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CHAPTER 1
A _ v

’*'1%([" . . INTRODUCTION

1.1>C029LASERS,AND'HISTORICAL REVIEW

a

. . RO : .
%?’ \Z In recent years there has been a 51gn1f1cant demand of
h1gh power carbon d10x1de lasers. From ‘the standpornt of
:'potentlal 1ndustr1a1 appllcatlons, the carbon d10x1de 1aser

tunquest1onably ranks f1rst. The CO laser offers both high .

e

power and hlgh eff%c1ency, at an 1nfrared wavelength Carbon
dioxide lasers have been used to weld metals, cut ceramlcs,f

.~ and perform many other materlal proce551ng tasks.

“The first discoyery"of cw laser action in.a Co, gas .-
’ dlscharge was reported by Patel in 1964 [1 2] /An. average
’ .. pover output of approxxmately 1 mw at 10. 4 um and 9 & um was

) obtained. An 1mportant advancement for the CO2 laser was the'
- o S s
use of a nﬁxture of'CO N2 and He, as the active medium~

{3-57. This mlxture allowed an increase in power output and
eff1c1ency N exc1tes the CO molecules to thetupper laser

level, via- colllsions between v1brat1onally exc1ted N

7

"molecules and ground state CO molecules. The role of He, 1s
to. cool ‘the gas, by a1d1ng in the depopulatlon of the. lower

Co, v1brat10nal energy level; thereby ma1nta1n1ng a large'

?
population inversion. .

. -
v, -



- The early experlments we;e performed w1th slow gas

flow. - Using a CO-—N'—He gas m1xture 1n a 7.7 cm 1n51dev,b

.-

diameter by 230 cm long water cooled dlscharge tube with

slow gas flow, . Patel et. al. [5] obta1ned 106 W of average"t

power at 6.2 percent eff1c1ency In 1969 the ut111:at1on'of

fast#flow1ng—gas technlques« for CO lasers was‘ reported

These technlques‘lncreased the output power obtalnable‘per
PRI S

,unlt‘length of d1scharge by several orders of magn1tude and

"made poss1b1e mult1k1lowatt electrlcally exci ed lasers'in

~

' reported a ,ﬂzg-{w power output’ :

produced by u§1ng a 10 cm long, 13, 5 mm i.d. d1scharge tube

at a pressure )range of 10-120 torr.- The cool1ng of the
system was prov1ded by rap1d removal of hot gas from the;
dlscharge reglon. Tiffany et al- [7]- and’ Targ and Tlffany

[8] used closed—cycle gas coollng technlg}es and succeeded

”;ﬂln obta1n1ng a self—contalned CW KW Co, laser hav1ng alm

act1ve length "~ The ‘CO£-N{fHe gas “m;xture is. rec1rcu1ated
. through a_.heat .exchanger_ followihg forced%;conwectidn

. transverse hto the \opticai vcavity and theb electrical’v

dlscharge. The transverse geometry permlts eff1c1ent cool1ng°

even at moderate flow veloc1t1es ( about 30 m/sec ).

>
\

Inrco' lasersremploYing sfow—flow velocitles,'and'at
hlgh are power, the walls are “not’ effect1ve in cool1ng the »

gas in the large—dzameter tubessrequ1red | h1gh power., On

)the other hand 1f the gas-flow transxt time is much fast;///



J N

d'-than the characterlstlc t1me for dlffu51on to the walls of
~the laser channel ‘the. excess heat absorbed by the gas from

'the d1scharge is swept away by the flowlng gas. In thlS

: case, the laser med1um is. cooled eff1c1ent§y by convectlon,r
: k4

rather than by d1ffus1on to the walls.

\For hlgh—poyer compact low—we1ght CO 1asers convectlon

-coollng'of ‘the gas medlum is de51rable. Heating of the gas

3

tauses’ degradat1on‘ of _the “population 1nyer51on; pr1mar11y
becatse of pOpulation of the-lower states. In the case of.
coollng by d1ffu51ong5 the maximum power output per unit

volume (E ) scales as @g%

(1.1)

\ R

‘ - v. 2 ) . . .
-Po “I_P)\C/d. - . \
where ¢ is the thermalimolecular-velocity, d is the diameter

of the dlscharge tube,;f is‘the gas density ‘and A is the

mean free path of the Co, molecules in the gas m1xture. It .

is obvious from EQn. 1.1 that-the avallable power output pet --°

unit volume decreases with i ea51ng dlameter, at the same
=2 .

rate at wh1ch the volume 1tself Tsflncrea51ng, leaving the

spower per un1t length unchanged . Also, the mean free path?

is 1nversely proport1onal to gas dens1ty, so that these two

h

factorS' effectlvely cancel each ‘other.‘ Hence, no net
1mprovement int the awailable power output results» f£o£]
Changing the gas density. ‘The only alternatlve optxon for
~increasing power. output in’ d1£fu51on—cooled 'lasers is to ‘
o - :

increase the tuhevlengthf Such tube scaling has‘led to 73.m. .



PO

long CO lasers, used for radar tr sm1tters' hav1ng output

powers in the few kilowatt range [10] : B v‘ v ’

However, when forced convectlon is the domlnant coollng

mechan1sm the maxlmum ava1lable power output per un1t‘

’volumeﬁgs proportlonal to /d [7}, wherm v is the

flow ~flow 21

 flow veiv 1ty and d{mﬁ'ls the dlstance through the actlve

%

laser region in'the direction’ of the)flow In th1s case the

"

active region. Therefore, 1t_'is ‘possible  to consider

“increasing ' the - density ofvgthe ~gas . mixture, with a
.. . k-o . . ~

~

~

;mean free path 1s no- longer 1mportaht to the cool1ng of the

R

corresponding\increase in thﬁ available power output per .

unit volume._ The attract1ve feature_

of th1s fast flow

concept has led to the use of aerodyn m1c technlques by. Hlll

[9],'whereby contlnuous electrlc dlscharges were pwoduced

N

unlformly over 1arge volumes in near—son1c COi\h'—He flow

systems. A laser power 1n excess of 20 kw has been achxeved

Ve

-

in th1§ man'ner.. ) f“ T i o o e

'- . 3

The desirable features obtalned wlth a hlgh—volume

flowzng gas laser . are° (1) dbnvectlve coollng reduces the_i

thermal populatlon of the‘lower laser level (2) laser- pump

power can be 1ncreased because of more effectlve coollng,

1

and (3) the flow ‘of new materlgl 1nto the laser actlve‘

regioq 1ncreases qbe potent1al laser: power that can’ be

L

’saturat1on patameter) o | "l" S

-obtained from the dev1ce (1e.v 1ncreases _the] dev1ce s‘



- short exc1tat1on

To obtaln hlgher energles in ‘higher pressure lasers,
- ] ‘ '\ B c . - SN
the .idea *of reducing the “electrode spacing was 'used.

Howé(si>yas~the pressUre is increased, a plasma glow—to—arc

'tra£Sition - becomes more probable. Such a transitiorn- is .

appearanCe_of a bright wyhite arc in the discharge, and a
decrease: in the voltage drop across the gas. When‘am\arc
L )

"_dlscharée occurs, . it will -terminate laser action by ‘a
combinatiOn of (i) dropplng the electron temperature ‘and

(ii) heatlng the gas. In the development of the TEA lasers,

v1mes less 'than the glow—to—arc transition

tlme_ are necessar'. - The wutilization  of preionizatiorn

: téch?i;ues in. high pressure lasers was benefioial,;such as

the.f; e of UV by Seguin and Tulip [11], and the use of

electron beam by'Fenstermacher'et.'al,_[12]. .
=

-

- A major research.jnterest in the hlgh—power CO laser'
field ihg'the ‘last 'seyeral years ;has_ been 5to rdev1se-

gechnlques . that  will. 'permit ~ the operation . of

electr1cal~dlscharge CO lasers in the atmospﬂerlc pressure

range.__Pla*sma 1nstab111t1es are the major problems to ‘be

'marked;'by' a sudden - increase in .plagfla current,  the

overcome at these hlgher'pressures. The technlques-dlscussed.V

éxg{'ln [11] and [TZ] are d1rected toward the olution'of*

'theSe-f pnoblems. ~Under hlgh—dlscharge" power , ahd/Or

hlgh—pressure 'condltmns, the performance characterlstlcs of .
‘hlgh—power CO laser dlscharges are. ser1ously affected by_

the development .of gross plasma, nonun;form1t1es;_ wh1ch"

' mahifest themselves _iﬁl'the form of pulsatihg. arc—llke



o . - # . . . : . .

current -filaments._ These plasma 1nstab111t1es leadb»to a

*

reduet1on 1n“laser power and eff1c1ency, and 51qﬂlf1cantly

3

'compllcate the development of eff ct1ve and useful lafser
| scallng:crlterla.‘ | <:jf |
1.2 PROBLEMS ASSOCIATED WITH CO_ LASERS

~ R - B . S

- The development of convection cooling techniqueS-for

molecular lasers represented ‘a major advande in thesi

-state—of—the—art.A Moreover,' with - the surface of the

_containment vessel no longer serv1ng as a heat- 51nk much_

greater ‘flexibility in dzscharge conflgurat1on and operatlng

',condltlons became p0551b1e. 'As a conseqynce, the scal1ng of‘_

b

o convect1on—cooled molecul!! lasers to large volumes and'hlghv‘

pressures hasibecome a reallty’ However, 1t~has been found,

that for- many cond1t1ons of 1nterest large—volume convectlon

" lasers are SUb]eCt " 'to- the - occurrence . Of_ plasma

instabilities, that may prevent atta1n1ng hlgh electrxcal

power den51ty levels. Th1s represents a serlous problem

which Challenges further advances in the high power-laser‘

industry. - L -
¥ . ..

: The most common manlfestatlons of plasma 1nstab111ty in

glow dlscharges are"the occurrence of ionlzatxon'vwaves

; (s—triatibns) as ‘reported ‘by Pekarek” '['13]' and gth'_er‘mal

constr1ct10n (glow collapse) as. studied by Ecker :

[14] Occas1onally both the strlatxons and the glow collapse-

- vare observed s1multaneously, as reported by Garscadden [15]
. - %

. ali



7These two ba51c types of 1nstab111ty are tﬂe ones commonly.-7
”,observed in electrlcally exc1ted molecular laser5°.whether
'or not an external source of 1on1zat10n is used to susta1nl '

: LS
the plasma.

'jl?3 TYPES OF GLOW DiscaARGE INSTABILITIES Y

-

Ionlzarlon waves (striations) and thermal constrlctlon

(glow collapse) are “the most 1mportant 1nstab111ty typesr'

?“l.obsérved in electricaliy excieed.molecular lasers. Moviog
trlatlong/were first observed in an “Argon p051t1ve column

‘ by Geotle [16] Mov1ng strlatlons in: Co, laser mlxtures were

\' observed in a self—sustalned convectlon dlscharge by N1ghan-
et. al. [17]); gnd in an electron—beam sustained dlscharge by

' Douglas;Hamilton and gMan1[18,19] and by  Vitshes et. al.
—{20]. fThe striation oode of 1nstab111ty -inl Co, laSer
» discharges ‘ocCure“ as a -consequence of negative—ion
prooUtlon;’and-is referred| to ‘as electron attachmenr;induced
ionlzetiOn “instability. THe "glow 'collapse‘ instabilitf
[2l-26] has the most serious conSequences for hlgh—power

laser_applicacions,‘since~ite occ rreﬁce'osvally establishes:

the haximum electrical power density that can be achieved. A
detailed review of these two types of instabilities follows.

1.3.1 CHARGED-PARTICLE PRODUCTION INSTABILITIES (STRIATIONS)
, | - , | .

The striations (also called an ionization instability)

results from temporal amplification of an imbalance between.



’

charged lpartlcle produtlon and loss processes, doring‘ af
dlsturbance ~in  plasma - propertles.e nghan et. ‘al. [17]p1
"establlshed a criteria for calculation of plasma condatlons,
leadlng .to, ionization. 1nstab111ty im plasmas generally
’employed in h1gh—power moledular laser appllcatlons. It was'
found from their study, that negatlve 1on formation plays ani;
1mportant_role rn cau51ng this 1nstap111ty. For cond1tlons
’t§pical of electrically -excited CO? ‘laser mixtures,
appearance .of anfionization instability requires alnegative

. ion concentration greater than . one—tenth that of the,

electrons, combined with an electron témperature value below

approximately 1.5 eV,

)ﬂ"_ ’ Theoretical and experimeptal, studies of‘ negative—ion
(} :%xjocesses in weapkly 'ionizer} ‘'glow discharges‘Qve been
ﬁy/ described"by Nigﬁan_and wiegapd [27], The objective ot that
’Qork: was to 'determin;hvand? explaihv\the initial"causes of
instabilities in charged—partic1e7,production' and - loss
.processesiin molecu{arpdiscﬁarées, in which negative ions
are present and prodocea by dissociative\eleCtron attachmeht
of CO, co or 0,. It was shown, ‘that when the electron and
negatlve—lon den51t1es are comparable, an attachment ratev-
whlch 1ncreases strongly w1th electron temperature can cause
a mode of 1on1zat1on 1nstab1l1ty, even when the plasma is
sustazned by an external source of 1on1zat1 n. Further, the'
growth rate of th1s .attachment indu ed 1on;zat1ona
instability is strongly ‘peaked, in'jthe:.direction’ ofihthe:A
steady electric_field. The hltimatelmapifestation5of-this”



‘mode of ionization instability is in the form of a‘striaied
)blasma.

w

For the ionizqtion instability to occﬁr, a positive

' feedback mechanism is requ§re?. Such a mechanism canblead to
an electron atéachmént—inducéd _ioﬁi;atioh instabi%itf, if.
the ~effect o£ the electron Eemper?ture .disturbance |is

sufficient to - ovetcome  fhe - damping ipgluénée' of
, , e

NS

recombination and detachment processes. This is\&llustrated
by the'seqdénte diagram shown in fig. 1.1, where compakison
is‘made~§ith the si#ugtion encountered when negative ions
ére’_not preseht (cése A). In case (A), viépization and
recombination -ate dominant _because of the absence of
negative ions. In_thfs cése; an’initial local fluctuation in
the electron dénsity is aéCompaniéd by a local decrease in
the .electron temperature; Ip a self—sustained dischargé,
where the rate of recombination is-much’g%ea;er than ‘the .
ionization rate, a decrease /in the-électfon density 6ccurs.
This  résu1£s in a negative feedback mode which has a

stabilizing effect. S

| In case (B) where negative ions are ﬁreséht, attachment
and detachment bécome the dominant processes. It the
electroq Sttachmeh@ rate is an increésing function of the-
éleétron temperatp:e,'and compérable't? the ionization rate,
then the }oss of electrbngikésulting from eleétron—molecule

~attachment dominates over . electron production from

e . . ' L . . -
lonization during a positive fluctuation. in electron



.

.fhe contents of tﬁis page'hgs‘been rémoved because of éhé";
‘unavailability of copyright permission. |
Contents: ' o

Fig. i;l Ionization inStabi1ity mechanisms.

Source: | o |
W;L; ﬁighéh and»W.J. Wiegénd,lPhys. Rev.'A;TVol.,10, No.-3,‘p. 
922 (1974). S o

)



temperature. The.'dominance of attachment over'.ionizatiOn'
during a.diéturhance favors-a53inverse_rélationshiprbetween
disturbances -in’ electron temperature: and electron density
a and a positive feedback mechanism is then established- ‘thus

' causing an 1nstab111ty

Douglas—Hamilton and Mani [18,13]‘describedhthe*ﬁlasma
'instability ’in an electron—beam :ionized discharge. kThis_
instability occurs in the form of current osc1llations in
gas: mixtures,, in.‘which the_»dissociative attachment rate
increases strongly with electric field. The principleh of
external ionization providesb a -stable-_discharge "even in
high—pressure (3760 torr) gases where a:steady'state is set
up between‘production of-secondary electrdns'by the external
source and 1oss of secondary electrons by recombination andc
attachment processes. Under steady—state conditions,fa local
increase in the electric;field resmlts in the lowering of
. the electron density, ‘and hence:_the' conduct1v1ty. To
maintain a constant current density, 7the electric field_
increases further, resulting in an enhanced attachment rate.
Thus an'instability occurs which is almost the inverse of
the ionization instability;'since increasing the electric H
'fielc results in a. reduction rather than an 1ncrease of the
electron den51ty. ThlS attachment xinstability has been,
identified 'experimentally in a uhigh—ﬁressure’ externallyi
ionized discharge. The 1nstab111ty manifests 1tself 1ngthe'

form of oscillations in the_discharge current.

4 v .



'The;hydrodynamic'stability_of'a blasma with'negativefr
fons.in'a'constant‘electric fleldvuas-studied theoreticallys
fhy'ﬂOraevskii et.' al [28] ' w1th the assumptlon that-/the':
negative ions are formed‘through the dLssoc1at1ve attachment‘
dof electrons to molecules. The mechanlsm for format;on of
_negatlve 1ons is g1ven by .e+XY=x+Y . CaLculatlons were
"carried out for two cases-ﬁ 'those Sﬁy/;hlch the .charged
particles recombine at theAwalls, and those recomb1n1ng in
the:'interior regionr-.lt was found that if the rate_ of
dissociative attachment exceeds the growth,ot the ionization
. rate as the electron temperature ls raised the”plaSma.is
‘.unstable. This 1nstab111ty is of a periodic nature.

.

An important study of the self—exc1ted current

- -

'osc1llatuons of a glow dlscharge in a gas flow1ng transverse‘,

»Ato the d1scharge ‘axis- was descr1bed by Myl!' n1kov and
Napartovich [29]. Br1ght layers (doma1ns) were detected at

oressure.s of 10' to 100 torr 1n co —Nl gas m1xtures. These
layers are generated perlodleally near the cathode- they
travel to the’anode and vanish there. It was found that uhen
the discharge current .reaches’ a critical “value J”,
\oscillatlons in tHe current and voltage across_the discharge
gap apbear.'These'oscillatlonsfin the dlscharge current'arev'
due to the appearance of the doma1n in the cathode reg1on

and Qts motion toward the anode.

The per1od of current gsc1llatlons cons1sts of two

parts,.dur1ng-wh1ch thevcurrent decreases from Jc to J

}



and then increase to J_,. .The decrease in the’ current
corresponds to the formatlon and motion of a domain from the
cathode toward the anode, whlle;the 1ncrease.1n‘thevcurrent'
-corresponds to thg.absence'of:domains from the gap to the
establishment of the‘state of the discharge preceding the
appearance of the domaln. This is shown in'Figqg. 1.2, where»‘
.(K) 1sq%he cathode, (a) is the anode, (D) is the domain, and\

v is the gas flow velocity.

An emperimental study’was.described hy~Akishev et,.al.
[30] for the condltlons of . an attachment 1nstab1l1ty a»_'
self—sustalned glscharge in flow1ng a1r, for a’ broad;gpnge[
vof exper1menta1 cenditions. Thls 1nstab111ty leads to
" current osc1llat10ns and the format1on of domalns nhlch moved
from the cathode toward the anode. It was ﬁrepdrted that
_ there is a‘'real poss1b111ty of controlllng the threshold for‘u
the attachment 1nstab111ty, by': adjustlng " th eJ[ %agal

condltlons (those near the cathode) in the dlscharge pla%ma.q ?

For example, in experlments -in a transverse d1scharge they

a

found that it 1s-p0551b1e' to .suppress ‘the' attachmént‘lc

DAY

1nstab111ny by creating a turbulept fldw near the chxhode**.

The use - of turbulence in stab1l1z“ing a dlscharge ~w:¢ll Q‘e_

presented in more detail in chapter 2. '-i':jy~ ;&fa" t#“‘_
_ . . . . " ué‘»":'h";(k’j.“ g

IR .
. * S

Galaktlonov and P1vovar [31] reported an exper1mentalv

P
and theoretical study of the mechan1sm respon51b1e for’the

,;5%8;0
decrease in the electron density gaused by 1ncrea51ng ““~%g

'concentratlon. They were concerned ‘with the formatlon of the&a
M - . :'A Ly
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Fig. 1.2 Oscillﬁgfam of’;he'discharge_current_and the moving
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domain,

o

Source: - o . _ -
“G.D. Myl'nikov and A.P. Napartovich, Sov. J. Plasma Phys.[;Vol.:
1, No. 6, p. 486 (1975).
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ions o ,and41CQ; and related ion—ion ;régémbiﬁépion. In
'eiperiménts-bn a-vélume'&ischarge with eXtefﬁéi ionization
of the medium which‘ contgins €0,/ it was shdwnz thatf at
certain valﬁes,of E/N tHe electron density is géve:néd bfv
ibnizétional amplification;*the formation of O ions dué‘tp
diSsociativebaEtéchment~to;coz,_and_the £ormation.6f a_Cq'
ﬁons due to the highiy'éffective rééction'o7HK%+M - CQ}M,
'Becausé of'_the collision ‘desththon Qf 'CQ; ions,_-ﬁhe_“

steédy—state electron,dgnsity_isfcbntfqlled by the loss. of

Cq;jbns in ion—ion gecombinatidn,‘yith.co2 as-a third body.

_Alekéandrqv 132] .étudied, t¥!? case of three—body
,at;achment of electrons to g, in a gas_discharge'withﬂcby
N,, He or 0, as t}e thi;d body. The protessffollowsfthe
-reaction e+0,*M + O+M, where M is the third body. It was
fodnd;that.this réactidn‘is thévprimary me;banismbby which
e}ectrons are  consumed in-.-an dtmqspheEic pressﬁre:vgas'
discharée, ih'which technical grade g..:—ase'fé.,'wit:h'*== 1% 0, are
used. It is also believed that the three—body éitachméqt of

electrons to,O2 can lead to a superheating‘instability of a

gas discharge [33] as will be described in‘the next section.

1.3.‘2 THERMAL INSTABILITIES (PLASMA CONSTRICTION)

-

.The occurreénce of a glow discharge collapse (also
referred "to in the 1literature as ‘plasma constriction,
contracion, and gIOWftqrérc transition) manifests itself in

all types of gas diéchafges, and can occur graaually or



”15';7

_ P N ) BRI A
" appégr - with .a: sudden. onset. The occurrence of this -
contraction usually accompanies an hincrease.‘in pressure,.
electric power'density;'or both. It will be shown in the

follow1n3}rev1ew that local overheat1ng or superheatlng of

the gas is pr1mar11y respon51b1e for the occurrence of thlS

- kind of 1nstab111ty.

Because of this problem, largeesolume glow éischarées
'iha9e in'theVpast'beeh I'imited to low pressures (550ptorr0
[34].T'However. isa molecular. laser 'applications, it is
&1mportant to operate the dlSCharge in the glow mode at hlgh;
pressures. (1 atm. or more). In fact plasma constriction and
‘related phenom?na -*nl CO  lasers prOV1de avv51gn1f1cantj:
obstacle to scalxng of these lasers to h1gher power5° evenp
when * the plasma is sustalned by ‘an external source ofn
'iohizatiohs[33]‘ However, recent pgogress has been made in

' develop1ng an understandlng of the basic causes of this

- thermal—-type 1nstah’llty, for - cond1t10ns~ typlcel ~Tof

\ high—power ,dens;ty molecularplasers,7 This aspect will be

described iater.

» . -

3?3 Haas a[35jz‘studieav the thermal‘ modev of instability,
‘which‘ can occur individuaiiy"or similtaneously with the
v1brat1onal relaxatlon mode. Because of the coupl1ng between;
cylbratlohal - and translat1ona1 energy, “thermal and/or'_
vibrational 1nstab111ty modes are considered as part of &
group of ‘thermal instabilities. In the thermal mode,,-a[i
.hecessary condition.ifor instability; is that the V?T

. . 7 . .
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'relaxation t1me must décrease rapidly ‘with increasing“gas

-~

‘temperature. The 1nstab111ty in this case is driven by?local

gthermal heating due to v1brational relaxatlon.

As the gas temperature,risesothe‘V—T relaxation time
T decreases; ihcreaeing the energy release within the gas
“due to v1brational relaxation.“'lf . thermal ‘conduction is *

unable to tramspo:? thls energy away, and back pumping of

“

. A
'v1bration is rﬁgffﬁ&ﬁgnt Ap reabsorbing this energy, the gas

. >3y ye?
temperaturé will %% unue to rlse, produc1ng a runaway

J

condition. The characteflsticd time for evolution\ of the '
instability is .7+,"generally ’104— Of- sec._~Si %ithe
pressure remains nearly constant durlng the linear stage<ofv
thik 1nstab111ty, the conduct1v1ty rises sharply, produc1ng

a 1ocal concentratlon in the current flow,_and thus a glow

contraction.

Nighan.and Wiegand [36] analyzed the'factors caueing a y
glow—to—arc transition in volume—dominated vmoleoular, gas
discharges, in terms of the collisional processes taking'*

plaee in the plasma. It has been shown that arcing can'be“

-

'.- . . . . ". - ‘ . . .

initiated by the. growth of disturbances, .in either
A . v § . Te S . ’ X

vibrational “®gr . translational temperatures. = Their

calculations "indicated that Athermalv ana/or _vibrational'
instabilities'will occur for most' conditions of inportance'
to high—power CW Co, convection lasers,:and that the growth
time for these 1nstab111t1es is typically on the order,of 1

©

meggu The 1nstab111t§\$echanism 1s ilIUStrated in Fig 1.3

v

, .
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effectlvely 1nstantaneous response in electron temperature.

3

also influenced by the chang1ng gas dens1ty and temperature.

in enhanced gas heating, v;brataonal relaxatlon and

e

electron—molecule collisions.
Lo M

The characteristic growth times of an instability, Tyt

were computed »by Nighan and Wlegand for a plasma‘ at .

{

-

'fk.l These 'are shown 1in F;gw. 1.4. Consideration of this

7
W

’ figure reweals‘some important points' (i) The fact that the

: N\ o
A computed growth;tlmes are everywhere pos1t1ve 1nd1cates that

"- d/

QY.&
power den51ty cons;dered _(1f? For the-Zp. torr case, the

=

growth t1me of -an anstab1lity T is‘ always ~greater than

\ . LA

about 107375eC° whlch is comparable w1tn the gas res1dence

i

be stably malntalned for pressures of about 20 torr. (iii)

For 200 - torr pressures and at 1ncreased power den51ty, ‘the

1nstab111ty growth time is reduced 51gn1f1cantly,.e g. T is .

v

less than 1073 sec. S1nce flu1d re51dence t1me ‘in" convection

lasers is almost always greater than 1 msec, th1s result may

- serve to ‘explain the d1ff1culty of ma1nta1n1ng a dlffuse

Mvolume*domlnated d1scharge as the pressure is. 1ncreased.

in which a 'local decrease in gas den51ty leads to an

‘The resultlng.large 1ncrease }n electron density, - strongly

affects wibratlonal"exCitatiOn of the molecule- wh1ch ié

'Further there are two pr1mary feedback mechanlsms result1ng'

.pressures of 20 and 200 torr and a gas temperature of 300

"v1bratlona1 1nstab111ty occurs for all values of electric:

time 'in convectlvely cooled CO lasers. Such dlscharges can.

: Results of Figq. 1 4 showl that stable 'laser:;discharger
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operation fory

pressures above’ 100 torr. and steady'zpéwer'

densities above about,AQ:W/émJ requires reduction in the gas

-

' residence time in convection lasers to -values well below "1

. . -

msec.
The basic causes of glow collapse and/or glow—to—arc’

transition have been studied by Nighan [33] for convection

cooled, éxternally sustained molecular—discharges. It was

" found that “the growth rate of a Qhermal finstaﬁility is

sensitive to the electron loss process. In the thérmal mode

4

~of instability, ' temporal changes in neutgai. particle

<+

properties play an importanfgerole in the initial growth of
these disturbances. The evolution of thevfhérmal instability
was shown to be signifiéahtly affected by the nature of the

electron. loss prdcess,?.e.g., recombination, attachment,

,-three—boay attachment,”éna‘by subsequenf“reactignsi}ﬁkolviné

. : LS

‘negative ions. It was concluded that'there are two distinct

mechanisms which can be the ~driving force for ‘thermal

ihstability in * molecular discharges: (i)  electron
vibrational excitation leading to'anHin¢reasg'in vibrational

temperature; and (ii) vibrational reservoir collapse, caused

by a surge in vibrational—translation relaxation 1eading to-

'a decrease in vibrational | temperature. The conditions-

required for the occurrence of these thermal instabilities.

were discussed in detail by Niéhan.

Eletskii and Samirnov [37] studied the contraction of

: théipositive column of an axial glow discharge and éxpléined‘

21
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:h'the mechanism ‘as ‘follows:A.The[.charged"particles oroduced‘
mainly_ in a narrow region 'along the tube .axis "recombine

- before - they rreach. the tube wall, so'gthat;vthey are
concentrated 'ln a narrow region, thus thel dlscharge
cOntracts. They'showed\also that the ionizatlon can fall off
ahrUptly with'distance from the diScharge.axis;'Evolution'of'

heat 'in the gas leads to a temperature drop over the tube'

‘r

x;e_.&

.cross sectlon. Since the-pressure in the tube 1s9constant

vthe gas den51ty near therax1s is lower than that near the
"walls. It follows that an electron at the tube axis acquires
a greater_energy from the field between colllslons than. one
'mov1ng near the wall. Accgrdlngly, the average electron
energy falls off w1th dlstance f}om the axls. Since the rate

-

at wh1ch electrons are produced pends sharply on th35

. *f’f’ e
‘hverage electfonwenergy,vp' llght temperature drop 1n the

l'x

gas - ls sufﬁ ,ent for electron format1on in a narrow’ reg1on
iﬂ\ o *:5;_ o ) » . . . )
' ]near‘the axls. o ' s

WS ’f S
Eletsk11 and Starostln [381 analyzed the mechanisms anduy

'cond1t1ons for the occurrence ,of an 1nstab111ty ‘of
o ) 4 ] .
'nonequ111br1um state of a molecular gas, 1n’wh1ch there is a.:

large d1fference between the v1brat1onal and translatxonal .
temptratures..They reported that th1s 1nstab11nty is of the:i B

"thermal*exp1051on"_ nature,}‘whlch '15. due,;‘not; to:;an 4 _
J

\ actavaﬁlon energy, but to a strong temperature,dependence of°

the rate constant for v1brat10nal relaxat1on..The onsetﬂof -i
RN
Y‘V

th1s 1nstab111ty occurs if the heat evolved as a result,of

fv1brat1ona1 relaxatlon of molecules 1s<not rap1dly removed
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from the volume in which the vibrationally excited molecules
~are formed most rapidly. The_resultihg gas heating leads to
~a rapid ‘increase_ in the rate of vibrational relaxation,

because of the strong temperature . dependence of the .

érresponding rate constant.

})‘

Eletskii and Starostin [39] reported ¢that wheh a
Certain current (or pressure) is exceeded, the discharge
centraCts into a ‘narrow reéion near the axis of the
discharée tube. As aVresuit only a small part of the gas in
the tube is useful. As the turrent or pressure 1is reised
furtﬁer,:' the _COntraction "usually becomes even . more
pronouced. The onset conditions  ‘for the mechanism of
contraction of the discharge - in molecular gases were
studied.-l The particular conditions under 'which the
contraction mechanism operates ‘are governed by the™
sensitivity of the -radial' prbfile of the. ionizatiod
frequencxr to the thermal inhomogeﬁeity of the positive '

golumn,

'”Jaéob‘ and Mani Vf22] investigated the thermal and

ecouS@?c 1nstab111t1es that could possibly cause arcing in
hzgh power pulsed and CW gas. lasers. The phy51cal mechanlsm
rfor a thermal 1nstab111ty;was described as fo}lqws: If the
gas densitf'.grops-'locally,» the heating . at that point’
increases because of an inerease in the electrical

conduct1v1ty Thls 1ncreases the pressure locally, and the

%dens1ty drops further. ?h;s process

< g\ RO

gas expands so that @h



vair_.

. continues and eventnally.may'lead to_the constriction of the .

a.discharge‘and subsequent arcino. They also reported that the

bgrowth rate of the‘instability.is oroportional'to'the power
density for low input powers; whdle it goeSfas_the cube root

4

of the power dens}tY'for high input powers..

The ioniz tion—thermal tsuperheating) instability was
-+ analyzed by Soroka and Shapiro- [40] for the 1p1asma-;of a

self—maintained :glow ° discharge:° In this plasma,

electrons not only: produce the populatlon inversion
1evel system of ‘the heavy partlcles ‘but also replen sh the
ldss ‘of charged partlcles due to ambipolar dif aion,
_attachment,,and recomhlnat;on. The discharge'is assume _;o

be a convectivély cooled volume‘ discharge. ‘The thres dldh
cond1tlons were found for the onset off the instabil ty;.
whlch causes the dlscharge to breék up into filaments.-
d1men51ons of the 1nhomogene1tyaof the medlum the pressur

" and the mixture compos1tlon affect the maximum power whi

can be supplied. : 'vr}arf S ‘ QQQQ‘a‘f éh_
It was shown  that, depend1ng thé propagat1on _

.direction of the perturbat1ons,_there can be two dlfférent

types of 1nstab111t1es (longxﬁud1nal and transverse) In the

l- case of long1tud1na1 purturbab;ons, e haVe the purely

1onlzat1on 1nstab111ty,_wh1ch ;s due to «a strong pos1t1ve;‘

feedback The scale tlme for the Qnset of thxs 1nstab111ty

! -
s - 1f sec. ‘In_vthe« case: of transverse purturbat1ons,

&

there "~ can 'bewfgan 1on1zat1onftherma1,- (superheat1ng)

el

EE S



. .
instability,'due;to the existence ofsafweaker»feedbacﬁ,'The"
 scale time'for EhiS‘instability'is apptoximately 10?»sec.
‘The 1on12at10n—thermal 1nstab111ty occurs 1f the energy loss
from the perturbatlon region does not balance tép energyu

pUmg/mg by volume processes.

1.4 SCOPE OF THE THESIS

L4

Thé main objective  of this thesis is to‘ advance the
understanding of the behayior'of the open channel flow laser
gés dischafge; In particular,vthe flow structure and heat
~flow im a TE CW CO, iaser gas dlscharge system will be
sugdied;'ln orde; to advance the state—of—the—art for these
devices. A review of CO, lasers and the problems assoc1ated
W1th them, 1nclud1ng the different klnds of instabilities
which usually occur in these lasers, . was presented 'in this
chapter. In chapter é,.SOme of the efforts which have been

expended to enhance the underStanding ‘'of basic discharge

_processes .and to stablllze the glow dlscharge in hlgh power "~

CO lasers will be rev1ewed

To carry -on our project, a TE W Co, - laser gas
discharge}system'whioh uses 1 Mo Spifal wire cathode and
graphite anodes ﬁas built. The electrode .structure_.wés
cq&efully des1gned éno"the proper materials for the
',d1fferent components in this systeu1 were used. After the
’ system'had been‘assembled. tests on the«vacuum system, as

well as prellmlnary measurements of the gas flow were done.



~"-I‘hi_s‘will“}:!e described aﬁd'diécussed,in chapter 3.

| A compﬁter  code- IGCP.‘(Impliéit ;Ganynémic Comsﬁier
'frqb:ém)bhas ‘been déveloped dn o¢der_to-analjze-Ehe“open.
channel flow laser gaé’dischargé. In this codé,_the time
depenaent-Navier—Stokeé equé;ions were.golvedvnumericaliy in
two‘dimensional cartgéian dbordiﬁates’in ordé; to give-a
jsteaay'state soiution.»The solution Qas qbfained'nsihg an
‘alternating‘directibh implicit‘(ADI)’tecﬁnique on a variable
Eulerian mesh. fhe 'eq¥ation§;véolved; "and the. Ffinite
fdiffefénff technique used ;§; approkimate ‘the nonlinear
bartial differehtial equatioﬁégéo a set'bf.finit§ difference
equations will.be.pre§én£ed;iﬁ*chépter'4.
' o _ S T .
'In .chapter .5, the ‘lineariéation"of the nonlinear
>difference 'e§uétions( ,which.‘résulted from apblication of
spa;ial and temporal finite difference.;écﬁniques to the gas
dynamic (GD) éqhations'vill He:preséhted; Al§o}‘solution'of
the. oresulfing set of héléébraic ‘équationsv using a ..
New;on—Raphson iterative method will be géscribéd, Iﬁ thisx
'chapter, the numerfcal»boundary conditions-wili beﬂgiVen in:'
fhe form which can be implementéd iﬁ_our implicit cOmpufer
: . - SN

code (IGCP).

The"nbmerical reéults: fori"éOde _verificatioﬁ';and“
_pfeliminary meaﬁurements'will be described in chapter 6. The
' computér-simdlatidﬁ and experimenfaiﬂ ‘:‘!_fsuii:éof_th.;~ opgh '”
'fchénnél flow’@aser:gaé'disﬁhgrge,rés_ﬁel}lés.alc@@?a:isoh;/n'

o

_ ‘between 'both_,}ZSﬁLtsv are p;esentedf-in'féhapter"7;-‘Thé’f

Y
=4 RN
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-

humefiéal ‘vreéuits, inpludind.\ the Gelocity - vector
distribution, yelociﬁy prOfile; temperatuge disffibuﬁion; '
pre55ure and mass flow, and . their depehdence on: the
dlscharge parameters w1ll be descrlbed The velocity prof1le
and . temperature dlstrlbutlon measurements, as a fgnctlon of .
gas pressure, laser.gas mixture, input power and dlscharge

chamber dimensions will be presented.

Finally in chapter 8, a conclusion of bo£h  the
numerical and experimental = results will be presented.
Furthermore, extended work for future consideration will be

described. ’ ¢
%
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~STABILIZATION OF THE DISCHARGE AND
" . COMPUTER ‘STMULATTON IN CO, LASERS

In this chapterﬂ-wé review some of the efforts which_'-

havg been ‘done to enhance the understandlng of the ‘basic-
¢ wt

.dlscharge processes and to stablllze the glow discharge in

‘high power co, lasers- in order to - obtaln a suff1c1ent

voutput power at high pressure’and/or high power loadlng. Anv

1n—depth ana1y51s has been reported by - Haas [35]' ho -

studied in detall the theoretlcal formulatlons of molecular
. dlsch%rge Btablllty, in order to develop an understandlng of

',;thé.r fundamental phy51cal | mechanlsms ;nfluenc1ng ' th1s -
o K

B2 S b

. A5,
.stablllty. HlS' analys1s andlcated that small-amplltude~

fluctuatlons present w1th1n theSe dlscha% . C 1y Hﬁeveral'»_’

-dlfferent wave modes 1?@ntlfled as a» space g _t - . §%§Qn.
.-mode,v_ an” electron thermal’ niode, an  ioniz tiow 'R’nd-e, a' v
negetive—ionfpréfuctdon.‘ mode, an eleotronibali;lexcited
species productioh mode , ;‘sound'mode, a Vibratiooalfehergi
_ relakatioh ‘mode, : a heavy—part1cle thermal -mode; and'va
worticityvade. The stabllxty of these modes was treated in -
detail aod ‘the difféerent characterlst1c | txmes _were»

established.

Nighan [41] | treated the'. fundamental pleéma ~and .

" collision processes of »1mportanoe in hrgh power electr1c1

. ;\

d'Xf”t‘?er:‘



discharge;'lasers, withbvparticular 'emphasis °“'[C?z and €O

~ laser ‘media."He emphasdzed\ those aspects of thgh'subject'
(such as electr1cal-opt1cal conver51on eff1c1ency, dlscharge_

. power denslty, and malntenance of a populatlon 1nvers;on in-
molecul%é?laser dlscharges): His work constituted a-new add_-
eXpanded understanding and appreciation'of basic discharge
processes. Also, plasha processes + of importance in
‘convection laser “discharges; ) discharges sustained' .bylrj
auxiliaryvsources of ionization, and'puised high pressure
laser‘discharges were.gigen special attention. In addirion,b
the:‘effects ‘on disCharge behavior of ‘negative “ions and
a,gplasma chemlcal phenomena were exp1a1ned Such processes

were shown to play an important role, with regards to plasma

-
o

stab111t¥,qas was reported by nghan.
' ok @3' ‘ | . v .
- In another study by wlegand and §*gﬁ€?p[42],.analysis
:ka plasﬁa—chemlcal phenomena‘-oeeaﬁgié in electrically
:iéi;ed mixtures of CO,, N, and He, 'has shown ‘that . the
‘principal 'dissociation prodUcts CO and 0 accumulate to
significant levels in approximately 10—4 sec. This time is
';less than typical -fluid, residence'”times in convection'
lasers. In add1t1on, numerous secondary m1nor1ty spec1es are_
'produced on the same t1me scale’ reaching concentratlons
51gn1f1cant1y in excess of the charge particle densities.
vFurthermore, the_ dominant_ ionic speciespmwere fopnd- to bee
directly related to 'these discharges—generated_-minority
‘speciesr They also reporfed that these'investigations have
o shown that hegative ion coﬁcentrations-cap become comparabled

Y
)

T T R e e S e T



, ro the electran COnEentfgtion f%r»typicel laser  discharge

- conditions. In'view of the 1mportance of charged partlcleb

._productlon and loss processes, as regaﬂﬁs gas discharge

IET= i)

stabllLty,. therr frndlngs. provide . valuable ' insighre

concernlng mechaniSms '1nf1uenc1ng the stabillty of

electr1cally exc1ted laser dlscharges.'

hJ ~

Many other researchers [43-49] concentrated their )

_ efforts in the ‘Same direction; - towards | the = basic '

"undérstand1ng of gas dlscharge processes and the mechan1sms
which affect the stab111ty of a dlscharge in CO-—N-He
. ) - (5}

lasers. ‘Unoersrandlng the baSIC processes in Vthe gas

discharge enabled researchers »lto> develop different

teChniques to overcome plasma instabilites, "and made

p0551b1e the produc1dh of, stable dzscharge in CO lasers at

5

_’ ?er loading. D1fferent methods have been used to

5 L
achleve thls goal- such as the use of external source.of

1onlzat10n,- turbulence, magnetlc fields, and the prbper

choice of mater1al and shape of the electrodes. This w111 be

reylewed in the next sections.

2.1 IONIZATION-ASSISTED .CO, LASERS

The uSé - of exterhal; ’,ihdependently . controlledb_ld
iOnizatioh sources' such as Lhighfehergy ‘electron beams_.
[12,50—54],- ﬁV jradiation (11, 55457J‘ and RF 'exc1tatfon-j"
[58-60], as a means of produc1ng relat1ve1y un1form, largelx

volume glow énscharges at hlgh pressure, has resulted m-

.

-



S Y . o .
‘signiflcant advances in gas?discharoe technology With this
fethod * of plasma productioén glowgﬁilscharges have been
‘produced for: mole¢ular laser appl1cad%pns over ranges of'
pressure and electr1ca1 power dens1ty wh%ch were prev1ously

inaccessible; as a consequence of the egig% onset of a

?glow—to—arc transrtxon.*
. A

In the exten51ve theoretlcal study by Haas [35] of the
stab111ty of aﬁ\e&ectrlc dlscharge in molecular lasers, 1t
was p01nted out. that the applrcatlon of an external source
of 1ionization s1gn1f1cantly reducesl the sens;t1v1ty off
. electson—ﬁeXSZty fluctuat1ons to' electrom&temperature,-:
n.gas—densaty,’and gas—temperature fluctuatlons"and thereby

“has a. stabrllzlng 1nfluence on the ronlzatlon, negat1ve—1on,

and v1brat10nal relaxabuon modes.-

e An electron—beam—controlled dlscharge has been used by
'Fenstermacher at . al [12] to pump a varlety of COz.laser'
. gas' m;xtures, at'iatmospheric pressure in substantial
Vvofhmesl ' Th1s 'dtechniqueh is. Vcharacterized “by fast
"(approx1mate1y 142us)" discharges . betueen overvolted
.‘electrode structures, which dep051te electrlcal energy 1ntor'

the laser gas mixture in. a time short compared wlth the

L ”

arc” formation time. The‘distribution of electrical energy
over. an' extended volume is accomplished by the use :of
nnﬂtielectrode;arrays; in which eacﬁ/electrode has its own
capacitor ;feed or has‘ a ballast reslstor ‘to 11m1t the

current.  The _apparatus - used to produce = such an

¥ .



-electron—beam—controlled plasma isfshoﬁn in Fig. 2.1,
J ' :

ST ‘ : C - 9 . ‘ ’ :
* . The electrons were produced by ‘a 5 cm hot-cathode.

electrode gun and accelerated through a 0. 003 cm Al vacuum

»wxndow'foll by appllcat1on of a hlgh—voltage pulse (150 kv)

& >

into the gas mixture,.over an area of'about 150 cmz.xFieldsd
of up to 4 kV/cm over 10 cm d;stances were applled from the
main capac1tor bank durlng the electron—1nject10n pulse.

.1W1th the use of electron—beam 1onlzatlon charged productlyn
’llln the-plasma is decoupled from ‘the . applled electrlc fleld

;through ‘the external electron—beam 1on1zatlon source. Thls,
decoupl;ng removes a major source ofvlnstab1l1t1es in the

_ discharge. The major loss mechanism is volume recombination

~

for 10~usec. An electron_current of 5 A was thus 1n3ected T

of the electron—lon paxrs. The purpose of the electron beam~4

. is 'thus not to 1n1t1ate the dlscharger but rather to

ma1nta1n the dlscharge aga1nst thls loss.

. A}

A non—self—sustalned -gas . dlscharge in. bJ—CO mlxturesv

at atmospherlc pressure was 1nvest1%§fed by v 1khov et;;al.

[s01. An elecbron beam w1th an energy of a';goximately.1°5;
‘ eVd and current of approxlmately‘ 50 uA was-‘used as an

' external:ionizer:'A practicel aduantage:of combined pumping}f
‘is(thefpossibilitytof e';iting large_&olumes‘ofigas.at_higha'
pressure;'hecause‘rhe external ioniiation‘source preVentslanv:
inhomogeneou pattern fzom developlng in: the 1n1t1a1 stagea
- of the d150:\¥ ‘

ge- Th1s theoret1ca1 and exper1menta1 studyii

'presented a clar1flcat1on of the feasxb1l1ty to produce a o
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,pstationary non—self—sustalnlng gaseous dlscharge,,vwhose

| -34 .

current is due to - the transfer of electrons.generated by'"

weak—current beams of charged partlcles. The reduced power

jp of the external 1on1zer offers the promlse of a cw CO lasera_'

W1th comblned pump1ng ‘that could_ operate vat h1gh gas o

. pressu e._, . : R R
| ‘, A"photoi"ni‘»tlated' and 'ph‘ot'osu'stainea T‘EA'c‘o ’1aser’--was :
'l reported by Segu1n and Tul1p [11] in Wthh the gases and the7‘

: cathode are 51multaneously 1rrad1ated by uv rad1at10n from a
hlgh—fleld fdr'.spark . Such .sparks are' capable ‘of=’.
pr duc1ng hard suv radlatlon and have strong blackbodyd
em1531on at wavelengths short enough to 1onlze the gases.i
. The resultlng phot01onlzat1on and photoem15510n 1n1t1ate -and
a551st inr_scstalnlng ;a; hlgh energy low—f1eld—strengthfe'
dlscharge; The system is shown schemat1cally in F1g. 2.2.
The spark is formed ;ﬁ' ser1es w1th the ma1n dxscharge;i-

between two tungsten p1ns separated by 2 mm. The plane mesh"

andde permlts radlatlon from the spark ‘to pass through the3'

gases to the cathode. The' doorknob capac1tor (3600 'pf)f},

delays the rlse of the main dlscharge voltage and imposese

the full voltage acrosr the spark for an- 1n1t1al smallf:’

per1od o Unlform e h1gh—1nput—energy ‘ low—fleld—strength:‘ '

dlscharges were obtalned in thzs structure, and the 1nput};f

energy was found to be l1nearly dependent on the electrode

'separatzon.

Y
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- A large—volume hlgh—pressure’ pulsed electrlcal CO -laserfdt%

that employs volumetrlc photopre1on1zatlon ‘of the gas' by)

L4

»fultrav1o1et radlatlon was demonstrated by Judd [55] T »
'indepéndently controlled ; prelonizatlon l d1scharge f;is:;f”
initiated . “some position_ remote from ‘the' ma1n laser f.,
: dlsqharge~ volume,h uch as - that shown- in’ Fig. 2 3 h.hf;v
| prelonlzatlon dlscharge serves as a strong source of hard uv-f

photon rad1at1on, whlch propagates 1nto the ma1n dlscharge f?‘
~ volume ~and phot01onlzes a f1xed number of neutral gas ;;‘

molecules in thls‘.regzon.;fThei resultzng prelonlzat1on

h ;baCRground of 'eleétrons ensures a - spatlally 'un1torm

<

avalanche development in the ma1n dlscharge plasma. The ma1n

v; d1scharge is also 1ndependently controlled and is 1n1t1ated

o

after a flxed time delay r:\thh reSpect to the prelonlzeri {
'Adlscharge. ngh conversion: eff1c1ency and volumetrlc opticaﬁ

'energy extractlon “have been obtalned by Judd from; thlS

- - b [ . - * ) B , .. ,‘(
laser. . R EE P S

_ R . o L g
The appllcatlon of aux111ary r. f. electrlc flelds to 5
'~complement 'and_ alter the dlstrlbutzon. folf 1@nizat1on )
throughout the d1scharge VOlume was 1nvestlgated bx Eckbreth ‘
‘and Blaszuk [58] as a means: of?dlscharge stab1l1zatxon.\The
’,:r f. was capac1tat1ve1y coupled 1nto the d1scharge throu yh f'
:electrodes whlch sandw1ched the channel,*as shown 1n F1g.Jn;

4 e
2.4. The r. f electrodes cons1sted of thin copber plates,,'ﬁ

C
..

sllghtly shorter rn 1ength than hhe dxétharge, and 10cated

‘on the out51de of t-:atop and bottom channel walls, 50 that

the r.f. {1eld u; nrh‘}ned transberse to the col1near d\c.«?;
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~Source:
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field and.’gas‘ fiow. dThis"study, ~and also the _work by a
.vEckbreth and Dav1s [59] demonstrated that application of»
r.f. aux111ary power,.f capac1t1vely ' coupled into j the:
dlscharge zone transverse to the d.c. f1eld is’ an effect1vei'b
means of enhanc1ng closed—cycle dlscharge sgab111ty 1n CO

‘lasers,Aenabl1ng Stable operatlon at high power levels.

~Ionization VaSsisted 'diSChaiges #ere‘ also achieved 'by :
| implementing other.techniques such as using plasma injectionil
[61]~» where'.an :1onlzed gas was injected':into ‘the -main
dlscharge reglon to obtain unlform contlnuous discharges”in
CO laser gas mlxtures at atmospherlc pressure. In another
experlment by Rellly [62] a pulser/sustalner concept, whlch
”produces pressure—and volume—scalable plasmas by essent1af ﬁ

applylng two succe551ve dlschwrges to the gas, was reallzed

P

In another experlment by. ‘Bauman’ et. al. [63] a»CWﬂglow f;
w-dlscharge exc1t1ng a subson1c, transverse flow CO laser was
s&ablllzed by means.lof a CW aux111ary dlscharge.' The‘
St&blllZln d1schar e was" nualned' Betgden T n ar of
stat g ge  vasy s I etide 3@

'.'\4’
1nd1vx§ually ballasted anodesdfnd the cathqde & th: a1n':

NS — ‘*o& ‘}&
dlscharge. Wlth th1s slmple electrode con 1guratvo 2 the
| % é

| extens1on of stable glow operatlon to h1gher gas pressuré&

'than wlthout stab1llzat1cu> was poss1b1e. The concebt of \
vvauxlllary dlscharge was also used recently by WU [64] to
Q, n
1mprove the : unlformlty and stablllty of the main d1scbarge¢
2

- 1n a 'I‘E cw CO laser. R v | : 9; ﬁ%
} -— . . . A “‘ i .
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- 2 2 DISCHARGE STABILIZATION BY TUﬁBULENCE

¢
3

Turbulence is ‘known to affect discharges . because in

addltion to convection,,a great deal of mixng takes. place.

:This m1x1ng - is \controllablf;gaﬁd _may offer_pdistlﬁcbwf
advantages in. the de51gn of/discharges: Turbuﬁence has»the.”

ab111ty to dlsperse the d1schargr, allow1ng h1gher currents

"to.fex1st in  a pre—arcrng ’mode._ The early work off

1nvest1gat1ng the effect of turbulence ~on gas dlschargeh

: propertles 1s best descrlbed by the effort of Garosi’ et. al rlf

_[65¢§6] They studled the gas d1scharge in: flowzng argon as.-'

- the flow is 1ncreased from the lamlnar reglme_

‘"-of fully developed p1pe turbulence, w1th R ynolds numbers_3

. (Re) 'rang1ng from zbro 'to 6300 The propertles of the_,r

-.discharge, such as the den51ty and den51ty fluctuatlons, §

v .

.jtemperature,- andh electrlc ‘f1eld ' were measured _w1th0'

Langmu1r—type probes. lThe dlscharge wd§ found to respond"

strdngly fto. turbulent fluctuat1ons 7of_vthe un—1on1zedfy

-/

'background gas. W1th 1ncreas1ng Reynolds -number, plasma;:'

’ den51ty fluctﬂatlons 1ncrease,,the p%agma column expands,"

and certaln transport coeff1c1ents of\ the dlscharge r1sef’

\ :

:.well above the1r classical values.‘f‘ ,d\'
T L e "‘gv/ﬁ‘

One of the ploneerlng work " in ‘which turbulenqe was
8

1mplemented in CO lasers,vwas reported by Brown and Dav1slf'
[67]. They used a comb1ned dc and rf e cxtatlon fzeld and;fﬁ
: £ ST
rfaerodynamzc stabllxzatlon techn1qué§ to obta1n a stable and “

’.-homogeneous d1scharge., Four' 1nd1v1dually adjustable flowg'ﬁ



' cond1t1oners were located upstream of the cathodes, in ord '
to ‘ensure . that unzform—floy cond1t1ons were establlsth
"downstream of the cathodes, thus— 1nh1b1t1ng the onset of\
".dlscharge 1n,stab111t1'es. -The- h1g power laser 1nvest1gated
~had an actlve volume 244 cm w1de by 6.3 cm h1gh by 53 cm

' -"long. A sket_:ch showvlng ) e erent1al features of' the"

 discharge region -is shows/ in Flg 2.5. Continuous—o'utput’
' B : o . T T ',_.v £
. power levels greater than' 20 kW-have been achieved in- their

. . M , . . 0 " . . : . v v . . .'
~experiment for extended periods of time, with a maximum

'6P4ti¢al"t>°"érv0f 27.2 kW, at an efficiency fo,'f '17.-2"55. R

Another effort by Sh1rahata and FUJlsawa [68] to use
turbulence to stablllze the dlscharge was reported The.
.system they used was 'a coaxlal type cw CO laser,vln whlch
1>the gas was aerodynamlcally mJ.Sxetri w1th the aid of obllque,‘
‘shock waves llntroduced 1nto ,the_" dlscharge reg1on. .‘A
"homogeneous and Stable dlscharge was'» a'ttalned i’n' "the_v'_"' :

transonlc gas flow reglon. VImproved small—51gnal galn and

enhanced 1nput power ‘density .were ,obtalne_d.

._ B1blarz and Nelson [69] generated .turbulence by usmg a
screen (grld), and succeeded in’ obta1n1ng homogeneous and -
| _stablevﬂ1scharges at.h1ghe\€ dlschoarge power. The1r work was '
then extended by Blblarz et.’ al [70] 1nvestlgate in.

: more detail the effect of grld—generated t\#alence on the
stab111ty of the laser ghajs dlscharge. They r&mrtedﬁ'th”.ﬂ,‘.

-tu@ulent flows have the ab111#y to stalﬁhz)a dlscha

- ‘&
and delay the occurrence of thermal 1nstab{,l1t1gs$ and that

~ v
! . % . ; ".
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this_effect'isda,fundamental onsq

b S

JShyartz and Lavie e[7li*ﬁstudied.ytheh:effects' of

e

7 S

turbulence cn'a weakly icnized plasma column. They developed .

a theoretlcal model for predlct1ng the effects of turbulent"l

flow on propert1es of the p051t1Ve column. The model assumest

that 1ons,‘wh1ch are'lmbeded 1n the turbulent neutral gas

=Y

'flow, acqu1re the motlon of and are completely correlated_

with, the neutral gas. The effect of turbulence on amblpolar_'

¥ -

d1ffus1on, rate of 1on1zat1on, electr1c f1eld _ erectron3
temperature, and charge d1str1but1on was studled The modeL‘

pred1cts that an 1ncrease in the Reynolds number of the flow_

!
w111 1ncrease ‘the 1onlzat10n rate, the electron temperature,

and  the 'electrlc fleld and will flatten out1 theai-

charge~concentrat4on proflles. ‘This is in. agreement' with

e,\

f.past_observaﬁécns,and with their own experiment&l results as

: fhey.reported.

3

A

~have. on glow, d1scharges and__electrical - lasers. were

. con51dered by Shwartz and Wasserstrom [72] A model for a

: dlscharge in a° flow;ng gas, in whlch_elementary prinCiples_
of gas dynhamics were combined with basic Mroperties of

_discharges,_waS'presented. Byvconvecting the heat ‘the flow

.....

add1t1on,.1f thé»flow 1s~turbulent' it can change the rate‘

By

‘cpnduct1v1ty,-and thus change'the 1ntr1nsic properties_ofm

'+ Some important effects that gas flow and turbulence can

charged—partlcle d1ffu51on and the efﬁectlve 'thermal



v,
LA

o the d1scharge (such as the electrlc fleld and the electron‘f

'temperature) 1t was also co gluded that 1f turbulent flowi’
A\- ’I
1s estab11shed in the tube nt%e current den51ty becomes more
. -

'unlform. The v1gorous m1x1ng due torturbulence spreads the"

\

'i_electrons more unlformly, and also enhances heat conduct1on-

pthe flowﬁ

_from hot spots Therefore turbulence may be used to: delay

Lo
the formatlon of an arc. Co

Eckbreth 'and Dav1s [73] descr1bed he,"crossfbeam:

1iectr1c*d1scharge\ convectlon laser (EDCL) in ('which3

jturbulent gas flow was used Flgure 2. 6 shows a schematlc

drawlng of the EDCL laser.vIt was found that 1nput power to*

the d1scharge can be greatlz enhanced (on tng order of 30 40

Iy

o '%) f§y the ;ntroductlon hdf small—scale turbulence: just S

of

upstream of the cathode-f by means of vortex generators
: arranged about the cross—sectlon per1phery or by means of a

_thlm baffle whlch trlps the flow._It was also predlcted that

the presence4 of convectron and q§;®ulent dlffu51on,’"'

efflcient powertextract1on can be ach eved even when ‘the

[ is not well %atdhed to the act1vefof

) Eckbreth *aﬁa' Owean[74] preSented a technigue vto.fgf
n“:lon‘the flow in rectangular EDCL channels, in whichﬂ“'

-4.

nd xscharge are’ al1gned ‘ They dlscussed the

"1mportance. of;,lntrodut1ng turbulence and controkl1ng the

'7veloc1ty pf&flk@ in the system wh1ch is. shown schemat1Cally

in Fxg. 2, 7. d‘he dxscharge occurs between a d1str1buted

. . . iy
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- cathode, 1n the upstream 51de, and an anode in a downstream,f‘

'locatlon. The technlque, they develqped cons1sts o%?plac1ng

an array of 1nd1v1dually ad]ustable baffles, spanned normal'

to the flow upstream of the cathode as 'shown in F1g.,2 7

' The rotat1ng baffles 1ntroduce=the turbulence and control"

»channel helghts upstream of the baffle locatlon. ThlS study~'

. the Veloc1ty proflle at the same t1me. The 1nlet flow to the
' 3:1aser channel was made approx1mately unlform, by pa551ng the~ff

' _‘flow through sectlon of porous foam located several -

.’°

'llndlcatedg the':1mportance rof .obta1n1ng a un1formv veloclty |

' profile;invthe_dischargeiregion; in order to prevent'the

_rjprehature eQ“set‘_ofipdischarge 1nstab111t1es. It indicated,

also,"that' the- turbulence level is also important in

];delaylng the onset of dlscharge 1nstab1115‘Fs.

’ wlegand and nghan [75] 1nvest1gated the 1nfluence of'

- turbulence on’ the electr1cal power den51ty threshold for

'glow constrlctron,lfor cond1t1ons typical of h1gh—power CW‘

’ convectlon" cooled ‘molecular lasers. The experlmental

arrangemint used 1’s .shoun in Figq. _2'.8'. The chamber is a
) o . . " Y :

,rectangular Pyrex channel with a 5x]4 cm2 cross—section. The

A

,tantalum p1ns p051t10ned 8 3 mm apart A movable anode is

,cathode 1s located upstream and con51sts of an array ofn

'.used to vary the dlscharge length up to 1 4meter.‘ A 5—cm:

1i_th1ckness of flow—condltlonlng foam with *an average cell ‘

/

.. size of a few mm is used to el1m1nate fluid non-unlformltles

(7

O

,‘ .

,qnd large—scale ‘eddles,i whlle:_establlshlng : un;form*

: veloc1ty proflle at the d1scharge channel 1nlet,~A'variety

,8»
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fFlg 2. 8.Illustrat10n of the dlscharge channel and turbulence

'generators..‘

v

' Source°- i _ _
' 1w J. Wlegand and W L. nghan, Appl Phys; Lett,,-Vo1. zq;*ﬁo.
*p'.- 554 (1975) T .

.
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Y
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of turbulence—generatlng grlds and perforated plates were/

e

’ used to ptoduce turbulence of d1fferent 1nten51t1es andv

g 7 ' v I-.'c jL o
scale size. . Stable and unlform glow dlscharges at pressures
. :;‘_' i~ ‘i&“g

-

above : 150 torr . were ? malntalned contlnuously ‘ 1n a

rec1rculat1ng gas cycle, due to turbulent effec%ﬁ
2 '4 .‘ : . : D

_ . j :
Other research efforts were also reported fa& example,

/

l-’

wasserstrom- et;~ 1. [76& studled /the 1nteraetion between_-'

electrlcal d1scharges and h1ghly sw1r1ed apd turbulent gas
SR . & S _
flow. They concluded that the l1m1tat@ﬁhs of hlgh—powervf

uelectrlcal iasﬁfs due .to heat1ng 2§f the gas and the

’ 1nstab111ty df Lthe glow dlscharge,l can be allev1ated by

turbuLen& flow w1th1n “the laser “medium, Myshenkov and

el

M&kbvrladze [77] 1nvestlgated the p0551b111ty of suppre551on

an a1onlzat1on :1nstab1lb fﬁ Ain a " glow d1scharge by -
'Eﬁﬁbulent transport. Whlle andarenko et. al. [78] studled

effect ‘oﬁf: turbu@éngg 'on h'the stab111ty of  a

’.‘.u J

ii:ﬁself—sustalned di scharge 1n‘an a1r flow. They reported that'
v o C «,fc
‘s;nce the plasma/ electrons are coupled to the ions by

4

gh- electrostatlc forces,, wh11e -the —+ens‘ are:fcoupled—by

_0011151ons—§9 the neutral gas molecules, it can be expedted

”that the controllable changes in the gas—dynamlc propertles

/ ?' of the floww(ln partlcular, tbe turbulence 1ntens1ty) can

‘q“'.'v. ’ .
T affect the course of instabilities; and thus the maximum’
) . N .

1BoweEF per% “dnit volume ‘which can be ~ pumped into the:'g

o °,f?é'lscharge. . o ;/

e L 4.



2.3 MAGNETIC FIELD STABILIZATION R R A
The study of stabilize electrlcal d1scharges in a
transverse flow by means of , rossed magnetxc fzeld has beea

of considerable englneer;ng and phy51cal 1nterest.; The
L e : o ' &
application of the cross—field magnet1c stabxllzatlon'

techniqUe' to . Vﬁlow?ng" molecularff lasers is: of, great :

.1mportance. In convect1vely cooled CO laser d1scharges,_the

'

,crossed magnetic field was used’ by Buczek et. al. [79 86] tO'
. . ﬁ. ~ K
vistab1l1ze the: pos1t1ve column agalnst the transverse gast;

flow. An unstablllzed plasma column .iS' bowed strongly?
downstream under the force of the transverse.dzs»flow. In
order to ach1eve eff1c1ent laser operatlon,;1t 1s necessary:n
to stralghten and al1gn the ax1s’of the d1scharge colllnear
with the optlcal axis of the laser resﬁjator. Th1sf—“?
accompl1shed by employlng a tapered transverse magnet1cd'
f1e1d mutually‘pevpendlcular to the axial electrxc f1e1d of‘:
‘the discharge and the gas flow veloc1ty as shown Ane Flg

—

, s
>

N
iw

| Disoharge stabilization is achieved via. the-interactionwﬁj
between the transverse magnetlc f1eld B and charged part1cledn
drlft veloc1t¥.vd, along the electrlcal d1scharge axzs.‘As:f
.viB velocity component‘ is 'iz;:?IIShed ¥h1ch ‘counteractggia

o o) & N
the gas flow veloc1ty v. In thié device, the magnetlc pole
”

L :
plece 15 located downstream from the!r desn'ed ax?ée!jof the'

' dlscharge,'such that the dlscharge OCCUtB :ﬁ#‘the fr1ng1ng_”

field of the pole p1ece. The tapered magnetxc field results_i

. R
. Lo R
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fFlgu 2.9 Schemat1c of a cross-field laser s gt stabilizing
j’.'magnetlc fleld B, ST E |
»_'source:' ' | n

C.J. Buczek, R.J. Wayne, P. Chenausky, ‘and R. J. Frelberg, Appl.
PHys. Lett., Vol. 16, No.- 8, p. 321 (1970)



o in a. transverse force on the ax1ally dr1ftrng electrons"'

¥

wh1ch 1ncreases 1n the downstream d1rect1on. As a. 'esult,f

the magnet1c forceA\on the axlally driﬁﬁlng electrons -is”

at,,‘

downstream and decreased upé@%%am from the laser .

v1ncrease,

££1c akis. xs the dlscharge tends to bow downs;rgam, the'

.'1ncreased magnetlc f1eld force pushes the d1scharge _back
. LW

toward the optlcal ax1s. If the dlscharge bends upstr am,

1

‘\
the ‘decreased magnetlc fgeld allows the dlscharge to

flow’
back" along ‘the de51red axlsu
. B T

t’In 1986,“Seguin»et. al [811 descr1bed a new dlscharged
stabilization_ techn1que‘3’f3r hlgh—powered »ﬂgas lasers.
'..Profgled magnetlc flelds 1nté§act1ng w1th electron and 1oni.
sheaths at. or near the electrode surface 1nh1b1t growth of
electrothermal plasma 1nstab111t1es ~and '1ncrease powerl
- loading’ _by - an orderi of magnltude. Figure'_2'10' shows‘”a,
schematic dlagram vof;_the 1n1t1al fmagnetic lelectrodec;‘
.‘:dlscharge stablllzatlon structure.\They pred1cted that thxs7;1

techn1que can be scalable for very 1arge—volume devices.--’
. .o o‘ \ . ] i kY \,’

- The . 1n—depth work by Capjack et._al [82]7enhanced the ~;
_baSic understand1ng of the p fle' o:\ magnetlc fields 'in"
.'_sﬂhb111zlng the dlscharge inb h1gh owem lasers.A They,"
bexam1ned the dynamlcs of a rotat1ng plasma in a transversed"
.electrode geometry,‘ appropr1ate to h1gh power CO lpser'
'lescharge pump1ng.'The magneto—gas—dynam1c fluld model they:l

“~developed reveals that the spat1ally nonunlform electr1c_ﬁ

'”and magnet1c f1elds w1th1n the d1scharge cause the plas



iy

~ The contents of thlS page has been removed because of the jtf 7
e_unavallab111ty of copyrlght perm1551on._ | A i
~ Contents: i o o
: Fig;~2.10vseeeh5tic Qf‘magnetically‘égebilizedSZ;ihsverse-gas
discharge. - S . '
Source' : ‘
.,H J.Jd. Segu1n, C. E Capjack D. Antdniuk' ‘and K.A. Nam Appl
Phys Lett.,'Vol. 37, No. 2,,p. 130 (1980)



and neutral gas rotatlonal veloc1t1es to be stongly sheared |
w1th1n the cathode fall and the po 1t1ve-column reg1ons.
‘ Th1s heared rotat1on serves to both stab1llze the dlscharge

'.-agalnst y, -'to arc tran51tlons -and to drive a centr1fugal'.

neutral &5a%a-3

w1th1n: the ,volume. Thas, stabll;zatlon

effect is 'important to h1gh 'power ‘lasers. An ~order = of

; magnltude 1ncrease in‘v d1scharge power ‘loadinéjhas', ﬁ‘n'

achlevé UtlllZlng a 51mple‘ magnetlc electrode dlscharge-

1on, such_ as the one shown in F1g 2. 10'

The magnetlc field stablllzatlon concept developed by
Seguin et. [81] was also - applled to a radlal d1schargeir
(831, vhere a. new magnet1cally.stab1l12ed coaxlal electrode:d
sYStem supporting a‘radial discharge geometry vas;reported,‘

lA schematic»dfaéram”for;thls system ls'Shown in Fié;‘2 114

: Performance was 'found 'to be largely 1ndependent o& gasv3

m1xture and pressure such that h1gh—power cw d1scharges wereﬁ

o

ea511y obtalned uin; all sthe' gases they tested Th1s;
stab111z1ng techn1que was found to ‘be sxmple and scalable to

prov1de a very large act1ve volume 1n a compact systm, as

"

g they reported‘ A cw. power load1ng 1n exCess of 40 kw/l wasfﬁ

- obta1ned in th1s system w1thout exper1enc1ng any glow-to—arc}”

N Ao
ﬁ

tran51tlons. Th1§'magnet1cally stab;l;zed coax1al system was.”
S v

comb;ned w1th a multl*element f1u1d—ballasted ?athode and

external pulser pre1on1zat1on to ;woduce a coax1a1 MAGPIE'

laser [84], whlch 15 a recogn1zed ach1evement towards the“ﬁ

productlon of effxcxent and compact CO h1gh power laser.
N - / N
1k R S S N _

oA
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| 2.4 OTHER STABILIZATION TECHNIQUES

XN

{ Although the use. ofv external sourceb of ronizatlon;
turbulence, and magnet1c flelds to stablllze the d1scharge
in CO lasers was benef1c1al some research efforts were
dlrected toward 1mprQV1ng the d1schargeg-u51ng »dlfferent

dlscharge' conflgura;ions'*and even different- electrOdes
:mater1als;f For ekample~’Tiffany et .al. [7 81 proposed a
' Y

h'cross gas flow laser 1n whlch the. dlscharge and gas flow are
_ orthogonal to the optlcal axls.'Th1s type of* laser y1e1ds
hlgh small~s1gnal .ggaln at. low  gas flow rate (several j.en
im/s) and produces an output as’ hlgh as ‘1 kw [79] Also, the
s.cross—beam laser 1n whlch the dlscharge and gas flow are \Q
'dorthogonal to the multlp;th opt1cal axis can rea11ze the |

largest actlve medla and generates output ‘as h1gh as several
‘tens of kWs [9,59, 74] ) |
"OEher.research effortSSWere'concerned with'the shape of

2,

electrodes. For example . Zheen et.) al ' [85] used ‘a water -

coolgd copper p1pe _for the cathode and an: anode whlch

b";cons1sts of-45 cu.pads; W1th a¢86fu

L2\ 7-
5

wllength act e reg1on

3

sp1ra1 w1re, and

'dthe anode cu pads were replacgd by -f; @ite segments. In‘

thlS system, the cathode 1s cooled by



- SRR
they 'suc'céeded in obta1n1ng a 6 kW output power us1ng a
dlscharge length of 137 cm.‘

RX W

| Qz'.s' COMPUTER SIMULATION IN CO LASERS -

L 'Subsfantial increase in the ootput power of cw CO
lasers were ach1eLed w1th the recogn1t10n of the advantagesC
that torced convect;on coolrng-of the d1s¢harge offered over
the earlier wall—cooles devices [6—9]. Thevoutput power o}
wall-cooled lasers '.s 11m1ted by the cooling rate :to
typically 100 w ner meter length W1th forced convectlon of
~the gas through the dlscharge, the power d1$51patlonl‘and
'thus output power may be increased by more than an order of
magnltude._ Such 1ncreases were rap1dly real;zed, both by
flowing the gas in an anialvdirection:aloné the'discharge.
ltube,':and by flowing - the: gas transversely 'across' ther‘f
_disoharge [88]. Typlcally, axial flow dev1ces operate 1n the
'0l5 ‘to ;5‘ kW» range. Transverse—flow lasers ut111ze, a
relatlvely large area, .gow_’veloclty gas flow and are
scalable to rather hlgher powers-.with dewioes'havino ow_'

'outputs-of 1-15 kW bexng commerc1ally available, and w1th

higher powers be1ng reported in the llterature [9 67]

_Despite« these advanoes' in ‘COZ high_ power laser
technology, convective 1oooling and 'the_ complehitw of - the
novel eleetrode structures developed to stabilize{ the‘
discharge, complicated the process and made it difficult to

understand. For this reason, computer simulation was



2

v

necessary .to._enhance - the understandang of ;ﬁh'

! .‘

processes of g&s d1scha£ges ahd k1net1cs 1n these llsers.

fco

'Thei modellng ot , much

laser - k1net1§s;h as ‘rece1ve

-attentlon ‘over. the 1ast _“cadé ‘For‘ example, Manes and 5

m?,?" o

Segu1n [89] employed z;«model“ to predlct the outﬁuf“power a

\n
@ o %

,f pulse@*shape from a TEA haser The model hhéy used ‘was

- 9:’ _)'7 7«

reported to be useé?ﬂ in the evaluabroh of alternat1ve_nﬁ
pump1ng schemes and in the understandlng of co, TEA 1aser

' dynam1cs when nonlrnear-,medla are ‘placed 1n<_the optlcal

;In anoth=r example, where.a gas-dybam1c CO laser was
pumped by combustlon of hydrocarbons, Tulip and Segu1n [90] .
hnalyzed the expan51on of a hot m1xture of CO N and,}lOn‘
through a laval nozzle. Thelr calculat1ons 1nd1cated that
the expan51on w1ll result 1Q‘a populatlon 1nverszon on the
EO laser tran51t1on for the used fuels. Other authors have
consxdered £%he1 51mu1at10n ‘of v w—dlsq arge convectlvely

'cooled lasers-_where Yoder et. al, [91] developed a computer

L d

codetto pred1ct small szgnal ga1n optlcal qualty (medium

;:t1on) “and output power for cw CO electr1c lasers.a
They solved the flu1d mechanlcs, plasma dynamlcs and k1net1c
rate equatlons 51mu1taneously for two cav1ty conf1gurat1ons'
flow parallel and flow transverse to the electr1c £1e1d

' The1r 51mulat1on proved useful in enterpretlng the results

o
they obta1ned from exper1ments.



L e

59

'-Another'ﬁeffort )hy Armandillo ta;dh:KaYe.“[Qzll vas
vreported as they modeled a tiwaﬁferse—flon cw'fo .laser. In:‘
that work; one-d1mens1onal cé%gei?htqu eguat1ons descr1b1ng
the gas transport coupled wﬁgh mué;;:temperature model rate
equatlons descr1b1ng the mdle ular k1net1c-sd tvg;re solved
numerlcally,.u for;f the r;aée of transve;se_? leV'h,

9

transverse—d1scharge carbon d10x1de laser. The»influeﬁce on

'f-v v

ga1n dlstrrbut1on and output power of the dxscharge 1nput

'power, as a; functlon'of var1ables such as flow Neloe*ty,

g
cavxty p051t10n, output coupllng and carbon d10x1de cdﬁtent

A
'was_ 1nvest1gated They reported that . the ‘Fomputer model,a

L '
’_ proved a. usefulv;tool fo opt1mlz1ng performance ofpvthe )

laser, “ﬁni terms of power.:output,‘ efficiency _and(.beam-;.

) | The exten51ve work. by Quart1er1 'et;f‘al;,‘pwh}"h‘swas N
"reportedonln.‘thelr three—part paper [93-95]ﬁ focused on
R modellng a h1gh~power electron beam pre1onlzed CO TW laser.
The theoret1cal-numer1cal vmodel they developed takes 1nto
' account the effects of the m1xture temperature, den51ty and
B ‘Flow veloc1ty var1at1on on the laser s small—51gnal galn, as
:‘1t relates to high power lasers The laser chamber space
‘proflles of all’ these quantltles«Lere obtalned Furthermore,'
they calculated the output radlatlon _f ux' 1nten51ty and
space d15tr1but1on, using a 51mp11f1ed model for the opt1c
cav1ty The calculated numer1cal results from their detailed

kinetic ‘.and flu1d—dynam1c » model were compared ~with

<>



455;A ,'ﬁﬁiiﬁnﬂiég

experimental 'values | rela&ive fﬁtoﬁ a:*‘four—component .
_ (CO N CO He) cw CO gas laser (model AVCO HPL 15) and were‘

bfound very useful R

W~

Monte Carlo simulatidh'technlque was uSed by - Ngoc "An
',{et; al. [96] -to analyze the elrctron behav1or in the cathode

-

fall reglon of ‘a glow dlscnarge in helium.. The

technlque was used by Razdan et. al. [97 9§]lto mod”.
cathode fall reglon of a glow d1scharge under the 1nfluence
of a. nonunlform electr1c f1eld and a transverse magnetlc’
‘:fleld Their 51mulat10n analy51s vere . made for a hellum gas
'dlscharge [97], and then eMtended to: other gases of 1nterest
'1n CO lasers- pr1nc1pally N and €O, and also for laser gas

mixture of He,. 2,;and CO, in a 20:8:2 torr-rat10-[98].

It can be shown from the above review; that most of”the

l,l

hcomputer 51mulat10n efforts were related to the molecular h
k1net1cs of the laser gas dlscharges-' w1th llttle or no
concern about gas transport processes and flow structures 1n._1
CO, gas lasers. In 1984 Antonluk et al. [99] analyzed ‘the |
| ghs flow 1n a magnetlcally stab111zed glow dlscharge, by B
u51ng ‘a s1ngle flu1d magnetogasdynam1c model The resultzng ?3
;system of time -dependent . nonllnear,u coupled partxal _
'd1fferent1al equatlons vas . solved numerlcally on an Euler1an)j'
 mesh, by u51ng an 1terat1ve alternatxng d1rectzon impllcxt
,,f1n1te dlfference method Thelr computer 51mulat1on results
‘prov1ded vfurther 1ns1ght for the des1§n of magnetxcally

Y
stab111zed glow d1scharges for laser appltcat1ons._ ‘::4



CHAPTER 3~ .~

. EXPERIMENTAL SYSTEM DESIGN

| :
3.1 INTRODUCTION
s | )
-The exper1 tal apparatus_,usedW"' ~this prOJectr"

con51sts ma1n1y of a gas transport system and an exc1tatlon'

fysﬁem Tﬁeagas transport system 1ncludes the 1aser chamber'

| -and electrodes,'a gas blower, heat exchangers, ducts, and

"the laser tank F1gure 3 1 shows a general v1ew of the L
_ .

‘ system. A brief descrlptlon for the dlfferent components is

© to follow. ) '{h \ ' ' - '
o _ ! | A, _ v

»”_3.2 GAS TRANSPORT LASER SYSTEM S

Thef‘gas transport"system_ iS' made of .aluminum. It
fconsists mainly hof a Aflow:JSYStem;_ laser 'chamber4iand

Y

electrodes. “ . .
.7-' .. N 4 ':'
'm3.2}1;FL6W SYSTEM “ )

—

The ma1n components of thlS system are the gas: blower,

the heat exchangers and’ the ducts. - Flgure 3.2 shows> a |

..

fschemat1C»d1agram ofkthe gaS-flown5ystem.




- THE. QUALITY OF THIS MICROFICHE .. LA QUALITE ‘DE - ‘dETTB ,c'.'H-ICROFICB,E
‘IS "HEAVILY-‘ DEPENDENT - UPON THE - ,DEPEND GRANDEHENT DE"' I.A ,éUALITE DE LA» '

_;-QUALITY O@THE THESIS SUBMITTED"’_'., . THESE SOUMISE AU HICROFILMGE.
FOR HICROFILMING. o SR

UNFORTUNATELY THE COLOURED MALHEUREUSEHENT, ‘ LES DIFFERENTES

ILLUSTRATIONS OF THIS. THESIS __.ILLUSTRATIONS EN COULEURS DE ' CETTE
~ CAN ONLY. YIELD fDIFFERENT TONES = 'THESE NE PEUVENT DONNER QUE DES
- OF GREY. . o S TEINTES DE GRIS.

N .
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'rotor is-made- from polyamld glass mult1w1ng*blades'[100] of

.,tank~Close-tofthe*blower. Lk

‘jB,'uEAT'ExénANGERs.,

A, GAS{ﬁLOWERﬁ“'

Gas cir ulatlon througp the system‘°1s
double stage lower some 61 1n d1amet"

’"20 32 cm length and 45° p1tch wh1le the stator 1s made from

‘vcapac1ty of 6. 2 m3/s or about 13, 284 CFM and is capable of

5 prov1d1ng a. flow veloc1ty of. 45 mA§~_-(i:i>5iven by a 15 HP

.,tpolypropolyn blades ~of the same s1ze. The blower has a-

3—phase electrrc.motorh;whlch is' located inside the laser

- .df/k

" Two heat exchangers are used. One 1s loigted downstream’

Aof the dlscharge reglon and helps to codbl th\\hEated gas

before 1t 1s recirculated by the bloWer.‘;Z: second heat'

| exchanger, wh1ch is 1nstallé§ upstream of’ the dlscharge

“chamber, quenches the heat produced by the blower and the

exchangers are geometrlcalfy similar- and

remaining heat carried ,by the c1rcu1atlon gas ‘and allows

$

copper t;bes 16 mg;;n d1ameter and c1rcular Alumlnum fins of

. 36 mm out51de d1a eter and 0. 2 mm th1ckness. The

farranged in an eccentr1c double layer, as shown in F1g 3 2.

‘ent1re surface of the heat exchanger, and to be eff1c1ently

'_,COoled The heat exchangers are 80 cm- by 60 cm and fit on

¢ . : e <

ach'one is made-of

freshfcool gas to enter‘the-discharge‘ri?ion,‘The two heat -

. Th1s geometry forces the c1rculated gas to pass through the



"f_fSthiif
f_the top of :the laser. tank at upstream"and'“dOWnstreamJ_p“

locat1ons.~ Adequate :coollng is prov1ded by flowlng 15

11t/m1n of tap wager through the heat exchangers.'

e

'C. DUCTS AND LASER TANK

The laser tank anddEE%s-are madeiof:aluminum alloy'znd__ll

‘are shoun'schematically in~ng 3.2, The: laser tank has“a’ -

length of 245 cm, a wldth of 85 cm, and a depth of 50 cm. It .”

.accommodates the gas blower and the dr1v1ng motJ? isﬂ~ﬁ
‘“ separated from the ducts at the top by the heat exchangersﬂ

i on both 51des. Curved alumlnum sheets were 1nstalled .at. the”

D

corners yin_ the laser tank ' compress1on qUCt and an

> S -
expan51on duct allow effic1ent and smooth gas c1rculatlon 1n o
R .

the system.

[»]

: The compre551on channel 1ch connects the compre551on'

—_~duct to the laSer chamber,'was carefully desxgned to matcht“

d w1ndow of 36 cm by 89 cm vn the compre551on duct to ahd‘

Ll

' cross sectlonal area of 10 cm by 135 cm on the upstream s1de '

of the laser chamber. The compress1on channel has a con1callw*

v shape and the slopes were chosen to maX1mlze uniform1ty 1nih;

"h, h flow dlstr1butlon across the channel helght. The L

oy . -

compre551on duct forces the circulated gas 1nto the lgﬁer'
'1,chamher through the“compre551on' channel _.w1th a’ 5 3{?f
.;Tcompress;on-ratxo. o o v

Metal fins were 1ndta11ed across ﬁhé fcompressTOntt

_ channelato ensure thah the‘ga?

1

flov 1s equallyvdxstributedth



.along the w1dth of the channel (135 cm 1n the z—dmrectlon)
P

~_.upon enter1ng ‘the laser chamber [101]_ On the other 51de,
,'thei'expan51on .channel -and expan51on duct allow 'the'

_circu1ated~gas-to flow through the_heat exChanger, It-ls."

‘1

-

then drawn in by the blower.

3.2.2 LASER CHAMBER

RN

. The laser chamber, ‘which'lhas a - rectangular - cross.
. e _ b : ' _
section, is designed to accommodate _ the . d1scharge

k4

electrodes. The d1mens1ons of the dlscharge chamber areq 75

',tm“lﬂﬂthe dlrect1on of the gas flow, 135 cm perpendlcular to

hthe gas flow dlrectlon,, and 10 Cﬂ\ 1n %helght. Rectangular
: w1ndows on the front s1de and the back end of the dlscharge

. chamber 'are installed for' v1sual observatlag “of 5the h?

.dischar§§:ﬁAlso,.optlcal m1rrors can be attached to these‘

wlndows, ‘to form a. laser cav1ty,_whenever the qperatlon of -

“the’ system as a laser 1s de51red There are f/ur ports on

-
the top- plate of the 1aser chamber for the purpose of

-y

-dlagnostlc.measurements.Jg

Accord1ng to‘the dgilgn of our syst;m, the d1rect10n of
gas c1rculat10n is as 1llustrated in Flg 3.2, Th1s allows a
cool fresh laser gas mlxture to be compressed 1nto the i?
;jdlscharge chamber and the hot gases to be removed from the"'
d1scharge reg1on. The laser gas m1xture,fwh1ch conS1sts of
Co,hi/He, .serves as thefmhdlum for the electr1c dlscharge‘f"

. -and as the 1a51ng medlum.



=9j3;2.3 cAmgpns_EnECTRODE Sl R T

ifff 'ThE‘ cathode :electrode 1s madef of {a;ftf mm. d1ameter"
‘efmolybdepuma(Mo)»spggal wlre..The spifalgmas a 1ength of 135
..ucm an out51de dlaméter of 2 5 cm and a p1tch of 5 turns per
v‘tcm.> "The Mo wfre\,ls chosen becaUSe _rt has good heat
1vire51stance (meltrhg p01nt at 2600 C) and 1s suztable for hot
: cathodes Also, ’1t has a lhght Welght‘ 51nce‘ 1ts den51ty

h(TO 2 gm/cu cm) is: almost haLf that of tungsten (19 3»g/cu

W . _ . . . R . A\j.‘ | IO T 1 ‘Y‘ . -
I _ o S o ey P
_ cm).» T Lo - o LR T
_ g S e A STl T e e
.o . N

The Mo ,w1re cathode 1s machanlcally supported by a
_ L
;ceramlc strlpf It 1s located at the center pf the channel

Just upstream of‘the anode sectlons and 1s cooled by the

v S K '..o

-~flow1ng g_Sf mlkture.' Therefore 'df water coollng sis¢~ﬁ

.;fnecessary, tﬁls allows slmp11c1ty of constructzon. Th;s Mo

t wire - cathode also works llke a large d1ameter electrodé

’

thus maklng the-gamn dlstrlbut1on more un1form [87],'?1gure i

°';3 3 shows the dlsoharge sectlon -the 1n$1de of the dlscharge- e

“a

"'chamber and the gathode electrode.[ﬁ?fﬂf# STRERETRALA 3

! Lot b'" "}- DL ST .‘"",. ...‘ ' 1 : : ..;.
'ir3.2‘4ihnopgpgqﬁctﬁppgﬁ‘f;sgtgkyé;wﬂhﬁﬂ:;y@epjji?'ﬁ;;fhik,ﬂx5gd“"
.’_ '_’ N o ‘ : o » ‘j . _-‘ . “ o .'""’ 7 . »‘.",‘.-.:-’ * " ." P "

L The anode consusts of T10 electrodes wh;ch are made of

commerc1a1 gra"phxte [86] Each has al length of 50 mm, 'K'a’"ﬂ:u_
i

w;dth of 16 uu;;r and a hemght"?of.. 12 mm\“‘l‘he anode 15 split |

mto two sectxons, each sectzon cpnsiSts o’% 55 component g, j
x g

One sectmn 1s ﬁiounted dn the tgp 'plagei.,;qf the laset chamber

and the otherr s\:zon is mounted én the bottom plat:e, u



i

e

9. 3.3 Close viewsand the inside of thel discharge chamber)/
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o
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Ashownvon,Fig;,3.3.g _

Th1s'anode electrode ‘has - two’ maln advantages. flrst,‘
o : ‘ a S
-because of ‘the volume re51st1v1ty of the graph1te,‘ thisv.f
'anode -can 1nh1b1t spark formatlon and can be dlscharged.
»unlformly allow1ng a unlform glow dlscharge. Second waterl_l
.tooi1ng ‘of the electrode sectlons 1s not necessary because{
‘of the graphlte s heat res1stant qua11t1es.'Each electrodeff
47component 1s connected to the feedlng power supply through a:
Cballast re51stor to ensure unlform current d15tr1but1on

_across the d1scharge length

3.3 HIGH VOLTAGE POWER SUPPLY &

‘. . . L ) .(1 ) )
To prOV1de the requ1red exc1tat1on power for the laser

system, ‘a h1gh voltage power supply, wh1ch 1s-capable,of~

-prov1dlng 45 KVA at _af maximum current of 15 »Ad'wasf

constructed It con51sts of three ma1n components.

1. ' ‘H1gh voltage var1ac to regulate the requ1red power:

v sett1ng._{hf%7 l'ff},'t rv‘h'7*"7’j |
2. . ‘H1gh voltage transformer to step up the 3—phase llne_f
N voltage to the h1gh voltage requxred : i |
iél. .fﬂ1gh voltage rect1f1er to rect1fy the ‘ac voltage ande_
| ..:de11vev'the dc power to the laser electrodes.-fff?f _}
Tllhe -three cxrcults <are descr1bed br1efly n the nextr;
:l sectxons and w1ll be shown in F1g. 3 4 ‘of the electgic .

.-!dxscharge cxrcu1t 1n Sectxon 3 4 lj;jf ”7"-5"l71ﬁﬁl;?f;*3:*



©3.3.1 HIGH VOLTAGE VARIAC -
"To rcdntnol the power in this.‘S&stemJ:ﬂae VARIAC

autotransformer with paralleling choke -is ‘used. The

Tthree4phase _b parallel - circuit consists ;of_ YTSix
';autotransformers and three W50-P1 inductors; The’presence of
the -inductor is: important since it prevents the flow of"

“a

potent1allyvdamag1ng currents from one un1t to another.

'3.3.2,H1GHrVQhTAGE TRANSFORMER
. ' ' T

L=

' The hlgh voltage transformer used con51sts of three'5'

transformers each rated at 15 KVA.. The three transformersv.
are hooked up as a Delta on the pr1mary side (low - voltage
. 'side) and connected in a star (wye) c1rcu1t on the secondaryi:
| s1de (h1gh voltage 51de)v Thevcomb1nat1on prov1des 45 KVA at

15 A_max1mum cUrrent.' o

T

.3.3.3 HIGH VOLTAGE_RECTIFIER | B R
The h1gh voltage— rect1f1er 'circuit‘.usedﬁflor this;

purpose operates from three-phase alternat1ng current and .

makes use of power 5111con rectlfler dlodes. ‘The Cl;CUl‘t:_
con51sts of 126 rect1f1er cells arranged- in six‘ branches‘
Jw1th 21 cells in each %nanch jbch rect1f1er cell has a.':
vh'rect1f1er dlode of the type IR2138R shunted wlth a res1stor
R (280 KQ) and a capac1tor C (0, 01 uf 1.6 KV) . The functlon
’ of the shunt res1stors '15 to ensure a unfform voltagevf

j_dlstrxbutxon amongst “the serxes dlodes.. Otherwxse, it is



~

¢

probable that the reverse. voltage across one-or more dlodesh
could exceed the breakdown l1m1t (typ1cally between 1000 to
2000 volts)~ “The shuntlng capac1tors are also’ used - to

;prov1de 51m11ar protectlon and gct as a fllter {o? p0551b1e‘
superlmposed n01se.‘ B T '?* IR
The rectlfler assembly 1s contalned 1nlan Oél med1a of:
suff1c1ent volume to completely cover the assembly The 0111
:‘prov1des an electrlcal 1nsu1at1ng medlum whlch also carrzes d'
heat away from  the dlodes. ThlS oil must be of ~high-
dielectric strength; low v1sc051ty and free of 1mpurities'
such. as inorganic acid, alkali and corr051ve sulpher.'Theﬂ
'.rectrfler circuit w1ll be shown among the components of the
‘;electr1c dlscharge c1rcu1t in Flg. 3.4, Sect1on 3.4..

3.4 ‘ELECTRICAL DISCHARGE SYSTEM

The output of the h1gh voltage power suﬁbly is coupled_

to the cathode via a  ballast re51st6r R1 ThlS ballast'

're51stor lr“

5

w;%JIQUIt is 1nserted in the l1ne to pEetect

ebent of a current surge. F1gure 3. 4 shows“

systemt A fue

'the system'xm

Each of the anode-segments

3?6*59*‘ ed to the power~supply through 1dent1cal ballasti"

. res1stors R2 The folé of. ballast resistors R2 is to prov1dehr
a un1form d1schar&e curre%f through the anode sect1ons- thushh

g1v1ng a un1form d1scharge a‘ong the laser axls. coT
_ . IR m- :

»

he dzscharge current flow1ng through thé‘ |
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3.5 TESTHNG:THE.fiqﬁ srsrsx
The 1gas veloc1ty dlstr1butlon across the_ channel s
. downstream of the dlspharge sect1on,'was mon1tored u51ng a
Vpltot tube attached to a capac1tance manometer. “The - p1tot
tube was 1nserted 1nto the channel so that 1ts txp vas
located at’ p051tlon X= 11 5 cm downstream from the cathode,
'_as shown in F1g.“3 5 The p1tot tube was. moved along the
y—ax1s to scan the - channel . height Y ,E Measurements, vere.
‘performed at' four d1fferent p01nts on the z—ax1s, and at
'dlfferent locat1ons on the x-axls, at z= z4 as shown in Flg.
3,6 The pitot tube, whlch measures the static and totald*
pressures [102 103}, is connected to an electronlc pr&ssure
meter (capac1tance manometer) - The pressure dlffe:ence is

h‘measured and from callbratzon.curves the ' veloc1ty can be-

'obtalned for’ dlfferqpt laser gas m1xtures.

The‘velocity distributi ntat*pointsvZ1,'22;*z3fand 24
was obtained for different laser gas mixtutés‘and'preSSures,‘f~
" With the ‘cathode removed -'rom':its ‘place, - the‘wVelooityf,f

distribution was monitored a‘

Z2=24., A total gas pressure of 50 torr, u51ng a m1xture $£;'

two locationsVoﬁ the x—aXisrat~v

CO,hi/He w1th the proportlons 1-1 18 . was uSed ‘The results_

» are shown 1n P1g 3. 7 W1th the cathode located in its placef

e o
in the channel the veloc1ty d15tr1but1on was monltored at‘j"

4

the same prev;ous pos1t1ons. The results obta1ned are shown
in Flg 3. 8 A stagnatlon po1nt formed downstream of the,*d

‘ﬂcathode,,rn the m1ddle of the channel causes the-veloc;tyv

o~
-

¢
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to drop to about 65% of its maximum value. However, the

3

vveloc1ty dlstrlbutlon acréss thg channel tends to ilat!en as-

. _ , Uy

the flow advances downstream.v , ‘--

. -t
¥ , . . ! ) e &

Figdré‘“ 3‘957;sho§s': the gas veiocity dhstgibution.
d.progected acnoss th&vz—dlrectlon and measured—at y=7.5 cm

T at severki p01nts on the z—ax1s. The flow velocxty 1s seenw’

</tQ have un1form dlstr;butron across most ofv the channel

reglon~ w1th the,exceptlon of the edges where ‘the veloc1ty

P SANU

drops of f 51gn1f1cantly'due to the boundary layer effectsv

[104 105] Flgure F 10 '=hows the' varlatlon of, *¥e gas -

e 5 BN
ed forJ these ‘measurements with ‘the
~N° ~ . C '_;\.‘, "’. . >

experlmental setup 111ustrated in Fig. 3,5,'As caﬁ;be'seenv

veIoc1ty w1th gas préﬁure at x—11 5 .cm, y=7.5, om f“and iy
The p&tot tube was

— from Flg. 3.10, the_veloc&;y ‘increases with an'increase in
9 LA l . N . . . .

pre of the laser gas. mixture.
. . T .t o . . ’ P
o _ <
. I
In . conclusion, a- Transverse Electric CW Carbon D10x1de
| /.

Laser Gas Dlscharge System was designed and constructed The
. geometry of the. system together thh an eff1c1ent gas blower

a}lowed a gas veloc1ty ~which isf.close to‘gour de51gn.
L < a AFY

éstimates. The use of . a Mo splral w1re cathode and mult1ple~.

@raphlte anodes proved useful in obtalp1ng a unlform glow;
dlscharge. The- system performed satlsfactorlly durlng the
B Ca

cource\of experlmental measurements 4
\4 R . : ‘»'\

§

AR
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Experlmental measurements were performe& to 1nvestlgate
>

[

the behav1or of the gas flow dlscharge 1nkth1g.system and to

validate the 'eomputer 'algorlthm., ParamFtrlc measurements
S 1

were:'done tof-monltor the _gas‘rflow /eloc1ty 'and %he

“ i

R X
températ"re dlstrlbutlon in the. dlscharge reglon. Thé\
o T -

. operatxon of the system and the experlmentgl results will be

presented in Chapter 7.

-
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4+ GAS ;-DYNAMI C MODEL AND THE COMRRESSILBLE - C

_ NAVIER-STOKES EQUATIONS
"/ N\4."1 sINTRODUCTION

hlgh DC VT CoLrhon dEOXide lasers, vthe - pumping

mechanlsm is prcvided by 7 gaa dﬁscharge As a result; the

performance of\{yﬁese electric dlscharge..lasers_ is highly
h

dependent upcn e gualitv of the jlow prodUced'withén the

-

laser. To procuce a large and eofiicient. laser for useful

. industrial applicat®on, one m: st increaSe the  discharge
v

N lume, the" gas pressure aud thellnput power. In d01ng so, -
.'//:i is' necessary to satisfy two COHdlthﬂS (i) the gas
temperature should remain below about 600 K, since otherw1se
.the lower laser level is fllled and the populatlon inversion
destroyed (887, (11) the electron temperature‘ should  be

around 1. eV, in order to obtain jigh efficieney in

transferring ‘energy from the: discharge to the upper”

vibrational levels of the CO_ and N, molecules (88, 106].

An .interestkng way. to meet these conEtraints fsl to
"dispose of waste heat by convectlng it out of- the dxscharge
[6,7,9]. Consequently the output radlatlon power does not'
scale with the length of the_discharge tube, but rather w1th

the mass flow rate of the lasing medium [107]. “To satisfy

.82. ‘ ) 7

s



.
ad

_ to collapse into areliﬁe filaments [108]. The presence of

g

- o 83

' - . L . F
condition (ii), it 1is necessary to mainfain a_ stable glow

o ' S . 1 ' .
_discharge.'HOWeger,iwhen'the gas pressure or the 1nput'pbwerf

S , . ' . ) h
ls increased, the ‘glow discharge becomes unstable and gendsf

.

varigus - instabilities,. such as. ioniZation waves [«7] and

thermal‘const;iction [36] place serious l1mltat{_ﬂ/ on the

k'\
~

per{ormante of these lasers.
. \ //
(‘ : han
ne approach that max,be used in preventang the var1eus_

3 -

. 1nstabilities from becoming a problem is. to cool ° the

discharge oas efficiently; by rap1d1y c1rculatihg»the gas

mlxture in the system. This ghould be done rapidly enough to,

l

keep the gas res1dence time well below 1 msec; which.is the
tleC%} llnstablllty tbreshold time [36] in low pressure

devices (P < <1ho Torr) “Also .different"stabilizatioﬁ

technlques have been developed to stablllze “the dlscharge

This could be eithér by ionization assistance [55], or by
magnetic fields ®[82], or by * turbulence- [71], or by

appropriately‘ choosing the material and shape‘ of the

diﬁtmarge 'e;ectrodes‘ [87]. However, these p;ocedUres have

* ~."

still been unable to owercome the . scalln§ problems
X

.associated w1th the development of large volume hgﬁh power . .

lasers, A better understandlng of the kinetic and heat
transport processes in these laser gas discharge systems is
still needed in order to advance the state of the art for

these devices. : : . N



the understandlng of the behavior of open channel flow laser

Q
gas dlscharges} In partzcular the flow-strurture_aﬂdﬁgeat

The main objective of the present Qork is to advanc

flow within such\e\jlces will be eluc1dated

1691

4 . 1 “ " N
The, flow structure within the gas discharge system

. is -descrlbed by " the Navier-Stokes eguations.

'Unfé&tunately; ~the, analytical solution of thesé GD

‘equations, which form a ' set ‘of nonlinear . partial

differential equations is, in general, impossible. Thus, a

numerieal solution ,is the only recourse.’

T

s,
.

The time dependen?' ﬁavier-Stokes " equations- will  be

- solved numerically in- two dlmen51onal carte51an coordlnates

1n order to give a steady state solutlon Th}s part1cular

approach is“ used to yield a steady state solution because.
n . , . a -

[110]

1.

5.

, . . o . ‘ N ) v | . .
o L ¥ ke ‘
some steady s - methods arte strictly equivalent to
. =time-dependent methods, S S
. C , . . o

steady-state iterative methods cannot be presumed to

he stable am@ should be analyzed'for stabiifty,

a computer ‘program written fhr: $he  time-dependent

apprdéach can be',easily1 hddified ‘to achieve ‘the

—~— B S

v steady state solutlon _ .

LY

the t1me dependent methods are 1‘ susceptlble to

nonllnear 1nstab111tles and are thereby less sen51t1ve
to initial conditions,'finally,

a timeﬁgependent formulation offers the flexibﬁlity of

. . .
N
.
. : )
% \
. .t - N - -

g :
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obtaining. the transient solution, if it should be
desired; more importantly, it does not presume the
existence of a steady-state solution, wnrch 1ndeed may
‘ 3 N . J ) . . -
not exist,
t*’The meézum w1th1n the 7device being étudied‘y's a

partlally 1onlzed gas composed of three flu1ds These‘are:

(1) a p051t1vely charged ion flu1d (2) a negatlvely eharged

electron fludd and _(3)' a neutral particle fluid. ‘The

.simultaneous .determination of ' the individual behavior of

each of the fluids is complex, and in our case is npot
) X
. : N ('fcai

necessari.:ln theianalysis‘that follows a single-fluid del‘

1s assumed becéuse- (i)_the fluid-is actua1ly domlnated by~

; [

the neutral- part§ple flu1d since the degree of ionization. 1s°

n ¥ -
very . low ( #4 ~ 10 [1301 (11). there is a 'strong
, . ;

R _'\85"_

-

s

B Y

colllslonal ‘coupling between the varlous species. [111] thus ’

rmaklﬁg a s1ng1e fluid model a. reasonable approxrmatlon end

(i) we lare interested in - the ‘neutral- flow and gas

transport'processesf ra%her than deallng w1bh the charged.

particles. . Charged particle behav1or ,ié .often not welA

- <

described using a flui

odel and often other technlques

must be used. For exampl', a Monte Carlo s%mulatlon codegwas

-

used by Razdan et. al.

: ‘ . .
electrons and ions- ag they traverse the cathode fall region
under - the influence of magnetic !ields. N

x

In this chapter, the single fluic’/gas-dynamic equations

implemented in our computer code I1GCP (Implicit Gasdynamic

197,98) to describe the'beh§v1or of.

[
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Computer ‘Program® will ‘be presénted. Tﬁe¥isequations w&llibe
: o o
expressed in vector form -and ‘then expandéd in orthogonal

curv1llmez{A236rd;nates. ‘The soluflon of the resultlng set

v

of eguations will be used to describe gas flow@behavior in

. . . ~ T . RN oo
our laser device. . - BN ‘ )

-

The nonllnear partlal dlfferentlal equatlgns will be
approx1mated by su1table finite- dlfference equatlons Thls
procedure leads to a. set of algebralc equatyons wh1ch can be 3
esolved on a compuigtlonal grid. By making ‘the gr1d 7pac1ngs

.suff1c1ently small ;; 1s hoped fhat the solutiog obtained

B ’ [} g
will glve ‘a good approximation to the solutlon o?/'the
L :
orlglnal partlal dlfferentlar‘equatlons {1127,

. ’ ’ - : < L

4.2 EQUATIONS OF MOTION -

i)
-

" The motion of aAcompreséfble viscous ‘fluid ié’gOVerned'
el
by a set of dlfferentlalfequatlons [113—115]“wh1ch Tepresent

P -

the conservdtlon of mass momentum and energy The first-

fluld equat10n4(comt1nu1ty equatlon) expresses conservatfion
. l ‘ ' ¥

of mass and is ‘given by: o ) B "
- ' _ . T R v.b _

3p L o
3% +§ﬂ(pvh=:U

2
3

where p and v are the neutral gas density - and welbcity
A .

respeqti?ely.

1 : ' . .:'\ .4 i
The conservatdon of momentum i% represented by< the '

v
v

equation of motiop as: , c T

LW
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s . . P
-t ; A, v

Fr (PY) £V (pVY) + V=0 e (42207

L )
. . . . . : g ~ 7
where Tl"is .the pressure tensor which is given by:
,,: a__: , _\ < n = 7 + pI . ' (4.3)-
B C M _';;_.).";o,,;' ’ . :

-where 7 1s the’viscous stress tensor, p is the hydrostatic
- : . ¥ " ) D4 . . i .

" pressure and 1 is the unit tensor.

QVténrbe'déscribéd_in suBscript notation [116] as ébllOWS:

o i by oV AT avl
,'“_‘ . _.,- T'w, =<—n(axk +:ax] - gézk ‘*—axl') + S(Slk Frair (4.4)

-

:wheré 7 is the shear-v)écosity and §-is _the bulk viscosity..

This enables us.to write Egn, 4.2 in vector form as:
d i , ‘ _
2 332 2 1 3 KT 1_ 3p S
rhc.—- . bt * hantl - - = = —
at(pv)fv (pvy) Vv Vv—( +37)V(V v). m h ax - (4.5)
. S 1 . -
Firnally, the corservation of energy, equation including. -

a heat source term (QOhmic heating) is given by:

DS Ka® 12 5T ‘ '
T E2 - + ¢ + = - (KR==) + .
Dt p o - 3y’ ( Bxl) Q (4.6)

Irn this eqguation, tﬁe term‘bn the “left-hand side represepts

the rate of change 1in the,inﬂernél energy and is giVen by:

o . DS _ . 4T _ aT @P |
. - YT bt - S5 dt T p at - (8.7)
where e . o o |

L _ 1.0V
» « = y(3p)



:Using Egn. 4.6 and Egn. 4.7 we can write:

P
2

The first three tetms bnkthe'fight-hand side of Eqn(

4.6 represent molecular transport effects. The first term

accounts fof the dissipatioh of vméchanical energy. The
geéond term represents the rate of -work from viscous’
—

- ) LN . ) . . . . L
stresses.  The ythird term descgibes the internal conduct:ion

of heat. The fourth term (Q) is ‘the external heat 'source per

v o , 5 B e ,
unit mass (Ohmic heating). Also we haveiy” \ _
au’ ‘
a=e't = P S (4.9)
| X “ @ A
and
¢ = (e}l — 1p° ’ ' '
= S lee 547) (4.10)

where
t —— L ]

13 1 oou aul o Y

. - el = 4 (L, YT
| B ;;aﬁ\\\‘ (5.11)

c S -ofdb RA 413 (x —) 4 Q . T (s212)
p dt p o at L, P oax' . ax’ oo :

In Egn. 4.12, the second term on the left-hand side .ls small

and can be neglected [117] for‘parameters of intérest insour.

]

experiment. Also, the first ;éfm on the fight—hand side is

very small and can be neglected [114]. Phus Eqn. 4,12 can be -

- simplified to: - -

-« . o
L dT 4,1 BT, L |
T R el x,). f,Q gj {8.13)

a..
Substituting Egns. 4.9-4.11 into Eqn174.y§,;and-arranging

the . derivative .terms, we can .wréte the consérvation of



(

: -
Thus Egn;: 4.1,

~1n vector form as:

energy ‘equation in vect®r form as: . o N
c ST+CXV-(\1T)— (V9 )“+§—’1(v v) - T -0 (4.14)
HEASENN : R .

Egn. 4(5 and Egn. 4.14 can be arranged

t IS

i (pv)= 0 . o & (4.15a)
. § _ | :
’ s 5 KT 1 dp )
ﬁ%(pv)*v (p*p)—nv Vv— v”\‘*‘ VIt ET ax . - O (4.15p)
.8 . ' .
9T o _ 21 2,21 o o2 Koo ~ ' ‘
+U-(vT) pcp(vV) +§;Ep' v) EE;V (VT)—Q = 0, (4.15¢c)

Equatlons 4.15

represent a set of nonl1near equatlons

in the four unknowns p, pv and T, and constltute the ba51s

t a

of our two dimensional model. : 4

4

—t

4.3 GAS DYNAMIC EQUATIONS IN CARTESIAN COORDINATES

’ 4

The set of ' Equations 4.15 must be expanded Mn a choesen

coordinate system.

be applied to the

A .
4f15 were - first

* .
The finite-difference|\technigue can then

resulting egquations. iIn our case, Egns.
e .

expanded  in’ orthogonal curvilinear.

coordlnates [118] to keep them as general as p0351ble, so

they can :be ‘used
: A
requ1red. This proc

N

for ”dlffecent coordinate systems as

edurc is explained in detail in Appendix
< .
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Equat}o;s A.14 are the resdlting equatiéns in a‘generai
coorainate éyétem.f! Reducing lthese_ eqguations | to 'vtwét
dimensional cartesia{_ coordinate .feSUlts vin; a set of
 equati6ns A.16 that arewﬁseé,in IGCP to simulate the gas

. - R . . _ .. .
flow behaving Eguations A.16 can then be represented in the -

followingjﬁctor.fornnwh/ S ‘ - ,
2o« B + &0 -0, |
5t l&u U >(u) . = , = ~(4.76)

\
P Ind s L. : o .
where M(u) = {pv, p, T} are the quiptltles advanced in time

and 3‘£‘Tv1b,v2, p, T} is the state vector of the system.
At , : S

The function F(U) contains all terms an Egns. A.16 thdt have
leading detivatives with respect to x‘; These - leading

derivatives can\take any of the following forms:

(1) ; a%% S | : ’ ' (4.17a)
(2) 5%7(0¢)" S | o (4,175)
3¢ By - : S
(3) «a a_)-(_,—ha_;o— < A L ‘(4_.17C)
2 , 3¢ . . (4.174)
(8) 5 ony] L ~ | ~
3 0¢ ' - (4.17e)
(5) ?)—XT ag;z—] 4

-

Similarly, the function G(U) contains all' terms in Egns.

A.16 sbat have leading derivatives with respect to X, .

Comparihg Egns. A.16 and 4.1¢, the terms.? and G can. be
inferred. Spatial and temporal finite differencing can theh

~be applied to these terms as will be showh in the foilbwing



_ sections. .

»

-

4.4 BASIC NUMERICAL (ONSIDERATIONS

To solve a 'systém of diffefgntial equations
numerically, the -continuous ‘SpaCe-time dbméina_must be
replaced by "‘a discrete space;tfme mesﬁ. AlgoJ‘ the
différential equations must bg' aPproximated at eachkfmeih
point by using algebraic finite difference equations;‘fhese

relate ‘;;% dependent variables at time t"' to the known

< %

variables at time .t". If the finite gifference equatiohé;aré-

uncohpled-'in the unknowns between time- Jevels, the-

L]

ditference equations are said to beé explicit. In this case, -

/ .

the solution of a set of m difference equations valid over a

two-dimensional lattice containing N x M points, involves a

set of m x N.x M algebraic equations in the same number- of
\ _

unknowns,.

The numerical solution of " multi-dimensional

xompressible Navier-Stokes equations requires considerable

computing resources. Therefore efficient computationa®

technigues are @ must. In the .Dast, standard eﬁplicit
methods {119,120] ;wefe. used to"Solgg ;Lis- problem. The
gequirement for numerical stabilit} of an- explicit scheme
1ﬁ%équire§'that an upper bound on thevtiﬁe step At given by
tgq CFL',(Courant—Friedrichs—Lewy) condition be respected.

The CFL condition. requires that the. difference solution,

which can propagate information across the mesh at a maximum

/\
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muSt

ftlon speeds of the phy51ca1 system being

modelled ‘Thls \des effects as wave propagatlon, fluid

motion Vand v [121] .. For our problen, the CFL

& "’/
Ty . e | .
< VO I e - o N 10
O e » SPENE PRt
In Egn. %.18, y 1 the advective veloc1ty, n 1s the

-

.viscosity and C, is tHe adlabatlc sound speed given by: T —

c-='v‘—, . (4,19) -

The restrictions are, of course, cohditions which must be//’

..

.satisfied thromghout the entire grld W1th an upper bound oJ
the tlme step, -the exp11c1t method although stable 1t 1is
not efflClent pa tlcularly in deallng with mu1t1d1men51onal

) " L]
problems.

On the other hand, 1if the finite difference equations

are coupled in the unknowns then the equations are said to

-

be implicit, and in this'case a simultaneous solution of the

J

m x N ﬁ M equatlons is requiredQ Here, the numbex\_of

multlplwcatlons 1nvolved in solving N simultahous linear
algebra7c equat1ons [122]) is approximately % N'. Ther o;e,
<.

the coqbutlng t1me per t1me step In a two-dimensional fully
\ o
implicit calculation [123] can potentially be excessive,

Howev7r, in contrast to- the explicit techniques, vthé\\
impli#it method is stable regardless of the time step size

/

/ . ' < .
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used in the solutlon of the linesr différential equatlons.
When 1mp11c1t differencing is used, the latglce Speed or
velocity of transmital on~t{he mesh is infinite and the CFL
limitation j{s always satisfied Moreover, "the tlme step
llmlaatlonjls relaxed.f rom- the CFL condltlon for nonllnear
vPDE,sas well. [1241 =7 = —— N
| In order to avoid the restr1ctlons imposed on the {ine
step when using an exp11c1t d1fferenc1ng techn1que and —7§>\
excess;ve .computer ‘tlme requ1red ‘in the implicit method,
Severalfauthors [155—128] have 1ncorporated the.alternating
direcri?p« implicit (AD%) te%?nique firsc odescrioed by
Peeceman. and Rachford [129]. In fhis .technique,’ the ;'me‘
advancement or the equatiomns is divided ingo‘two steps. UIn’
the firsr helfd'time' step: the ‘variables .are advanc
implicitly 1in one dimension and exp11c1tly in the other
dimension. The pr0cedure is rhen reversed durlng the second
nalf time step. Therefore durlng one half t1me step there
Tare M uncoupled set of m x N coupled 51multaneous equatlons
-and during the;second half time step there are N UnCOUpled-.
sets of m x M coupled simulténeouS’equati¥ns. These‘two sets
are solved alternatelv duging one full time step. Thus rhe

ADI technidue effective?y redUCes the required computer time

~and. consequently the computatlonal costs,lwhlle at the same

time allow1ng large time steps to be USed

In the present work, we are using the ADI technique to
solve the two-dimensional combressible . Navier-Stokes

‘equations. The numerical solutéon of a system of nonlinpear
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"
%o

.

differential equattons reQUlres“thﬁg;“ hese equations be
N SR IR 7 ;

d{eplaced‘ by a 'systemdgof 'a&gﬁbﬁ%ﬂﬁf fxnlte difference —~

eguations.,

To define‘a'contin%.f St ) “on " the domain’

-(xvﬂg){ it is necessary that this domaln be represented as
set of dlsqgéte points ;;,‘ 1<i<1; "i.e.. the domain is
S Wl , B VM

divided Ainto a %et of N-T- elements of width Ax
. . ] 1

~hoes

W,

}‘.

4,
X o= X o+ Ax e (4~ 20)
. m=1 ' R
-where . Sl e ) , " 4
AX = X - x C t4q.21)
m m m-1

=1

It is important to notice that the'scale'length A§ must be

small than the wavelength of the ri varylng FUnGt ion
y o )

so that the phenomena can be observed. The points x form

mesh or grid. The mesh points may move with -a certain

velocity’ with ’ respect to a stationary . observer in  the
’ : : . .
labdratory frame. If this velocity equals the velocity of

the: fluid at all podints on the mesh, the mesh 1s called

Ladrangian. If this velocity 1is zero, then the mesh is
called Eulerian.
. R -

Time can also be discretized and divided into small
finite intervals which separate levels or moments in time so
that: : ' ‘

: .

n 0

. o £ = t% + , At | (4.22)
. N m(:\ . " .

) 0. . o ’
~where.-t is an initial time and
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SR At En - o (4.23)

_Noﬁe'also that Atm muSt“be §é;sthall'so that significant

lﬂ@ime dependent information is npot lost. Now, the continuous
e - S o : L o
function u(x,t) .can be represented in a discrete form as:

kR

S o= U(x ,t") ' . {4.24}_

which is defined over a temporél and spatial mesh or grid.

N
.

4.5 THE COMPUTATIONAL MESH - x

In the IGCP an Eulerian mesh 1is Yused in which mesh

" points are kept fixed in the laboratory frame. The values of

-

the discrete fynction-u(x ,t") which are specified on mesh
. . . 1 . ' . .
points, are defined as cell-centered quantities. In this

, L
case, -he valye of ' u
. 1

1s. the average value of u in the
5 I .

two-dimensiona)l cell centered at (x ,x );‘ Figure 4.1
) . i 3 T
illustrates a mesh .on a single. plane where the dots

represent the points at which the values of the state vector

U are stored. The interface points at- which fluxes and
forces are evalyated are represented by the triangles. -

~

TS descripe the| computational mesh, the mesh element
A (where n=1,7 and indicates the coordinate involved),is

defined as the gistance between two points x-
. n 1

1
x += {x,x} is represented in orthogonal curvilinear
¢

oordinates. This gan be described as:

and x where
.Myt



The Finite Difference Computational Mesh

1
!

K&®g. 4.1 The finite difference computational mesh.
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~-Cell-Interface Point

——Cell-Centered Point
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A = X .= X * .
1. R B N {
. $
A. = x —x
1 ' 1o
( | (4.25)
s A =X . - x
2, 254, 2,
?"*x'\, A = X - X
N 2 2, L2504
. 3 b

) »\3“ .#. ' I
*The nonuniform mesh can be specified by the wvariable A's

presented in Eqns. 4.25.
The distances between cell interfaces are represented‘
by A and are,giVeﬁ,by} .
. . . q\ : 2 1 ]_)
a=da o+
2 2 72, 2
The value of a variable at the cell interface is
equivalent’ to the avggagé of the variable at the t&o

‘adjacent cells and is defined by: -

— _ ._1.
Mn = 2(Mi” + Ml)
M =v%(M14 + M) _
- (4.27)
M = l ;’ I ‘
MZ’__‘ - _2’(b-4:|+1 + MJ)
- — _ l
MZ_ - 2(M3-| * Mj)

Y

The & operators give the flux or force differences
across “the interface, these repreéent the forward . and

backward diffefencingﬁbcheme, and are defiéed'along the X,

direction as a .

— .
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S R Lo TN (a.28a)
P J ) : . .l -
DR a T ‘ (4.28b)

~Similarly, the 6 6perator for the x_-direction produces

496 SPATIAL FINITE DIFFERENCE

In thefGas Dynamic Eguations A.16, there are two basic
- &
types of *erms. The first type are terms that arise from the
dlvergen&e of fluxes in - the conservatlve equations as a
result of advectlon and viscous processes In'the expanded
GD equatlons all terms of the form 5%—(aF) where F 1 ;nf
. 1
generaL—éactor 1nclud1ng d1fferent1al terms and o is usuylly
a transport coefflclent are’ called flux ‘terms. Sometimes F
s — _
may take, the form gfL, therefore both plane secend
, : , , . . . .
derivatives and mixed second derivatives are subsets of the
flux terms. The second type of *erm that exists in the GD
‘equations A.16 has the form ﬂgf—, where B is some funct1on
8 - . ! R . :
of the state vector u. These terms arise from the pressure -
. g e
gradient forces -and are called force ‘terms. These force
terms are usudMy found in the 'momenthm agg,lenergy

equatlons. The titles flux and force are used to categorlze

the typ~. of  finite. dlfferenclng that will be applled
/ N -

»
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B . S . . ' A :
"“throughout the GD equations and not to-labelvt%eir physical

significance.: | , S S

-

When we apply the spatial finite" dlfference technlque
to- the set of dlfferentlal equatlons wve form a system of
algebraic »equations i‘yﬁieh _ describe chariges’ .to the

cell-centered “guantities. These variations are -due to the

o,

,transport of fluges into and out of- each ceil which result
from forces beingiapplied to thesé'éelle In thls case, fluk
- and force terms must be calcglated at the cell interfaces.
;In‘ the followrng two sgb %%ctlons f1n1te difference
.approx1matlons "to the dlfferentlal equatlons glven by A, 16f

will be developed, in the same wa¥ as was don_e by Flﬂ%h

[124].

-~

"4.6.1 FLUX TERM DIFFERENCING

.

’ . : “ . : . & . B
The flux 'terms measure the vfIOW“into or out of the

computatlonal cell, '4herefore these %&kms must be evaluated

at the cell boundarles. Therefore, the finite dlfference
form‘isngiveh by:

3 n‘r"‘+ - a;F_ ' .
\" . Ex-l'(aF) g A r . (4.30)

w3y

. -

where o and-F are the averege 2f twq adjacent cells as

'descr1bed by Egns. 4.27,1n\sect;on 4.5. In the case when F

represents a derivative term: (e.g., F = ax », the finite
1

(9]

Q

difference équation’ takes the form:

N



o e SN ap L (4.31)
| N

,whéée -th; é.ggperator .is the difference across the cell
interface anélf%!fefined by EQné;l4.28'and Egne. 4.29. In
the'caSe o: a ui?%ifm mesh and a constant «a, the'définitions
givgn in'Eqns.‘4.3O and Eqns. 4.3 /iéduce*{q the'nbrma}
first and second derivative'finiﬁe ﬁiffeyence approximations

)

as:

and

However, in our analysis a nonuniform mesh will be used, and-

'théféfOre Egns. 4.30 and Egns. 4.31 are requireds.

For mixed derivatives, whgfe‘ . - R M
et . - oG L7 ' ’ L '
k g P = ox. - ] (4.34)

1

. . 'v ‘- ’ ‘ . . ‘ " . . )
we first take the derivative in the xfﬁd;recthn at. the

boints B,, -B_.in Fig. 4.2 and average them to arrivelét a

_ . _ , » :
,%value F, at the cell interface. Then we repeat the same
//« . + -

process by taking the derivative in the x_ direction at the

points A, A and‘averagé them 'to obtain the value F at the

kd

. o :
cell interface. In this cage the differential with respect -
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The Mesh Pomts Used in Mlxed
Derrvatlve Calculatlons

- Fig. 4.2.Mesh'points used in mived derivative calculations,
3'3 . e T R ' - ’ .
. \) " .
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F - aF Ly '
d 3G _; , 2 S { 3G 3G v )
x “ox, A = 1o e ). “-(axg/;“ (5.35)
where : < o ’
3G, _ 1i[ 1 o o1
ax ). 2“ 2 &g D6 T Rl6, O RIS |
. T o ) .
hant ’ o
1 1 _ , )
+ [2 ey B ]) 5(G_ | N ]_1)]//32_ (4.36a)
B
and
36, _ 1] ¥ 1
E z)’ i 2[[ 2% 5 G 2'C.., +;$1-MJ)'],/A3~, ‘
1 A S | o
+ [Z(Gl'j *6., ) Tle Gl_‘J_])]/AZ_‘ | _) (4.36b)

. L'y
‘It must be noticed #hat the' terms ‘are- evaluated. at the
center of the-interfacesvin all casésd\\\

3

4.6.2 FORCE TERM DIFFERENCING

The force terms measure the total effect on the edges
of the computational mesh that has been-done by the applied
forces. Therth;ETimhese tefms are aefined*as the average of

" the forces appliea on each cell face as:’

| 25 3 B, (m) « g5 ()] (a.37)
1 * -

‘Where the onerator § has been given in section 3.5.
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Finally, products of _derivatives"which‘ are $usually
found in the energy equation, can be put in the form:

L G 9F 1 (26 y. G -

oF .

i ﬁax_ 0x_ 0x, —2[ sz 14172 6R(F)+(axﬁ):w/2 6L(F) : (4'38)
Hére,4thé term (-g;G--)l-‘”2 is_determingd'in a way similar to
(g%—) . in the flux terms as given by Egns. 4.36.

4 7 .; Ly e . « : - R ! .

4.7 TEMPORAL FINITE DIFFERENCING
\ .

fiAs was mentioned earlier, ﬁhe computer code IGCP QSes

‘the alﬁernatiﬁg difection_ implicit (Aﬁ15 .téchnique .fir§t
descéibed' by Peaceman and. Raéhford- f129], to advance the

vgolution‘ in time.b This | neéessitates that the set of

.Equations‘4.15'be,rep:e5ented‘in_the_vgctor form given by

~ Egn. 4.16.

The‘ .alternatihg __airgction ihplicitf (ADI) finite
difference methbd can now be agplied to thé system of
'quAtiQnsvpresented in géns. 4.16. 1In this technigue, the

_ ,der}vative terms inlthe x-direction are repiaced by implicit
difference terms ovef the first half time step At/2, while
the derivative terms in the y-direction are treated‘
explicitly. The pr;cess then reversed over the second half
time -step, where'tﬁe deri&ative terms in thé y-direction are.
replaced by the implicit finite differences and the
derivative terms in the x-direction are treated explicitly.

This time—centeﬁing ADI technique.'is described by the
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following fwe—step:prbceséz-

M(B) = (A

+ F(3,0") + 3(0™) = 0 ' (4.39a)
At /2
and r
=>n+ 1 _ = - _" » e _..‘.
(MEL™ ) — M(D%)) SRR s R -0 (3 39p)
At /2 :
where ,

»

u is the state vector at the ola time step,

U isﬂthe_intermediate Xg}ug_of.the state vector at the

: end of the first half ttme.step, and

Gmfﬁis'the statetveetgrcat the end‘of the 'second half
vtime step (that is, the eoi&%ion.at time t"7) .

‘Durlng the first half time step, Eqn 4;395‘is,used to soi?e

fo ,tpe'lntermedlate values o, Then u' are used in Egn.

4 39b durlng the second half tiﬁét step to determine the

solution U"' at the end of the time step At. Although each

of Eqng.A4;39 is ﬁirst order accurate in.At, the comblnatlonxf

of the two equations 1is second order accurate [124]

E@uations 4.33, which represent a. predictive—corrective

method,'describe the time advancement.sCheme’used in the

Implicit Gasdynamic Computer'Programﬁ(IGCP).

It may be noted that the forms of the functions F(Q)
and é(a)_in_Eqnu 4.16 are well defined except for mixed and
'produck derivative terms, To avoid the complication in

dealing with these terms, we choose to treat.the mixed and
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"

product térms fully explicitly, as was done by Finan [124]
and by Antbniuk [136]f Alt‘ough this lowers;;he accuracy to
‘order At'fog ghesé terms and introduces a Courant limit on
the” time step size, the simplicity of .using this methdd
ba%anceé) the occu;reﬁce \of ény slightv.inacéuraciesﬁ A

variation on this explicit method for the prodhct terms that®

gives some time centering is [124]:

¢
OF  8G_yne _ 1 F" 3G" 3F™" 36" - o
(bx; bx_% 2 (aﬁ, oX. ¥ ax1\lax2) . ' ) (4.43)

In the next chapter, the linearization and solution of
the difference - equations " angd the different boundary.
conditions for the problem under investigation, will be

presented.



CHAPTER 5
e
'LINEARIZATION AND SOLUTION OF

THE FINITE DIFFERENCE EQUATIONS

-

5.1 INTRODUCTION

'In the previous chapter“we presehted :ﬁhe gésdynamic
(GD) differential .equations, and described the fihgte'
differenée schemes which ‘canl be  used to transfer these.
differential quations‘into difference equations. When we
apply the spatial and temporal finite difference techniques
to the GD equations a set of nonlinear differe;cq equations
is obtained. In this chapter,_the linearization and sblutioq

of the set of nonlinear difference equations will be’

—

descr:bed.

5. 2,,'ﬁINEARI ZATION OF TH&QM@IFFERENCE_ EQUATIONS

A set of”nonlin ar algebraic équatidns of the following
form 1is obtained = when spatia?K and temporal finite

differences approximations are used in Egns. A.16;

RE) - RED ¢ 88 B, + AR - o (5
3 | |
where. . 4 - ~
Ax =) ’ v v '
LG » u |
s U = p (5...2)
T
.
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N pv ‘
- M(g) =] P4 | o (5.3)
- P
T

(

In"Egn. 5.1, phefnoﬁiinear terms pv and pu are present
« e o : '

when terms such as v, u, p ané T are to be aefermined at the

following time step. Therefore the systeh of’equatioq515hf
cannot be eolved in a vdirect. acd straightforward Qay.j
However, this difficulty~'can be overcome by using a}ﬁ

iterative technigue to solve these nonlinear equations. The \\\

P

system oI equations must then be linearized. Since. our

differencing is of a.second order in time, we would like to

'linearize the equations 1in a(manner as to retain the same

accuracy in At in the remalglng terms. The monllnear system
/-'-f

of equatlons given by EQn. 5.1 can be written zn a form that
is comprised of explicit and implicit terms as follows:
i‘(*“ ) = T () *“? (v", 8" =0, (5.4). 0
where ?Q(G”> is the explicit term which depends only on ",
¢ ' Sn s . . N . "’ ’ e . :’/A.I )
and T]hs,u ) is the implicit term which in general 'depends
on both U' and u". - ' ’ —_— : ) o
A Taylor series expansion in time can be used to -

n

linearize the set of nonlinear 'equations. This reQuires'that
he function T(3",0"%) , in Egn. 5.4 be continuous . and

dlffe:entiable, so that the function ?(1+13) can‘ be
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expressed in terms of the function and its derivatives at an

earlier stagev((a) as:

’ . .. . e £ L
SLL "’T + J(_ : [ aaLt] At + O(bt)”

- ) . A}

or ’ -: ) ‘ ‘ ‘ . ) .
_(" . ! —)" (’ . : W '
Bt S S ) ] [ 20 ] v/
: = : S| At + 0(aA . :
oo T t Olatr™ " (5.5)
" where J = éii is the dtandard Jacobiah which involves the
u . -

N dependence.only,_and its elements are given by:

BTV T CAR TR A OD I o

@

. . / . . . B . )
In thiscﬁquation, only the implicit terms of T(3",0") are
involved 'in ‘the differentiation.

In Egn. 5.5, 13 P jwhere £ is the iteration index.

This expansipon proCedd}e can be carried one . step
further sé that this can be expressed as the first step in a
generalized Newton-Raphson“siteration. In EQn. 5.4, the set:

. . . -, . )
of nonlinesr algebraic equations T(U%,0°) is equal =zero,

consequently the desired solutidn.for,£+17 in Egn. 5.5 is

Zero. Therefore, by eXpanding the term [ %ﬁT]I' Egn. 5.5 can

be written as: = 1. ‘ )
» ' L+12 £ o
43 .. [ 8T 1« u - ‘% | 2
0./-‘-_. ;f* + aa‘ ] . [ (T) ]At + 0(Aat)”
. or . C,) .
| 0=t (- ) +oan)?, (5.7)

1
which' can be rearranged to represent a generalized

Newtén-Raphson‘iteration method which provides second order

a

\ -
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‘ ~ =
convergence as:. o )
G ot -

(5.8)

»
.

‘'Equation 5.8 represents the actual expression to be solved.
In this equation, the first iteration 'U takes on the value

of 0" at the old level t"

As was pointed out | earlier, the second Torder
derivatives are invalved at’ the point i so’ that the
difference equatigns wilh-involve values of the state vector
at the grid-points i-T,,iC and 1+1, Hehce,~the solution'of
Egn. 5.1 at the grid‘.point i1 requires evaluation of the ﬁ?\
state vector at the three points. Therefore, 1n the ADI 45
technlque, when the flnlte dlfference equatlons are’ treated
1mp11c1tly in the 1 th _dlrect1on,v and; the generallzed :~
Newton-Raphson iteretive scheme as 'ndicateo ln Egn.’ 5.8 is

‘applied, the resulting equation tained is of the.forh:

A  + Ve + ~ +' .
R I AR RIS S A b A NI
141, 11, 1.3 1.3 1-1,3 - 1=1,9 ) . .
: SO T SR LS
Gl S e sy
141,90 .1¢\,J. 1,3 1,7] x71‘:3 1.-1'3. " N K / LN
h e e “n » o %-"
where- the 'function ‘1 contains alIi,tﬁe' eXP11c1t terms o
. 'S
1nc1ud1ng the explicit product and mlxed derlvatlve terms '
A.QW - ;.‘_.

Equation 5.9 can be expteséed‘ irf the normal -form,

- . e

obtained in an ADI solution as: o ."H CE
. . - o
X {+1 . - + S + S
- A - 0 + B A 13& - C - hag'.=é5._ (5.10).
1,3 i+, 1,3 1§) 1,3 i-1,3 i,3 . R

ca

where A, B and C are the Jacobians evaluated on the lattice.
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N . I3 3 ! . . . N . . » ‘ ) \ :
points (i+1,3), (i,3) and (i-1,3) respectively. The vector D =

contains ‘all the ‘explicit terms and is given by:
7 . K ‘ . Y R ’ f
]_:5 = — A A + B A= o _J ’ '

u : u —C -'u =T .
1,3 i, - i+1,3 1.3 1.3 1,3 1-1,3 . (5.11)

Equations 5.10 and 5.11 are uncoupled with respect to j,

[y

therefore a two dimensional problem can be regarded as two

;problems in whicH only one dimension is advanced fmpricitly“-'
3 . :

pér half time step. In Egn. 5.10 the matrix takes®*on a blocko
*© tridiagonal form [124], where "each block is an mxm
submatrix, where m is the number éf components in the state
vector-ﬁ. In 6ur case, m=4 and QU is given by Egn. 5.2.
During the fifst half ‘time step At/2 with the finite .
9 Jdifferehce. équations treated implicitly -n cthé i' th

7j{»direction, the resulting diagonal matrix takes, the form:

PR

»

oy
- - - - - -
S . ’ ~
e ) n ] n
“B —C u )
1 1 1 1
A'.n An hn L n
~A B” - 0 Y )
S 2 2 2 2 2
’ ‘n An An L n
—A —C U B
3 3 3 2 3
et e e e . _ .
. - — - ’ ’
. . - - o, ]
—=A" —C . u 5
. . 1 1 1 I 1
T .
T . . _ . . .
N . . .
~ ~ ~ ~ .
‘ n n ~h e n
0 - B —C U B
N-1 N-1 N-1 N-1 N-1
- “n "n s n.
: ep B Y )
Y N N N
<

L L S . . ‘ o L J A J ' o
E’_: N . : - (5.12)
S ® o

a‘x"-g' . : .

2 e g _

8 R _ &
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.
e

wheye each block is represented by a Jacobian matrix. The
system of equations given by (5.12) is obtained along all

Y S
rows of the spatial grid, that is‘j = 1 to j = M. Similarly,
during . the second half time step Atj42, ‘with the finite

difference equations treated implic1tly in the j th
\ . i . .
direction, Egn. 5.9 takes the form:

o + 1= - —0 - B ['{’“
3 ‘.f 1U + (J . 1+1=U -+_(J ) 13 -
N A 1) 1.3 1,300 LN
!
{ £ s £ (" £+ £
+ -
© J " J”+ JIJ . Jqu u))q o F . (5.13)

~ - r - N '!- .\ -—
‘t " ‘ = n+1 e}
B -C u D
1 1 1 1
. A‘ i <+ n+1 *
~A B, —~C 0 U 5}
2 2 2z 2 2
. "% T >+t s
—A B —C u ﬁ
r\. K 3 3 3
} . .
'0 . . - ‘ L]
’ 0 = .
. ¥
) &
- ~ ~p ’
* . » = n+i 2
—A B+ —C u D
] 3 p) ] ]
. . -
Ca ,.. " >n+1 *
0 —A : —C
M- M-1 M-1 M-1 M-
Te " 2 n+1 i *
—A B u ‘
M M M M
«l »
L J L B L J
(5.14)

.

where the above 'system hclds for all columns of the spatial

grid, i.e. i = 1 to i = N, . \
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.

O . . » ' .
'In the 'next sections the solution~of‘the.difference

equations as well as the approprlate boundry CODdlthhS for

the problem under Jnvestlgatlon will be presented..
, J . .

)

5.3 SOLUTION OF THE FINITE DIFFERENCE EQUATIONS

‘

As a result of the limearization process,,descrlbed‘
_the prev1ous sectlon, the two- dlmen51onal nonllnear part1a1
dlfferentlal equatlons are éfduced to a set of 51mu1taneous
".llnear a%gebralc equations. In this sectlon ve w1ll descrlbe
the -solution of the Flnlte dlfference equatlons for the
basic case of two- electrode scheme. This solution procedure
ylll. then be ’modified for the three-electrode scheme in
which only helf ,thet structure wiil ‘be" considered. Now,
: . , ’ '
following the altefnating directiohtimplicit'(AbI) technique
[124,128], the'resulting set of linear equetions after the

first half time step can be reﬁresented by:

}/,) i.J‘ 1,‘j i,) 1-1,3_ l,,.j. . T ' (5.15a)
\‘ . .

With the equat1ons treated 1mp11c1tly in the other direction
N

durlngg the second half time step, the resultlng“ set of

linear equations takes the form: - z
-a" 0™ e @ -t 0™ =D, (5.15b)
x,). 1,341 1,) 1,3 1,3 1,31 1,3

~

where A, B and C are the Jacobians. For a set of m partial

Co }
differential equations, these Jacobians represent mxm
matrices. On the other hand, _3‘ and D are vectors of m

components; each. Egquations 5.1 are valid only over the

“
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and jvz‘M_for all values of 1.

Also,
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s
.

interior grid points defined by i=2,3,...,N-1 and

»j=2,3,...;M-1.‘The boundary conditions provide the necessary

eﬁuations at i=1 and i = N for all values of j, ‘and for j=1

{

The' boundary conditiops on the first half . time step may
be written in the followiﬁ?:ﬁéﬂgralAform [130,.132]:

« ’\% :,

o F B ST g PO > ' :
el WX wed (5. 162)
. . Lé;’“ o C :
naﬂd . .j‘:.u'
\ - - . - n a4 o .
G" - u’=H"  u'y+ T .
N.J N, N,3 N-—1\“,] N, - (5.16b)

for all values of j which satisfiesV1<j<M.

>

G" - 0'=H"-34'+ 1", (5.17a)
i, 1, 1,1 1,< 3, )
and
’ - - Ty - s > ‘
. = . . - -+ .
_ GLM  ue HLMl,u“M” IIM v (5.17b)

for all values of 1 which satisfies 1<i<N.

LS

On. the second half time Step, the boundary conditions

. : 3
are répresented by: L ' '
D ] N ' . .
= ) . £
. . =+ * K
. +
) A, Y2, ?‘J ' -(5.18a)

and ' . &
N - ~ o e - ot l
* n+ * + ]

G'.. 0" =H'. Q" + 1"

N.) N.,3 N.j N-1,3 N, 3J

N ¢

for all values of j which satisfies T<j§M.

: % o~J
v, @ S
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. : "0 ) N , .
i " * - {1 g * = n+ P I -
Gy o= Hopmu ), ¢ o (5.19a)
and™
- . = n+1 - . =+ nwi hos K 3 . s ,.
-G - u = H - + 1 . _—
R ) 1M LM M Ux,M-l S Tam ! (5.' ]’gb)b

for all values_of i which satisfies,1xi<N.

To solve the system ofBequat;ons we adopt tho mgthod
- described by Richtmyer - and yorton [132] after generalizing
\ , ,
it to vector eqpatlons w1th .matrlx coefflcienté"[130]
instead“ of -scalar »equatgons _with scalar .coefficients.
Examining eduations .5,f5a and  5.16 we ‘note that these
equapions_‘are uncoupled® with respect to’ the index 3.
%herefore, the veetof o aiopg lines of constéht'j can - be
obtained indepeﬁdent_of‘ﬁ'“along.other linfs‘of censtant ]
Therefore,rwe'can write a recuréien‘relatioeship between the.
U' values at adjacent grid points on the end of the first

half time step as:

. ' : u'=E"- 0" + B ¢ (5.20)

- . o, 1,30 1) 1ty 1.3
for i '= 1,2,3,...,N-1.
- In the same manner, Eqni. 5.1%b and 5.19 are uncoupled in i,

n+1 . ‘e .
and therefore the vector 0 ‘along lines of constant i can
p

be obtalned 1ndependent of u "' along other lines of consﬁant'

4l A . _ : .
i. Hence, at the end of the second half. time step we can

write: |

R (5.21)
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. - ':- \\_/ A
The follow1ng steps wlll 1llustrate the calculatlon of

gh for all values of i _and. J on the 51mulat10n mesh ﬂurlng

2 . -

*he first half time step. By con51der1ng Egn. 5.20, we first.
. > . ' S
determine the values of the matrlx E jand vector ?:]at i=1.

by solv1ng7Eqn. 5.16a for 0 ; as:

-

GO HD e (6 )T T (5.22)

By comparing Eqn..5.22_with'Eqn, 5.20 at i=1, we get:.

e ) 0
‘sl“l_; ('GX”TJ') iy H]“,J o (5.23a)
--and
.-.,n ,n - ,\n . "‘ . .
Fr= (G . . :
e (5.230)

The'coefficients E: and ﬁfjﬁo@ 1<i<N are determined by

,t_substltutlng o’ 1 from Eqn. 5.20 into th; 5.15a as foliows:

: At i—1 Egn. 5. 20 glveS' ﬁf@, : v B
- e | 7
. -#c"= *-gg -’t .
Uil E,m,'; L, EL 1? - - (5.24)
. N T :
L) ’ ' . v ‘l .‘,> v.
Substituting Egn. 5.24 into Bqn. 5. 158 ylelds.,
. I t /
ST RN LI S-L - SO I LA
] 1+ 1,3 1,] 1,7 1., 1-1,] 1,] 1,73 1-1,3 1,3
- or B }
.__/;;n Lo 4 'An__ An . ,An R - 7" + on ; n.
ey leq ‘Bld CMJ EPWJ) - Uhj Dlu' CiJ 'Ei”;l' (5.25)

and by solving Egn. 5.25 for G;;,'we get: ! 'y
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T o . - - 2 Ve .
u’ = (B"=c" - E" )T oA 0"
1,9 1,3 1) 1-1,3 1) RRR RS
N Lo i, “n -}: =2 - nb -O n o .
+ (B"—-c"-E" )7 . (D" +cC" - F .
a 1,3 1.3 1-1,3 : ( L 1.3 1_1'.]) (5.26)

By comparing,Egn. 5.26 with Egn. 5.20, we obtain expressions

' : - . - - :
for the recurrence relation:‘terms E" and F" as:
f S 1y 11

]
An‘_ Con ._}‘ no " CA I T n ' . ' ‘
B T (B;J ., Eiq,ﬂ, AL . (5.27a)
. and ; . ' 4
= " " n "o -1 2n A 200 ’ ’
= —_ + .
Fx 3 (B., C1 3 i-1,30, (Dx ) ¢ ! Fx*i 1) ! - (5.27b)
. . '\\\"‘
here, Egns. 5.27 ‘are valid for i = 2,3,4,...,N-1, o
s » _ ,
In prderi to determine G;J , we first obtain the
recursion relation of Eqn. 5.20 at i = N-1 as:
L ' = - n : -+ n. - » -
= . +
vl = Bl o BT (5.28)
Equation-5.28 is then used in Eqn. 5.16b to e
. ) ' _ gm
“n > % = ;{n . (é no., G *  + i:.’ n . ) +'4‘I’ n ,
N,J N,J ,N'] N-1,73 N.,] N-1,3 N,‘)
or : z
én AL I:In S on ‘GO - I:In i:,’n + i}’n ,
N, 3 N, N,j N=T1,3 N,3 . N,j *N-1, 30 N/j3
which gives: ‘
> s FFAn-'An N -1 'An ‘= n n o\
: = — . . . + .
U, = (67~ HT EN_Lj? (H! - F ?N'J) © . (5.29)
R

In summary, the above method consists of calculating
the recurrence values of E and F by making a forward sweep
.. through the mesh from i = 1 to N-1 using Egns. 5.23 and

5.27, then G;jcan be computed using Egn. 5.29. The values
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'of~3;~for i = N-1, N-2,...,2,1 can now be determined by

bdcksdbétitutidn using Egn. 5.20. s
So far, this method'makes possible- the calculation of
U on the first half time step for all values of i with j

. l . . X
‘greater than 1 and less than M. Values of N for 1 =
> el

2,3,...,N-1 dt j eqgual 1 and M can be calculated by

r%arrahging Eqgns. 5.17 as follows:

ENTCAR ARG A R I <5\-3@?
and : ' ' '
» B A (L N L A T A (5.30b)

B ' , i ) v
7/ .
Here Egns. 5.30 user values previously calculated by Egn.

5.20.

Finally, the’ values of U at the four corner points

hd .
\

(1, 1), (N, 1) (1,M) and (N,M) can be calculated by passing a.
polynomial tHrough the adjacent meéh points, at which“the'
“values of U have been obtained before. This procedure was

'reﬁorted by Liﬁdemuth [133], where a second-order-accurate

polynomial for ﬁhe corner point (1,19 gives:

" ) -»'__4).+-4“_-v o ‘ )
u)J— utu mu . _ (5.3°)
The values of U’ at the other three cerner- points can be
obtained in thefsame way. This completes the calculations of .
U" for all values of i and j at the end of the first half

<

time step.
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.During the second~half time Step,_Eqn;fS.qu“is ‘the

'equatioh to be solved. The solution . of this difference

equatlon ls performed by worklng along rows’ of constant 1 by

using Eqn. 5.21. The procedure is similar.to-tha{ used_on'h

-

- the first half time step, "except the equations are now

ﬁ»blocﬁ trldlagonal

treated implicitly in the jcdirection ang explicitly in the

i-direéction. The(Walues of’uw14can then be calculated for;

‘all values of i ‘and j at the end of the ssecond half tim@«-ﬁ”

step, 'in a manner 51m1lar to that used for the flrgt half'

n*

time step The flnal solution is represented by 0"

Y ’ ?
o~

It _is clear from. the above discusgion that it s

possible to calcﬁlate the, values of L,ror all mesh p01nts in

an MxN mesh at tlmes t and t 1f the value are” known at

n

. It is also clear that bgcause of the adggntage d? the

t ',5;,

,’of ‘the alternat1ng direction

'implicit ADI&»flnr¥§;d1ffeﬁ§nce tec&nlque, the number‘of’

'matrlces .to be }nverted is@ reduced *from mxMxN to mem .

uv

&

matrices along one d1mensaon plus Nmxm matrlces along the

r.

other dlmen51on There&pre‘thls method is' quite eff1c1ent

. . . , . l_ i . ¢
from a‘computer operatlngftlme point of view.
R : - . L B ' . At
) o . %
t

. «
- g 1

‘ N b . o . : ts ;
5.4 NUMERICAL §OUNDARY CONDITIONS e S
.° S . o
5.4.1 INTROBUCTION : R

Ly

s -
e

~In this section, the boundarygconditionS'afe‘described;

- ':’-.

“in the forma’whlch can be implemented. in ‘our implicit

., 9
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computer code (IGCP). Of.great concern to us is the accuracy

of "these boUﬁdary conditions and jts cqmpatibility with the

-block'tridiagonal form of the alternating difection implicit
(ADI),,solut{&% 'procédure.‘ A’ propef soiution for. the

aifference eéﬁétions over the entire simulation mésh can

oniy,.be obtained 1if theseb|two essential reduiremehts be

pu——— -—

satistied.

: /N

As was/;whtioned in section 5.3, the block tr#diagonal
form of thé,standérd ADI eguation can accommodate a boundary
condition &f*the form:

~

G - u_ =H -0 _+T, (5.32)

4
1
18

BP INT
4

)
I . . . . - . : . .
where u, 1is the boundary point and U 1s 'the next interior

point. The’ Dirichlet .(specified function value), Neumann
(specif:ed normal gradient) and mixed boundary conditions

can be represented by the equation:

24

cit

a
a

+ B U=y, T (5.33)

o]

where é% ig.the derivative normal to the boﬁndary, and 3'is_
the unit no;%%i'vector butward frdm the boundary wéll.

To ’facilipaté: using the boundary conditions in our
cbmputer code (iGCPf, we first apply the finite difference
—+echnique to the gggafi?gs in fhe fdrm of Egn. 5.33 and thép
érrange the results\in;the form of Egn. 5.32 té be used in

‘vthe block. tridiagonal fofm. The  gHbst point boun%g;y

‘conditions -[124], in which t he ik ﬁndary walls lie halfﬁﬁi}ﬂ

Il
~



,betwéen mesh rows, are used. In the case of two—electrodeﬁ
structure, "the walls (Cathode and Anode) lie along the rows
= 1 o+ % and j = M - % réspectively} as shown in Fig. 5.1,

—\\ B R . [ 4
In the -<case of three-electrode. scheme, the walls are

determined by the rectangular step'at e centerfine, and
’ .
the top plate at j = M - —;— d@s showh. in Fig. 5.2. This

procedure provides second order accurate finite difference

\

,approximafiqn to the derivat}yés along,thef?oundéry.
;In‘the'fBllowiné secgjon,7the boundary conditions for
ghe three-electrode scheﬁé Qill» be described. A similar
analysisjfor the two-electrode strgcturé;,which was u?ed for.
code verificatigp and:preliminary testing, will. be déscribed

in Appendix B. » e

~

5.4.2 BOUNDARY CO}yDITIONS OF THE OPEN

CHANNEL FLOW LASER GAS.DISCHARGE

-

R4
RINRY
By

Figure 5.3 shows the electrode.%dohfiguration which
ARG \ e ‘

represents the actual éxperimental set- ups AThel dijgg%gge
length which :extends over the zfdirection"p}oQidgs a
symmetry along this axﬂ§. The Qas_floﬁ;is‘in the x—aifeétion
as shown. To simplify the problem, we}pékeeadvaqtage of the

o~
¢

symmgtry" about the A-A. axié and perform our simulation

PS

analyshﬁ over only one half of this éttugthre. We also
approximaté the cylindrééai sﬁépe'to Efrettangular single

step structure &s shown in FngF? 5.4. K wéé@ti‘[134] used a’’

1

similar approximation and gierformed his a "a?ysis' on a finite
. . -‘.“‘D"

rectangular:region, rather th§n on a half cylinder,

R »
R S O
D L
9

-
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N= TZn_ o | €=l 2=l L=

'
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5.1 Simulation mesh contiguration for the two—electrode

Fig.

»

. .system.
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Fig. 5.2 Simulation mesh configuratibn'for‘half the
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Fig. 5.3 Basic geometry of the three-electrode system.
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1. BOUNDARY CONDITIONS AT THE TOP ELECTRODE (B_)

“ The appropriate boundary conditions that .are applied at

|

_thé upper solid electrode '(B_) for the velocity comppnénts v

and u are as folfggs: | | : .
o ' . . ‘
vix, y=Y) = 0 : (no-slip condition), (5.34)
culx, .y=Y) = 0 ' (zero normal flow). (5.35)

At the electrode surface, we assume that the neutral mass
density (p) 1is constant, this assumption provides the -

| .
Neumann boundary condition:
o, o o e |
' (@2) =0 . » !

3y v yev (5.36)

-
e

,Finally, at the top boundary, and aSsuminé adiabatic wall,

a

T=T . y -, (5.37)

Now, application of the finite différence» scheme and

comparison with EqQn. 5.32 gives the submatrix elements:

o

.Gy >
"

- T (5.38a)"

3
OO O —
OO = O
O = OO
-0 OO0
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N “
-1 00 0 .
é - ‘0 ~-10 0 o
N C 0 0 M
and '

0
f _ O v ; o
T = O ' (5.38C)

T

the subseript;T refers to the'top'boundary.

2.. BOUNDARY CONDITIONS AT THE ENTRANCE o
. o o

Refering to Fig. 5.4, the boundary conditions at the

'entrance to the test reglon ate -considered. The laser gas

mixture is assume:” © enter the test region w1th a veloc1ty

v in the X- dlrectlon such that: v ' -

{ . N . 1

vix=0,y) = v v E _ (5.39a)

where v, is the initial Velocity.
It is also assumed that the®flow at the entrance is laminar,

so that the velocity u is subject to a Dirichlet boundary

. condition as:

[ .o

{

u(x=0,y) = 0 . © (5.39p)

-~

:The pressure drop across the dlscharge reglon used in this
simuylation was choosen to match the experlmentally measured
value (measurement’s descrlbed in Chapter 7).

At the entrance, an znlty%l pressure Pl is' specified, .so®
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that'the'gas density p 1s given by: | ) ”ﬁi

‘1} - , p(x=o,y),f‘g(Tm,Pj , "Qg"(5;39c)
o : S

where T is the temperature at the entrance. Durlngagéh

]

er.

computational run, the denslty p is continually ad]usted SO
as to_getf ' _ '

| Ply=b,y) = 1.1P(x=X,y)

. | ~ S
where P 1s the pressure. In this case, a pressure difference
meof 10%‘is maintéihed across‘the'testbregiqn.

:

-'Flnally, at the¥ en€§ance we have ' E B <3

en

T(x=0,y) = T . (5.39d)

Applying the finite differemce scheme to Egns. 5.39 and

comparing with Egn. 5.32, we obtain the submatrix elements

as: T I | e"“' . | ) .
= - ‘
P 1000
, ’ . 0,10 0-
, G = , _. , . . .
- L doo oy T o (5.808)
, (0001 ‘
-10 0 0 o
o 0 -10.0 S L
H = Lo P i
. 0.0 -1 0 , . . (5.40b)
0 0 0 -1
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) , q :
¢ 2v
. 1
S
, I = | po (5.40¢)
' 20 (T ,P) '
1 en 1
2T .
8 . L en i N

L

p AT P = (02— . | (5.41)

«

3. BOUNDARY CONDTIONS AT THE EXIT

The boundary conditions at the exit, downstream of the

test section are now cohsidered. - At the exit end, no

‘variation in v with x is assumed, i.e. no acceleration or

deceleration. Therefore a Neumann boundary condition
- . . »
prevailes at the exit as: .
2 y(x=x,y) = q . | (s 42a)
] ax ! B .
Moreover, the flow 1is assumed- to be laminar, giving a

Dirichlet-boundary condition: . . B le

AL .

e S u(x=X,y) = 0 . (5.425)

‘ . - - . ) . v‘.’ . .
The assumption that the pressure does not vary with x at the

exit leads to a Neumann bohndary\sfedition imposed on the

gas density. That is,

; .
3% p(x=x,§%\< 0 . . (5.42¢)

v

~Finally, a Neumann ﬂbounda}y condition ffs imposed on the

temperature T so thap:
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~ 4

2% T(x=X,y) =0 ." . (5.42d)
- ' . o W ' v
Application of 'thec finite difference é%hemq to Egns.. .
o : _ B v _

'5.42 and comparison- with Egn. 5.32 -gives ‘the submatrix

eleménﬁs as: 1 _ - '. ~
11000 o
. 0100 :
G = , _ .
- SR 0:0 10| (5.43a)
N 100 0 1 '
| 1 00 0. |
" 0-=100 PR
H = . . . .
R 0 0 1.0, : ‘ _ (5'43b).
. 0 8.0 1 ' ¢
. ,
aﬁd ‘
0 ' AN
f 0 ~ ;' [ ,\J )
e RN : (5430
i N .v.. . .4. O I ’ .“
s . ol ' ' .‘L : i . : fﬁ

4. BOUNDARY CONDITIONS AT THE BASE (B2)

‘»

. For compressible_viscous flowh_the'bouhdary‘conditions

along the walls éré,acéommodated'by,either_é mesh” system 'in

which thé].node‘ (céll.'centér) _poinﬁs ‘are - loqatéd on the
surface, or odé in whidh the walls lie bétweeh node é§e11 .
center) pdints. In fhewéasé of no §lip walls;fb:}viscbhs
flow, the density is evaluatea using the .second mesh éyétem;jh‘
The'othe;,vériéblés (Q;:U, T) aré.treated in'the,fifst,mééh.

i
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‘system. o I B e

’rlhsiOUr simulation ‘ v and u (uhefe‘ the subscript. w
1dent1f1es quantltles along a surface wall) are'subject.to

,D1r1chlet boundary. condltlon as:
SR 0 . (5.44a)

L0 oL e  (5.44b)

(5.44c) -

where T; is the cathode temperature.

B -,.fhe'fdénsity p is »evaluated uslng‘ the staggered. mesh
5§ystem"135] sden*ih'Fig 5;5} ThlS method is used becausei
:llt,pf;iiges . second order accuracy for the solutlon wheu
advanced durin;/a half time step from t to t" +. At/2 In
“this case, old values of den51ty p° are deflned near the‘
wall from p values in the mesh ,system whose centecs are

1‘denoted by the crosses in Fig. 5.5. This gives:

f,) = 1/4.("’;',"* ‘4’;,};*‘17‘- ~pl;1'w; b]._m',.]) - . - (5.455)‘ |
ij | : 17_/4 (.pi;/x,».;+ P.‘i-r'l-,wﬂf p‘i.,w +"p'1,wil_) . ' (5‘455)'
pxs+13 = 1/4 (p1+2w + ‘P:j..+‘2‘,w.+1' + P ¥ ':pr”’w”) N "(5.45.C)
and o
| P'is,j_n J’/ZL (le '»:+ll + ‘pm,wz. + pl,w+1“ * b),\HZ) o | (5'4.5d)

" . Then new values of'density incthe3original~coordihate along

e
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I

~.which boundary 1is treated is obtalned at one half t1me step

_3by the staggered mesh equatlon [135] where, ;‘;‘ o o f
: _ 4 het flux : / ,'?Q;'N’ fhl‘ PR
P fip - pma volume i _ ok ' L §5‘4°a)'

B

As an example, the mass density'lﬁ the cell oV g¥howm in

g

bold ln,Figf.S.S) at the time t’ +JAt/2 is: ;“

e

R net flux into cell P LA ,
P T P ™. »cell volume - S T T (5-4°b)f

It must be noted that at the surface, a volume whlrh 1s half
that of a cell is con51dered 51nce at-the boundary onl} one
half cell is permeable. This gives the den51ty " (where;o.

'refers to a poxnt on the boundary) as:

p° = p° - [ 1/2 + v e,
1,w + J 1 1+ 1, w4l ) ) p
- 1/2(v3v + v1 ;1 At/Ax Lo T
_ [ 1/2 1*] w+\ + Lt p o 4
(“‘\E ) .,.—,‘1/?(Ui+1.,w * Ul,u)-, px,:*“ At/ﬁy * ' . (5'46C) ‘

&
i

After new temperatures have been calculated from the .energy
equatlon, the new pressure and dens ity values 1n the Ofmesh%‘

' 4
_are then calculated from [135]:

P =.—p + R p> +p° ) (T T )y 2, L 15.47).
1,v . 1,w+l q i=1,3 1,3 "V”, i L BT R
and -
Lt
p': w = pl V/RgT v ! . ' : . S : ,(5'z48)v
o B 5
uhere R =C —C ,'and 7T is the temperature. '

p . v l

Although thls method is a cu fsomezone,;lt 1s second order

s . . i 7 . )
d 4 . ,~ .
B . i ©
.‘, . Y S P
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<

- .accurate and dependable [135].

A |
(B2) as L e
VU =0, o . (5.49a)
S8 =0, - | R (5.49b)
b - N oo (5.490)
and g
To=T | | | . (5.4384) g

where pe, is given by Egn 5.48. gg‘A

lhBy ‘applying 'the finite difference technique: described . i

 Séctbdn'4.6 to Eqns. 5.49, a set&of'differehcq-equations
'obﬂdinéd}' which. represeht ~the - boundary:: conditions.
' S . ': 5 AR .ﬂ\A ’ . O e :‘
;comparing these difference eéuétions with. Egqn. 5.32)

"Now, we cCan write the boundary conditions at the bas:e

. Obtain the submatrix eléments,ﬂVWhich ‘can be used in. the

bl ;k;tridiégonal_scheme'ésg ) PN

-4

B B2, = (5.50a)
e Ll-7T 000 |
H = 000 (5.50b)
, Bt T 0 0-10 ' e
N s |0 0 0 -1
Y ) ™ ;
”L» - f{:‘ .
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B2 1 2p A | 1.(5.5Qc)

[}

where the subscript B2 refers to the boundafy base~B?:

5. BOUNDARY CONDITIONS AT THE SHARP CORNERS

The corners which are concave to the -fluid pfeeeﬁt
almost no difficultiee,‘but those where the wall projects
into the fluid, as in our case, demand spec1al treatment .
~One of the methods which deal with the corner poiméi\was
'descr@bed'by Thom and Apelt [i36]. In this method a function
| is calculated at points in a diamond structured cell areund
‘the corner'peint. By successive ang fepeated calcﬁlations‘at
these ‘poinfs; ende going. towards ihe ~orrer point until

, : : : . _ . :
, finally cited.en it,—the value of the function at the corner
‘point can be obtained. This methb@ is not recﬁmmended since.

. . . b SN
it 1s not accurate. o \\x‘ ¥

In our case, we adopt the method described by Roache
[137]1, where the boundary conditions at thefSharp,cbrnere C1

and C2 require that some ‘variables be double-valued. The

corner points Ct and C2.are shown in fig. 5.6. The bouhdary
conditions on v, u and T are ebtained in a megh system in
which the node p01nts are located.gn the ﬁyiace (O—mesh in.

Fig. 5.6). In the case of the\ﬁen51ty p a mesh system ih_
[ 4
which the walls 11e between node_points»(o-meSh in:F?%. 5.6)
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-is considered.
q

K

~In our stmulation, the velocity compqnedts v and u at

the corner point C1 are subject to Dirichlet b%undary

condition such that:" oy -
‘( . : .
v, = 0, - © ) S (5.51)
and ‘ ' . /"
u = 0" C - ' - . (5.52)

Since thé corner point is located on the electrode

surface, the ﬁemperature is given by:
. : . ¥
‘TCI =, "TK "‘ : - \ ' (5.53)

Z . ¢
. ' A
A

The- density p is/now calculated in the second mes

where T; is the cathode temperature.

system J(o-mesh in Fig.. 5.6) where a fictitious point

(im,jé).is used [137]. Here, we define: .

P, pli i v, _ | g?_54)
and . -

Pig = p(lcg-]’lj'c{) 4 S ) : é‘y - (5.55)
and when new . values are calcuiéted at (im,jm+1), L we
momentarily set: . -’ R ’."

Povg. T P o (5..56)

1c1'J,c\ 1A _ : - . /4‘é
Similarly,‘for new valués‘at (i@&],jch we.momentafily set
. ‘ & _ L g L t
Pird = Py . o (5.57‘)

c1 : 0.
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— : ‘ . !

N ) o \) ;z" N /

Therefore, at the sharp corner C1, we can write the boundary

e

r : §

»Conditioﬁs as: = . . . S
: S . : . : R
v.o=0, ‘ f 1< o ' | ) : (5.58a)
v =0, y R ~ (5.58b)
b, = p(iVC,,jmﬂ)J, , | I" © (5.580)
PQH = p(i¢1—1'361) , | B (5.586)1'
and ) | ’ .
T, =T . | - TR (..5.‘584e)

Applying the finite difference technique to the | above

eguations -and comparing -yﬂth EQn.“S.32 we obtain the

submatrix elements as: i o
. o %
r ) |
_ 1000 ‘
s = [07100 o 5.59a)
* @ oo 10 & . 9.8
00 0.1 ' '
L/ )
-~
-1 0 0
i - 0 -10 P . L
. H, = 0 0 -1 KN (5.59b)
:O 4 O O 0 .-] "?‘.;“
- 4w A
0- v i .
SO B e N (5.59¢)
= i, » . "'{; o . , . N R Sc
. CIA", » 2p'TA(1C"§C1+'T).,:;'
_ 2T,
‘ ) L . i ‘ )\
énd :
2 . Q \
O “ .

C\
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' . N ’
- . N \ .
| ] hN
0
) | 0 | o
_ AR S N (5.59d)
- - zplB(.lC"l_1':]C1) ' .
' , 2T
! - L

where the subscript C1 refers to the cornér point C1!, and
°the subscripts C1A ‘and C1B refer to the upper and lower

,{sidéslat the corner poiht c1.

Similarly, at the“sharp corner point c2, we'wfite;the

 follbwing boundary conditi@ﬁst

v, =0, | I : (5.6035)\“
u, =0, S | . (5.60b)
co } N o ‘ : N ' .
Pean = p('lcz'j‘cz‘ﬂ;)' O , o : . | (5',60_(:)
pCZB = P(lc +]’jC'2) ’ ‘.'> ’ o (5.60d)
and. - . —
T_c: = TK .. _ . L : (5.60@) o

.

,Now,¢épp1yﬁng.the finite difference teChniqué to Egns. 5.60

and then comparing with Egn. 5.32, we obtain the following

: \
submatrix elements: .
L 0 1,0 0 . (5.61a)
c2 §L£ 1.0 d . &
O'O.p 1
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p -1 00 0| | |
' - 0 -1-0.0 L
H = , "o .6 :
2 0 0 “10 . . (5.61b)
0 0 0 -1 k
|
0 N N
- R O . . .
1 = . . N : ro. 5.61
C2h . 2_p2;‘( lc’? ':]c"+1 ) . . ( C)
27T
K
and .
SR
- : , ~ Tr
0 .
- .. .0 : . E -
.= 1 LT i . {5.6148
SN 2p23(1c2+1'3c2) : ( . )
' 2T,

- >

wheré'the‘subscripts'C§§;C2A'and'CgBjdefine the corner point
N ' ' 1 ‘ .

§
-

.6. BOUNDARY CONDITIONS AT',THE BASES B1 AND B3
. — 2 ! - . o -
At the bases B1 and B3, and for no-slip condition, the

following boundary conditions are satisfied:

. s LT ' o8

= 0 ’ L A . : (5.628) :
. \_~ .
u=0, : | S - (5.62b).
9p ' Eo . S ' ‘
*é-f =0 ' R ' (-, ) ‘ : _"(S.GZC)
and @é | R
T=T ., - B (5.62d)

By applying the finite difference technique to this set of

°
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VAl

equations, and comparison of the results with Egn. 5.32

KN
, (5.63a)

—_ 0O OO0

o4 oo

w
[es]
[N )
OO O -

(5.63b)

w
L3
s+
!
oo o
O—- 0o
o

| .
foo O

0
Coanederos 0 - (5.63c)
Bl By b O e _ :

a.f._]'d'.,;lBB" refer to the basesB],and B3.

&0

7. BOUNDARY CONDITIONS!AT;THE CENTERLINE (8)
& The,following boungary conditions are imp%éé_d- at the
.‘\““'!;" 'v : 'v . M"’ o ’ ".A;.‘ B .',‘.'E\ -’-._o , ‘ . -f .
“symmetry surfaces (Cénterline B,):

. =0, . " (5.64a)
=0, W a7 (5.64b)
“o0, . & E S (sles0)

and? ";?:1.‘

sl

wa

’

|
)
o

(5.64d)

" using finit_e_ Idifferven(:!‘.vn:] and comparison ;with.‘_;E’.qn,‘ 5,32

o
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’ BT . - -
yields the_sumefriX'elemewtsfird.".‘ﬂ’f‘_ e
& . : . . R " - :, 3 - - D . o~
“o e s U Te 1 00 p Ty
‘I;.‘ .rE;B;- ; ‘O ,O. 41 0 3 ’ 'v“ (5-65a)
L ce ‘ : ) B
Ny 1000 | T
. 2 0.1.0 8 oy
' 4 ' - G .+ = o [ .
\.. ! 5, 0010, oo, \8.65D)
' o s 00.0.1
and ) : N } ’ . ~
* s “‘/,A .
‘ o 0 |
| , LI | A (5,65¢)
. . b &
a2 -
. s .‘y "\.
where the_sUbsccipt B;‘refers=to the centerline. )
_ ) i e . e . ¢ ‘
5.5 CODE VERIFICATION ' .
To check “.the valldlty of the’ IGCP computer code,

several tests were performed Durlng the 1n1t1al test of the

codg,, the equatlon of conservataon of energy was. not .

L

included. Only the contmnulty equatlon and the equatlon of

s'conservatlon of momentum were 1nvolved in the computatlons.

FN)

’ The two- dlmen51ona1 compre551ble flow of a laser gas mlxture

(Co. : N_ : He) in open channel flow is con51dered 1n these

N

tests', . ‘ Y
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- I S | L 4 sy -
. Imothe  first . test, the .. ;g;mmtry of a
7tw05eiectrdde*system as shown ih%ﬁﬁ@&fﬁk gs considered.

“4?

y 51m11ar to

that descrabed in section 5.4. The 51mulat10ﬂ(mesh used,
. " q
o shown _i‘ Flg 5.1. The. results of this test, including

veloc1ty proflles and mass flow dlstrlbutlons as well ‘as a

-

full dlSCUSSlOﬂ w1ll be presented 1n Chapter 6. ‘The resul*"

showed the val1d1ty of oun‘computer code for 51mulat1ng open

')

channel flow in thlS 51mple structure.

. M

- The resulte'_of'vthe. first test suggested that‘-'he_

computer code cotild be used to 51mulate open channel flow in
A 4 - |
.a more »complrcgted geometry., n-_thls ‘case, ‘the- three_~

:electrode geometry 5hown inJFig 5. 3 was cons1dered Since_'
we -are solv1ng the eqbatlons of cpnservatlon'of mass and
momentum only in th1s case the:varlables 1nyolved in thg5l
.computatlons are two veloc1ty components 1n'the x—'and y—j
:dlrectlons and the neutral mass den51ty The temperature ﬁs'
kept constant -&t" 300 ’°P for these analy51s.‘ Also,'_the

. \7 e -
thermodynamlc equatlon of state P = pRT was used to .close

the, system ofﬂeQuations.*To s1mp11fy the problem 'we‘took.,7

~

-advantage of the symmetry about the X-axis and performed our

,analy51s on only one half of the structure .
_ »oe
¢ - . . : ) . . N o
The eLéttrode shape was approx1mated to elther a 51ngle5;

- step structure (referred to as the second test)"or a, doublei‘
step_structure (refer;ed to as the third test). In the case

'h'of'single step configuration, the procedure'used to. obtain "
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: -the boundary condltlons 1s szm lar to that in sectionfS 4‘2
The results’of the second,test” 1nclud1ng ve10c1ty vector
~distributions, mass flow,’ and veloclty profllas will _be ;_b

: presénted 'in Chapter 6. The _results of, this te

ﬁencouraging; and 1nd1ca ed. potent1al success in 51mulat1ng
ithe three electrode open. hannel flow problem in which heat'

- transport'was still to be added.
. . N N ) <
»In the third test, we wanted to .check: the accuracy of

<approximating the electrode structure by . a 51ngle step-
-rectangular'shape, rather'than'amhalf cylinder [1341. For
- ihigjpu;ppsg; thereleCtrode shape was approximated to the
double-step etructure asvshownlin Fig. 5.8; where two more
cornerf§0jnté;(cl andft4) and two ‘more bases (34 and BS};

-Were;added The boundary cond1t1ons were obtained in the

‘same way as explalned in section 5. 2.

v The results, wh1ch w1ll be presenté@ in Chapter 6, are
very similar to those of the 51ngle step structure. These
.r¢3ULtS suggest that our approx1matlon is valid and ﬁg’more
teéts usingfmore steps. are required. At this poinf, we were
in a postlon ‘to modlfy our computer code to include the
.energy equatlon and thereby 51mulate an open channel flow
laser gas dlscharge. Av brief descrlptlon of the boundary

'*condltlons der1Ved for the above test w111 be presented in ‘

Appendix B>
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5.6 ITERATION CONTROLS

iterations for each row. The convergence criterion e ‘ig

o~

As stated before, in the IGCP computer code we advancé

. the mesh one row at a time. This allows many iterations

toward a solution to be made on rows involving large changes.

until convergence is attained. Rows that have little§Ehange
. . . . . s

will require just a few iteréﬁidné. This can . be done because

146

we are using the ADI technique, which decouples: the rows.of _ 

the mesh. In this case the variation of the number of

‘iterations per row depends. only. upon the\chénée in the state

vafiable along that row. ,Convefgence can  be’ achieved by

)

testing for the - maximum variation of the state vectédr:

[$

[y

P

defined as:.

S U SR T b

1,73 1,3 -

Y 1 (5.66)

1. 1.3 :
%

€ = maX,J 2

This critgrion is subject'to’afflqor value, such that LfV(u

- is. less than the floor value, then the floor value, ig
used for_{+131j in the denominater of Egn. 5.66. The maximum

value of € along a row 1is. compared with an allowed

?’ A\

convergence criterion e
v . max

€ , the row 1s declared converged. If ¢ 2 €, the

max may

. . . R R . o
lteration procedure 1is continued. A typical value for  the

A o %, :
. . . . ) -5 . : ’

convergence criterion 1s e ) <. 10 ~. o & . -
' ' . ma . -

. . o, L - ! . ’ . ! .
between iterations versus the average value of the

. If e’ is less than the criterion-'

-»

L

[
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5.7 hYnAM}c_TIME]STE? coﬁrhons_ L | L
’*‘fo; an}eftdcfentaand economical use Of'computerftimeh‘a

dynamic ‘time"stepplng algorithm was implemented This

algorlthm permltted the Drogram to operate over a range of'

allowable t1me steps, by provzdlng an initial time- step and

© a -maximum and minimum -time step 1ncrement.. The maximum,
e 3 : c . - N ’ . . 5 * -
change ofj.the -stateg'varlable- on the mesh was monitored

$

bet&een’time steps. oThis is subject to a floor condltlon

1

’below whloh’no check was performed on the state 'variable.
: L
hThe floor value 1s rev1sed each tlme to 5 % of the 'maximum

-mesh veloc1ty, SO that the time step wlll not be 11m1ted by

,.]small varlatlons on the mesh., The maximum varlatlonagtfi/
. mesh is expressed asi - .. .
+n+ : “*n -n

V. o=max | ("' -0 )/ D | . : (5 67)

max ) 1,3 - 1,) 1,3
" The maximum variation V. ' is compared - to an allowed change
: . max . . :

C. If v - is less than 0.8 C we increase the time step; 1f
, ™~ o ' ‘ . . . o v
v > 1.5 C, a recycle is needed. On the other hand, if 0.8

max

max

C <V < .1.5C, we decrease the time step according to the.

relation:

‘At =.0.8 At (C/V_ ) ,Je (5.68)

ax
These tlme step controls are useful in the way we can checkve

the- varlatlon of veloc1ty, momentum or even energy between

‘

‘1teratlons. Also, the use of these time step controls

preserves the code's eff1c1ency, with respect to computatlon.

l’ .‘.]\ . ‘
runnlng costs. s . :



CHAPTER 6

4,
R
oy

NUMERICAL AND EXPERIMENTAL RESULTS ofgﬁggﬁ
. . . . - PR .,'.

THE OPEN CHANNEL FLQOW (ISOTHERMAL CASE)-

o

B

f“ . ’

6.1 INTRODUTIONg.

R N A o . 4 _ -
In this chapter, the verlfrcatfﬁplof the code (results

of the three tests described in section 5.5) for the'

N g .
two—electrode and three—electrode systems will be presented

and discussed. This includes the results of both single and
. .

double step structures. Numerical resulfg obtained Qsihg the
equations Qf_ cbnse:Vaﬁion of mass and momentum will be
‘presénted 5n ‘sectidn 6.2, 'Tﬂe preliminéry experime;tal
.%esulté for the open channel -flow, where the discharge is
nof on,’wiil'also be‘presentéd and discussed in section 6.33

,

6.2 NUMERICAL RESULTS OF THE OPEN CHANNEL FLOW

-

6.2.1 NUMERICAL RESULTS OF THE TWO—ELECTRODE SYSTEM <
“? (FIRST TEST) g
s BN e

In .this section, the numerical results of the first

test for .the two—electrode -system will be presented and

' discussed. The basic electrode géomgtry has been preseénted
3 ' E ' .
in Fig. 5.7. Thg two electrodes extend in the.x—z plane., The

 channe1 height (y) is éssumed to be 10 cm. The simulation

148 .
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mesh vcbnfiguratiqn has been \presented in Fig. 5.1 and”
. consists of 30x30 cell field. The mesh extends over an area

of 20 cm x 10 cm in the X-Y plane€ w /AY={,'and includés~
the area between the' electrodes- with the ghost points

‘located inside the electrodes.

Figure 6.1 prééehts the 'pfofilegl of the gas flow
veloéjty pbtainedipsingAthe first versioniof the cpmpufer
code 1GCP (Imﬁlicit Gasdynamic Computer Program). In Fig.
6;1,' curve 1 represnts the initial profile .affer éne
tfme—step,. while cu%ve 2 represents the‘ desired profile
after' 500 time,steps kiteratigué) whefe the flowlis fuliy

~ dgveloped. A'sstéady . state condition 1is assumed to “beg B

reached, after no further changes in the profile occur.

1
During the developmenb}of a s;eady state flow profile -
in the channel, viscdus forées will sldw‘fluid'layers in the
neighborhood of the soiid-boundarj, Sinte_the vélocity of
the fluid in the growihg boundary Iayer is being
décelerated, and .if the mass flow rate is to. rémain.
constanf, the veloqity'of the central layers of’the flow
must iﬁcrease. This con#ihues until a fullyfdeveloped state-
1s reached, in whicz‘the veioc@ty profile remains unchaﬁged.
~To estimate the -number of-iteration§ required for the flow
‘to reach the fullyvdeveloped.status, we first dete;mine'the'
Reynolds number Re in this casé. For the case of flo&.in an
open chahnel,"the* Reynolds number is given by%.[138]'

2.i The

Re=2pvr/u. In our case:Re is calculated to be 202
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: dlstance L for ful%g developed flow to take place can bev
..estlmated from the relatlon [139]( L = 0.058 D Re. The
%;dioepsionvof the computational grid has a length of x=20{
cm,,thereﬁore the number of iterations (NC4) reqoired tod
reach thevfully developed status is NC4EC/X. In our case‘
.this ie calculafed és 59.iterations;‘However, by running the
progremofof 500 iterafioqs'we ensure that a steady state

condition 1is reached.

 From the above discussion, we can see that ooth the
velocity pfofiléd and the ha;s flow distribution .must be
considefed at steady state coodiﬁions,‘in order to determine
whether ‘the code is workihg properlyt Figure 6.2'illuetrates
the"dist:ibotion of the mass flow across thevtestdsection,'
obtained for t‘é?eame cohditions‘of Fig. 6.1. The program
was run for .§OQi ite;affohs. :ﬁhe code results wefe- time
ayepaged.OVervthe‘laép 100 iterationsband Soatially a§eraged
across. the height of the channel (y) at each point (30
point55 on ‘the x~dxis.'As it can oe seen from Fig.».6.2, the
‘mass - flow: is conétant over the test eeCtion,> i.e. 'it

indicates that the conservation of mass is well ﬁaintained.

<

Th&)preceedlng results ‘indicate that the open channel;

£

flow scheme is well handled by the computer.program in'a

rfumerically stable manner. The size of theltlme step was

increased to twice the CFL limit w1th§%t »any loss . of
stability. This means that the IGCP program can accommodate

large . time step size 1in -excess of the CFL limit.. The
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. Computer code was them modified to simulate gas flow in a
three—electrode cv-tem. "hese results are presented in the
next section.

I

6.2.2 NUMBRICATARESULTS OF THE THREE—-ELECTRODE SYSTEM

: y
"® Iy (his sectibn the numerical! results of the second and
third -ests described in 'Section 5.5 for the three
electroue “system will be p;eser 2d and discussed. It must be
noféd that <these tes s wer: mad!  when 6n1y .the mass and

momentum conservati~n < .utions are being solved. The basic

electrod ‘geometri has been presented in Fig. 5.3. The flgt‘

anode sgctions are located at the top and bottom of the

center of the channel,‘just upstream of the anode sections.

As was mentioned earlier, the cYIindrical shape of the

cathode was approximated by a 'sigle . or dduble step’

reétangulat structure. The simulations were performed on the

upper half of the' structufe of °Fig. 5.3 between the

v

centerline (A-A) and the fop ancde section. ‘The flowing

fluid in the system is assumed to be a laser gas mixture of

'

- CO,/N_/He, 1in the proportion of 4:4:12 torr at a pressure of

20 torr and at room temperature.(300 °k). The results of the
single and double step configurations are presented in

_sectibns A and B belaow,

,- while the cylindrical .cathode is located at the
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B
s

A. RESULTS OF THE SINGLE—STEP APPROXIMATLON

(SECOND TEST) &,”'_ E

[

In thls case, the 51mu1atlon mesh ext@nds over a reglon
v , ..

of 20 cm/ X 5 cm wh1ch is located between the centerllngw

i
r Larigtd

A:t”

(A—A) and the top anode sectlon oﬁ Flg 5.3. In- the\ba51c

mesh conflguratlon of Fig. 5.4 i% rectangular step of 2.5 cm

g

width (base B2) and 1.25 cm helght (base B1 or base B3) 1s

located such that the base;

1. 1is 4.5 cm danStream'of the

entrance

Figure 6.3 shows t e velocity distribution obtained\by.

using the IGCP computer code. The circulated gas flow if the
discharge region is deflected over the cathode (obStacle5

and then compressed between the two electrodes wherée the gas

veloc1ty is increased - con51derably 50 as to conserve the,;

S~
mass flow. The phenomenon of flow separation is observed,
| : R o
and it occurs below ®the 1sharp corner c?2 Flg 5 4) j&st
downstream -of—tte cathode.
wh. o ‘ e

Flgure 6,'%%hows the time averaged mass flow across the
dlscharge cross sect1on whach is obtained numerlcally'by

the IGCP computer code for the same conditions of F1g 6.3,

L -

The program was run for 500 tlme steps w1th a max1mum time
step being equal 96% of the C limit. The code results were
time aQeragedg'over the last 100~time steps and ‘spatially
ayeraged across the height of the channel (y) at each mesh

point on the x—axis. As can be seen, the mass flow is

V2N
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unlform over the d1scharge sectlon.,Consequently,‘the mass

C flow is conserved ‘ : .-,"\

The'velocity profiles-obtalned using the IGCé!computer:
code are plotted'ih”?lg : Er Thevp Of es- are d1splayed at
\thrge.d erent locatlons downstream of the cathode surface .
v(which is located at’x=7.c cm on the scale in Fig. 6;3)..The

'first-‘curve represents the velocity - proflle at x=2.5 ch

= -

downstream from "the cathode 'surface. ‘The hegative po1nts on

' the prof1le Jndlcate a veloc1ty reflectlon 1n-thls ‘region,
‘W, \’*‘Q v :

wh1ch agree with ‘the .veloclty dlstrlbutlon shown. in, Flg&

6.3. As the ﬁlow advances further downstream,-lt starts'tor

fratten as.indicated by.curves 2 and 3 in Fig.’6.5. This
St ‘.

resutlt 1s in good agreement with' the experlmental f1nd1ngs_

to be presenteo later in thls chapter. -
. iy .

'B. RESULTS OF THE DOUBLE—STEP APPROXIMATION

~ (THIRD TEST).-

3
B 4

The'cathode electrode in‘thi54case is approiimated by a
'double step structure, in.whiCh'thevfifSt is & cm x 0 8 cmi
\block with a 2. 5 cmex 0.45 cm block located on the top- of

this. ThlS double step is located in a 30x30 cell‘ fleld
similan to that of the single step case and at the same
; locatlon in the cell fleld The inflow and top boundary have‘

the same relatlve p051t10n ‘to the double step as that 1n the

51ngle step case,. . The laserogas mlxture and the gas pressure

AT
b i

.are also same as those used in the sangle step case.

v
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‘;Figure _6 6 showsb the dis&flbution of vthe' velpc1ty

vectors predlcted by the IGCP computer code. The laser gas
o _

'flow proflle obtalned w1th the double . step approx1matlon for

.
3

the electrode -shows a similar behav1or ‘to that obtained for‘
"the srngle step approx1mataon. Some minor changes in the
.amplltude and orientation. of the veloc1ty vectors do occur
'upstream o@ the cathode. Also, the flow structure showstthev
sane;phenomenon of fiow Separation observed in thepprevious
‘case-uith‘anSingle—step structure; .

‘Figure 6‘7'Show° the averaged ‘mass’. flow obtalned for
‘the same parameters aﬁ éed-ln obta1n1ng Flg 6.6. The mass
tlow dlStrlbU?IOn 1s unlform and ver1f1es ‘the conservatlon

of mass by the snmulatlon code along the flow path 1n the‘

' e

‘ulatlogsa\légpefore, the flow pressure‘and circulation
are well maintained. The velocity profile‘was also monitored

at three locations downstream of Lhe cathode. The "results

~

are shown in Fig. 6.8 and, are similar to those obtained for

the single step approximation.
/'"/ » . ‘ - °
The above’reSUltsbsuggest that the approximgtion.of‘the
'cathode shape to a single step or even double step'strUCture

is sufficient. It suggest also that the phenomenon of flow
separation: obServed hin both 151ngle. and double step

structures does not depend on the varlatlon 1n the boundary

L]

-condltlons. Thig latter result agree w1th and support the

\

results of fluid flow over an obstacle wh1ch was obtalned

l

‘before using dxfferent ﬁumgrlcal ?ethods [140 142]
G-
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It “may be, noted that the numerical results for the
D s 2T ._V
51ngfe and double step approx1matlons for the cathode were

- . f

obtained by running. the computer program with a t1me‘s¢ze7-@'
equal ‘to 20% of. the CFL 1limit for 500 time steps
(iterations)~ ‘at which time steady state conditions were

iobfalned These runs were repeated with a time size equal to

96” of the CFL l;mLt, and the same-results_obtalned.:The

stability of the iterative ADI computer code used in .our’

. , , B ) Lo , I

“program was also tested by increasing the size. of the time
(S ' : ’ : .

hstep to twice the CFL limit, The results showed that even

with this, very large tlme step, the program is very stable;

[£2)

"Consequently,i we can obtaln the same results_ in> a Eewer
lnumber ofv t1me steps and effectively reduce . the -

‘computatlonal t1me and runnlng costs. . R _ . JO
. o ) . .
Joet v

' 6.3 EXPERIMENTAL RESULTS OF. THE OPEN. CHANNEL FLOW
| T A
. R A T T R : :
6.3.1 EXPERIMENTALY RESULTS OF THE TWO—ELECTRODE SYSTEM

The gas flow velocity of a,§r5er gas mixture at room :
& :

10.cm.high channel. The

. . LN

temperature was measured across

BN

two—electrode'channel 1s shown in'Fig 5.7. The measurements
weref done using a Pltot tube connected to a capac1tance_

'manometer. A gas mixture of CO /N /He (4 4:12 torr) was “Used

~cross seftion (a-a gas




coe ] | K J ? : . “.‘..“..,\‘ .':‘,_‘ A“ a
o : ; + _ . e .
RN .. s ; o : e N
'{'detrlbutlons_across%the channel are shown 1n Flg TheQ,

':meashred Velocity pﬁ%fileS'are 1n good agreement w1th the

V‘computer 51mulat10n results, as can be seen from th bnio."

k ‘;4“

i } \"
- _These fully developed flowj. proflles_?a fodnd *to hbe'~-

1ndependent of ‘the gas pre55ure and the locatlon from the_’

\

reference po;nt (a—a) in the scanned test reglon?
- o X g

Lt
» , ST
RN 3 . : e LA
> .

s . . . [ S

. 6.3.2 EXPERIMENTAL RESULTS OF TH_E-THliE_EéEIJECTﬁbﬁE-.'S'YS“'I"Eﬁ .

\_/ ‘ . kA
The experlmental measurements for the three—electrode

e VAD

, system were carrled outfln a 51m11ar way to that used 1n the ;

o 1

» two—electrode case. The gas flow -veIoclty was ‘measured_'

Kl

« Y .

across__the c annel uSﬁngﬁva; P1tot,”tube connected ,to-f#ijof

i §

~capacitance m nometer;'-The 'laSer ,gas- mlxture' used was;

L N . BN

.0‘ ',."- . ‘ e

.8
-

Flgure 6. 1 presents the measured veloc1ty proflle near!ﬂf'”

and far from the cathode. CurVef(1) in, Flgv 6 11 shows thef

~,

effect of the . cathode (obstacle) on the veloc1ty profllerf;"'

stagnatlon p01nt formed downstream close to the cathode ﬁS';l

u

't be11eved to be respon51ble for thlS effect..At the far- p01nt”.

. downstream of ‘the. cathode,* the veloc1ty proftle £latten5""”

Y

~

since the effect of the obstacle ns;feduced ThesearesuLtS'

.‘; B Iy . At

are in good agreement wlth\the numerlcal resu}ts obta1ned

from the IGCP computer program as can be seen in Flg 6 12,

o » ey
. w ¢ . .

ad,
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They are also -in good agreement with the . experimental’

B

results obtajned by Kovasznay [143] who measured the flow

velocity aroundja circular cylinder. 3

As a conclusion, the experlmental results for both £wo
ond three electrode systems are in good agreement w1th'the"
cOmputer'simulation results obtéined from the computer code -
IGCP. The numerlcal results presented in thlS chapter are
1ntended\to verlfy the ab111ty of the IGCP computer code to

correctly treat open channel flow..



» R CHAPTER 7

) .
NUMERICAL AND EXPERIMENTAL RESULTS OF - U

 THE OPEN CHANNEL FLOW LASER GAS DISCHARGE

e @

7.1 .INTRODUCTION o o

-

o5
o

In dhapters' 4»‘and 5, the computer code IGCP was
developed to simulate steady state .in an open channel flow
laser gas discharge. .The bouhdary conditions were:tneated in
detail for the different electrodej Structures under-
consideration. In ehépter 6, results of several tests'on the e

code were presented. -In those tests ‘only the equatans of

.ConserVatiOn ~of mass - and 'momentum were COnsideréd The
numerical results of the tests verified the ablllty of the
IGCP computer code to correctly treat open channel flow In
th;e chapter, the numerical and experlmental results for the

three—electrode system are presented -and discussed.

Y

Numericalf solutions usin the omplete computer code
. ' p

é@ udlng conservation of mass, . momewtum and erergy
. _ .

-

1equat10ns are Dresented in.section 7.2.
a - o o H
7.2. NUMERICAL RESULTS OF THE OPEN -

CHANNEL FLOW LASER GAS DISCHARGE ’
- The bésic'electnode geometry has been presented in Fig.
5.2, The  flat anode sec51ons,are€20cated at the top and.

°

~J
.

¥
b %
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bottom of the channel whlle the. cyl1ndr1cal cathode 1sfjﬁv

\

located at the center of the channel' Just upstreap of the":"

cathode was ap;!rommated—\ By a rectangulari

'anode sectlons. As was ment1oned earller,jthe cyllndrlcal_’f

:ep structure. The 51mulat10ns wlll descrlbé the -

flow pattern 1n the upper half of the structure of Flg. 5 3,T7 -

, between the centerllne (A—A) and the top anode sectlon. Only"

the upper half of the structure will be 1nvest1gated because“»’Vi

of the symmetry about the (A—A) centerllne.

. ~

o, The mesh conflguratlon used in thlS casé con51sts of a

-~

~

, N\ :
4x8 cell s1ngle step (for ,modeling" the cathode) in a 30x30.
cell f1eld w1th AX/AY 4 The 51mulat1on mesh extends over7

tbe upper half reg1on “which- 1s 20 em x 5 cm. Refegrlng to -

x

- the conflgurat1on of - F1g 5 4, a rectangular step of 2 5 cm
v N .

WIdth (base BZ) and 1.25 cm helght (base B1) 1s located %’uch--.

that the base B1 is 4. 5 cm downstream from the enErance. The .

-

’*}lowxng flu1d in the ,system is. a laser gas mlxture of:
" co /N, /He in. the proportlon of . 1 6 12 at a total pressure of

20 torr. The". calculated mass den51ty of the mlxture 1s 0 01

kg/m . 'Thef shear v1scos1ty fc thef laser’ gas m1xture‘
L , PR
[144 146] is calculated to be 5 39x10 kg/m.sec.' B

-
A

7.2.1 v_ELocxrr VECTOR DISTRIBUTION = B

L
P e

Analys1s of the steady state Open channel flow wasvvuv

-

' performed for a laser gas m1xture of CO /N /He = 1 6 12 at afh

d;preSsure of . 20 torr. The 1nput power was 1. 56 kW and thef'

B ¢



o $172 c

correspondihg cathode temperature wasq&strqated at 429 °k

’ -The 1nput power was 1ntroduced 1nto the code through the

external.heat'source\term Q (per unxt mqss) wh1ch represents

*Ohmlc hgat1ng This heat source term ‘was: 1ntroduced in the
\ o

dlscharge reglon only,'irew-ln the area between the anode -

P:f-)a the cathode T e oA N .”' \\
L T — : __."~<-_/—f"’“\ A

Flgure ) 7.1+ sﬁbw§3 -thef velocity pattetn ‘obtained

: ~numer1cally by the ﬁGCP code. The plot is translated 5 mm~

s

from both,;hé X~ and y— axes to 1mprove clarlty. The arrowsi

'1nd1cate ‘the dlrectlon and magnltude ?ofl’the gas flow
P : i . |
veloc1ty after 500 t1me steps. The longest arrOw corresponds

, -
to a veloc1ty of 82. 5 m/sec. The. .t ime. step use

n

dur1ng this

run -was 96% of the Courant 11m1t. The corr 'pondlng t1me in

the S1mu1at10n (after 500 steps) 15'%5 ms and . 1s suff1c1entﬂ

for steady state flow cond1t1ons to be establlshed._Thls is

* .
- suff1c1ent for the flu1d to cross the channel s1xt¢en t1mes.'
The c1rculated gas flow in the dxscharge reglon 1s seen tqg

deflec ver the cathode (obstacle) as shown in. Flg 7.1,

-

4 en compress between- the two electrodes where tha

amp ude of the gas veloclty 1ncreased con51derably, 50 as

to conserve the mass flow. *

\

fﬁ The. gas fflow which 1s constrlcted between the. two

electrodes is now ‘expanded and convected through the
' cginnel However, behind the cathode (obstacle) the flow is

unable to follow the turn around ', the = rear of such “an

obstacle, whlch is a reglon of decreas1ng veloc1ty for real

~
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,f1u1ds of f1n1te v1sc051ty. The flow‘then separates [147] or'

'_breaks away from the rear,'and a. broad'wake forms beh1nd theb'_p_

. )

cathode as can be seen 1n Flg <5 1\~Th15 phenomenon of flowfh

LN 1 , I

separatlon, ‘which occurs below 'the “sharp corner C2 jUSf‘

‘ - !

',downstream of the cathode, agree w:th the results of flu1d_

flow over. “an obstacle whlchfhave been obtalned by pf)V1OUS,

authors [109 134 148- 151]

oG o ) ) : “
A “

: Eor example, Takemltsn [109] obserVed a 51m11ar result
'in\;teady\ilow past o backward—fac1ng step us1ng a f1n1te

'd1fference method w1th 1nvar1ant 1mp11c1t 1terat1ons to'

vsolve the 1ncompre551b1e Nav1er—$tokes gquat1ons. In another

example, Thoman and Szewczyk [148] reported a smmllar result~

wheu treatlng t1me—dependent v1scous flow Qver a olrcular

ylinder u51ng an exp11c1t f1n1te difference method A wide

range of Reynolds numbers were cons1dered ’Also,'the same.

phenomenon was obsexved by Roache and Muller [149] when they

stud1ed compre551ble and 1ncompressxb1e viscous flow over a

backstep geometry Moreover the separat1én phenomenon for':

4
v1scous flow past a C1rcular cylinder was observed for even

very small viscos;ty.,and',very 1argea-Reynolds number

[

[152,153]. o Y

A serieslof-computatlonal runsf}?th ¢he IGCP‘code were
performed fo% differeht,valses of input'power and cathode
Yemperature. Figure w 7. 2 : illustrates the vélocity
distribution for an ifiput power of 3 16 kw and an est1mated
cathode temperature of 500 °k The veloc1ty d15tr1but1on is

".
) k )
« . H
5 "
A
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similar-'tb' that. of.’F§§.>.7. but w1th the gas veloc1ty ‘

1ncreased due to the 1ncrease in the. 1nput power to the ;

syStem. Further 1ncrease rn the 1nput péwer and cathode

\.

temperature results in a cor:espondlng 1ﬁtrease 1n the gas

s

"veloc1ty' Th1s effect 15/observed\a ain in F1g. 7. 3 In th1§

case thé veloclty d15tr1but1on wa obta1ned fok 5 01 kWs of

1nput powerAQnd a cathode temper ture of ‘600 °k R

‘* ?hé numerical results-_pfes‘ ted above»awere Cfirst

. obtained by runing the computer prpgram for 500 t1me steps

us;ng' t1me~step s1ze of 20% oé the C"L 11m1t.v The::

computatlonal runs were then repeated u51ng a t1me step size

i of 96% of the CFL limit and the same results were obta1ned.
v The stablllty oi the iterative ADI computer code used 1n our'

computer program was, also tested by 1ncreas1ng the s1ze of

°\\ the time step to t¥1ce the CFL l1m1t ~The results showed

A h

“@ that even w1th this verf.harge time step, .the program is |
A p
..st1ll very stable. Consequently, we can obta1h"the same

results 1n a fewer number of t1me ~steps. and effect1vely

C A
;o

reduce the computation time and-the.run1ng cost. AR

-
. . X : ., .
. Co - R .

7.2.2 VELOCITY PROFPILES (COMPUTATIONAL) .

The veloc1tY§;mof1les (V ) obtalned by us1ng the 1GCP’

C -

computer code will be presented\ in thlS ‘section. The v
proflles ‘are; dlsplayed at. three d1fferent. locations -
downstream of the cathode. Cur&e (1) n Fig. 7.4 shows the

veloc1ty profile at 2,5. cm downstream of he' cathode

y P
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. surface. The x—axls represents the magnitude

 f the velocitw |
9;; wh1le the y—ax15' represents the dlsta ce’ frgm bt ;
.centerllne d? the dlscharge dev1ce. The negat1ve veloobbyu
_po1hts on the prof11e 1nd1cate a velocxty reflect1on in thlS

dreglon which agree well with the velog1ty d1str1§2t1on e

&

presented in- fhe prev1ousﬁsect10n, ThlS result is also in T"
agr’ement with the results reportediby-xawagut1 [134], who_“
"solved he ‘Navier—Stokes - equat%on5~ for ,flow aroUnd a
circular cylinder. Tﬂe velocity d15tr1but1on 1n the wake and

-

along the xfaxis was obtained. o " o -

. \
For the same conditions used ab0ve; the. velocity

~-profile was obta1ned‘at 6.5 cm downstream of - the cathode and
away from the wake Legion. The magn1tude of the gas veL6c1ty

"wx is ‘in the poslt1ve d1rect1on and the profile tends to.
flatten as’ shown by curve (2) in F1g. 7 4, As the flow goes
further downstream, the veloc1ty proflle frattens as shown

| by curve (3) in ng 7. 4 (drawn at 11.5 cm. downstream of the
cathode). The,srelat1ve varlatlonl“in “the’ ‘shgpe of {the'h

L4

mveloc1ty proflles with the ax1a1 d1stanoe is 111ustrated in
Fig. 7.4, Other computat1onal runs were performed at hxgher
input powers and “cathode temperatures. Figure 7 5 shows a-

" plot similar to that in Fig. 7.4 buthIth an 1nput power of.
3.16 kw and a'cathode,temperatUre of"500 °k.}ft:is apparent

'4that the gas veloc1ty 1ncreases by 1ncrea$1ng the input'
power. Aga1n, hxgher gas- veloc1t1es were achaeved thh

'h1gher 1nput powers as 1llustrated 1n F*g. 7. 6, where an

“'1nput power of 5.01 kW and a cathode tempt%ature of 600 °k

B oo
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were used Thls result is in agreement w1th our experlmentalf_““

measurements wh1ch w1ll be presented later in th1s chaPter.

Ld

: downstream of the cathode as a functlon of the 1nput power.

.. As was'éndrcated‘hefore,,the increase -in .the 1nput-power

3# results in an dncrease‘ in the gas veloc1ty /From thlS‘

résult, an average increase in the gas velocity of about 20%

-

_of'the' nitial veloc1ty-was-ach1eved over the range'of~rnput4~—r—

powers used. This is in good agreement w1th experlmen al
results, where. an average increase in the gas veloc1ty of
“about 17% was measured for the same range of power lgag} qg.

47.2.3, TEMPERATURE DISTRIBUTION | e

X
FA-
R s

-

. . i s g
. e . . . .
_— L g' ' » v ’ ’ [

In a gas dlscharge system, de51gned for a- h1gh powerf
laser operatlon, it. is de51rable to have the temperature of

'the laser medlum below a maximum allowable’ value of about
‘600 °k [88]. Includlng the energy equatlon in our computer

|
code“Ts/of gréat 1mportance, 51nce 1t allows us to pred1ct7

~the gas temperature w1th1n ‘the dlscharge reglonr Flgure 7.8

shows thezpred1cte _as temperature dlStr1bU§10nS at 2. 5 cm,

o

6.5 Cm.and 11,5 cn\ downstream of the cathode surface. This

‘simulationrwas mzde for a laser gas mlxture of co,h«/ap 1n

- N
the proportion 1'6-12 at a pressure of 20 torr. The 1nput

[ . 5

~ power used was 1. 56 kW at a correSp/hd;Ag estimated cathode

temperatUre-of 420 °k.
o ~

—

Flgurg 7 7 1llustrates the veloc1gy\proriles 11,5 cm

L

~
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As can be seen f om Flg 7 8 the gas temperature?

reachs 1ts maxlmum at the centerllne wh1ch passes through
the center of the cathode.:In thx% reg1on a stagnatmn p%lnt_'
1s formed by the presence of the cathode 1nlthe nﬁddle of _
. the dlscharge sectlon. This reglon, wheré ;he gas veloc1ty tl
is m1n1mum, contalns hot gas.wh1ch _s;.f then - cooled by
convective flow downstneam | Th gas: temperaturg also _
__,_'de‘creases'ln a d1rect10n towards the'anode. In, the mid ]
| reglon between ca"thode and anode, ‘the” gas veloc:1ty reaches‘

its max1mum and consequently mc!}sonvectwe Qool1ng occurs'

‘thereby resultmg in a lower temperature.

By 1ncreasmg the input, power ang consequentl.y the
_cathode tempetature,“ the gas i_s_ further heated and its
| temperature is 1ncreased. Flgure 7.9 shows the temperature."
d1str1but10n across the dlscharge reglon for 3 16 kw 1nput
power and a cathode temperature of 500 °k Further 1nc-rease

in, the 1nput power and cathode temperature results in a -

still h}gher gas temperature, as ‘can be seen 13{ Fig. 10;"’_.{ _
: v.%here . .5.01 kw of v 1nput power was use& at &an est1mated‘j
‘cathode temp’,erature‘oft 600 °k. . . -

F1gure 7. 1‘1v *shows .the gas témperaturef distribU‘tion"
predlcted at 11, 5 cm down%tream of the cathode for- three o
. 1nput power values: and cathode temperatures. It is apparent.
that the gas emperature 1ncreases~\con51clera‘bly in the"

reg1on downstream of the cathode and close to the center oi

- the . channel. Away from the cathode regx 'and across the
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to '1ncrease 1n the 1ow veloc1ty reglons and decrease in79~

'reg1ons vwhere the gas veloc1ty is hlgh This result is in
.good' agreement w1th_ our _experlmental, méasuréments wh1ch
~will be éresented later in this chapter.

' 7.2.4 PRESSURE DISTRIBUTION .

&

Int;his section, the gas pressure distribution obtained

o from the numer1cal reSults 1s presented The computat1onallh

runs were taken for the same laser gas m1xture and the same

-

'prev1ous cond1tlons. 'The total gas pressure ’(p) ‘as a

| -

'funct1on of the gas temperature (T) was calculated from«the

relation: =~ '

’yhere,f KB‘ 1s,tBol zmann constant p ‘is. the

density, and m,"

mlxture and is- g1 en by [146]‘

-4
'thé molecular'ne1ght,:and N 1s Avogadro 8 number. _ B

-

nel to the boundary Surface, ‘the temperatureg*b

:In all of the above cases, tbe gas temperature is seenfuf

p=pK T/m ., . (7.1)

__eutral ~gas'

ot .
o is the average molecular mass of the gas

«72 £y /N | | ‘(-7.2)'»

'uhere,»fi is t.e fractlonal percentage of ‘the' ith. gas,'M is

arease and stablllze at lower value& due to Zri
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_ For “typical - Maser gas d1scharge parameters with a

”

1xture ratlo of CO,MJ/He.E 1 6 12 the average molecular

‘.mass m “:15 equ1valent to 2. 2718 X 10 ‘kg..The gas.pressure

dlstnnbutlon across the channel was mon1tored at dlfferent
'vlocatlons upstream and downstream of the cathode. The 1nput
vpower was 1.56 kW, at an estlmated cathode temp\iature of

o 2l
420  °%k. Flgure 7. 12 shows the gas pressure dlstrlbutlon

?‘long the y—dlrectlon at x= 1.5 and 5. 5 cm’ from the entrance.‘

jeurve 1 (at x=1. S/Em) 1nd1cates that the pressure ‘is almost

o

uniform across the channel;and its amplitude is close to~

‘that of the flow at'the entrance.

.

As the flow advances into the discharge region,

pressure ’‘was monitored in. the cathode—anode region
“t

" the channel as shown by curve 2 (at 'x=5.5 cm from the

ac I'OSS

entrance) " .Some pressure drop “has occured and the.

: dlstributlon has some 1rregular1ty across the channel In

Fig. 7. 12 the pre%sure ,at the bj[tomrof curve 2, i. e. at an,

point on’the surface of the,cath

2

- point is on a  polar line which has an approx1mately.50,°-

angle’from the centerline in the'clockwise direction: This

result is,in good agreement with that obtalned by Allen. and’

Southwell . [150] who used: relaxatlon techn1ques to determlne'

the_mot1on¢ in two d1men51ons, of a- v1scous flu1d past a

fixed cylinderr

-

The gas pressure was predlcted also a 'three different

*

locat1ons downstream of. the cathode. Flgure 7 13 shows the

-~

-

de 1is equal to- sero. This - .
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pressure d1str1but1on along ‘the y—dlrectlon at x=2 5 é 5
'and.11 5 cm from the cathode surface. As can be seen in‘
curve (11, the pressure drops 51gn1f1cantly in the reg1on
just downstream of the cathode (where a stagnatlon opolnt :
exlsts) As y 1ncreases, the pressure increases unt11 almost
to the mlddlg of the channel where the pressure is seen to.
be dlstributed unlformly achss y The same»hehavror wasl
obtained when the pressure was, monitored at %=6.5 cm
downstream of the cathode as shown in curve (2). But in this
.case, the pressure in the region close to the centerline is.
',h1gher than’ that in curve (1). At x=11.5 ¢cm far downstream,
the gas pressure d19tr1butlon is. almbst uniform across the

.

channel height as: shown 1n curve (3)

4

These results show that the presence of the cathode in,
the mlddle of the channel (as an obstacle) ects the
-dlstrlbut1on of the gas pressure 1n the reglon downstream of
the cathoder The gas pressure dlstrlbutlon recovers to its
' unlform status furthe: downstream where the effect of the
,stagnat1on reglon d1m1n1sh5. Also, the 1mpact of the flow
| decreases sl1ght1y as it advances downﬂkream, as can be seen

from Fig. 7.13, where 'the pressure decreases in the

"i-direction. ‘

Another computat1onal run was ‘obtained for hlgher 1nput-
power. It was found that 1ncreas1ng the 1nput power and the
cathode temperature,- resulted in an 1ncreased pressure,

‘Figure 7.14 shows “the pressure dxstributlon across the

Y
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: schannel at~k=2'5 ¢m downstream of the cathode surface, ior
'three 1nput’power settlngs. The pressure d15tr1but1on -was

: monltored also at x=6.5 cm and x=11.5 cm downstream, The-

results are 111ustrated .in Fige" 7. 15 and 7 16. These'

»

‘results show a p051t1ve"'responSe. in pressure, due ;to an'

R . . ) .
increase in the input pover.

Finaliyf'the'preSSUre distribution across.the discharge
region (in the x—d1rect19n) was obtained at a'~distance
. \ , ) i © ‘}/i\)" -

‘§=24.5 mm from the .3;’of the . cathode. The pressure r;z)”

Peases sl19ht1y in the downstream

almost steady aaﬁé.;

™~

'»direction, as can be seen. in Fig. 7.17. A\similar'resuits_<;
was obtained at.y 33,0 mm from the center of the cathode and
f1s shownAln Fig. 7 18. Th1s flow is ma1nta1ned through an -
1mposed 10% pressure d1fferent1al across the test sectlonw
The un1formrty of the pressure across the d;scharge channel
.is -in good agreement with,the results;obtaineq;by Finlay’
f154]' in a simulation’~of open channel flow,x'using'va

.Lagranglan flu1d partlcle techn1que.

7.2.5 MASS FLOW DISTRIBUTION AND

SIMULATION MATCH TO EXPERIMENTS ST

v . . . . : - v

Dur1ng the course of a'!1mu1at1on, 1t was necessary to

L4

check the unlformlty of the mass flow dxstr1butlon across ,

*he test sect1on. The program vag run for | t1me steps and

with t1me step size equal to 96% of the CFL 11m1t The code

results vere tipe averaged over the last 100 time steps anAd -
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.hspatlally averaged across the helght of the channel (y) at
"each p01nt (30 p01nts) on the x—ax1s. The result is shown in

,Flg .19 for an 1nput power of 1 56 - kw and an estlmated»-

200

Acathode temperatﬂre of 420 °k. As it can be seen- from. thzs_ E

»

flgure, the mass flow is maintained’ constant ‘all over the
discharge sectlon. This 1mp11es a good conservat1on of mass,

by the simulation code.

In order toA match the simulation results vto E
experimentalv findings, some parameters must be spec1f1eo.i
From the ekperimental parameters ~and data(—spec1f1c'1nput'
power vaiues and the correspond{ng.cathode>temperature were;
determlned These values vere. 1mp}emented in the computer
3proqram for 51mulat10n pyrposes. Also the mass flow rate and
the pressure drop acros the test section were estlmated
from the experimentallr suits. This-is:shown in Figq. 7.20,
where the mass flow rate is plotted against the percentage
,pressureddifference across the test region. From this figure

ca

a 'pressure difference of 10% . was .chosen as the match

Tparameter, at which the estimated-experimenta1 mass flow is
comparabfe to the computed-value.’ |
\It'is believed that matching the input power, cathode
temperature, mass flov rate andlthe pressure drop, as well
s .gas ‘composition, actua1' dimensions of the _discharge'
region nd'gas‘viscosity fulfil the requirements to match

the sipdlation results to the experimental ones.
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—~4n'section’7 3, the experimental results of the open channel
flow laser gas - dlscharge w111 be presented and d1scuesed A
compar1son between the exper1mental and theoretlcal results
‘will be reported in sect1on 7.4.
7.3 EXPERIMENTAL RESULTS OF THE OPEN

CHANNEL FLOW LASER GAS DISCHARGE -

7.3.1 SYSTEM OPERATION

2
:

-

n.. chapter 3, the experimental system‘ design was
presented. Once the TE CW;CO2 laser ‘gas discharge system had. -

‘been assembled-vand testedf measurements were made ,to’t
‘investigate the - gas vgloc1ty Pr iles:and,the temberatUre
dlStrlbutlon//ln th1s' system. zigigg~—the operat1on _thei
system was. flrst pumped down to a pressute of 100 u- (or 0 1
torr) and then backfllled w1th a laser gas m1xture to the'
approprlate worklng presg%re. Most of the exper1mental runs

" were taken for a 1aser gas m1xture of Co. /N"/He, in the

proport1on of 1:6:12, at a total pressure of 20 torr.

Flgure 7 21 shows two phﬁtographs of the glow dlscharge

in thls,system, at two 1nput power sett1ngs. At 1ow 1nput"
"‘:éo?ef (p ;=:-56.kw)» the glow d1scharge 15 quite un1form.TAt
h1gher_ input power (P '=5 01 kw) the glow d1scharge -
5 st1ll uﬁ1formiy dlstr1buted throughout the xntere ectrode .

reg1on. However, in th1s caq& the un1form dzscharge i

1ntense ig the reg1on between the anode and the cathode. The

’ .
J LS ST
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% N i
~Fig. 7.21 Tranéve’rgefe_lectric‘cw Co, glow discharge. o

‘.
. 3 T : * T . '
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» ) * ®. ) ‘ . . . » -' ‘ - ) ) . . - ’ .
-intensity of the, uniform discharge was found to increase

with increasing input power to the-system: The discharge .is
o S S o ¢ e
totallyv self—sustained,  and no external source is wused

‘/throughout this study. =~ . = (L,\;' B

Figure 7.22 shows the terminal V-I characteristic. As

can be seen in this figure, the terminal voltage is almost -

K
jndependent of the termlnal current over‘ th1s spec1f1ed

range. In this:ca e,‘the dlscharge behaves as a normal glon

.[155,1561,

7.3.2 VELOCITY PROFILE MEASUREMENTS

-

i

-

Exper1ments were: carrled out . to obtaln the veloc1ty

proflles in the discharge reglon\ and downstream of ‘the
cathode. The gas flow veloc1ty ‘was measured u51ng a p1tot‘
tube attached to a capac1tance manometer as was expla1ned in

section 3.5. In th1s'sectlon, results of ‘the dependence of

gas velocity prof1le on the gas pressure,‘laser gas m1xture

‘ratlo, and the 1nput power to the system .are presented. Thel

[NV

" results of the VelOC1ty prof1le meaurements along the laserv;

axis - (z—axis) and along the~d)scharge w1dth»downstream of

the@cathode (in the x4direction)jare‘also presented}

A. PRESSURE DEPENDENCE

[

Figure . 7. 23 shows the veloc1ty prof1les across the

1

1.

channel (1n the y—d1rect10n) £or var1ous gas pressures. The

measurements(,were .taken at x=11, 5 cm downstream of, the

.
)
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Fig; 7.22 V-1 characteristic, laser gas mixture isvcoz/ﬁ-;

in the propoftion 1:6:12 and prO tdrr;bg"v
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.c'athode,' at»'z&z4. A laser gas mixtﬁré‘ of"coz/ﬁz/ﬂe. in the
proportion of 1:6:12 was héedi’Tﬁ%v;ﬁput powervtb.the system’
was 1.56 kw.ana the»cathode tempegatu:e was estimated ﬁé be

- . . # .
420 °k. As can be seen from this figure, the gas velocity

increases with increased gSs pressure., Also, an increase in
theAéas vé;odity was obégrved by increasing the inpuf power
A(p¥m=3.16 kw) at all _presguré. séttings as shown ‘in Fig.
7.24. Further increade in the input pover '(Pmp=5.01 kW)
results in an"imcreased gas velodity at all pressures, as

.4?; ,  ) . .Z

can be seen in Fig. 7.25.

B. LASER GAS MIXTURE DEPENDENCE

The velocity profile across the channel height was also
.»obﬁained for differgzt laser gas mixture_tét;os, at a ﬁptal

gas presﬁure of 20 torr.‘The results afe_shown“in Fig. 7.26

for Pum=5'01 %W, x=1%,5 ch and z=z4, It was found that the
mixture with a high nitrogen-component (1:6:12)“ha5'thé_best
performgnce amongst the gas mixturés used. A 25% increase in
the gis velocity was observed using this particular gés‘
mixture. It was also found that ihcreasing the He ratio in
the gas mixture resulted ih an increase in the gas velocity.
The 1asér gas mixture ra;i§'1:6:12‘waé used througheut the

.remaining measurements.
¥

C. VELOCITY PROFILES ALONG THE DISCHARGE LENGTH

As was mentioned earlier, the gas' discharge -in our

device has a +length of 135 cm along the z—diréﬁtion.



T 209

- umw\e ~54JO0J0>n304u¢mow
0°0S 0°S¥ 0°0¥% 0°S¢ - D°0L 0°S¢ 0°0¢C 0°st o0 0°S 0°0.
t 1 ..L . L 1 v 1 ._ . 1 : . ’
1103 0gz=d " .
_ ~*1103 0og=d : O’ B
“ +1103 08=d : e
:2anssaad seb - .
*vz=2 l.
L twd Gii=X -
z1/9/1=aunsfon - |
¥ -
o e | _
MY 9L €=1aM0d indu
aInssald Ser) : $9|1joid AHOO|aA ..
| ST . A e

52

wo ¢qybrey qeuubyy

00

S°¢ 0°s

0°01

'Fig. 7.24 Velocity profiles at different gas pressures, .

=3.16 kW.

'.p.

inp



-

e . ,'

. _ﬂ _,ommME ~mJJoo40>_ro;L_mow_m

T e - i 1

-~ .

o' oy .o.mn : o“on. 0°'sc. 0°0¢ o.m: . ..o....o\..ﬁ
[ 1 > 1 SR | - :

.,‘/ . o

, . 7 1103 QZ
o *1103 Q€

 tz1/9/1=%H:

M L0'G=lomod Indu
9INssald Sery ! s9|ijoid AUDOIBA

-

* .,. T ,‘u

Ton . : :

=d
- - taa103 0%=d
‘tainssaid seb

..vNHN

4

” - - 4.EU, mQF

N?

| =X

4

0J.

—

T~
S’¢

|-

0°Ss

-S°¢

'wogfqu

1§Hfjeuuoqg_

ki

.

3

Y

%

—

’

~

»

. 7,25 Velocity profiles at different gas pressures,

>

N
B
< -
a
v s
’
)
+
: ,
’
o~
"
=
2
.
-
o :
4 .
-
n
%
o
e
-
E 3
)
5
Sk
‘ .
\.ﬁ
o
s Y

: t

,g}



- B R : : L ’ . ;
S ©  _oesyw ‘Ay10018p MmO 4 SOy o °
| J.om. oisy  0°0F . 0°SE .00f 0°SZ -0°02 0°Sl 00l 0§ 00 .o
. 1 N : 1 SIS S i 1 - .r 1 1 - : o .
- _ = ,.ﬁ -l 0 l
o .
‘ I - ~ LN
R VA SV PR «w.g _
gL /v / 172 0O &
YA pzez - |
: L T
. 3H/ z\;..ou _ cws §rii=X - nm.__e. :
. $9In3xXTW seb i1eser - XMy —o.muuu:on andut = ..m .
- - . . B R st . >
- - ” +1103 Qz=9anssaid seb - o
. . . N
R = . RO o
oy ! "3 Q.. ..

- . Chl Y - . -
El . . : : ’
. . N . . . . L . ) ; N S
t. - . : N » . . N . . . .
. . . . N . i &
. “1! . - o % ; - . A . . . -

— T ampapyses Jeser : saoid AWOORA

’

Fig. 7726'yelbqity prbfiles at7q1££erén£¥1asér gas mixtUres.‘

Yo

. . R o . A ,
= I . N [ .(.

i . B . & A . -

-

T



Therefore 1t was’ necessary to mon1tor the velocity proflle-
at dv@ferent -points, along the dlscharge' length. These
measurements were tequired to -ensure that .the- welocity
 d1Str1bUt10n along the d1scharge\'lehgth “is unifo;m.vlThe _
veloc1ty prof1le was obtalned at- p01nts z1, 22 z3.andrz4 oh_p
the z—axis lFlg 3.6} for a laser gas mlxture of CO,ﬂl/He.
in the proportlon 1:6: 12, The gas pressure was 20 torr and
the 1nput power was 5.01 kw The measurements vere made at
x=11,5 cm, and across the channel along the y—d1rect1on. The

results’ are; shown in- Fig. 7. 27 The veloc1ty profllesv

4 -‘:'._ ) . .
- measured at “ehch point along ,the}rdlscharge length :areg
e L P S R
~similar in shape% - o .
ow
o . iy . o
" The ~maximum *velocity. of each proflle was plotted

7

4

'againstithe z—dfsplacement. Figure 7 28 shows thlS result

for two 1nput power settings. .As can,-be ‘seen from this -

-

, figure, the velgc ?ty distribution is -uniform along. ‘the

~discharge 1ength with"the exceptlon of -the. edges}f The

fveloc1ty drops to about 85% of 1ts max1mum value, at'the

v

‘edges_(at zl}and z4) At dlstances less than z1 and larger'
=2 . _

»

. than 24, larger drop' in the; veloc1ty -is expected
partlcularly in. the reg1ons close to the. walls because of

boundary layeraeffects.ﬁ104,105]. ’ ‘ QV%. :

“

| The effect*of 1nput power on the veloc1ty prof1le along
: . . . .
the - dlscharge -length . was - 1nvest1gated Theu; veloc1ty 4

vdlstr1butlon was’ obtalned at the p01nts z1 zZ z3 and z4t

Jfor two _1nput power settlngs,: and was compared to that'

R
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obta1ned w1th no dlscharge. Flgures 7. 29—7 32 1llustrate the
veloc1ty proflles for input pohers of O 0 kw .1.56 kW and
5. 01>‘kw.i The measurements were. obtalned at x=11.5 cm .

~

downstream of the cathode. An 1ncrease of up to 1E§41n the

kg

gas velocity was ach1eved by 1ncrea51ng the 1nput oower to

5.01 kW, as'compared to the 1sqthermal gase. ' . N
‘ :

- D. VELOCITY PROFILE DEPENDENCE ON ' - ’

INPUT POWERIAND AXlAL FL@W DISTANCE

. ™

The veldc1ty prof1les were measu*ed at dlfferent p01nts.

o .
sdownstream of the t@ectrodes. F:guriﬁ? 33 shpws the velocxtyéfJ

ORI
7 “n’

ﬁnx 11 5 210 5 and 31 5 em - downstream of& the

®

proflles ;@

cat}oﬂe atyz=z4 The 1nput~power to the. system was 1. 56 kW.

A laser gas xnixture /of co fN /He in thglL proportlon 1 6: 12

. l/‘
. was used w1th a total pressure of 20 torr, As was mentxoned

earller, the placement of the cathode 1n the mlddle of- the

channel creates ‘a. stagnatzon po1nt along the downstream.
d1rect10n. The. gas veloc1ty is reduced to 1ts m1n1mum value_
. S e . :
.1n1fhe stagnatxon reg1on. A max1mum veloc1ty occurs 1n the{
A :

e

mld reg1bns between the’ centerllne (A—A) (Flg. 5 3) and the«
anqde.._v - R \ N ) . y p

v

- The effect of the stagnat1on po1nt on the gas veloc1tyb

decreases as the flow advances downstream as can be seen 1n;

Fmg; 7.33 In th1s case, the veloc1ty pro£11e tends to »

o [3

flatten yas »the"flow proceeds' downstream,, where theﬁ;

-
v %

stagnat1on p01nt effect is m1n1mal at x-31 5 cm. Thzs result

’
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=1.56 kW.
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for P,



is in good agreement with the'computer simulation results

presented'earlier.'hlso, this result is in good agreement”

P

with the measurements og Kovasznay [143]  Who 1nvest19ated'f

the flow around a c1rcu1ar cyllnder.
: -"7’ s s S

) Similar proflles were' mEasured for dlfierent '1nput
power settings. _F1gure 17 34 shows the veloc1ty at three
1qcations downstream ot the cathode for Pmp=3f16 kW. The gas
yelocityibincreases with increasing input power." Further

. increases'-in the . input _power “to the' system results in a
furqher increase in the gas velocity as can be seen intpig
7.3%. In thls case, an approx1mately 17% 1ncrease 1n the gas

- veloc1ty was aChleved with 5.01 kW 165ut power. .
RECV e RISt T
()y‘

. .
o

Thé‘dependence oi the veloc1ty prof1les on the'input

1

- power was 1nvest1gated in greate det .. ;f“*ﬂgp ison”

LR

: 'made with the 1sotherma1 results. The welof?.w

i

measured at srb dlfferent points downstream of thg cathode._

e

‘//\Ehe laser gag'm1xture used was Co,hi/He in the proport1on'
1: 6 12 at a pressure of 20 torr. The 1nput power was set at‘
0.0, 1;56, 3.16 and 5,01 kw respectlvely._ The - velocrty |
prof11es wh1ch weré taken across the channel (along _the
‘y—dlrectlon) were measured at z=z4tgnd at x=7. 5, 11.5, ls;S;

‘321.5, 2§.5 and 31.5 cm respect;vely.

o Fxgure 7 36 allustrates the veloc1ty prof:les at x-31 5j”
cm downstream of the cathode, whlch is the farthest 901nt ofﬁff

' measurement along he. x—axis .1n hourf measurements. Thevf

o -

'_prof1les are‘ approx1mate1y flat and unzform as can be;f

e
o~
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detyermined, where the effect of the stagnat1on p01nt is

*minimal. The increase in the 1nput power results 1n' an‘

incréase in the gas velocity, wh1ch is evident from these
..plots‘ Comparison with the isothermal case indicates an

average increase of 17% 1in  the gas ' velocity with the

& - . : . - ~

L

increased input power.
'Figure 7.37 shows the-Qelocity profiles at x=26.5 cm"

downstream of the cathode. The shape of the proflles chaqges
sl1gh&1y. The gas veloc1ty increases in the mid’ region
 bétween the centerline‘(A—A) (Fig.ps.i) and the anodes. This
occurS'for all power settings. The effect of the stagnation
point on the. velocity pattern is more pronounced as\we come_‘
gcloser to -the ca ode as shown in Figs. 7. 38 3;. The
veloc1ty profiles \ ar¢ measured at’ néi1 5 and 16 5 cn
downstream of the cathode. A 17% average 1ncrease'1n the gas‘
velocity 'is’ malntalned by.;ncreaslng:the input power up to i

stk . O

&

The velocity profiles are measured a‘ah close‘to’the'
cathode, at x=11 5- cm- from the . downstream surﬁace. " The
results are shqwn 1n F1g.,7 40 where the gas velocxty drops_

-y

to 60% of its maxlmum value at the mlddle of the channel _

. Th1s reduct1on ‘s .due }e\the stagnat1on po1nt caused by the:_'

'cathode (obstacle) The effect of the 1nput\power is s1m11ar_

- to that descrlbed earl;er, where up to 17% 1ncrease 1n therj'
éas velocxty 1s obta1ned. F1nally, Fxg. 7 41 shows theai

velocxty proflles very close to ‘the cathode, where x-7 5 cm]ff

0
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downstream. The gas velocity drops to about 50% of its
maximum value, while the increaserin the velocity due to the

‘increase in the input power is maintained. L AL

From the‘abOVe measurements; it;is aSEafren::that thed'r.
gas veloc1ty decreases as the flow' advances dlwnstream. o
However, at the. nearest po1nt to the cathode (x 7 5 cm) the;
veloc1ty shows a llttle reduct1on In - 1ts amplltude, as can

‘ be 1nferred from the comparlson of Figs. 7 40 and 41, Also,lg;g

the effect 'of . the stagnat1on p01nt caused by the cathode,

*

JEu

results in a. reduct1on in the gas veloc1ty to about 50% of
‘1ts max1mum value -at a dlstance of 7 5 cm downstream.i-.
F1nally, regardless of the effect of the stagnat1on reglon,fll,
’1ncrea51ng the 1n§ut power results in an 1ncrease in the gasl
:veloc1ty, wh1ch shlfts up the entlre proflles by’ about 17%

of its max1mum values“ These results ab% in good agreement

© with our” computer- 51mulat10n _results obta1ned earl1er,
f,ComﬁariSOn“' of these veloc1ty measurements : with:' thel:~
'51mu1at1on results wlll be presented in sectxon 7 4

"E. QVELOCITY> MEASURE!;ENTS'KLONG‘. THE X—AXIS

| Ani,1nterest1ng .result %’p ’obtaxned when .the- gasvff
veloc1ty was measured along tﬁe*@x1s (K—A) (Fig 5 3) The';f:
fmeasurements were made as closb as 2. Skﬁm downstream of the :
.cathode surface by u51ng a metal p1tot tube. It may be noted
-that,ghe metal p1tot tube was well 1solated from the system

‘-dur1ng these measugements. Fxgure 7 42 shows the results

- ‘ - : T e
SRS e e -f.w*_x
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;obta1ned The lower 'curve’.ﬁs -for the 150thermal'”caSe_:'fi

]

(P -0 0 kw) where only the gas flow vas cons1dered Wlth_*f

the dlscharge on, and for 1 56 kW 1nput power, a;/yncreased ;

veloc1ty is- observed for all x—values.

An increase in the inpUt'pouer to 3. l65kw results'inﬂ
_Lurther increase - in the ax1al flow veloc1y When the 1nput_t‘
Power 1ncreased ‘to 5. 01 kW, a 31m11ar behav1or was obserdedi;“

a5 shown by the upper curve,»except at the po1nt close to

¢ the cathode (x 2.5 cm).. At thlS poxnt the - gas veloc1ty:;n*

.dropped even below the 1sothermal ‘'value as can’ be seen in

" Fig. 7.43. _Thls is an 1nterest1ng result wh1ch may be

=

explained- as -due 'to ,the' formatlon of swlrls or wakesh'f

,rdownstream of the cathode. Fortunately, th1s explanat1on is

"supported by our computer 51mulat10n results, ev1dent by the

hlveloc1ty vector d1str1but1on obta1ned earller. Thls veloc1tyQ»ib

'_ vector d1str1but1on 1nd1cated that a flow separatlon occured‘

downstream of the cathode. Further 1nvest1gatlon is requlred
v ¥ e .
in’ order to determ1ne the flow structure in thzs reg1on in

lmore»deta1l.
-v:‘-t" ‘l-

R . . v

ll*ﬁﬁd

7.3.3 TEMPEhArunEEDiSTRIBUTIQN,KEXSUREuExms' B

Asqyas ment1oned 1n sect:on 4 1 the-gaS'temperature in o
Y AL

.. the dlscharge chamber must rama1n below about 600 °k fif i

]

thxs dev1cé zis: to serve 'as,‘aa laser., At h1gher gasfjg

5'temperatures the lower laser level becomes populated P“dh]f

-

“consequently the populat1on 1nvers1on 1s destroyed [88]
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vﬁés mentioned  ayso thF£: diép6$in§ of  the. yéste';hgat"by}
_:;onyécting it Qut,oi'thé‘diséhérge region,ié the beét'ﬁay ;o'
mééf the abg§; hconstraint1'[6;7;9]Q Tﬁeréfore,.v¢ne 'df the
- most importénf tasks in the Qteseﬁt'work is to Studyrheat
transﬁortvin.our aedicé..InQestigatioh of thé'temﬁéfatufe
-distribhtiéns.in thé discﬁafgé]region, and its dgpenaence §n

the various- parametetrs were conducted.

v U ;_'3
Ny ’ v "5:“
The ' telyperature measurements were performed using an

_ N
>iroﬁ;cohstaﬁtggf (type Jf ithermoéouple.’ The thermocouple
_ﬁermiﬁals wefe‘éonnecfed‘to é floatihg‘digital yoltmeté}_to‘
meaéure the ithe;moélecffic potential. Calibration tables.
-vwere ‘then ﬁ;ed 'to_}obtainf-thév ¢qrre5ponding .Eeﬁpétatufé

S

ﬁalues._ Theﬂ*temperature' was measured at _different points

~glonq the x—axis, downstream of the cathode. Another Séﬁ of

\geashremehts was°bpt§§n§d“at‘aifﬁereht'poihtsnbn_th;z—;xig,.
"aloné the _disqharge"lgngth. At eé;;._of thosé points; the
| témperatuté'diétribhéion$(profile) aﬁréss the channel height
’(y—difebtioh) was ;.obtéined; Thé:' tgﬁpefatutg‘ ,profileﬂ
depéndéhce.iupbh' gas pressuré, laSér 'gés mi;thre,fandlrthéﬂl
| inpUt:vpoﬁéf will ‘bé fdiscussed; }Also,j’ghé: ﬁemperatUré
"brafiles‘.élongv‘the discharge t?détﬁ. and“~élqng ‘£he'7flow

-diréctibn,wiif‘%e'presénted.andvdiScussed.
: S SRR T

. N

To be }ab1b  to aiscués:‘tﬂép nature of thése: profiles.

- which are  far from 'be1ngT<11near,g_wgv‘gonsxder' first. the
v [ B T S
‘simple case ' of convective: heat transfer{'dgqfnibedf by -
. ‘ R o .- p ‘ . . ‘ v,o ) l, P .:_ \ v . . . - .‘ o -
- Newton's\Jaw of cooling'[157]a§nd,is?§iV¢n“by; o

. e Lok L
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. ' m : . . P
: g = Ah AT, . 1 (1o

e

where g is the rate of convective hggt transfer, A_is the -

cross sectional area, h is the convective heat transfer

coefficient,fand‘AT is the tempétature difference.

Then: we consider the conveciive heat transfer in a unit

volume dV rather than,in a surface area A. Therefore Egn.

7.1 can be modified to describe the volumetric convéqtivé'

heat~trahsfer in the x—direction as:

&

s _ Qh'dv_= A;p“v'cp ar , ” : - (7.2)

where Q, is the convective heat transfer per unit‘volume;.av.-

is a ‘unit volume, pv is the mass flow tate, pfiS'the/gés

density, v is the gas.vélotity, c, is the specific heat, and

Eqn. 7.2, a4V and p are given by:

dT is the“temperature change across the volume element.- In

dv = A dx - (7.3)

and’

p. = pm/KBT " (7.8)

~

¢

where p is the gas pressure, m is.the average molecular mass

4

}

of “the géécﬂikture, §$ is Boltzmann constant, ahd;T ié the
gas temperatﬁ@é.‘
l = | | |
Substitution of Eqns. 7.3 and 7.4 into Eqn. 7.2 gives:
. i Q- ) .
> 1

Q A dx = (pm/KT) v A c dT , - | (7.5)

Doy o
AV A .



.

which can be grrang@ﬁ'asr“T Sl L
{‘.)." : ,'. |
" Equation: 7.6 can be integrated between T and Tx‘along;a

s¥distance X'td'give},

Y

where T is the gas tempekature at 2 dlétance X along the - =

dlrectlon of flow 1n the dlscharge reg1on, and T, is the;5?

1p1et?temperature,_

} .Jj}ﬂyquatipﬁ“7.8‘Can furtper be.arranged as: -

wh1ch g1ves the temperature dlfference across a d1stance x._'

)

a@ )

s

i “Edﬁafipnc 7,97:Shows that - the temperature T is an

'expdneni§aily varYing 'fnnction.__lt,'shows"also that T

s

lpcreases w1th 1ncreas1ng the. 1nput power (the convectlvee
*  he t transfer Qh 1s a representatxve of the 1nput power)u

Also,fg1ntre£%1ng the gas pressure' or the gas veloc1ty t’

§ u.} . k 6) * )
}- resultsq}q an exponent1ally decre351ng temperature. These
) ww»

R 20

results are “the bas1s "upon , wh1ch - the temperaturepzf“

.y distribut
" subsection: o o R e T

AaT/T = (QKk/pmve ) dx.. 2 (7.6)

} " SO ln(T /T Y= QK X/pmx_p e

L m e emEKEEwe) 0.8

B [eXP(QKX/p@@)-H e

‘}g:.'w1ll f‘be;: d;scuased} 'iﬁj_7the‘ fqllow;ngp*i

F
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'A. TEMPERATURE fnsp'l-:nnzncr-:) ON PRESSURE,
LASER GASF'MI_X'I’URE AND INPUT EOWER-
.mee temperature prdfiles were ~obtaihedjnfor‘-three-t

differént gas pressure values of'20, 30'and_40:terp;'The;

measurements were taken across " the channei (aiohg;vthe
y—axis) at-x=11r5 ¢m downstream of the cathdue,vahd‘at'z:z4.

The laser gas‘mixture used was COyA%/He'in the”proportion'

of 1:6:12 nd the input'power'ﬁas 3 16 kW. Fibure'7.44‘

shows the proflles obtalned from. these measurements.“The

.profiles have. almost the_ same shape - for eachvppressure

setting as can be seen in this figure. NI - R

Ny For 51mp11c1ty of explanatlon the .plot may be divided’

into three d15t1ngu1shed regions 1, I}'ahd III.-Regidn.II-
corresponds to a stagnatlon reglon where the ‘mass flow is
minimum,. and consequently the' temperature 1s hlgh and -
reaches its maximum. Away from the_cathodehregiph; reglons‘I
ahd IIT correspond -to .regiohs.'of maximum"flpw‘ rate, and.
eonsequently convective cooling:is strongerr Therefore, the
temperature in regions I}'and 111 is lowv,ahd. decreasesp
towards the anodes as cahrbe_seen’in Fig. 7.44.

L4

Figure 7.45 illustratés' the dependence of the gas7
temperature on gas pressure and’ 1nput power. For: a g1ven gas

.pressure, the temperature 1ncreases expone ially as the
Y

1nput ‘power is 1ncreased This result may be explalned by .

_the expdnehtialv relat1on of Egn. 7.9, whlch was obtained
e o
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'”earller. Thls result 1s also in *good agreement w1th 'theé

computer szmulatlon results presented earller. As the gas.?'

pressure is 1ncreased the temperature decreases and the

J .
temperature—lnput power curve shlfts dowm as caﬁ ‘be seen'

tjfromlﬁlé. 7.45, ‘These measurements were obta1ned at y 7 01v

Cenic LR

D

The dependence of gas temperature on laser gas m1xture.x

and 1nput pover was also 1nvestlgated F1gu£e 7 46 shows the

'<temperature proflles for d1fferent laser gas mlxtures, wh1le_

',Flg.q7 37’ 1llustrates the gas temperature as a functlon o£;~.

' the 1nput power for the same’ laser gas mlxtures._ It was.

ﬂound that the laser gas Wmlxture whlch conta}ns more He//

ylelds a proflle whlch has the lowest temperature as shown~

by proflles (1) and (2) ThlS result is’ expected sznce the:

~whe11um (He) plays the roll of a coollng agent 1n _the laser B
. . : _&3:

‘gas mixture.

0o

'Howeverj when u51ng another laser gas mzxture wh1ch'p_

'contalns large amount of n1trogen (N ), the- temperature

*
'profz (3) behaves dszerently,‘where hlgher temperature

values were observed 1n the m1ddle sectlon and even lower

temperatures 1n the reglons w1th h1gh mass flow. Also w1th‘
;1ncreasrng the,glnput power, 'the‘ exponentlally daryxngﬂ“

3temperature curve shlfts to lower temperatures when us1ng a'

3

ilaser gas m1xture w1th h1gher He rat1o. As observed a11 the:-

’

-fcurves have exponent1a1 Qspendence on the 1nput power, a_f

L

)
.

_,result wh1ch is’ 1n good agreement w1th Eqn. 7 9, where thef'
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temperature is an exponentially varying ~function in the

.finput'pOwerh5'

E The temperature profiles were measured at -two locations"'

fdownstream of the cathode for different 1nput power values._

a C.

‘AThe 1aser..gas mixture _was Co / /He in the proportionv'
163 12 at"a' total pressure of 20 torr.. The profile
'-measurements were taken across the channel helght (along the:
y—axis)-at z=2z4. Figure 7 48 shows the temperature profilesp
_ at' x=16.5; cm  downstreant' of the cathode, - while Fig. 7.49
illustrates the temperatdre .Tprofiles " at *'£=31.5v cm
1downstream. It can be ‘seen from these figures‘ that byiwt
increasing the input'power, the g;s temperature increasesrv'
Thishincreasedin temperature with the input-power has an

exponential nature as was discussed earlier.

‘At the far point downstream (%=31.5 cm), the® préfiles -
show . a decreaséﬂéin temperature particularly in the' mid

~sectlon (stagnatlon reg1on 1), wh11e at the outer reglons I

dand III the temperature shows a little 1ncrease. ThlS is an -

_1nd1cation of a convective heat transfer occuring in. the,ii
discharge region.’ For this r ason, 1nvestigation of the
_temperaturef profiies'.along the flow direction will .be_

conducted 'in fore detail in the next se¥section.
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B TEMPERATURE PROFILES A NG THE DIRECTION RS

*»axn ALONG THE DiSCBARGE LENGTH

7 50 shows the temperature proflles at five
'dlfferent locatlons downstream of the cathode along the;"_;'/"
; dr' et,],_on of flow. The measurements were taken across the .
'_’civ e'l- (along the {y—axls) ‘at” z-z4 .The 1nput p0wer wasv T
i d at 5 01 kw The laser ga‘s mlxture’ used contamed,
:iCO /N /He 1n the proportwn 1 6 12 at a total bressure p=20:.'
- torr. It 1s clear “from F1g. 7 50 that as the flow advances '
‘fdownstream, the temperature 1n the hot reglo'h II‘ decreases
-.con51derably._ WhIle 1n reglons I and III the temperature'-'
'»actually 1ncreases., Thls means that convectlve heat transfer
is- really occurmg, and the heat is- transported downstreamj."‘
:away from the d1scharge rengn. ThlS convectlve coolmg is

very 1mportant in our devme,‘_smce 1t is the best way to.ly v

'd1spose the excess heat from the d1scharge reglon [6 7 9]

o
1

© F1nally, the temperature prof11es were‘ obtalned %t

‘ dlfferent locatxons along the dlscharge length (z—axls) 'I‘he'
locatlons of measurement pomts z1 22, z3 and ;4 were‘“
"11llustrated in' Fig. 3 6. F:gures ~7 a and 7 52 show the:'"_
;temperature prohles _. at‘ -zl and 24 respectlvely.,' 'rhew
.:",temperature reachs 1ts maxxmum values at the stagnat”wn |

i""regmn (the m1d sectxon) and decreases towards the anodes..'

B

‘ -‘F1gure 7 53 _ show ¢vt.h temperature profxles at 3 ?-_z2' "fo‘r"_
d1fferent input power values. Agam, ‘ _-"the temperature‘.-_"

mcreases exponent1a11y w1th t)he mcvease m the mput power

-
. B . . f L : ‘Jf(_
v ~ - .V . A “e - I . A P N B
v w . e . R - . .
N 1 .7
P X 'L
n e
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as can be seen from Flg. 7.54, Similar results were obtainedf
at z3 andfa shown in E¥%f° . 55 and 7. 56 B

5(7 IPJ

Y
!
“

i-resulﬂ%} 1tﬁ&gan “be’ conciuded that “the -
(SN . g\

temperature behav1or 1s;adpnt1cal along therlength of the

Fromh't

w'dlscharge whlch is relatively long (135 cm) It may be noted

:also that the,

emperature in the m1d sect1on (at 53 and 23)

‘that at the edges (at z1 and z4).,Th1s is_

W

1s lower thi:
::because of the stronger convectlve cool1ng in fhe ﬁﬂg reglon

- G R
of the dlscharge length where the gas veloc1ty exceeds 40

"m/sec. Figure 7. 57 shows the maxlmum and‘mfn;mum temperaﬁbre.

IR

'dlstr1but1on * along ‘ the ‘ d1scharge length f'(ip'f,the:‘

z—directlon) Th1s was obtalned at. x=11. 5 cm.for

wlnput power. The temperature is relat1vely low'infthefmid
vsectlon and ‘higher at the edges as ,can be seen jlnf this_

i{flgure.,‘

7,.'4' ;f-i‘.coupanl SON OF ‘Expéﬁmmnm, SIMULATION nEsuLms“f_

R - ", — R . '

AIn thlS sect1on, the experlmental results obtalned for

-:'the TE CW CO ‘laser gas dlscharge system wlll be compared to
‘the 51mu1at10n results obtained from the IGCP code. 1t was

‘ mentloned earl1er ~that match1ng ‘the ;nput power, cathode

temperature, maSShflow rate,'gas compositiOn, dimenSions‘of

p the . d1scharge tregion,_'and- .gas‘--viscosity e FUlfil ithe

"requ1rements to_‘match 'thed.simuiation dreSultsv_to the-»

.experimental “one. »in this comparison, a‘ sample'fof :the

experimental and 5simulationﬁ results Will be /presented
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patticUiarly the gas flow velocity'and :ﬁeﬁga;¢fem§€faﬁuge;7f'
. X . . . ‘ . . * ':. S 4 \“ .2 . % v- .. :
F1gure 7.58 illustrates the gas 'veloc1ty p;of11es.J

',obta1ned from . both the exper1mgata1 measurementsi and the- :17

easured at 11 5

51mu1at10ns. The experlmental‘proflle was
&£ e

cm downstream from the cathode surfac and across thed

P

4

y—direction. During the measurements, a ser gas mikture of

?

'CO,AQ/He in the proportlon 1:6:12 and at a)total pressure
of 20 torr was used. The 1nput power used 1n th1s case wbs
'"set to 5. 01 kW - wh1ch corresponds to an est1mated cathode'
temperature of 600 °k The 51mqlatlon proflle was predlcted
'at the same. dlstance (x) downstream from the cathode and for
the same condltlons as mentxoned above._As can be seen from

'Flg. 7.58 the experlmental and 51mu1at1on results ‘are. ‘in

R

L

';goda agreement.". AT T ‘
: _ o ) L o "
. Figure 7.597'showsf-a‘*oOmparison”ebetween_athe',gas”j,‘
temperaturev" dlstrlbutlonsv obta1ned from - both’ Ithe L

;xperlmental measurements ‘and the" computer s1mu1at10ns.vThe.“
temperatUre' measurements and s1mu1atlons were made ]or.j‘
'predlcted at the same loca£1on downstream from the cathode

R

vand for the - Same cond1t1ohs as 1nd1cated above.,From th1s
E:flgure sfﬁE‘_,éan."SQe. that "thév proflle obta1ned from'hﬁ'

“fmeasurements agree well w1th that qbtalned from s1mulationv j

oI “‘aY be “°'°ed that th¢ temperature values obtamed from o

; {th45-~'i probably due 'tth,theh% overestxmated cathode

f_}temperature_ (600_ °k 1n thls case) The temperature was

T
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measured - very close to the cathode (x= 2 5 cm% at 551d‘kff_i,

2 ‘ 1

thereiore a 600 °k cathode temperature was estlmated-iThe]

T ot

,'actual value may be lower than 600 °k.«In any caSe, “the"

' }results appear to match and gooda agreement between;f_

experimgfital and 51mulatlon results is, obv1ous. '

. In conclus1on, th1s chapter presents the results of the_ N

computer 51mulat10n and experlmental measutements for the TE

’

.CW CO laser gas dlscharge system. In the 51mulat1ons,_a

_faow separation phenomenon was observed from the veloc1ty
vector ,d1str1butlons. “This ‘was 3conf1rmed by pred1cted L

veloc1ty prof1les near. the cathode. The’-results -of vgasf

(

wveloc1ty, pressure and temperature behav1or ?n the dlscharge._

*3

,reglon 1nd1cate the essence of convectlve mass and heat o

f-_transport in anfbpen channel flow system. L

‘prof11es 1nd1cated thé effect of a stagnatlon regaon (due to’

s

':the cathode) on th flow structure.along the flow dlreCtION\

“Also, when 1ncrea51ng the input power to a large value, the

In the experlmental measurements, ‘the-'flow1 velocity'

| measured veloc1ty on the x—axls near the cathode 1nd1cates afﬁ'

'sudden drop, whlch 1s be11eved to be due to- the format1on of.

o

"7sw1rls behlnd the cathode. f_'ﬁ- ;f;' L »»fﬁf

,ﬂhThe‘ behav1or ,;pf '-then' veloc1ty ﬁéofileg"Vaha*"gAs~,

-p

emperature along the flow dlrectlon, 1nd1cate that mass ‘and

'heat convectlon take place 1n -our déb1ce. ConSequently,"

_— . ‘.

ffd1scharge heat 1s transporteo out of the d;schapge reglon\

fﬁvxa convect;ve coollng, whlch 1s 1mportant 1h/ our lashr o
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-system‘. . Wl
v"" 4:"‘,

ghe exper1mental measurements and computer s1mu1at10nfﬁ

&* Suat

’results vafldgte and support each other 1n measurlng and-

. predlctlng ﬁhe effect of cathode (obstacle) on the flowfp

e

structure 1n .our dev1ce. Also, both results val1date each'ﬂ

_;.‘

other in’ evaluat1ng the heat tranSport in our op%g channel-»
’ - T L : . N K . . m .; ‘-A '-,'. [ ' : ,' ‘
~ £low system._ o 'u,.v..p\; Bl ﬁ;‘»’;ymirrr R

< ’:,-.
3.

In the next chapter, a flnal conclu310h of the research\,*

-work presented in Athls the51s 'w1li reported S S

: CR e “
- ,.we B

recommondatron for future research w1ll be presentea asf‘t?

7we11.

) . L, N . . . . '4 o .



e -’ .CHAPTER 8 S

CONCLUDING REMARKS

8.1 CONCLUSIONS ’
‘The ma1n objectlve of thlS the51s has been to advance
<

the understandlng ‘of the behavior d? open channel flow laserv-

gas dlscharges. The flow structure and heat flow in a TE cw

co, laser gas d1scharge system has been stud;ed rn‘detail,

‘both theoretlcally and exper1mentally, in order to advance

- the state—of the—art for these dev1ces.

In chapter 1, a review of CO, lasers and the associated
problems,  including the different kinds of instabilities
which' uSUally _occur in ‘these lasers, was. presentedb “in’

3

chapter 2, some of the efforts wh1ch have» been made tolf

| enhance the understandlng of the bas1c dlscharge processes’

vd1s harge system constructed for thlS t

and to stablllze the glow-dlscharge in hlgh power CO lasers”

vere reV1ewed - , .5d_v‘
: ST B
A ‘ ’

A detailed description“ of' {the TE CW .CQé %faser> gas

'siS'iS'ﬁresented in

cha er 3 A system employ1ng a. Mo sp1r 1 w:re cathode and

-ngraphxte anodes has been buxlt and successfully o rated. Af'

'self-susta1ned condxt;onsvi-'*5 BRI ’ Y

7

estab e glow d:sohatge was. obta1ned in thxs ‘system under

.262 ‘>:_. = i":t oy
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. . B ,,g’ﬁ .
. . R L TR
. convectzve coolxng in thxs system. ‘ z_ EE N SR t?ﬁw

In.chapters 4 and 5 ‘the development'of computer?code'

IGCP 1s described. This computer program prov1des a deta1ledf"

open channel’ laser ‘gas dlscharge. The tlme—dependent'

Navier—Stokes equatlons were solved . numerlcally in

. two*dlmen51onal carte51an coordlnates. 'These 1nc1uded the

equatlons of conservat1on of mass, momentum and energy The
algor1thm used is based upon an .1terat1ve, alternat1ng

direction implicit»(ADI) temporal advancement technique.

By'using a single—fluid gadenamic'model the IGCP code

was able to predlct the flow. pattern and. heat transport in .

~an open channel -flow laser‘.gas d1scharge ‘system. ‘The

A

numerlcal results were: presented 1n chapters 6 and 7. The

flow separat1on phenomenon was observed downstream of the

-

cathode (obstacle) ThlS is in good agreement Hlth prev1ous-

\
results of f1u1d flow “over an obstacle, whlch have been

obtalned by prev1ous authors [109 134 148- 151]

L

The add1txon of ‘the energy eguat1on to our’ computer"

'51mulat1on of the tran51ent and steady state flows in’ an-'

code was oﬁ great importance, 51nce it allowed us to pred1cti"

the gas temperature w1th1n the d1scharge regroni For the o

partzcular structure of the dxscharge sect1on in our dev1ce,ﬁ

the pred1ct10n of gas tempefature and veloc1ty proflles"'

dqwnstream _of_ the cathode emphas1zed proaess ot“*t

: SRE
IR o IR T
L .. . -

‘rhe experxmental results | vtucll ared’ presentga i
fn chagters 6 and T are intended to v lidate the Comput,r_‘

N . « . o s .
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' algor1thm. The. veloc1ty proflle measurements also, 1nd1cate'

that the placement of the cathode in the mlddle of the
channel ‘creates"a ’stagnation point downstreami pThe gas

velocity is reducgd to“its minimum value- in this region.wA

maximum velocity occurs in the mid regions between the

centerline of the cathode and the anodes. .

It was also found that the effect of the stagnation

point on the gas velocity, decreases as the flow advances
"downstream.g In this case, the velocity profile tends to
'flatten as the flow proceeds  downstream, where the

stagnatlon point effect is minimal. This result is in good

agreement w1th the computer simulation results, and also 1n

good agreement with the measurements of Kovasznay [143] who

investigated the.flow around a circular cylingder.

A further effect of the stagnation point caused by the
cathode, is a reduction in the gas velocity to about 50% of
its maximum vaiue at a distance‘of 7.5 cm downstream from

" the cathode. It may be noted that regardless of the effect

of this stagnatxon regxon, increasing the 1nput power to the

drschargevresults in, an overallv1ncrease in the gas velocity

by about 17%. These jresults, are in good agreement with our

_computer~simu&ation results.
AT T
e

—~

An interesting' reSuit was obtained’” .when the gas

velocity was measured along the hor1zgntal axxs (which'

passes through the cathode center11ne) downstream from the

, cathode surface. lncreasxng-the ;nput,pover to the dlsqharge,'

< B
B g
L



" causes an increase in the gas veloc1ty along the‘ ax1s.vt’
Howeue;,'when increa51ng the 1nput power to a high value
(5. 01 kw)' a similar beha350r was 'observed except at the
p01nt close tG: the cathode (x 2.5 cm) At this point'the gas
veloc1ty dropped even below the 1sothermal value (where(thel

L4
1nput power = 0. O kw) This 1s an 1nterest1ng result which»

may be explained as due to the formation of swirls or wakes
' downstream of the cathode. Fortunately, this explanation is
supported by our computer 51mulation results, as is ev1dent
by .the velocity vector distribution. " This velocity
distribution indicates that a .flow separation ,occurred

' .downstream of‘the;cathode.

The dependence of the measured gas temperature'On'gas
pressure, gas mixture and input. power was also 1nvestigated
For all these parameters, it"vas ggund that the gas-

temperature 1s an exponentially yarying function w1th the.

input pe It was also found that the gas temperature-

A

iy : S L :
w CORAY ive cooring 1s stronger._These_results are in good

ag‘EEment with Qpr computer'51mu1ation'results;
The temperatugf 'profile 'measurements, particularly :
along the direction’ of flow, 1nd1cates that convective heat
o

transfer is really occurting,.and the heat is transported,l‘

downstream away from the discha:ge regxon. This- convectiveifd

L R rggr}f



_cooling is very important in our. device, since it is the

"best hay,to dispose of thepexcess’heat‘from'the,discharge

fregion [6,7;9].

8.2 FUTURE CONSIDERATIONS

_The experimental measurements outlined ‘in this the51s

proved valuable in exploring the flow structure and heat

,
«

transport :in_gthe ,TE Cw CO2 laser‘ gas discharge 'system. -

However; ) further ‘experimental work is "‘required “to

1nvest1gate in more detail the phenomenon of flow separation

downstream of the cathode (obstacle) . The placement of the

cathode in the middle of the discharge -channel formed a

stagnaf'ion region downstream of the cathode.» This reduces,

¥

the - flow velocitj and causes the temperature to rise in this
' region, 'which in turn affec the. convective cooling

process.
3

‘The ‘sudden decrease in ‘axial gas velocity (measured

very close to the cathode) “when increasing‘the input power

suggested the formation of swirls or wakes do#nstream of the

cathqde. The exact role of . sw1rl foxmation and its relation

‘to the input power is not well known. Further 1nyestigation,

. which 'may 1nclude different high input power “lerels and

4

various gas flod veloc1t1es above 40 m/sec, 1~ needed

.
N

\

The experimental study of the TB:'CWE,COZ"laser gas

‘discharge system cane be extended ‘further by introducing a

S
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turbulence source (grlc? or baffles) just upstream of the
dlscharge sectlon._ Theﬂ_comblnatlon 'of/ turbulent flow_}
'(produced by the turbulence source) ‘and the SerlS or wakes‘

’(caused probably by the presence of the cathode in the

"mlddle of the channel) form, an‘ 1nterest1ng problem to o

-.1nvestlgate.~Th15 would be benef1c1al for understandlng the

role of turbulence 1n enhanc1ng the convectlve coollng and-

dlscharge stab11;zat1on.1n thls‘system.r

e

‘Finally, the'IGC?'computericode proved‘a very useful
tool to predict the gas flow structure ‘and heat transport in
the dlscharge reglon of . the TE cw Co, laser gas dlscharge'

system..Thls code can be modified to handle 58 varlety of

fdlscharge conflgurat1ons. Thus the behav1or of gas lasero

-
P

systems - w1th compllcated elecfrode structures ‘are now'

" amenable to agnumerical\simulat1on.

A
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APPENDIX A

-

ORTHOGONAL CURVILINEAR COORDINATES

vThe set;ef eqhations 4.15 is yalid in anyﬁéﬁerdinate
systémy. Comﬁutationally;'”a cooréinate system ‘mpsp, be
‘selected'ahd then?the'ih%icatedlvecter dﬁefatioqs exbanded.
in order to obtain a set‘eﬁ differential equations to.whieh
ﬂfinite—diffeeéhce techniques - may be"applied. In this
appenaix; these Equations are kept as general as possible by
expandlng Eqns. 4.15 in , orthogonal curvilinear coordinates
~[118]. ThlS has the advantage ;% allow1ng the computer model
to ‘be appllcable fbr different ‘electrode geometrles and
fdlfferent coordlnate‘systems to belconS1dered The eéeatlons

will then be reduced to the appropr1ate coordinate system,

which is the cartes1an system in our case. Q

~In orthogonal curv1l1near coordlnates, the dlfferentlal

- arc length 1s given by:

2 _ 4,2 4.2 2 4.2, 12 3.2 :
ds® = h° dx +.h2 dx2 + b dxa‘ y (A1)
where X, X, and ‘x, are orthogonal curvilinear coordinates
~with scale factors ?hi. 'The‘.xerms }ydk, measure the .
» d1fferent1a1 arc tength in the e d1rect1on.,1n this system,

fthe metrlc g is descrlbed by.

',; ; (hhh) )

290

N
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- The dot and cross products of the unit v_éc’tor--é'i which

are réquired in the generalized coordinate system are given

by:
Ca . 1, for i=j '
O S N ¢ V%)
R 33,1 0, for 1#) :

. - % i :

“where GU is the Kronecker delta and
¥ ' ' - -+ -» o ) N .
- exe = e e, ,\ . (Af4) i

where € .
. PR 13k

’-:i${”the Levi-Civita permutation symbol and is

‘defined as: - A |
s i +1 if (ijk)=even permutation of (ijk) -
. e = }=1.7 if (ijk)=odd- permutatién of (ijk)
| o 0 otherwise SN v

R
In this(‘generélized system, special “forms for ‘the
gradient .of a scalar ¢ or the divergence and: curl of a

-

- ! . >
vecto?-v are needed. The gradient operator becomes:

->
V = = o 3 S i S (A.5)
Y SJh ax h, 3x, ' h, ox LB 3ax - . (AL

where the summation runs for i=1,2,3. In thiSjrespect; the

gradieﬁt_qf a scalar ¢ is:
1o A
T 3% ¢ , -, (A.6)
. i .

idve

- W =

SR NN

The divergence of a vector v is:
A":‘l . ." b 1 \ . ’
RO A =Y A WaE. . (AT

. The curl of a vector v is given by:
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’ ., < h'€ . ‘mavm' . o
'va'zz ; L ilm l - /. (A.B)
: i . . ) o y
. _ _'1 T
The /divergence of a tensor_T’is'eXpressed as:
.. Co
4 ] : ' )
O R S S 1 |
e ’ . C . - T ] DI .
SRR | | Z ; L s

where Tij is’ the;covarlant der1vat1ve of T. Now using the

~

. and cgntravarlant [131], Eqn. 7S can

-

- {}—r%w‘wm SN RN | I

where T'7 = T;{“ﬂhj'is the contravarient form of the Tensor . =
: . T = _

RS E

T . and [ij k] is. a Christoffel symbo}:whose properties are

B SEIM T
3" h ex ! [t 3 1) h 2 ; &
ho .
[.J. __. i ahl
1_ 1| (h )Zax r.
_ ;) X
[j k|=0  for i,j,k all different.- ' (A.11) .

The Chrlstoffel symbols represent the change in d1rect1ons
: ]
of the unit vectors as one moves in 'space. For clarn:y,A and

to shqw the actual form.of the g\mlterms, we expand the

first component as: g
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3

2 | 3 3

o 1
(v.1), = h h h ox (h2h3?11) * ?dx_.(hzha-Tz1) * ——(hxhzTu)
17273 ' "2 . 3 _
. v . _ e
dh, . 2h : ah oh, e :
¥ h36x2T12 + hza T13 N hsax ?22 * hzax T33 ' ‘ (6'312)
N

& s, e .

- Equaﬁion A.12 contains terms'_which_'resemble normal.

\vector dlvekgence terms plus a set of extra terms . known as -

s Cor1011s terms. The Cor1olls terms arlse due to the change

in direotion.of the unit vectors w1th changes in p051t10n. -

. v
e Flnally, t&?fgradlent of a vector as expressed by the
s "fb o o
dyadlc form [131] is glven by-'yt’,. ‘ ' z

> R R B
‘Anm = (h h ).ﬁm,n =
: m n
I e * ,
" which can be written in the form: a
1.9F  F_ 3h_ o~ S
'Anm_ “h 2x hh Oox ~ for n#n o ’
: . n m m n m : B!
L 3 A 1. £ 8h
and : A = TRy . B
| mm © 0X_ . H h<Z h 7 o
\ mn n n
For F = v we havé:ii' .
T v "-’n dh_
{Am® 3 " hh 3x . ‘for m#n
- . n n mn m e
W = R 2
. - v 1 v ahm ) A
ST U WA wit I COLE

mm ‘e ! . v
oy m "m mn n n._,- ~
N . . i

U51ng the above definitions, we, may now.write Eqns.-4k15 in

-

component form as: o8
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a0 1 a' 3 3

athhh a (hhpv)+ (hhpv)+—:(hhpv)=0. |
'(A.54a)

aﬁ%’ R - | 2."8 '—6 3 |
st | e (b))t (hhpv v )t h hpy v )

at ™% hh -
¥ 2 ‘ 3 .
ah ah ,Jz 3h oh,
* h3pv vzax * hz""1"3ax - ‘[thvz_ ox thv3 Bx ]

n [ 3 ah o
—_——— —_ —%A
Rhh, [ax»(hh" )+ ﬁ(hlthm) “hhA bR A K/

~&h, LA : L1 e[
.+ hzax A13 - haa A hzax Aza] — [54‘3”]7‘:—' ax‘ ) h"hah3
. d 2 e S] KT 1 3p )
[ rhie ey g (hw)) e e o
1 . . 2 Lo e 3. 1. '.qj-.', v
, . | (A.14b)
’a{ ‘ B ) 1 | a . a - a . Ve
EE(pVé) *EE R (h h PV, )+ (h h PV, )*~——(h h pv v, )
S . 17273 | ) ",?
o ) N aﬁ" S Sh ., eh 4] ,‘
+T ot h pv1vzax * h,pv Vsax ;f' [h pv1 5§—+ h pv3 3?;],' -
n 0 ‘ "0 ' 3 B oh.
- h1h2h3 ax (hzhaAw) g(pxhamzzkax:‘ (hithath:axi‘Aiz
o . ‘ e

dh, - 'ah-_ah 14,1 9 1 o
+ hlax A 32 [_haa 2A- h1ax Ass -[S'*?Z T\— a-x'z h.hh

9 -

’J‘I —-

2
[35hh,v oa (hhv)——mpv)”
" S : (A.142)

b
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N

N 1 e o C 3
—aT:-(pvs)_‘Th]hzh_3 3%, (h h AR )+ ('h h pv v )+—':(h h PV, )
S L R L oh 4] - g« Y
N hz‘ov?}%ax1 -fh1pv2vgax — B pvl ax *h,ev, X,
. 2 SOR N ,
: ST ot
7 9 B 2 ah, "
' h h h ax (hzh3A13)° (h h A ) (hxthas) hzax 13
- »ahz IS B B 1
M h1ax A [hzax 11‘+ 10X 2]’ —-[S’+§ﬂ] B_ ox h h_h
_ 3 3 17203
a a ) . N
[arthpy, Yo (h by )+—(h1h2v3)] -0
- ‘ , 2 ’ - .
o o - (a.144) .
. .‘ ) ) . . » ‘ - . . ‘ . g;‘
R s - 2 o
at *hnnh [ ox (h2h3v1Tkax (,hwhsva‘.)fbx (h1th3T) ]
- 123 1 _ T2 3 \
o2&, 1 8v. 1 8v. 1 dv.q2 2n [ 1 3 |
- [ _— 2 e 31 4 [ (h.h.v)
' pC h dx h_ 2ax_h ax 3pC ' h h h ox 231
P 1. 1 2 2 ¥ 1

(%)

SRR E hh 9T,
'k+——(hhv)+—-‘(hlh2v3)] R [ R )

w. h w )| T 90

2_,2 T3 3. 3°

2 'hh%  hhy aT,l j

Equatlons A, 14 can be expressed 1n vector form as:

C :';ait ﬁ(u)# ?(u) + 3 ﬁ(u) =0, (a.15)
. ~ : - ".., . : .

Qﬁere the funct1ons ?(u) 3(3) and ﬁ(ﬁ) cohtaih.all‘terms in

Eqns. A 14 that ‘have ﬂeadlng derlvatlves w1th respect to x ,-

. . . e

leand xs. 'These leadlng derlvatlves~—aes\}take any - of “the
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forms.of,ths,_4.17.-ﬁ and u are defined_in section 4.3. The

e : . ;
A.14 and A.15.
¥ "In our case, Egns. ‘A.14 are reduced to a set of

- . g . . . Z .. . s
equations 1in two dimensional cartesian coordinates. This 1is

given by: .3

S 2 L R ' e
LAt T 357(9V1)'+ 3;:‘Pvz)”?\° S : - An.ea)
»
, »
3 B . a" [ 2 2
S_E(pvt);_ax (”‘G)'*ax (p\-.’;vz) -n E-}Z_(A )+ ax (A )
1 R S ! . .
' 1 9 0 , d - KT op
_ [5+§?] ax1.[ax1(vn)'ax2(v2)] f_?; f~3§: =,Q_
| | ~ ‘ (A.16b)
v . y . s ]
3 d 3 ) d ‘
3T (Pv,) f ax FTElAA I A (pv ) —n 1A ,) 3;—(A )
. 1,9 9" R KT 3p
_ [5+§n] ox, [ax (v )Tax (v )] m 5;_ =0 _
(A.16C)
T d R 4n 3V, BV, g2
Cvy (v T)+———(v T) + ]
v'at‘ X, 3pcp 0%, agz_
K a\< aTl"’ - or | .
« - pcp' I &) e, e o

In Egns. A.16, the dyatic terms'Amm'are described by Egn. -

2.13. Eqftions A.16 are the equations that IGCP uses to

&

L

terms .F, & and H can be inferred from comparison of Egns.
N4 [ ) . R

S -
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simulate the open channel flow. These equations Aare_l_then_
_e'xpresséd in;. the ’vvec.tor ‘folrml of .E':gn.' 4.16 and the terms F.
, and'G"cap be“‘ilnférr'ed fafoin compaxv"ison'of the similar terms.

P



APPENDIX B

"

"BOUNDARY CONDITIONS FQR CODE.VEEIFICATION

B1. BOUNDARY CONDIT&ONS OF THE TWO-ELECTRODE SYSTEM

In this case, the boundary conditions were’ obta1ned in
a Qay similar .to that descr1bed 'in' secglon 5.4, The
51mu1atlon mesh used is shown in Fig. 5.1. The approprlate
boundary conditions - that are applied at the upper and lowér

solid electrodes for the velocity components v and 4 are as

follows: _ -
‘, ' o) -
v(x, y=0) =v(x, y#¥) =0 - (no-slip condition), (B.1)
u(x, y=0) =ul(x, y=Y) =0 — (zero normal flow), (B.2)

R
At the electrode surfaces, a homogeneous Neumann condition
. ) [ ¢ : . .
.is imposed on the neutral mass density p:

() =() | - (B.3)

v -

The boundary conditions at the entrance aﬂd the -exit are

exactly similar to that considered in subsections 2 and 3 in‘

ection 5.4.2, without the temperatuke (T) term.

Apply1ng the f1n1te difference techn1que as described
" in section 5.4.1 to the boundary cdﬂd1t1on s equat1ons and’
comparing with Egn. 5.32, we‘obta1n the submatrix‘ elements

.whfih can be ﬁéed in thelbléék_F;idiﬁgona1 scheme; At the

e

Wundaries j = 1 and’j = M ve have:

N | _ ' . 298
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/. '.' : ‘ . . - o

\\ 100 : . _
[G] fc] = [0 10 , | (B.a)
% ~
] A {-1 0:0 | & |
[H] = [H] = 0 -10 y ) (B.5)
' » ' 0 0 1 . . LA
and -
0 .
i’B = ?T = 0 ' (B.G)
_ 0
J;

where_the_éhbscript E refers to the bbttqm boundary wall and

the_subscript'T refers to the top boundary wall.

In a similar manner we can write the boundaries for i =

[

1 as

¥ o . i

100 : :
(1 =1]010 ' «(B.7)
0 0 1 *‘/—,//
. | \
* Q& -1 0 0 . o
4 [H] = 0 -1.0} PR (B.8)
S 0 0 -1

and
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9‘
)
/\\-—-\ s’
- 2bv. -1 . .’
- . 1 - < - )
= 0o > T '
YL - ‘ ’ . (B-9)
2p (T ,P))
1 en 1
L .
wvhere L refers‘to the entrance. - i R
~ Finally, for i=N we can write:
. . 4100 o
[c]1=1(010 ' (B.%0)
B0 01 o
. - 1 00 _
[H]=1)0-10 ' (B.11)
0*0 1 . .
.’/" -
and _ . - , " -
0 ? ]
7 - 0 , (B.12)
0 .
where R refers to the exit.
M ~ i
¢ ' S . . y A .
B2. BOUNDARY CONDITIONS OF THE THREE-ELECTRODE SYS‘TEMY

5 In’ both cases of single and double -stfp electrodé

strugctures, the goundary‘cbﬂditions are obtained in the same

 fashion - as described in section 5.4.2 vwithout;' the\; )
o - : ' . & 2 ’ ) o ’ )
‘temperature (T) term. .” T R o *\\6
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