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A steady ntate wodel for fluwrine atom vrecombination for temperatures
lese than 800 X on a wetal catalytic surl{ace vas developed based on the
Rideal heteruvgenecus reaction mechaninn, The model 1s conprised of three
distinct procenses: (1) the bonditg process of gas-phase fluorine atomws
to the neta) wurface, (2) the collision and subkiquent recosbinstion
process of gas-phase atety and surfacce-bonded {lucrine atoms snd (1)) the

rate procesns at vhich the bonding snd recombinscion tate place connidere
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ing the surlace coverage. The mrdel wvan compare! with actusl fluorine
tecombiination data taken for o ulzkel tube in whtch & geas mixture of
atomic [luvorine, wmolecular fluorine, and argon ficued. The results of

: this comparison valtdnted the wvivl end enteanded thr verifliceilon of the
Rideal mechanise for heterogensous tecombinatfon,

Computations using the vall recombivacion txndel were male for a
two-dimsasional alit noszle of the type used in fluorine chentical lasers
wing a tvo-dimemsional ~hemically rescting lenivar boundary lsyer com-
puter tode, The tesulits € these compurativne shousd that the wall rec
dastion subatantially af) ected the Lumpersturs profiles an well as wvall
heat transfer in chemical \amet nopalec, The amoust of atomic {luorine
depleted through wall recombinal ton w33 ahown to he vn the ovder of »
third of the tnitiel flworine concenttation for the nossle configuratiom
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Preface

The origin of this dissertation dates back to s trip
[ mede t2 the Wiaapnas Laboratory im Msrch 1973, At that
tine the problem of fluorine recombinstion seemed to me teo
be an extremely pressing on~, and ome which 1 thought
would certainly be solved by the time [ was ready to begim
ay resparch. [ returned to AFIT and began to prepare my-
self for embarking on a parametric »rudy of hes: transfer
offects dve to fluorimne recosdbination on the walls of the
saell nozzies in a fluvrine chemical laser using sceeone
elre's recombination model (which ! assumed would be in
existence whia | needed it).

While ! was back at AFIT, an interesting thing took
plece In fluorine chemical laser clircles. It was the dis-
covery of the infamous "Hot Chain® fluorine laser reaction.
In effect the Hot Chein was advertised as being adble to
produce excited HF and DF using & reaction wvhich required
only small amounts of atomic fluorine and large amounts of
molecular fluorine. The effect of this “"discovery"” was to
put sn end to the urgen:y of developing s fluorine wall
recombination model. Thus, by the time 1 arrived at the
Weapons Laboratory to begin my parsmsetyic study, nothing
had deen done on developing a recombination model. The
model was still considered an interesting problem but no

longer an urgent one. So, | began the work of developing
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the recomdination aodel presented here. In the same time
frame some of the early tests using the Hot Chain were
boing underteker with megative results but Aigh hopes.
About six s3aths ago people begar to reslize that the
Mot Chain was mot all it had been asyviwed ¢ be. Suddenly,
wall recombination was again an importunt snd pressing
problen and 1 had people sskiang for my wodel. In this
vegard, ! found the worl most excitiag, especially simnce,
becsuse of the time involved ia performing the research,

sost dissertation topics are not of such lamediate
isportance. S0, 33 [ degin thanking those individuals
who sided me in my work, | would first like to thamk who-
ever it was who first suggested that the amswer to fluorine
wall recombination was the Hot Chain. 1 3
In all seriousness, [ would like to thank all those i
st the Weapons Laboratory who were of such help to we, in
particular, LtCol Jay Roland, LtCol David Ericson, Maj
Dick Marris, a special thanks to LtCol Dick Robards for
his patient car, and, certainly not lesst, Mrs Esther
Caster for typing this dissertatici. 1 am slso indebted
to several members of the AFIT faculty, in perticular, my
sdvisor Dr James Hitchcock for Ms helpful suggestion: and
comments and Dr Andrew Shine for his confidence in me.
1 would like to express s very special thanks to Dr

Casper Ultee of United Aircraft Research Laboratory fer

iv
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graciously making his previously unpublished data avail-
sble to me for this study.

Fimally, to my wife Marge and my children John and
Christy 1 want you to know how vhankful ! am for your com-
stant love, understanding snd sacrifice over the long
three vears since [ began work on my PhD. To you three I
dedicate this dissertation.

Bric J. Jumper
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Abstract

A steady state model for fiuworine atom recombinsation
for temperatures less than 809 K on a metal catslytic sur-
face was developed based on the Rideal heterogensous reac-
ticn mechanism. The model is comprised of three distinct
processes: (1) the bonding process of gas-phase fluorine
atoms to the metal surface, (2) the collision sul .-hge-
quent recombination process of gas-phase atoms egnd surface-
bonded fluorine atoms and (3) the rate process at which
the donding snd recombination take place considering the
surface coverage. The model ways compared with actual
fluorine recombination data taken for a nickel tube in
which a gas mixture of atomic fluorine, molecular fluo-
rine, and argon flowed. The results of this comparison
validatcd the model and extended the verification of the
Rideal mechanism for heterogenenus recombination.

Important characteristics of fluorine wall recombina-
tion vere demonstrated through use of the wmodel. The
recombination coefficient, defined as the ratio of the
recomb ination resulting wall collisions to the total wall
collicions, wasx found to be a strong function of tempera-
ture. The recombination coefficient dropped rapidly frowm

2

a maximum of approximately 10 ¢ at 400 K vo approximately

s x 10°% ot 700 ¥ dur to thersal desorption. The

xiv




recombinaticon coefficient was alsc found to Le strongly
dependent on the diluent of the gas mixture for lower tem-

é perstures. An argon diluent was found to greatly limit

; the recombination coefficient at temperatures below 420 K.
Helium is predicted to have such less of a limiting
influence when used as & diluent.

. Computations using the wall recoabination msodel were

‘ sade for a two-dimensional slit noxzle of the type used in
fluorine chemical lasers, using a two-dimsensionsl chea: -
cally reacting lsminar doundary layer computer code. The
results of these computations showed thet the wall recom-
binatioan substantielly effected the tempersiure profiles
as well as wall heat transfer in chemical laser noi:les,
The amount of atomic fluorine depleted through wall
recombination was shown to be on the order of a third of
the initial fluorine concentration for the noztle con-

figuration run.
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A MODEL FOR FLUORINT [£COMBINATION
AT A METAL SURFACE

I. Introduction

Background

For some yes:s now 12 has been ke~wn thet cheairal
lasers have a much higher performance potential than gas
dynamic laser:, DL, in teras of volumetric efficiency,
chomical efficiency, and gain (Ref }). Because of the
siwpler technology involved, GDL's were the first lasers
to ke explored ot the developwent level for the production
of a high power laser. Research, however, has continued
on chemicsl lasers tc Jay the ground work (or the second
generation of high pomer lasers. Since 1971 considerable
effort has heen expended in the production of comprehensive
gesdynamic computer models for the study snd design of
cheaicrl lasers (Ref 7).,

Computer modeling of the nozzle banks, lasing ravi-
ties and diffusor cections is just beginning to gain
scceptance. Usahle results are beginning to be produced
toward the final goa)l of mevrging the sepavate nodels of
each of the components into an overal! design code. Of
eajor importance to these codes are the physiochemical
inputs. These inpute are presently being looked at in
grept deteil in an attempt to further refine the semi-

empirics) models,




One a'ea which has been in question for a number of
years is that of the fluorire wsll recoabination reaction
in hydrogen-fluorine and deuteriua-fluorine lasers. Yo
aid a1 understanding the effect of the fluorine wall recom-
binavion on the apscation of a fluorine chemical laser, tte
make up end operation of such a system {s axsmined.

Figure 1 is & pchematic representation or the general
class of fluorine rhemical laser asystems of interest. The
primary flow contains the fluorine atom source to be used
in the chemical reaction which will produce the excited
species for luaving., This primary flow is usualiy the
result of come earlier chemical combustion rraction such

as

.“Z . th . cHCA «dl * el o sz * cHe (1)
where the "z is present in rafficient quantity 1o cause a
large enough reaction with the fluorinc to raise the ten.
perature of the cas to a tesperature level compatible with
the cesired notsie dnput quantities of atomic fluorine,
which ix for the most part present from thermal dissocis
tion of the molecular fluorine. The helium is representa-
tive of a diluent added to bring the properties of the gas
to those compatible with the total laser {low system,

nozzle bank, lasiag cavity and diffusor section.

gy o~ A
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Referring to Figure 2, the primary flow {s then
accelevated through the prisary noszles of the no:ile bank
reaching velocities ranging from Mach ! to Mach 5 depending
on the psrticular laser configuration. It is on the walls
of these norxles that the fluorine re.ombination can take
place. Upon exit from the norzles the primary noztle {low
is joined in the mixing and lasing cavity by the adjscent
gecondary nnzzle flows consisting of either Mz or DZ' The
jets mix in the mixing zones indicsated in Figure 2 where
the excited HF(v) lasing <tstes are formed in reactions of

the type

N2 ¢ F—=HF{v) * H (2)
The wirrers form the optical cavity snd pomer is extracted
from the ~avity through tee wivror having partial trans-
mittance.

There are many factors hearing on the matching of
theoretical gain data with obeprved experimental gaan data
{Ref ). Yo mention a few areas where inadequate modeling
pay bhe rexponsible for the micwatching the frllowing are
g.ven:

#) Puwmping reaction ratex for reactions of the type

F e "2 s HF{v) * H (1)
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b)

¢)

4)

e)
f)

()

Stimulated eminsion reluxation rates for

reactions ot the tyre

KFE(v) * hv = HF(v-1) ¢ 2hv )

Vibrational -rotational and vibrationa.-

translational Jdeactivation rates for teactions

of the type

HF(v) ¢ M - oHF(v-4v) ¢ N (s)

Single and multi-quantum vibrational -vibrational

transfer rates for reactions of the type

HF(v)} * HF{v"')- »HI{vsAv) (%)

e HE(v'-Av)
Turbulent mixing and diffusion processes
Free stream flueorine recombhination rates for
reactions of the tyjpe

JF + M eF_ o M ("N

¥all fluorine recombinatio~ rates

It is unclear at this time exmsctly how esach of the factors




directly influence laser gain, ss each plays an interrelat-
ed role with the others. Nf particular interest in this
study, however, is item g adove. It is clear from Equa‘ivn
(1) that the vall re.ombination reaction is a detrimentul
one. The less ¢ available to the excitation reaction, the
less excited species, and thus, the less output ;ower
possible from the laser. Further understanding of the
possitle effect of this reaciion has been pointed out by
Ferrell, Kendall, and Tong {Ref 4) and Mikatarian, Kurrius,
McDansl, and Thorenes (Ref S5}, Ferrtel et.ak. showed thst
one might expect 3 large reduction in atomic fluorine and

s proncun e¢d gradient in the atomic and moleculsr councen-
tration profilcs at the exit plane of the primary norrles
in 8 study in which every flacrine aton colliding with the
wall was assumed to result in 2 recombination, Mikatarian
et.al. showed the effect one might cxpect from <uch a von-
centration profile on the laser output. In an attoenpt to
explain anomalics betuweer catculated and ohserved perform:
ance curves, they input a crudely e=stimated (oncentration
proftile into a cavity myvang and lasing code.  The result
was that a nonunifrre fnatial fluorine concentration pro-
file in the laser (avity entrance caused two important
effectx. reductica in the gain due to a decvease of
reactants and axial shifting of the excitation veactions

down stream from the exit plane of the nozrles (ree Figure




5). Thus & - und understanding ~f thisx reaction is of
fmportance in any attempt to mcdel flunrine chemival

lasers.

Heterogencous Recombination. In general the Qatera:
ture containy an abundance of work dealing with the prob-
Jem of reconbination at a catalveic surface. For the most
part the work is experimental. Varidcus mechanisms for the
wall recombination process have heen proposed in an sttempt
to correlate the data. "{ these mechanisms, three sppear
to be possible, tuwo involving only surface adhered stoms
proposed by Ninshelweod and che involving a reaction
betwcen & gas phase and a surface adhered atom hy Rideal
(Ref &,7). These mechanismc are briefly described below:

(1Y In the Hinshelwond nerghboring adhered ator model
it is proposed tpat the acchanism for recombaination i< the
adsorption of thr reactantc at neighboaring surface sites,
Because of the nevessity of neaghboring colli<ions, this
model predicte a seonnd order reaction rate with respect to
pressure at all temperatnres.

() Im the Wipshelnoed migratien of adhered ator
model 1t i propoced that the mechanian for revembination
is the siow adserption of seactart spavie anvwhere on the
surface and raprd curface migration of the adeorbed reac:
tants foliowed by recombination.  Since every collision

whichk produtec an adhered atom can cause a reaction, this
I
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mode]l predicts a flrst order resaction rate with vespect
to pressure at all temperatures.

(3) In the Rideal model it is progosed that the
mechanism for recombination is s reaction by coellision of
¢ gss phase atom with an adhered surface atom. This
mechanisa, unlike the two previous ones, predicts both a
first and second order reaction with respect to pressure
over a range of temperature.

The currentily favored mechaniswm is the Rideal model
since the experimentally observed pressure dependence is
first order at low temperatures changing to second order
at higher temperstures for slow wall recorbination reac-
tions. This is the sawme temperature dependence predicted
by the Rideal model (Ref 6,8).

With the use of the Rideal modcl and the assumption
of an Arrhenius rate process, the various catalyric wali
recombination resctions have been quantified using the
experimental dvta for thet reaction., Notably, however, a

theorctical basis for explaining some experimental

anomalies it very wcal (Ref 9), Because of the lack of
experimental Jdata, catalytic wall recombination models for

fluorine, and in fact a)1 the Halogens, do not exist,

Review of Avsilahble Data for Halogen Wall Recenbination.

Very little data on Halogen surface recombination were

found in the open literature. Work done by F. A, Ogrytlo




{(Ref 10, 11) indicated that approximately cne in ten wall
collisions resulted in a recombination for chlorine and
bromine atoms with a metal surface at rooam temperature.
Ogryiio reported that fluorine was too difficult to
handle and thus no fluorine rates were measured.

W. Yalance, B, Birang, and D. MacLean (Ref 12)
reported that approximately one in 104 wall collisions
resulted in & recombination for fluorine on quartz at
room temperature, No work was completed by thic team on
fnteractions of fluorine with metal surfaces.

A carefully preparced set of unpublished data, however,
was found te exist for flucrine recombination on a nickel
surface and was aadc available for this studvy by Dr.
Cosper J. Ultee of United Aircraft Research Laboratories

{Ref. 13).

Ohjectives and Scepe of the Fresent Sludy

This studv had three objectives: (1) Develop for the
first time a guantitative model for fluorine recomhination
st three retal surfaces vomrenly used i1n laser notzle con:
struction - copper, gold, and nmackel. (2) Coumpare the
model with existing fluerine wall reconbinatron data,

(¥} Use the model to examine the effect of "real”™ fluorine

wall reconbination (mudel verificd by cxperimental data) on

the flow in a typical chemicai laser noz:le,




The development of the fluorine wall recombination
mode]l is presented in Chapter 1I. The spproach was to
sdapt the Rideal aechsnism as the dominant reaction mech-
enisa (consistent with known recombination principles),
decompose this mechanism into its component physical
processes, and quantify each of these processes from basic
principles. This differs from the conventional approach of
proposing a mechanist and adjusting its bulk paramcters by
choosing the best fit to experimental data. By taking the
basic principle approach, the model iz able to take into
account the detalled environment in which the reaction
takes place. This leads to the inclusion of diluent
effects, which have not bp+en carefully treated 'n wall
recombination theories for any gas.

Chapters 111 and IV deal with objective two, the com-
parison of the model with the Ultee recombination dats.
Chapter 11! develaps the analytic tools necessary for this
compariscn and the results are presented in Chapter IV,

Chapter \ desls with objective three, deterrining the
effect of “real” (luorine wall recombination o, the flow in
a particular chemical laser nozzie. A description of 2
steady state, two-dimensional chemically reacting laminar
boundary layer computer code developed for this study is
included. Finally, the results of the noxzle analysis are

presented.

12




I1. Fluorine ¥all Recombination Model

The Rideail mechsnism was adapted ss the dominsnt reac:
tion sechanism because of previous verification for slowv
reaction regimes., The term "modei" is taken here to mean
the quantification of the terms in the rate equations
descridbing *he processes of the wall recombination mecha-
nism. The wodel seeks to adequatcly describe a reactive
interaction betwecn 8 gas phase fluorine atom and a surface
sdhered fluorine atom to produce a fluorine gas molecule
in 0n attempt to eatend verification cf the Rideal mecha-
nism to resction regimes which differ from those pre-
viously verified. Gas kinetics were e¢xamined to describe
the gas phase atom bechavior at the surface. The atowm-
wall intersction phenomenon was examnined to establish the
surface atom concentration. And finally, the rate equa-
tions were written and solved for the steady state zase to
fully establishk the reaction wmodel. A summary of each of !

thexe efforts ix given in the following.

Gas Phsse Kinetics ¢
Kinetic theory was used to derive the rate of

impingenent of atows on 8 suvface and probability distri-

bution for the normal compnnent of the velocity of the

iwpinging atoms., The differential flux of atoms on a

surface for a Boltmann Jdistributed gas ix given by

- -




(Ref 14}
R o v ygmy)? e ! )avlavzav3 Q)

vhere n is the number density of atoms, Vl, VZ' snd v, are
the cartesian velocity components of the atoms, where VS
is the normal componenx, m is the muss of the atom, k is
the Boltimann constant, wad T is the temperature. The

rate of impingement was found by integrating Fquation (8)

betueean the following limits: Vl. maam. VZ' .weem. and
; VS, Nsem,
I . 1/2
: N - a(AT) (9)

Equation (9) was uscd to normalize Fquation (8),

‘ ; A vy

bl
L AN I dv, dv v, (10)
R 2ek‘Tt o

Finally fquation {I0) was integrated over all pastahle

values of Vl and V', vaelding the probability density dis-

tribution ¢f the non-dimensional normal velodity cumponent,

\!
- 2
IET 3.
m
vy 2 v, 135 |
P SRR | (l‘)
NHLA A |
' |

A plot of Iquatior (11) is given in Figure 4,

14
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Wall Interaction Phenomena

The model required a wall adhered fluorine atom con-
centration. {o this end the bonding potential was
examined. Accerding to Emmett (Ref 6) there are two types
of wall bonding phenomena divided into two tempersture
regimes In which the mechanisms are predominant. These
regimes are known 23 the low temperature regime, dominstid
by Van der Waal or physical bonding, and the high temprrs-
ture regime dominated by chemical or activated bonding.
Because of the operating temperatures of the chemical
lasers of concern, this study was confined to the so
called lox tenperature rezime which laimited i¢s applicabil-
ity to temperatures helow approximately 800 K. Above this
temperature the actual transition tc chemical bonding 1s

- .ean - - PR ]
ROt knuwn for flulTine end Wity not Ya discusssd hers

Fotentia) Well for Physical Adsorption. A simple

model was coprcstructed for the potential)l well pear & sur-
face based upon an adsorption (attractive) potential and

a repulsive potential a< suggested by Lennavd- Tones

(Ref 15). The model is described aving copper ss an
exanple. The closest distance of approack of copper atoms
in metal is .54 R, whilo that for fluorine atoms is

1.28% ; (Ref 16). The cquilibrium distance, RE' must then
be the mean cf the twe distances or 1.91 :. At this

equilihrium dactance the repulsive forces ave from 1/3 to

16




L i

1/2 that due to the attractive potential. Thus by modeling
the repulsive force as 40 percent that of the attractive
forco, a well depth was arrived at by algebraically
summing the two potentials. Therefore an sttractive potun-
tisl, assumed tu be W(r), yielded a wel) depth, AF , at

the equilibrium position of
OE_(R.) = 0.6 I(RE) (12)

No reference (s made to arn activation energy and in face
no activation energy is experimentally observed for phvsi-
«al adsorption (Ref 6). The potential well is shown in
Figure 5.

Severs]l suthors have described the functional
relationship of W(r). The earlicest of these descriptions
(Ref 15) was the simplest and yielded fajr results, As
reported by severrl asuthors (Ref 17,18, and 19), thi=
early model scrved a® an upper limit on the physical
attractive force that onc might expect to find., One of
the nore recent papers desadang with the subiect was that
of C. Mavrovannis (Ref 20). In his paper, Mavroyannis
deraved a forsula for ¥(r) and compared the results of his
relationshap with four previcusly derived relationships,
thosr of lLennard-.lones, Rardecen, Margenau and Pellard,

Prosen and Sachs (Kef 15,17,18, and 19). The results of

17
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his comparison showed that his model compared as well as,
and in most cases better than the previous models with

data for several atom-surface systems. In addition, the
Mavroyannis model made use of readily available material
properties. For these reasons the Mavroyannis potential
was adopted for use in the fluorine recombination model.

The formula for this potential is given below
W

2
W) = - é t—w (13)

35 N
12r > ZEZS ;ng
where r is the distance of separation as in Equation (12),
(qz) is the sum of the electronic charge of each electron
in the adhered atom times the expectation value of its
orbital ra .ius squared, hwp is the work fuinction of the
metal surface and N is the number of elcctrons in the

adhered atom.

The Interaction Between the Gas Phase Atom and the

Wall in the Presence of an Adsorption Potential. Given the

functional form of the Mavroyannis adsorption potential

and the Lennard-Jones functional relationshir for the
potential well depth, the well depth was used to determine
the probahility of an atom of some given energy adhering to
the wall. Out of several possible methods of addressing
the atom-surface collision process in the presence of a

wall potential. reperted on the literature, the soft cube

12



mode! presented by Logan and Keck was chosen (Ref 1).
Some result: of thic model weve recently presented by

Fagni and Keck (Ref 22) and Modak and Pagni (Ref 23).

The Soft Cube Model. As dictated by the soft cube
model, the surface of the wall was pictured as made up of
wall atoms vibrating at a frequency consistent with the
bulk Dedbye temperature in a direction norsmal to the plane
of the surface. The overall picture was that of an
infinjte checkerboard with each square made up of one atom
vibrating randomly inte and out of the surface a% the

Debye (requency, w During & surf{ace interaction only the

.
velocity coaponent of the gas phase atom normal to the
surface was considered. The use of the normal velocity
compoaent enabled data correlation which was not able to
be made using the total velocity in the case of luw inci-
dent anglce stom surface collinions, The gas phase atom
was further astcumc! to interact with only one surface atom,
The varicus frequencies and potentials were then medeled

as shown in ligure 6. The shape of the well bevond the
intersction position wad of no anpertance.  The gas atom
was simply gaven additional velocity aboeve 1ts Bolti:mann
predicted gae phase velecity ronsistent with the well
depth. A« discussed by Modak and Pagni the interaction
spring constant, hs was rodeled by an exponential

repulsive potential, V{r},

20
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.r
Vir) ~ ¢ {az'(‘ng) } Be * (14)

where r is the position, « is the distance over which the
interaction took plece, and C and M ar~ constants adjusted
to matcn experimental data. The spring constant was
obteined from Fquation (14) by dif{ferentiation to o tain
the force, and evpansion of this force around v » 0 keep-
ing onl: up to the lincar term, Matching the boundary
condition that the force = 0 at v = 0 vielded A sprang

constant, k“.

- 1.1°
.2 b

where Doas the well depth.  The spring censtant for the sur

face atom max given hy

h " W,"» n (l(“

A collycion bepan whep a pas phace atom, nw, Care an
contact with the »oviug end of the spring \&, Yrom this
point untal the vollicdon ended the v<ter agted av a
simple undamped tan masy syveten, N aeilytiiee then teed

place with a oy phase ater of velacaty v




VZEE, (R, T

v = Y _ * e ‘17)
h |
'

vhere V3 is the Roltrmann predicted random surface normsl
component of velocity (see Fquation (11)). The Y(0) posi-
tion of the spring at collision was also random but equal

to 2(0) The initial conditions were

{0y = Y(0) (18)

v > Y(0) a9

Equation (12) is interpreted to mcar that if the velocity
v were less than §(0) there would have bheen no collision.
The collision ended at tc when Y(tc) - ;(‘c)' At
that point, if 172 m (¥(t )17 < F_(R;) the atom vas trapped
and if 1/¢ wr(v(tc\! 2 T, (R ), the atem escapcd the well
and avoided trappong.,
Referring te Fipure #, the ecquationt ot metion for the

collision process ave given hy

SYRSIIN{ WHSE U TR R ¢
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The detailed solution of Equations (21) is given in
Appendix A. The results of this solution yielded the func-
tions ¥(t), 2(1) and Y(t). Using the collision criteris
sbove, stick or no stick decisions were made for glven

sets of initia] conditions.

Rete Process and Equations

The stick or no stickh decisions, &s descridbed in
Appendix A, required 40 calculations for each of 26 initial
non-dimensional velocity conditions predicted by a
Boltzmann distributed gas for a given temperaturc. Twenty
tewmperatures were run between 0 K and 800 XK for each gas-
metal system, The result of Lhis process yielanrd an
initial or clean surface sticking coefficient, SO(T).
defined as the statistical rrobability that any given
collision of a gas phaee atom with the surface at tempora-
ture T would rezult in the atom bheing trapped by the sur-
face. The actual) svicking coefficient as 4 function of
surface coverage, 2 (¢ = ) being a {)ly covered monolayey
of adhiered ~urfacc atons), was experirmentaliv verificd by

Christmann ct.al. {(Ref J4) to be

S(T,e) = (1-0)50(1) (21)

The sticking coefficient was then used in describing

the rate equation for the time rate of change of the




surface adhered aton concentration by
4(n k
s » - - -
—qp= * S - 8)Rg- .0 - s Ao (22)

vhere n, is the surface concentration and ﬁF is the rate of
{mpingement of F atoms as described earlier. The depletion
of the surface concentration described by the last two
terms of Fauation (22) was given by the thermsl desorption
rate, &4, times a surface coverage & {(Ref 6} and the detach-
ment caused by recombinations was represented by a steric
factor St' the surface coverage 6, and QFN The thermal
desorption rate used was that given by Glasstone, laidler

and Eyring (Ref %)

Ey
.~ kT YT
& \I."ﬁ [ 4 (zs)

where Ca was the number of surface sites per unit area
(metal <urfave atow packing), h the Planck constant, and ED
a desoiption energy. The packing used was that of the tace
centeved cubic for all surfaces considered {(Ref 26). The
steric factor St it the ratio of the gas phase-surface
adkered atom collicions resulting in a recombination to the
actual number of these collisions,

The surface coverape of interest in Faquation (22) was

of course that of the fluorine atoms, Since the actual

25




nuaber of adhered atoms depended on the number of available
surface sites, the presence of adhered atoms ather than
fluorine effectively decreased the surface area availsble
for fluorine to adhere. In this light, Equation (22) was
revrittien as follows

d(n
"I%ﬁ: = (SoigNp(1 - 80) - a8 - S Mo, (24)

where 8 represented the fluorine surface coverage and %
represented the total surface coverage which included cther
8s well! as fluorine atoms,

To quantify np & Tate equation was written to include
the effect of any diluent which might have Meen present.
This rate cquation was given by

d(n ), .
L - . - .
o « wanliall £59 LIS S I FXPN (25)

where Fquation (5) reflects only one subtracting term,

that of therna! desorption. for one diluent then,

8; » 8p * &, assuming molecular specics do not adhere.
Salving Fuuation {24) and (25) fur the steady state

condition vielded

' w },...._ - N

RSN U
(So)h I
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“o’F "F oF
Further, solving Equations (26) and (17) sisultanecusly
I (!D)
% ° (Oe)o | T 5 16T, (20)
wvhere
. 1
] ¢ m_ .
o'F QF TE;T;
(6., * ! (30)
n'o - 6D .
) -
TSOTB RD

(GF)0 end ("D)o were defined to correspond to the actual
coverages of one in the absceace of the other,
Having soived for the surface coverage of atomic

fluorine, the recombinativn vate, Vg was given samply by
(31) J

Finally the recombination cocfficient, v, defined as the

ratio of fluorine atom wall collisions vesulting in a

recomhination to the total number of €fluorine atom wall

27



collasions, was given by

v+ Resoa (32)




I11. low Pressure Pipe Flow with Wall

Recoabination

A simple model of onec-dimensiona) volumetric fiuorine
depletion applicable in low pressure pipe flow wi's

developed to simulate the Ultee experiment (Ref 13).

Ultee Experiment

The Ultee datas wvere taken in the experimental apparatus
described pictur‘ally in Figure 7. Gas of known Fz concen-
tration and a dilucnt (argon) flowed from the gas source
into a microwave di<charge cavity where the molecular fluo-
rine was dissociated to atomic fluorine. MNcasurements
taken at the cxit of the cavity without the test sample
tube attached showed that approximatcely 10 pevcent of the
F, was dissociaterd. This fixed the gas mixture of F, Fz
and Ar at the entrance of a "S cm X 1.1 cm {I. D.) test
sample tube made of various catalytic metals. M interest
here was the nickel sumple.  The pressure drop acruss the
samplc, the equilihrium temperature of the sample and the
flow rate of the guy were montiturcd and recorded. An ISR
spectromcter located at the end of the test sanple yielded
information {rom vhich ' and F3 Tonceytrations were calcu-
Jated. The gas then left the test apparatus thiough the

pumping svetem. For cach data point the system was

alloned to come to cquilibrium at the particular
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temperature of interest, always necping & con-tsnt initsa)
pressure and flow rate throughout the expevrimeni:' range of

temperatures.

Analytic Mode)

Under the assumption of a one-dimensional dependernce of
the concentration on sxial position in the test sample, the

equation of the process was written as follows (see Figure

)
] 12
o () (33)

where n is the numecer density, x the axial position, r the
tube radius, vy the recombination coefficient, U the flow

" 142
velocity, and n (kT/2rm)

the rato> of impingement.
Fquation (3%) has an analytic solution under the assumptions
of a constant rcoumbination coefficient y and an initial

nuaber depsity n,

Anaganytf
R TV (34)

"o
Fquation (¥) can be uted te determine an overall effective
recombination coefficient.
Since the rvecorhinstion coeffaicient, ax described in
Section 11, depended on varions parvrareters which changed

with posation along the test sample, more accurale
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simulation of the actual experiment was made by a step by
step solution of Equation (34) for an axial grid spacing of
Ax.

47(xi)Ax KT

n(x, + Ax) ( )1/2
nx; + &x _ U ZTm
'1‘("1) = e | (35)

where the values of y(x) and n(x) were calculated at each
station to predict the change in the number density to the

next station.

Applicability Criteria

As a measure of the applicability of the sole assumed
dependence of the fluorine concentration on axial position,
the characteristic times for diffusion and depletion can be
compared. A typical time for diffusion to negate gradients
can be represented by the rclaxation time for diffusive

equilibrium in an enclosure of dimensions r (Ref 27)

2 2
. r _3r
tpirF T T ¥ T (36)
where D is the diffusivity, X is the mean free path and v
is the average molecular velocity. This time can be com-
pared to the time nccessary for destruction of all the atoms

in the volume V by recombination at the wall neglecting the

effects of diffusion. The depletion time is given by

33



(37)

where S is the wetted surface. Tor validity of the one-

dimensional assumption of the concentration

taEc > Ypigr (38)

34




IV. ‘omparison of Theoretical Maodel

AR o

with Pxperimental Data

Sticking Coefficients

The solution of the equations of motion for the culli-
sion process were intzgrated over the Bolt:zmann distribution
given in Figurc 4 to obtain the sticking coefficient, So.
for fluworine, argon, an? helium for three surfaces represen-
tative of flvorine laser no:z:lc matevials. geold, nickel and
copper. The results arve given in Figure< 9, 19, and 195,
Comparison of the figures in light of the effect of diluents
an reforhination rates {Fguations {28) through (31)) as
discussed earlicr indivated that argon, when used as a
diluent, shonld have an appreciable effect on the reconbana.
tion rate of flunrine, shile the hel um probably would not.
Further nmentior of the hediu~ diluent <vster 15 made later.

Metee (Rel 13Y reporsd o 0 a slightly hagher recem
binataern vate =av Nave octurred on copper than on nmivkel,
Fxamipation of Pigare & chevy that thrs as censaistent sl
a slaphtiv Yagdey ctichang voeffacient of the flierane on

copper.

Comparicor of Ti;e Flox Caloelataons wath Dot

The phyvsacal pavarctors of the Hltee caypotarent we
given in lable 1 and the vorputatienal para=efers are given
in Table 11, Usang the applacebility cratersor from Ygqua-

tion (32) 1t was found that calculatiens based on the
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one-dimensional assumption for the test conditions of the
Yitee experiment were applicable for a recombination coef-
ficient as high ss 10'3. Thus the one-dimensicnal assump-
tion was good for 2ll available data points as will be

shown,

Table I. Physical Parameters of Ultee Experiment

PARAMET } R YALUY
e b art ma b W o e AL < ao—ape i S T o .-

PRESSURL 2.7 TORR
FLOX SELOCITY 180 cw/sec
NOLE FRACTION AT
SAMPLE ENTRANCI

(F] 0.01

(¥, 0.00

(AT] 0.90
TEMPLRATUMI RANGT ! 0 C to 400 °C
SAMPL] MATIRIAL NICKEL
SAMPLE 1.0, 1.1 cm

Computatiens based on Fyvations [317]) and (35} were per:
forned for covgaziron with the Uleer experirental dats,
The rerulte of these corputations s§ve presented in Figure
1, Shown in Tleuwre 12 48 the e=o¢ent b ocesarmangy at the
end of the nichel sample tuke over a range of stcady state
texpiratures.  The only pavameters which sere arbatrarily
chonen in order to have the model mateh the data were the
and the steric {actnr

desorpticy "neyyaes fY(}m and (kPE

Yo R Ar!

14
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st (see Table Il). The desorption cnergies required to
natch the data wvere found to he similar in megnitude to
those for other gas-surface systems reported by Emmett
(Ref 6). Further, the choice of the desorption energies
vas rather clear since a higher or lower energy caused the
cutve intersection with the temperature axis to shift to
the right or left, respectively. Also as an additional
indicator of the correct choice of desorption energy, a
higher or lower energy caused a shallower or stevper slope,
respectively, although this effect wass not as pronounced
as the intersection shifting. The effect of varying the

steric factor, S is shown in Figuie 13. A steric factor

t.
of 0.1 seemed to best fit the data.

Table 1. Computational Parsmeters

o e

PARAMFTIR VALUF
. - . - A_.1 - P T U Sy —-——:—2- 3-——-—-1
Mar 6.63258 X 10 5
P ]
" 3.25431 ¢ 10°%% '
T ; L) i
M V.3878 X 10 1 g
(1), 1.242 X 107} erg
. e v yn-12
‘lh)Ar 1.173 X 10 erg
S\ 0.1
Fipe, .
(5,), e 9
(8,3 ar Figure 10.
o e . J.“” e e
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By using the model, regions of the data were inter-
preted and labeled as shown in Figure 12. Region A (0 *C
to 40 °C) is that region in which the wall reaction was
doninated by the presence of adhered argon atoms
"poisoning" the recombination process by not allowing free
surface sites {or the fluorine to attach. By use of Equa-
tion (30) it can be seen that prior to reaching some acti-
vation temperature for thermal desorption (i.e.,

‘D <« (SO)DHH). the argon completely covercd the suiface
therefore rendering FF cqu .l to zero.  As tho temperature
rose the thermal desorption btecane important and the argon
began to allow portions of the surface to be left vacant so
fiwvaiite couly attach and subsequently recombine.

In region B, (40 °C to 195 °C) ¢, wae insignificant as
coapared to (So)rﬁr thus the =<urfacc coverage was deter-
mined primarily hy S‘ and (So)i so that Fquation (29) could

be approxinated by

T (39)

Fanally :n region € (195 *C to 400 *CY the desorption
of fluorine was activated and eventually dominated the wald
reaction.

At this point it i< of interest te mention Figure )4,

Fquation (3) was used in coniuncti n with the Ultee data

. 4
¢ {i
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to obtain an average wall recombinction coefficient., The
result of this computation is given in Figure 14. The
unknown region refrrs to the temperstures at which no F was
detected at the exit of the test sample. Thus, at sn aver-
sge v of spproximately 10" all the detectable F had been
remcved from the flow by wall recomabination, This seems to
indicate that within the range of the experimental data the
assumption of one-dimcnsional depletion was applicable.
Equations (26) through {30), however, show the dependence
of v on the local number density in the X, terns. The
saxiwun recombination took place at the entrance of the
test sample where ne was a palirvue. Figure 15 shows the
temperature dependence of v based on the maximum number
density. Using the maximum v criteria the experimental
data range still falls within the onc-dinensional anssumption.
More important, however, is the capahility of determining
the actual temperature and pumber density dependence of v
using the model. Witheout the model the bhest one could do
is to dete-mine &n average v from Yagure 14 eatrapolated to
& maxinue, Clcarly the actual saxioum is nearly twe orders
of magnitude higher than would he estimated wn.thout the use
of the model. This mistaken maximur ic in fact what was
reported by Ultee {(Ref 13}, A <et of maximur rcuerbination
coefficient curves for several gas pressures for 30 percent

dissociated fluorine is given in Appendix M. ¥While the
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. g

curves for 90 percent dissociation are different than would
be predicted by 10 percent dissociation the characteristic
trend for increased total and pertial pressures is the
same.

Pessed upon Figure 1}, it is predictel that in &
similay test run with a helium diluent region A would
elther be nonexistent or greatly reduced from that in Fig-
ure 12, while regions B and C would show no -hange. The
maximum recomblnation coefficicent with a heliun diluent
should roughly correspond to the curve in Figure 1§

represented by the dashed line,
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V. Effects of Recombination in

Chemical Laser No::zles

Flow Equstions

A two dimensional, steady state, laminar, explicit
boundary layer code was con-iructed to approximate nozzle
flow. The code was constructed for the purpose of demon:
strating the applicability of the w+!! recombination model
to real flow syatems. The governing equotions are as
follows under the usual boundary layer assumptions:

CONTINULITY:

yolou) ¢ ghev) - 0 (40)
MOMEXTUNM
Dugg ¢ cv§¥ . 'gg ¢ sé(hggi (41)
SPECIES:
1 " . .« [ .
puf;l v d e ﬁj . i}(’)??l) (42)
ENFRAOY
o boar T dp LTI \" 3 an ; ag
p‘p}“i? . \§¥‘ . UJ& culyt o _;hjhh . *;,‘}#“ * Syik§¥d




where x is the axial position, y the transverse position
(see Figure 16), » the density, u the x-component of veloc-
ity, v the y-component of velocity, P the pressure, u the

viscosity of the mixture, W, the rate of production of

species 3, Yj the diffusivxzy of specie j into the mixture,

F’ the mole-mass ratic of specie j, cp the specific heat at

constant pressure of the mixture, h‘ the enthalpy of specie

I, and k the therrmal conductivity of the mixture. Von Mises
transformation for compresiible flow wax used to simpiify

the equations for instertion into the code, Introducing the

stream function

3y L
5‘% [1 IV s-i oY (“)

Eqnations {41}, (42), and (43) becone

TN | L Y T T

FURRURE O TR M (4%)

e R DN e

pod et Lo, e
. Cﬁ:’. ;)-i;‘im‘i' :h:x r, ‘:‘ ';;;Q¥M:2::)

The difference cquations for Pauetions (353, (46), and (47)

are included in Appendix b,
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Thermodynamic Properties

The enthalpy and specific heat at constant pressure
for the individual species were calculated in the form of a
quintic polynomial with temperature as the independent

variable as follows:

h. 2 3 4 5
= = aT + bg + ¢§ + dz + e §~ + f (48)
C

1.2 +bT « cT? + a1° + eT? (49)

R

where the coefficients a, b, ¢, d, e, and f were taken from
Refercence 2, and R is the universal gas constant. The

density was calculated by

p = —— (50)

Homogeneous Reactions

Two free stream reactions were considered, that of the
dissociation of fluorinc and that of the recombination of
fluorine.

DISSOCIATION

K
f

Fy + M 5 2F + M (51)



RECOMBINATION

K

2F + M —F, + M (52)

2
where M represents any second or third body, respectively.
Here the dissociation was defined as the forward reaction.

The forward reaction rate used was

K, = 4.2 x 10711 o7 (33000/RT) (53)

taken from Reference 5. The backward reaction rate used was

Kk _ 4.716 x 101
b T

5
e(1250/RT) (54)

taken from Reference 28.

Transport Properties

The transport properties for the flow constituents were
taken from Reference 29.

VISCOSITY

_2.6693 x 10 °VT
My T o2 (55)
iQu

where @y is the reduced collision integral curve fit as a
function of kT/e.l and Mi is the molecular weight of species

i. The values for 0., the cross section, and €5 the
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maximum energy of attraction between colliding molecules,
were taken from Reference 30. The viscosity for the mix-

ture was calculated using

xl 1 (56)

where X4 is the mole fraction of species i and

M. -1/2 V. 1/2 M. 1/4¢2
1 i i
$.. = —(1 + = 1 + (=) (1) (57)
1) rg Mj ”j Mi

THERMAL CONDUCTIVITY
The thermal conductivity of the flow constituents was

calculated using the Eucken approximation

(58)

By = if;: N 2 (59)

wvhere ¢ij is again given by Equation (57).
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DIFFUSIVITY
The diffusivity was calculated by first calculating

| the binary diffusion corfficient by

.0018583 Q;!q'! + “IB
X :

p,, » ) (60)
* 43 Po..2an
‘ ij D
i ﬂn was curve fit as a function of kT/tij where
| 1/2
% £y " (ticj) (&1)
- and 0yy was given by
: ﬂjj ¥ (5‘ * UJ)IZ (62}

Fer calsulatine the Ji9fusawvity of the constiturnt duto the

sixture the following scheme was wved:

R Tun Sprcies
)
[
! o f . X
cn’m; ' nf;) (63}
Three Speries
> JAZ » dl}
‘715032“"-1) '1”1:“:&?;‘}" “1V13 ASF!“(';
T (64)
" Pae o aPye sl




with simikar equstions for 02 and D (Ref 31)

More Than Three Specices
For more than 3} species only trace species were
handied. Knen more tnan 3 speiies WeTre peesent,
the first 3 were given by Equation (64) and the

remsining trace species hy
N x -1
Oim ‘[}L 517] a - xy) (65)

Boundary Conditiens

The no slip wall condation 127 velecity was used.  The
temperature &t the wall was specificd cither as some con-
stant valuc or ax a function of pos<ition along the wall.,
The wall condition: for voncentration of atomic and molec-
ular fluarine sere given 2% follows ax a functicn of the

recombination «ocfficiont {derivation ancluded in Appendin

c}.

[n )h”l
(n"‘{.il.d :

T YT (bt}
l * -'v* (\,”“

where the (eldl I fluoraine ceprentration f”lbfit' we WAS
by

calculated pricy to VML 1 fepe bigure 1T fov nesenviaturel,

Since the cede was vaplavit, calovdatior of (“yprll .

depended only er vialues at the upstrear porcitions,  Yhe




Figure 1. Boundary Condition Nemenclature

quant:ty L was the vertical distance from the wall to the
center of CFLL > Simitarly, ¥, concentrations were

calculated hy

(ny),, Yz,

. L AT

("rz)NAiL T Liyes! ("ll)(ELL ’ (¢7)
ki

The no:-le centerlire conditions were handled by syrmetrical

reflection.




The domain of the calculation was from an axial posi-
tion, ¥ = 0.0 at the nozzle entrunce to X = 0.4 at the

nozzle exit (see Figure 16).

Results of Nozzle Flow Computations

The boundary layer code was run for predictions of the
effects of recombination on laser nozzlé flow. The pres-
sure profile and nozzle contour for a representative slit
nozzle are given in Figure 18 (taken from Ref 4). While
not the most commonly used slit nozzles, it was similar in
size and basic contour. The input conditions for these
computations are given in Table III.

Computations were run for three wall catalytic condi-
tions: (1) noncatalytic wall, y = 0.0, (2) fully cata-
lytic, v = 1.0 (Ferrell et.al. conditions) and (3) step by
step computation of y based upon the recombination model.
The results are presented in Figures 19 through 28. These
results, as mentioned previously, were based on the assump-
tion of laminar flow. The highest Reynolds number based on
the momentum thickness was approximately 65. This was well
within the laminar regime as transition to turbulence

occurs at around 360 (Ref 32).

Velocity. Figures 19 and 20 show the effect the
rccombination had on the velccity profilc at the throat and

exit plane respectively. As can be seen there was no
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major difference in the velocity profiles, only a slight
lessening of the velocity gradient at the wall with recom-

bination, decreasing the most for the case where y = 1.0,

Temperature. Figures 21 and 22 show the effect the

recombiantion had on the temperature profiles at the throat
and exit plane, respectively. The throat profile showed
very little change with only a slight steepening in the
temperature gradient at the wall with increasing recombina-
tion. The exit plane profile, however, showed a more
dramatic effect both in an increasing slope at the wall and
a shifting of the profile near the boundary layer mid-
portion.

The overall wall effect appeared to be a slightly
increased heat transfer to the wall duc to normal conduc-
tive heat transfer (see Figure 22). To this should be
added the heat relcased in the recombination reaction. For
this case the temperature was assumed constant along the
wall as indicated in Table III, but an actual determination
of the nozzle wall temperature profile should not neglect
the role of the energy of the reaction. This encrgy 1is
dumped directly into the wall as indicated by Meyerson
(Re€ 33) prior to being either conductively carried away by
the wall or recoupled into the flow through normal heat

transfer processes, This additional hcat transfer turns
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out to be significant, up to three times the normal con-

duction as can be scen in Fijure

3.

Table !1I. Input Conditions

PARAMFTER

VELI]TY
PRESSHRE
MOLE TRACTIONS
(F)
(¥,
[He -YHF ]

TEMPY ATURL

The effect on tne mid - Youndars

s

1

i
[\

s et

VALULE

3.3 x 104 Sm
760 TOSR

0.272
0. 00035

0.728

2000 X

450 X
(UOXSTANTY

e

-

lavey povtion of the

profile i< intercsting ane ¢owld be impovtant an leser

Cavity cornutations,

rtovrtaen of the profale as

curve an Furoure 22, 1s affecrted by

y

indicated b
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The typical viscous heatang dise
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the diffunien of B oand

Cha wo o Palanged,
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smoothing sut the prefyle,
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Chemical Censtituents  The effect of recombination on
the concentraticn prafi‘es was of mest interest and is
examincd in Figures 4 tarough 28. Figures 24 and *$
give the profilcs at the throst and exit plane, respec-
tively; Figure ¢ -~hows the depletion nf ¥ and growth of
fz with axial position aleng two stream functioms in 1' o
nozzle; Figure 27 shows the loss of I, and Figure 28 . .-
tains the recerhination ceefficient as a function of +nial
posstrion.  Althoupt Figuree 24 and 25 show a differeprce
between 2o fully cataiveic versus the model, it i
noticvatds fewr of 3 dyffevenue than the one and a half
order of canitade 2ifferenae an the recorbanation cecffi-
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Finally, rearranging the terms siightly

2(ng) .
¢ - ; CELL 21[ (70)

Yirs) !;

Thus, the actual rate st which F is depleted from the
system 's dependent on both the diffusivity and the recoa-
bination coefficient. Fxamination of the two tcvms in the
denominator of Fquation (70) yields the figures in Table
IV. The table stows that while the v's differed by 17, the
actual depletivn was limited to a difference of only S at
the exit and 4 at the throat duc to only the terms an the
denominator of tquatien {70). Coupled to this limiting
influence, the actua: F ator concentration in CELL 2 lamited
stil)l further the difference 1n thr tee solutions so that
the final Jdifferences weve reduced frem 17 (o approxinstely
1.4, This ratio is verificed Py Figure 27, where the total
amount of atoric fluvoriae rermeved by recombination was

32 percent convared with £8 porcent remeved vhen v oo 1.0,
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Vi. Conclusions and Recommendations

e ] [

The present work dealt with the construction of a

theorctical model for the heterogeneous reconbination

reaction of fluorine at a mctal surface. Using the Rideal
mechanisnm the reaction was divided into three distinct

; processes (1) the bunding process of atomic fluorine to
the wall, (I} the collision and recombination process of a
ras-phase fluorine ator and a bonded fluorine atoer and (1Y)
the rate process at vhicl the honding and reconbination
takes place convidering the <urface coverage. Having

treated cach of the preocesces an cseve detarl, thece pro.

cesser were covtaned Lo fore the (sl wall recomdinataion
aodel. The todel war adapted te urecditensLensl page

fiow a4d aompataitrens rade for vorpar: vn sat® data talen

By Dr. Casper L Ultee g timated taroraft Foocarch Latova
teries. Pynklle e roled was placed ante g tee-darmensicnael,
: steasdy tate, Tatarnar bBoantary daver ocde te leranctoate the
effect e mach U ey oot drem Uren!T flaerine wall o reonw -

‘Lo e s e - P A M ? ¥ r g o P P
hawmatsen o co oo e et R 7 et ie fh L ro e e ad

lasere,

The mofed was Seun? to Joscrene the avoul Mo eaterss

mertal Jeta, <helluing oameachtotnte s thoe contrellan. pro:
cess vary s 3 furrtaion of tesnergtury. Aalieis of the

argor - flucrire vrvrararert cndeeated three Jastirat togimes,
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(1) a lov temperature regime (less 3150
recombination reaction was poisoned by
surface, (1) a mid-tenperature regime
which the argor was thermally desorbed
thermal Jesorption was not significant
tially decrease the surface coverage o
high temperature vegame (875 K te 7%

deserption played a sagnificant vole i
fluorine surfacce coverage. While the

ents on the Vive? regire 3¢ speculatyy
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1un by Ultee should be run with 4 helium diluent to fully
verxfy the insignificance of ¥y attachment. Addationally,
future efforts should be addressed to the problem of

interfacing this model «ith production flow codes designed

specifically for analysis of cheomical laser noztles such as

-

the one described in Reference .
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Appendix A

Solution of the Fquations of \otion

2 .

for the Gas-¥a)] Collision Model

—— e -

The gas-wal) collixion system, a< shown in ligure A l,

is analvzed ax .ollows.

pomany i\ % yewems e UMWYR At Ak ket vl e e coveR e e mmses e s e e e | ot—

%’——/\/\ AN—-Q—— "N\ ]|
K " % "

e

Faipure A 1. fas-hall Uellicion Syetem

At the Inctart the collicion hepane, the cyuations »f metion

hecome

(a.})

(A.2)




A R T A AU

The solution of Lquations (A.1) and (A.2) proceeds as
follows: The solution for ¥ and C i< assumed to have the

forw
Y(t) = A Sin{wt) (A.3)
3(t) ~ B Sin{ut) (A.§)

In the usual manner, the assumed soluticons are differenti-
ated for the firsy ard second derivatives and the results
substituted into Fquations (A1) and {A.2). The result can

be evpre«<sed in matyvix form by

R 2 . ‘1.
( !nw . l:) k‘ A
» i (A.S)

L - Ky (»h;u:" C kv KD »

Thus for a1 mon-trivial soclution of A and R the matrix on

the lceft must be singular.  Setting the detcrminant to rero

2.2 2
Ills(u ¥ - (‘xll . n‘k& . nslg)u

. kgls « 0 (A.6)

Solving for the roots of Equation (A 6)

1/2

PR TE s TRUR RS sk RS
2‘ ng

!
)( ek nd ) s Vi S
(A.7)
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wvhere 1 refers to the solution of o with the + and Wy
refers te the solution of o with the - The amplitude

ratio equztion is glven by

h
. A - kN = .8
(a!u kl) LE 0 (A.8)

which gives the fellowing anplituie rating

X
;) S S (A.9)

1,2 k- 'g(wl.f}l

Thus the pensral ~olutien of Tguations (A1) and (N 2) i«

given by

Y{ry o» ﬁiqln("lt * x“ ¢ A San(, Lt e Y (4,10}
c{t) = F]ﬁtn: v 'l‘ ¢ R ovind.,t &+ () (A1)
LY & L

*

Faguations (4, 100 o 1000010 leave & pndependent und newee

which are sodved Tos uoding the dnitis) comltions

YO0y = i) o= et (A0}

where ¢ 10 toe inityal prase angle and © as the arplsrude of

surface ater oscilliatyen.,

1




Also,
o) ~ u, cosé (A.13)
i(n) - (-z%)”z (A.14)

where ¢ is the energy

RLMAY.
¢ - ;.(\-3 . /.!._.._.,."_'-'.,J};_,) (A19)

#s indicated in fquation (17) of the wmain text.
Let the amplitude ratios from Fquation (/.9) be

defirn~d a< fol)lows

Al

cl , |; (A.30)
AZ

TR (A.17)

fThen the result of using the initial)l conditions yields the

solutions
- LI A Sint ,
Y(t) \Alrn‘\l) inult J (Albxntl)co&ult

. (Azcosv;)Sinuzt . (AzSinwz)roﬁuzt (A.18)

a4




« . .
I(v) c;(l&lCOsil)Slnul\ . (AISinti)nosu*.}
(AR.19)
. ci{(A:cuﬁéz)Sinwz! * (A, Sint,)cunu, "]
T{t) - w (A 208 droni b -, (A, Sing, dSinu, ¢
(A.20)
* wz(Azcosvz\cosuzt - wz(AzSinvz)Siuwzt
vhere
1
£, !
A]hin¢l = 2(0) “T“T-“I (».21)
P
1
1
ASini, » 2:m |- CT (A.22)
e 2 YTy YT :
r} r}
‘ri?(O) iy
- - ‘.. _.m... — - i
Ajcosiy (“1) Y (A.23)
rz rl
4 12
{0y - (-'\(U
osw . o { AN e
Azcoswz (5;) T (A.2¢)
¢ 0 F}

The results of computations made from Fguations (A.18),
(A.19), and (A.70) for a temperature of Y00 K and an incoming

non-dimensional velocity

L




T o (A.25)

for fluorine on copper i3 given in Figure A.2. Exsmination

of Figure A.2 shows that fovr a nan-dimensional initial ve-
ocity of 0.3 the probability of being trapped (represented
by LI/LI in Figure A.2) is 50 percent.

Computations made for a vange of initial velocities
yietds Figure A.Y (note in Figure A.3 thar the pratability

corres<ponding tn an initial non-dimensional velocity of 0.8

is 0.5).

A family of curves similar to the curve in Figure 4.3,
for a range of temperatures from 0 K to 80D K and Figure &
from the meain text, combine to yield the curve for the
dnitial stichang coefficient such a. the Lroken lape in
Figure 9 of the main (ext for the «ticling cocff.crent of

fluorine on copper.
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Appendix B

Difference Yquaticons

All functions of x, and ¢ were trested as the following
fictitious function f(x,s) using the cell nomenclature shown

in Figure N, 1,

T T LAST

# ek $re(k k™ 9 ‘'

K | ox X

v Y | QT

|1} k* 'S

PN Y ) ¥ o(hek')
TN,
WALL
N — e . P

Figure B, 1. el Nomeny lature

Brret and cecond Jerivatives sete approsrrated hy

AN(x,e) o M)

. ;! (R. 1)
) - A

Logttakl « TORST (8.1
TN rgt

where the & uperatuors ard defaned in the fedlowming,

3




FIRST DERIVATIVE A OPERATOR

_Af(x,¥,) - BE(x,¥p) - CE(x,¥.)

Ai!x,wz =

e

where:

D

(B.3)

for all cells except the wall cell and the last cell

A = k2

B = k'?

2 a2
D = k’k' + KkKk'
vy = ¥+ K
‘J"B 'l" = k
Vg = v

C =k
2

n

for the wall cell

A 2

(k' + k")
B = k'?

(k' + k)2 - k2
= k2 v krkn?

0
"

o
]

‘b' + k'
P o+ (k' + kM)
w'

< € €
O W >
n n n

for the last cell
A = x°
B = (k + k')?
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c=k?- (k+ k1

D = k%K' + kk'?
WA“J’"k

vg = ' - (k + k')
be =

SECOND DERIVATIVE & OPERATOR

Azfgx,y!

Ay

y=p'

where:

by

D

{Af(x,wA) + BL(x,¥p) + CE(x,v.
= 2

|

(B.4)

for all cells except the wall cell and the last cell

A= k!

B = k
C=-(k+Kk")
D= k'k? + k' %k
by =V -k
Yp = ¥ o+ K
Ve =

for the wall cell

A= (k' + k")

B o= -k

C = -k"

D= k(' + kM) - k' (K
REEARE Y

LIS k!!)z
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b S i bbbt e oD . —"

’B I~ ',! » (kl » kn)
te m ¥

for the last cell

A (k+ k')

P - -k

C o -k'

De (ke N? e xR
AL S

oyt ¢ - (ke kY

o "+

RIFFERENCE EQUATIONS

Using the A operators defined above, Fquations (45),
(46), and (47) were approximated for the computational
scheme as follows:

uilx® x) = u{a) * Ax ; fﬁ!l g»g

-

A 1 Au TR
¢ o= tupufp- ¢ upus - B.5)
gy [veuls T (
Fo(xefx) = 1 (x) ¢ an S LW
j ) j O NI
A { Afi 6{f$ | (8 b)
L4 Ut - ¢ ¥, PR \ R
&y ‘J‘ ]m i ' \
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T(xeadx) = T(x} fﬂ:;cm %; . HDU(QW)

- . 1 * h . | ~ .......!. i

;A m;’} 1 C;[’-;"i"“n l‘i"]

: 2

“ ¢ ci[x% (Xpu) %} ¢ kou %;;]i (3.7)

The pressure was fitted with an analytic curve, thus g;

was taken from the derivative of the analytic curve.

e tn T T .-
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Appendix C

Derivation of Boundary Conditions for

¥ and F, Concentrations

There are two ways of spproacting the derivation of the
concentration btoundary conditions. One way is purely
; analytic and will be discussed first; another way is to
examine the analytic derivetion (n retroanpect, *hies will be

done second.

ANALYTIC

Since the no slip boundary condition for velocity is

used, it would not seem a bad assumption to consider the

region from the center of CELL 2 to the wall as being

e e s 4 DM Rme e ety e e b b L meee aemeees - —————— ~

crarn CeLL .

vy degur l‘*vr
L
a——_L—--..... }.-—____,_.—-.' d' ‘::‘F ﬂ,’
L dy l 41
l __1__m_. l' -

_ \\&f N\NN\\\ EQ \Q S\S Ve 4 :;( VEVE) Oy
by VAL

L PR U . VN by o —itton

Figure C.1. Conservation Fquations for Stagnant Cell

93




“<,ﬁj
. &

essentially stagnant. Further the horizontal concentra-

tion gradients arc assumed to be negligible compared to the

vertical. These assumptions lead tv an analysis as shown in

in Pigure C.1.,

The conservstion of species equation in steady state

is then written

ay (opVp) = 0
By Fick's law
bV * - Py
Thus the governing equation is
slray] o

Integration yicelds

{C.1)

(C.2)

{C.3)

(C.4)

where A is a constant. In particuiay, at the catalytic wall,

y = L, the steady state flux must he cqual to the rate of

recombination and attachment:
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DiEfusive Flux ¥ 2y8 (C.s)

where the 2 accounts for the replacement o/ the wall stoa
detachad by the recombination. This is necessary, to
meintain the equilibrium wall concentration of F atoms.

Thus

172 dn. (L)
kT F
21'\F(L)(T.ﬁ;) ¥. Or— 7 (C.8)
And thus A must be
A . ZynF(l)(r;;;) (C.7)
We now have the differential equation .
dn 1/2
F o, , T
o, b - - z,n,m(ﬁ»;;) (c.8)
Assuming Dv it corstant and inlegiating yields
\'I\T(") : 1,72
n(e) = '2“%-;""" (?:“;F) y ¢+ B (C.p)
' f

Since at y = 0 the concentration of F must be ("F)CBLL 2 L

must equal ("F)crLl 3. Thus we have




1/2
kT
n.(y) n. (L) Y\Tem
-(ij--muu-—m. et @ = 2 (f-_.).—_-.._.—..a —-..«—-.”_‘.?..—..—--..... Y * l (c ) l o)
RplepLL 2 RNe/CRLL 2 F

Fimally since

nga(y) n, (L)
P S — {C.11)
el 2 |y (PpVceLL 2

and realizing that nF(L) - (“F)!ALL we have

{n.7..
FONALL 1

L, , (€.12)

Ineferi 2 1 2+1(g_1_'__
¥\
Cimivarly,
dn. {1}

F 1/2

o~ ¥ np (72#) (C.13)

since cach recontinnrtion vetults in the creation of an F2
molecule. Then in a similay manner to that used in gotting

Fquation (C . 8),
oy, 12 ‘

and integration yields

Np () =m0 B (€C.15)
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L T

Since, again, an(y~0) is (“FI)CELL 7 K must equa)
(“Fl)C[LL s Thus knowin: ("F)HRLL from Fquation (C..2),

(pdware a1 |2
(%) wact U, 'L(!-a,) * e dep 2 (€016

RETROSPECT
Starting fiom Fquetion (C.12)

Melwary, | — (.17
(nF’C“‘L 2 1 o -}; m; 72

and rcarvanging it siirltly yicld:

-9 1‘“F)¥5LL ), zl
F L

1/2
- ’”"r’nt.u(r:{;)

(C.18)
Equation {{ . J8) i« the identical statement to ass aming that
the xlope of the concentration at the wall it ligear and
epproxinating the derivative by
dn,, (n.) = (ng )y
‘F& s m!..ﬂ.!;lzr P CELL 2 (C.19)
Thus In retrospect one could have derived the boundary

conditions for I and fz by merely aus.uming a lincar profile

at the wall,
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Appendix D

Tempsrature and Pressute
Dependence of the Fluorine

¥all Recombination Coefficient
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Captain Eric J. Jumper was born on 18 August 1946, irn
Washington, D. C. lle graduated fcos Highlands High School,
North righlands, Californie in 1964, and attended the
University of Yew Mexico where e received a Bachelor of
Sclence Deprec in Mechanical Fngincering in June of 1968,
Wpon gradustion h’ was commissioned & Second Lieutenant in
the United Stutes Air Force through the ROTC program. His
first Alr Force ansignment was to the University of Nyoming
for o Masters of Science Degree in Mechanics! Tnginesring,
graduating in August of 1969, From the Unfversity of
Wyomine he was assfigned to the 6570th Aerospace Medical
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Branch Research Fngincer. During his <tay at the AvroMed
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