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I. INTRODUCTION

A. Bac kground

In 1971 the Air Force Rocket Propulsion Laboratory began an effort to deve l-

op a cont inuous ly  nucleated pyrol y t i c  g raph i te  (PC ) w i t h  sili c on carbide (SIC)

additions.1 This codeposited material , pyrolytic graphite/silicon carbide (PC I

SIC), has the SiC phase deposited in a PG matrix as needles perpendicular to the

deposition surface. The accicular SIC provides reinforcement in the c—direction

and vastly improved shear strength between the a—b layers of tile PC matrix. Ad-

ditionally, it was found that the bond between the PG/SIC coating and an ATJ*

substrate was exceedingly strong.

A development program was then started with a major objective to demonstrateS

that the coating process for rocket—nozzle inserts could be scaled from a small—

throat size (25 uun—i .d.) to a large—throat size (318 tnm—i.d.). An additional.

requirement placed on the program was to demonstrate the capability to reproduc-

ibly coat nose caps that have a relatively complex configuration for incorporation

into an advanced rocket—nozzle throat assembly . Unfortunately , the percentage o~
acceptabl y coated inserts decreased drastically as the throat size was increased .

An even lower acceptability rate was experienced with the iiose cap configuration.

Therefore , it was concluded that a more fundamental understanding of the deposit-

ion process was needed .

The Los Alamos Scientific Laboratory (LASL) was given the tasks o f secur ing

the requisite data base, developing an analytical model of the furnace and coat-

ing process , and specifying a fully automatic control system for the depositi on

p rocess.

B. App roach

To establish a relevant data base for validation of the analytical model hid

to document the operational characteristics of an existing PC/SIC coating furnace ,

a contract (LASL Order No. L66—17503—l) was made with Atlantic Research Corpor-

at ion ** (ARC ) to per form a series of engineering tests in their PG/SIC coat ing

f a c i l i t y .  The pr incipal  feature of the injector deposition furnace is that the
* 

i low in to  the furnace  is an axisymmetric confined je t  wi th  hi gh Rey nolds  ( 65OOO~
and low Mach numbers. The gas flow is character ized by a large

*Trade name f o r  a high—purity , high—density graphite manufacutred by Creat l ik en

Carbon Company.

**Atlantic Research Corporation , 5390 Cherokee Avenue , Alexandria , VA.
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separated f low region w i t h  associated hot spo t and a high leve l of turbulence

(sec F ig .  1). Test procedures and ins t rumenta t ion  were speci f ied  by LASL .

R e q u i s i t e  dep osi t ion furnace mod i f i ca t i on  for  ins t rumenta t ion , ope rat ion of t i t

furnace  d u r i n g  the t e s t s , and a portion of the coat charaett~riz at ion were j ier-

formed by ARC personnel. Volume i2 desc r ibes t hese eng inee r in g t e s t s , discus’~c

the results , and compares these results with the analy t ica l  model.

A necessary characteristic of a deposition model is tha t  it be an e f f i c i e n t

and simp li design tool for P G / S I C  coating of nozzle parts. From a practical

p o i n t  of view , if the model is too complex , too expensive , or too demanding In

terms of computer facilities for its general and routine application , its util—

i t v  is g rea t l y d iminished .  Ear l y in the i n j ec to r  deposi t ion furnace  work , it  be-

came appa rent tha t  the r ec i r cu l a t i ng  flow wi th in  the deposit ion furnace  was v ery

comp le x and that  the modeling of turbulent  separated flows w i t h  heat a d d i t i o n ,

chemica l  reac t ion , and mass t r a n s f e r  is in an early stage of development .

I t  became appa rent that  it would require much more t ime and resources than w er t

avai l ab le  to develop a viable model for  the inj ector deposi t ion  f u r n ac e .

A qualitative analysis of process change through the ear l ier  scale—up pro-

g ram indicated that  PG/SIC codeposited material  with the requis i te  mechanical

p ropert ies had been obtained from both separated and attached flow regions.

Based on information developed to this point and the availability of a qu ali t i t d

computational fluid mechanics code that was capable of t rea t ing  steady , two-

dimensional , turbulent boundary flow with heat addition , chemical reactions , and

mass t ransfer (but not capable of handling recirculation flow), a new deposition

furnace confi guration (Channel  flow furnace)  was conceived that eliminated the

unsolvable problems asso~tated with the injector deposition furnace.

Design criteria for the new channel flow deposition furnace Included rn

orifice configuration that permitted accurate specification of the fluid f1o~’

parameters at the start of the coating chamber , equivalent flow condit ions for

throat  inserts and nose caps , better heat transfer to parts being coa ted , and

other improved features.
3 In this configuration the process gas is i n j e c te d

t an g e n t i a l l y  in a large mixing plenum located beneath an annular coating chamber

(see Fi g. 2 ) .  The gas enters the annular flow passage wi th  un i fo rm v e l o c i t y ,

tempera tu re , and species concentrat ions . The rocket—nozzle  part (substrate)  Is

contained in the outer wall of the annular flow passage and is inductivel y heat-

ed. The f low over the heated substrate may be either l aminar  or tu rbu len t  hut

2 
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does not conta in  regions  of separated flow . The deposition furnace was b o i l t

and ope rated at LASL. Volume II~ (IeSCrihe~S t h eat e ng i ne er  i i i i ’, t e s t s , ii

the r e s u l t s , and compares these r e s u l t s  w i t h  the anal y t  (cal model . A deposit ion

pro ess mode l was developed for this furnace that s imulated the power g e n e r a t i on

and heat conduc t ion in the solid furnace components , as well as the flow , b e t

transfer , chemical kinetics , and mass transfer associated with the process ~‘ae.

The agreement between mode l and test results was very good .

The purpose of th is n ’Iumc is to compare the thermal , flow , and dc h e 5 l t i o i

characteristics of th’ two deposition furnaces ; recou~ end contro l system speci-

fications for generic coating furnaces; and outline a procedure for effectivt

design and/or modificati ons ~f channel flow deposition furnaces. An example

of a pre l iminary furnace design for coating nose caps Is given in the App endix.

II CO~~ARISON OF COATING FURNACES

A. Therma l Characteristics

The two coating systems that were studied in this program were supert ~o ia l l v

very  similiar — —  an In d u c t i o n — h e a t e d  furnace made of gr a p h i t e , I n s u l a t e d  en t h e

outside with a c e n t r a l  cavity containing flowing nitrogen . The major d ift ~~r~~i

a f f e c t i n g  modeli ng was the in jec tion  vs channe l f low for  the coat ing gases ,

discussed in Sec. I 1 . C .
l. He atup and cooldown t ime . The production ra te  of coated p a r t s  is de-

pendent on the t ime to heat the furnace from ambient to i t s  s t a b l e  operating

cemne r atu r c  and on the  t ime to  cool i t  a f t e r  coat ing so tha t  f t  can be d i s a s s e n -

b led .  The test p rocedures fo~ coating tests in both furnaces were not l n t e n C ~ d

to m i n i m i ze these items , s~ a direct comparison is perhaps unfair. Theoreticahl’

the channe l flow furnace is much faster because of its small masr. its perform—

ance could be improved by some of the contemp lated changes to minimize heat loss-

es. It is handicapped , however , by the need to outgas. This ~ou1d also be nu n-

itnized or eliminated by design changes. Some comparisons based on the oxpe rirut n ~

that have been run are given be low.

Heatup from ambient to 2000 K; injection : 152 to I 3~’ m m ;

channel flow : 82 mm (longer times were experienced wI th

cautious start u p  proce dures  in ear Iv t es t s)

Hcatup from ambient to start of coating ; injection : ~
cha nnel f low : I . I h .  

•— •-—.-~
-- —-—-- ___________________



Cooldown rate o ( substrate from coating condit i ns; inj ction : 

0.12 K/s: channel f low: 0.92 K/ s. 

Approximate time from power off t o start of disas sembly; 

injec tion: ~12 h; channel flow: ~ 0.5 h. 

2. Relative atability at steady stat!· Beca~se of i t s l a r ge r mn~s and i t s 

reduced water cooling, the injection furnace is inherently mor e stable . This i s 

precisely the difference ~hat allows the channel f low f urnace t o cool down fas t -

r. With an adequate control systea, the ability to ma int a in cons tant t emper a­

tures in the channel f low furnace should not be hindered by its faster respons 

Some difficulty vas encountered with the power controller in t he channe l flow 

furnace, which is unrelated to the design. Nevertheless, compa rison of the d<i t.J 

plots for substrate surf ace temperatures (T-7) in Refs. 2 and 3 s hows t ha t a 

reasonably constant tempera ture waa maintained. 

The exit temperatures f rom the cooling water loops gradually incr eased in 

th• channel flow coating f urnace. This was also true (to a l ess e r degr ee) of 

the cooling water exit temperature and fiberfrax o.d. tempe r a tures in the i n­

j ec tor deposition f urnace. This is an indica tion that neithe r f urnace was abso­

l ute ly s table during the coating runs, although the measured inte rnal t empe r a­

tures , especially the substrate temperatures, were ~ertainly stable enough f r 

onting. The coating buildup was one of the reasons f or incr easing t empe r a t ur s . 

3. Relative ease of implementing changes. This i s a s ubjective judgment 

t o s ome extent. Access to the f urnace interior is much be tte r in the hanne l 

f l ow funace because of the split in the bell-jar at the height of the subst r a t . 

(R f . 3, Figs . 1 and 3). In contrast, t o reach the s ubstra t e ln the inj c t o r 

depos ition f urnace, one must stand on a ladder and r each down i nside t he fibe r­

frax cylinder to about arm's length (Ref . 2 , Figs. A-6 and A-11) . 

Changes are also f aci l i tated by the relative ease i n mode l i ng the cha nne l 

(low furnace. This enables more rapid, les s expensive , and mor e accut dt e pr e­

dic tions o f the effects of intended changes bef ore they a r i mpl emented. 

4. Sca ling. The maximum diameter piece than can be coat ed in ei the r 

furnace l s limited by the diameter of the coils and, ulti ma t e l y , the d iame ter 1 i 

the f iberfrax or the bell-j ar. The s caling is most a f f e c t ed by t he ability t o 

maintain the same coating condi tions as the diameter inc reases . This is easily 

done in the channel flow furna e , but i s dif f icult f or the i nj ector i urnace 

(see Sec . I I . C.). 



There does not appear to be any other advantqe for either design, ex ept t ha t 

the cost of a larger bell-jar is probably greater than the cost of ~ larger fi­

be rfrax cylinder. 

K. Flow CharacterlsttcR 

The ~~ajor reaaou for developtn1 the channel flow furnace was to elimi nat · 

the rectrculatina flow and the need for a ca.pltcated fluid dynaaic model as in 

the injector depositt.on furnace. Fisures 1 and 44 in Ref. 2 illustr3t somf' 1.1f 

the complex flow fields in the inj~etor furnace, and Sec. IV.B of Ref. 2 descrih s 

the developaaent of the flow IIOdr "'""'"! flow IIOdel for the channel flow furnac~ 

is described in Sec. IV.B. of Ref. 2. 

1. Sealing. The flow field of the channel flow furnace is directly 

scalable t~ larger dia .. ters becauae the annular spacing betwaen the part to be 

coated and the centerbody does not chanae. The flow field in this annular spa · 

does not change sisnificantly with chana•• in dt ... ter unless the diameter is 

reduced to leas than 4 in. Althouah it cannot be stated with absolute c rtalnt •. 

the flow field in the injector furnace does not appear to be scalable with­

out extensive computer .adeling. The recirculating flow velocities depend on 

the dia~~teters of the coating chamber and the injector. as well as the heat trans ­

fer at the wall. This study did not include experiaaental investigation of the 
4 e ffects of changes in coating furnace di ... ter. Previous studies have shown 

that the heat transfer is a function of the ratio between upstream (injector) 

and downstream diameters. The heat transfer affects the local gas densities, 

which in turr, affects the flow (Ref. 2, Sec. IV.B.2). It should b~ possible to 

increase both the coating furnace and injector diu.eters so as to keep their 

ratio constant and (hopefully) maintain the saae flow field and heat transfer .It 

the wall. However, we have not located any evidence among the sparse literature 

to show that this is true when both upstre• and downstream diameters a"re chang "~ . 

The mass flow rates of coating sases will increase as the sqUAre of the part 

diameter in the injec tor furnace, but linearly with the diameter in the channel 

flow furnace. 

2 . Modeling. Th channel flow can be modeled using exi~ting computer 

pro~rams.3 Because the coating chamber contains no adverse pressure gradients 

or abrupt area changes, boundary layer separation should not occur. Curved 
c; 

annular passages can be designed using the hodograph method· to prevent boundarv 

layer separation. The numerical modeling of boundary layers is well developed. 

6 
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I ul  k “s., parated ( r i t e  ruvi l f l o w s  i re  c xcv  e d in g i ’. omp k x wi iii mu ch b i g h t  r

l e ve l s  of t u r b u l e n c e  en er gy  and s t ress  t i t an  boundary  I a ver s .  T h u ’  ful I set nt

two—dimcus louma l c l i  ip t  1m ~ ‘ q u ~u t  ions mus t  h. sd vu”d f o r  t h e  Injector f u r n a c e .  rh.-

t u r h u  I e lit e was modeled us l u g  a m i x i n g — l e n g t h  a p p r o x i m a t i o n . ‘F l i t ’  I .‘uigt ii a c t  1

.1 1 t I m e ’  t u r h i u l c ’u i c e  (or  ( i s  u ’ m q u t v : u l e u m t  ) is c ’s su ’i i t  U I  t t) imm ~ike iii. ’ i ouupi ut at jes t I

scheme su i t a ble  fo r  design purposes . However , the  proper  t u r b u l e n ce  m i x i n g

leng th  is d 1f f  icul t  to  ob t a in .  A more advanced k m e t  I c —  en .’ rgv mode l woo l d re n t v

t h i s  d i f f i c u l t y ,  but  cur rent  models neglec t  d e n s i t y  v ar l~u ions and , i i i  gen . ra i

do not  p r e d i c t  f lows w i t h  la rge  d e n s i t y  v a r i a t i on s  very  w e l l  In t h e  i n j t  et  ion

coat in g  fu rnace , the  gas dens i ty  v a r i e s  w i t h  pos i t i on  by a t a c t or of 7 mt’ m imuSc m it

the  h e a t i n g  and ve loc i ty  d i f f e r e n c es .

P . Deposit ion C h a r a c t e r i s t i c s .

in  the  in jec to r  f u r n a c e  t e s t s , depos i t i on  onto t he  r~. m k u ” t — n o z z l .  in s e r t

;mm m at rate occurred f rom aim tun a  t tached region of flow ; whit ’ re us , J u t the ’ .‘hanne ’ I

I I ow f e t r u i : i c u ”  , deposition occur i-rod I ron an a t t ached  reg iou o f  I low (l ip s . I , m l i t!

I t  i s  apparen t  ti -m a t  ti m e t1merm~u I h i s t o r y  of the co,u t .  I rig eonst  i t  ueui t g m I s e m m m i ;

‘~ln’~’ h’s in the  In j  e c tor  furnace u-i  v e ry  conip li’x ru ” L i t  I ye ((1 that I or lilt ’ m l m , u u m m t c  I

I low fu rnace ’ .

The o p t i m u m  s u b s t r a t e  su r f a c e  t em p e rat u r e  I or- the’ i i i  j . ’c t o r  1 mi m ic. is

• .1 ii )  K compared w i t h  185() ± 50 K f o r  h it’ c h t a ~un e I I low furuma. ’e’ . F u r t h e r , a m o r e

u n i f o r m  submi t r at e  m i cr o s t  ru c t u r e  was o b t a i n e d  when t lmc ’ I empc’r ;mt m i r e  ic ross  t i t u ”

sub mi t  r at e  was c o nst a n t  ( j  30 K) or s l i g ht l y increas ing iii the’ I low dl  r e el  ion.

Wh en the  s u b s t r a t e  sor t  ~ic.’ t e m per a t u r e  is in tim e op t imum t e m p e r a t u r e  r ange I or

either fu rnace , the’ dc’s (red  m l e ’r o s t r u c t u r e  of the  codcposi t ed m at e r i a l  w~us .‘l ’t a i i i —

cci f or  n i t  rogen f l ow r ate s  g r e at er  t han 0 . 1 g/u ’m ’ —s , based on Iii.’ c r o s s  s e c t  I ~m m , m

;u r u ’~u of the I low passage.  Reduc ed f l o w  r at e ’s , at least wi thu the channel I low

furnace , r e su l t ed  in t h e  SI  P b e i n g  concen t  m ’at  ed itt the’ P~ con e’ boundar i e s  ii .

co urse grained c rystals.

When the temperature of a fluid element containing Phi 1 increases raji idl y I. ’

greater t bnm 1500 K , a ser ics  of eo tmse ~’u l i ve — I rrevcrs 11) 1 c rein ’  t b u s  oe.’u m a , • 10

(:1 1 , - -~~~-~ l/2C2H6 
k~~~ 

~ 
- ‘. ——-s PG ( 1 )

where the  k ’s are t i rst orde ’r  u e m i e t  i ou  t a t , ’ . o n s t , u m i t s  that l i i  t cmp. ’u mu t cutc ,ie ’jn iid ~
ent. The chemical and phys te al  processes du r ing  ti m e py rog raph i  to depos i t  lou t

process are complex and a re ’ n ot  well unders t . to~ , However , In  model I t ip  t in ’  .1. p~

~~ it Ion p rmn t’m-is t or t i m e  chmimune’ I f I ctw I u r n ~i~ e , cx.’.’ Ii out ~ugrev ’mt ’nt  was
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ob tained  between model and experiment if it  was assumed that t h e rat .’ l i m i t  m ug

st ep 1mm the chain was the de co m po s i t i o n  of CH 4 to C 2 H 6, I . c ’ . ,

CH
4 

~~~~~~~~~~~~~ I / 2C 2 H6 
‘ PG t - ’’t

wher e k
1 

io 16 exp l,— 103000 /RT ) ,  S ’. It is also reasonable to assume that this

Is the ra te  de te rmin ing  step in the injector furnace. Fur ther , it was assumed

t h a t  e ’a chu  C
2
H
6 

molecule that diffuses to the heated substrat e ’ surface deposit s

as PG. Each Cit
4 

molecule that diffuses to the wall is assumed to be r e f l e c t e d .

The maximum deposit ion rate of PG was d i re c t l y  p ropo r t i onal to the  i n i t i a l  coil-

ce n t ra t io n  of CH 4 in the  process gas stream and independent of the sub s tr a te

surface t emperature’ in the rang.’ of 1800 to  1950 K . ‘I’he a x i a l  c ar  hit  u ‘it o f  t i m .

N: dopes it ion rat,’ is dependent on t he t e m p e r a t u r e  g r a d i e n t  a long  t h e  pr&’het.ut .t

sect ton (Fig. 2) in gene r a  I agreement  w i t  Ii the r a t e  1 i tuu l t l ug  st e p  proposed i u t

2. The PG depos it [ on rate was constant ( ± l0%~ for ax t~m I ci ist:iun es c~ it ii iii

(tO to 80 mm of the  s u b s t r a t e ’s m i d — p o i n t .

i n t h e  depos i t  iou model for  S IC we assumed tha t all CH3S I Cl  (MT S) t h a t

d i f f u s e s  t o  the  w a i l  is depos i ted  as SiC . From 1400 to [900 K , the SIC deposit—

ion rate’ is d i r e c t  Iv p r o p o r t  t on a l  to the ( n i t  lii i e o m i c e n t  m a t  ion c~ t Mi’S lii t i lt’

p r ecess  gas mit  ream and independent  c t t  su b m i t  r a t e  sut- f a c e -’ t e m p e r a t u r e .  Ab c ut ,’e’ I t 1(~~~i

K , t he’ deposit I on rate’ appeared to  drop d r~us t I ea 11 y with Inc r e’.Is I rig t eR upt ’ r i  t o m  t ’

but  1,-it or invest  igat  ion w [t i m  t he’ ana l,yt teal mode I showed thu is dc’. I~c~.mst ’ In dt po—

s i t  ion r a t e  to he caused by local dep ict ton el Ml’s ne ar  the w a ll .

To obtai n an accept ab  iv  coated r ocke t— n. ’z ? .  to inser t 1 i t  is t’ssent  i , m 1 t h a t

lit ’ axial zone where the PG deposit  ion rate ’ is const ,int (for ,i gi ve ut  p r oc e ss p t a

cli , concentra tion) coin. ’ ides w i t h  the  l o c a t i o n  of t he  pa r t  . Once th Ai - i match is

obt ained , the weight  percent ol’ SIC codeposited w i t h u  the  PC c , i u u  be’ controll ed

by ti me ’ concentration of MTS in the process gas str’~am, Th is design ,‘fi . ’rt .‘an

be .‘ f f e e t  ively comp l e t e d  th rough  the t imit’ of t h e ’ .ie’ ~~~~ I t  i . .ui p u o c e s s  mode’ I dev. ’I  —

op ed for the channe l f l ow deposit ion furnace .  Th i s  m i t  a t  .‘ment is not t rue I or t i m ,

injec tor deposition furnace.

IL

The ’ f o l l o w i n g  process param.’ t ers are eons I dered to b.’ t h.’ n~.st i mpou’t :m uu t N ’ r

c’ont- m l  of t ime  coat Ing f u r n a c e,

1. Subst ra te  su ~~~~~~~~~~~~~~~~~ l i m b s  t em p e r a t u r e ’ must  I’e constant 1+ •‘~i

K) over the ’ ax ia l  leng t h of t he p ar t  be ing  ,‘Ouu t eel . Io  aelt (eve (huts, t lie u .

S

- - -- - - - -



be a •ana for Ma1urina the aurface t .. perature near the center of the par t' :u•J 

h<!at. tranefer axially ahould be •tnt.ilad relativ• to th• radial irect f on. Tlh' 

temperature mcaaure-.nt aay be done optically or with the placement of scv•ral 

therwocouples. If the tem erature b measured optically, a two-color p r vmcl c• 

:Jhould be uaed and the abaorptivity of the coating aas in the configuration b1• i 111: 

used IIUit be detenained experi•ntally. If thermocouples are used, their lnfttu l­

lation and calibration IIU&t be carefully done to inaure that the temperuturc 

betna ~~aaured ia repreaentative of (or corrected to) the substrate surfa e. 

Becauae of the tnaulattna property of thtt coattna, thia thermocoupl\l-to-surfac \• 

correction will be a function of the coating'• thickneee. 

2. T .. perature aradient alona the preheater. Control of this parameter 

detenaine8 the extent to which the CH4 haa been pyrolyzed in the region ncnr tlw 

hot well. It ia alao i~ortant to obtain a .-ooth transition between the PG 

depo.ttion of the aubatrate and the adjacent araphite part. It can be IM'osurcd 

in the s.-e way aa the aubatrate aurface teaperature. Heaaure.enta may not be 

necesaary in a vell-characteriaed furnace. 

l. Inductive power aupplied to the furnace. Control of this paramet r is 

noceaaary in order to achieve the desired temperatures and maintain them durin~ 

a coating run. The aeaaureaent should account for chan)les in the elcctri ·al prot•­

pertiea of the furnace ae it heate up. 

'• · Ha8s flerw ratea of _N2......£H4, and CH3SiC13. The coating depos.ftion ra t•' 

is directly proportional to the concentration of CH 4 and cu3sicl3 and th " 

quality of the coating is dependent on the N2 flow ra te . The controllers us ,I Jn 

th~ coating testa 2•3 for these guse~ were v ry S3tJsfa t r and simJtur Ay~ t 0m~ 
would be r"quired in any new development. 

III. CONTROL SYSTEM SPECIFICATION 

A. General. 

Ttwre arc si.x parameters to be controlled for the d1 ml·al vapor dcpos fll ,,, , 

of PG/SiC. The mass flow rates of gaseous nitrogen, meth;mc , and ~rrs mu:-;t be 

st-lectable and controlled. The temperature of the substrate must b contro l] •d. 

This teaperature .easure11ent ia areatly influenced by the onfiguration of the 

eubatr.ate and the chemical vapor deposition furnace. The ·onfiguration of thl.! 

deroaited part could dictate the require~~ent for two temperature measur ments ''" 

the substute. The induction power supplied to the furnace should b controlled 

and operate in a feedback loop with the substrate surface temperature. The wtll I 



teaperature gradient from the inlet to the substrate should be controlled. Th is 

last par ... ter could ultiaately be a function of the furnace design with no actual 

controller required. The design base b for rocket-nozzle throat diameters in t lw 

range of 170 tc 380 .. and associated nose caps. 

8. Mass Flow Rate of the Reactants. 

At present the sizes and configurations of the rocket nozzle parts to be 

coated dictate the delivery rate of reactants. The large range in flow rates 

could require different flow meters and flow controllers for each reactant. This 

is especially true for the MTS. The specifications for these controllerH follow. 

1. General description. This system shall provide for the automatic control 

of liquid vaporization and -••-flow rate of MTS. By controlling the mass-flow 

rate of the carrier gas (heliua) throuah the liquid MTS, the rate in grams per 

ainute of liquid vaporization shall be controlled independent of liquid level, 

temperature, or pressure. This system shall also provide automatic control of 

the uss-flow rate of methane (CH4), and nitroaen (N2). A di&ital display shall 

be provided to dicate the .. as-flow rate of MTS, He, CH4, N2, and the ratio of 

Kl'S to He. All plumbing and valves necessary to interconnect, fill, purge, and 
2 

control the systea shall be included as part of this system. The bubbler tank 

for the MTS shall also be included. The bubbler tank shall be capable of deliv­

ering 0.2 m3 (50 gallons) without refilling. The system shall perform within 

specification limits while subjected to the frequency field (3 to 10 kHz) produc-ed 

by H 250 kW induction furnace. 

10 

2. General requirements. 

System Input Power 

Electrical Connections and 
Cables 

3. Vaporizer/Controller for Kl'S 

Vaporized Liquid 

Carrier Gas 

Measurement and Control Range 

Regulation 

Command Setting 

115 + 10 VAC, 60 ± 6 Hz 

All interconnecting cables and connecL ­
ors shall be included. The length of 
cable between the controllers and the 
display shall be 8 m minimum. 

CH
3
SiC13 (Kl'S). 

Helium 

Seven to 200 grams vf ~rs per min. 
+4.0% of full scale over entire oper­
ating range. 

+0.25% of full scale for pre~sures f rom 
69 to 276 kPa. 

4 digit minimum resolution. 
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Cont rol Point R e p e a t a b i l i t y  Ti me corre tat ion hit ’ t wt ’ e ’ u m t he nut. s m i — f  I ‘~~-

r at e  of MTS am id t ime commnantl set t i tit~
shall be repea t  t ub Ic to  w i t  i t i n  4’ (1 , 2
full scale.

Ope ra t ing  Pressure Range 69 to 276 kPa ,

Min i mum Pressure D l f f e r e i mt i a !  69 kPa .

Gas Tempe ra tu re  Range 288— 3 16 K ( 6 0 — l l 0 ~ F ) .

Ambie nt  Temperature Range 288— 316 K (60—1 10 ° F ) .

Response 20 max t o  wi thin  +4~ of set point.

Indication 4-1/2-digi t DVM and simall Indicate In
‘‘the Internat i om tm m 1 System of Unit a (SI)’’

Moun t ing To be’ det e r m i ne d .

Gas Connect  ions 1/4 ‘ inclm Swagi’ b k  or e q u i r m I e’ mm t m ’ c’n m —
pression ty p e .

4. Mass—flow con t ro l le r  for Cit 4

Measu rand CII , (gas)

Measurement and Control Range 0 to 0.3 m
t
/mt ut

Inacc uracy + 1’~ f u l l  scale over e n t i r e  oper u t  i m m ~’,
range. (The operating range i m ’m c I t i d c ’ s
the  s p e c i f i e d  ranges of o p e r a t i n g
pressure , ambient  t empera ture , and g~il-
t e m p e r a t u r e ) .

Nonlinearity ± 1% full scale over entire operatimi~
range . (Th i s opera t  ing range i n c  I ueles
t ime spec i f ied  ranges of o p e r a t in g
pressure , ambien t temperature , and
gas temperature).

R eg u l a t i o n  C o n t r o l l e r  sims I I  m a i n t a i n  pre’se’t un .tsm-m -

f low r at e  to  w i t h i n  ± 0 .25~, of miet t m c ,

‘~‘hen pressure drop is between 69 mi m ic ~

276 kPa.

Command Setting Adjustment 4 digit minimum resolution ,

Contro l Point Repeatability The correla tion between the mass—flot~
rate and the command set t Im i g shall I’m ’
repeatable to ~‘i t i m 1m i + 0.2”~% full
scale,

• Opera t ing Pressure Range 69—27 6 kPA ,

Response 20s to within + 2~ of set p o i n t .

• Ma~~tmum Gas Pressure 1.03 MPa

Ambient Temperature Range 278—31 6 K (40— 110 ° F)

Gas Tempera ture Range 278 — 316 K (40 110 ° F)

H 

—- —
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indIca tion 4 1/2 digit DVM and shall Indicate in
“The International System of U n i t s  ( S I ) ”

Mount i ng Mo unt ing of uni t  in any pos i t i on  -dia ll
not affect accuracy.

.;mis FittIngs 1/4 inch Swagelok or equivalent com-
pression type .

5. Mass—flow controller for N1

Mesasurand N
2 (gas).

Measurement Control Range 0,5—3.0 m
3
/min.

Inaccuracy ± 1% f u l l  scale over en t i r e  o p e r a t i n g
range . (The operating range inclUdt ”4
the specified ranges of operating
pressure , ambient temperature , and
gas temperature).

Nonlinearity ± 1% full scale over entire opera t i ng
range. (The operating range includes
the specified ranges of operating
pressure , ambient temperatue , and gas
temperature).

Regulatioui Controller shall maintain preset mass-
flow rate to within ± 0. 2~% of setting
when pressure drop is between 69 -m mm d
276 kPa.

Consuand Se t t ing  Adjus tmen t  4 d ig i t  minimum reso lu t ion .

Cont ro l  Point  Repea t ab i l i t y  The correlation between the m a s s — f l o w
rate and the conmn’iand s e t t i ng  shall he
repeatable  te w i t h in  ± 0 . 2 5 %  f u l l
scale .

O p e r a t i n g  Fressure  Range 69 — 276  kP a .

Response 20 s to wi thin ± 2% of set p o i n t .

Maximum Gas Pressure 1.03 MPa.

Ambient Temperature Range 278—316 K (40—110°F).

Gas ‘remperature Range 278—316 K (40—110°F).

Indication 4
3
l/2’digit DVM and shall indicate ii

mum 1mm of NV
Mounting Mounting of unit in any position shall

not affect accuracy.

Cam ; F i t t i n g s  To be determined.  ‘ 
-

C.  Subs tca te_ Temp,er atu re_ Con t ro l .

1. Gener al descr ipt ion . It is necessary to con t ro l  the  t emp era tu re  of t ime

‘;uibstrate by controlling time power to the furnace . This control  s p e c i f i cat i o n  n - i l l

be d m ’s~’ r l h i e d  i n  two p a r t s .  The first part  wi l l  describe subs t r a te

12

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - —~~



—._ ‘

~~~~~~~

‘ 

~~~~~~~~~~~~~~~~~~~~~~~ 
-- 

~~~~~~~~~~~~~~~~~~~~ :‘~~- c ~~~~r~

tempe r a t u r e  measurement and the  sei - t ’u ud  p. m Ft . , the power (Oil! Fm ’ 1 I unc t i o u , .

The number of t e m p e ra t u r e  measu remen t s  aimd t i m e !  r m e , u s m i r t ’ n m ’nt tm -chu m i q u -

depend on the  size and c o n f i g u r a t io n  ol the substrate and t i u t ’  c o n f i g u r a t i on  ~i :

t ime f u r n a c e .  Some shapes of rocket nozzle p a r t s  (such  as t im e nose cap )  c o u l d

require two t empera tu re  measu remen t s  on the  d e p o s i t io n  sun m I t - c’ or two n m t ’ a s u r t ’—

ments on the o.d. of the substrate , if the f u r n a c e  c o n f i g u r a t i on  p r ec ludes  mea-

surement on the deposition surface.

2. Deposit ion surface temperature measurement.

a. General requirements. As stated tmbove ,~either one or two temperatur t

measurements could be required~ depending upon the configuration of the substrate.

It might become necessary to incorporate two heating coils for some configurati ons

to control the temperature gradient across the substrate within the 
~~, 

25 K toler—

ance. Temperature measuring devices cannot contact the substrate surface , so an

optical pyrometer is necessary to make these measurements. The pyrometer will he

v i e w i n g  the  subs t r a t e  through the  r eac t an t  gases; t h e r e f o r e , a t w o — c o l o r  typ e

pyrometer similar to that used to measure the substrate ternpt’rature during t he

lAS !, experiments is required (Ret . 3 , App endh B ) .  An i n f rar e d  or t o t a l —

radiation t ype  pyromete r  could be used in l ieu of a two—color  u n i t  to  m e a s u re  t i m .

t empera tu re  of the subs t r a t e  o . d .  However , it is mandatory  It’ use the t w o — c o l t ’r

ty p e  pyrometer for the substrate surface~ and these u n i t s  can  be used with e q u m i

versatilit y and .mccuracv elsewhere; tlmerefore , only the two— ,olor units w i  1 he

specified .

h . P lrome ter sp e c if i  cm u l i o n s .

Tempe ra ture  Range 1200-3000 K miii .

Inaccuracy ± 1% max . of t e m p e r a t u r e  span .

Field of View (Resolution Angle) 8.7 milliradians 0.5° max .

Focusing Range 600 mm to i n f i n i ty .

Response Time

( i )  O u tp u t  to  Cent rd icr Compatible with the requirement ~ a t ’

the controller.

- (Ii) Meter 3 s max . to 95’~- of f u l l  s c a le .

Nonrepeatability ± 0.25% max . of temperature span .

• I n s t a b i l i t y

(I) Constant Temperature ± 0.5% max . of temperat m uru s p m m u m  m - v t ’r a
period of 24 h.



(ii) Line Voltage Variation 

Resolution 

(1) Meter 

(ii) Output to Controller 

Linearity 

Hysteresis 

Ambient Temperature Range 

Power Requirements 

Cables 

Optical Head Mount 

3. Furnace Power Controller. 

+ 0.5% max. of temperatur~ span fo r ~ 

change in line voltage from 90 t o 135l'F . 

10° K minimum. 

Compatible with the requirements of Lhc 
controller. 

Compatible with the requirements of t lh : 
control 1.er. 

Compatible with the r equirements o( th~ 
controller. 

278-322 K (40-120°F). 

115 ± 10 VAC, 60 ± 6 Hz. 

All interconnecting cables and connec t­
ors shall be included. The length of 
cable between pyrometer and the con ­
troller shall be 8 m minim\~. 

Tripod (1/4-20 thread). 

a. General requirements. The type of controller required to adjust the 

furnace power as a function of substrate temperature cannot be specified at this 

time. Many factors that dictate the controller design are involved,such as the 

exact size and configuration of the furnace, the power supply, and the shape of 

the heating coils. These will probably become a design trade off between th~ 

analytical model specification, the equipment availability. and the rocket-nozzl0 

part configuration. The power supply may furnish furnace power at DC through RF 

frequencies. If induction heating is used, a control system to automatically 

adjust the power factor is desirable. The controller should include a program 

to ramp the power as a function of time or temperature. This feature limits the 

thermal shock to the furnace and substrate and should be used on the f urnace 

cool-down as well as the heat-up cycle. It is suspected that this ramp function 

would be a characteristic of the furnace and substrate configuration, which means 

that it should be progralllllable. The type of power controller is intrinsi cally 

linked to the type of motor-generator set or DC rectifier used. 

An additional problem exists should the power control be based upon the tem-

perature of the substrate o.d. As the coating thickness increases and th' 

insulation of the furnace degrades, the temperature of the substrate o .d. must b 

increased to maintain a constant temperature on the coating su~face. Based upon 

available data, this time/power relationship would follow a curve defined by 

14 
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where
x a function of temperature* and time.

e = 2.71828

a = a constant greater t h an zero

y desired temperature of substrate o.d.

The system time constant is directly related to the physical configuration

of the furnace , its materials , and the efficiency at which it is heated . Each

furnace configura tion could then necessitate a d i f f e r e n t  controller t r a n sf e r  fum i c—

tion.

in view of the required versatility for this controller , a microprocessor

would be well suited for this application. Specifications for a microprocessor

will not be included .

b. Power controller specification.

General Requirements The tolerances of the following param-
eters are system tolerances, i.e., the’,-
include the tolerances specified tm ~~~v

pyrometers .

Accuracy ± 25 K.

Temperatu re Regulatio n ± 10 K minimum

Control Stability ± 10 K over a 24 h period.

Command Setting 4 digit minimum resolution.

Control Point Repeatability The correlation between the temperature
and the command setting shall be re-
peatable to within 10 K.

Response To be determined .

Controller Output To be determined ,

Ambient Temperature Range 278—322 K (40—120°F).

Power RequIremen ts 115 ± 10 VAC, 60 + 6 hz.

• 4. Inlet wall temperature control. The control of thuis temperature might

be an inherent property of the substrate temperature control , should the furnace

and heating coil design allow such latitude. However, in the event that explicit

*This temperature is not the substrate temperature , but is a temperature measure—
ment within the insulation of the furnace indicating the degradation of the insem-
jation as a function of time .

I S
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and aeparate control is required, the specification outlined earlier f or the m u­

sur .. ent and control of the substrate temperature will govern. The only exception 

is the control temperature range, which is 1200 to 1900 K. 

The required axial temperatue gradient is almost entirely a function of t he 

deposition gas velocity. The wall temperatur~ control set-point depends 

~pon such conditions as inlet tube diameter, gas flow rate, and measurement 

position. These are all part of the furnace development described in Section TV. 

tV DEPOSITION FURNACE DEVELOPMENT 

The fumac' developaent outlined in the logic flow diagram (Fig. 3) is sim­

ilar to that involved in developing any coaplicated equipment. 

A. Preliainary Configuration. 

The preliminary configuration evolves from consideration of the ~art spe~tfi­

cations. Its shape will dictate the size of the coil and contour of the channel 

flow passage. The thickness of the coating might require some alteration in th~ 

flow annulus to allow for lts growth. The coil will be sized and placed around 

the substrate so as to heat it evenly.and insulation will be added as needed to 

minimize energy loss and equalize temperatures. The shape of the coolant passage 

will dictate the configuration of the centerbody, which can be developed. using 
5 hodograph methods to prevent boundary layer separation. Cooling circuits can be 

added as required to insure that parts of the furnace are not overheated. The 

flow rate of coating gases will be dictated by the part specifications, process 

kinetics (Sec. II C~ and flow passage geometry. When these steps are completed, 

a rough sketch of the furnace with major dimensions shown is prodltced. 

8. Preliminary Hodel. 

A preliminary model of the furna.ce is produced f\.vm the rough sketch using 

the required gas flow rates and estimates for the coo4 ~ng water flow, b~'undary 

conditions, and power input. It is at this stage that many unique fea tures o( tht" 
6 7 computer programs GENMIX and AYER can be used to advantage. 

The GENMIX program uses stream function and distance along the flow passage 

as basic independent variables rather than a fixed geometric coordinate syste~. 

Therefore, the model does not require any .finer computing mesh due to the curvn­

ture in the annular flow passage because the stream lines tend to follow it. 

If the flow geoaetry is simple enough that velocities can be estimated easil y . 

the GEmflX program may be bypassed for the preliminary model. The AYER program 
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includes terms involving energy transport by fluid motion, !;O that the flow p.Jss­

aae can be included in th~ heat conduction model. Fixed temperature bounda ry 

conditions can be applied, which eliminates the need to guess at the total powe r 

required by the furnace. Parameteric variations in soae of the variables and 

aaswaptions in the aodel should be aade at this title to insure that future change~ 

(planned or unplanned) can be accommodated. The deposition kinetics should be 

calculated using G!NMIX or some hand calculations, if feasible .• 

If the model shows that it is not satisfactory, the preliminary design is 

modif led and necessary changes are made to the model to check that the desired 

effects are achieved. This could involve changing the poaiti~n or configurat ion 

of the induction coil relative to the substrate, adding or removing thermal in­

sulation. increasing or decreasing the thermal emissivity of the centerbody , 

or modifying a cooling water circuit. 

C. Final Design. 

If the preliminary design is satisfactory, the layout drawings, flow sche­

matic , control c ircuits, and detail drawinas necessary to build the f urnacP are 

be~un. At this stage consideration aust be given to manufacturing methods , ma­

terial availability, assembly sequence, tolerances, prevention of leaks, starr up 

and shutdown procedures, installation of instrumentation, and myriad othe r d t ai ls . 

The instrumentation and process control requirements evolve from the prelimina ry 

design and modeling results, and affect the final design from the beginni ng. It 

is usually better to plan for more instrumentation than the minumum required i n 

the expectation that soae will be lost, either through inability to design i t 

into the final configuration or through failure in the s evere environment. De­

pending on previous experience, the control instrumentation may be augmented by 

diagnostic sensors intended to check the analytical models. 

o. Ref i ne Models. 

The models developed in Part 8 are improved and updated, based on the com­

pleted drawings. This includes refined part dimensions, added thermal contact 

resis tances between adjacent parts, perturbations because of instrument instal­

lation, and updated material properties for the final design. I f the cal cula tions 

indicate that the f urnace will produce satisf actory parts, construc tion of t he 

furnAce is begun. If not, the necessary changes are made to the design. The mod­

el and resul ting configuration are again subjected to the review process . It m:ty 

be helpful at this stage to formalize the procedure, including a drawing s i gn-off 

where all parties to the design, operation, analysis, and instrumentation can 
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t ‘s.i l v a  can t h a t  ing (or aver  looked) requirements.

I- . Bui ld  Furnace amid Run Tests .

The final step in the f u r n a c e  development is  to  build and test i t  a ga i n s t

the model predictions , If i t  performs satisfactoril y, a production qua l i fi e ’at io n

would t ake p lace , ver i f ying tha t it can produce the sa t is f a e ’t ~ ir v  p a r t s  r cpe ’ t l t —

ively . If the test shows a need for improvement , the p o s s ib l e  changes cam i he ’

examined in the model. Thm is was done in the LASL channel f l ow f u r nac e  when i t

was found that the w i l l upstream of the substrate was too hot. Sove’ral potent I i i

“ f i xes” were modeled and it was found that adding a 13-mimi thickness of felt i!’I-

sula t ion on the top and bot tom of the substrate was practi cal and effect ive.

V . SI*~~ARY

The channel f low fu r n a c e  was found to have advantages in ease c i t  s c a l i n g

and mode l ing  and relati ve ease of imp lement ing changes. A s p e c i f ’ i c a t i o n  ~ar

a generic process cont ro l  system and a recommended s t e p - b y — s t e p  p r o c e d u r e  t o

develop acoa t ing  f u r n a c e  have been described .
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APPFN1) IX

EXAMPLF. OF PREI ,IM INARY DESIGN FOR COATING A N~~Sl’ CAP

• 
- The substrate design for the nose cap is taken to lie thm ~ut gi v ’ ’um tin At 1 a u i t  I.’

Research Corporation (ARC ) d r aw iuug No. NI) 5640_ 029. *

I .  Using the drawing as a reference , lay out extended t a n g e n t ia l  lines In a

smooth , gradua l t ransi t ion  from the subs t rat e  su r face  te l the d es ir ed  i n l e t

and exit configurations. To minimize the possibility of bounda ry  l ay e r s ’~i~

arat ion , the f low should be accelearated along I l i m ’  f l ow  anm muu lus and , timat’ t’fote ’,

it is preferable that the flow direction be from time larger t a the sina i l er

diameter of time’ nose cap.

2 • Given the desired N ., f l o w  veloci ty  over t lie nose cap smm rt ’mi e ’ m ’ ( f r o m  pm ’ t a r  w or k ’i

mmd assuming a desired separation between the graphite nose’ .‘~u p and t h e ’ w~m t e m —

cooled centerbody , ca lcula te  the required proces s N , f l o w .

‘3. The surface contour of the centerbody can be’ a n t  m ated  u s i n g  van ammo a p p r a x i - -

mate methods amid can be checked wi t im  GENMIX code. Time ide:m I s  to ki ’, ’1 i (li e

f l o w  area , norma l to time coat ing sur face , constant or s l i g h t  lv  t h e e  r a m s  l u g  w i t  Ii

( l I s tance  from the i u i l a t  • An .‘ml ternn t lve  method , using th e hodograph t m ’ t ’h iu i i p u i ’ ,

is out l ined  in Re f .  5. Time surface contour of time (‘(‘li t erimody can hi’ .la t  arm  I i i —

.‘d t ram approx imate m m ’  I a t  ions given be low • For the’ I owen ha I I at  I lie’ g ra p lu l t~ ’

subs trate , cons t ruct i i  I Inc norma l to the surface. Tim e r ad ius  at t ime c c i i i  e m

body , R 1,  l ies on tile norma l at

[2 A cosOR — ~R — -

a it

wheu -a  K is  the radius at the  point tim e nonna ] lot em’ sae ts (lie’ suub ~~( r.it a , C t o

hum ’ mi ngle bet ween R amid t i m e normal , and A s time flow .1 rea as dese i’ .i heel iii

it em 2, For t ime u pper half of time substrate • e’~ im~~t rue t cm 11 mia imanna 1 t o  t hi ’

s u r face .  The centerbody i n ter s e ct s  time umorma ] at  a e h i t i t  m ar’ , , from t i m e

suu ima t  r a t  a ,

— A/2ni (  c n s ( m )  — e)O)

It  may h~’ des I nib Ia to decrease the u rea , A , its ~‘um ~’ moves around  the non.’ , ‘ iu ~ ’

t o  Increase the  f l o w  velocity.

‘u • Referring to Fig. A—I , the co m m f i gur at  I ami is  now t i a f  I ned. - Va m t ampa t lb l i l t  v

wit Ii ( lie ’ f l u i d  nuec iman t .~s coda , t he gums must be I nj ac t  ad lot a t ime p r t ’eoo l e t

a known , r e l a t i ve ly  uniform v ol Oe ’ I t v. Tb is could p r oh m:uh i  lv he’ .‘ucim I evoeh by

A p r iv at e  conmnun lca t lon (Prop r i e t a ry )  F rom ARC ,
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I n j e c t  ing th rougtm a t h i n  porou s p l a t e  from the g u s  d ist  r ib u t  ion mau l fe t id.

5 . F rom the deposit ion kinetics , assume tha t  a co~ stna t -  t em p er atu r e  ( ] 92 ( t  i’~)

a round t i m e  nose e’aP surface Is desi red.  U s i n g  the AYER code , vary thc siiapu,’

of the outside at ’ the graphite smmhstrate , placement of the I’ndUCtiOI’u co i l ,

the emissivity of the water— e ’ooled centerbo d y, and e ’ c~t i i ~~tmra t I ’Gn of th~ rnial

ins ulation to ob tain tiils constant surface temper ature .

An example of this calculation is given in Figs. A-2 and A— I . The sub-

strate sketched in Fig. A—i is heated by the coil and h o c u n e s  heat 1w therm a l

radiation La the centerbod y and by conduction through time surrounding in su la- ’

t lon ( t ime  coat ing gas flow was omi t ted  from time model ) .  When time center h odv ’s

therma l emissivitv is uniform (at 0.31, typ ical of oxidi zed copper) t ime ’  sub— 4

strate surface temperature is non un i for m . Figu re A—2 shows a “cold ” spot

( ‘1700 K) near the minimum radius section of the nose cap. When the therma l
*emlss lv lty  of the centerbody is varied along th .’ con tou r ,  a much more uniforr’

surface temperature can he achieved (Fig. A — 2 ) .  The em i s s tv i tv  was red uced

from 0. 11 to 0,09 d i r e c t l y o p p o s i t e  the smal lest r a d i u s  Sec t t O I l , and f r o m  0 . I I

to 0.19 for a sho rt distance on e i ther  side of t h i s  sect- ton .

6. W i t i m  the cal culated wall  temperatures , phys ica l  shape of f l ow passage , and

p rocess m m It ro gen f l o w  r a t e , the fluid mechanic s cod e is mused t o  answer t I l e ’

f o l l o w i ng quest ions .

• I s  the surface temperature’ affected by flow r a t e ”

- Does separation occur at time top of the nose cap e

Wha t will the projec ted deposi t ion r at e ’ he alon g t ime  nose cap  s u r f a c e , ’

- What is the best temperature pr o file between time s t a r t  of the nose ’ c al’ . i i ic l

the’ end of the precooler?

- Will additional MTS and CU4 have to be In jec ted  in to  tim e i~as St ream to

assu re constant deposi t ion around the substra te  s u rf a ~’a ’~
7. Rework time thermal model to meet the f low and dep o s i t i o n  r e q u i r e m e m i t s .

8. RecaLculate f l o w  and depos i t ion pa r amet er s to ver i f y that c hanges in t h e ’

thermal model are adequate.

9. From parametric changes In flow and therma l models, determine sensitivit y of

coating process to controlled parameters.

10. Se’umd model layout with process control specIfications t o  lnstrum eumtatioui eum-

*Vflnious techniques to achieve this include ’ coatings , scoring (roughness) , polisi’-

Ing , and build—up in sections of different materials.
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gineering to determine where instrumentation penetrations are required , as

well as external requirements.

11. Send layout to design engineering to get detailed layout for implementing i n

the actural furnace configuration.

12. Refine the thermal/ f low/kinetics model , based on engineering drawings , to

verify that the furnace will work . An iteration with design engineering

and instrumentation will be performed until the best compromise is reached.

13. Build the instrumented furnace for N2 f low and coat ing tests to specif y

final modifications for production furnace.

14. Build and qualify the production furnace.
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