%; this will represent an overall deposition
rate for the compound of 8.6 x 10'“ gas/hr. This is found to agree
surprisingly well with the experimentally determined rate of 8.5 x 10™°

gms/hr, measured by weighing the total product after a lang rua.

¥Finally, it is necessary to show that the amount of hydrogen
and nitrogen taken up by this compound is only a small fractiom of that
produced from the electron decomposition of smmonia. If this is mot
so, then most of the calculated results such as molar coaversion to
hydrazine, overall amnonia conversion, etc. may be im error, Table 3.2
is calculated from Run 1 (Appendix 4), in which eomonia is decowmposed
at the highest current (10 mA) and lowest flowrate (30 cc/min) resulting
in the highest deposition rate of 8,5 x 10™* gms/bhr. It is evidemt
from this table that the rate of gemeratiom of the gas phase products
(N, + H) is geatly in excess of the rate of adsorption by the steel.

Usicg simple kinetic consideration, it is possible to explain
qualitatively the influence of these parameters on the couxse of the
reaction and hence the product yleid. The overall resctions leading
to the formation and dagradation of the hydrasine have already been
discussed in Saction 2.2 and have heen taken to be;

Nl!3 + @ —m “nz + B 4+ e 0000000(5.3’

mz + “uz—————c— nzﬂa -.-oo-c(soa)
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N, + e —— Products (alz.u2 and mt:) enossesel3.5)

Nz!!“ 4+ H ——— Products (“2’“2 and mls) cecesnse(3.6)

As In any kinetic scheme, the relative importance of each of the above
raactions will depend on the operating varianbles and the rate comstents.
If we assuma that the rate constants are not significantly influenced
by the operating conditions, then thc gas rosidence time, which is
inversely proportional the gas flowrate, and the electron density will
determine tha extent of szmonia decomposed and hydrasine formed,

In a gas discharge the electron density is taken to ba a
direct function of the discharge current. Accepting this fact and
considering the reactions (5.3 - 6), we observe that at long residence
times and high slectron densities (highar curvents), there is an
incressed probability that hydrazine decompositiom will occur. According
to reaction (5.3) these conditions should enhance the rate of the
primary decomposition reaction to give a higher overall asmonia
decomposition whilst the enargy yield of hydrasine, which is considered
to be a measure of thase degradative resctions, will be adversely
affected as shown in Figures 4.16 axd 4,18, As the products from these
degradative reactions will be nitrogam, hydrogen and ssmonia (see Chapter 1)
then a smaller percentage of the deconposed ammonia will be converted inte
hydrasine at higher currents and longer residence times (Figure 4.19).
These findings are consistent with tha photolysis work of NcDOMALD ctd(”)
and the gas discharge works of CARBAUGH ot a1%%) 4ng mmensow et a1¢73),

The observed dependence of the ovarall conversion to hydrasine
on the dischsrge current sad ammonia flowrate, as depictad in PFigure 4,17,
is also & consequence of the postulated kinaetic schame.Figure 4.17 shows
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that there is uo hydrasine at zero residence time but as the latter

is increased, at a constant curreni, some hydrasine is formed and
consequently some will be simultumecusly deyraded. Since the
concentretion of hydrasine at this stage wiil be very amall, the rate
of the forward reaction will Le greater than that for the backwerd
reactions and as & vesult soms hydrasine will escape the discharge
3one. At higher residence times, the concentratiom of both the
hydrasine and the hydrugen atoms is f{ncreased and the effect of the
back reactions becomes appreciable, This will eventually give amximm
in the converslom curva, At still longer residence times, comparable
with those obtained in a batch reactor, wost of the hydrasine will
inevitably be converted to hydrogen, nitrogen, and smmonia. The
position of the maximm will be dependent on other operxating varisbles
such as current, pressure, etc, In this present work, Pigure 4,17
shows that ouly et a current of 10 wA was theve a maximum. There are,
however, few cxamples in the lLiterature whare thess curves were fully
astablished such as the work of ANDERSOM et al \7%) g savace(3V),

The overall conversiom to hydrasine together with the enargy
yiclds obtained vithout besm scasmuing are prohibitively low, but
nevertheless, they seem to be in ressonadle sgresment with most published
422283873 1t has been customary to velate the inefficiemcy of
hydrasine production in the glow discharge to the degradative back
teactions, but careful atudy of the present data shows that there are
two other factors comtriduting significamtly to this effect:

(1) Enexgy Vastage in ths slectrode layers:-
It wo3 mentioned sarlier that the combined potential drop
scross the electrode layers (mainly the cathode) was 475 volts. Since



<107~

the normal discharge voltage ley botween 630 - 730 volts, some

65 = 75% of the total energy was cousumed is these regions of vhich
about 49 - 574 was dissipated in cthe megative glow. This region
comtributes neither to hydrasine formetion nor to ameomis dacomposition
since as well as being a reglon of high energy intensity, 1t was

completely by-passed by the ammouia flow.

(11) 1Inefficlent emaexzy tramafer between elaectrons and ammonia

molaculas~

Since the electrons have an emergy distribution (probably
Maxwellian) around a mean value that {s much smaller than the (Ni{z-l!)
bond energy (4.5 @.v.), & very small fraction of the slactrons will be

able to dissociate the ammonia through a single impact. The exact
value of this mean anergy was shown to be somewhat quastionable dut
even if wa assume an upper limit of 1.5 e.v., we find that only about
127 of the elactrons have energies in excess of 4.3 s.v. (ses Figure A2,1,
Appendix 2). This will imply that the majority of electrons wndergo
diverse impacts with the ssmonia leaving the latter with an excitational
encrgy lass than 4.5 e.v. These partially excited molecules can either
be fully excited by further collisioms with electroas or retumn to
theixr ground state energy level with the subsequent emission of light,

It is the latter process which accounts for some evargy loss.

The foregoing emergy loss processas will uandoybtedly have
an adverse effect on the energy efficlency of the discharge. Excluding
the energy lomses in the electreds layers saud taking the wmeximm
theorstical yields of hydrasine and ammouis to be 133 and 141 gms/kih
(see Appendix 2) respectively then,

energy efficiemcy, 7/ = %

"Z was calculated for both hydrazine and ammonia (based on power
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dissipation in the positive column only) and are shown grephically

in FPlgure 5.2 as functions of discharge current snd ammonia flowrsate.

Figure 5,2 indicates that the meximum encrgy efficilency for
amgonia decomposition does not exceed 32%, This will imply that
even if no hydraxzine is to be degraded, the energy cfficliency for its
production will not be expected to exceed this value and the fact that
it is lower than 32% (mmciowm 8%) is a direct result of degradative
reactions, The extent of these reactions will be expected to be
minimal at the highest flowrates (shortest residence time) and lowest
currents, and hence the resson for higher efficiencies under these
condkions. In the case of smumonia, ”ZNa seams to be independent of

3
the discharge current. Strictly spsaking ome would expect ”?m to be

higher at the lower currents due to the higher reduced slectric :mu.
E/p. Higher E/p values will mean higher mesn electron energies and
consequently greater number of slectroms with energies in excess of

4.5 e.ve The fact that '7“3 does not vary with the discharge current,
suggaests that multiple electrom collisions could de s» important, in
dissoclating smmonia, as single mxcitatiomal collisioms. At Agher
currents, the fact thet fewer ensrgetic electroms are available for
single axcitational impacts is compensated for by the grsatar prodability
of multipla collisions due to the larger electvom density. Therefore,
1t could be concluded that in thess discharges, the exteat of the

priasry reaction i{s much wors influenced by the current them the voltags.

Another point of interest which stems from Figure 5.2 is the
sdverse effect of lower smmonia flowrats om "] - The reasom for
this observation is spparent from ths postulated kinestic scheme. At
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longer residence times, 1.e. lower flowrates, the higher concemtration
of the Heatoms will enhance the rate of hydrazine decomposition which
will subasequently reform some of the decomposed ammonias and hence

In oxder to quentify the effect of scanning froquency on

activation residence time and fraction of amnonia irradiated or subjected
to the discharge, it is necessary to make a mmber of basic assumptionss~

(1) the flow pattern in the reactor is approximated by a plug-flow
wmodel. This i3 not an unreasoncble sssumption as tha Reynolds Numbera

did not excesd » value of 10,

(11) omly the visible glow of the discherge is responsidble for chemical

activation.
(11i) the physical sizc of this glow {s umaltered by scanning,

{(iv) all those runs which involved multiple scans of the molecules are

omittaed.

The residonce tims ( T ) is govarnad by both the axis) gas
valocity as well as the horisomtal scenning valocity. As mentiomed
eaxlier the discharge beam was wedge shapad and of rectamgular croas-
saction, so that at any tadius (R), the discharge dimensions may be
taken as height (i) and width (w) #s dapicted in Figure 5.3. At this
radius the gas will flow axilally with a velocity (v) whilet the
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discharge plane moves at right angles with a velocity (2 A RN), wherc
N is the speed of rotation or scamning frequency. The resultant
velocity of the gas relative to the discharge i{s then represented by
the vector (V) im a direction (8) relative to the lower edge of the

discharge plane, Two cases are now of interest,

(1) t < t,

This corresponds to the situation where the gas velocity is
high relative to the scanning velocity. It is clear from Figure 5.3(A)
that those molecules entering the discharge along the width (w - x) will
have & constant residence time given by (L/V) where L is the path length

at an angle (@), However, since,
sin & = H/L = /¥

it follows that the residence time (L/V) is given by (H/v) which is
equal to s i.e, the molecular flight time across the discharge height.
Similarly, gas molecules entering the discharge through plane sectiom (x)
will have residence times ranging from O ~ tys Thus defining a mean

r-sidence time ( T )1

T (wHx) = £y (W = x) + zeg) t veensesl5e7)
Defining x:
ten © n H/x = Vv/2 A RN

“ tmt' x - 2 TRWV b 2 ﬂ’ RN tl ‘.n.lt.(s.s)

Substituting for x in equation (5.7) and reerranging,

_C - tltzltl + tz .'00...(5.9)
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where, t, = H/v ; t, = w/2 A RN

Qi) g =8
This situation is depicted in Figure 5.3(B). Again all
molecules entering the discharge via the plane (x) will have a constant

residence time (L/V) where L is the path length in the discharge at

angle @, Since in this case,
cos @ = w/L = 2 A~ RN/V

it follows that the residence time (L/V) is equal to (w/2 7' RN),

f.e. t All other molecules entering the discharge will have residence

2'
times ranging from O ~ tz. Hence again:

— W
Z"(zw""X) - t2x+2(2) tz 0001-000000(5010)
Defining x:
tan © = H/w+x = v/2 A RN
30 th‘t, x = 2ARN tl - W 000-0011000(5011)

Substituting for x in equation (5.10) and rearranging givess

Z‘ tltz/t1+tz 0."......'(5.12)
wvhich is identical with equatiom (5.9) as expected. In the special

case where t; = t,, equation (5.9) indicates that,

—
—

. = tl/?' - t2/2
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Two limiting conditions are immediately apparent from the

foregoing:

— OO

This is the case corresponding to N = O, {.e. no scanning.

From equation (5.9) this situation will give, 7 = £

(B) _t ety
This is the case where the discharge width {3 very small or

the scamning velocity is much higher than the gas axial velocity,

According to equation (5.9), T t

2!
Since the discharge beam had a finite width (w), the fractiom
of the reactor cross-section scemned by the discharge during the time

taken for the gas to pass through height (H) 1s:

w
F¢ = T7r T 8 Y
= N(tl + tz) .'.......‘(5.13)

Assuming that only the visible glow is responaible for chemical activationm,
equations (5.9) and (5.13) were used to calculate both Z and F, at
emmonia flowrates of 200 cc/minm, 100 cc/min, and 50 cc/min (STP), using
the discharge profile at the anode surface. The result of this
computation is shown graphically in Figure 5.4, It is apparent from
Figure 5.4 that increasing the scaming frequency (N) will increase F s

but at the same time a reduction in T is incurred. Also, at a given

N, both Fs and T are higher for lower gas flowrates., Points a, b, c

represent cases where the whole of raactor cross-section is scanned by
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the discharge during the time the gas tskes to pass through the
discharge height. Beyond a, b, ¢ further increase in N will lead to
maltiple scanning of the gas molecules but the mean residence time will
remain éonstant. This implies that if a molecule scanned once, twice
or n times, the cumulative residence time will be the same in each case.
It follows that for very high scanmning frequencies this device will be
identical to the pulsed discharge in some aspects. The pulse ON-time
will be given by (w/2 7V RN) while the pulse OFF-time will be equivalent
to (2R - w/2 7T RN). The only difference between this davice end the
pulsed techmique is that in the latter the pulse ON and OFF-times can
be varied independently whilst ia the former the ratio of the (ON-time/

OFF~time) i{s always a constant.

(b) Effect of Scanning Frequency on Ammonia Decomposition and

ragine F ti

The observed improvement in the energy yield (Figures 4.30 -
32) and molar conversion to hydraszine (Figures 4.27 -29) is merely an
attribute of a reduction in the activation residence time during beam
scaming. Interpreting the effect of scanning on the overall ammonia
converxsion (XHHJ) is not as straight forward since a reduction in the
residence time and the degree of by-passing will both have a bearing on
XNH3 but in an opposing msnner. Analysis of the results of zero
scanning frequency (Figure 4.16) will show that xuu3 decreases with
decreasing residence time end it follows that the advantages of beam
scanning in terms of increasing total irradiatiom will be largely offset
by the decreesse in activation tims. It is the net result of these two

opposing factors which accounts for tha slight increase in Xyy Vhen
3
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the dischar,e¢ beaw is made to rotate (I'igures 4,21 - 23), In certain
clrcumstences, particularly at low discharge current, thesc two

factors tend Lo compensate and as & result no apparent increase in X

N,

is observed. At higher curreants, however, there is an lncreased
possibility of ammounia decomposition arising from electron~molecule
collisions and so the amount of ammonia decomposed would be more
dependent upon the number of molecules irradiated than the active

regidence time.

The observed improvement in the overall comversion to hydrarzine
or X“ZHA is the result of two factors; one is the increase in the
fraction of ammonia decomposed and the other is the reduction in
rasidence time. The latter will ensure that more of the decomposed
ammonia will be converted to hydrazime. It follows that even if no
more emmonia ls decomposed during scanning, then the reductiom in the
residence time alone will suffice to increase XNZHA. However, since
in most cases more smmonia did decompose as a result of beam scomning,
the effect of scanning frequency on XNZH was more pronounced than on

A
H (Figures 4.21 - 26).
3

5.3,2, arison reactor perfo ce with and ut

beam scanaing

It has been shown earlier that increasing the scamning
frequency will rcduce the average activation residence time, T . It
follows that if one eliminates the effect of reactant by-passing,

i.e. base performance on the fraction of ammomia actually subjected to

the discharge, then this will be almost identical to increasing the gas
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flowrate at no scamning. In both cases more ammonia is irradiated
per unit time but at the expense of a reducing residence time, The
only difference between the two techniques is that, with scanning the
concentration of hydrazine in the gaseous mixture leaving the reactor
will be greater because a substantially smaller ammomnia throughput is
required to give the necessary activation time. Therefore if we have
a situation where the same emount of ammonia i8 subject to the discharge,
either by scanning or increasing flowrate, then we should expect the
amount of hydrazine produced and ammonia decomposed per unit electrical
energy to be the same in both cases. If this is so, them it would

be possible to predict the reactor performance for simultancous changes

in both the scenning frequency and ammonla flowrata.

In order to justify the validity of this argument, the emergy
yield of hydrazine “NZH&) together with the amount of ammomia decomposed/
Kkih (\'NH3) are plotted, as shown in Figures 5.5 and 5.0, against the
amount of ammonia subjected or irradiated by the discharge ( M'). The
data at a discharge current of 10 mA were used but all those runs which
involved multiple scans were omitted, The energy yields ware bascd on
overall power consumption rather tham the power dissipated in thc positive
column because the latter could mot be assessed accurately during
scanning., The amount of ammomia irradiated was taken as the product of

the mass flowrate and the fraction of the reactor crossesection which is

scammed by the discharge, that is,

“’ = MEXFS o.---oooc(Sollﬁ)

where,

M, = gms NH, irradiated/hr
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M, = mass flowrate, gms/hr

F_ = fraction of reactoxr cross-section scanned by the

discharge

W
- N(tl + tz) Ld “(tl +m) ....-..(5.13)

Pigures 5.5 and 5.6 indicate that at a particular value of

Ms both YN H and YNH appear to be higher for the case of no scammning.

This mpuza“m: it 12 more beneficial to increase the amount of

smmonia irradiated by virtue of higher mass flowrate than by fixing the
flowrate and increasing the scanning frequency. Now, {f we assume

that the physics of the discharge, and in particular the positive column,
is not seriously affected by beam scanning then it is not unreasonable

to expect this apparent discrepancy to be a direct result of some invalid

assumptions which were made in the evaluatiom of F s

The first of these asssumptions was the absence of turbulence
in the resctor. This was justified by the low Reynolds numbers ( < 10)
which suggested a plug-flow regime. Further substantiation was obtained
by conducting a simple experiment in which a stream of air was injected
into the ammonia flow from a fine noszle (I.D. = 1.5 mm) positioned
on the lower endplate of the reactor. The pressure of the air reservoir
was kept just above the operating pressure of 10 torr, thus ensuring o
steady and slow stream with the least pressure disturbances in the
reactor, It was observed that when the discharge in ammonia was struck
and made to rotate, it was only when the beam was vertically above the
nogzzle that thore was a significant change in the colour of the glow,
This observation was considered as a positive proof for the absence of

turbulence in the reactor,
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The evaluation of Fs also assumed no changes in the physical
size of the glow as a result of beam scanning, If a contraction had
taken place then this would have resulted in lower values of F than
those predicted by equatimn (5.13) and consequently the amount of
ammonia irradiated would have been lower than those given by equation
(5.14). Contraction of the visible glow would have also had an
adverse cffect on the energy yield of hydrazine as a result of higher

power densities.

In order to test whether this factor was contributing to
the observed deviation from the expected reactor performence (Figures 5.5
and 5,6), a few experimental nms were cerried out at low scanning
frequencies ( < 40 min‘l). At this speed it was possible to idemtify
visually the absence of such contraction. These runs were expected
to give energy yields of hydrazine consistent with those predicted
from Flgure 5.5 for the case of no scanning and at the same values of HS.
fmmonia at a very slow rate of 10 cc/min (STP) was used in order to give

high values of F‘ at these low scemning frequencies.

The results from these runs are given in Table 5.3 and it is
evident that the observed yields are an order of magnitude lower than
those predicted from Figure 3.5, These observations clearly justify
the assumption that scanning does not alter the physical dimensions of
the visible glow. It follows that the discrepancies in Figures 5.5 and

5.0 are probably a consequence of some other reasom.

The third and the mwost significant assumption made in the
evaluation of F_ was that the plasma was made up of a single primary

reaction zome which occupied the same volume as the visible glow. 1f
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TABLE 5,3
Ammonia flowrate = 10 cc/min (STP)
= 0,429 qs/hr
Optioum scamning froquency = 40 min”
Diacharge current = 10 mA
Discharge voltage = (30 volts
Scamning Fo a M, Observed \’N Expected YH I
frequency from eéqu- 5.13 gms/hr gms/kwh 2 g Fio .5 ¢
%"1 Trom Heded
25 0.67 0.288 0.0324 0.41
40 1.00 0.429 0.0342 0.64
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this premisc is mot true and in fact it is possible for the primary
reaction zone to extend latterally to regions fer beyond the vistble
zone due to unhindered electron diffusion, them the eveluated valuas

of Fs are in error.

The existence of a zome beyond the visible region was
established uaing the electrical probe described earlier (Section 4.4.4),
The tip of the probe was positioned parallel and a few millimeters from
the surface of the anode, By rotating the discharge beam through 3600,
the probe was made to experience different plasms regions and thus
produced a series of voltage pulses which were diaélayed on the
oscilloscope and later pbhotographed (Figure 5.7). Each pulse in

Figure 5.7 is made of:~

(1) a flat portion or zero probe reading corresponding to regions

where no plasua exists,

(1) the remainder of the pulse corresponds to regions where the
probe is experiencing the existence of the plasma and thua
produces voltage signals corresponding to the position of the
probe in the plasma.

If the pulse ON and OFF-times are t, and t, respectively
then the ratio of the effective plasms volume to the overall effective
resctor volume will be tllﬁ.1 + t,). Figure 5.7 was used to evaluate
tljltl + tz) at discharge currents of 10, 5, and 2,6 mA and found to be
0.625, 0.69, and 0,72 respectively. These figures indicate that the
majority of the plasma appears to be invisible to the eye snd it ia for

this reason that no account has been taken of 1ts: existence and
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effectiveness in any published literature. Here, these regions are
believed to be responsible for some chemical activation and are
consequently called the Active Dark Zomes (ADZ). It follows from what
has been sald thatay correlation which does not take into consideration
the ADZ will inevitably lead to discrepancies of the kind depicted in

Figures 5.5 and 5.t.

Accepting the new plasma volume (visible + ADZ) then the
optimum scanning frequency, necessary to ensure irradiation of all the
ammonia molecules at least once, will be substantially smaller than
the previous case. These scanning frequencies have been evaluated

at the operating conditions of interest and are shown below:-

10 ma 5 mA 2.6 mr
NH, flowrate Optimum scsmning frequency N N
cc/min (STFP) N ain
200 335 280 253
100 168 140 127
50 64 70 04

It is apparent from the above table that most of the
experimental data given in Appendix 4 correspond to cases of multiple
scanning, that is the case where every ammonia molecule is subjected to
the discharge more than once, In this case, although the cumulative
residence time can be evalusted, the fact that the amount of ammonia
decomposed and hydrazine formed are not additive with the number of

scens, 2 comparison between the data with and without beam scanning will
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not be possitle.  In ovder, thercfore, to establish a correlation

between Y; 0o Yz“ and Ms when the ADZ are taken into consideration,
"2 3

it was found necessary to predict some values of Y. and £ . , at
N,H, “nH,

scanning frequencies corresponding to the case of partial irradiation,

from Figures 4,30 - 32 and Figures 4.21 - 13 respectively. For every

scauning frequency Ms was calculated and YN " and YNH were then replotted
24 3

against Ms as shown in Figures 5.8 and 5.9. It is evident from

Figures 5.3 and 5.9 that a much bettar correlation i{s obtained thus
substantiating the hypothesis regarding the effectiveness of the ADZ

28 regzions of chemical actf{vation. Figures 5.8 and 5.9 suggest that the
effect of increasing M_ by an increase in the scanning frequency is
indistinguishable from the case where the change is brought about by an

increase in the ammonia flowrate.

5.3.4., Correlation of Experimental Data with and Without
Beam Scamming

Unfortunately a rigorous kinetic analysis of the data has not
been possible because all the factors necessary for this line of attack
(such as the concentration of different species and their energy
distributions and the rates and cross-sections of the processes involved)
were totally lacking. Furthermore, the uncertainty regarding the
concentration of electrons and other species in the dark areas of the
plasma made this kind of enalysis even more difficylt, FPor these
reasons the influence of the operating variables on the reactor performance
was found to be best presented empirically in the form of a grouped

parameter.

Grouped parameters have been widely used in gas discharge work

and the most common of these {s VASILEV'S(IOI) specific energy or the
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ratio of power input to the gas flowrate (W/F). The theoretical
justification for using W/F has been recently dealt with by DECKERS(IOZ)
but in most of its application the limitations asivesate oOf the theory

haw been grossly overlooked. For instance, theoretically W/F should

only be appliéd under conditions of constant electric field and electron
current density, such as the case in the positive column of a DC discharge,

but in almost every applicatlon(m’n’zz'ag) the

overall power input has
been used which clearly implies the inclusion of the very much higher
field in the negative glow., This will not only give a higher hypothetical

average ficld but 18 also quite unnecessary in cases (ammonia/hydrazine)

where the negative glow is lmown not to contribute to product formation,

In cases where the reaction pressure is also a variadble,
modified versions of VASILEV'S specific emergy have been adopted such as

(18) (89)

W/PF used by WALLER and SERGIO end WP/F used by SKOROKHODOV et

.1(103) . CARB wcu“o“)

on the other hand successfully correlated his
data for ammonia decomposition using the product of discharge current
and residence time (IT). The latter is a simplified version of VASILEV'S
parameter where the reciprocal of the gas flowrate (1/F) is replaced by
the residence time (7 ) and the voltage is eliminated by replacing the
power (W) by the discharge current (I). This treatment will only be
valid if the influence of discharge current om reactor performance is
more significant than that of the voltage. This has been shown to be
so for the present study (Section 5.3.1) end for this reason and due to
the failure of Wp/F (where Wp is the power in the positive column) to
correlate the data satisfactorily, the product (I1Z) was also used to

correlate the present data. Here T is replaced by the mean residence

time, Z , and since the latter is related to the gas flowrate as well as
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the scanning frequency, the product (IT) will include all the operating

variables studiaed.

In order to demonstrate the significence of I T as a
correleting perameter, the overall ammonia conversi.n, Xj, is plotted
as shown in Figure 5.10 against I T using all the date except those
which involved multiple scans. 7T 1is calculated from equation (5.9)
using the plasma profiles gilven by the probe, :{j is the conversion

Lased on the fraction of reactor cross-section scammed Dy the discharge

and is given by,
X W ev— ..-00000(5.15)

It is evident from Figure 5.10 that I T correlates the data satisfactorily
and it appears that higher conversions are obtained at higher 17T . It
therefore follows that in order to keep xJ constant when the discharge
beem is made to rotate, it i» necessary to increase the discharge current

by such an amount so as to compensate for the reduction in the msan

residence time and by doing so keep the value of 1T at a constant level.

As far as hydrazine formation is concerned, the fact that I T
is shown tc determine the extent of the primery decomposition reaction
suggests that the energy yield of hydrasine, (Y), the molar conversion
to hydrazine (iNZHa) and the oversll conversion to hydrasine (X,) should
also be functions of the parameter IT . Again X, is the conversion
based on fraction of reactor cross-section scanned by the discharge beam

and is given by.

xi - T— 00000000(5016)
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The parameticrs Y, iﬁzﬁk, and X, are plotted against 1T as depicted

in Figures 53.11 - 13 ond it is cvidemt that apart from a slight scatter
in Pigure 5.12, the narameter 1T scems to correlate the data reasonably
well. Figures 5,11 - 13 indicate that both Y and §N2H4 bear an
exponential relationship with 17 whilst in the case of Xi the curve is
typical of & product being formed and then degraded reaching 2 meximum
conversion of 0.195 wt.% at an I T value of 1.¢ mi.sec. The corresponding
values of the cnergy yleld and wolar comversioms are about 0.7 gms/kWh
end 6,8% respectively but higher values are possible at lower valuecs of
1T . The moximum conversion in Figure 5.13 is by no means the highest
obtainable with this device; 1ndeed conversions of up to 0.26% are
possidble (Figure 4.2t) but these were not fncluded in the correlation
because multiple scans were involved, It therefore follows that
Figures 5.10 - 5.13 must not be considered as representative of the
efficiency of the beam scanning device. They merely show IT as a

significant correlating parameter for that part of the experimental data

which fell in the category of partial scamning.

5.4,1, Effect of Pulse OFF-Time and Ammonia Flowrate

The observed energy yields and overall comversion to hydraszine
(Figures 4.35,38) agree qualitatively with those reported by SAVAGE(ZL)
and BROWN et a1(27) but quantitative comparison {s not possible due to

the wide differences in the reactor designs and to differences in the
range of operating variables studied. Neither of these groups of workers
considered the degree of ammonia by-passing the discharge zome which

would also contribute to the lack of quantitative agreement.
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The higher energy yields obtaimable from a pulsed discharge

have been usually considered to be a result of two factorss-
(a) a much shorter activation residence time,

(b) a substantially higher reduced electric field resulting in

higher electron energiles.

In this study the reduced electric field at the onset of the discharge
is found to vary from 37.4 V.c:n.l.tr.mr'x"'1 for an OFF-time of 0.1 msec to
62 V.c:n'l.torr'1 for an OFF-time of 10 msec., These values have been
corrected for the combined cathode and anode falls of 475 volts
estimated for the DC discharge. It follows from the extrapolation of
Pigure 5.1 that the corresponding mesn electron energies are around

2.2 e.v. The fraction of electrons with energies greater than 4.5 e.v.
1s around 20% (Appendix 2). This may be compared with a maximum value
of less than 17 for the continuous DC discharge. This comparison
suggests that, regardless of whether the decomposition of samonia is
single or multiple collision controlled, the energy efficiency of the

pulsed discharge must be far greater than that in the continuous case.

In order to verify this point, the energy efficiency of
ammonia decomposition, /qNH3' and hydrazine formatiom, nuza‘. were
calculated (Appendix 2) for the range of ammonia flowrate investigated
and are shown in Figure 5.14. A comparison with Figure 5.2 (continuocus
pC) shows that although IQNZH“ is greater for the puised discharge, no
significant improvement in “7“ is observed. A likely factor which is
believed to be responsible for 21;1; discrepancy between the expected
and actual efficiencies of ammonia decomposition is the very short
pulse duration used in this study. As mentioned earlier (Sectiom

4.6.3(b)) the overall pulse ON-time was 4.5 /Auc but the majority of
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the current was found to decay over the first 0.3 sec of the pulse.
It follows that if the decomposition reaction is multiple collision
controlled then, because of the availability of such short a time,

the probability of fully enexgising an ammonia molecule will be
reduced. Consequently, those molecules which are only partially
excited after the completion of the pulse will be deactivated by
collision with other ground state molecules, It is this deactivation
process which accounts for some energy loss and subsequently lower

values of QNH:"

It follows from what has been sald that despite the presence
of more energetic electrons in the pulsed discharge, the fact that
”l,m is unchanged secms to suggest that the apparent increase in
3

”2“ y over that for the continuous DC discharge is a result of less
2%
hydrazine degradation rather than the enhancement of the electric field

as claimed by BROWN et al<27).

5.4.2, Effect of Beam S

The rcason for the limited improvement in hydrazine formation
as a result of beam scanning can be explained in the light of the
proposed hypothesis regarding the effectiveness of the active dark
zones of the plasma in promoting chemical reaction. Using a similar
method to that employed in the coantinuous DC discharge, the effective
plasma volume (visible + dark) was estimated to be 70,5% of the total
effective reactor volume (Figure 3.15) at a pulse OFF-time of 2 msec
and 677% of the total effective reactor volume at pulse OFF-times of

0.5, 0.2, and 0.1 msec, This implies that the optimum scanning
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frequencies are 60 min © and 57.5 min"t respectively instead of the
reported 195 ain™! (Section 4.6.3(d)), when only the visible glow

was considered as a region of primary reactions. In other words, the
majority of the data fell in the category of multiple scanning. Here,
although the cumulative active residence time remains comstant, the
average activation residence time of a molecule per acan gets
progressively shorter with increasing scanning frequency. Hence, for
the continuous DC discharge the overall picture may well be analogous

to a pulsating system having a relatively long pulse duration (order

of few msec). Nevertheless, even with such long pulse duration, some
advantages over a purely continuous discharge will be expected and
hence the reason for the continual increase in hydrazine formation
after the optimum scanuing frequency has been exceeded (Figures 4.26,32),
In the case of the pulsed discharge, however, these scanning frequencies
are not expected to be of much advantage since the discharge is itself
pulsating at a very much faster rate and with a very mmich shorter pulse

duration { < b/mscc).

3.4.3, Correlation of Data with and withoyt Besn Scanning

One possible way of describing the effect of ammonia flowrate,
pulse repetition rate, and scamning frequency (for the case of partial
scanning) will be to use a parameter known as the pulse number, n*.
This is defined as the average mumber of pulses a molecule is subjected

to during its residing time in the discharge and is .tlnrctorc given by:-

n* = mean residence time x pulse repetition rate

* = 1
oY n - T x p‘l.‘ m"ti‘ 0000000000(5017)
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where T is the mean residence time given by equation (5.9). Since
T takes into account the effect of both the flowrate and scanning
frequency, then n will contain all the variables studied. Now,
since nf' represents the number of irradiations per unit time, then it
is not unreasonable to expect that higher values of n* will inevitably
increase the chances of hydraszine degradation whilst at the same time

increase the probability of ammonia decomposition.

In order to verify this point of view, the parameters
describing the pcrfomce of the reactor, namely Y, 3’(“2“‘. Xy» and X,,
are plotted against n as shown in Pigures 5.16 - 19, x1 and xj are
conversions based on actual smmonia subjected to the discharge and are
evaluated from equations (5.16) and (5.15) respectively. As expected,
Figures 5.16 - 19 indicate that although higher values of n* favour
ammonia decomposition, both the energy yield and molar conversion to
hydrasine are adversely affected. The effect on the overall counversion
to hydrazine, however, is again analogous to that on a pfoduct first
formed and then degraded by back reactions. The absence of a maximm
in Figure 5.18 suggests that higher concentrations of hydrazine ere still
possible at higher pulse numbers. These findings are again in
qualitative agreement with those of BROWN et 31(27) who first introduced

» the use of the pulse number as a correlating parameter.
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0,0, HECOMMENDATION FOR FUTURE WORK

The present work has shown that by using a scanning beam
reactor it was possible to eliminate completely any ammonia by-passing
the discharge zone. Unfortunately, the benefit of this device in terms
of hydrazine production, and in particular with the pulsed discharge,
has not been fully appreciated. This has been 30 because a substantial
proportion of the reactor volume was occupled by what is described as
active dark zones. Although analysis of the experimental data have
indicated that these regions contributed to hydraszine formation, their
full significance is still not understood. It is therefore recommended
that some work aimed at establishing the physics and chemistry of these
plasma regions should be carried out. Such work should establish
imformation regarding the clectron density, energy distribution, and
whether or not hydrazine is formed preferemntially in these regioms.
Furihermore, the effect of electrode separation on the physical size of

these reglons, in relation to the visible glow, should be determined.

The acamning beam reactor could be utiliszed in fields other
than hydrazine synthesis. One possible application would be in the
lnying down of organic films. This device has few adventages which

will encourage such application,
(a) It provides a much larger substrate surface areas,

(b) As eleactrode heating will be less severe, the adverse effact of
high temperatures oun the rate of film lay-down will be reduced.
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7.0, CONCLUSIONS

7.1. cContinuous DC Discharge

7.1,1. Etlectrical Effects

(1) The discharge was operated in the subormal glow region where a
decrease in current was accompanied by an increase in the discharge
voltage. At a fixed curremt, an increase in the voltage was also
incyrred by beam scamning. It was found that the higher the current

and scamning frequency, the greater was this increase.

(11) Using an electrical probe, it was established that a substantial
proportion of the active discharge plasma was invisible to the naked
eye. These areas are believed to be respousible for some chemical

activation and are consequently called active dark gones.

(111) with the discharge beam statiomary, the potential drops across the
cathode and anode layers were found to be 360 and 115 volts
respectively. The sbnormally high value for the snode potemtial
drop was believed to be the result of the deposited film on the
anode.

(iv) The reduced electric fields at 10, 3, and 2.6 mA were found to be

L Using BAILEY and DUNCANSON'S

6.6, 8.7, and 10.8 V.cm
dsta, the mean electron emergies at these three current levels
were found to be 0.1, 0.2, and 0 74 ¢.v. respectively. These very
low mean energies suggested that the decomposition of smsonia

took place via multiple rather than single excitatiomal collisions.
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7.1.2, Chemical Fffects

(1) At low smmonia flowrates ( < 50 cc/min) a brown deposit was
forned on the anode which had the following compositions-

83.48% iron; 5.96% nitrogen; 2.72% carbon; 1.84% hydrogen.

(11) The effect of operational variables on hydrazine synthesis was
found to follow the same trends as those reported by other
investigators in this field, namely high discharge currents and
lower amuonia flowrates although favouring ammonia decomposition,
were found to have an adverse effect on the energy yleld end molar
conversion to hydrazine., The effect of current and flowrate on
the overall conversion to hydrazine was similar to that on a
product which is first produc,ed and then degraded by back reaction,
The rate of hydrezine pro&nct‘:pfon the other hand, was found to be
independent of the diacharge curremt but/a;.ncruse with increasing

ammonia flowrates.

(111{) The emergy yields and oversll conversion to hydrezine were found
to be prohibitively low; maxisam (without besam scanmning) were
3.63 gms/kWh end 0.124 wt.% (based on total ssmonis flow) respectively.
This is believed to be the result of not only the degradative back
reactions but also the energy wasted in the electrode layers as
well as losscs due to inefficient energy transfer betweaen elactrons
and smonia molecules. Of the total electrical enerxgy some 3 -
75% was dissipated in the electrode layers and of the remainder
over 68% was lost, probably as light and heat, due to diverse

electron impacts with the azmonia molecules.

(iv) 1t was establighed amnalytically that an increase in the scemning

frequency was accompanicd by a decrease in the mean residence



(v)

(vi)

(1)
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time (T ) and an increase in the fraction of reactor cross~

section scamnned by the discharge (F‘). At a given frequency

both Z and F, increased with decressing flowrate. At frequencies
in excess of the optimum value (frequency when F. = 1), the
cumilative residence time remained the same but the average
residence time of a molecule per scan got progressively shorter

as the scanning frequency was increased.

At a fixed discharge current and ammonia flowrate, both hydrazine
formation and amonia decomposition were found to increase with
scanning frequency. However, the influence on the former was
found to be more significant. Furthermore, the effect of beam
scanning on ammonia conversion was found to become progressively
less marked at lower currents. The maximm increase in hydraszine

formation was over 100% whilst that of ammonia conversion about 25%.

The effect of discharge current, ammonia flowrate, and scamming
frequency was represented empirically in terms of s grouped
parsmeter which was the product of the discharge current and mean
reajdence time or IT . It was found that although higher values
of this parameter favoured ammonia decomposition, both the energy
yield and molar conversion to hydrasine were adversely affected.
The overall conversion, however, increased with increasing values
of I 7 reaching a maximum of 0.195% at 1.6 mA.sec. Beyond this
point further increase in I T resulted in lower conversions,

1.2, 1sed 8

7.2,1. Electrical E

The operating voltage for the pulsed discharge was much greater
than that for the continuous discharge; 1.5 - 2.1 kV as compared



(i1)

(111)

(1)

(11)

(11)
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to 0.63 = 0.73 kV.  Also, the voltage was found to be higher
for she longer pulse OFF-times.

The reduced field strength in the positive column was found to
range from 37.4 - 62 v.m'l‘.t.or:r'1 giving a mean electron energy

of around 2.2 e.v.

Although the visible chamnel of the discharge was found to be
much narrower than that for the continuous discharge, the overall
volume of the plasma (visible + dark) was not found to be as

widely different.

7,2,2, Chemical Effects

Higher energy yields and molar conversions to hydrazine were
obtained at longer pulse OFF-times and higher ammonia flowrates.
These conditions, however, gave low overall sasmonia conversions
and overall conversions to hydrazine. The rate of hydrasine
production was found to be higher for the shorter pulse OFF-times

and higher flowrates.

Although the energy yields of hydrazine obtained were considerably
greater than those obtained with the continuous discharge (maximum;
29 c.f. 3.63 gms/kwh) the energy efficiency of ammonia decomposition
was found to be unaltered. This wes contrary to what was expected
and the reason was attributed to the very short pulse duration used

in this work,

Unlike the continuous case, beam scanning was found to improve

hydragine formation snd semwonia conversion only marginally. The

increase was observed for scamning frequencies of less than 70 uin'l.



(iv) The effect of pulse repetition rate, ammonia flowrate, and
scanning ‘requency was described through a parameter called
the pulse number. High velues of the latter were found to
increase asmonia conversion and overall conversion to hydrasine
but both the energy yield and molar comversion to hydrazine were

decreased.
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ROMENCL, . TURE

Throughout this thesis the symbols used have been explained

locally to avoid confusion and repeated reference to this sectiom.

However, a complete list of these symbols is as follows:

A Constant in equation (2.19)

a Constant in equatiom (2.20)

a Linear dimension of a reactor

B Constant in equation (2.19)

B Constant in equation (4.1)

b Constant in equation (2.20)

01'2 Constant in equation (4.1)

< Constant in equation (2.20)

c Mcan random velocity of electrons

E Field strength

Et Energy in a pulse

E(t) AC aelectric field stremgth

E, Peak AC electric field strength

e Electronic charge

F Volumetric flowrate

F, Fraction of reactor cross-section scanned by the discharge
£ Frequency of power supply

H Height of discharge glow or anode depth
h Planck's constant

I Discharge curreat

1 Instantaneous current
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J Current density
K Scale-up factor
K Rate constant

Rob’ kl’ kz, kd Rate constants

L Projected molecular path length in the discharge

M Mass of gas

Mf Mass flowrate

M‘ Fraction of overall gas subjected to the discharge per
unit time

m Electronic mass

N Scanning frequency

N* Optimum scanning frequency

o Pulse number

n, Electron number density

n, Positive ion number density

P Pressure of gas

R Radial position of a point in the discharge with respect
to the cathode

T Distance between a point in the electrode gap and an
electrode

S Surface area on an electrode

T Temperature

T Pulse duration

t Time

Y Molecular flight time across discharge gap

t Duration of a pulsed signal produced by probe response

to positions in plasma

t, Time during which the probe is not experiencing the
existence of the plasma

t, Time of discharge sweep at the anode
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Pulse decay time

Pulse formative time lag

Pulse width

Pulse rise time

Pulse shoulder time

Discharge voltage

Peak discharge voltage

Striking voltage

Instantanecus voltage

Velocity of gas relative to sweeping plasma
Axial velocity of gas

Velocity of an electron

Drift velocity of an electron
Acceleration of an electron

Total discharge power

Power in the positive column only
width of discharge glow at radius R
Energy yield

% Overall conversion to hydrazine
% Molar conversion to hydrasine
% Overall ammaonia conversion

% Overall conversion to hydrazine based on fractiom
of ammonia subjected to the diacharge

% Overall ammonia comversion based on fraction of
ammonia subjected to the discharge

Angular distance moved by the dischazge plane during
the flight time of a molecule across the discharge
height

Electron energy

Mean electron emergy
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Fraction of electron energy lost in a collision
Tate coefficient for electron-ion recombination

ingle between the molecular path in the discharge
and the lower edge of the discharge plane

Space charge demsity
Density of float
Density of gas

Surface charge density
Electron mean free path

Frequency of emitted light

~ Energy efficiency of the discharge

Kesidence time
Mean residence time

Mngular velocity
Chms
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APPENDIX 1.

AL.Q. _INTRODUCTION

The application of the crossed dischaxge for gas discherge
syanthesis was first reported by m(zs) in 1947, Since them and
spart from the woik of CHARLTON(10%)

conducted in this field. Charlton failed to substantiate Cotton's

no further research has baem

claims on the higher chemical activation provided by the crossed
discharge and could not forward amy possible axplanation for Cottom's
results, but merely concluded that they ware paculisxr to the apparatus.
It was this complete contradiction which prompted the praseat study.

It vas felt that & further independent study wes necessary in orvder to
decide vhather or not Cotton's claims ware at all founded.

It should de pointed out that when this work was about to
commence, the adventages of uvm's(“’ pulsed discharge work on
smmonis wers not fully recognised. Comsaguently, it was matural to
explors sltemative ways of applying electrical energy such as the
crossed discharge.

Mmonis at a pressure of 10 terr was used as the reactaat gas.
A comtinuous DC discharge was struck batween twe plate electredes and
s high frequency (1.34 Mia) fileld, in the form of a corema type doudle
barrier discharge,was applied scross the positive column of the BC
discharge. Dy doing so, it was axpected that the pesitive columm will
got sctivated due to am increase in the field strength and at ths same
time more diffuse. 1If this was o0 an imprevement in both the energy
yield and overall ceaversion to hydrasine was to be axpected.
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A2, EXP AL

A2.1, Discharge Resctor
The reactor consisted meinly of a 6" long silica twbe (1) with

two Bl9 sockets, one at each end. The external and internal diameters
of this tube were 23 and 19 mn respectively, Arownd the ceatre of
this tube was o stainless steecl band (3) fitted closely to the surface
and acted as the high tension slectrode for the H.P. circuit. The
band was cooled uniformly by a jet of compressed alr from three
coaxial glass rings which were drilled with small holes divected into
the centrs. Two Bl9 comes (3,4), each with a side arm to facilitate
the flow of asmonia, were fitted on the silica tube as showm in
Figure Al.1l. One carried the cathode (2b) for the DC circwit whilst
the other carried the anode (24) for the same cfircuit, together with
the earth terminal (8) of the H.F. circuit.

The cathode was in the form of a 15 am diameter stainless
steal plate with & smooth surface and curved periphery to minimise edge
effects and to prevent the occurrence of sparks. It wes secuved in
position by a 1/16" stainless stesl rod (10) which was itself emclosed
in s capillary tubing (11). The latter wes fused to the cemtaining
Bl9 cone (3) to ensure good vacuwm. The snode was similar to the
cathods except thet the former had 2 53 mm hole through fts axis to
allow for the earth terminmal of the H.F. cirzcuit. The latter was ia
the form of an /8" aluminiva rod enclosed in & 3 sm bove high precision
silica tube (9). Without this shieldiag there would have been two
earth terminals for tha high temsion DC electrede thus preventing the
occurrence of a true crossed dischargs. A glass to metal seal (6) was
used to position the anode. Electrical commection to the anodes wes
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made via & '/16" stainless steel rod (7). This and the silica shielding
tube (9) passed through a rubber bung st the end of the tudbe (6) and
sealed with Araldite adhesive for vacwum tightness.

Except for the omission of the Tospler Pump unit and the gas
ssmple trap, the flow system was the sams as that described im Sectiom 4.2
(Page 62),

The H.F. power (1.34 Miis) was supplied dy o 1 kW rated cutput
Radyne generator and the generator described i{n Section 4.3.1 (Page 63)
was used to provide the DC powsr. In addition to the messuring
fostruments listed earlier (Page 67), tha following were also used,

(a) Yoltmeter

The DC voltage weas measured using s moving coil meter with
appropriate series resistances emabling voltages fa the range O - 1 kv,
0« 3 kV to be measured,

(b) M2, Millismsater
This was a Cambridge Unipivot milliammater incorporating six

thermocouples. These enabled curreats as low as 1,0 sA ts De mesasured
accurately. The instrumeat gave ths R, 8, value of the N.F. curreat.

(c) Save Anelyser

An Alrmec wave analyser type 833 was employed to deteruine
the harwonic contributions of the tuned H.F. curzemt. With this
fnstnument, it was possible to messure harmonic frequemcies of wp to
30 Mis.
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(d) Hayng Rerr Bridge

To measure the various circuit capacitances a Wayme Kerr
Bridge Bi2l was used. The bridge had an operating frequency, f,
such that 2 T = 10‘ Mis. The instrument was capadle of measurement

in the 0 ~ 10 pF range correct to 0,002 pF.

o3 t

In order to prevent the DC discharge arcing a ballast
resistor of 15 k<1 was placed between the generator cutput and the
reactor. Due to the high frequemcy of the applied AC power, care was
taken to minimize the effect of atray capacitsnces snd imductances of
the loads. Earth loops wers also elimimated by wsing ome common
earth point on the Radyne generator. In adédition, the residual stray
capacitance, between the circuit components snd from each cupoment to
earth was cut to a miafmum by mot usiag screened leads except for the
oscilloscope measurements. The millismmeter was placed in sn earthed
metsl box to preveat the pick-up of stray curreats. The inductamces
of the leads were kept to a minimwm by wsing short commections between
components and laying imput and output lines in parallel wherever possidle.
Finally, in order to keep the H.F. current out of the DC clivcuit limes,
two 20 i high freguency chokes were used as shown ia Pigure Al.S3.

Ada4. H.F. Powex Neasurement o,

Dus to the capaciiive natuze of the discherge, the power
messurement necessitated the evaluatiom of the pewer fecter, This wes
first achieved by displeying the voltage and curreat waveforms ea the
oscilloscope and then measuring the sagular displecement. This amgle,
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es depicted in Figure Al.2, was found to bs too smell for accurate
moasurement snd consequently this method of power evaluation was
abandoned. Instesd the phenomencs of pavallel rescnance, proposed

by waLLr (18)

» was used, liere, the current and voltage were browght
into phase by incorporating s variable air capacitor (7 - 130 A0

and an 0.4 sl inductor in the civcuit as showa ia Figure Al.3.

At resonance the met current is composed of the fundamental
and harmonic components aad is given by~

1 = ll sin(wt + ’1) + tz sin(2 0t + '2) + 13 sin(3 ot + p,)

Feessossnvecacecnst 1‘ lh!(nwt'l"‘) 00.000(“01)

shere,
I = mpnat peask curremt
Il = fundemental peak curremt
Ij0v00p1, = hamaic pesk curreats

ﬂl.......iﬂ = phase lags
Squaring equatioen Al.l we get,
e (1) sia(wE+ ) + 1, sin(2ot + 6,) + Ty sta(3 ot + B+,..)0
= 1% an(or + 4) + 1,2 atat20t 4 4y) + 1,7 atad (30 4 ) +
a1, sia(ws + 6) sta@2ot + §,) + 2,1, sla(wt = 6))
sin(3wt + #y) + ..

M,W%chmoflmzuﬂhm t=0amd te 2
as 4 and that of each produst of two dissimilar sines a8 seve, them:

2 2

2 +1,5 4 0000 voseserses(Ale2)
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2 2
But, Taax’? ® Troms
. P SR B y
. xk,“.s (!1 +lz ."13 *‘00') ooao.ooa(“.’)

where, lx’ 12, 13, sseny &re pow in R, 8, values, How £ we lat
it s, 1210 e g, ate. theas

s = L+ X+ %+ cres)

orx !l Lo ’_m- octtoo-o(u."

L Y
a +ZZCX)

vhare,
11 = fundsnental current (R.M.S8.)
‘a.n.s = pet currvent measured by the milliammster ot

resonance (R.ll. 8. )

The Alrmec weve smalyser was wsed to determine the values of
X o+ The signal from the tuned civcuit was fod to the amalyser by
comnecting the input lead eccoes ¢ 10 olm resister. Dy selecting the
gensrator supply frequency (1.54 Mis), the instrument was tuned end
the corvesponding sttensator readings vecorded, Onm retuming at
integral msltiples of the fundamental frequency, a new set of attenmater
resdings were obteined for sach harmeeic compoaent. Por esch selected
frequency there was a calibration factor given by the memmfecturer's
data (see Table Al,1) and the value of in decidels, for a particsler
hermonic frequency, wus then evaluated from the foramlase

= (attemuator vesdings whan tumed ts havmenic +
calidbration fector for frequemey of hamaic) -
(attenuater veadings when tuned to the fundmmental
+ calibration factor for frequency of fundemental)



Four runs were carried out covering the operating range of
H.F. voltages and the corresponding attenmations and values of OX are
presented in Table Al,l1., It {s appavent from this table that the
harmonic currents were very small and could therefore be neglected
without incurring a serious error in the power measuremsnt. This was
further supported by the current and voltage oscillograme at rescmance
(rigure Al.4) which show a very slight deviation from sctual sinueecidal

waveforms.

with the discharge cell at atmospheric pressure, 5o that
spark breakdown wes impossidle, parallel resomance was achiasved by
tuning the varisble air capacitor. It was fowund that the twned curveat
was nearly sero at voltages ranging from 550 « 900 volts. This showed
that power losses in the tuned circuit due to the imdustor and weacter
cell geometry was negligidle. The circuit wes them retumed at actual
operating conditions snd the power was taken ss the product of the

current and the voltage.

A crossed dlscharge of the type claimed by corron’?®) coure
a0t be obtained. A tendency for cross cowplimg between the twe DC
electrodes snd the N.P, high temsion electrode slwmys develeped which
vesulted in a discharge comprising three distinct semes, 20 showm in
Figure Al.35. Region A wes considered 45 a true crossed discherge whilst
vegions B end C ware DC supevimposed N.7. discharges.
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Figure Al.4 Voltage & Current Oscillograms

at Resonance

(a) Upper trace=-current; (b) Lower trace=voltage
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The flow of H.F, current down the BC circuit lines was
restricted to a near xerc by the insertien of the H.F. chokes. MNewever,
due to their high impedences (194 k 2 st 1.34 Mils) there slweys existed
some potentisl (300 « 400 volts) at points D and B (Piguve Al.3) which
caused part of the curreat frem region B to pass through the H.P,
millisomater and to be subsequently usaswred. The vemainder of the
current and the whole of that from segion C passed to earth as stray
currents., The relative magnitude of these curremts depended om the
capacitances of these different paths, These capacitances, as msasured
by the Wayne Kerr Bridge, arve shown on Pigure Al.3. On examination
of thess values we observe that enly 70% of the current from vegiom B
is actually msasured by the milliammeter whereas the vest sad the whole
of that from reglom C are not accounted for in the power msasuTemant,

The phenomenon of cross coupling obsarved here has nwo nsatisn
tn either corron's?®) or cuARLTON'S11%3) vk,  Mowever, leoking at
their electrodes configuration (Page 17) cns cen ses for certainty that
such phencmenocn was hardly avoidable. Thervefore, it sould be concgluded
that in both studies oculy part of the overall H.F. power was actually

The purpese of this exercise was net to establish the
effectivensss of the cressed discharge, simce this was not possidie
because of ervonsoms N.F. power measurenent, but vather to show whether
1t was possible te obtain a velatiocashiy similary to that claimed by Cotton.
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Thres sets of experimental yuns were carriaed out st nearly
constant total powers (DC + measured H.F.) of 12, 17, 23 watts, In
every set only the percemtage of tha K.F. power was varied from
0« 100%. In all runs, the operating pressure and amwouia flowrate
was constant at 10 torr and 190 cc/min (STP) respectively.

The results from these runs are showm in Tablas Al.2 - 4 and
are plotted in Figures Al.6 and Al.7 as overall comversiom to hydrasine
ad eergy yield of hydrasine versus 1 K.F, power. PFigures Al.6 and
Al,7 indicate that in sll cases the curves are similar in sppearence
to those reported by Cotton dut in general the data become progressively
sore erratic at higher total powers, The slight improvemsnt in both
the energy yield and overall cemvarsion at reduced % N.F. power could
not be attributed to the effectivemess of tho zrusasd dischargs becsuse,
although the total powsr was asswmed to be cemstant, its actual value
could have besn considerably higher. The nature of Pigures Al.6 and
Al.7 was therefors considered to be the vesult of powsr dissipation in
segion B and C of the discherge (Figure Al.3). The curves show the
ususl maxima associated with hydrasine formation as a function of power.
The scattering of the dats st higher total powers (17 X 23 watts) wes
probably the resslt of a mere éifficult pewer measuremsnt as the
discharges in rvegions B and C becams progressively move predominsat,

8,0, CONCIUSIONS
It was found that wader no civcumstamces could & true crossed

discharge be obtsined. The apparesi imprevement fn hydrasine yleld,
as a result of tucreasing the % neasured N.F. powar, was mersly the

vesult of electrical ensrgy being dissipated in the system but wot
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accounted for in the evaluatimm of the energy yleld. Unfortunately,
there was no way of establishing axactly the magnitude of this energy.
It scems that Cotton's failure to rvecognise the existence of croas
coupling, between the various slectrodes, and its consequences to the
power measurement, lod to his misleading conclusions. It is concluded,
therefore ,thet the crossed dischaxgs is not a wseful way of activating
a discharge.
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APFEMRIX 2.

SERCDEN CALCHLATIONE
A2.1, Hydresipe Produced in s Rp
In all runs hydresine was absorbed in 30 sis of ethylene
glycol. The latter was made up to 100 mls with distilled water after
the completion of sach rwn. 0.3 = 3.0 mls of this solution was added
to 20 mls of coloured reagent for amalysis. Let duration of sach rum

be t mins and the volume of diluted product added to 20 mls of resgent
be x mls M.

dilution ration = 5-{-&

1f the concentration of lzll‘ in the coloured complex wes m p.p.m. them,

total W, collected = m x 1070 x 32LE 4 100 gu,

In ovder te evaluats the actual smoumt of Izl‘ produced fin ¢t
sing, one has to reslise that at the omset of each rum;, 1.0, at the
moment when the gas flow is divected towards the sbeerptien train, the
concentration of nu, ia the smmonia stresm leaviang the empty trep prier
to the one containing the sbserbent will de seve. The cemcentratien
will then rise axponeatially to the steady state value. The time tekem
will be dependent on the ammonia flowrate and the cembined velums of the

empty trap and the gas sampling trap (ses Pigure 4.3). If the latter {s
considered to be V mls, u-ammmuu,n‘nmvuuam

™ = Ix + ¥ % esceseccee(All)



wvhere,

give,

or
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F = smmonia flowrate at 10 mm Hg

= gteady state concentratiom of UL
x = concentratiom of lzl‘ fn the stream leaviag V

Integrating equation (All) end setting x = O at t = O will
r
§ w ] I_t N oooooooooooooo(nz)

t
g - ]l C- n ooootoc-.ooo.o(‘}’)

The shape of the exponsatial curve will depend on the value

of T as shown below,

la

|

increase T

t
It follows that for a vum of ¢ mins, the ares wnder the

curve (A) will be proporticaal to the amewmt of LN collected whilst
the total ares (A,) bounded by the ssymptetes § = 1.0 and t = ¢ will
be proportional to the actual W.K, produced ia t mins. Thevefers,
defining & correction factor, f‘. such that,

fc - ‘h --T-’"_'T escscsessccacs(AlN)
5, Q- o Ma



the actual smount of llzll‘ produced in t mins will be,

aﬂl‘,ﬂ‘ » £ '/t (nx).()"‘nn--i-l xloo)
S—o(l-c' Yét

o.ocﬂnooocoooo(“’)

Dpical Caze (Rwa 1)

In all casss V was estimated to be 2300 mls.

P = 50 cc/uin (STP) = 50 x 76 = 3800 cc/min at 10 torxr
t = 5 mine,
oo £ = 1,13
s = 0,084
x = 1.0ml

.*.  gms W, produces = 1,135'x 0,084 x 10°® x 21 x 100
wlfy

* Al

. ol
o e uuotlzll‘ynhu‘-‘!g x10 x6&

= JSEMND e

A2:3_Overall Comvexaion te Nrixasiag (we.n)

munmnuhlﬂ.ﬁ) - W x 100

Yor Rua 1
smmonis passed in Swins. = 30 x 3 x 0,000716
s 0,179 gms
Tt l.... -"&w:xxo‘
~ Sabbib
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4223, "aexsy Xield of Hrirasins
(s) Contizmeus DC caps (Rum 1)
Running voltage = 630 volts
current = 10w 3
kWl in 3 mins ] w x\&
10
- L33x20%
wh
"+ Energy yield (Y) = M.l..m_:‘
5.8 %10
- fall) vw oa

(d) Pulssd JC cane (Rum 51)

Pulse OFP-time
Energy/Pulse
No. Pulses in 7.5 ains.

Overall emergy

one nzn‘ produced

o'+ Energy yield (Y)

7.9 ning

a
1.083
O.) meec.

33 x 10" a/Pulee

z.u.s_,
0.l x 10

a.5 x 10

35 x 10°2 x 4.5 x 10°

1.579 x 20" W

1.083 x 0.24 x xo" x 21 = 100
3.46 x 10™* gme

TS g

1,373 x 10

2l e /b
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From Section 4.6.2, the overslil stoichiomstric equations for
somonia decomposition wers given ass

m3 — 3&1 + ': secescenncsee(AlB)

Ms —_— llz + n:“‘ -oooonoo.oooo(“*’)

Asswme the percemtage molar compositien of the gaseous mixture
leaving the reactor is x% hydvasine; yi nitrogan; s hydregen. y and a
arve given by the gas chromatograph whilst x is calculated from y end &
mzb-rﬁuthoMndmutlmmummA). {4
wve consider 100 moles of gasecws mixture them,

SONPBARE m wt, in 100 moles
[T 80—
Ilzli‘ | 32x
¥, Yy 28y
uz s s
=, 100=(x + y + 2) 170100 = (x + y + 8))

total wt, of mixtuvre = 1700 4 L3x 4 lly ~ 13a
» wt, of ssmonia befere decomposition

T DRTIRTIGTTS, <1

‘“‘.“l’ = 0,158 ¢ 001")/(” - 0,13 &ll‘)

or x

eecescscs{AlB)

Also, meles of ssmonis to produce 100 woles

of mixture - .IZ!B;:;liiff.llz.:.lal

= 100 4+ 0.88%+ 0.647y ~ 0.0822



«159-

*

« « ovarall smmonia couversiea, X‘m
3
+
- 00 4 O, 30, Y - 0. 2 x 100 ....(Al&)

sad wolar conversion to hydrasime, l.

2%
L] ﬁ;’ X ‘w oooo»o-.-{“-lO)
Iypical case (Rum 1)
xuzu‘ = 0,112% {wt.)
y = 1.115%3 (wolar)
s = 30““ (.m)
o.a X = W (Dht)
o X o LlE (mle)
i'z“b = Wit (wolar)
Abads  Enexgy Rfficisncy of Sha Blacherxas

tmmmmuuammocm(u,-mmmu
4.5 a.v. or 104 kcals/mols, then the maximsm theoretical yleld of
hydrasine will be 133 gee/ih according te the fellowing eymatien,

ﬂs '—"—".:“ + .3 ooo.oooooo-(““’

Stmilerly, the mexisum theorstical amewat of ammsais decemposed per

b will be Al gas. 10Ty, and Ty ers the saeryy yleld of Mydcetine
snd the smount of smmonis decemposed/kilh, them the efficiemcy of the
dischargs will be,

o - e e
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md M n-%'xmoz
T
r
PN
r
Thea, ”Ztm .%_ﬂl

overall conversion of amonia %
¥ = mass flowrats, gme/hr

o
2
.

W = discharge power, k¥

Since in prectice the ssmonia is fesnd te by-pass the negative
glow, the enetgy efficiency is based on ths powsr éissipated in the

positive columm.

Ixpical Bxamples

(a) Contimmous RC Pischaxss (Rus 1)

&' s 3.39%
F = 50 x 0.000716 x 60
u 2.148 gus/hr
W e 1.35 x 10° (power in the pesitive celum)

'azn‘ w 1.5 gua/itih (based en power in the posisive colum)

e nzu‘.%tm
-“1

a3 x 2a088
-»
WMy Ml x 1.9 x 10°

-n‘
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(b) Pulsed DC Discharge (Run 48)

Pulse OFf=time = 2 msec

12

inergy/Pulse = 24.4 x 10 © kiwh (total)

12

Energy/Pulse = 18,6 x 10~ kWh (positive columm only)

"nu3 = 0.,054%

F = 2,148 gms/hr

YN n o 15.7 gms/kwh (based on power in the positive
27 column)

,'2“2“‘. = 15.7 x 100/133

11,3%

F/Pulse
i, o
141

NH, Energy/Pulse

6,45 % 10°5
- -~.T~—
18.6 x 10”12 x 141

= 24,6%

In a gas discharge the energy distribution of tha electroms

is usually taken to be Maxwellian and the number of electrons having

energies between € and € + d€ is givem by,

2N y e
-/ S
N(S) a6 = =t I: (%) e % 4 ] corense(A2.14)

where,
N(€) = number of electron in the emergy band d€
N. = total ommber of electrons
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€& = mean electron energy = kT ¢
k = Boltzmann conatant

Te = glectronic temperature.

From (A2.14), the number of electrons having emergles in excess of €

will be given by,

o0
5 €
N(G) - ‘/———g S (%-) e /% d(s") ooooo(“ol’)
N m 6-
€/6m
Equation (A2.15) was used to evaluate the fraction of electrons having
energies in excess of € as a function of s « The result of this

fu

computation is shown in Figure A2.1.

22.7. Calculation of 8 P c

“rom Section 5.3.2(a) the fraction of reactor cross-section

scanmed by the discharge at s frequency of N Mn'l 13 given as:

F = N(tl + tz)

- Ntl + th

¢l -’v*
But tz TR

b &.
. w F‘ = Ntl + TR

The optimum scanning frequency will correspond to F s being wnity
1 -

.. L
e N.h = ""{"‘L -.........-..(Az.lb)
1

(a) Contimuous DC Case

The values of "1 correspouding to the thres flowrates

{nvestigated, namely 50, 100, and 200 cc/min (STP), are 0.266, 0,133,



wl(3=

and 0.0665 sec. rospectively. Also, (-Z-WLR—) was estimated to be
0.1275, on the assumption that only the visible sone was responsible

for chemical activation.

. N = 16.232 13 X 60 = 197 ain.l (at 50 cc/min)

- L 8.13?75 X 50 = 384 n:ln-l (at 100 cc¢/min)

= 1(-).&3575 x 60 = 787 min"' (at 200 cc/min)

(b) Prulsed DC Case

Here, scanning was investigated at a flowrate of 50 cc/min only.
Due to a slightly greater cross-~sectional area available for gas flow

(section 4.1), t, was calculated to be 0.298 sec. Tha value of

—
1 2 TR

was estimated to be (0,032,

N - 1525832 x 60 = 195 min~}



Fraction of clectreons with cnergies greater than €

10”

io”

10

10°

10

10

€ - c¢lectron
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Y Absorbtancy
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Figure A3.3

Concentration of Hydrazine (p.p.m.)

Calibration Curve for Hydrazine Determination
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w 50 cc/min (8TP)

Ammonia flowrate

Peak current = 130 mA
Pressure = 10 toxy
Rum OFF=time =time Peak voltage Beergy/ ’u
pambex - .. A0S I | A— m.‘g__
51 0.1 6.0 1,433 33
32 0.2 3.3 1.80 30
53 0.3 3.0 1.86 28.4
48 2.0 4.5 3.0 3.4
34 10.0 3.0 2.1 18.6
wratin  ratio pepem. molis ok 8
- . J— e J—
7.3 a1 Q.24 1.7 0,335
13 a1 0.292 0.76 0.233
15 11 0.282 0.267 0.079
13 11 0.113 0.033 0.014
13 S 0.0%925 0.0064 0.,0006
Oversll HH, Overall Molar Rnargy yield
conversion conversion conversien of WH,
% to Hzli‘ to '2"6
MER I - ik
1.268 0.203 17.1 3.406
0.586 0.1183 1.3 4,72
0.22 0.0602 19,0 6.3
0,034 0.,0246 49.0 12.0
0.0104 0.009 93.0 28.8
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